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Abstract 

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

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

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

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

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

Metal forming processes usually require high investment due to expensive plants and machinery, and, above all, the need of tailored 
tooling, which often limits their applicability to medium or large size production batches. Such economic issues become even more 
critical as the shape complexity or the parts dimensions rise, due to increased costs for material and equipment. As a consequence, 
to play in the metalforming market companies have to be capital intensive, which means that they have a high financial exposition 
and are heavily exposed to changes in market demands. In such scenario, made even more complex by the Covid-19 pandemic, 
flexibility and cost reductions have become fundamental, especially because the short demand is pushing the production towards 
small batches and highly personalized products. With regard to metal sheet parts, incremental forming appears particularly suitable 
to accomplish the new market trends, thanks to the use of simpler and cheaper tools to obtain even complex shapes thought multiple 
passes deformations. The paper presents a novel incremental forming machine to manufacture metal sheets long profiles, which 
uses one or more couples of rollers controlled by a numerical control. The innovative forming machine is presented together with 
the numerical model used to assess the influence of the main process parameters. Finally, a case study is evaluated to quantify the 
economic benefits of the proposed process and machine. 
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1. Introduction 

Covid-19 pandemic has been a dramatic shock for the 
demand of many consumer goods, and, consequently, for the 
entire manufacturing supply-chain due to a limitation of people 
movement freedom that is unprecedented in human recent 
history [1]. Thanks also to the support of governments and 
institutions, industries reacted by developing new procedures 
and processes based on agile and flexible approaches. So, 
words as smart working, remote meetings, distancing in work 
environment have become more than familiar in few weeks, as 

alternative ways to grant the production continuity in corporate 
organization. On the other side, the pandemic boosted the 
already rising trend of mass-customization and small or micro 
sized batches, with shorter lead times [2]. As these trends 
represent an incredible challenge and opportunity, it has been 
necessary to develop new manufacturing technologies to 
satisfy the new market needs, and this has to be done in very 
short time. With regards to sheet metal forming, matching high 
quality standard of products by using traditional forming 
operations often requires too expensive dedicated dies, as well 
as complex and stiff machines [3], in particular in case of small 
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batch sizes [4], large or thick components [5], and complex free 
form parts. So, the challenge is today represented by the 
manufacturers capability of offering high flexibility, high 
accuracy, restricted time-to-market as well as restrained 
production costs to be competitive [6].  

A way to overcome these challenges is to develop new 
processes based on Incremental Forming (IF) approaches, 
which answer to these needs often using simpler and cost-
effective tools [7]. Besides the differences in the specific set-
ups, IF approaches apply a local pressure and then a local 
plastic strain on the components limiting the contact surfaces 
to reduce the applied forces. However, the tools usually require 
more complex kinematic, as they are moved over the workpiece 
to apply subsequent steps of deformation and to achieve larger 
cumulated values [8]. The incremental approach was already 
applied in multiple ways to design flexible forming processes 
[9], for metal sheets parts. However, the higher number of 
degrees of freedom led to an increased complexity [10], thus 
requiring several studies to investigate the roles of the toolpaths 
[11] and of the machine stiffness [12] on the final component 
characteristics [13].  

The paper presents a new incremental forming process 
to produce elongated thick components together with the 
machine prototype that has been developed to demonstrate 
such technology. The proposed machine uses two rollers to 
form the workpiece, each one with three independent degrees 
of freedom. After the prototype and tool design, the new 
process named Incremental Roller Flanging (IRF) was 
numerically investigated and compared with a traditional V-
bending process to assess its capabilities. Finally, a case study 
was evaluated from an economic point of view, to quantify the 
savings in case of a small size batch production. 

2. Proof-of-concept of Incremental Roller-Flanging (IRF) 
process 

Fig. 1. Single-step and incremental forming process for long metal sheets 
components. 

