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With the more and more complexity demands of the market, the geometric accuracy of the part has become the main factor
restricting the development of single point incremental forming technology (SPIF). For this reason, with the truncated cone as
the target part, the radial accuracy error generation mechanism was analyzed from the aspects of sheet springback and residual
stress distribution. Four factors and three levels of surface response experiments were designed using the Box-Behnken Design
(BBD) for tool head diameter, layer spacing, sheet thickness, and wall angle. The single and interactive influence law of the
process parameters on the radial accuracy was obtained. In response to the above research results, the ultrasonic vibration was
introduced into the process of SPIF to reduce springback by reducing residual stress. The influence of vibration parameters on
the accuracy was obtained through experiments. The results showed that ultrasonic vibration could effectively improve and
control the accuracy of the part.

1. Introduction

Sheet metal single point incremental forming technology
(SPIF) is a new plastic forming technology with advan-
tages of low cost, short cycle, flexible, and high degree
of digital. It can meet the market demands of diversifica-
tion and complication. It can be used in the fields of
medical, aerospace, and automotive car [1]. However,
due to excessive local stress causing the excessive concen-
tration of strain and the suspended characteristics of the
sheet, the part is prone to defects such as instability,
wrinkling, cracking, and the like. In addition, the forming
process involves numerous process parameters. It makes
it difficult to fully meet the forming accuracy require-
ments of the parts and restricts its wide range of indus-
trial applications [2].

Therefore, scholars have made many efforts in control-
ling deficiencies and improving accuracy. Hirt et al. [3] pro-
posed a compound-forming method combing SPIF with
deep drawing technology. Experimental results showed that
the accuracy of the part had greatly improved. Duflou et al.
[4] used a laser moving with tool head to preheat the

forthcoming formed position. It had gotten significant results
in increasing the wall angle, improving forming accuracy and
reducing forming load. Guzmán et al. [5] studied the
relationship between force and accuracy. He proposed a
method to improve the accuracy by reducing the forming
force. Hussain et al. [6] proposed the concept of stress ratio.
The defects were reduced by controlling the related parame-
ters of the stress ratio. Based on the basic structure of a simple
Model Predictive Control (MPC) algorithm designed for
SPIF in previous work [7], an enhanced MPC algorithm
had been developed especially for Two Point Incremental
Forming (TPIF) with a partial die by Lu et al. [8]. Radu
et al. [9] found that the accuracy error mainly comes from
the springback of the part after the tool head and the holding
device are unloaded. This springback is caused by the release
of residual stress that is unevenly distributed after deforma-
tion. In addition, the “pillow effect” typically occurred at
the bottom circle of the truncated cone in SPIF [10]. In order
to improve the poor geometric accuracy, other attempts have
been presented. It includes experimental investigation of pro-
cess parameters [11], hybrid ISF processes [12–14], the use of
partially cut-out blanks [15], and a multistage strategy [16].
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In recent years, scholars have focused on the object of
springback [17], bulge and surface accuracy [18, 19]. The
radial accuracy error is the main geometric error of the part,
which directly affects whether the part is qualified [20, 21].
Due to a large number of process parameters involved in
accuracy, no comprehensive and in-depth research results
on the accuracy of the parts have been found in the publicly
reported research. For this reason, the mechanism of accu-
racy error was deeply analyzed from two aspects: elastoplastic
delamination when the sheet is deformed and residual stress
distribution after unloading. Then through the BBD experi-
ment, the single and interaction effects of process parameters
on accuracy were further revealed. In view of the springback
mechanism of the part, the ultrasonic vibration technology
was introduced into SPIF to change the elastoplastic delami-
nation and residual stress distribution to optimize the form-
ing accuracy of the part.

