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Abstract

Incremental Forming (IF) technology is increasingly asserting its importance in modern manufacturing due to 
its numerous outstanding advantages. With the ability to fabricate components with complex geometries, short 
processing times, low costs and high flexibility, IF is particularly well-suited for small-batch production and rapid 
prototyping. Although still a relatively novel technique, IF has garnered significant attention from the research 
community and has achieved notable scientific advancements in recent years. This paper focuses on analyzing 
the influence of two key process parameters tool feed rate and step size of tool displacement on the thickness 
reduction phenomenon in incremental sheet forming, using numerical simulation with ABAQUS software. The 
deformation mechanisms and failure behaviors occurring during the IF process are investigated to elucidate 
the relationship between process parameters and formability. Furthermore, product quality is evaluated through 
criteria such as geometric accuracy, surface finish, and potential defect formation. These analyses contribute to 
enhancing predictive capabilities, optimizing the forming process, minimizing defects and expanding the industrial 
application scope of IF in the context of industrialization and manufacturing modernization.

Keywords: Incremental sheet forming; sheet metal; simulation method.

Tóm tắt 
Công nghệ tạo hình tấm biến dạng cục bộ (IF) đang ngày càng khẳng định tầm quan trọng trong nền sản xuất 
hiện đại nhờ vào nhiều ưu điểm vượt trội. Với khả năng chế tạo các chi tiết có biên dạng hình học phức tạp, thời 
gian gia công ngắn, chi phí thấp và tính linh hoạt cao, IF đặc biệt phù hợp cho quy mô sản xuất loạt nhỏ và chế 
tạo mẫu nhanh. Mặc dù vẫn là một phương pháp gia công tương đối mới mẻ, IF đã thu hút được sự quan tâm lớn 
từ cộng đồng nghiên cứu và đạt được những bước tiến khoa học đáng kể trong những năm gần đây. Bài báo này 
tập trung phân tích ảnh hưởng của hai thông số công nghệ then chốt là tốc độ chày và bước tiến chày đến hiện 
tượng giảm chiều dày vật liệu trong công nghệ tạo hình tấm gia công cục bộ, thông qua phương pháp mô phỏng 
số bằng phần mềm ABAQUS. Các cơ chế biến dạng và hành vi phá hủy xảy ra trong quá trình IF được khảo sát 
nhằm làm sáng tỏ mối quan hệ giữa các thông số công nghệ và khả năng tạo hình. Hơn thế nữa, chất lượng sản 
phẩm được đánh giá thông qua các tiêu chí như độ chính xác hình học, chất lượng bề mặt và việc hình thành 
khuyết tật. Những phân tích này góp phần nâng cao khả năng dự đoán, tối ưu hóa quá trình tạo hình, giảm thiểu 
khuyết tật, đồng thời mở rộng phạm vi ứng dụng thực tiễn của công nghệ IF trong bối cảnh công nghiệp hóa và 
hiện đại hóa ngành sản xuất hiện nay.

Từ khóa: Gia công tấm kim loại từng bước; tấm kim loại; phương pháp mô phỏng.

1. INTRODUCTION

Incremental Forming has emerged as an advanced 
sheet metal forming method due to its flexibility, 
cost-effectiveness, and rapid fabrication of metal 
components, complementing conventional forming 

techniques in producing parts with complex geometries 
[1-4]. Owing to its technological advancements, IF has 
been increasingly adopted across various modern 
industries. In the automotive sector, IF is employed 
for rapid prototyping, manufacturing customized 
body panels, and restoring vintage car parts, offering 
significant savings in both cost and time for small-batch 
production [5]. In the medical field, this technology Reviewers: 1. Dr. Vu Van Tan

                   2. Assco.Prof.Dr. Ngo Huu Manh
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proves particularly valuable to produce personalized 
implants (such as cranial plates and joint components) 
and orthopedic devices, owing to its ability to form 
parts based on patient-specific 3D imaging data 
[6]. The aerospace industry also benefits from IF in 
manufacturing components with intricate geometries 
using lightweight materials such as aluminum and 
titanium, serving both prototyping and production 
of specialized parts [7]. Beyond these, IF finds 
applications in industrial design, mold manufacturing, 
the creation of bespoke artistic products, high-end 
furniture fabrication, and in research and engineering 
education for the development of new products [8, 9].

