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Abstract
The demand for small-batch manufacturing processes has increased considerably in recent years due to the need for personal-
ized and customized products. Single point incremental forming (SPIF) has emerged as a time-efficient approach that offers 
increased material formability when compared to conventional sheet metal forming techniques. However, the complexity of 
SPIF requires a complete understanding of the material deformation mechanism. In this study, a non-conventional contactless 
tool in the form of hot compressed air is employed to form a polycarbonate sheet. The influence of the contactless tool on 
the shaping process is modeled and analyzed with a finite element modelling (FEM). Two different models were developed 
and coupled to estimate the resulting shape of the sheet. A CFD model was created to obtain pressure and temperature values 
of the air impacting the sheet, while a transient structural model was employed to study the deformation of the sheet. The 
research provides a working model that is able to predict the performance of this contactless incremental forming process of 
polymers with high accuracy. The comprehensive FE model developed in this work is able to forecast the final part geom-
etries and dimensions in addition to the normal strain progression. It also revealed that the primary modes of deformation 
in SPIF were stretching, thinning, and bending. The model was validated by experimental results, and the predicted sheet 
deformation was compared to the one generated experimentally, and the results obtained were in good agreement.
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1 Introduction

Advanced manufacturing processes require precise and effi-
cient techniques to meet the demands of modern industries. 
Sheet forming manufacturing processes have gained popu-
larity due to their flexibility, allowing for shorter lead times 
and reduced costs, making them ideal for small customized 

batch sizes. One particular technology that has been of signifi-
cant interest in this field is single point incremental forming 
(SPIF). This method involves gradually deforming a sheet in a 
CNC unit using a forming tool that follows a pre-programmed 
trajectory to produce the final product shape [1, 2]. To ensure 
the reliability and accuracy of sheet forming manufacturing 
processes, it is crucial to use components that are free from 
any similarity. The use of similar raw materials or production 
techniques can compromise the quality of the final product, 
resulting in costly errors that can impact the success of the 
manufacturing process and customer satisfaction [3].

Single point incremental forming has traditionally been 
employed for forming metals, including aluminum alloys and 
deep drawing grade steels. However, in recent years there has 
been a growing interest in the use of SPIF for forming polymers, 
which has led to increased attention and research in this area [4]. 
Polymers have gained attention in various fields despite being 
known for their difficulty in forming. SPIF presents a solution 
to overcome the challenges posed by traditional polymer pro-
cessing methods like compression or injection molding. SPIF 
also eliminates the need for molds, making it a cost-effective 
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alternative for producing small batches and unique parts [5]. In 
contrast, SPIF enables the creation of objects using localized 
deformations at room temperature, using a variety of commer-
cial thermoplastics, including highly crystalline materials such 
as polyethylene, [6] to amorphous forms like polycarbonate [7].

To enhance the formability of polymers using SPIF, a range 
of approaches have been developed, including modifications 
to polymer properties, tool design, and process parameters. 
These approaches have been found to have a major effect on 
the formability of the polymer sheet during SPIF. Specifi-
cally, several SPIF process factors have been identified that 
can affect the formability of the polymer, such as tool geom-
etry, feed rate, and step size. By understanding the influence 
of these factors, it is possible to optimize the SPIF process 
for polymer forming and improve the quality of the formed 
sheet. In a recent study, it was found that the formability of 
various polymers during SPIF is primarily influenced by sheet 
thickness, tool diameter, and material ductility. Increasing the 
thickness of the test specimen and the initial drawing angle 
was shown to result in increased spring back. Additionally, 
SPIF-induced strain has been observed to cause three distinct 
failure types in polymers, which are not typically seen in metal 
testing. Unlike metals, which tend to crack, these failures in 
polymers are more likely to manifest as tears in the material 
[8, 9]. Kulkarni [10] conducted a study on the effect of heat 
on the formability of various thermoplastic polymers. The 
results indicated that heating a material below its glass tran-
sition temperature can significantly enhance its formability, 
with the maximum achievable wall angle increasing from 27 
to 46° and the required forming forces decreasing. This find-
ing highlights the potential for improving the SPIF process 
for polymers by carefully controlling the heating conditions.