2. Method

2.1. The Definition of Radial Accuracy Error. SPIF was pro-
posed by the Japanese scholar Shigeo Matsubara in the
1990s. The basic principle is based on the “rapid prototyping
technology” and “layered manufacturing.” The forming prin-
ciple is shown in Figure 1. The part mode is dispersed into a
series of discrete contour outline layer along the height direc-
tion. Forming tool continuously extruded layer by layer with
the manner of contour line or helix so that the metal sheet
local plastic deformation occurred continuously. And the
final shape was obtained. D is the diameter of the forming
tool, α is the wall angle, Δz is the layer spacing, and t is the
sheet initial thickness. The black area with an upward open-
ing is the forming sheet in the figure. The dashed line below
the black area represents the final part, at which time the
sheet thickness has become t0.

A truncated cone with 25 layers was taken as the research
target. The radial accuracy error is shown in Figure 2. The
dashed line indicates the theoretical contour of the part,
and the solid line is the actual contour. The two contours
have geometrical deviations in the radial direction of the
truncated cone. The deviation value is the radial accuracy
error. This value is obtained by averaging the accuracy errors
of the five measuring areas. The measuring areas are equidis-
tantly distributed along the side wall direction. And each area
contains five layers of forming trajectories. In order to
improve the measurement accuracy, the average of the accu-
racy of the three measuring points is taken as the accuracy of
the area. These measuring points are obtained at equal angles
in each area.

2.2. Generation Mechanism of Radial Accuracy Error.
Figure 3 is the stress situation of the part when it generates
springback after the tool head and the holding devices are
unloaded. The left part is the springback of the entire part.
And the right part is the stress situation of a small piece of
sheet on the side wall of the left part. The sheet is inward
bent, and the section of the part is followed by a plastic
stretching area, an elastic deformation area, and a plastic
compression area. t0 is the thickness of the part. ρ is the

curvature radius of the neutral layer of the part. M is the
bending moment. σw is the stress of the plastic stretching
area, and σn is the stress of the plastic compression area.

2.3. Response Surface Experiment on Forming Accuracy.
The response surface method (RSM) is selected as the
research method. Before the ultrasonic vibration is intro-
duced into the forming process, the method is first used
to analyze the influence of parameters other than the
vibration parameters on the forming radial accuracy. This
method not only can obtain the radial accuracy error of
the part under different process parameters and the signif-
icant degree of each process parameter to the accuracy but
also can obtain the mutual coupling influence of process
parameter on the radial accuracy error.

2.3.1. Experimental Equipment. The three-axis vertical CNC
milling machine was adopted as the SPIF experimental plat-
form. The forming tool was a hemispherical tool head made
of X210CrW12 tungsten high-speed steel. Its high rigidity
and hardness and wear resistance can effectively guarantee
the surface quality of the part and avoid the interference of
tool head deformation on the accuracy of the part. Since
the feed speed of the tool head has little effect on the forming
accuracy, the feed speed was set to 500mm/min in order to
improve the forming efficiency. AL1060 aluminum alloy
was used as the forming sheet with a dimension of 140mm
× 140mm. The truncated cone had a target depth of
25mm, and L-HM46 was used as the lubricant.

The V-TOP high-accuracy blue light scanner was
used as the accuracy measuring equipment, as shown in
Figure 4. This device can realize the overall accuracy
error analysis and automatic splicing of the part. It has
a high scanning precision and a quick scanning speed.
It can get accurate point cloud data. The inner and outer
surfaces of the part must be sprayed with the developer
and attached marking points before scanning. In this
way, the scanner can perform multiple scans and data
splicing on the geometric appearance of the part. Finally,
the exact actual part dimension was obtained, as shown
in Figure 5. The actual part dimension was measured
using the reverse check software Geomagic Qualify 2013.
Then the measured dimensions and design dimensions
were visually compared and analyzed.

2.3.2. Experimental Scheme and Measurement Results. It can
be known from the past researches that the tool head diame-
ter, the layer spacing, the plate thickness, and the forming
angle have a large influence on the radial accuracy [22, 23].
Therefore, the four process parameters were selected to
design the BBD experimental scheme with 4 factors and 3
levels. The design factors and levels are shown in Table 1.
The experimental scheme and measurement results are
shown in Table 2.

