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Abstract. Incremental Sheet Forming (ISF) is a flexible technology that allows the deformation of 

blank sheets without the need of complex and high cost tools or equipments. One of the main lacks 

of ISF is the geometrical accuracy which is not comparable with the one achieved by using 

traditional sheet stamping processes. There are several approaches proposed to enhance this aspect 

and among them the Authors have developed a method based on an Iterative Learning Control 

(ILC). ILC consists of a cyclic and progressive error compensation method that improves the 

quality of the manufactured parts. ILC has been proved to be capable for optimising the production 

of parts with tight tolerances when dealing with ductile materials (aluminium and steel alloys) and 

small deformations. In this paper, the method was tested to investigate its capability in a virtual 

environment. The suggested compensations were checked with Finite Element Method (FEM) so to 

reduce the number of parts to be manufactured saving time and costs. Moreover, the algorithm was 

tested considering both a difficult to form material (titanium alloy) and high deformation 

conditions. The results demonstrated how the precision of ISF processes depends on the blank 

material properties. Moreover, the capabilities of ILC are shown and discussed. 

 

Keywords: Incremental sheet forming, titanium, part precision, material properties, iterative 

learning control. 

1. Introduction 

Incremental Sheet Forming (ISF) is a forming technique which is almost 50 years old [1] but its 

requirements in terms of part optimization and control systems delayed its development and 

application of decades [2]. Nowadays, ISF is an assessed production technology that uses standard 

Computer Numerical Control (CNC) machines or robots [3] to move a hemispherical head punch in 

order to deform a blank sheet and to reproduce the part geometry [4]. ISF represents an alternative 

to traditional sheet forming process thanks to its high flexibility, low cost for small batch 

productions [5-7] and low energy consumption [8]. Moreover, the process increases the material 

formability in terms of wall angle [9] and Forming Limit Curve (FLC) [5,10]. Processing time can 

be reduced using high speed for the punch movement but this may reduce the material formability. 

Therefore, a trade-off between processing time (and cost) and part feasibility, has to be identified 

[11]. ISF can be applied for both metal and polymer sheets forming [12]. In particular, the friction 

between punch and sheet can modify the polymer formability due to the local heating that softens 

the material [13]. 

Beside this, the main drawback of ISF is the dimensional accuracy of the formed parts [14] that is in 

the range of few millimeters [5,15]. The main causes are related with phenomena like springback, 



stretching and bending of the sheet [5,16] (Fig. 1), local plasticization [17], bulging [5,18] or low 

machine stiffness [19]. 

 

Fig. 1 Springback and stretching action in dieless ISF. 

Different strategies have been developed during the years to improve the precision of the process as 

the use of a counter die, the blank heating or the adoption of off-line and on-line multipass 

corrections. In fact, it has been demonstrated that the use of a counter die enhances the accuracy of 

the part thanks to a stiffer clamping system [15]. On the other hand, this represents a reduction of 

the process flexibility, an increasing of the manufacturing costs and, in case of low cost dies made 

of polymer or wood, the elasticity of the material significantly influences the accuracy of the 

produced part [20]. Temperature increases ductility of the material so enhancing the process 

precision [21,22]. Local heating of Al sheets was obtained in reference [23] by a Nd:YAG laser 

source coupled with a six-axis robot to form conical part. The result was a reduction of the 

geometrical error to 1.5 mm. In reference [24], tool rotation and surface texturing were proposed for 

locally heating the blank. Cold forming strategies, as multipass [25], use multiple forming stages to 

enhance the part accuracy [26,27] and to form 90° wall angles [28] and more complex features [29]. 

In reference [30], an iterative correction of the tool-path is performed off-line by using B-spline and 

morphing techniques. The on-line compensation method in reference [31] was developed using an 

approach based on the impulse response of the process and on the optimal control theory. 

Other authors developed solutions based on Finite Element Method (FEM) to enhance the process 

precision. In particular, in reference [19], multi-body-system simulations were used to study and to 

compensate the robot deflections. Moreover, FEM can be used in the process designing phase in 

order to preliminarily estimate and compensate the geometrical error and, consequently, to produce 

the corrected parts as reported in reference [32]. 

