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Abstract. This paper presents a study of design of a motorcycle headlight fairing for single point 
incremental forming by employing a simplified design guideline in conjunction with a finite element 
simulation of the forming process. Comparison with the experimental formed motorcycle headlight 
fairing is performed based on a detailed analysis of geometric accuracy of the formed parts. The study 
may serve as a demonstration of capabilities of single point incremental forming with respect to 
dimensional accuracy when forming complex parts. 

1   Introduction 
Over the past few decades extensive research has been conducted into the development of new 

manufacturing and rapid prototyping techniques for sheet metal. In an era in which increasing value 
is placed on product differentiation and small batch manufacturing, new high flexibility 
manufacturing methods are required. Currently the most widely used sheet metal forming technique 
in industry is stamping, a process only economically viable for use in mass production where effective 
economies of scale can be achieved. 

Single point incremental forming (SPIF) is based around a computer numerical controlled tool 
locally deforming a blank sheet of metal that is clamped around its perimeter. Developments in the 
SPIF process were first made by Iseki et al. [1, 2]. The process allows for high levels of process 
flexibility, whilst experimental work has shown that SPIF is able to achieve much higher strain states 
than traditional cold forming operations. Extensive research has been conducted into many different 
aspects of the process. Various toolpath approaches were developed to reduce sheet thinning, enhance 
formability and improve dimensional accuracy. These included multistage paths, feature based paths 
for specific regimes, varied up and down tool movement directions as well as in-process 
compensation for geometric error induced by spring back [3-7]. Process formability was another area 
that received research interest where maximum formable wall angle was frequently used as a metric 
to describe formability [4]. A variety of methods were used to ascertain this critical wall angle 
however its definition was somewhat unclear and was subject to inconsistency [5, 8]. The significant 
effect of process parameters such as tool diameter, vertical step, material and thickness also led to a 
lack of uniformity in the determination of the maximum forming angle for a specific process [9-12]. 
It was suggested that the lack of diffusion into industry of this highly flexible process was due to a 
lack of available knowledge outside of scientific and research communities and a relatively high level 
of geometric error of the process [13]. A detailed product characterisation was carried out by Allwood 
et al. [14] in conjunction with 41 companies producing sheet metal products. It highlighted that the 
most important improvement required in ISF was dimensional accuracy, where a working tolerance 
of 0.3mm could significantly increase the uptake of ISF in industry. It is the authors’ belief that these 
problems can be addressed, to a certain extent, by the documented, analysed and disseminated 
forming of industry standard components. 

Several experimental works developed industry relevant components using SPIF, focusing on the 
biomedical, aerospace and automotive industries. Ambrogio et al [15] conducted a detailed design 
and product analysis of a customised ankle support, utilising laser scanning methods to analyse the 
geometric accuracy of the component, demonstrating a working accuracy of 1mm. Several studies 
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investigated the manufacture of cranial implants, using SPIF. Duflou et al. [16] conducted a detailed 
study investigating the effects of compensating toolpaths on final component accuracy, achieving a 
minimum deviation of the finished cranio-facial implant of 0.834mm when utilising an error 
compensating toolpath regime. Lu et al. [17] also conducted detailed analysis of a titanium based 
cranial reconstruction, achieving a maximum error of 3mm between the designed and formed 
components. Notably this was the only study that investigated the thickness variation of the formed 
component. Vanhove et al. [18] also used compensating toolpaths to achieve a maximum geometric 
error of 0.3mm when forming a clavicle implant from titanium. Gupta et al [19] investigated the 
forming of an aerospace c-channel geometry with high wall angles, achieving a maximum geometric 
deviation of 1.5mm. Finally, the only work focusing on the automotive sector was performed by Duc-
Toan et al. [20] who performed the coupled experimental and numerical forming of a scale vehicle 
tale gait. Despite investigating the level of geometric error between designed and simulation formed 
cross sections, this work failed to fully examine the geometric error in the experimentally formed 
cross section or draw comparison between the simulation and experimental results. Review of these 
examples clearly highlights a lack of relevant automotive component studies that conduct thorough 
geometric analysis of components formed from industry relevant materials. 

