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Generation in the Numerical Simulation of
Incremental Forming Process
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In the incremental sheet forming simulation, finite element modelling typically was used to
anticipate material behaviour, predict deformation forces, thickness reduction or to identify other
information. Because the forming tool motions are difficult to be implemented in FEM software systems,
and because of the large number of points which describe the tool path, in order to reduce data preparation
time, the paper presents the implementation of a new software tool conceived by the authors in the process
of incremental sheet forming numerical simulation. The software tool uses a CNC file in G-code format to
reveal the interpolation points coordinates of the tool motions and the positioning time in a specific ANSYS
format. Usually, a tool path for an incremental sheet forming process consists of thousands of interpolation
points and is very difficult and time consuming to implement manually into an FEM software system. The
new software tool solves this issue, at least for ANSYS software, being swift and easy to use. The paper also
presents how the software tool is integrated and validated in a case study of an incremental sheet forming
process simulation concerning different part configurations.
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Highlights:

e The paper states the necessity of reducing FEM model preparation time for ISF processes by reducing the
difficulty of describing the forming tool motions for numerical simulation applications.

e Anew stand-alone software tool is developed to convert a CNC G-code file into a format specific for ANSYS,
in order to facilitate swift tool path description in ISF processes.
The new software tool can be easily used by any user without additional software skills.
The software tool is integrated in an ISF numerical simulation process.

e Acase study proves the utility of the new developed software tool.

0 INTRODUCTION

Over the last years, flexible manufacturing
processes have gained increased attention from
researchers and producers. Incremental sheet
forming (ISF) is a "die-less" and flexible
manufacturing process from the cold pressing
industry, used for customized products, rapid
prototyping and also small batch production series
of sheet metal parts [1, 2].

The ISF working principle presented in Fig.
1 entails the sheet metal blank being mounted in a
fixing device consisting from a blank holder with
or without a backing plate to support the part
flange, and a clamping plate which is placed over
the blank, fixing it most often by the tightening of
several screws. The pack of plates is lifted to a
greater height than the part depth, using various
configurations of auxiliary components to ensure
enough space below the blank to enable the part
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forming. Plastic forming is performed locally,
usually by a simple shape tool with a
hemispherical head [3], which is rotated by its own
axis, following a numerical controlled path. The
part is divided into a number of layers from top to
bottom and at each layer the tool follows the CNC
path, which is in fact the outer contour of the part.
The distance between two consecutive layers is
called incremental step down (4z). When one layer
is completed, the tool descends by an incremental
step and follows again the part contour. This
operational stage is repeated until the final part is
obtained [2, 3]. The ISF process undergoes
continuous development, and for its improvement,
in addition to experimental research, also more
modern techniques as design of experiments
(DOE) or finite element methods (FEM) are
used.[1, 4].



Strojniski vestnik - Journal of Mechanical Engineering vol(yyyy)no, p-p

CNCcontrol
z

X
Y

Toolpath planning

clamping plate

intermediate shape step 1

_blankholder backing plate

final shape

Fig. 1.ISF working principle [2, 3]

FEM analysis has increased in confidence
and can provide a first check on what works in the
real world and what does not [5]. Various topics
are simulated starting with the most common
mechanical issues up to thermal analysis,
vibrations frequency, forming simulations [6, 7, 8],
fluid flow or injection moulding of plastic parts.
Certainly lately numerous worldwide specialists
and users have come to understand and implement
FEM analysis. These make FEM suitable to be
used and to improve many aspects: save time and
money in a product lifecycle, simulation and
validation of parts behaviour, force prediction,
geometric deviations or parts stiffness.

1 FEM IMPLEMENTATION IN ISF PROCESSES

ISF processes have multiple applications in
different industries [2, 3]: instrument and body
panels in aerospace industry, door and hood panels
in automotive industry, low volume or unique
sheet metal products, products in medical industry:
denture plates, ankle supports, metal helmets, and
so on. This is one of the reasons for that FEM is
frequently used in ISF process simulation. Usually
software systems like ABAQUS, LS-DYNA, or
ANSYS are used to analyse or simulate the process
and to study [2]: strains, forces, thickness
reduction [9], the influence of tool parameters and
path on deformation behaviour [10], springback
amplitude and tool path correction [11], or the
wrinkling phenomena of thin walled parts
manufactured by ISF or other processes [12, 13].