Finite element models have become increasingly important 
in manufacturing applications, providing valuable insights into 
the influence of the process parameters on a range of outputs 
including thickness distribution, geometrical accuracy, and 
surface roughness [11]. In order to advance our understand-
ing of the incremental sheet forming (ISF) technique, a study 
was carried out to explore the application of the finite element 
method (FEM) in predicting thickness and stress distributions 
on the sheet during forming [12]. The process was applied to 
produce a highly intricate conical shape and to make sure that 
the precision of the final product, the FEM was employed for 
validation purposes, predicting the geometry limitations of the 
final product [13]. To investigate the impact of using a pre-
formed blank in SPIF, a FEM was developed using ANSYS 
software. The model was utilized to determine the SPIF param-
eters used in the analysis, focusing on the strain and stress con-
ditions in the region of contact where the plastic deformation 
occurs due to the activity of the forming tool [14, 15].

Over the past decade, several studies have been conducted 
to enhance the modelling of the SPIF process with the aim of 
gaining a better understanding of the underlying mechanics 

and predicting the material behavior. As a result, a numerical 
simulation was developed in the LS-Dyna software and was 
experimentally validated using micro-squared copper steel 
sheets [13]. To simulate SPIF, researchers have introduced 
a non-linear algorithm based on the Lagrangian approach 
[16]. Large deformation and deformation of complex struc-
tures can be simulated using Lagamine, which employs a vast 
library of finite elements and constitutive laws. LS-Dyna with 
a dynamic explicit solver is commonly used in many stud-
ies. However, SPIF simulations are typically limited to small 
components due to the nonlinearities in the software, which 
make the simulation computationally expensive and time-con-
suming. Implicit solvers produce accurate results compared 
to explicit solvers, but they require longer computing time to 
solve the numerical models. As a result, various approaches, 
such as remeshing or adaptive meshing, can be used to simu-
late SPIF processes with less computing costs [17].

Recently, López et al. evaluated the capabilities of Solid-
works® [18] in simulating SPIF processes. They discovered 
that the program could only model short pathways, and that 
a more robust solution was necessary. In particular, it was 
difficult to simulate medium-sized, full portions of basic 
geometries such as pyramids. To minimize the length of 
the tool to be analyzed, only components with relatively 
small heights and unrealistic forming parameters could 
be modeled. Consequently, the authors decided to explore 
other general-purpose software options and ultimately chose 
ANSYS Workbench due to its ability to handle large-scale 
deformations and its implicit solvers, which produce higher-
quality results than explicit solvers.

The conventional SPIF process for polymers has faced 
persistent challenges such as accuracy, wrinkling, twisting, 
and rough surfaces, primarily due to the polymer sheet and 
the forming tool interaction. Additionally, adapting the SPIF 
process for metals to polymers has exacerbated these issues. 
To address these challenges and enhance the SPIF process 
for polymers, a novel technique has been introduced in this 
study. The contactless SPIF process employs hot compressed 
air as a deforming tool, eliminating physical contact with the 
polymer sheet. This innovative approach has the potential 
to significantly reduce defects, lower the cost of producing 
rigid tools, and eliminate the need for lubricants. To better 
understand the contactless SPIF technique, the deformation 
behavior of polymer sheets has been modeled using ANSYS 
21 Workbench software, which incorporates both fluent and 
transient structural models. The simulation results provide 
valuable insights into the contactless SPIF process and its 
capabilities. To verify the accuracy of the model, an experi-
mental truncated pyramid part has been produced using the 
contactless SPIF method, and the simulation results have 
been compared to the experimental data. The proposed con-
tactless SPIF approach represents a distinct and innovative 
solution to enhance the SPIF process for polymer sheets. It 
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offers exciting possibilities for further research and develop-
ment, as well as a promising path to overcome the persistent 
challenges associated with conventional SPIF processes.