As highlighted in the analysis of the scientific 
literature, the use of an incremental approach allows 
overcoming several limitations of the single-step forming 
processes in terms of minimum batch size, maximum load, 
strain distribution or obtainable geometries. In the case of 

elongated bent sheet components, different bending processes 
are available to manufacture a bend in a single stroke. Fig.1 
shows as reference, the V bending process, where one or 
multiple tools are used to bend the sheet along its entire length 
[14]. Despite the high productivity, this process requires a 
different toolset for every different bending radius, limiting the 
economic feasibility of small batch productions [15]. While the 
maximum length and thickness of the workpieces depends on 
the machine maximum load capability and stiffness. Then, in 
the roll forming process [16], multiple rollers with different 
geometries are used to incrementally form the desired profile. 
Despite the high number of rollers still limits the minimum 
batch dimensions, this process has a higher productivity with 
lower applied forces and required stiffness. However, both 
processes are not suitable to bend profiles along non-straight 
trajectories. In this case, the roller hemming process uses a 
single roller moved by a robotic arm along the component 
hedge to bend its profile [17]. Despite the high flexibility given 
by this system, its stiffness is not sufficient when thick or high 
strength components need to be formed. Finally, Fig. 1 shows 
the characteristics of IRF process where two or three idle rollers 
are used to incrementally bend an elongated profile, on a high 
stiffness system, with multiple strokes along its length. Fig. 2 
shows the possible roller and kinematic configurations. In the 
simplest one, the workpiece hold by a blank-holder is formed 
by a single roller moving along its length (y-direction) and 
increasing it vertical coordinate (z-direction) at each forming 
step. To have a better control of inner bending radius and to 
increase the stiffness of the workpiece constrains, two or three 
rollers with different rotation axis can be used. At the same 
time, a horizontal (x-axis) and tilting movement can be added 
to each tool to control their contact points with the workpiece.  

Fig. 2. Possible rollers configurations for Incremental Roller Flanging 
operations of metal sheets. 

The IRF process allows to manufacture complex profiles using 
simple and cost-effective tools with standard profiles, making 
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this technology suitable for low batch productions, customized 
workpieces on a wide range of materials and thicknesses. 

3. IRF prototype 

 

Fig. 3. IRF prototype and details: a) machine, b) carriage, c) vertical and 
horizontal movements. 

 
On the basis of the above-mentioned configurations, a first 

prototype of the IRF machine was designed. Fig. 3a) shows the 
machine frame and its main parts, with the structure crown and 
bed sustained by the two upright elements. While the structure 
bed is fixed, the crown can vertically translate thanks to 4 
hydraulic-actuators to close the blank-holder. The machine 
structure is symmetric with respect to both the xz and yz planes, 
and its length is modular according to the production needs. 

The first prototype total length is 4100 mm, while the blank-
holder length and the total height are respectively equal to 2000 
and 2500 mm. Each machine side can have two or more 
carriages moving the rollers along the three x, y and z 
directions. Each one can translate along the y directions, while 
an internal double wedge mechanism allows to translate only 
the roller in the x and z directions. As show by Fig. 3b) the 
carriage has three independents electrical gearmotors to control 
the motion axes. In particular, it slides along two linear 
guideways while the traction force is given by a rack-pinion 
coupling. The maximum speed along the y-axis is equal to 60 
m/min with a maxim linear force (FY) equal to 22 kN. On the 
other hand, two gearmotors are used to independently move the 
two wedges making possible the horizontal and vertical 
movements. Each gear-motor, through a belt and a ball-screw 
transmission system, can move a single wedge with a maxim 
speed of 1 m/min and a maxim linear force of 138 kN. In this 
way, by changing the relative position between the upper and 
lower wedges, the roller fixed on the middle wedge moves 
inside a 50x100 mm area. Fig. 3c) shows the roller in two limit 
positions at the stroke-ends. Both the upper and lower carriages 
can work both independently and synchronously to form the 
metal sheet according to the different approaches presented in 
Fig. 2.  

4. IRP prototype kinematics 

As mentioned in Section 3, each carriage can independently 
move along the three x, y, z directions to form the metal sheets 
with different approaches. Fig. 4 shows a possible kinematic 
with two rollers, both moving synchronously along the axial 
direction. Fig. 4a) shows the position of the upper roller over 
the process time, while Fig. 4b) shows the position of the lower 
roller in the case of a 90-degree bend.  