The main steps for implementing FEM analysis for
an incremental forming process are [2, 14]: design
of the part and fixing device and devising the CAD
models, generate the tool movements or the tool
path, design finite element assembly in FEM
software, define materials and apply boundary
conditions, solve the model and obtain the results.

One of the main problems in FEM
simulation in ISF processes is the huge CPU time,
an issue mentioned by many researchers. This is
because of many nonlinear problems [14], because
of tool trajectory complexity that consists of
thousands of integration points, and because of a
fine mesh or an adaptive meshing that has to be
devised in the contact area between the tool and the
sheet metal blank, to obtain results as accurate as
possible. Many solutions were found for reducing
this computational time. Robert et al. [15] used the
incremental deformation theory of plasticity as a
solution to improve the CPU time in the ABAQUS
FEM simulation of a cup made from aluminium
sheet of 1.5mm thickness. Computational time can
be reduced also by using an explicit instead of an
implicit solver[14]. Two other solutions used very
often entail applying time scaling or mass scaling
to the prepared FEM model, without affecting the
results to a significant extent [16]. Benedetti et al.
[17] applied mass scaling in SPIF numerical
simulation, using ABAQUS explicit code, in order
to achieve a user-specified time step size, reducing
analysis computational cost and time. Naranjo et
al. [18] concluded that a medium size blank mesh
used in the FEM simulation of an incremental
forming process in ANSY'S, is in good agreement
with the experimentally obtained values, while at
the same time, by using this medium size mesh,
CPU time was reduced. A simplified numerical
approach was developed by Ben Ayed et al. [19] to
simulate the ISF process. This approach called
ISF-SAM is a simplified finite element model that
succeeds to reduce the computation time by more
than 50% in comparison to the time required when
using ABAQUS implicit code, with sufficiently
accurate results prediction. A  decoupling
algorithm that separates the finite element model
into two zones, the elastic and elasto-plastic
deformation zones is proposed by Sebastiani et al.
[20]. In order to reduce the computation time,
during simulation this algorithm concentrates on
the small elasto-plastic contact zone between tool
and sheet, simplifying in this way the model
solving. Bambach [21] applied a FEM simulation
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onto the asymmetrical incremental sheet forming,
using an adaptive remeshing strategy based on a
multi-mesh method combined with subcycling. It
was concluded that by using these methods the
calculation time is reduced by up to 80%. Zhang et
al. [22] proposed a new selective element fission
approach (SEF) to improve CPU time, reducing
the unnecessary calculations of the area outside the
plastic deformation zone. These methods entail
different mesh densities for blank areas: a fine
mesh in the tool-sheet contact area to improve the
accuracy of results, and a coarse mesh outside the
contact area to reduce unnecessary calculation. It
was concluded that the SEF approach can save up
to 74% in terms of computational time with
satisfactory accuracy for ISF processes. Therefore
many researchers aim to improve the
computational time for FEM simulations of
incremental sheet forming processes and in
literature, many other implemented solutions can
be found for this issue.

A time consuming phase in FEM
implementation in ISF processes is not only the
computational time, but also the FEM model
preparation time. In model preparation, because in
ISF processes the tool path is not a simple one, the
most difficult and time consuming phase is to
specify the tool movements. The described tool
path should be the same as for the manufacturing
process. Usually, tool path generation is achieved
by Computer Aided Manufacturing (CAM)
software systems, which yield a CNC file, where
the trajectories are described using G code format.
However, FEM software systems usually do not
allow introducing the CNC file or the G-codes
directly as input, in order to describe the tool
movements. Thus, solutions are required to
describe the tool trajectories for incremental
forming processes in FEM simulation. The input
file of tool trajectory for numerical simulation
should be defined in terms of two parameters: tool
points coordinates for each X, Y and Z direction,
and time position. In simple cases the tool path
points coordinates can be manually processed by
means of simple spreadsheets [14, 16, 23]. For
complex shapes, the points coordinates have to be
extracted from the CAM programmed tool path or
from the CNC G-code file manually or by other
complex methods. Another research team [24]
used LS-DYNA for the simulation of the
incremental forming process, a dedicated FEM
software, and in order to specify the input of tool

movement, started with the CNC program from
which, using in a first stage a programming
software called Python, an ordered file was
extracted containing an array of five columns with
the coordinates of tool positions for linear
interpolations and two circle centre coordinates for
circular interpolations [24]. This ordered file has
been processed using Matlab software, in order to
generate the final output for LS-DYNA
simulation, the file which contains the tool position
versus time data. Using more than one software
tools to transfer data from a CNC to a FEM format,
as used in reference [24] can be difficult, errors can
occur and the users certainly need special
knowledge to work with such software systems. In
this paper the authors propose to solve this
generation issue with a new software tool that can
be integrated in ISF numerical simulation. From
the user view point, this software tool is a stand-
alone application and generates an input file for the
ANSYS software system, which describes the tool
movements in terms of tool points coordinates by
all directions X, Y, Z and the tool movement time
in each interpolation point.

