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As a new rapid prototyping technology, Single Point Incremental Forming (SPIF) gains considerable investigation

and development as its simple manufacturing tools, low cost, etc. To predict the quality of the manufacturing in-

ished products and reduce experimental costs, many scholars and companies applied and investigated numerical

simulation of SPIF. However, many problems emerge like extremely long simulation time, dificulties in forecasting

proile geometry and thickness variation, etc. A long way needs to explore to improve the accuracy of SPIF sim-

ulation. Focus on this target, and this paper studied the inluences of shell thickness integration rules (Simpson

and Gauss), sheet thickness, and element types (with reduction and full reduction) on simulation accuracy. For the

experiment, a top diameter of 115mm, bottomdiameter of 12mm, and 27mmhigh cone part was formed on a cus-

tomized three-axis CNC milling machine. Contourgraph was used to obtain proile geometry. Then the deformed

part was cut, and a micrometer was used to obtain thickness distribution along with the proile of the formed

sheet, respectively. For simulation, shell elements were employed to simulate SPIF explicit simulation. Further-

more, Simpson and Gauss rules integral in thickness direction were used for simulating the same geometry part,

and the results were compared. Average Absolute Relative Error (AARE) was used to compare all the proiles and

thickness from simulations and experiments, and it can be found that element types with reduction integration

can get more accurate results and cost less time. Furthermore, the Gauss integration rule along shell thickness is

more accurate than the Simpson rule. Therefore, to achieve greater accuracy, it is recommended to use the Gauss

integration rule and reduction integration element (S4R) to predict the proile geometry and thickness prediction

in SPIF dynamic explicit simulation.

© 2021 The Author(s). Published by TAF Publishing.

I. INTRODUCTION

Origin from1978Mason’swork that forms small batchparts

by using a single spherical tool to move along three coordi-

nates (x, y, z) [1], SPIF has attracted many researchers to

conduct research and developmore diversiied for decades.

The basic manufacturing form of SPIF is that the target

sheet is ixedwith four edges on themachine platform, with

the spherical tool moving along the sheet surface and mov-

ing down along Z-axis in little increments by following the

NC code generated by manufacturing software, the inal ge-

ometry of the part is forming gradually [2, 3], see Fig. 1.

Because of the advantage that SPIF can be conducted on a

three-axis CNC milling machine, many scholars can investi-

gate it as long as this condition is met.

Many works were done on SPIF, and many kinds of parts

were formed. In the ield of kitchenware. Jeswiet et al. [4]

manufactured a customized solar oven for developed coun-

tries, which high accuracy is not required and produced

with less money; Also, SPIF is used in the medical supplies.

Micari [5] proposed the technological circulation process

of scanning, modeling, shape embedding, and manufactur-

ing ankle support produced by SPIF. Skull implants were

made by Dulou et al. [6] with a whole manufacturing pro-

cess based on SPIF, and many scholars have recognized this
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application as potentially feasible. SPIF is widely used in

automobile manufacturing for shell production. SPIF was

adopted by Amino et al. [7] to produce replacement parts

for cars.

 

Fig. 1. Process principles of SPIF

With the high accuracy of results and rapid development

of computing power, numerical simulation technology has

been greatly developed and adopted in many ields; SPIF is

no exception. The two main methods people use to simu-

late SPIF are implicit and explicit dynamic simulations. Due

to the implicit dynamic method involves iterative conver-

gence and explicit dynamic does not consider it but relies

on the maximum natural frequency of the model [8, 9], ex-

plicit dynamic calculates faster than implicit. However, the

implicit calculation results are more accurate than explicit

(especially in sheet thickness and proile geometry predic-

tion). He et al. [10] employed implicit and explicit ways

to simulate incremental forming. They found that the time

consumption of implicit simulation is four times that of ex-

plicit, but the result showed that explicit thickness results

oscillate near the experiment value and implicit keep good

consistencywith the experiment value. The sameworkwas

also done by Tamer et al., [11] and they simulated cone,

pyramid, and auto-body parts. The results show that sim-

ulations executed by implicit dynamic simulation have bet-

ter geometric accuracy and strain accuracy, but explicit al-

gorithm takes less time and the errors is within the accept-

able range.

Under comprehensive consideration, explicit dynamic

method seems a better way to carry out SPIF simulation.

However, there are many noteworthy issues occurs during

explicit dynamic simulation. Like, accuracy lost in thick-

ness and spring back prediction [12]. Many factors affect

the simulation accuracy like element types, integral rules,

etc. To determine a better parameter lection to carry on

SPIF simulation in explicit dynamic way, this paper imple-

ment simulation in Simpson and Gauss thickness integra-

tion rules. And for mesh types, shell element with reduc-

tion (S4R) and shell element with full reduction (S4) was

adopted to make comparation with experimental proile

geometry and thickness distribution.

II. MATERIALS ANDMETHODS

The material used in this paper is aluminum alloy

AA3003-H18; Table 1 shows the chemical composition of

Al AA3003-H18. The stress-strain curve of Al AA3003-H18

was obtained by tensile test, and mechanical properties

were summarized in Table 2. In the Simulation part, me-

chanical properties and stress-strain curves are needed to

deine the material properties.

