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Abstract. The article considers the issues of obtaining thin-walled parts with arc-shaped elements for small devices and units in small-scale or single
production using the principles of prototyping, which has recently been widely used to test and evaluate ideas at the earliest stage of development, and
in some cases, to verify the functioning of a prototype device. Taking into account the requirements for the parts quality, the technology of stepped
bending is chosen, which uses a set of consecutive V-shaped bends to obtain a given curvature of the billet. The basic principle of the multi-stage
forming process is to replace the bending arc with a polygon, each side of which is a rectilinear section of sheet material of a given length, while
bending the sheet metal using a small-radius punch. The accuracy of forming an arc segment using polylines depends on their number. The greater
the number of bending steps, the smoother the profile is formed, but the bending process becomes more laborious and technically complex. There-
fore, the technical and economic indicators of the process depend on correct choice of the number of steps. With this bending method, it is difficult
to avoid a prismatic structure on the billet surface; in this case, the traces of step bends will be more noticeable on the inside of the bent sheet material
compared to the outside. Using stepped bending technology, various metal parts of the prototype of the universal plasma low-temperature sterilizer
of Plaster Med TeCo series were manufactured, which allows fast, safe and effective sterilization of a wide range of medical equipment. As an example,
the use of stepped bending technology of a stainless steel sheet billet for the production of a thin-walled bumper for a sterilizer door is considered.
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AnHomayus. PaccMOTpeHBI BOTIPOCHI MOTY4EHHs TOHKOCTCHHBIX JICTallel ¢ JlyrooOpa3sHbIMU JIEMEHTaMH Ul HEOOJBIINX alaparoB ¥ IpruOOpoB
B YCIOBHSIX MEJIKOCEPUHHOTO WIIM SAMHUYHOTO MPOU3BOJICTBA C UCIIOIB30BAHUEM IPHHIIUMIIOB IPOTOTUIIMPOBAHMUS, KOTOPOE B TOCIEAHEE BPEMs
IIMPOKO MCHONB3YeTCs ISl TECTUPOBAHUS M OLICHKH WJIeH HAa caMOl paHHEH crajuu pa3paboTKH, a B HEKOTOPBIX CIIydasX W IS TPOBEPKH (PyHK-
LIMOHUPOBAHUS IPOTOTHIIA yCTpoiicTBa. C yueToM TpeOOBaHHH, PEABSIBIIEMbIX K KAUECTBY JeTallell, BBIOpaHa TEXHOJIOTUsI CTyNeHYaToil (rorua-
TOBOI) THOKH, B KOTOPOIl MCIIOIB3YETCSI MHOJKECTBO ITOCIICIOBATEIBHBIX }/-00pa3HbIX M3rHOOB JUIS TOMYYEHHs 33 aHHOW KPUBU3HBI 3aTOTOBKH.
OCHOBHOI ITPUHIMIT MHOTOCTYIIEHYATOTO Iporiecca (JOPMOBKHU 3aKJIIOYAETCS B 3aMEHE JIyTH U3riba MHOTOYTOJIBHUKOM, KaX/asi CTOPOHA KOTOPOTO
TpeAcTaBisieT co00H MPAMOIMHEHHBIN y4acTOK JINCTOBOTO MaTepualia 3aJaHHOH JUTMHBI, IPU 3TOM THMOKa JINCTOBOTO METaJlIa OCYIIECTBIISETCS
C MOMOIIBIO ITyaHCOHA MaJIoro paanyca. TOYHOCTb ()OPMUPOBAHUS JYTOBOTO CErMEHTA C TIOMOIIBIO MOIMIMHHUI 3aBUCUT OT UX KOJIMYECTBA — YeM
OosbIlie YMCIO CTyneHel u3ruba, TeM Ooliee IUIABHBIM IOTydaeTcss OpPMHUPYEMbIid podmilb, HO MIPU 3TOM IPOIecC THOKKM CTaHOBUTCS Oolee
TPYILOEMKHUM M TEXHHYECKH CIOKHBIM. [109TOMY OT NMpaBHIBHOTO BBIOOpA KOJIMYECTBA CTYNEHEH 3aBUCST TEXHUKO-DKOHOMHUYECKUE TTOKA3aTeIH
nporecca. [Ipu TakoMm criocobe rHOKH TPyIHO M30ekaTh NPU3MATHIECKON CTPYKTYPhI Ha TIOBEPXHOCTH 3arOTOBKH, ITPH 3TOM CIIEJbI OT CTYIICH-
YaThIX M3rHOOB Oy/1yT O0JIee 3aMeTHBI Ha BHYTPEHHEH CTOPOHE M3rH0aeMOro JIMCTOBOTO MaTepHaa 1o CpaBHEHHUIO ¢ BHeLIHel cTtopoHoi. C npume-
HEHHEM TEXHOJOTHH CTYNEHYaTOH T'MOKM M3TOTOBJICHBI Pa3MYHbIC METAIMYECKUE JCTalH MPOTOTUIA YHUBEPCAIBHOTO IUIA3MEHHOTO HU3KO-
TemreparypHoro crepunnzaropa cepun [lnactep Men TeKo, koTopslii mo3BosseT ObICTpO, 6e30macHo U 3 (HEKTUBHO CTEPUIIN30BaTh IIMPOKUI
CHEKTP MEIUIMHCKOTO 000pyIoBaHus. B KauecTBe nmpuMepa pacCMOTPEHO MCIIOIb30BaHNE TEXHOIOTHH CTYIIEHYATOW THOKH JINCTOBO 3arOTOBKH
M3 HEP)KABEIOIeH CTalH /T M3TOTOBIICHUSI TOHKOCTEHHOTO OamIiepa JIBepH CTepHIN3aTopa.