2.4. Ultrasonic Vibration-Assisted Single Point Incremental
Forming. Ultrasonic vibratory plastic forming technology is
superior to ordinary plastic forming in regard to both
difficult-to-form materials and precision forming and is
specifically expressed in two aspects: first, it can significantly
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reduce the yield stress and flow stress; second, it can improve
the lubrication effect and change the friction mechanism.
Therefore, the ultrasonic vibration plastic forming technol-
ogy was introduced into the SPIF to change the size and dis-
tribution of the residual stress of the part, thereby reducing

the springback and improving the accuracy. UV-SPIF is the
abbreviation for the technology.

2.4.1. Forming Principle. The technical principle of UV-SPIF
is shown in Figure 6. It can be seen that the principle differs
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from the principle of the SPIF in that the tool head is
replaced with an ultrasonic vibration spindle tool. This
has led to a change in the contact way between the tool
and the sheet, essentially changing the deformation mech-
anism of the material.

When the tool head is driven by the ultrasonic vibratory
spindle, the sheet can be formed along the trajectory by the
tool head with ultrasonic vibration. The vibration direction
is shown in Figure 6. In this case, the contact state of the tool
head and the sheet are not continuous rolling contact under
SPIF, but instead high-frequency impact point pressure con-
tact under UV-SPIF. In addition, compared to SPIF, the con-
tact type, stress condition, lubrication state, and plastic flow
law of the metal are changed. Behind these changes is the
change in the size and distribution of the residual stress,
which in turn affects the accuracy of the formed part.

2.4.2. Experimental Equipment. The Qinchuan MVC510
vertical CNC machine tool was used as the experimental

platform to build the experimental device. The experimental
process is shown in Figure 7. The spindle system and the
sheet clamping system were designed and developed.

The spindle system consisted of a tool holder, a coupling,
and a vibration spindle. The connection between the vibra-
tion spindle and the tool holder was realized through the
coupling. And the connection between the coupling and the
vibration spindle was achieved by four fixing screws. The
vibration spindle was composed of a transducer, amplitude
transformer, and spindle shell. The transducer and amplitude
transformer were mounted inside the spindle shell as internal
components. The anode and cathode of the vibration spindle
were connected to the ultrasonic generator through wires. A
stepless frequency modulation ultrasonic generator was
selected as the vibration generator. The vibratory frequency
of the generator is continuously adjustable from 13 kHz to
75 kHz, and the adjustment is accurate to 0.1 kHz.

The sheet holding system consists of top holding devices
and below holding devices, and the two were bolted to
tighten the sheet. In addition, in order to prevent the tool

Figure 4: V-TOP high-accuracy blue light scanner.

Figure 5: Part to be scanned.

Table 1: BBD design factors and levels.

Factors
Levels

Unit
-1 0 1

A: tool head diameter 6 8 10 mm

B: layer spacing 0.5 1 1.5 mm

C: sheet thickness 0.6 0.8 1 mm

D: forming angle 45 50 55 Degree

Table 2: BBD experimental scheme and experimental results.

Number
A

(mm)
B

(mm)
C

(mm)
D (°)

Radial accuracy error
(εj/mm)