Numerous studies have investigated the influence 
of various process parameters such as tool feed 
rate, forming force, step depth, tool diameter, tool 
coating, spindle speed, friction, tool tilt angle, and 
wall angle on the surface roughness of ISF-formed 
components. Praveen Kumar Gandla and colleague 
[10] evaluated surface roughness in incrementally 
formed parts using different image processing-
based techniques, achieving high classification 
accuracy. Material behavior has also been a topic 
of great interest, especially concerning lightweight 
metals. Valentin Oleksik et al. [11] assessed the 
development of Single Point Incremental Forming 
(SPIF) processes applied to titanium and its alloys. 
The intrinsic frictional behavior and microstructural 
characteristics of these materials pose challenges in 
achieving geometrically accurate and dimensionally 
consistent components. High temperature forming 
and the selection of appropriate lubricants are 
critical strategies for enhancing formability and 
reducing spring back. Incremental sheet forming has 
arguably become one of the most intensively studied 
manufacturing processes in recent years. In contrast, 
fewer studies have addressed incremental tube 
forming. V.A. Cristino and colleagues [12] developed 
a theoretical model for Single Point Incremental Tube 
Forming (SPITF), analyzing the stress-strain state in 
the localized plastic deformation zone between the 
tool and tube, as well as the damage accumulation 
leading to fracture, based on membrane theory.

Despite its potential, incremental sheet forming (ISF) 
still faces several challenges, particularly those related 
to non-uniform wall thickness, geometric inaccuracies, 
and process limitations, which hinder its widespread 
industrial adoption [2]. In particular, limited research has 
been conducted on the influence of process parameters 
on the extent of material thinning. To address these 
limitations and enhance the predictive capability of 
ISF, this study employs numerical simulations of the 
incremental forming process to anticipate the final 
shape of the formed part. The aim of this investigation 
is to evaluate the effects of key process parameters 
- specifically, the tool feed rate and step size - on 
formability and thickness reduction. The findings 
are expected to improve product quality, increase 
production efficiency, and enhance the formability of 
the process, especially for components with complex 
geometries. Ultimately, this study seeks to contribute 
to the advancement and broader application of ISF in 
various modern industrial sectors.

2. MATERIALS AND METHODS

2.1. Materials

The material used in this study is a 1 mm thick DC04 
steel sheet. Figure 1 presents the stress–strain curve 
of the DC04 material. This material was selected 
due to its widespread application in the automotive 
industry and its favorable mechanical characteristics. 
The Swift hardening model, equation 1, is employed 
to characterize the mechanical behavior of materials 
within the plastic deformation region. The parameters 
of this model serve as essential input data for defining 
material properties in the numerical simulation software 
ABAQUS.

s = K.(ɛo + ɛp)
n   (1)

Where: 
s is true stress; 
ɛo is pre-strain; 
ɛp is true plastic strain; 
K is strength coefficient and n is strain hardening 
exponent. 

Fig. 1. (a) True stress - true strain curves and (b) construction Swift hardening for DC04 material
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2.2. Finite element simulation

For the finite element simulations, the workpiece has 
a square geometry with sheet dimensions of 110×110 
mm and a thickness (t) of 1 mm. The forming tool used 
in the simulations features a hemispherical tip with a 
diameter of 7 mm. These parameters are illustrated in 
detail in Figure 2.

Fig. 2. Parameters of the part in 2D drawing (a)  
and 3D drawing (b)

The finite element (FE) model was developed to replicate 
the Incremental Sheet Forming (ISF) process using the 
ABAQUS simulation software. As illustrated in Figure 
3, the FE model consists of two main components: 
a DC04 steel sheet, a forming tool, blank holder and 
die. The sheet is constrained by appropriate boundary 
conditions and subjected to a vertical load exerted by 
the forming tool. The tool path during the ISF process 
is generated using MATLAB and is depicted in Figure 
4. The MATLAB program produces a sequence of 
spatial coordinates (x, y, z) corresponding to the tool’s 
trajectory throughout the forming operation. These 
coordinates are subsequently used as input data for 
defining the tool path in the ABAQUS simulation. In 
the model, the coefficient of friction between the tool 
and the sheet is set to 0.1, representing an optimal 
lubrication condition commonly employed in ISF 
technology [13].

Fig. 3. ISF model in ABAQUS software

Fig. 4. Toolpath used in numerical simulation  
by Matlab software

3. RESULTS AND DISCUSSION

In this study, two key process parameters were 
selected for investigation: the tool feed rate and the 
step size of tool displacement. To facilitate a visual 
and intuitive evaluation of the thickness reduction, 
specific locations on the formed part were identified 
and sequentially numbered, as shown in Figure 5.