Katouesvle €108a: TOHKOCTEHHBIE ICTAIIH, Tyro0Opa3HbIe IEMEHTbI, IPOTOTUIIUPOBAHKE, CTyIIEHYATasi THOKA, CTEPUIM3ATOP, HePIKaBeIoIas CTalb
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- INTRODUCTION

Arc-shaped billets are a common type of sheet metal
parts used in the fabrication of housings for various
devices and products [1 —3]. These billets feature
variable geometries, and their processing is often more
complex than that of conventional billets. In practice, two
main forming methods are typically employed to manu-
facture billets with arc-shaped elements [4 — 6].

* Single-stage forming using a die and punch with pro-
files that match the required billet configuration. This
method is generally applied to billets with complex
shapes. Its advantages include high forming accuracy,
a smooth and even billet surface, and the absence
of surface defects. However, the cost of press tooling
is relatively high, and its versatility is limited, mak-
ing it most suitable for large-scale production. This
approach is usually chosen when a single-stage pro-

Deviation

c

Fig. 1. Formation of bending radius of sheet material by stepped
bending method with the number of steps Z, = 2 (a), Z, = 3 (b)
and Z_ = 6 (c); dashed line shows the specified circular bending profile

Puc. 1. dopmupoBanue paanyca u3ruda JMCTOBOTO MaTepHaa
METOJIOM CTyNeH4aTol ruOKu Npy uncine crynened Z, =2 (a),
Z. =3 (b)uZ_ =6 (c); ITPUXOBOH JIMHUEN IOKA3aH 3a/laHHbIH
KpyroBoii npoduiis n3ruda

234

cess is required or when the surface quality of the bil-
let is subject to stringent requirements.

* Multi-stage forming (stepped bending), which is based
on approximating the arc by a series of straight-line
segments. These segments can be formed using stan-
dard tools and equipment. The key advantage of this
method lies in its flexibility: there is no need to manu-
facture custom dies and punches for each specific
design. As a result, the production cost of billets is
lower, and a high level of forming quality is achieved.

This article presents a stepped bending technology
for forming the bending radius in thin-walled sheet metal
parts and demonstrates its application in the fabrication
of a specific arc-shaped billet.

[ PROBLEM STATEMENT

The basic principle of the multi-stage forming process
is to approximate the bending arc with a polygon, each
side of which corresponds to a rectilinear section of sheet
material of a given length (Fig. 1). In this method, ben-
ding is performed using a small-radius punch.

The accuracy of forming an arc segment using poly-
lines clearly depends on the number of bending steps:
the greater the number, the smoother the resulting profile.
However, this also increases the labor intensity and tech-
nical complexity of the process. As a result, the techni-
cal and economic performance of the process depends
on the correct choice of the number of steps. With this
bending method, it is difficult to avoid a prismatic surface
structure on the billet. It should also be noted that traces
of stepped bends tend to be more pronounced on the inner
side of the bent sheet metal than on the outer side.

[ CONDUCTED RESEARCH

Reference! examines the procedure for approxi-
mating a circular arc with polylines and calculating
the bending angles of the segments, using as an example
the steel part shown in Fig. 2. This part has an internal arc
radius of R =350 mm, a bending angle of o, ,= 120°,
and a plate thickness of s =5 mm. Since the conditions
for using the billet correspond to the characteristics
of the multi-stage forming method, stepped bending was
applied for its fabrication. Based on previous forming
experience and the available forming tools, a punch with
a tip radius of » = 120 mm.

To implement the multi-stage forming process,
the curved segment (an arc with radius R =350 mm)
was divided into six segments (steps) represented by
polylines. Practical experience in fabricating similar

! Shane W. Bump Bending for Large Bend Radius in Sheet Metal.
Available at URL: https://www.machinemfg.com/bump-bending/
(Accessed 21.05.2025).
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Fig. 2. Example of a part for segmentation of arc-shaped bend

Puc. 2. Tlpumep feTanu Al CETMEHTAIIMU TyTOBOTO H3rH0a

parts has shown that to achieve a smoother transition
from the arc to the straight portion of the billet (i.e.,
at the ends of the curved segment), it is advisable to set
the end step angles to half the value of the central seg-
ment angles. As shown in Fig. 3, the billet illustrated in
Fig. 2 is formed by seven bending operations. The end
(first and second) bend angles, corresponding to one step
a, are 6°, while the remaining (central) bend angles are
12°. The total bending angle across all segments (steps)
is approximately a = 170°.