1 8.00 1.00 0.80 50.00 0.56002

2 8.00 1.00 1.00 55.00 0.80323

3 10.00 0.50 0.80 50.00 0.97015

4 6.00 1.00 0.80 55.00 0.74722

5 10.00 1.00 0.80 45.00 0.99506

6 8.00 1.50 0.80 55.00 0.83006

7 8.00 0.50 0.80 55.00 0.81606

8 8.00 0.50 0.60 50.00 0.41306

9 8.00 1.50 0.60 50.00 0.59305

10 8.00 1.00 0.80 50.00 0.58106

11 6.00 1.00 0.80 45.00 0.35906

12 10.00 1.00 0.80 55.00 1.19906

13 8.00 1.00 0.60 45.00 0.44305

14 6.00 1.00 1.00 50.00 0.32906

15 10.00 1.00 1.00 50.00 1.19706

16 8.00 0.50 0.80 45.00 0.35006

17 6.00 0.50 0.80 50.00 0.18406

18 8.00 1.50 1.00 50.00 0.65306

19 10.00 1.00 0.60 50.00 0.80906

20 8.00 1.50 0.80 45.00 0.59606

21 10.00 1.50 0.80 50.00 0.80406

22 8.00 1.00 0.80 50.00 0.58524

23 8.00 0.50 1.00 50.00 0.47305

24 6.00 1.50 0.80 50.00 0.74206

25 8.00 1.00 0.60 55.00 0.74306

26 8.00 1.00 0.80 50.00 0.59306

27 8.00 1.00 1.00 45.00 0.50306

28 8.00 1.00 0.80 50.00 0.63258

29 6.00 1.00 0.60 50.00 0.59706
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head from loosening due to vibration and affecting the form-
ing accuracy, the tool head was pretensioned by a locknut.

3. Results and Discussion

3.1. Response Surface Results and Analysis. The relationship
between the process parameters and the radial accuracy error
was studied by analysis of variance (ANOVA). The analysis
results are shown in Table 3. It can be seen that the P value
of the model is less than 0.05. This means that the established
second-order model of radial accuracy is reliable and effi-
cient. And the F value of the lack of fit is 2.95, and its P value
is greater than 0.05, so the lack of fit is not significant. This
means that the relationship between radial accuracy and
process parameters can be better analyzed and predicted by
this model. In addition, the fitting coefficient R2 of this model
is 0.9857. The closer the value is to 1, the higher the predictive
power of the model. The signal-to-noise ratio accuracy is
33.849, which is greater than 4. It further illustrates the
adaptability of the model.

Figure 8 is a normal distribution diagram of the radial
accuracy regression model. The distribution of the points is

similar to a straight line, indicating that the data is reliable
without major deviation. This proves the credibility of this
variance analysis and the validity of the regression model.

The coupling effects of various factors were analyzed
using Minitab’s DOE tool, as shown in Figures 9(a)–9(f
). The results of these analyses were based on the other
two factors at zero level. Figures 9(a)–9(c) are response
surface diagrams of the radial accuracy error under the
coupling of the tool head diameter and the layer spacing,
the plate thickness, and the forming angle. It can be seen
that as the diameter of the tool head increases, the radial
accuracy error also increases. This is because increasing
the diameter of the tool head is equivalent to increasing
the amount of deformation. The higher amount of defor-
mation causes the sheet to produce a greater springback,
resulting in an increase in radial accuracy error. However,
when the layer spacing is large and the sheet thickness is
small and the forming angle is large, the radial error
increases slowly as the tool head diameter increases. In
Figure 9(a), when the layer spacing is increased to
1.5mm, the tool head diameter is no longer the first fac-
tor affecting radial accuracy. Therefore, its effect on radial
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accuracy is no longer significant. In Figure 9(b), when the
sheet thickness is less than 0.75mm, the springback of
the part is reduced. The deformation caused by the tool
head with a diameter of 9mm or less is mainly plastic,
so the influence of the tool head on the radial error is
not significant. In Figure 9(c), when the forming angle
is increased, this is equivalent to the horizontal feed

remaining unchanged, increasing the radial feed, that is,
increasing the layer spacing. The mechanism is the same
as the analysis in Figure 9(a).

Figures 9(d) and 9(e) are the response surface diagrams
of the radial accuracy error under the coupling of the
layer spacing, plate thickness, and forming angle.
Figure 9(f) is a response surface diagram of the radial
accuracy error under the coupling of the sheet thickness
and the forming angle. It can be seen from Figures 9(d)
and 9(f) that the mutual coupling of the factors in the
two groups of plate thickness and layer spacing and plate
thickness and forming angle is small. Different sheet
thicknesses do not interact for different layer spacings
and forming angles. The radial accuracy error of the part
increases as the layer spacing and forming angle increase.
It can be seen from Figure 9(e) that there is an interac-
tion between the layer spacing and the forming angle.
This is because the size of the forming angle is deter-
mined by the layer spacing and the horizontal feed.