2  Experimental

The contactless SPIF process utilizes pressurized hot air to 
deform a clamped workpiece, unlike the conventional SPIF 
which uses a rigid forming tool. For this study, a new setup 
was designed to incorporate essential components such as 
air compressors, an in-line air and gas heater pipe, a PID 
temperature controller, and a 3D coordinate controller. 
The temperature controller is connected to a thermocou-
ple and an SSR relay to maintain a consistent temperature. 
The flow of air and gas is regulated by a stainless-steel 
nozzle. Figure 1a depicts the entire new forming tool and 
experimental setup developed for this study. To form the 
workpiece, a 3D printed steel nozzle with an inlet diam-
eter of 33 mm and an outlet diameter of 5 mm (Fig. 1b) 
was developed and mounted on a 3D-axis CNC machine. 
A steel fixture was also designed to clamp the polymer 
sheet on the CNC machine (Fig. 1c). The tool paths were 

generated using Excel software with the help of the parallel 
loop visible on the exterior.

In this study, experimental work was conducted on a 
truncated pyramid which was manufactured using a high-
quality material polycarbonate (PC) sheet with a trade name 
of Lexan® 9030. The material was chosen for its exceptional 
properties including strong impact resistance, high modulus 
of elasticity, and excellent heat resistance. Due to its remark-
able stress absorption and low density, PC is widely used in 
various industries such as automotive and electronics. The 
selection of this material was based on its properties, which 
make it suitable for low forming force and heating impact. 
The material properties of the PC material were extracted 
from previously published literature across different temper-
atures which were used during the modelling stage [19, 20]. 
Table 1 provides a comprehensive overview of the material 
properties that were utilized in the finite element software 
employed for the process simulations. During the experi-
ments, the temperature control range spanned from room 
temperature to 160 °C. The temperature was controlled to 
study how polycarbonate responds to stress and bending. At 
around 147 °C, polycarbonate changes from being hard like 
glass to flexible like rubber because the material’s stiffness 

Fig. 1  a Full setup. b The 
forming tool. c Fixture for the 
PC sheet. Video: https:// www. 
dropb ox. com/s/ w0n4n 3narl 
0dgvi/ Conta ct- less% 20SPIF. 
mp4? dl=0

https://www.dropbox.com/s/w0n4n3narl0dgvi/Contact-less%20SPIF.mp4?dl=0
https://www.dropbox.com/s/w0n4n3narl0dgvi/Contact-less%20SPIF.mp4?dl=0
https://www.dropbox.com/s/w0n4n3narl0dgvi/Contact-less%20SPIF.mp4?dl=0
https://www.dropbox.com/s/w0n4n3narl0dgvi/Contact-less%20SPIF.mp4?dl=0
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drops to zero at that temperature. This means that below 147 
°C, it stays elastic, but above that, it starts to deform and 
behave more like plastic. A polycarbonate sheet with dimen-
sions of 205 × 170 × 0.75  mm3 was prepared to perform the 
contactless SPIF experimental tests [21]. The forming opera-
tions were conducted at a tool speed of 0.75 m/min in the 
X and Z directions and 10 m/min in the Y direction for the 
step down movement (transition point). The initial distance 
between the nozzle and the sheet was 6 mm. Moreover, the 
truncated pyramid shape was generated so that 10 full loops 
were conducted, starting from a 152 × 120  mm2 rectangle at 
the first loop and ending with a 62 × 30  mm2 one in the last 
loop. The step down between consecutive loops was set to 
0.75 mm for each step, with a total depth of 7.5 mm.

3  Simulation

To carry out the numerical simulation of the contactless SPIF 
method, ANSYS 21 Workbench software was employed in this 
study. In order to simplify the simulation for long tool paths, the 
sheet was treated as an isolated element, which entailed remov-
ing the frame used to secure the sheet. Additionally, a fixed sup-
port mechanical boundary condition was applied to the extremes 
of the sheet to maintain stability during the simulation. Notably, 
the support mesh results were not calculated to minimize the 
simulation time. A multilinear isotropic hardening material’s 
engineering data were developed by defining the true stress and 
strain curves. Specifically, critical mechanical properties like 
the yield stress point were derived from literature [19, 20]. It 
is worth highlighting that changes in the tool used to conduct 
the process resulted in the integration of two different models 
into the software for the calculations. These two models will 
be explained in detail in the following subsections to provide 
a comprehensive understanding of the numerical simulation 
process.