Fig. 3. Segmentation of arc-shape bend of polylines (7 bends)

Puc. 3. CermenTanusi yroporo u3ruda moauInHHi (ceMb H3ruOoB)

An expanded view of the deformable billet with indi-
cation of bending lines is shown in Fig. 4, and its axono-
metric image is presented in Fig. 5.

Plasma-based technologies are widely used for steri-
lizing products in various sectors of the national eco-
nomy, including medicine, pharmaceuticals, veterinary
care, cosmetology, and the food industry. These techno-
logies are valued for their versatility, enabling the steri-
lization of a wide range of items and materials [7 — 9].
In practical applications, the most common type of steri-
lizer uses an ionized gas as the active agent, generated
under low pressure — so-called low-temperature plasma.

267.05
303.93
377.49
451.09
524.69
598.26
635.13

Fig. 4. Expanded view of the deformable billet
with indication of bending lines

Puc. 4. Pa3BepHyTbIil BUa 1eOpMUPYEMOI 3arOTOBKH
C yKa3aHUEM JIMHUNA u3ruda

Fig. 5. Axonometric image of the deformable billet

Puc. 5. AkcoHOMETpHYECKOE H300paKeHHE
e OpMHUPYEMOil 3aTOTOBKI
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Hydrogen peroxide is typically used as the sterilizing
agent. It is introduced into the working vacuum cham-
ber, where it acts on the treated items, disrupting the vital
activity of microorganisms. Low-temperature plasma has
virtually no adverse effect on structural materials, mak-
ing it suitable for sterilizing products made from various
materials, including metals, plastics, and textiles. Plasma
technologies are particularly effective for sterilizing
materials sensitive to high temperature and humidity, as
well as instruments and devices with special coatings or
painted surfaces [10 — 12].

Using stepped bending technology, various thin-
walled parts were fabricated for a prototype of the uni-
versal low-temperature plasma sterilizer of the Plaster
Med TeCo?. As an example of the application of stepped
bending, this section considers the fabrication of an arc-
shaped segment of the sterilizer door bumper. The axo-
nometric image of the bumper is shown in Fig. 6, and
its longitudinal section in Fig. 7. The final forming
quality of the billet in this process depends on the num-
ber of bends and the spacing between them: the more
steps used, the smoother the resulting surface. Given
the hygienic requirements for the sterilizer, the bumper
billet was made from 1 mm thick stainless steel grade
12Kh18N10T (GOST 5949-75).

Previous studies [13 — 15] provide formulas for calcu-
lating the bending angle of each step, as well as the devia-
tion between the resulting stepped polyline profile and
the target arc-shaped (circular) profile. Based on dimen-
sionless (relative) parameters, a formula was derived
for determining the step bending angle as a function
of punch displacement. This forms the basis for selecting
the number of bends needed to meet the technical require-
ments for the part’s profile. It has been shown that for

Fig. 6. Axonometric image of the sterilizer door bumper

Puc. 6. Akconometpudeckoe n3o0paxeHue dammepa
JIBEPHU CTEPUIIU3aTOpA

2 Low-temperature sterilizer Plaster Prime Med TeCo. Available at.
URL: https://medteco.ru/product/sterilizatsiya/plazmennye-sterilizatory/
plaster-praym/ (Accessed 21.05.2025).
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Fig. 7. Longitudinal section of the sterilizer door bumper drawing
shown in Fig. 6

Puc. 7. IlpoponbHEIii pa3zpes yepTeka 6aMiiepa JBepH CTEPUIA3aTOpa,
[MOKa3aHHOTO Ha puC. 6

parts whose external dimensions must meet quality grade
h12 (GOST 25346-2013), the number of steps should be
Z > 10; for quality grade h14 —Z > 6.

In the present case, a slightly conservative value
of Z =10, was selected, resulting in a bending angle per
step of a, = 9°. As noted earlier, to ensure a smooth tran-
sition from the arc to the rectilinear section of the billet
(i.e., at the beginning and end of the arc-shaped segment),
it is advisable to make the step angle in these regions half
the angle of the central segments. Thus, at the end sec-
tions, the bending angle per step was set to a, =4.5°.
An expanded view of the deformed bumper billet with
indication of bending lines is presented in Fig. 8.

- CONCLUSIONS

The study addressed the fabrication of thin-walled
parts with arc-shaped elements for small-scale or single
production of devices and instruments using stepped
bending technology, which involves a series of consecu-
tive V-shaped bends to achieve the specified bending
radius of the billet. Using this technology, various thin-
walled parts were fabricated for a prototype of the uni-
versal low-temperature plasma sterilizer of the Plaster
Med TeCo series. The practical application of this method
was demonstrated using the example of forming an arc-
shaped segment for the sterilizer door bumper.
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Fig. 8. Expanded view of the deformable billet of the sterilizer door bumper with indication of bending lines
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