3.2. Experimental Results and Analysis of UV-SPIF. To
quantitatively study the influence of the frequency and
amplitude on the radial accuracy, a stepless frequency
modulation ultrasonic generator was selected as the vibra-
tion generator. Experiments have been conducted to

Table 3: The variance analysis results of radial accuracy error.

Source SS df MS F value P value

Model 1.63 14 0.12 69.12 <0.0001
A 0.76 1 0.76 449.50 <0.0001
B 0.085 1 0.085 50.60 <0.0001
C 0.011 1 0.011 6.41 0.0239

D 0.30 1 0.30 176.96 <0.0001
A2 0.14 1 0.14 84.84 <0.0001
B2 0.010 1 0.010 6.16 0.0264

C2 3 582 × 10−3 1 3 582 × 10−3 2.12 0.1671

D2 0.042 1 0.042 24.63 0.0002

AB 0.13 1 0.13 77.73 <0.0001
AC 0.11 1 0.11 63.80 <0.0001
AD 8 479 × 10−3 1 8 479 × 10−3 5.03 0.0417

BC 1 000 × 10−10 1 1 0000 × 10−10 5 9300 × 10−8 0.9998

BD 0.013 1 0.013 7.98 0.0135

CD 6 400 × 10−9 1 6 4000 × 10−9 3 7950 × 10−6 0.9985

Residual 0.024 14 1 686 × 10−3 — —

Lack of fit 0.021 10 2 079 × 10−3 2.95 0.1547

Pure error 2 823 × 10−3 4 7 058 × 10−4 — —

Cor total 1.66 28 — — —

Std. dev. 0.041 — — R2 0.9857

Mean 0.66 — — Adj R2 0.9715

C.V.% 6.23 — — Pred R2 0.9250

PRESS 0.12 — — Adeq precision 33.849
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measure its longitudinal amplitude. The results show that
when the power of the ultrasonic generator are 246W,
606W, 1203W, 1795W, and 2234W, the corresponding
amplitudes are10μm, 30μm, 50μm, 70μm, and 90μm
[24]. The influence of vibration parameters on the accuracy
was studied experimentally when the tool head diameter
was 8mm, the layer spacing was 1mm, the sheet thickness
was 0.8mm, and the forming angle was 50°.

Figure 10 shows the effect of frequency on radial accu-
racy error under different amplitude conditions. It can be
seen that the radial accuracy error decreases as the fre-
quency increases. However, when the frequency is in
the range of 10 kHz~30 kHz, the frequency has little effect
on the accuracy. When the frequency exceeds 30 kHz, the
accuracy error is drastically reduced. This is because the
vibrational energy causes the material to have a softening
effect, so that the residual stress is greatly reduced. It can
be seen from the slope of the curve that when the ampli-
tude is large, the higher the frequency, the more signifi-
cant the material softening effect.

Figure 11 shows the effect of amplitude on radial accu-
racy error under different frequency conditions. It can be
seen that the radial accuracy error also decreases as the
amplitude increases. When the frequency is small, the
effect of amplitude on the accuracy error is not signifi-
cant. This is because the vibration energy is not sufficient
to cause a softening effect on the material. The effect of
increasing the amplitude at this time is only equivalent
to slightly increasing the layer spacing. Once the fre-
quency exceeds 30 kHz, the change in amplitude will have
a significant softening effect on the material. It can be
seen that in order to improve the accuracy of the part
by amplitude, it is necessary to increase the frequency
above 30 kHz.

4. Conclusion

During the SPIF process, the residual stress after the tool
head and the holding device are unloaded causes the
springback of the part. It has a great impact on the accu-
racy of the part. Through the in-depth analysis of the
springback of the part, the mechanism of the radial accu-
racy error was obtained. The BBD experimental method
was used to specifically study the single and interaction
effects of process parameters on the radial accuracy during
the forming process. On this basis, ultrasonic vibration
technology was introduced into SPIF to further study
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and improve the radial accuracy. Through the above work,
the following conclusions are drawn:

