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Inspection of key factors affecting the thickness of materials
in incremental sheet forming technology
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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.

Tom tat

Co6ng nghé tao hinh tAm bién dang cuc bd (IF) dang ngay cang khang dinh tdm quan trong trong nén san xuét
hién dai nho vao nhiéu wu diém vuwot troi. Véi kha nang ché tao céc chi tiét co bién dang hinh hoc phtrc tap, thoi
gian gia céng ngén, chi phi thap va tinh linh hoat cao, IF dac biét phu hop cho quy mé san xuét loat nhé va ché
tao mau nhanh. Mac du van |a mét phwong phép gia cong twong dbi méi mé, IF da thu hut dwoc sw quan tam 1én
tlr cong ddng nghién ctru va dat dworc nhirng bude tién khoa hoc dang ké trong nhivng ndm gan day. Bai bao nay
tap trung phan tich anh huéng cla hai théng sd cong nghé then chét 1a téc dd chay va buéc tién chay dén hién
twong gidm chiéu day vat liéu trong cong nghé tao hinh tdm gia céng cuc bo, théng qua phwong phap mé phéng
s6 bang phan mém ABAQUS. Céc co ché bién dang va hanh vi pha hly xay ra trong qua trinh IF dwoc khao sét
nham lam sang té mbi quan hé gitra cac théng sb cong nghé va kha nang tao hinh. Hon thé nira, chat lwong sén
phadm duwoc danh gia théng qua cac tiéu chi nhw dé chinh xac hinh hoc, chat lwgng bé mat va viéc hinh thanh
khuyét tat. Nhirng phan tich nay gép phan nang cao kha néng dy doan, ti wu héa qua trinh tao hinh, gidm thiéu
khuyét tat, ddng thdi mé rong pham vi (’ng dung thuc tién cia cong nghé IF trong bbi cdnh cong nghiép héa va
hién dai hdéa nganh san xuét hién nay.

Tir khoa: Gia cong tdm kim loai ttrng bude; tAm kim loai; phuong phdp mé phdng.

1. INTRODUCTION 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

Reviewers: 1. Dr. Vu Van Tan production [5]. In the medical field, this technology
2. Assco.Prof.Dr. Ngo Huu Manh

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
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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.

500
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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 DCO4 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.

oc=K(eg, +e) (1)
Where:

o is true stress;

€ is pre-strain;

€ is true plastic strain;

K is strength coefficient and n is strain hardening
exponent.
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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 110x110
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.

a)

{2100
I

27

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

Thefinite element (FE) modelwas developedtoreplicate
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 DCO04 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].
Sheet
Blank holder
Forming tool

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.
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Fig. 6. Simulation results with different forming tool
speeds

58 Tap chi Nghién ctru khoa hoc, Trudomg Dai hoc Sao Do, S6 2 (94) 2026



30

—e— 60 mm/s
—A— 40 mm/s
—v— 30 mm/s
—&—22 mm/s
—<+—18 mm/s

N
(]
T

Percentage of thickness (%)
> > S
T T T

(8]
T

Thin point location

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

LIEN NGANH CO KHI - PONG LUC

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

0.3 mm/rev

0.4 mm/rev

0.5 mm/rev

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

14 | [—=— 0.3 mm/rev
(—e— 0.4 mm/rev
(—&— 0.5 mm/rev
12 H=¥—0.75 mm/rev|

Percentage of thickness (%)

1 2 3 4 5 6 7
Thin point location
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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NGHIEN CUU KHOA HOC

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
alsoincreases. 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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Tap chi Nghién ctru khoa hoc, Truéng Dai hoc Sao Do (P. ISSN 1859-4190, E. ISSN 2815-553X), thuong xuyén
cong bo két qua, cong trinh nghién clru khoa hoc va céng nghé cuia cac nha khoa hoc, can bo, giang vién, nghién
clru sinh, hoc vién cao hoc, sinh vién & trong va ngoai nudc.

1. Tap chixuat ban 01 s6/quy bang hai ngdn nglr ti€ng Viét va tiéng Anh. Tap chi nhan ding cac bai bio khoa
hoc thudc cac linh vuc: Dién - Dién tlr - Tw dong hoa; Co khi - Déng luc; Kinh té; Triét hoc - Xa hdi hoc -
Chinh tri hoc; Céc linh vuc khac gobm: Céng nghé théng tin; Hoa hoc - Céng nghé thuc pham; Ngon nglt
hoc; Toan hoc; Vat ly; Van hda - Nghé thuat - Thé duc thé thao...