TABLE 1

CHEMICAL COMPOSITION OF AL AA3003-H18

Composition Al Mn Fe Si Cu Zn

wt% 96.7-99.1 1.0-1.5 0.7 0.6 0.05-0.20 0.1

TABLE 2

MECHANICAL PROPERTIES OF AL AA3003-H18

Parameters Units

Density 2730 Kg/m3

Elasticity Modulus 69.581 Gpa

Poisson’s ratio 0.33

Yield stress 164.088 Mpa

Ultimate tensile stress 192.878 Mpa

Total elongation (%) 4.948

Anisotropy factor (r) 1.126

Strain hardening exponent (n) 0.125

Hardening coeficient (k) 335.665 Mpa

Average strain hardening exponent (n) 0.117

Average hardening coeficient (k) 346.707 Mpa
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The main integration method of simulation software is

Gauss integration rule. For two-dimension questions, Gauss

integration can be written as:

I =

∫ 1

−1

∫ 1

−1

f(ξ, η)dξdη =

n∑
i,j=1

Aijf (ξj , ηi) (1)

While Aij = AiAj , ξj , ηi are integration points of one-

dimension Gauss integration, Ai, Aj are integration weight

coeficient.

The integration points of different element types are differ-

ent. The order of Gauss integration is related to the high-

est power term of interpolation function. An integration

scheme in which the order of the Gauss integration is the

same as the order required for all the exact integrations

of the integrand is called full integration. An integration

scheme that is lower than the order required for the exact

integration of all terms of the product is called reduction in-

tegration [13]. Fig. 2 shows the integration point location

of S4R shell element.

 
 

Integration point 

Fig. 2. Integration point location of S4R shell

element

In thickness integration Simpson and Gauss rules were

adopted, formulas are as follows:

Simpson:I =

∫ b

a

f(x)dx =
b− a

6n
[y0 + y2n + 4 (y1 + y3 + · · ·+ y2n−1)

+2 (y2 + y4 + · · ·+ y2n−2)]

(2)

Gauss: I =

∫ 1

−1

f(ξ)dξ =

n∑
i=1

Aif (ξi) (3)

Integrationpoints are evenly distributed in the thickness di-

rection. See Fig. 3.

 

Fig. 3. Distribution of integration points in

shell section (ive integration point)

In order to accurately determine the similarity of proile ge-

ometry and thickness distribution between simulation and

experiment, AARE was employed. Scatter points equidis-

tantly on the section of the experimental formed part, keep

point numbers consistent with the integration points of

simulation proile. By comparing the relative error one by

one, AARE can be realized by following expression:

AARE = 1
n

∑n
i=1

∣∣∣∣xi
exp−xi

Sim

xi
exp

∣∣∣∣× 100%

Where xexp is y-coordinate (for proile comparation) and

thickness (for thickness distribution comparation) in each

experiment point. xsim is y-coordinate (for proile compa-

ration) and thickness (for thickness distribution compara-

tion) in each simulation integration point.

III. EXPERIMENT

An Al AA3003-H18 sheet 210 mm long, 250 mm wide and

0.55 mm thickness was put under a 6 mm thickness holder.

Then they are bolted to the customized three-axis CNC

milling machine. See Fig. 4. The target part geometry

was formed and generated NC code by commercial model-

ing and processing software Fusion 360. Then the NC code

was transferred to CNC machine. During the forming pro-

cess, in order to reduce the friction damping between sheet

and tool, a lubricant made from a mixture of grease and oil

was adopted. Finally, the target geometry part was got and

the proile geometrywas obtained by a Contourgraph. Then

the deformed sheet part was cut in half along middle line to

obtain the sheet thickness distribution, which can be seen

in Fig. 5.
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(a) (b) 

Fig. 4. Experimental sheet 210 mm× 250 mm (a) and customized three-axis CNC milling

machine (b)

                                                               

(a) (b) 

Fig. 5. Formed sheet part (a) and half part after cutting (b)

IV. NUMERICAL SIMULATION

The model of sheet and punch were imported to the sim-

ulation software after modelling by Fusion 360. Material

properties were illed according to Table 2, and FLD dam-

age curve was imported for damage prediction. The de-

grees of freedom in six directions were ixed of four sheet

edges were ixed to simulate the initial state of the sheet

ixed on the work platform. Because the lubricant was used

in the forming process, the tangential behavior was set as

penalty, value 0.05. The tool path of punchwas transformed

from the NC code to x, y, z position coordinates for punch

moving in Cartesian rectangular coordinate system during

simulation. Although explicit dynamic simulation is shorter

than implicit dynamic simulation, the time cost is still long.

