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ABSTRACT. In Incremental Sheet Forming a hemispherical tool moved by a CNC machine deforms a 

sheet moving along a predefined path. The process is highly flexible and useful for making prototypes or 

small series, being characterized by low development times and costs. The part feasibility is strongly 

influenced by the adopted toolpath and, in particular, toolpath corrections are requested to obtain sound 

parts in terms of final geometry (part dimension and geometry are affected by springback and punch 

movement) and sheet rupture. In this paper, an iterative algorithm, based on an artificial cognitive system, is 

presented and tested on a CNC milling machine when producing actual parts showing how it is possible to 

obtain sound components by properly varying the original geometry based on of the measurements of the 

produced part. 
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1. Introduction 

Deep drawing and other traditional sheet forming processes are the most well-known and cost-effective 

technologies, but the high investment costs and time required to realize the equipments (dies and tools) 

make them suitable for large batch production. Therefore, the production at low cost of small batches or 

customized part represents a challenge for the actual market. Typical examples can be found in medical 

devices, aerospace and automotive prototypes fields [1]. The answers to these requirements are the flexible, 

time and cost saving manufacturing process as Rapid Prototyping and, in particular, Incremental Sheet 

Forming (ISF) seems to be the most effective and reliable one when referring to prototypes, small-batch [1] 

and customized mass production [2,3]. In fact, if the overall production time required by ISF is higher than 

the ones traditional stamping operations, advantages in flexibility and tooling cost are consistent. 

The ISF process uses conventional CNC machine tools or robots to locally deform a blank sheet by means 

of a hemispherical tool mounted on the machine spindle or end effector and moved according to a suitable 

toolpath, as shown in Figure 1a. The process is normally realized without die, but some applications are 

characterized by the presence of a full or a partial die to improve the process performance [1]. 

With ISF it is possible to achieve higher deformations than with traditional stamping processes, as reported 

by Allwood et alii in [4]and Martins et alii in [5]. The process also allows to obtain complex shapes since it 

only depends on the toolpath. As the different passes are closer, the quality of the produced parts tends to 

increase due to the lower volume of the material to be deformed. The most used toolpath strategies are 

constant z-level and helical ones so to gradually deform the sheet while increasing the part depth (Fig. 1b). 

These strategies can be applied either with a constant step depth increment (z), or with a variable step 

depth in order to accomplish the maximum theoretical surface roughness, normally known as “scallop 

height” hsc, [6]. 



(a)  
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Figure 1. (a) Single Point and Two Points (with partial die) Incremental Forming process, (b) constant step 

depth increment z strategy and step depth increment z as function of the scallop height hsc, (c) 

springback and stretching action in dieless ISF. 

Nevertheless the big advantages connected with this technology, there are some critical aspects related to 

the part feasibility and the part precision. In fact, if ISF allows to overcome the material formability 

described by the drawing FLC (Formability Limit Curve) [4,5], the part feasibility is limited by reduction of 

the sheet thickness as the depth and the slope of the wall increase [7] making more difficult the part 

formality and the prediction of the rupture. Moreover, the part precision is greatly influenced both by the 

high springback and the deformation that the sheet undergoes because of the punch stretching action as the 

process goes on (Figure 1c). As a consequence, the main limit of the technology is represented by the 

geometrical error that can be found on the final shape [8]. 

To deal with formability problems, some Authors proposed failure criteria using different approaches 

based on the offline sheet stress and stretching estimations [5,9-11] and on the online forming force 

measurement [12,13]. Moreover, since the adopted toolpath greatly influences thinning and feasibility, 

multi-step toolpath strategies were introduced to achieve higher wall angles [14,15].  

To improve part precision,  it was shown that the part accuracy can be improved by using a die under the 

sheet [16], but this solution limits the process flexibility and increases the manufacturing cost. Many 

Authors focused on the tool path correction using strategies based on iterative algorithms [17-19], transfer 

function [20], part features [21] or neural networks [22,23]. A novel approach is proposed in [20]where the 

transfer function concept was introduced to correct the toolpath aiming at the precision part 

improvement.Within a so wide panorama of issues to be considered for obtaining a sound part through ISF, 

the use of preliminary FE tools is of great help in reducing time and cost for the design of the manufacturing 

process [24]. 