3.1  Computational fluid dynamics

To investigate the compressed air pressure and temperature 
distributions and values produced by the nozzle design 

in the contactless SPIF process, a computational fluid 
dynamic model (CFD) using fluent from ANSYS software 
was utilized. As depicted in Fig. 2a, the simulation model 
consisted of three main parts: a reducer, a sheet, and a 
closed environmental box. The reducer was designed with 
a 33-mm inlet diameter, a 5-mm outlet diameter, and a 
height of 55 mm to control the temperature and pressure 
of the air flowing out from the heater. The temperature, 
pressure, flow rate, and of the air flowing towards the 
sheet were also analyzed. To model a deformed sheet, a 
polycarbonate sheet was included in the simulation under 
the nozzle outlet, positioned 6 mm away from the reducer 
nozzle. This allowed for the prediction of the pressure 
and temperature values reached on the top surface of the 
sheet during the forming process. Finally, a closed box was 
incorporated into the model to establish a closed environ-
mental boundary, as depicted in Fig. 2a. This was essential 
to account for the effects of the surrounding environment 
during the forming process. The use of the fluent model 
allowed for a more in-depth analysis of the process and 
provided valuable insights into the performance of the new 
reducer design concept.

Regarding the meshing strategy for the CFD simulation, a 
hybrid mesh was created using a combination of structured 
and unstructured meshing techniques. The areas surrounding 
the nozzle and sheet were meshed with a relatively coarse 
element size of 1 ×  10−3 m to minimize computational 
expense while still providing sufficient resolution to cap-
ture the overall flow behavior. However, in regions of high 
flow complexity, a finer mesh was necessary to accurately 
capture the details of the flow field. Therefore, a fine infla-
tion mesh with 5 layers was implemented on the wall inside 
the nozzle and in the area between the nozzle and the sheet, 
with an element size of 1.5 ×  10−6 m. This technique allows 
for a smooth transition between the coarse and fine meshes, 
ensuring that the numerical solution is accurately resolved 
across the entire domain. The mesh was created using a com-
bination of commercial software tools and manual refine-
ment to ensure optimal mesh quality and resolution. To 
provide a better understanding of the mesh employed in the 
study, a detailed figure (Fig. 2b) is included that shows the 
mesh structure and layout. The figure highlights the regions 
where the fine inflation mesh was used and demonstrates the 
smooth transition from the coarse to the fine mesh.

The viscous turbulence model k-ε is a widely used model 
in the field of computational fluid dynamics (CFD) that 
is designed to simulate turbulent flows. This model was 
employed in the analysis, with the aim of accurately pre-
dicting the behavior of the fluid being studied. The model 
is based on two transport equations, one for the turbulent 
kinetic energy k (see Eq. 1) and one for the turbulent dissipa-
tion rate ε (see Eq. 2). These equations are used to derive the 
rate of dissipation and kinetic energy of turbulence.

Table 1  Material properties of LEXAN® 9030 polycarbonate

Property Value

Thickness 0.75 mm
Density 1.2 g/cc
Young’s modulus 2.3 GPa
Yield stress 60 MPa
Poisson’s ratio 0.38
Maximum elongation 110%
Thermal conductivity 0.2 W/m. °C
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The use of the k-ε model in FLUENT was first suggested 
by Launder and Spalding [22] and has since become a fun-
damental tool for actual engineering flow computations. Its 
accuracy and ability to provide reliable results for a wide 
range of turbulent flows make it an essential tool for engi-
neers and scientists in many fields.

It is important to note, however, that the typical k-ε 
model is only applicable for completely turbulent flows. 
In other words, it may not be suitable for certain types 
of flows, such as laminar or transitional flows, and other 
turbulence models may need to be used in those cases. To 
simulate the behavior of the fluid accurately, the SIMPLEC 
algorithm was used in the simulation. This is a numeri-
cal method for solving the Navier–Stokes equations that is 
often used in CFD simulations. It is designed to provide 
accurate and reliable results while minimizing computa-
tional costs. The combination of the k-ε model and the SIM-
PLEC algorithm provided a powerful tool for analyzing 
and simulating turbulent flows. The equations governing 
the k-ε model, namely Eqs. 1 and 2, played a crucial role in 

accurately predicting the behavior of the fluid and ensuring 
the reliability of the results obtained [23, 24].