For this reason, mass scaling was used in the whole for

the whole simulation and the mass scaling factor was set

as 10000. However, the inertia effect caused by excessive

mass scaling will increase the error. To avoid this, an im-

portant evaluation index is the kinetic energy and internal

energy ratio of sheet should be kept below 5% [14]. In

section deinition part, the homogeneous, continuum shell

was adopted. Set Simpson thickness integration rule and
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Gauss integration rule respectively as comparation and set

three integration points in the thickness direction. Inmesh-

ing part, the irst-order interpolation shell element with

reduction integration (S4R) and full integration (S4) were

adopted as comparation. Fig. 6 shows themolded sheet and

formed sheet during numerical simulation process.

                                         (a) (b) 

Fig. 6. Initial sheet model (a) and deformed sheet model (b)

during simulation

V. RESULTS

Four simulation results (Simpson+S4R, Simpson+S4,

Gauss+S4R, Gauss+S4) and experiment result were ob-

tained to compare proile geometry and thickness distribu-

tion. As can be seen in Fig. 7, the region beside formed re-

gion sinks and this region is also the region with the largest

deviation. The experimental sink region is deeper than sim-

ulation. What’s more, the middle region of bottom is higher

than bottom edge region. Simpson+S4 simulation has a vis-

ible deviation from other simulations and experiment. Fig.

8 shows thickness distributions, the areaswith serve defor-

mation are the areas in direct contact with the punch. The

thinning in other areas is not obvious.

  

(a) (b) 

Fig. 7. Proile geometries of simulations and experiment

  

Fig. 8. Thickness distribution along the deformed sheet pro-

ile

AARE was used to get quantitative simulation error. As can

be seen in Table 3, Gauss integration rule can get better ac-

curacy than Simpson integration rule, especially in proile

geometry prediction. For thickness distribution, simulation

always keep very low AARE, so shell section can accurately

predict thinning. Table 4 shows the simulation time cost of

four comparation simulation, it is not dificult to ind that

element with reduction cost less simulation time.
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TABLE 3

AARES OF SIMULATIONS

Simpson+S4R Simpson+S4 Gauss+S4R Gauss+S4

Proile geometry 16.93% 27.67% 6.67% 9.96%

Thickness 0.48% 0.51% 0.31% 0.25%

TABLE 4

SIMULATION TIME COST OF SIMULATIONS

Simpson+S4R Simpson+S4 Gauss+S4R Gauss+S4

Simulation time cost (Sec) 26845 99130 25863 99554

In order to make sure the inluence of inertia effect pro-

duced by mass scaling setting, the ratios of kinetic energy

and internal energy were obtained, see Fig. 9. The maxi-

mum value of kinetic energy/Internal energy ratios is 1.4%

(under 5%), all simulation results are reliable consequently.

  Fig. 9. Kinetic energy and internal energy ratio of four simulation settings

VI. DISCUSSION

According to results comparation, it can be found that

shell elements in dynamic explicit simulation can predict

thickness distribution accurately, but has poor ability to

predict proile geometry. Gauss integration along thick-

ness possesses higher accuracy than Simpson integration

rule. In addition, reduction integration element does bet-

ter than full integration element in proile geometry reduc-

tion. The AARE of Simpson integration rule along thick-

ness with S4 element is up to 27.67%. By change the thick-
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ness integration rule and element type, AARE reduced to

6.67% (Simpson+S4R). Although Gauss+S4 behaves better

thanGauss+S4R in thicknessdistributionprediction, it’s im-

provement in accuracy is minimal (only 0.06%). What’s

more, the simulation time cost of full integration element

is 3.8 times as much as reduction integration element. On

the contrary, the integration rules in thickness direction

have little effect on simulation time. In summary, whether

in terms of accuracy or simulation time cost, the scheme

Gauss+S4R is the optimal solution.

VII. CONCLUSION

Based on the explicit dynamic simulation requires less sim-

ulation timewithout losingmuch accuracy than implicit dy-

namic simulation, many factors need to intensive study on

the impact on the accuracy of results during explicit dy-

namic simulation. Shell thickness integration rule and shell

element type are two of them. In order to study this ques-

tion, a cone part was formed on a customed CNC milling

machine and four simulations used shell section in differ-

ent thickness integration rules and element types (Simpson

rule + reduction integration element(S4R), Simpson rule +

full integration rule(S4), Gauss rule + reduction integration

element(S4R), Gauss rule + full integration rule(S4)) were

conducted. Finally, the proile geometries and thickness

distributions of experiment and simulations were obtained

and analyzed. Conclusions were got as follows:

1. By comparing the AAREs of all simulations, it can be

found that the simulation results obtained by Gauss inte-

gration in the direction of shell thickness aremore accurate

than Simpson integration.

2. Shell elements have a high ability to predict sheet thin-

ning for SPIF simulation, but poor ability in predicting pro-

ile geometry. However, comparing with Simpson thick-

ness integration rule with full integration element (S4), by

adopting Gauss thickness integration rule with reduction

integration element (S4R), it can improve the accuracy by

21%.

3. Simulations adopted reduction integration element cost

2.8 times less simulation time than full integration element

simulation and can getmore accurate prediction result. The

simulation methods have very small effect on simulation

time. Therefore, a strategy that shell thickness integrated

by Gauss integration rule with reduction integration ele-

ment is encouraged to use for SPIF dynamic explicit simula-

tion.
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