The research here reported solves the problem of the toolpath correction form a completely different 

point of view. In particular, an adaptive approach was used in order to recursively correct the geometry of 

the part to be produced instead of the toolpath. In particular, the present paper descries a correction 

algorithm based on the Iterative Learning Control technique that corrects the toolpath improving the 

precision of the component according to the measurement of the produced parts. The strong advantage of 

the method is that no predetermined solutions are introduced, so realizing the best correction in relation with 

the actual part shape and the error distribution. The novelty of the approach lies in the fact that the toolpath 

correction is realized modifying the geometry of the part from which the toolpath is derived. The proposed 

algorithm was implemented in a self developed software and experimentally tested showing to be very 

performing. In particular, it allowed to obtain acceptable parts within a maximum of few iterations. 

Moreover, the solution here presented is able to improve the machine tool capability in terms of achievable 

precision on the final part and to increase the machine intelligence learning from the error of the previously 

produced part. 



2. Iterative Learning Control (ILC) 

The problem of iteratively learning and controlling a system, can be expressed as the iterative modification 

of the system input to minimize the output error defined as the difference between what has been obtained 

with respect to the target. 

This type of problem is normally called Tracking Iterative Learning Control (TILC) [25]. The positive 

aspect of this approach is that the system under control learns and controls in each cycle and, therefore, a 

priori knowledge is not required and it can be applied to all the cyclic processes. The most interesting aspect 

of ILC is related to the fact that it is possible to implement a control law acting between one cycle and the 

subsequent one. To do this, it is necessary to store the errors and to respect the basic hypothesis, i.e. the 

initial conditions of each cycle of the process are always the same. This can be easily satisfied in ISF since 

the worked material and the initial shape of the sheet are the same for each repetition. 

The scheme of an ILC procedure is illustrated in Figure 2 where the core elements, the system and the 

ILC, are reported together with the exchanged signals. All the signals are defined in a limited time interval 

t  [0,tf] that can assume either continuous or discrete values. The subscribed k indicates the repetition 

number (k = 0 means the initial test). 

In the k-th cycle the uk(t) input is applied to the system which gives yk(t) as output. The two signals are 

recorded in order to be utilized, at the end of the cycle, for the calculus of the next system input uk+1(t), 

while yd(t) represents the desired output signal of the system. Hence, the tracking error for the k-th cycle 

ek(t) can be expressed as: 
)()()( tytyte dkk −=  (1) 

Thus, the generic iterative control law can be expressed as: 

( ))'(),'()(1 tuteftu kkk =+  where: t’  [0,tf] (2) 

The final goal of the ILC is to minimize the error ek(t), i.e.: 
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u*(t) is therefore the input signal minimizing the norm of the error: )()( tyty dk − . 

The ILC most important aspects are: 

• to fix a first trial input signal u0(t) for the first cycle; 

• the initial conditions are always the same for each cycle; 

• the cycle length tf is constant; 

• the error should converge to 0; 

• the system is stable during the time since the ILC algorithm is able to better the performance and not to 

stabilize it; 

• the convergence is independent on the desired signal yd(t); in fact, the ILC controller should be able to 

self-adapt. 

 

Figure 2. Scheme of an ILC system. 

The problem formulation can be seen as to determine the ILC law that can be written according to the 

following: 

( )11 ,,,)( +−−+ = kjkmkdILCk yyuyftu  where: (4) 
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By choosing a linear first order algorithm, it is only necessary to store the error of the previous cycle, that 

is: 
( )kkdILCk yuyftu ,,)(1 =+  (5) 

Consequently, the ILC function is linear and hence: 
)()()()()( tezTtuzTtu kekuk +=+1  (6) 

Tu(z) and Te(z) are linear operators in z, the system variable. 

In our case Tu(z) was set equal to 1 while Te(z) was considered as a weight (0,1] applied to the calculated 

error. 

In such a way the new control signal uk+1(t) is modified with respect to uk(t) by an amount proportional to 

the error. Values of Te(z) greater than 1 should lead the system to diverge. 

3. Artificial Cognitive System implementation to ISF technology 

3.1 The ILC application 

As already said, the accuracy of the produced parts in an ISF process is influenced by sheet springback, 

stretching action exerted by the punch on the sheet and tool deflection and machine deformation due to the 

acting forces, especially when a robot is used being less stiff than a CNC machine. To improve the part 

accuracy, the above described ILC procedure is applied to ISF technology. 