Finite element (FE) analysis has been widely used to model incremental sheet forming. However, 
the long toolpaths and nonlinearities make a successful FE simulation relies heavily on reducing 
computational weight. Early research conducted by Ambrogio et al. [21] suggested that the use of the 
explicit FE method allowed for reasonably accurate prediction of formed component geometry and 
wall thickness variation. Further research has gone on to highlight the computational benefits of the 
explicit scheme when compared to the implicit method, assessing simulation accuracy and parameter 
optimisation. Notably Baranoglu et al. [22] made comparison between the implicit and explicit 
schemes through comparison with experimental forming of 3 geometries. Their work highlighted the 
computational advantages of the explicit scheme despite its inferior accuracy when compared to the 
implicit FE method. The careful optimisation of simulation parameters allowed for fast and accurate 
simulation of the forming process. Whilst their simulations all used the 4 node shell element, further 
research suggested that a linear brick element provided more accurate results [23]. Especially 
regarding thickness prediction where the brick elements were capable of capturing the through 
thickness shear that played an important stabilising role in SPIF deformation mechanics. Whilst mass 
scaling was commonly adopted to reduce the computational time of explicit simulations, Bambach 
[24] looked further at using adaptive remeshing and subcycling to further reduce computational times 
of explicit FE models. Despite large reductions in computational time this work failed to decouple 
this reduction from a decrease in simulation accuracy. Despite most of the aforementioned work being 
conducted on simple axisymmetric geometries several works have performed the coupled simulation 
and experimental forming of industrial standard parts. Nguyen et al. [25] formed a model of a human 
face as well as vehicle tailgate but failed to address the simulation accuracy with respect to the 
experimentally formed parts.  

Some research highlighted the geometric constraints imposed by the SPIF process and in a few 
cases design guidelines were suggested for component design for SPIF manufacture. Adams and 
Jeswiet [4] focused on component wall angle as a key design parameter, a metric was established by 
using the novel thinning limit process defined by Hussain and Gao [8]. Alfonso et al. [26] furthered 
the work performed by Adams and Jeswiet [4], outlining a detailed set of feature specific design rules 
that not only allowed the designer to avoid component failure during manufacture, but also to reduced 
geometric errors, improved dimensional accuracy and surface finish. Despite a comprehensive design 
guide, Alfonso et al. [26] only produced one component to validate the reliability of their guidelines; 
further testing was required to confirm the validity of their design rules. Importantly none of the 
studies investigating design rules or performing experimental forming of industry standard 
components performed a detailed analysis of geometric accuracy of the formed components. 

The objective of this study is to successfully design a motorcycle headlight fairing for SPIF manufacture 
using a simplified design guideline in conjunction with a FE simulation of the forming process. Comparison 
with experimental forming will be used to quantify the effectiveness of this design process and a detailed 

Key Engineering Materials Vol. 926 823



analysis of the geometric errors of the parts will serve as a demonstration of capabilities of SPIF with respect 
to dimensional accuracy when forming complex parts. 

2   Component Design Methodology 
The automotive industry holds a significant share in the global sheet metal market and is an 

industry where the implementation of SPIF for rapid prototyping and low volume production could 
significantly improve product design cycles and reduce low volume production costs by as much as 
90% [27]. This study focuses on designing an automotive component for SPIF manufacture in an 
attempt to further prove the process for industrial applicability. The design process will be based 
around the FE simulation of component manufacture. Although this faces several challenges it will 
set a platform from which industry may experiment with the process, without the need for SPIF 
specific equipment investment.  
    Material Choice. In this study, the aluminium alloy AA5251-H22 is chosen. The high level of 
ductility of this medium strength alloy makes it well suited for use with the SPIF process. AA5251-
H22 is often used in industry, in vehicle panel applications [28]. Thus, its use provides continuity in 
the attempt to prove the industrial applicability of the SPIF process. In line with the key design-
parameters suggested in literature the critical forming angle is determined through the experimental 
forming of a variable wall angle conical frustum. For AA5251-H22, the experimental data was 
recorded by Ai [29] which determined a thinning limit at 71.2 degrees. The thinning limit could be 
used as the critical forming angle as demonstrated by Hussain and Gao [8].  