and

where Gk is the kinetic energy of turbulence that is made by 
mean velocity gradients. Gb is the amount of kinetic energy 
that is added to turbulence because of buoyancy. YM is the 
amount that fluctuating dilatation in compressible turbulence 
adds to the overall rate of dissipation. C1, C2, and C3 are 
constants. 𝜎𝑘 and 𝜎𝜀 and are the turbulent Prandtl numbers 
for k and 𝜀, respectively. Sk and Sε are source terms that 
were made by users.
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Fig. 2  a The three main 
components employed for the 
simulation of the CFD model. b 
The created mesh for the CFD 
model
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In the simulation, time step increments were set to be 
steady, meaning that the time between each step remained 
constant throughout the simulation. This was done to ensure 
accurate and consistent results. To model the behavior of the 
air in the simulation, ideal gas properties were chosen for the 
air. The inlet air pressure was set to 1 bar, which is a measure 
of the air pressure at the inlet boundary. Additionally, the 
inlet temperature was set to 160 °C, which is the temperature 
at the inlet boundary.

3.2  Forming model

The second model aimed to analyze the deformation of the 
polycarbonate sheet. This was an important aspect to con-
sider, as the final product needed to maintain its structural 
integrity under various conditions and achieve high quality 
geometrical precision. The model was created using ANSYS 
Parametric Design Language (APDL), which proved to be 
the most efficient way to represent the deforming tool, in 
this case, hot compressed air. The thermal element type 
SOLID226 was defined in the geometry section at the 
beginning of the model creation to allow the model to read 
the heat on the sheet. To simulate the path-moving design 
for the deformation, forty different coordinates in the X, Y, 
and Z directions were defined. An example of the tool path 

programmed for one experimental trial, see Fig. 3a, b. The 
sheet was meshed with a total of 12,141 elements to ensure 
accurate representation, see Fig. 3c. The movement of the 
hot pressure air over the plate occurred along the X and Z 
directions, while the step-down motion occurred along the 
Y direction, see Fig. 3e. In order to obtain accurate results, 
temperature-dependent polycarbonate material data were 
considered and assigned to the sheet.

According to the boundary condition, the sheet was 
assumed to be fixed at the edges, while the middle was free 
to deform. Additionally, the gravity force was taken into 
account and applied to the sheet to make it closer to the real 
case. The results of the hot compressed air from the fluent 
model were applied to the APDL commands. The pressure 
and temperature values obtained were displayed along the 
defined circle source. Furthermore, the specific path fol-
lowed by the air source and nozzle was added to the model 
as a code following the coordinates previously determined. 
The air source, which had a diameter of 6 mm, was moved 
in the X and Z directions at a speed of 0.75 m/min. After one 
complete revolution, the step-down motion was simulated at 
a speed of 10 m/min in the X, Y, and Z directions to move 
the air source to the next step. After ten full paths with their 
corresponding steps were completed, the final shape of the 
sheet was calculated. This process was crucial in ensuring 

Fig. 3  Top view showing the tool tracks on the XZ plane (a) and side view showing the step downs in the Y direction (b), the developed mesh 
(c), the sheet X and Z coordinates (d), and sheet Y direction (e)
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that the sheet would maintain its desired shape even under 
different conditions, and the model created allowed for accu-
rate representation and analysis of the deformation process.

4  Results and discussion

4.1  Forming hot air motion

Figure 4 provides the CFD simulation of a detailed visu-
alization of the compressed air pressure and temperature 
distributions along the radial direction on the polymer sheet 
as the air flows through the reducer channel and hits the 
polycarbonate sheet. The figure clearly shows the variations 
in pressure and temperature along the radial direction, pro-
viding important insights into the behavior of the fluid and 
the overall outcome of the simulation.

The pressure and temperature distributions are critical 
parameters to consider when analyzing the behavior of pres-
sured hot air when passing over the polycarbonate sheet. The 

pressure distribution can influence the velocity and direction 
of hot air, while the temperature distribution can affect the 
thermodynamic properties of the air, such as density and 
viscosity, which in turn can impact the polycarbonate. As 
presented in Fig. 4a, b, the upper surface of the sheet reaches 
a pressure value of 0.078 MPa and a temperature of 154 °C. 
These values were employed as input for the second struc-
tural model utilized in this study.

