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Abstract. In this study, a new multi-axial vibration assisted incremental sheet 

forming (MV-ISF) process is introduced by developing a vibrated toolpath and an 

ellipsoidal headed tool design. The process has been shown to improve the 

formability of tested materials due to the introduction of a low-frequency and high-

amplitude vibration field. To understand the forming characteristics of the MV-ISF 

process, the geometrical accuracy, surface quality and formability in forming a conic 

geometry are investigated through experiments and finite element analysis using two 

aluminium alloys and compared with that formed using the conventional ISF tool 

path design. An analytical model of the material deformation under the vibration 

condition is also proposed to assess the enhanced formability of the MV-ISF process. 

The new vibrated tool path design combined with the use of the ellipsoidal headed 

tool provides a simple and potentially effective solution for improving the forming 

accuracy, surface quality and formability of ISF manufactured parts. 

Keywords: Incremental Sheet Forming; Multi-axial Vibration; Tool Path Design. 

1 Introduction 

Incremental sheet forming (ISF) is considered as a flexible sheet metal forming process, 

potentially suitable for low volume production of customised sheet metal parts. 

Considerable studies have been conducted to investigate the deformation mechanisms 

of ISF process and its potential industrial applications. Investigation on the forming 

quality is of importance to address current issues of ISF parts, including geometrical 

accuracy, surface quality, and formability.  

Vibration-assisted ISF (VAISF) process was proposed with the aim of improving the 

formability and surface quality in ISF. Vahdati et al. [1] firstly introduced the ultrasonic 

vibration into ISF process and demonstrated that the VAISF process had advantages in 

reducing the forming force, geometrical deviation and surface roughness, which was 

also validated by other studies in [2, 3]. The forming force was reduced significantly 

for the materials with higher yield stress, by adopting higher vibration energy and lower 

feed speed [4, 5]. Amini et al. [6] and Yang et al. [7] demonstrated that the use of 

ultrasonic vibration had a positive effect on improving the formability of sheet metals. 
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Amini et al. [8] reported a distinct improvement of surface hardness under the effect of 

ultrasonic vibration. Li et al. [9] developed a hybrid constitutive model to describe the 

material behaviour under VAISF condition. Different from the ultrasonic vibration with 

high frequency, Lu et al. [10] developed low-frequency and high amplitude vibrations 

in ISF process through the design of single- and double-offset on ellipsoidal headed 

tools under rotation. A hard-to-form material, magnesium alloy AZ31B, was processed 

and laminated ultrafine-grained structures were generated by these vibrating tools [10].  

In addition to the formability studies of sheet materials, the improvement of forming 

quality has also been investigated. The ISF tool path design has shown significant effect 

on the forming quality. Filice et al. [11] proposed a spiral tool path to eliminate scratch 

marks on the part surface to improve the surface quality. Wang et al. [12] added an 

equal-diameter spiral path to the conventional helix tool path along circumferential 

direction to improve the forming limit of the sheet material. To avoid the biaxial tension 

condition using the conventional toolpath, Wen et al. [13] applied the multi-direction 

tool path, in which the moving direction of each contour kept changing. Lu et al. [14] 

developed a feature-based tool path through calculating the equi-potential contour lines 

to improve the geometrical accuracy and surface quality. Chang et al. [15] proposed a 

point-contact tool path to reduce the circumferential friction of the tool and showed the 

benefits in reducing geometrical deviation and improving formability of the material.  

The vibration-assisted forming methods described above applied a unidirectional 

vibration field along the tool axis. However the ISF process involves three-dimensional 

stress states, the multi-axial vibration field using the tool path design can provide 

further improvement in forming quality but also maintain process flexibility.  

In this work, a new multi-axial vibration assisted incremental sheet forming (MV-

ISF) with a low-frequency and high-amplitude vibration field was proposed by creating 

a new vibrated tool path design and using an ellipsoidal headed tool. It is applied to 

form two materials of aluminium alloy sheets, AA5251-H22 and AA6082-T6. The 

effect of the new tool path design on the geometrical accuracy, surface quality and 

formability are investigated and compared with the conventional ISF (CISF) process. 

The influence of vibration amplitude on the formability and forming quality is 

investigated through experiments, an analytical model and finite element method. 