 

 

Fig. 4. Prototype kinematic: a) upper roller (UR) xyz-path, b) lower roller 
(LR) xyz-path, c) numerical model and forming flower. 
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In this case, after an initial approach to bring the roller in 
contact with the metal sheets, at each step the lower roller 
moves along the x and z direction to change the contact point 
with the workpiece, and both the rollers move along the sheet 
length to bend it. Once the first stroke is made, the lower roller 
moves one step further along the horizontal and vertical 
directions and then both move to bend a second time the 
workpiece over its entire length. While the simplest kinematic, 
shown by Fig. 4, uses sequential movements, the machine CNC 
allows to manage interpolated movements for more complex 
geometries. Fig. 4c) shows the bending flower, and the 
subsequent positions of the lower roller for a 90 deg bend made 
in 5 steps, using two rollers with an outer diameter (De) of 125 
mm having a fillet radius of 5 mm. It is worth to notice that 
with such simple tool paths the final workpiece bending inner 
radius is equal to the upper roller fillet radius (RUR). However, 
by also moving the upper roller in the vertical and horizontal 
direction during the forming stage it is possible to control its 
contact point with the workpiece and obtain higher radii 
bending. Similarly, the prototype CNC allows to change the 
rollers x and z position over the y direction to obtain a non-
uniform bending radius along the workpiece length. Finally, 
the carriages can be equipped with custom-shaped rollers or 
motorized cutting disc for cutting and embossing operations. 

5. Numerical model 

To assess the feasibility of the different configurations a 
numerical model of the IRF process set-up has been developed 
in LS-DYNA™ environment. The results of the IRF proposed 
model were compared to a standard V-bending case under the 
same conditions [19]. The reference material, for both cases, 
was AISI304L stainless steel alloy modelled with an elasto-
plastic formulation according to the Hooke law (E = 195 MPa) 
for the elastic zone and the Hollomon equation (𝜎𝜎 = 780.5 ∙
𝜀𝜀0.126)  for the plastic zone. The material model was 
experimentally calibrated with tensile tests, carried out 
according to the UNI EN ISO 6892 standard on an MTS servo-
hydraulic dynamometer.  

In both the cases, an initial 80x60 mm rectangular sheet was 
bent with a final angle of 90 deg and inner curvature radius of 
equal to the metal sheet thickness. Four different thicknesses 
were considered: 1, 3, 5 and 8 mm. 

The workpiece was meshed with Belytschko-Tsay shell 
elements with 6 integration points, while the dies were meshed 
as rigid elements. A mesh size of 2 mm was used for the 
workpiece, while a narrower mesh was used for the roller 
curvature radius equal to R/2. Each roller was designed with an 
outer diameter De of 125 mm and a thickness of 35 mm. The 
boundary frictional conditions in the IRF process between the 
rollers and the metal sheet were selected according to literature, 
equal to 0.3 for the static friction coefficient and 0.2 for the 
dynamic friction coefficient. The same friction coefficients 
were adopted also for the V-bending simulation, for sake of 
comparison. 

In the case of V-bending, the deformation was made in one 
stroke, at a constant speed of 20 mm/s, with an unload stage at 
the end of the process to allow the springback occurrence. In 
the IRF both the forming heads are moved along the Y 

direction, according to the tool path shown in Fig. 4a) and b). 
In this case, the nodes on the undeformed sheet edge were 
constrained in all the three directions to hold the sheet as done 
by the blank-holder (see Fig.4 c). In the IRF process at each 
step a 2 mm increment in the z-direction was considered. 
Therefore, the total number of steps change as a function of the 
sheet thickness from 7 steps for a 90 deg bend over a workpiece 
with a thickness of 1 mm, to 10 steps on a workpiece with a 
thickness of 8 mm. 

6. Results and discussion 

Fig. 5 shows a comparison between the forming load in the 
vertical z-direction between the IRF and V-bending processes.  

 

Fig. 5. Forces in the two processes: a) V-bending, b) IRF.  