Headlight Fairing Design. Based on the design guidelines proposed by the aforementioned 
authors, a simplified design guide is produced to allow the motorcycle headlight fairing to be designed 
for SPIF manufacture. This is presented in Table 1. Following the detailed design guide and based on 
industry standards, two designs of a motorcycle headlight fairing, Design Model-1 and Design Model-
2, are developed, as shown in Fig. 1. The first design is intended to test the process limits, as such it 
includes a high maximum wall angle of 70 degrees, close to the experimentally determined maximum 
wall angle for the chosen process parameters. Importantly the design also exhibits limited asymmetry 
and walls of varying curvature. The second design follows a more conservative approach that falls 
well within process limits with the aim of optimising the quality of the finished component. This 
includes a lower maximum wall angle of 55 degrees, increased levels of asymmetry and constant wall 
angle in the area of highest wall angle. 

 Fig. 1 Headlight fairing designs, maximum limit Model-1(left) and conservative design Model-2 (right) 
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3   Finite Element Modelling and Experimental Validation 
Finite Element Modelling. The FE package Abaqus is used to conduct an explicit FE analysis of 

the SPIF of the motorcycle headlight fairing. The explicit method solves the FE problem without 
iteration and is far more computationally efficient than an implicit equivalent [30]. The explicit 
scheme allows the use of artificial mass scaling where fixed mass scaling with a minimum stable time 
increment of 5e-05 is employed for all simulations. The general-purpose linear brick element with 
reduced integration, C3D8R, is used based on the successful work of Ai et al. [31], where five through 
thickness elements with a global size of 0.5mm produced mesh independent results. Due to the 
extremely large number of increments used, to simulate the long toolpaths of SPIF, it is vital to use a 
double precision regime in Abaqus to reduce the cumulative rounding error that can lead to poor 
toolpath definition.  

Material Flow Stress. Due to the high strains experienced in the SPIF process the true plastic 
stress-strain curve of AA5251 H22, obtained from the uniaxial tensile test, does not adequately 
describe the material deformation. The Voce hardening law is employed to approximate the extension 
of the flow stress curve to higher strain values.  

Toolpath. The toolpath generation for FE simulation of SPIF involves several steps, where the 
most accurate toolpath definition is established using a commercial CAM package. A helical toolpath 
regime is employed to minimise surface scarring and improve thinning uniformity. Key toolpath 
parameters used are a tool radius of 5mm, feed rate of 2000mm/min and a scallop height of 0.05mm. 
For use with the FE simulation, in Abaqus, the G-code file must be converted into a Cartesian 
coordinate vs time dataset and each linear tool movement time increment is calculated. 

FE Model Verification. To verify the effect of mass scaling on the simulation accuracy it is 
important to ensure that the artificial mass increase does not cause unwanted effects and that inertia 
does not become dominant. This is established by monitoring the energy history of the simulation. 

Experimental Setup. For the experimental forming setup, a 3-axis precision milling centre is used in 
conjunction with a SPIF specific blank clamping fixture. The key forming parameters used are following 
best practice where an oil lubricant and fixed rotation tool is used. The feed rate used is 1500mm/s, this 
is lower than that used in the simulated forming process due to machine limitations, however several 
works have highlighted the limited effect of tool feed rate on the forming process. 

Measurement of Geometry Profiles. The assessment of the formed geometries is performed 
using a class leading MCAs+ 3.5m scanner arm in conjunction with a Nikon H120 laser scanner, 
providing a repeatability of +/- 0.007mm. The laser scanner generates a point cloud that allows for 
conversion into a suitable format for digital comparison.  
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wall angle

Convex 
to 

concave
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corner 
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sloped 
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Small 
corner 

radius at 
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only
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equal to 
or greater 
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where 

possible 
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where 
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where 
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dimension 
is greater 
that 2x 
sheet 

thickness

Fundamental Rules to Avoid Failure Guildelines to Improve Dimensional and Geometric Accuracy

Table 1 SPIF design guidelines developed from literature 
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4   Results and Discussion 
4.1 Design Model-1: Maximum Limit Design Geometry 