The present research focuses on an approach based on the direct modification of the Computer-

Aided Design (CAD) geometry of the part for improving the geometrical accuracy of the ISF 

process. The method is based on an Iterative Learning Control (ILC) that allows a cyclic and 

progressive compensation of the geometrical error of the part until the desired precision is reached. 

In particular, at each cycle the part is manufactured, the geometrical error is measured and used to 

modify the part geometry and the tool path. Within this method, it is possible to achieve tight 

tolerances (±0.5 mm) when dealing with ductile materials (aluminium and steel alloys) [33-35] and 

small deformations [34,35]. 

This paper investigates new capabilities of developed ILC that have not been considered in previous 

works. In particular, it focuses on the possibility to apply the ILC to Finite Element Method (FEM) 

simulations so to carry out the ILC cycles in a virtual environment so reducing the amount of parts 

to be manufactured in the experimental testing phase. The ILC has already been tested in a previous 

research on asymmetrical parts only in the cases of low deformations (i.e. low step depth z of the 

punch path) and on easy to form materials (Al 1050A and DC04) [33,35]. For these reasons, the 

present research focuses on more severe testing conditions in terms of material formability and 

higher deformation step z. In particular, tests were run adopting a higher step depth and extending 

the set of materials to the hard to cold-form Ti CP Gr2 alloy. Results highlighted the capability of 



the ILC method and how the blank material properties influence the accuracy of the FEM model, of 

the geometrical precision achievable with this method and of the ISF process in general. 

2. ILC method description 

The method consists of an iterative procedure where the part is incrementally formed, measured and 

the geometrical error is calculated on the whole part by comparing its geometry with the target one. 

Once the error is known, the part geometry is corrected according to the error so obtaining a new 

geometry to be manufactured. The procedure keeps cycling until a convergence criterion is 

satisfied. The criterion is selected on the base of the specific process or part needs and, in this 

research, it corresponds to a stable error scattering within a variation of ±5% (i.e. further iterations 

do not lead to significant improvements of the part accuracy). 

This type of approach is called Iterative Learning Control [36] of a system and consists of the 

iterative modification of the input so to minimize the output error. Moreover, it does not require an 

a priori knowledge and, therefore, it is very versatile and can be applied to keep under control all 

cyclic processes. 

Fig. 2 reports the scheme of an ILC procedure at the k-th cycle where the system receives the input 

uk(t) and returns the output yk(t). The error for the k-th cycle ek(t) is the difference between yk(t) and 

the desired output yd(t) as reported in (1). Moreover, the variable t belongs to the domain of the 

system. 

)()()( tytyte dkk 
 

(1) 

The input of the next cycle uk+1(t) is estimated as a function of the previous input uk(t) and the 

subsequent error ek(t) as reported in (2): 

 )(),()(1 tetuftu kkk   
(2) 

The iteration continues until the norm of the error )(tek  reaches its minimum. Therefore, being 

u
*
(t) the input minimizing )(tek , the ILC converges when (3) is respected. 
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In the application of the ILC method to the ISF process, the domain of the system is the set of 

points that belongs to the part surface S (tS), the input uk(t) is the CAD geometry of the part to 

form, the output yk(t) is the actual part geometry that is obtained, the desired output yd(t) is the 

target geometry and the error ek(t) is the geometrical error map of the actual part. In particular, ek(t) 

is estimated according to (1) after aligning yk(t) and yd(t) geometries. They are aligned by 

minimizing the global error instead of using a single and predefined coordinate system. In this way, 

the comparison is performed under the functional point of view and in accordance with the “Profile 

of a surface” tolerance   [37] instead of a mere comparison of coordinates. Finally, the toolpath 

tpk(t) used in the ISF process is calculated from uk(t) and the process parameters set v(t) which does 

not change during the iterations.  