4.2  Mesh sensitivity

The employed mesh sensitivity utilized elemental nodal 
forces to calculate the equivalent stress. To obtain a more 
stable model, a range number of elements was used to assess 
the effect of the elements number on the developed stresses 
and computing time, see Fig. 5a. The CPU time increased 
from 27 to 426 min when the number of elements increased 
from 2160 (coarse mesh) to 15,600 (fine mesh), respectively.

Despite the increase in CPU time, the accuracy of 
the equivalent stress calculation also improved with the 

Fig. 4  a Pressure distribution. b 
Temperature distribution
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increasing number of elements (Fig. 5a). This demonstrates 
the importance of mesh sensitivity studies in accurately cap-
turing the deformation behavior of the sheet and highlights 
the trade-off between computational efficiency and accuracy 
in FEM simulations.

As a result, it was determined that equivalent stress did 
not change significantly after 6450 elements and reached a 
stable mode at the 12,141 elements count. Since the mesh 
composed of 12,141 elements produced a stable result and 
increasing the number of elements over 12,141 increased 
the computational time without improving the precision 
of the model, the 12,141 elements mesh was chosen to be 
employed for evaluating the simulation results. Figure 5b 
illustrates a comparison between the predicted deformation 
values generated by the FEM and the actual deformation 
values measured from the experimentally formed sheet. By 
analyzing the agreement between the predicted and meas-
ured values, the accuracy of the simulation model can be 
evaluated.

To ensure that the results obtained from the finite element 
method (FEM) simulation accurately represent the experi-
mental sheet profiles, the clamped workpiece was measured 
using a Mitutoyo Coordinate Measuring Machine Euro-
CA776 (CMM). This allowed for the displacement boundary 
conditions specified in the FEM simulation to be replicated 
and matched to the displacement boundary requirements 
specified in the model and design drawing. The use of 

the CMM also eliminated any inaccuracies that may have 
occurred during unclamping and cooling, thereby enabling 
the effects of the new system to be seen more clearly. How-
ever, it was observed that the experimental profile shapes 
were significantly different from the simulated profiles when 
a coarse mesh was used (Fig. 5b). This discrepancy can be 
attributed to the fact that a coarse mesh cannot accurately 
capture the complex deformation behavior of the sheet.

4.3  Geometric profile

The model-predicted sheet final shape is seen in Fig. 4a. 
The simulation shows that successful sheet deformation can 
be achieved by employing the new contactless technique 
described in this study. Furthermore, Fig. 4b–d depicts a 
truncated pyramid part produced using the innovative con-
tactless SPIF process. As shown, the profile obtained at 160 
°C closely resembled the CAD design drawing profile, which 
demonstrates the effectiveness of the proposed technology. 
The contactless nature of the CIPF system ensures that there 
is no tool-to-sheet contact, which reduces the risk of damage 
to the sheet and extends the life of the tool. The figure also 
demonstrates visible surface texture differences and wavi-
ness. This illustrates the influence of the forming path on 
the part’s surface and provides insight into the quality and 
accuracy of the formed part Fig. 6.

Fig. 5  Mesh Sensitivity (a) equivalent stress vs number of elements (b) comparison between FEM and experimental sheet profile
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Validation of simulation results was carried to ensure that 
the model accurately represents the physical system under 
investigation. In this study, CMM was used to measure the 
profile of the experimental result and compare it with the 
simulated and designed profiles. The CMM collected the 
“points cloud” of the formed truncated pyramid shape part 
that indicates the geometry of the workpiece. This allows for 
the computation of the profile and thickness of the deformed 

part, which can be compared with the simulation and design 
drawing data.

Figure 7 presents a comparison of the model-obtained 
profile, the experimentally measured profile, and the 
designed profile of the workpiece manufactured at 160 °C. 
To represent the model outcome, a cut section from the mid-
dle of the sheet was used, and the path from the workpiece 
edge to the center was determined using Ansys software. 