2 METHOD DESCRIPTION

The FEM model preparation stage for an
ISF process is a complex and time consuming
operation, especially because of the huge working
volume required to describe the tool motions in
FEM software. This stage can be improved in
terms of preparation time reduction. Thus a
software application named Tool Motion Points
Generator (TMPG) has been developed by the
authors and integrated into a numerical simulation
of an ISF process. The objective of this software
tool is to convert a CNC G-code file obtained from
a CAM software system into a file which contains
the necessary input data in ANSY'S format for ISF
simulation. This software tool allows users, with
no special software knowledge, to perform the
quick conversion of a CNC G-code file into a text
file that contains the tool motion points
coordinates and time position necessary as inputs
in ANSYS, for the description of the complete tool
trajectories in ISF processes. It reduces the FEM
model preparation time with a beneficial impact on
the total implementation time of a numerical
simulation for an ISF process. The TMPG software
tool flow is presented in the block diagram in Fig.
2.
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Fig. 2.Software tool block diagram

2.1 Software tool description

There are many programming languages
and systems that allow the development of new
customized software tools, such as: LISP, Python,
C++, Delphi, Matlab, Visual Basic and so on [24,
25, 26].The software tool was conceived in Delphi
environment which uses the Object Pascal
programming language. The Graphical User
Interface (GUI) of the TMPG application shown in
Fig.3 is divided into four separate functional zones
by their role in the software tool. Those areas
which are different windows are highlighted with
black frames. In the left upper corner area,
coordinates of the interpolation points extracted
from the CNC G-code file are displayed. Another
text window displays the time values for each
interpolation tool position. The area where the
final output is displayed is the right upper corner.

Thus, in this area, four successive arrays are
written, one for each parameter, X, Y, Z coordinates
and position time for all points. The fourth area is
used for commands launching, is placed below the
display zone and consists of eight buttons and an
input box for the feed rate.

Each button from the GUI associated to the
TMPG software tool has a specific role. When
"Extract coordinates from CNC file" is pressed,
first a warning message is displayed which warns
the user that the CNC input file has to include in
the first row with tool motion G-codes, all three
coordinates X, Y, Z, otherwise the initial tool
position is unknown. Once this aspect has been
verified, the CNC file to be processed can be
selected from a dialogue box. The X, Y, and Z
coordinates for each interpolation point will be
further displayed in the first zone of the TMPG
interface. All coordinates are counted and their
numbers are displayed below each correspondent
window. These numbers have to be equal,
otherwise errors occur in the final file will be.
Taking into consideration the extracted points
coordinates, the time for each point can be
calculated by pressing the "Time calculation”
button. This process uses the feed rate specified by
the user and the distance between previous and the
current point in order to calculate the specific time
for each tool position. The distance between two
points A(Xa, Ya, Za) and B(Xo, Yb, Zb) is calculated
using Eq. (1) [27].

AB= (b —Xa)? + (b —va)? + (2o — 2)% (1)