 
Fig. 5a) shows the force distribution over the process time 

for the V-bending process changing the workpiece thickness. 
In this case, as the process is done in one step and all the 
workpiece is bent at the same way, the maximum load is 
reached at the end of the forming stroke. The maximum load 
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ranges from 1 to 1200 tons as a function of the workpiece 
thickness. Therefore, the machine stiffness and the maximum 
applied load may represent serious issues when large or thick 
components need to be manufactured. On the contrary, as 
shown by Fig. 5b), the maximum loads in the IRF process 
ranges from 0.5 tons to 6 tons for the same thickness values. In 
this case, as the total deformation is applied as subsequent 
steps, the load in the Z direction tends to increase up to a 45 
deg angle, and then decrease as the 90 deg are reached. Then, 
the IRF process allows to manufacture larger and thicker 
components with lower applied loads, and it requires machine 
frames with lower stiffness values. It is worth to notice how the 
maximum force is reached earlier for thinner sheets, as in this 
case each step is made with the same 2 mm increase in the z-
direction independently from the workpiece thickness. In this 
case, as shown by Fig. 6a), the thinner workpieces require a 
lower number of steps to be fully bent. At each forming step in 
the IRF process, the sheet section is incrementally formed 
along the length, therefore the force profile increases and 
decreases also within the single stroke. As each section is 
loaded and unloaded multiple times during the process, also the 
reached angle undergoes some variations due to the springback 
phenomena. While in the V-bending the springback occurs 
only at the end of the process when the dies are opened and the 
applied load released, in the IRF process it takes places after 
each step. Fig. 6a) shows the bending angle evolution over the 
process time of the reference middle section. In this case after 
each forming step a certain springback angle take places, 
however the following step can be used to overbend the profile 
and compensate the angle variation. 

 

Fig. 6. Forces in the two processes: a) IRF, b) V-bending. 

 

Fig. 6b) shows a comparison of the final springback angle α 
with the two modelled forming processes after a 90 deg bend 
as a function of the process and of the workpiece initial 
thickness. In this case, as the V-bending process does not allow 
to overbend the profile without changing the die design, the 
final springback amount cannot be compensated. On the 
contrary, the incremental approach of the IRP process allows 
to overbend the profile and to recover the final springback 
without changing the tools profile. 

7. Case study economic assessment 

The economic benefit of the proposed IRF process was 
evaluated taking as reference a simplified production case, 
considering the production batch of 100 pieces with the same 
geometry of the above-mentioned case study. The analyzed 
case study refers to a production plant located in South Europe, 
with an average man-power cost of 25 €/h. Three different 
processes are compared: the IRF process, the V-bending 
process on a 600 tons capacity bending machine, and the V-
bending process on a 1000 tons capacity bending machine. 
Table 1 shows the cost details for the three cases. Despite the 
lower loads required in the IRF process, the machine hourly 
cost was calculated to be equal to a higher load bending press, 
as the higher number of axes required additional costs for the 
control and gear-motors systems. It is worth to notice, how the 
IRF incremental approach is more time-consuming, however, 
as the tools are simples and smaller, these require lower 
investment if compared with traditional V-bending tools. Then, 
in the case of small batch production, when the tool costs are 
not compensated by the higher productivity of the V-bending 
process the IRF allows to significantly reduce the total 
production costs. 

Table 1. Cost detail for three different production cases. 

Case IRF V-bend 
(600 ton) 

V-bend (1000 
ton) 

Machine cost (€/h) 40 40 58 
Production time (h)* 5.5 0.3 0.3 
Tool set-up time (h) 0.1 0.3 0.3 

Tool costs (€) 500 2000 2000 
Total costs (€)** 864 2040 2050 

*workpieces loading and unloading time included 
**Workpiece energy and material costs not included 

 
In this case, Fig.7 allows to analyze the effect of the batch 

size for the three different proposed process. As shown by the 
chart, the cost difference for a single-unit batch lies in the 
difference between the tools and set-up costs of the processes. 
However, as the batch size is increased the IFR costs rise with 
a greater slope if compared with the V-bend processes due to 
the longer required production time. Finally, the breakeven 
point is reached when the IRF total machine cost cover the 
difference between the initial tools and set-up investments 
required by the two technologies. In the presented case, such 
limit is reached for a batch size around 440 pieces. 
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In this case, after an initial approach to bring the roller in 
contact with the metal sheets, at each step the lower roller 
moves along the x and z direction to change the contact point 
with the workpiece, and both the rollers move along the sheet 
length to bend it. Once the first stroke is made, the lower roller 
moves one step further along the horizontal and vertical 
directions and then both move to bend a second time the 
workpiece over its entire length. While the simplest kinematic, 
shown by Fig. 4, uses sequential movements, the machine CNC 
allows to manage interpolated movements for more complex 
geometries. Fig. 4c) shows the bending flower, and the 
subsequent positions of the lower roller for a 90 deg bend made 
in 5 steps, using two rollers with an outer diameter (De) of 125 
mm having a fillet radius of 5 mm. It is worth to notice that 
with such simple tool paths the final workpiece bending inner 
radius is equal to the upper roller fillet radius (RUR). However, 
by also moving the upper roller in the vertical and horizontal 
direction during the forming stage it is possible to control its 
contact point with the workpiece and obtain higher radii 
bending. Similarly, the prototype CNC allows to change the 
rollers x and z position over the y direction to obtain a non-
uniform bending radius along the workpiece length. Finally, 
the carriages can be equipped with custom-shaped rollers or 
motorized cutting disc for cutting and embossing operations. 