(1) The radial accuracy error of the part comes from the
residual stress inside the material after the tool head
and the holding device are unloaded. After unload-
ing, the tensile stress and compressive stress are,
respectively, exhibited on both sides of the sheet.
These two stresses interact with the elastic layer
inside the material to cause the sheet to produce a
bending springback with a bending moment of M

(2) Tool head diameter, layer spacing, sheet thickness,
and wall angle all have a certain interaction when
affecting the radial accuracy error. An increase in
process parameters generally results in an increase
in the amount of deformation of the sheet. Therefore,
the accuracy error generally increases as the process
parameters increase

(3) The technology of VU-SPIF can effectively reduce the
accuracy error value and improve the forming quality
of the part. This is because the vibrational energy
causes the material to have a softening effect, so that
the residual stress is greatly reduced. In addition, to
increase the accuracy by the amplitude, the frequency
must be increased to 30 kHz or more

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors would like to acknowledge the National Natural
Science Foundation of China (Grant Nos. 51475366 and
51805433) and the Science & Technology Planning Project
of Shaanxi Province (Grant No. 2016JM5074).

References

[1] A. K. Behera, R. A. de Sousa, G. Ingarao, and V. Oleksik, “Sin-
gle point incremental forming: an assessment of the progress
and technology trends from 2005 to 2015,” Journal of
Manufacturing Processes, vol. 27, pp. 37–62, 2017.

[2] J. R. Duflou, A. M. Habraken, J. Cao et al., “Single point
incremental forming: state-of-the-art and prospects,” Inter-
national Journal of Material Forming, vol. 11, no. 6,
pp. 743–773, 2018.

[3] G. Hirt, J. Ames, and M. Bambach, “A new forming strategy to
realise parts designed for deep-drawing by incremental CNC
sheet forming,” Steel Research International, vol. 76, no. 2-3,
pp. 160–166, 2005.

[4] J. R. Duflou, B. Callebaut, J. Verbert, and H. de Baerde-
maeker, “Laser assisted incremental forming: formability
and accuracy improvement,” CIRP Annals, vol. 56, no. 1,
pp. 273–276, 2007.

[5] C. F. Guzmán, S. Yuan, L. Duchêne, E. I. Saavedra Flores, and
A. M. Habraken, “Damage prediction in single point incre-
mental forming using an extended Gurson model,” Interna-
tional Journal of Solids and Structures, vol. 151, pp. 45–56,
2018.

[6] G. Hussain, L. Gao, and N. U. Dar, “An experimental study on
some formability evaluation methods in negative incremental
forming,” Journal of Materials Processing Technology,
vol. 186, no. 1-3, pp. 45–53, 2007.

[7] H. Lu, M. Kearney, Y. Li, S. Liu, W. J. T. Daniel, and P. A. Mee-
han, “Model predictive control of incremental sheet forming
for geometric accuracy improvement,” The International Jour-
nal of Advanced Manufacturing Technology, vol. 82, no. 9-12,
pp. 1781–1794, 2016.

[8] H. Lu, M. Kearney, C. Wang, S. Liu, and P. A. Meehan,
“Part accuracy improvement in two point incremental
forming with a partial die using a model predictive control
algorithm,” Precision Engineering, vol. 49, pp. 179–188,
2017.

[9] C. Radu, C. Tampu, I. Cristea, and B. Chirita, “The effect of
residual stresses on the accuracy of parts processed by SPIF,”
Materials and Manufacturing Processes, vol. 28, no. 5,
pp. 572–576, 2013.

[10] A. Fiorentino, G. C. Feriti, C. Giardini, and E. Ceretti, “Part
precision improvement in incremental sheet forming of not
axisymmetric parts using an artificial cognitive system,” Jour-
nal of Manufacturing Systems, vol. 35, pp. 215–222, 2015.

[11] Y. Li, H. Lu, W. J. T. Daniel, and P. A. Meehan, “Investigation
and optimization of deformation energy and geometric accu-
racy in the incremental sheet forming process using response
surface methodology,” The International Journal of Advanced
Manufacturing Technology, vol. 79, no. 9-12, pp. 2041–2055,
2015.