Stress. von Mises stress is used in the FE analysis of the stress state experienced during 
deformation. A maximum von Mises stress value of 224MPa is shown during the forming process, 
Fig.2. This is equal to the maximum stress value of the Voce law extended flow stress curve for 
AA5251 H22. As the forming process is characterised by large plastic deformation, high strains are 
experienced which fall outside of those experienced in the uniaxial tensile test and deformation acts 
in the extended region of the flow stress curve. The stress output reaches its maximum value early in 
the simulation, as plastic strain becomes large. As such, von Mises stress does not provide a useful 
insight into the deformation of the geometry. Although the Voce law provides a good fit to the 
experimental data generated by the tensile test, this does not fully account for the complex 
deformation modes experienced in SPIF, specifically cyclic bending under tension with through 
thickness shear [32]. More sophisticated constitutive models are required in this respect to further 
improve simulation accuracy, especially if formed component testing is required.  

Strain. Equivalent plastic strain, PEEQ in Abaqus, is a useful measure of the total strain 
experienced. The equivalent plastic strain distribution, Fig. 2, shows that a high maximum value of 
2.859 is experienced in the steepest walls of the deformed part. This is possible due to the stabilising 
mechanisms in the SPIF process, where strains can reach values up to 300% [5]. The lack of symmetry 
in the equivalent plastic strain distribution is due to the clockwise direction of tool movement and 
non-axisymmetric design. A bidirectional toolpath regime could provide a more evenly distributed 
strain state. 

 
Experimental Validation. Validation with experimental data is performed to definitively quantify 

the level of geometric accuracy of the FE model. This is especially important as artificial mass scaling 
is applied to reduce the computational time of the simulation. Due to the complexity involved with 
comparing the experimentally formed and simulated geometry, two cross sections (0,Y,Z) and (X,0,Z), 
as shown in Fig. 2, are chosen as critical planes in which the geometry is assessed to evaluate the FE 
model. As shown in Fig. 3, there is good agreement between the simulation formed geometry and the 
experimentally formed one, for both the overall geometry and the wall thickness variation. There is a 
general deviation of less than +/- 0.2mm. Near the edge of the component, significant spring back and 
deformation are experienced when the blank is removed from the clamping. Because the blank removal 
from the clamp is not modelled in FE, it will cause the higher level of error seen in Fig. 3. In both the 
simulated and experimental geometry, the greatest thinning is experienced in the area of highest wall 
angle, in region A, as shown in Fig. 3. Comparison indicates that FE modelling can provide a reasonable 
prediction of the thinning behaviour underestimating the thinning by 3.9%.  

Thickness distribution. The thickness distribution of the entire part is analysed. The cross section 
experiencing the most severe thinning is investigated. A minimum wall thickness of 0.291mm is 
experienced in section A of Fig. 3. This severe level of thinning is characteristic of the SPIF process 
at high wall angles where the thickness variation highlighted in Table 2, is due to the varying wall 

Fig. 2 Design Model-1: distributions of equivalent plastic strain (left), von Mises stress (centre), 
definitions of ZY and ZX cross sections (right) 
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angle and does not suggest necking behaviour. Previous research has shown that AA5051 does not 
experience necking before failure in the SPIF process [33]. From a design perspective, the non-
uniform wall thickness in conjunction with high levels of thinning might not be desirable depending 
on the product’s use case. Non-uniform thinning where variable wall angle components are used is 
something that must be considered in the SPIF design process. Comparison with the analytical value 
predicted by the sine rule highlights that the sine rule is not capable of accurately predicting wall 
thicknesses for complex components formed using SPIF, in agreement with literature. 
 

  
 

Table 2 Design Model-1: wall thickness variation in the critical wall section 
 Minimum Wall 

Thickness (mm) 
Error with 

Experiment (%) 
Max Thickness in 

Critical Wall (mm) 
Error with 

Experiment (%) 
Simulation 0.291 3.9 0.443 1.14 
Sine Rule 0.34 21.4 0.57 30 

Experimental 0.28 - 0.438 - 
 

Table 3 Design Model-1: maximum geometric error in the formed geometry in key areas in Fig. 4 
Cross Section Section A B C D E 

ZY Maximum Normal Error (mm) 3.98 0.82 0.58 0.15 1.64 
ZX Maximum Normal Error (mm) 4.68 0.47 0.58 - - 