The CAD geometry uk+1(t) used for the next iteration is defined on the base of its value uk(t) and the 

error ek(t) at the present step (at the first step y0(t)= yd(t)). In particular, uk+1(t) is calculated 

according to equation (2) using the linear combination described in (4) where Tu(z) and Te(z) are 

variable linear weights (i.e. in general they could depend on the position, error value, …) 

respectively for uk(t) and ek(t).  

       tezTtuzTtu kekuk  )(1  (4) 

The correction weights have to be set to guarantee the convergence of the algorithm and, according 

to previous works reported in references [33-35,38], suitable values of Tu(z) and Te(z) were 

identified to be equal to 1. 



 

Notation: 

 

uk(t) Part geometry  

uk+1(t) Part geometry (corrected) 

k(t) Process parameters set 

tpk(t) Toolpath 

yk(t) Obtained geometry 

yd(t) Target geometry  

ek(t) Error map 

Te(z) Correction weight 

 

Fig. 2 ILC algorithm for reducing geometrical error in ISF parts. 

The ILC was implemented in a self-developed software which loads the CAD geometry uk(t) and 

generates the toolpath tpk(t) for the ISF process [35]. Once the part is formed, its geometry yk(t) is 

acquired (measured in the case of experiments or exported in the case of simulations). Then, the 

software aligns yk(t) with the target yd(t) and estimates the geometrical error ek(t) of the formed part. 

Since yk(t) and yd(t) data are organized in a mesh format, their nodes do not correspond. Therefore 

the software projects the nodes of yd(t) on yk(t) mesh and estimates ek(t) as the distance between the 

node and each projection (Fig. 3). 

In this way, uk(t) and ek(t) are defined for the same nodes and the corrected CAD geometry uk+1(t) 

can be estimated according to (4). In particular, uk+1(t) is obtained by moving the nodes of uk(t) 

along their respective normal direction to the part surface (Fig. 4) that was estimated as the vector 

sum of the normal directions of the surrounding facets. Moreover, an almost uniform mesh in terms 

of triangle dimensions was used to balance the normal estimations. 

 

Fig. 3 Scheme of the error ek(t) calculation. 
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Fig. 4 Scheme of the correction phase of the algorithm (part profile and 3D). 

3. ILC case studies 

The ILC was applied to the asymmetric part reported in Fig. 5 that was designed for testing 

different ISF manufacturing features. In particular, it requires a toolpath that is parallel, orthogonal 

and transversal to the sheet rolling direction. Moreover, its walls have planar and curvilinear 

geometries and different leanings (0°, 29° and 38°). Finally, the part is 150x150mm in plane 

(excluding flanges) and 30mm in depth. Previous researches showed that the considered geometry 

is able to give a not symmetric error map that depends on the local features (as wall leaning or 

distance from the boundaries) and the transitions between them [35]. Because of the need of using a 

clamping system to hold the blank, the correction algorithm was applied to the areas that are not in 

contact with the backing plate during forming so to avoid changes at the boundary of the blank and 

to compensate the error in all the directions. 

Different materials in terms of formability were chosen (Table 1): a soft aluminium alloy 

(Al 1050A), a deep drawing steel (DC04) and a difficult to cold-form titanium alloy (Ti CP GR2). 

The flow stress laws of the material were determined by tensile tests while their elastic moduli were 

obtained from materials database. Moreover, with the idea of increasing the collateral deformations 

described in Fig. 1, a toolpath with a high step depth (Z = 0.5 mm) was adopted in order to induce 

higher deformations and to increase the forming force acting on the part. Furthermore, according to 

the experience gained in the previous researches [33,35], a lower step depth (Z = 0.1 mm) was 

adopted on the flat bottom of the part so to correct the pillow effect. 
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Fig. 5 Geometry of the formed part and clamping system of the blank. 

Table 1 Experimental and simulative campaign. 

Blank properties 

Material  
Al 1050A 

1 mm 

DC 04 

1 mm 

Ti CP Gr.2 

0.5 mm 

Flow Stress 
(*) 

 = K
n
 

K = 118.6 MPa 

n = 0.208 

K = 534 MPa 

n = 0.232 

K = 640 MPa 

n = 0.120 

Elastic Module (E) 60.9 GPa 185 GPa 106 GPa 

 

Process parameters 

 FEM Experiments 

Blank Holder 20 kN Fixed 

Lubricant  = 0.12 Grease 

Z 
Walls: 0.5 mm 

Bottom
(**)

: 0.1 mm 

Punch speed 1 m/min 

Punch Spherical head - Rs = 7 mm 

 
(*)

 Tensile tests 
(* *)

 last 2 mm in depth 

3.1. ILC applied to FEM 

The ILC method requires to manufacture a part for each iteration step. Therefore, the possibility to 

use a FEM model to simulate the forming process was investigated with the aim of reducing the 

number of parts to be manufactured. 