5. Numerical model 

To assess the feasibility of the different configurations a 
numerical model of the IRF process set-up has been developed 
in LS-DYNA™ environment. The results of the IRF proposed 
model were compared to a standard V-bending case under the 
same conditions [19]. The reference material, for both cases, 
was AISI304L stainless steel alloy modelled with an elasto-
plastic formulation according to the Hooke law (E = 195 MPa) 
for the elastic zone and the Hollomon equation (𝜎𝜎 = 780.5 ∙
𝜀𝜀0.126)  for the plastic zone. The material model was 
experimentally calibrated with tensile tests, carried out 
according to the UNI EN ISO 6892 standard on an MTS servo-
hydraulic dynamometer.  

In both the cases, an initial 80x60 mm rectangular sheet was 
bent with a final angle of 90 deg and inner curvature radius of 
equal to the metal sheet thickness. Four different thicknesses 
were considered: 1, 3, 5 and 8 mm. 

The workpiece was meshed with Belytschko-Tsay shell 
elements with 6 integration points, while the dies were meshed 
as rigid elements. A mesh size of 2 mm was used for the 
workpiece, while a narrower mesh was used for the roller 
curvature radius equal to R/2. Each roller was designed with an 
outer diameter De of 125 mm and a thickness of 35 mm. The 
boundary frictional conditions in the IRF process between the 
rollers and the metal sheet were selected according to literature, 
equal to 0.3 for the static friction coefficient and 0.2 for the 
dynamic friction coefficient. The same friction coefficients 
were adopted also for the V-bending simulation, for sake of 
comparison. 

In the case of V-bending, the deformation was made in one 
stroke, at a constant speed of 20 mm/s, with an unload stage at 
the end of the process to allow the springback occurrence. In 
the IRF both the forming heads are moved along the Y 

direction, according to the tool path shown in Fig. 4a) and b). 
In this case, the nodes on the undeformed sheet edge were 
constrained in all the three directions to hold the sheet as done 
by the blank-holder (see Fig.4 c). In the IRF process at each 
step a 2 mm increment in the z-direction was considered. 
Therefore, the total number of steps change as a function of the 
sheet thickness from 7 steps for a 90 deg bend over a workpiece 
with a thickness of 1 mm, to 10 steps on a workpiece with a 
thickness of 8 mm. 

6. Results and discussion 

Fig. 5 shows a comparison between the forming load in the 
vertical z-direction between the IRF and V-bending processes.  

 

Fig. 5. Forces in the two processes: a) V-bending, b) IRF.  