In practice, referring to Figure 2 and Figure 3 and to expressions from (1) to (6), the ILC can be 

implemented considering that, at the k-th step, uk(t) is the geometry of the part, vk(t) is the process parameter 

set, yk(t) is the actual part geometry formed according to a toolpath calculated on the base of uk(t), ek(t) is the 

error between yd(t) and yk(t), where yd(t) is the target part geometry and the system refers to the whole 

process from the CAD/CAM to the CNC machine and the measuring apparatus. Hence, the ILC is the 

compensation algorithm that, starting from uk(t) and ek(t), calculates the new part geometry uk+1(t) according 

to (6) from which a new toolpath is derived (tpk+1). At the beginning u0(t) coincides with yd(t).  

The idea is that, according to this procedure, the precision of the formed part increases at each step until 

the geometrical tolerance requirements are accomplished. In particular, the “Profile of a surface” tolerance 

 is considered. 

The target geometry yd(t) is derived from the 3D CAD model, the process parameters vk(t) (toolpath, step 

depth, tool diameter, tool velocity, sheet thickness and material) are kept constant during the correction 

steps, the actual part geometry is sampled by means of a 3D stereoscopic vision system, while the part 

alignment, the error calculation ek(t), the compensation algorithm and the toolpath generation tpk(t) have 

been developed by the Authors and implemented in a software application. 

 

Figure 3. Scheme of the ILC application to the improvement of part accuracy in ISF. 

3.2 The developed program 

The described ILC has been implemented according to the scheme reported in Figure 3. 

All the calculus phases have been implemented in a self-developed software able to manage all the data 

considering the different iteration steps and the geometries necessary to carry out the compensation 



algorithm, to align the actual and the theoretical geometries, to calculate the local error distribution and the 

geometry correction and to generate the toolpath while recording the iteration history. 

The actual/measured part geometry yk(t) is obtained by digitalizing the produced component by means of 

the commercial 3D optical scanner REVENG LE 240 HD 1.3 MPx from Open Technologies. The sampled 

points are saved in a STL file and then passed to the compensation software which performs the following 

actions: 

• The CAD yd(t) and the measured yk(t) geometries are firstly aligned; this allows to avoid the problem of 

defining a common coordinate system origin; the alignment is carried out between the nominal model 

and the measured point cloud using the Normal Distribution Transform [26] that has been chosen 

because the spatial distribution of the two sets of points were not homogeneous and their densities were 

not comparable. 

• The aligned geometries are compared and the error distribution ek(t) (i.e., the distance between the two 

geometries, see Figure 4) is evaluated according to eq. (1) (Figure 7). 

• The error distribution is used for calculating the corrected geometry uk+1(t) starting from the previous 

uk(t) according to equation (6) and described in detail in paragraph 3.3. The Te(z) weight can be chosen 

by the operator in the range (0,1] (Figure 4). 

• From the new part geometry a new toolpath is generated and passed to the CNC machine where a new 

part geometry uk+1(t) is produced and then newly measured obtaining yk+1(t) and so on. 

• The iterative procedure stops when the geometrical error is lower than the one imposed by the part 

specifications. 

 

Figure 4. Scheme of the correction phase. 

3.3 Error and correction calculation 

Considering that all the geometries involved in the error and correction calculation are in STL format, they 

are initially transformed into a surface mesh representation (nodes plus elements). Moreover, since the 

nodes of the different geometries are not related each other and are not homogeneous, it was necessary to 

develop an error calculation and correction algorithm that can work under these hypotheses. 



 

 

Figure 5. Scheme of the error calculation and the identification of the geometry correction. 

In particular, this has been done according to the following procedure shown in Figure 5: 

• For each i-th node of the target geometry yd(t) the elements at which the node belongs are identified; 

• The normal of the target geometry at the i-th node is calculated as the vector sum of the normal vectors 

to the previously identified elements; 

• The normal intersects the measured geometry yk(t) in a j-th element; it is important to verify that the 

intersection point is inside the element; 

• The distance calculated between the i-th node and the intersection point so identified is the error. 

By repeating this procedure for all the nodes of the target geometry, it is possible to identify the error 

distribution function ek(t) for the measured geometry at the k-th step. 