The process was simulated using a two steps FEM model that was developed using PamStamp 2G
®
 

code. In the first step, the blank is held between the blank holder and the backing plate by a high 

clamping force (20 kN) to avoid sheet sliding while the ISF process takes place. In the second step, 

tools and fixtures are removed and sheet springback is simulated. The second step was necessary 

because preliminary simulations showed that this was fundamental for improving the accuracy of 

Ti CP GR2 simulations with respect to the actual process, while for Al 1050A and DC04 alloys the 

results were not significantly affected by the springback phenomenon [38]. The simulation (both 

steps) of a single iteration of the ILC required approximately 2.5 hours on a 8 CPU@3.07 GHz 

computer. 

Simulations were run accordingly to the data reported in Table 1 and the geometry of the formed 

part yk(t) was used to implement the ILC method in Fig. 2. In particular, iterations where run until 
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convergence which occurred for Al 1050A at k = 3 (-1.7% of variation in the error scattering), for 

DC04 at k = 4 (-3.4% of variation) and for Ti CP GR2 at k = 4 (4.7% of variation). 

In order to validate the FEM model, actual parts were manufactured using a CNC incremental 

forming machine and the toolpaths tpk(t) at the first (k=0) and last (convergence of the ILC) 

iteration steps. In particular, the validation was performed comparing thinning and geometry of the 

parts. 

The part thinning was compared at the first and final steps along the six wall profiles reported in 

Fig. 6. The thinning on the considered walls is almost uniform (Fig. 6a), therefore an average value 

along each wall was used for the comparison. Fig. 6b shows that the FEM is capable of estimating 

the sheet thinning with a high accuracy (difference of about ±3%), particularly for the deep drawing 

DC04 steel, with a tendency to a slight overestimation. 

a) 

 

b) 

 

Fig. 6 Part thickness at the end of the forming process. a) Areas considered for the comparison and  

b) comparison between FEM and experimental results. 

Fig. 7 reports an example of the evolution of the part accuracy when ILC and FEM are used 

together. The figures show, at different steps, the map of the geometrical errors and their frequency 

distributions. The error map was obtained by aligning part and target geometries and evaluating the 

distances between them. In general, the geometrical error becomes more uniform and normally 

distributed as the compensation proceeds. For these reasons, the results on the geometrical accuracy 

of the part were compared in terms of average value (corresponding to the 50% of the frequency 

curve area) and the scattering (range covering the 99.73% of the curve area). 
k = 0 

 

k = 1 

 

k = 3 

 

Fig. 7 FEM simulations Al 1050A - Geometrical error of the part (map and frequency distribution) at the  

k-th iteration step of the ILC (dimensions: mm). 
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The results on the FEM accuracy in predicting the geometry of the part are reported in Fig. 8 and 

Fig. 9. In particular, FEM and experimental geometries were individually compared with the target 

one and then compared. Fig. 8a to Fig. 8c show the distributions of the distance between the two 

geometries on the whole part while Fig. 8d compares the corresponding error scattering. Results 

show that the precision of the FEM model depends on the sheet material. In particular, it can reach a 

satisfactory precision lower than ±0.5 mm for Al 1050A and DC04 blanks at the last step 

(±0.33 mm and ±0.45 mm respectively). In the case of Ti CP GR2 alloy, the FEM is less precise and 

reaches an accuracy of about ±1.1 mm. 

 

Fig. 8 Comparison between FEM and experimental results. Contour plots of the geometrical error (map and 

frequency distribution) for a) Al 1050A b) DC04 c) Ti CP GR2 and d) error scattering (dimensions: mm). 