 
Fig. 5a) shows the force distribution over the process time 

for the V-bending process changing the workpiece thickness. 
In this case, as the process is done in one step and all the 
workpiece is bent at the same way, the maximum load is 
reached at the end of the forming stroke. The maximum load 
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ranges from 1 to 1200 tons as a function of the workpiece 
thickness. Therefore, the machine stiffness and the maximum 
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shown by Fig. 5b), the maximum loads in the IRF process 
ranges from 0.5 tons to 6 tons for the same thickness values. In 
this case, as the total deformation is applied as subsequent 
steps, the load in the Z direction tends to increase up to a 45 
deg angle, and then decrease as the 90 deg are reached. Then, 
the IRF process allows to manufacture larger and thicker 
components with lower applied loads, and it requires machine 
frames with lower stiffness values. It is worth to notice how the 
maximum force is reached earlier for thinner sheets, as in this 
case each step is made with the same 2 mm increase in the z-
direction independently from the workpiece thickness. In this 
case, as shown by Fig. 6a), the thinner workpieces require a 
lower number of steps to be fully bent. At each forming step in 
the IRF process, the sheet section is incrementally formed 
along the length, therefore the force profile increases and 
decreases also within the single stroke. As each section is 
loaded and unloaded multiple times during the process, also the 
reached angle undergoes some variations due to the springback 
phenomena. While in the V-bending the springback occurs 
only at the end of the process when the dies are opened and the 
applied load released, in the IRF process it takes places after 
each step. Fig. 6a) shows the bending angle evolution over the 
process time of the reference middle section. In this case after 
each forming step a certain springback angle take places, 
however the following step can be used to overbend the profile 
and compensate the angle variation. 
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Fig. 6b) shows a comparison of the final springback angle α 
with the two modelled forming processes after a 90 deg bend 
as a function of the process and of the workpiece initial 
thickness. In this case, as the V-bending process does not allow 
to overbend the profile without changing the die design, the 
final springback amount cannot be compensated. On the 
contrary, the incremental approach of the IRP process allows 
to overbend the profile and to recover the final springback 
without changing the tools profile. 

7. Case study economic assessment 

The economic benefit of the proposed IRF process was 
evaluated taking as reference a simplified production case, 
considering the production batch of 100 pieces with the same 
geometry of the above-mentioned case study. The analyzed 
case study refers to a production plant located in South Europe, 
with an average man-power cost of 25 €/h. Three different 
processes are compared: the IRF process, the V-bending 
process on a 600 tons capacity bending machine, and the V-
bending process on a 1000 tons capacity bending machine. 
Table 1 shows the cost details for the three cases. Despite the 
lower loads required in the IRF process, the machine hourly 
cost was calculated to be equal to a higher load bending press, 
as the higher number of axes required additional costs for the 
control and gear-motors systems. It is worth to notice, how the 
IRF incremental approach is more time-consuming, however, 
as the tools are simples and smaller, these require lower 
investment if compared with traditional V-bending tools. Then, 
in the case of small batch production, when the tool costs are 
not compensated by the higher productivity of the V-bending 
process the IRF allows to significantly reduce the total 
production costs. 

Table 1. Cost detail for three different production cases. 

Case IRF V-bend 
(600 ton) 

V-bend (1000 
ton) 

Machine cost (€/h) 40 40 58 
Production time (h)* 5.5 0.3 0.3 
Tool set-up time (h) 0.1 0.3 0.3 

Tool costs (€) 500 2000 2000 
Total costs (€)** 864 2040 2050 

*workpieces loading and unloading time included 
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In this case, Fig.7 allows to analyze the effect of the batch 

size for the three different proposed process. As shown by the 
chart, the cost difference for a single-unit batch lies in the 
difference between the tools and set-up costs of the processes. 
However, as the batch size is increased the IFR costs rise with 
a greater slope if compared with the V-bend processes due to 
the longer required production time. Finally, the breakeven 
point is reached when the IRF total machine cost cover the 
difference between the initial tools and set-up investments 
required by the two technologies. In the presented case, such 
limit is reached for a batch size around 440 pieces. 
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Fig. 7. Process cost as a function of the batch size. 
 

8. Conclusions 

The paper presents an innovative incremental roller flanging 
process and a newly designed incremental roller flanging 
machine. In the proposed process multiple rollers are used to 
incrementally bend a metal sheet, with a subsequent number of 
steps to reduce the forming loads and with the use of simpler 
axisymmetric tools. The proposed machine in the simplest 
configuration has seven degrees of freedom: three for each 
roller and one for the blank-holder. A numerical model of the 
IRF was developed in LS-DynaTM environment and compared 
with a V-bending reference forming process. The results show 
that, despite the lower productivity, the IRF process allows 
limiting the forming loads and a better control of the final angle 
of the bent profile. Finally, to fully exploit the capabilities of 
the proposed system and the advantages of a flexible and agile 
approach the process economic benefit was evaluated with 
reference to a case study. 

Acknowledgments 

The authors wish to thank Promotec Laser Sheet Metal 
Cutting S.r.l, Vensys S.r.l., Aston S.r.l and the Veneto Region 
POR-FESR program for the technical and financial support. 
(Project number: 10220171). 