[12] B. Taleb Araghi, A. Göttmann, M. Bambach et al., “Review
on the development of a hybrid incremental sheet forming
system for small batch sizes and individualized production,”
Production Engineering, vol. 5, no. 4, pp. 393–404, 2011.

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Frequency f-10 kHz 
Frequency f-20 kHz 
Frequency f-30 kHz 

Frequency f-40 kHz 
Frequency f-50 kHz 

Amplitude (A, mm) 

Ra
di

al
 ac

cu
ra

cy
 er

ro
r �휀

j (
m

m
)

Figure 11: The effect of amplitude on radial accuracy.

8 International Journal of Aerospace Engineering



[13] S. Amini, A. Hosseinpour Gollo, and H. Paktinat, “An investi-
gation of conventional and ultrasonic-assisted incremental
forming of annealed AA1050 sheet,” The International Journal
of Advanced Manufacturing Technology, vol. 90, no. 5-8,
pp. 1569–1578, 2017.

[14] R. Liu, B. Lu, D. Xu et al., “Development of novel tools for
electricity-assisted incremental sheet forming of titanium
alloy,” The International Journal of Advanced Manufacturing
Technology, vol. 85, no. 5-8, pp. 1137–1144, 2016.

[15] J. M. Allwood, D. Braun, and O. Music, “The effect of partially
cut-out blanks on geometric accuracy in incremental sheet
forming,” Journal of Materials Processing Technology,
vol. 210, no. 11, pp. 1501–1510, 2010.

[16] K. Suresh, H. R. Nasih, N. V. K. Jasti, andM. Dwivedy, “Exper-
imental studies in multi stage incremental forming of steel
sheets,” Materials Today: Proceedings, vol. 4, no. 2, pp. 4116–
4122, 2017.

[17] W. L. Edwards, T. J. Grimm, I. Ragai, and J. T. Roth, “Opti-
mum process parameters for springback reduction of single
point incrementally formed polycarbonate,” Procedia
Manufacturing, vol. 10, pp. 329–338, 2017.

[18] S. Kurra, N. Hifzur Rahman, S. P. Regalla, and A. K.
Gupta, “Modeling and optimization of surface roughness
in single point incremental forming process,” Journal of
Materials Research and Technology, vol. 4, no. 3,
pp. 304–313, 2015.

[19] J. Verbert, A. K. Behera, B. Lauwers, and J. R. Duflou, “Multi-
variate adaptive regression splines as a tool to improve the
accuracy of parts produced by FSPIF,” Key Engineering Mate-
rials, vol. 473, pp. 841–846, 2011.

[20] I. Bagudanch, G. Centeno, C. Vallellano, and M. L. Garcia-
Romeu, “Revisiting formability and failure of polymeric
sheets deformed by single point incremental forming,”
Polymer Degradation and Stability, vol. 144, pp. 366–377,
2017.

[21] M. A. Davarpanah, A. Mirkouei, X. Yu, R. Malhotra, and
S. Pilla, “Effects of incremental depth and tool rotation on fail-
ure modes and microstructural properties in single point
incremental forming of polymers,” Journal of Materials Pro-
cessing Technology, vol. 222, pp. 287–300, 2015.

[22] Y. Fan, Y. Li, M. Yang, Z. Yao, and L. Bai, “Research on radial
accuracy in metal sheet single point incremental forming pro-
cess,” Journal of Mechanical Strength, vol. 39, no. 2, pp. 373–
379, 2017.

[23] Z. Yao, Y. Li, M. Yang, Q. Xu, and L. Bai, “Multi-objective
optimization of forming quality in single point incremental
forming via response surface methodology,” Mechanical
Science and Technology for Aerospace Engineering, vol. 36,
no. 3, pp. 409–416, 2017.

[24] P. Li, J. He, Q. Liu et al., “Evaluation of forming forces in ultra-
sonic incremental sheet metal forming,” Aerospace Science and
Technology, vol. 63, pp. 132–139, 2017.

9International Journal of Aerospace Engineering



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