2 Multi-axial Vibration Assisted ISF (MV-ISF)  

To further improve the formability of sheet metal under vibration fields, the MV-ISF 

process is proposed with the flexible and controllable 3D vibration field through 
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combining a new vibrated tool path (VTP) with the use of the ellipsoidal headed tool. 

Different from the conventional ball head tool (T0), the ellipsoidal headed tool has an 

ellipsoidal head, named as T2, it exerts a radial vibration field with high amplitude and 

low frequency onto sheet metal, as shown in Fig. 1. In addition to the radial vibration 

caused by the ellipsoidal headed tool, an axial vibration is also applied to the sheet 

through employing a vibrated tool path. Employing this vibrated tool path, the forming 

tool moves up and down at a certain axial distance h while travelling along the 

circumferential direction of the conic part as shown in Fig. 1(c). This results in 

discontinuous contact between tool and sheet. The tool employing this new vibrating 

tool path thus introduces the axial vibration field into the sheet in MV-ISF process. 

     

Fig.1. Illustration of the MV-ISF (a) schematic of the MV-ISF process; (b) conic part geometry; 

(c) vibrating tool path; (d) ellipsoidal headed tool. 

3 Analysis of MV-ISF Experimental Results on Forming Quality 

3.1 Geometrical accuracy 

Fig.1 (b) shows the conical shape with varied wall angle formed in the experiment. To 

compare the difference of geometrical accuracy of the formed parts, Fig. 2 shows the 

measured part profiles along the cross section of the conic part using different tools and 

tool paths with step depth of 0.3mm using AA5251 with sheet thickness 1mm. The 

vibration tool path (VTP) with different axial distances (h=0.1mm and 0.3mm) is 

adopted and compared with the conventional tool path (CTP).  

(a) (b) 

(c) (d) 
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As shown in Fig. 2, the part 

profiles using VTP show a considerably 

improved geometrical accuracy, 

especially for VTP with h=0.3mm. It is 

possible that the MV-ISF may reduce 

the residual stress by introducing both 

axial and radial vibration fields, which 

will be discussed in the following finite 

element analysis.     Fig. 2. Part profiles by using MV-ISF and CISF. 

 

Fig. 3. Surface morphology by using MV-ISF and CISF: (a) T0 & CTP; (b) T2 & CTP; (c) T2 & 

VTP h=0.1mm; (d) T2 & VTP h=0.3mm. 

3.2 Surface quality 

Fig. 3 shows the surface morphology on the inner surface of the inclined wall of the 

conic part by different tools and tool paths. The surface is scanned by Alicona and the 

surface roughness is measured along the circumferential direction of the conic part. In 

the MV-ISF experiment, sufficient oil lubricant is used between tool and sheet. For the 

conic part produced by the CTP with tool rotation, a fish-scale texture can be seen on 

the surface as shown in Figs. 3(a) and (b), resulting in a reduced surface quality. By 

employing the VTP in MV-ISF, the surface quality is improved with reduced surface 

roughness and no obvious fish-scale texture can be observed on the sheet surface, as 

shown in Figs. 3(c) and (d). It is worth noting that by using the VTP with h=0.3mm, the 

inner surface of the part as shown in Fig. 3(d) has achieved a smoother surface finishing 

which is difficult to achieve using conventional ISF processes. This is because by using 

the VTP, the fish-scale surface texture is repeatedly flattened by the forming tool under 

the action of the axial vibration field, thus achieving the improved surface quality. 

3.3 Forming limit 

To investigate the formability, conical parts using AA5251 and AA6082 sheets are 

produced by employing different tools and tool paths. The thickness strain are obtained 

(a) (b) (c) (d) 
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by measuring the sheet thickness at the fracture, and the fracture strain is calculated 

based on the assumptions of volume constancy and plane strain condition [16]: 

                            

02
ln

3
f

t

t
 

                              (1) 

where t0 is the original thickness, and t is the measured thickness.  

Fig. 4 shows an increased maximum thinning and fracture strain by the MV-ISF, 

when compared with that by the CTP. The fracture strain by VTP h=0.1mm is 8.6% 

higher than that by the CISF for AA5251 and 23% higher for AA6082. Compared with 

using T0 and the CTP, the fracture strain by using T2 and VTP h=0.3mm is increased 

by 28.1% for AA5251 and 16.1% for AA6082. Therefore, the sheet formability can be 

effectively improved by the developed MV-ISF process. It is widely recognised that the 

application of a vibration field can reduce the dislocation density of the sheet metal thus 

improving the formability. The dislocation density of AA6082, with a higher strength, 

is significantly higher than that of AA5251, therefore the volume effect caused by the 

vibration field is more obvious in AA6082, leading to the greater decreasing of 

dislocation density and significant improvement of formability compared with AA5251. 