References 

[1] Zimmerling A., Chen X., Innovation and possible long-term impact driven 
by COVID-19: Manufatruing, personal protective equipment and digital 
technologies. Technology in Society 2021;65: 101541. 

[2] Yang D.Y., Bambach M., Cao J., Duflou J.R., Groche P., Kuboki T., 
Sterzing A., Tekkaya A.E., Lee C.W., Fexibilty in metal forming. Cirp 
Annals 2018; 67: 743 – 765. 

[3] Beyene A.T., Koricho E.G., Belingardi G., Martorana B, Design and 
manufacturing issues in the development of lightweight solution for a 
vehicle frontal bumper. Procedia Engineering 2014; 88: 77-84. 

[4] Ambrogio G., De Napoli L., Filice L., Gagliardi F., Mazzupappa M., 
Application of incremental forming process for high customized medical 
product manufacturing. Journal of Material Processing Technology 2005; 
162-163:156-162. 

[5] Xiaobing D., Kai H., Feifei Z., Qiyang Z., Ruxu D., Multi-stage incremental 
bending to form doubly curbed plates based on bending limit diagram. 
International Journal of Mechanical Sciences 2019; 115:19-30. 

[6] Attanasio A., Ceretti E., Giardini C., Mazzoni L.. Asymmetric two points 
incremental forming: Improving surface quality and geometric accuracy by 
tool path optimization. Journal of material process technology 2008; 
197:59-67. 

[7] Jeswiet J., Micari F., Hirt G., Bramley A.,Duflou J.,Allwood. J., 
Asymmetric single point incremental forming of sheet metal. CIRP Annals 
2005; 54:88-114. 

[8] Emmens W.C.,Sebastianini G., Van den Boogaard A.H., The technology of 
incremental sheet forming – A brief review of the history. Journal of 
Materials processing technology 2010; 210:981-997. 

[9] Wang C.T., Kinzel G., Altan T., Failure and wrinkling criteria and 
mathematical modeling of shrink and stretch flanging operations in shett-
metal forming. Journal of materials processing technology 1995; 53:759-
780. 

[10] Buranathiti T., Cao J., Chen W., Baghdasaryan L., Cedric Xia. Z., 
Approaches for Model Validation: Methodology and Illustration on a Sheet 
Metal Flanging Process. J. Manuf. Sci. Eng. 2006; 128(2):588-597. 

[11] Wang J.Q., Huang Y.W., Zhou G.R., Niu Z.L, Cheng Z.W., Process 
Parameters Study on Robot Rope Hemming of the Hood. Applied 
Mechanics and Materials 2014; 950–953. 

[12] Voswinckel H., Bambach M., Hirt G., Process limits of stretch and shrink 
flanging by incremental sheet metal forming. Key engineering materials 
2013; 549:45-52. 

[13] Voswinckel H., Bambach M., Hirt G., Improving geometrical accuracy 
for flanging by incremental sheet metal forming. Int J Mater form 2015; 
8:391-399. 

[14] Kuboki T., Hadano T., Oba W., Kajikawa S., Jin Y., Asymmetric sheet-
metal V-bending applying separate dies with different velocities for 
diversified bending shapers and operability. CIRP Annals 2021; 1-4. 

[15] Duflou J.R., Nguyen T.H.M., Kruth J.P., Cattrysse D., Automated tool 
selection for computer-aided process planning in sheet metal bending. Cirp 
Annals 2005; 54: 451-454. 

[16] Chen W., Jian J., Li D., Zou T., Peng Y., Flowerr pattern and roll 
positioning design for the cage roll forming process of ERW pipes. Journal 
of Materials Processing Tech. 2019; 264: 295-312. 

[17] Limon-Leyva P.A., Balvatìn A.J., Diosdado-De-La-Pena J.A., Figueroa-
Dìaz R.A., Rojas-Mancera E., Ramirez V.A., Parametric optimization of 
roll-hemming process in oblique planes with linear and non-linear 
trajectories. Journal of Manufacturing Processes 2020; 50:123-132. 

[18] Sayeed G.M.A., Hakeemuddin A., Mohd Viquar M., Safi Sajid S.Md, 
Experimental evaluation of springback in mild steel and its validation using 
LS-DYNA. Procedia Materials Science 2014; 6: 1376-1385. 

 
 

 