 
Geometry Analysis. Comparison is made between the experimentally formed geometry and the 

designed inner surface geometry. Fig. 4 highlights the comparison between the designed surface and 
the formed part. The error in all key locations is identified and quantified in Table 3. It is summarised 
that the maximum level of error occurs at the top of the workpiece due to bending of the blank, 
highlighted in sections A and E, Fig. 4. All other significant geometric errors are below 1mm in 
magnitude and can be accounted for by spring back during the forming process, a geometric error that 
has been identified in numerous studies. Importantly, the relatively high error experienced in section B 
of 0.82mm might be due to the excessive thinning in this region. In the case of this design, it must be 
considered that after trimming from the blank, to produce the finish part shown in Fig. 1, the largest 
identified errors caused by bending of the blank and spring back will be removed, leaving the final part 
with a maximum geometric error of 0.82mm, highlighted in Table 2. This is in line with the level of 
accuracy experienced in literature. However, further spring back and distortion during trimming could 
further affect the final part accuracy, this requires further investigation. The surface deviation plot in 

Fig.  3 Design Model-1: Comparison between simulated and experimentally formed geometries in ZY 
and ZX cross sections (left) and the formed part picture (right) 
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Fig.4, obtained from the laser scan, is an average point cloud alignment and represents the minimised 
average deviation, in this case 0.9mm.  

 

 
 

4.2    Design Model-2: Conservative Design Geometry. 
 As mentioned in Section 2, the second design Model-2 is based on a more conservative set of 

design principles to produce a ‘safe’ part that addresses some of the issues experienced with high 
levels of non-uniform thinning experienced in Design Model-1.  

Stress and strain. As with the previous geometry, the maximum stress values give little insight into 
the deformation process other than to highlight the areas in which the strain has become high during 
deformation. As shown in Fig.5, there is a significant reduction in the equivalent plastic strain value as 
2.208, when compared to the Design Model-1. This is due to the lower draw depth and reduced wall 
angle. It can be noted that the uniformity of the equivalent plastic strain distribution has greatly 
improved due to the increased levels of asymmetry of the conservative design. 

Experimental Validation. Comparison between the simulation and experimentally formed 
geometries in the critical cross sections, Fig. 6, again confirms the ability of the simulation to deliver a 
high level of geometric accuracy in its prediction of the SPIF formed geometry. In the case of Design 
Model-2, the maximum deviation is less than +/- 0.1mm, excluding the areas near the edges of the blank 
in which the experimentally formed part has experienced spring back and distortion. The highlighted 
section A also exhibits a higher error of 0.59mm, it is suggested that this is also not an error in the 
simulated geometry but an effect of spring back upon removal from the clamping.  

Thickness Distribution. The area in which the greatest thinning is experienced is identified and 
analysed, this is highlighted in Fig. 6, section B. The reduced level of thinning and increased uniformity, 
shown in Table 4, produces a component with increased mechanical strength and stiffness making it far 
more suitable for use in a practical application. This is obtained by reducing the designed wall angle to 
one well below the critical wall angle, as well as using constant wall angles in the critical walls of the 
component. 

 

Fig.  4 Design Model-1: comparison between formed and designed geometry  
in ZY and ZX cross sections (left) and 3D laser scan deviation plot in mm (right) 

828 Achievements and Trends in Material Forming



 
 

  
 

Table 4 Design Model-2: wall thickness variation in the critical wall section 

Table 5 Design Model-2: maximum geometric error in the formed geometry in key areas identified in Fig. 7 

Cross Section Section A B C D E 
ZY Maximum Normal Error (mm) 3.51 0.16 0.35 0.35 2.04 
ZX Maximum Normal Error (mm) 2.63 0.28 0.35 - - 

 Minimum Wall 
Thickness (mm) 

Error with 
Experiment (%) 

Maximum Thickness in 
Critical Wall (mm) 

Error with 
Experiment (%) 

Simulation 0.488 1.6 0.54 8 
Sine Rule 0.57 18.8 0.57 14 

Experimental 0.48 - 0.5 - 

Fig. 5 Design Model-2: distribution of equivalent plastic strain (left) and von Mises stress (right) 