Fig. 9 reports the evolution of the part accuracy (compared to the target geometry) when the ILC is 

applied to FEM simulations in terms of average error and its scattering at the end of each iteration 

step. Moreover, the results obtained in the experiments using the same toolpaths of FEM 

simulations are reported for comparison. At the first step (k = 0), there is a high overlapping but the 

FEM diverges from experiments as the ILC compensation proceeds (k = final). Moreover, the 

difference between FEM and experiments depends on the material formed. In fact, for Al 1050A 

and DC04 alloys, the accuracy of the final part is comparable with a precision of ±0.5 mm 

(respectively [-0.35;0-47] and [-0.53;0.53] mm) while for Ti CP GR2 it is higher ([-0.92;0.83] mm). 

According to these results, the FEM is capable to model the process in terms of part thickness (Fig. 

6) and part geometry (Fig. 9, k = 0). Moreover, within the ILC, the FEM is capable to improve the 

part accuracy up to the desired range of ±0.5 mm (Fig. 9). Besides this, the negligible differences 

with experiments interact with the ILC algorithm accumulating errors (Fig. 9, k = final). These 
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interactions are not significant when forming Al 1050A and DC04 alloys while they are consistent 

for Ti CP GR2. 

In order to try to improve the accuracy of the titanium part and to better understand how the 

material could affect the capability of the ILC method, further experimental tests were conducted 

and reported in section 3.2. 

   

Fig. 9 Results of the ILC applied to FEM simulations. The average error and its scattering at the end of each 

iteration step are reported for the tested blanks in FEM and experiments. 

3.2. ILC applied to experimental tests 

The results showed in section 3.1 underlined that the material properties are related to the FEM 

precisions and the ILC capability. Therefore, an experimental campaign was carried out using the 

ILC with an experimental forming process. Parts were formed according to Table 1, using a CNC 

machine [39] and measuring the geometry of the formed parts with the optical scanner 3D RevEng 

Hi-Res LE 240 (accuracy ±0.08mm). The ILC compensation was cycled until convergence that was 

reached for Al 1050A at k = 3 (-3.3% of variation in the error scattering), for DC04 at k = 4 (2.7% 

of variation) and for Ti CP GR2 at k = 4 (4.4% of variation). 

Fig. 10 shows the results on the part precision in terms of average error and its scattering at each 

iteration step. Trends are similar to what afore observed (Fig. 7 and Fig. 9). In fact, the algorithm 

converges in few iterations, the part final accuracy is good for Al 1050A (about ±0.28 mm) and 

DC04 (about ±0.4 mm), while Ti CP GR2 shows better results with respect to the FEM approach, 

but the error scattering remains high ([-0.82; 0.56] mm). 

    

Fig. 10 Result of the ILC applied to the experimental campaign. The average error and its scattering at the 

end of each iteration step are reported. 

4. Results discussion  

4.1. Part accuracy and material properties 

Both test campaigns based on FEM and error experimental compensations showed that the 

achievable part accuracy depends on the formed material. Therefore, the material properties were 

considered to further investigate this aspect (Table 1). In particular, the material strength (K) was 

chosen to indicate the ductility and the young modulus (E) to represent the stiffness and the 

tendency to springback. Fig. 11 reports the amplitude of the error scattering obtained at the first 

(k = 0) and final (k = final) steps as a function of the K/E ratio. The results at the first step represent 

the geometrical accuracy on the incrementally formed parts without error compensation (i.e. the 
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accuracy of the ISF process itself), while the results at the last step represent the accuracy that can 

be achieved using the ILC. In both cases, results show that the achievable part accuracy depends 

linearly on the K/E ratio. This can be explained by considering the effects of K and E on the sheet 

stretching and springback that increase the geometrical error of the part (Fig. 1). In particular, a 

lower K value indicates a more ductile material which has a lower tendency to springback and 

increases the precision of ISF process [21]. Moreover, a higher E value generally leads to higher 

springback but, on the other hand, it increases the rigidity of the blank so either reducing the 

counter deformations due to stretching effects and increasing local deformation and embossment. In 

fact, the use of a more rigid forming system has proved to increase the part precision [15,40] while 

over-deformation and embossing are normally used methods to reduce springback [41]. Therefore, 

the effect of the ILC is to improve the ISF process reducing the effects of the material properties on 

process precision; its effectiveness depends on the material properties of the blank formed (Fig. 11, 

k = final). Finally, assuming to form a material which is highly deformable or has a rigidity which 

is much higher than its strength (i.e K/E tends to zero), the described effects are emphasized so 

leading the geometrical error to its lower limit. To support this example, the data trend reported in 