Applying the error function ek(t) to the worked geometry uk(t) it is possible to evaluate the new corrected 

geometry to be worked at the (k+1)-th step uk+1(t) according to Figure 4, Figure 5 and (6).. For this 

geometry a new toolpath tpk+1(t) is calculated and a new part is produced. 

3.4. Case study 



The developed ILC system has been tested realizing the multi-slope cone reported in Figure 6. The part is 

axisymmetric and it is characterized by different inclination angles and different depths so to evaluate, in a 

single part, several geometric changes. The maximum angle utilized for the part slope is 55°, a value that is 

considered safe when working by ISF Aluminum sheet, since the objective of the research was the geometry 

compensation and not the material forming limits identification. The utilized machine is a CNC milling 

center with an horizontal spindle. The toolpath has been generated using a spherical tool with a diameter 

equal to 7 mm on an aluminum sheet 1.5 mm tick with constant Z passes with a step depth equal to 0.4 mm. 

Moreover, different Te(z) values were considered during preliminary tests so to evaluate its correctness 

through the experimental results. 

 

Figure 6. The tested part. 

The results of the ILC at each iteration are reported in Figure 7 where it is possible to see how the error 

ek(t) decreases together with its distribution scattering. In fact, after three iterations the initial error (ranging 

from +1.23 to -1.34 mm and centered in 0.3mm) decreases  both in range and center value (ranging from 0.3 

to -0.16 mm and centered in 0.06mm). Moreover, and the scattering of the errors becomes more uniform 

and normally distributed. 

The improvement of the part accuracy is evident confirming the effectiveness of the application of the 

proposed method. Moreover, the testing phase showed that, for k  1, the ek(t) values linearly depends on 

the adopted Te(z). Therefore, to reduce the number of iterations, the highest working value for Te(z) was 

adopted. In particular the value Te(z) = 1 was identified as the best for the analyzed geometry so to rapidly 

improve the part geometry while maintaining the process stable. 

1st iteration (k=0) 2nd iteration(k=1) 3rd iteration (k=2) 

   

Figure 7. The error distribution ek(t) after the first, second and the third iteration. 

4. Conclusions 

The correction algorithm for improving the precision of Incremental Sheet Forming machine tools, 

developed on the basis of the Iterative Learning Control technique, demonstrated to be successfully applied 

being able to reduce the geometrical error of the produced parts within a very limited number of iterations. 

The chosen approach is thus able to consider the errors deriving from the whole forming process, in 

particular from the sheet springback, the stretching action of the deforming punch and the deformation of 

the tool and the machine themselves The proposed method does not need predetermined corrections but 



realizes the best correction in relation with the actual part geometry and the corresponding error distribution 

with respect to the CAD part geometry. Furthermore, the approach is flexible and easy to use and the 

equipment needed to realize the correction procedure, is only based on a 3D scanning system and on a self 

developed software. 

Finally, the implemented Artificial Cognitive System can be utilized to improve the intelligence of 

production systems based on traditional and robot CNC machines so becoming able to learn from the 

geometrical errors of the formed parts and to improve its performance. 

Acknowledgements 

The present research was founded by the Italian Ministry of Economic Development, “Industria 2015” 

grant, “Michelangelo” project. 

References FIX format 

[1] Jeswiet, J., Micari, F., Hirt, G., Bramley, A., Duflou, J., Allwood, J., 2005, Asymmetric single point 

incremental forming of sheet metal, Annals of the CIRP, 54/2:623-649. 

[2] Mitsuishi, M., Cao, J., Bartolo, P., Friedrich, D., Shih, A.J., Rajurkar, K., Sugita, N., Harada, K., 

2013, Biomanufacturing, Annals of the CIRP, 42/2:585-606. 

[3] A. Fiorentino, R. Marzi, E. Ceretti, Preliminary results on Ti Incremental Sheet Forming (ISF) of 

biomedical devices: biocompatibility, surface finishing and treatment, Int. J. of Mechatronics and Manuf. 

Systems 5/1 (2012) 36-45. 

[4] Allwood, J.M., Shouler, D.R., Tekkaya, A.E., 2007, The increased forming limits of incremental 

sheet forming processes, Key Engineering Materials, 344:621-628.  

[5] Martins, P.A.F., Bay, N., Skjoedt, M., Silva, M.B., 2008, Theory of single point incremental 

forming, Annals of the CIRP, 57/1:247-252. 