Fig. 6 Design Model-2: Comparison between simulated and experimentally formed geometries  
in ZY and ZX cross sections (left) and the formed part picture (right) 
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Geometry Analysis. Comparison between the simulation formed geometry and the designed surface 
geometry allows for the level of error to be quantified in the two critical cross sections identified 
previously. The maximum normal errors are presented in Table 5. This highlights that the conservative 
design can achieve a higher level of geometric accuracy in all areas of the component. With a maximum 
error in the trimmed component area of 2.04mm due to bending at the top of the blank, whilst only 
0.35mm in the high deformation regions that are not subject to this phenomenon. It is suggested that 
this overall improvement in geometric accuracy with respect to Design Model-1 is due to the reduced 
thinning and increased wall section uniformity, highlighting that this is an important consideration when 
designing parts for SPIF. It is also clear that flat sloped regions of lower deformation are prone to large 
distortion upon removal from the clamping, highlighted in section E of Fig. 7 and quantified in Table 
5.  

4.3    Discussion 
The aim of this study is to determine if through using a combination of simplified design rules and 

FE modelling of the SPIF process, industry standard automotive parts can be designed and developed 
for successful manufacture. Comparison with two experimentally formed geometries has validated the 
FE modelling method and has demonstrated that it can accurately predict the geometry and importantly 
through thickness variation of SPIF formed parts. The FE model does not currently have the ability to 
capture the effects of spring back during the removal of the blank from the clamping. It is also important 
to note that although the FE model captures the geometry accurately it will likely not capture the 
mechanical properties of the final component due to limitations of the simplified FE model and the 
complex deformation that takes place during SPIF. This would become a problem when conducting 
formed part testing in conjunction with FE manufacture process simulation. An obvious downside to 
the FE simulation of SPIF is the long computational times even for relatively simple models when 
compared to the comparatively short forming times in the experimental approach. However, it is far 
easier and less time consuming to analyse the geometry of the finished component from FE simulated 
results than it is experimentally, requiring complex procedures and large equipment investment for 
geometric profile scanning. 

A major limitation of the FE simulation approach is when design and forming parameters are such 
that the component is likely to experience failure during forming. Without the additional material 
damage models, the FE model is not capable of predicting failure in the SPIF process. In the case of 
this study and any work that carefully applies the aforementioned design rules to the component design, 
this is not a problem as failure is unlikely to occur in the formed part and the FE simulation can 
accurately predict the formed component geometry. The failure mechanisms at play in SPIF have been 

Fig. 7 Design Model-2: comparison between formed and designed geometry  
in ZY and ZX cross sections (left) and 3D laser scan deviation plot in mm (right) 
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summarised by Ai et al [33]  and it has been shown that, in many cases, failure occurs without necking. 
One of the reasons why forming limit diagrams, widely employed with traditional sheet forming 
processes, cannot be used with the SPIF process. However, in many cases fracture forming diagrams 
can accurately predict SPIF failure and could be used in conjunction with the FE model developed in 
this study, serving as an improvement to this design process. 

This study has highlighted that maximising the use of constant component wall angles can be a 
good strategy to improve the wall thickness uniformity. In conjunction with using lower wall angles, 
where possible, the geometric accuracy of the component can be significantly improved. It is 
suggested that this is due to an improvement in mechanical stiffness of the component walls, 
minimising spring back during forming. The relationship between the maximum designed and critical 
wall angles and its effect on geometric accuracy should be further investigated. Although the effects 
of variation in wall angle on failure have been investigated, their relationship to component geometric 
accuracy should be further interrogated. 

Whilst this study has proved that SPIF can provide a low level of geometric error throughout the 
majority of the component, the elastic spring back near the clamped edges of the part must be 
addressed. Further research is required to develop methods to minimise the residual stresses in the 
formed component that likely cause this phenomenon. 

5   Conclusion 
This study has demonstrated the ability of a FE model to accurately capture the geometry of a SPIF 

formed motorcycle headlight fairing, to an acceptable level of accuracy. It has also shown that in 
conjunction with simple design guidelines the FE model can be used to develop industry standard 
automotive componentry where SPIF is capable of forming the components to a good level of 
accuracy. New design guides have been suggested to help improve component geometric accuracy 
and thickness uniformity however further investigation is required to evaluate these. It is suggested 
that the relationship between the maximum designed and critical wall angles and its effect on 
geometric accuracy should be further investigated. 
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