2. Bainhan ding |a nhirng céng trinh nghién ctru khoa hoc chua céng bé trong bat ky an phdm khoa hoc nao.

3. Toa soan chi nhan bai bdo gl online trén website http:/tapchikhcn.saodo.edu.vn. Bai bdo glri vé toa
soan dudi dang file dién tir (*.doc *.docx va *.pdf); cudi bai bao, tac gia ghi ro thong tin dia chi lién hé, s6
dién thoai, email va cap nhat thong tin trén website. Bai bao phai duoc trinh bay ding dinh dang, ro rang;
Trudng hop bai bao phai chinh sira theo thé 1€ ho3c theo yéu cau ctia Phan bién thi tic gia sé cap nhat trén
website. Ngudi phan bién sé do toa soan moi. Toa soan khong guri lai bai néu khong duoc dang.

4. Céc cong trinh thudc dé tai nghién ciru c6 Co quan quan ly can kém theo gidy phép cho cong bé cua co
quan (Tén deé tai, ma so, tén ch nhiém dé tai, cap quan ly,...).

5. Tén bai bao trinh bay bang hai ngdn ngir (ti€ng Viét va tiéng Anh), font Arial, c& chir 14, in dam, can gilta.

6.  Tén tac gia (khong ghi hoc ham, hoc vi), font Arial, c& chir 10, in dam, cin & phai; co quan cong tac clia cac
tac gia, font Arial, c& chir 9, in nghiéng, can [é phai.

7.  Chir “Téom tat” in dam, font Arial, c& chir 10; Noi dung tém tat ctia bai bao khéng qua 10 dong, trinh bay
b3ng hai ngdn ngir (ti€ng Viét va tiéng Anh), font Arial, c& chir 10, in thudng.

8. Chir “Tir khéa” in dam, nghiéng, font Arial, c& chir 10; C6 tir 03+05 tir khéa, font Arial, c& chir 10, in
nghiéng, ngan cach nhau b&i ddu cham phay, cudi cing 1a dau cham.

9. Noi dung bai bao viét bang tiéng Viét hoic tiéng Anh; Néu 13 bai bdo viét bang tiéng Viét: Tiéu dé tiéng
Viét trudc, tiéng Anh sau; Tom tat tiéng Viét trudc, tiéng Anh sau; Tir khoa tiéng Viét trudc, tiéng Anh sau;
Né&u [a bai bao viét bang tiéng Anh: Tiéu dé tiéng Anh trudc, tiéng Viét sau; Tom tat tiéng Anh trudc, tiéng
Viét sau; Tir khéa tiéng Anh trudc, tiéng Viét sau.

10. Bai bdo dugc danh may trén khé gidy A4 (21 x 29,7cm) c6 d6 dai khéng qua 8 trang, font Arial, c& chir 10,
gian dong At least 12pt, Before 3pt, After 3pt; can [é trén 2.5cm, dudi 2.5cm, trai 3cm, phai 2cm; hinh vé
phai roé rang, du nét va duoc dinh dang duéi dang file anh (*.jpg); Phuong trinh, cong thirc phai soan thao
bang Mathtype hoac Equation; Phan néi dung bai bao dugc chia thanh 02 c6t, khodng cach cét 1a 1cm;
Trong trudng hop hinh vé, hinh anh ¢6 kich thuéc 16n, bang biéu cé do rong 16n hodc cdng thirc, phuong
trinh dai thi cho phép trinh bay dudi dang 01 cét.

11. Tailiéu tham khao duoc sap x&p theo thir tu tai liéu duoc trich dan trong bai bao.

- Néu Ia sach/luan an: Tén tac gia (nam), Tén sach/luan an/luan van, Nha xuat ban/Truong/Vién, [an xuat
ban/tai ban.

- Néu la bai bdo/bao cdo khoa hoc: Tén tac gia (ndm), Tén bai bao/bao cao, Tap chi/Hoi nghi/Hbi thao, Tap/
Ky yéu, so, trang.

- N&u 13 trang web: Phai trich dan day du tén website va dudng link, ngdy cap nhat.

12. Pinhdangmaubaibaothamkhao taidiachihttp:/tapchikhcn.saodo.edu.vn/news/detail/198/format_paper
Bai bao sau khi xuat ban sé dugc cong bé trén http:/tapchikhcn.saodo.edu.vn.
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