 

Fig. 4. Formability by using CTP and VTP: (a) sheet thinning; (b) fracture strain. 

4 Analytical Model of Estimating Stress Reduction in MV-ISF 

To investigate the effect of vibration field on the material plastic deformation, vibration 

amplitude and frequency generated by different tools and tool paths are measured by 

using an Eddy current sensor, with the highest measurement accuracy of 0.01m, to 

obtain the displacement of the sheet. When the tool contacts the sheet measurement 

(a) (b) 
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point where the sensor is located, elastic-plastic deformation of the sheet is measured 

by displacement, as shown in Fig. 5. The fluctuations of displacement are considered 

being caused by the vibration field. The axial fluctuation due to the VTP will cause a 

reduction of feed rate and an increase of forming time. As shown in Fig. 5(a) and 

Fig.5(b), in the same time period, the tool by the CTP contacts the sheet measurement 

point three times, while using the VTP the tool only contacts the sheet once, indicating 

an increase of forming time by using the VTP. 

After applying Fourier processing of the measured displacement data in Fig.5(c), the 

vibration amplitude and frequency of the sheet in the MV-ISF are obtained, as shown 

in Fig. 5(d). The MV-ISF process creates both axial and radial vibration fields, leading 

to a higher frequency. No obvious difference of radial vibration amplitude is observed 

by using different tool paths, but the axial amplitude by the VTP increases significantly, 

as shown in Fig. 5(d). The maximum amplitudes of CTP and VTP (h=0.1mm) are 25μm 

and 32.6μm respectively, while the amplitude generated by the VTP (h=0.3mm) is 

measured as 87.2μm, which is much greater than other process conditions tested. 

 

Fig. 5. Vibration measurements by using different tool paths: (a) T2 & CTP; (b) T2 & VTP 

h=0.1mm; (c) T2 & VTP h=0.3mm; (d) Vibration amplitude and frequency. 

(a) (b) 

(c) (d) 
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It has been reported that the vibration field shows significant effect on the material 

deformation, which can be explained by vibration softening, stress superposition and 

friction reduction. In this work, the stress reduction Δσ caused by the large-amplitude 

vibration field is described as a combined effect of vibration softening and stress 

superposition as shown in Fig. 6(a), which can be expressed as 

                        su so      
                           (2) 

where Δσso and Δσsu is the stress reduction due to vibration softening and stress 

superposition respectively. As an important factor related to the stress reduction in the 

MV-ISF, the stress superposition maintains an exponential relationship with vibration 

amplitude as investigated by Wang et al. [17] as  

                        ∆𝜎௦௨ ൌ െ𝐾𝜉௡                              (3) 

where K and n are the hardening exponent and material strength coefficient of the 

material. Based on thermal activation theory, the stress reduction due to the stress 

softening is considered to be related to the vibration energy density [17] 

                     ( / )m

so M E                                  (4) 

where 𝜏̂ is the mechanical threshold of the sheet material and E is the vibration energy 

density; β and m are the material parameters obtained from experiments, and M is the 

Taylor factor, which is taken as 3.06. It is considered that the vibration energy density 

E in the MV-ISF process maintains a positive relationship with the vibration amplitude 

and frequency. When the ellipsoidal tool rotates, its vibration energy density along 

radial direction can be calculated by 

                     2 2 21

5
h hE J                                 (5) 

The axial vibration energy exerted by the VTP can be obtained by 

                       2 21

2
v vE                                   (6) 

where ξv and ξh are vibration amplitude along axial and radial direction, respectively; 

while ω and ρ are the vibration frequency and density of the material. The total energy 

density caused by vibration field in the MV-ISF process can be obtained by 

                   

2 2 21 1
( )
2 5

v h v hE E E       
                   (7) 

Fig. 6 shows the calculated stress reduction using different tool paths by the developed 

analytical model in Eqs. (3) and (4). The values of vibration amplitude and frequency 
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used in the analytical model are from the experimental results in Fig. 5(d). The material 

parameters of AA5251 are: ρ=2700kg/m3, 𝜏̂=138MPa, β=15, m=0.5, K=389, n=0.228. 