[6] A. Attanasio, E. Ceretti, C. Giardini, Optimization of tool path in two points incremental forming, 

Journal of Materials Processing Technology 177/1-3 (2006) 409-412. 

[7] Hirt, G., Ames, J., Bambach, M., Kopp, R., 2004, Forming strategies and process modeling of CNC 

incremental sheet forming, Annals of the CIRP 53/1:203-206. 

[8] Fiorentino, A., Attanasio, A., Marzi, R., Ceretti, E., Giardini, C., 2011, On forces, formability and 

geometrical error in metal incremental sheet forming, Int. J. of Mat. and Product Tech. 40/3-4:277-295. 

[9] Hill R (1952) On discontinuous plastic states, with special reference to localized necking in thin 

sheets. J Mechanics Physics Solids 1(1):19-30. 

[10] Marciniak Z, Kuczyński K (1967) Limit strains in the processes of stretch-forming sheet metal. Int J 

Mech Sci 9:609-612. 

[11] TB Stoughton, A general forming limit criterion for sheet metal forming, Int J Mech Sci 42 (2000) 

1-27. 

[12] A. Petek, K. Kunzman, B. Suhač, Autonomous on-line system for fracture identification at 

incremental sheet forming. Annals of the CIRP 58 (2009) 283-286. 

[13] A. Fiorentino, Force-based failure criterion in incremental sheet forming, Int J Adv Manuf Technol 

68 (2013) 557–563. 

[14] Duflou, J.R., Verbert, J., Belkassem, B., Gu, J., Sol, H., Henrard, C., Habraken, A.M., 2008, Process 

window enhancement for single point incremental forming through multi-step toolpaths, Annals of the 

CIRP 57/1:253-256. 

[15] M. Skjoedt, N. Bay, B. Endelt, G. Ingarao, Multi stage strategies for single point incremental 

forming of a cup, Int. J. of Material Forming Suppl 1 (2008) 1999-1202. 

[16] Attanasio, A., Ceretti, E., Giardini, C., Mazzoni, L., 2008, Asymmetric two points incremental 

forming: Improving surface quality and geometric accuracy by tool path optimization, J. of Material 

Proc.Tech. 197:59-67. 

[17] Malhotra, R., Bhattacharya, A., Kumar, A., Reddy, N.V., Cao, J., 2011, A new methodology for 

multi-pass single point incremental forming with mixed toolpaths, Annals of the CIRP 60/1:323-326. 



[18] Behera, A.K., Lauwers, B., Duflou, J.R., 2013, Tool path generation for single point incremental 

forming using intelligent sequencing and multi-step mesh morphing techniques, Key Engineering Materials, 

554:1408-1418. 

[19] Junchao, L., Junjian, S., Bin, W., 2013, A multipass incremental sheet forming strategy of a car 

taillight bracket, Int. J. of Adv. Manuf. Technology, 69:2229-2236. 

[20] Fu, Z., Mo, J., Han, F., Gong, P., 2013, Tool path correction algorithm for single-point incremental 

forming of sheet metal, Int. J. of Adv. Manuf. Technology, 64/9-12:239-1248. 

[21] Lu, B., Chen, J., Ou, H., Cao, J., 2013, Feature-based tool path generation approach for incremental 

sheet forming process, J. of Mat. Proc.Technology, 213/7:1221-1233. 

[22] Radu, C., Cristea, I., Herghelegiu, E., Tabacu, S., 2013, Improving the accuracy of parts 

manufactured by single point incremental forming, Applied Mech. and Materials, 332:443-448.  

[23] Bahloul, R., Arfa, H., Belhadjsalah, H., 2013, Application of response surface analysis and genetic 

algorithm for the optimization of single point incremental forming process, Key Engineering Materials, 

554:1265-1272. 

[24] E. Ceretti E., C. Giardini, A. Attanasio, Experimental and simulative results in sheet incremental 

forming on CNC machines, Journal of Materials Processing Technology 152/2 (2004) 176-184. 

[25] Moore, K.L., 1933, Iterative Learning Control for Deterministic System, Adv. in Industrial Control, 

Springer-Verlag. 

[26] Biber, P., Strasser, W., 2003, The normal distributions transform: a new approach to laser scan 

matching, Intelligent Robots and Systems, 3:2743-2748. 

 