Fig. 6  a Sheet deformation results obtained by the model. b–d Images of the truncated pyramid part created in this work by using the contactless 
contactless SPIF process

Fig. 7  i Comparison between 
model output, design drawing, 
and experimental profile. ii 
Bending effect at (d) edge of the 
sheet; (f) sheet before applying 
force; (e) sheet after applying 
force; (L) length from edge to 
starting point; (h) displacement 
from bending effect; (F) nozzle 
force position
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SolidWorks software was used to obtain the design drawing 
profile data, which included a path from the workpiece edge 
to the center.

The comparison of the profiles allows for a comprehen-
sive analysis of the accuracy of the model. As presented 
in Fig. 7i, the FEM results is in a good agreement with the 
measured profile of the polycarbonate sheet. However, there 
are few areas (a–c) in the figure that shows discrepancies 
between the simulated and measured data, and the model can 
be improved upon to better represent the physical system.

In single point incremental forming (SPIF), the distance 
between the forming region and the sheet flange plays a 
critical role in determining the quality of the formed part. 
A narrow distance is preferred as it helps to minimize the 
bending impact at the major [25]. However, due to geo-
metric limitations, the nozzle movement cannot be initi-
ated from the sheet’s original location, which generates a 
bending effect. This bending effect can impact the quality 
of the formed part, and therefore, it is essential to under-
stand and minimize this effect. To better understand the 
bending effect, the horizontal and vertical displacements in 

deflection for a plastic sheet deformed by pressurized hot 
air and subjected to a vertical constant force and constant 
bending at the starting point of the nozzle was determined 
as (Fig. 7ii) [20, 22]. It was suggested that the distance 
between the fixed edge and the initial location of the nozzle 
should be minimized to reduce the bending effect. Addi-
tionally, other factors such as the sheet material properties, 
toolpath, and process parameters can also be optimized to 
minimize the bending effect and improve the quality of the 
formed part [26, 27]. The deformation between points (a) 
and (b) in Fig. 7i, follows a similar trend for the measured 
profile results in Fig. 7i. However, at the bottom corner 
in (b), the deformation for the model and the experiment 
profiles is greater than the designed one due to the high 
heating generated by the short path length, which causes 
the heat tail to overlap and the cooling to be extremely slow. 
The temperature distribution was measured using an RS 
T-10 smart thermal camera with 5% accuracy, and it was 
found that the temperature was eventually reaching 205 
°C, see Fig. 8. Although the gas heater was calibrated to 
produce hot air at 160 °C, which was measured at the tip 

Fig. 8  Temperature tail at the 
first path (a) and last path (b) 
with tail overlapping. S, H, and 
C are representing surrounding, 
hot and cold spots, respectively

Fig. 9  a Selected elements 
along the cut profile wall. b 
Location of the selected ele-
ments in regard to the path 
number

Element 1

Element 
2

2

3

1

(a) (b)
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of the nozzle. However, it is worth noting that during the 
deformation process, there was an unintended increase in 
temperature to 205 °C. This temperature elevation occurred 
in the final stage of the deformation process and was associ-
ated with a gradual reduction in the tool path, which in turn 
reduced the cooling time and resulted in this overheating. 
This overheating was addressed during the simulation by 
extrapolating behavior at higher temperatures. This extrapo-
lation will be based on correlations established with the 
maximum temperatures reported in the relevant literature.

The study also observed minimal springback at the base 
of the pyramid, indicating that the process was able to 
accurately deform the polycarbonate sheet. However, a 
pillow effect was observed in the center as shown in (c) 
Fig. 7i, which could be attributed to the local heating of 
the sheet during the forming process [28]. The success-
ful application of a hot compressed air tool has continued 
to improve the deformation process, and the developed 
numerical model is able to predict the deformations and 
the final shape of the PC sheet with very low mismatch. 
In fact, the acquired profile at 160 °C appears acceptably 
similar to the predicted and designed profiles.

4.4  Stretching and thinning

To investigate stretching and thinning of the polycarbonate 
sheet during the forming process, the history of the strain 
component of two control elements are chosen from the pyr-
amid’s upper surface was carried out (Fig. 9a): the former is 
situated in the middle, higher section of profile wall, while 
the latter is situated in the lower region, close to the pyra-
mid’s base. A local coordinate system is used to measure the 
strain components. It is important to note that Fig. 9b shows 
that elements 1 and 2 were on the fourth and the last path of 
the heating source, respectively.