.
Fig. 5. Survey points for thinness position of the part

3.1. Investigation of the influence of tool speeds on 
product thickness

To investigate the influence of tool feed rate on the 
thickness reduction of the formed part, a comparison 
was conducted between the sheet thickness before 
and after forming using the incremental forming 
process. Figure 6 illustrates the truncated cone-shaped 
component modeled in ABAQUS for the case study on 
the effect of tool feed rate.

Fig. 6. Simulation results with different forming tool 
speeds
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Fig. 7. Graph of percentage of thinness variation  
at the locations of parts in the case of changing  

tool speed

The graph presented in Figure 7 indicates that 
thinning begins to occur at points 1 and 2; however, 
the percentage of thinning at these points does not 
vary significantly across different feed rates. A gradual 
increase in thickness reduction is observed from point 
3 to point 5. The material experiences the greatest 
thinning at point 5, followed by a decrease at points 6 
and 7. This suggests that the most severe deformation 
occurs along the wall region of the formed part. 
In the case of a tool feed rate of 60 mm/s, a sharp 
increase in thinning is observed at point 5 compared 
to other cases, indicating a high risk of material 
failure at this location. At point 6, which corresponds 
to the fillet radius region of the toolpath, significant 
thinning also occurs due to stress concentration. At 
point 7, the thinning percentage drops to zero, as the 
tool does not contact the sheet at this location. At a 
feed rate of 60 mm/s, surface defects and geometric 
irregularities begin to appear, indicating damage to 
the product surface. When the tool tip applies force to 
the material - particularly in inclined wall regions -the 
metal sheet undergoes stretching both tangentially and 
perpendicularly to the surface. Due to the absence of 
a fixed lower die and clamping force, the material flows 
freely, resulting in increased deformation in the inclined 
areas. A high tool feed rate causes uneven stress 
distribution, which elevates the triaxial stress state - a 
key factor contributing to the formation of micro-voids. 
Simultaneously, the reduced time available for stress 
dissipation weakens the material’s elastic recovery, 
ultimately leading to wall thinning. 

3.2 Influence of step size of tool displacement on 
product thickness

In ISF, step size of tool displacement directly influences 
the forming and deformation process of sheet metal. 
As the step size increases, the stress applied to the 

workpiece also increases, leading to more pronounced 
plastic deformation and thickness.

Fig. 8. Simulation results with different step size of 
tool displacement 

Fig. 9. Graph of percentage of thinness variation at 
the locations of parts in the case of changing step 

size of tool displacement

Figure 9 investigates the impact of the step size on the 
thickness reduction of the product. Specifically, for step 
size of 0.3 mm/rev, the part experiences thinning at 
Points 3, 4, 5, and 6, with the thinning strain distributed 
evenly around these locations. The highest thinning 
percentage occurs at Point 5, reaching 11.25%. 
Similarly, when the step size is increased to 0.4 mm/
rev, 0.5 mm/rev, and 0.75 mm/rev, the results exhibit 
similar trends, with the maximum thinning still occurring 
at point 5. The thickness distribution of the formed part 
reveals a pronounced reduction in thickness at the 
transition zones between the main forming area and 
its adjacent regions. The degree of thinning gradually 
decreases toward the bottom of the part, reflecting the 
influence of deformation conditions during the forming 
process. As the punch stroke increases, the stress 
applied to the blank also rises, thereby intensifying 
the plastic deformation and resulting in more severe 
thinning. Conversely, a reduced punch stroke leads 
to lower applied stress, which helps mitigate thinning 
but may compromise forming effectiveness and 
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surface quality. The thinning phenomenon primarily 
originates from tensile stresses generated during the 
forming process, particularly in geometrically complex 
transition zones.

4 CONCLUSION

This study highlights the significant influence of tool 
feed rate and step size on the thickness reduction of 
parts in the Incremental Sheet Forming (ISF) process. 
The investigations lead to the following conclusions:

As the tool feed rate increases, the degree of thinness 
also increases. However, when the tool speed becomes 
excessively high, the reduced contact time between 
the tool and the material causes uneven distribution 
of stress, leading to localized deformation at the tool 
sheet interface. As a result, more pronounced localized 
thinning occurs in directly affected regions, adversely 
impacting product quality.

As tool step increases the degree of thinning increases. 
Larger step size reduces the density of tool paths, which 
concentrate deformation in the contact regions while 
adjacent areas undergo insufficient compensation 
deformation. Consequently, stress becomes unevenly 
distributed across the surface, contributing to more 
severe localized thinning.
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