Fig. 11 (k = final) show that the scattering amplitude reached for K/E = 0 is comparable with the 

measuring system one (0.16 mm). 

 

Fig. 11 Influence of the strength to elasticity ratio (K/E) on the part precision for the uncompensated (k = 0) 

and compensated (k = final) part. The accuracy of the geometrical measuring system is reported for 

comparison. 

4.2. General remarks 

According to the collected data and the previous discussion, the results on the ISF process and the 

ILC method can be summarized as follows: 

 The precision of incrementally formed parts is linearly affected by the material strength to 

elasticity ratio (K/E). In particular, the lower K/E the higher the precision. 

 The ILC algorithm allows enhancing the geometrical accuracy of the ISF process in few 

iteration steps (3 to 4) by compensating the geometrical error on the part (45% to 58% 

reduction in scattering) and reducing the influence of the material properties on the process.  

 In high deformation conditions (i.e. high step depths), the ILC is capable to achieve an 

accuracy similar to traditional stamping techniques (±0.5 mm) for mild (aluminium) and 

ductile (deep drawing steel) alloys. When difficult to form materials are considered (as in the 

case of titanium), the accuracy is lower but the reduction of the error is high (45% in 

scattering). The lower reduction of the error could be caused by the blank material (and in 

particular to its elasticity) which acts as a damper for the ILC algorithm. In other words, when 

the error is compensated by over (or under) forming the blank, the material elasticity tends to 

recover a part of the deformation so reducing the imposed geometrical correction and the 

effectiveness of the ILC compensation. Under the corrections weight Te(z) point of view, the 
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damping has the effect of reducing its actual value. Therefore, to further improve the accuracy 

of the parts, it is possible to implement a damping coefficient in the ILC or to directly use a 

weight value Te(Z) 1. 

 FEM simulations can be used to correct the error for the first iteration steps, then the 

compensated part can be manufactured. Anyway, it has to be taken into account that 

negligible approximations of the numerical model are accumulated at each iteration of the 

ILC so leading to a progressive inaccuracy of the FEM results. Even in this case, the 

divergence depends on the material and is acceptable when forming mild and ductile alloys. 

More precise and complex numerical models could be developed to improve ILC precision 

focusing probably on the material characterization and on the springback modelling. 

5. Conclusions 

The tests presented in this work showed how the precision of ISF is strongly influenced by the 

material properties of the blank. In particular, the strength to elasticity ratio is directly related to the 

scattering of the geometrical error of the part because of its influence on the rigidity of the forming 

system and the sheet springback.  

ILC showed to be an effective method to enhance the precision of the process when forming a wide 

range of materials, from the mild aluminium to the hard to form titanium alloys both in the case of 

low and high step depths of the toolpath. Besides this, its capability is still influenced by the 

material properties. In particular it allows to reach a part precisions which is competitive with 

traditional process (within ±0.5 mm) in the case of aluminium and deep drawing steel, while it is 

higher (anyhow within ±0.8 mm) when forming titanium alloys. 

Similar results were achieved by using ILC and FEM simulations together to preliminarily 

compensate the geometrical error so to manufacture only the final part. In this case, the small 

approximations of the numerical model are accumulated at each iteration of the ILC so leading to a 

divergence between FEM and experiments. This divergence is acceptable when forming aluminium 

and deep drawing steel. 

Some aspects deserve further investigations as the possibility that the material springback acts like a 

damper for the error compensation method. Therefore, the ILC will be enhanced considering a 

damping effect in its implementation. Moreover, efforts will be dedicated to improve the precision 

of the FEM model to reduce the divergence as the ILC iteration proceeds. 
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