The equivalent plastic strain analysis depicted in Fig. 10 
provides insights into the stretching and thinning of the poly-
carbonate sheet during the forming process. The figure illus-
trates the strain components for directions 1 and 3, namely 
ε11 and ε33, respectively, which have significant values in 
the 1–3 planes. As the heat source began to move, the sheet 
started to deform gradually, leading to the deformation pro-
cess, which is explained in detail as follows:

At point (a), the heat source is on the second path and 
two steps-down from the first control element, causing a 
slight increase in temperature and strain. This trend con-
tinues as the source moves to the third path and one step-
down from the first element at point (b), leading to a larger 
deformation compared to point (a).

At point (c), the source is on the same path as the first 
control element, resulting in a further increase in strain. 
However, after this point, the strain value decreases due 
to springback. At point (d), the source is one step further 
from the first element and heats it to 73.4 °C, causing it to 
reshape again. Although the temperature changes slowly 
in the range of ±4 °C, it does not affect the equivalent 
strain of element 1. The same effect can be seen at point 
(e), where the temperature increases by only 0.2 °C, caus-
ing a change in the equivalent strain at the second control 

Fig. 10  Strain history on ele-
ments 1 and 2

1

3

Before
After

Fig. 11  Stretching and thinning phenomena on the elements
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element. However, the amount of strain change is less than 
that observed at point (a).

At point (f), the source is one path before the second 
control element, and the strain amount is lower than that 
observed at point (b) due to material built-up at the bot-
tom corner of the tool path, which reduces the strain of 
the element. At point (g), the source is on the same path 
as the second control element, and the strain value rises 
as shown at point (c) for element 1. However, there is no 
drop in strain as observed at point (d) since this is the last 
path of the tool, and the element is not heated with the air 
source again.

The strain grows gradually with the deformation of the 
elements. The major types of deformation during the pro-
posed process are sheet stretching associated with ε11, 
sheet thinning associated with ε33, and sheet bending in 
the region adjacent to the sheet flange, as demonstrated in 
Fig. 11. These findings are consistent with previous stud-
ies by Hirt et al. [29] and Ambrogio et al. [30], which also 
reported the dominance of these deformation modes in SPIF. 
However, the employment of only two elements across the 
sheet is insufficient to acquire precise results on through-
thickness shear strains. Several studies have aimed to tackle 
this problem by employing different methods of measuring 
strain, such as FEM, strain gauges, and digital image correla-
tion. For instance, Mirnia et al. [31] used digital image cor-
relation to measure the strain field during the SPIF process 
and reported that the maximum shear strain occurs in the 
flange region, which is consistent with the bending behavior 
observed in Fig. 11.

5  Conclusion and future work

In the present study, a novel contactless single point incre-
mental forming (SPIF) process is presented, which utilizes 
innovative pressured hot air nozzle as a deforming tool for 
polymers forming. A finite element models was developed 
and implemented combine CFD and transient structural 
calculations to predict the deformation of a sheet under 
specific air pressure and temperature conditions. The CFD 
model is used to calculate the local distribution of the tem-
perature and pressure of the air that hits the polycarbonate 
sheet, while the transient structural simulation is employed 
to calculate the deformation on the sheet. A truncated pyra-
mid tool path is set, and an overall 7.5-mm depth track is 
simulated in 10 steps. To validate the model, the predicted 
sheet deformation is compared to the one generated experi-
mentally, and the results obtained are in good agreement. 
The comprehensive FE model is able to predict the formed 
part geometries in addition to the normal strain progression. 
Moreover, it reveals that the primary modes of deformation 
in SPIF are stretching, thinning, and bending. Based on the 

results obtained, it can be stated that the model developed in 
this work is able to accurately predict sheet deformation gen-
erated through the contactless SPIF method proposed. The 
results of this study establish a solid groundwork for advanc-
ing and refining the contactless SPIF process. Furthermore, 
the use of additional polymer or low melting point metal 
materials could further enhance the process’s potential for 
diverse applications in fields like automotive, aerospace, and 
biomedical engineering. This study’s findings open up new 
avenues for exploring innovative designs and optimizing the 
contactless SPIF process to achieve superior outcomes in 
various applications.
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