Higher stress reduction contributes to the improvement of formability. As shown in Fig. 

6, the stress superposition effect shows no obvious difference between processes, but 

the calculated stress reduction due to vibration softening increases with the increase of 

the axial distance h and vibration energy in the VTP, which is consistent with the 

improvement of fracture strain shown in Fig. 4. Therefore, the analysis of stress 

reduction indicates that the improved formability of the MV-ISF is due to the effect of 

the axial vibration field and the increasing of vibration energy by the VTP. 

   

(a) Stress reduction under vibration field   (b) Calculated stress reduction  

Fig. 6. Comparison of stress reduction by using different ISF processes. 

5 Finite element analysis 

In order to understand the mechanism leading to the improved geometrical accuracy in 

the MV-ISF, finite element (FE) models of forming the conic part using different tool 

paths, shown in Fig. 1, are developed by using FE software ABAQUS to simulate the 

MV-ISF process. AA5251 material and shell elements using five integral points through 

thickness are selected in the simulation models using von Mises yield criterion. The 

coefficient of friction is assumed to be 0.05 in the simulation, taken from Eyckens et al. 

[18]. For a conventional ISF process, the sheet deformation is plane strain state [19], 

but it is essential to confirm whether the MV-ISF changes the deformation state. Fig.7(a) 

shows the strain paths obtained from both MV-ISF and CISF processes. It is clear that 

the minor strain is small when compared with the major strain in the MV-ISF. Therefore 

the deformation using the VTP and ellipsoidal headed tool in the MV-ISF is still in the 

plane strain state. The MV-ISF process can increase the fracture strain through 

introducing the vertical vibration field without changing the deformation state. 
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The simulated result in Fig. 7(b) shows that the stress triaxiality at contact area 

decreases cyclically under the effect of the vibration field, and the fluctuation of stress 

triaxiality is related to the vibration amplitude. The greater variation ranges of stress 

triaxiality in the MV-ISF provides a valid explanation for the improved formability of 

the material in the MV-ISF when compared with that in the CISF. 

  

(a) strain path                    (b) stress triaxiality at the contact area 

Fig. 7. Simulation results using different processing methods CISF and MV-ISF. 

Fig. 8 compares the residual von Mises stress distribution under CISF and MV-ISF. The 

average residual stress using the VTP is obviously smaller than that using the CTP, and 

the maximum residual stress by the VTP is about 580MPa, which is smaller than that 

by the CTP of 650MPa. It is shown that the decreased residual stress using the VTP is 

caused by the axial vibration field, and the internal residual stress is released during 

cyclic loading and unloading in the MV-ISF. Through releasing the residual stress, the 

springback of a formed part decreases which contributes to the improvement of 

geometrical accuracy. Based on the above simulated results of the residual stress, it can 

be concluded that the MV-ISF process can improve the geometrical accuracy of the 

formed part as shown in Fig. 2 as a result of releasing the residual stress due to vibration. 

 

Fig. 8. Finite element simulation of residual stress distribution (MPa): (a) T0 & CTP; (b) T2 & 

CTP; (c) T2 & VTP h=0.1mm; (d) T2 & VTP h=0.3mm. 
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6 Conclusions 

In this study, a new MV-ISF process is proposed by introducing axial and radial 

vibration fields in ISF through employing a vibrated tool path design combined with 

the use of the ellipsoidal headed tool. Experiments using AA5251 and AA6082, 

analytical modelling and finite element simulations have been conducted to investigate 

the improvement of the new process in geometrical accuracy, surface quality and 

formability. The main conclusions are: 

 The MV-ISF process can significantly improve the fracture strain through increasing 

the vibration energy and decreasing the stress triaxiality under the effect of the 

exerted axial vibration field. This new vibrating tool path design provides a simple 

and feasible solution for improving the material formability.  

 The new MV-ISF shows its advantage in decreasing the geometrical deviation of the 

formed part by releasing the residual stress due to the effect of the vibrated tool path. 

 Increasing the axial distance in the vibrated tool path of the MV-ISF improves 

geometrical accuracy, surface quality and formability of formed parts.  
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