The obtained tool movement times are
displayed in the "Calculated time" window. The
button "Generate Ansys format" generates and
displays in the right upper area all four arrays in a
specific format, needed as input into ANSYS for
tool motion description. While running the
software application allows saving additional files
as follows: button "Save only coordinates™ allows
the user to save only the points coordinates and the
"Save coord. and time" button allows the user to
save points coordinates and calculated time in
intermediary files. The final ANSY'S format output
is generated by pressing the "Save Ansys format"
button, which saves a file with the data in a folder
selected by the user. The "Restart" button has to be
used for the processing of a new CNC file.
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X coordinates (mm) Y coordinates (mm) Z coordinates (mm) Calculated time (s) Ansys format
-4.62 - -1.36 - -19 - 59252 - *SET,TTIME(405,1,1), 59252 &
374 -3.04 -19 59.366 *SET, TTIME(406,1,1) , 59.366
-2.6 -4.05 -19 59.457 *SET, TTIME(407,1,1), 59.457
-.69 477 -19 59.579 *SET,TTIME(408,1,1),, 59.579
121 -4.66 -19 59.693 *SET, TTIME(409.1,1) , 59.693
26 -4.05 -19 59.784 *SET, TTIME(410,1,1), 59.784
405 26 -19 59.907 *SET. TTIME(411,1.1), 59.907
474 -87 -19 60.019 *SET, TTIME(412,1,1), 60.019
477 64 -19 60.11 *SET, TTIME(413,1,1), 60.11
432 214 -19 60.204 *SET,TTIME(414,1,1), 60.204
3.15 3.64 -19 60318 *SET,TTIME(415,1,1), 60.318
136 462 -19 60.44 *SET. TTIME(416.1,1), 60.44
-15 482 -19 60.531 *SET,TTIME(417,1,1) , 60.531
2 438 -19 60.645 *SET, TTIME(418,1,1), 60.645
-3.64 3.15 -19 60.768 *SET, TTIME(419,1,1) , 60.768
-4l 1.86 -19 60.859 *SET,TTIME(420,1,1), 60.859
-4.82 0 A -19 60.973 *SET,TTIME(421,1,1), 60.973
< ) < » < ) < ) < »
Pll X coordinates llll Y coordinates 421 Z coordinates 421 computed times
Estract coordinates form CNC file Time calculation Generate Ansys format
, Nerd, Yeord, Zerd, Nerd, Yerd, Zerd. Time Parameter component
- Xvall Ywll Zvall Xvall Ywll Zvall Tvall MSET,UUN(LLL), Param. val. !
Lexzrocl Xvaln VYvaln Zvaln Nveln Yyaln Zvaln T vali PSET.UUX(n.1. 1), Parom. yol.n
H Save only coordinates | B Save coord. and time \ —4 Save Ansys format |
Insert feed rate for time calculation (mm/min): Ilooq c Restart | ]'-L Close

Fig. 3.TMPG software tool interface

2.2 TMPG input and output files lines or arrays in a specific format for each position
Considering that the aim of TMPG is to point parameter X, Y and Z and also for the tool

generate the tool movements for an incremental position time. Fig. 5 shows the text format for each

forming process in a format that can be specified parameter that will be specified as input in the

in ANSYS software, the software tool needs an ANSYS software system.

input file. This input is a CNC G-code generated

by a CAM software system. Fig. 4 presents a % 01000

sequence of a G-code structure for a CNC file (PRSI SRR R R R

generated by using CATIA "Advanced :z :r}l‘l;lg.ls(_il_Evl\lE'lr'{I;lgml.J;A:;ORYSOFTWAREWWW.IMS—SOFTWARE.COM :

Machining" workbench. (* USERVERSION:1 N
In thlS examp|e the f”e eXtenSion iS [(FFEEEE RO R R R R RR R

"Tool_path_name.NCCode". There can be linear N1G43 G54 G17 G80 G40 630 623 G94 GO1 G98

or circular interpolations. For  circular {[00L DATA: TLENDMILLD 12

interpolations, the trajectory is described also as a N3 5500 M3

sum of very small linear movements, which at the N4 GO X9.29 Y-2.15 75

end describe a circular motion. Thus, first the CNC :Zgﬁégzﬁ 00266 F300

file has to be generated by using a CAM software N7X10.55 V61251 '

system, to ensure an input data for the TMPG

software tool. N618X2.
The CNC input file will be processed by e

using the developed TMPG software tool, the final
result being the obtained ANSYS output file. The Fig. 4.CNC G-code structure
data that can be accepted by ANSYS are a set of
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Parameter Y
*SET,UUY(I L1), Yivalue

Parameter X
*SET,UUX(LLI), XI value

*SET,UUX(n,1,1) , Xn value *SET,UUY(n,1,1), Yn value

a) b)

Parameter Time
*SET, ITime(l,1,1), Tl value

Parameter Z
*SET,UUZ(1,1,1), Z1 value

*SET,UUZ(n 1,1), Zn value *SET, TTime(n 1,1) , Tn value

¢) d)

Fig. 5. Text format for ANSYS input; a) for the X-axis;
b) for the Y-axis; c) for the Z-axis; d) for the tool
position time

The symbols used in these files have the
following meanings:

- UUX, UUY, UUZ and TTime are the names for
each set of lines or arrays;

- n is the number of interpolation points in the CNC
file;

- X1..Xn, Y1..Yn, Z1...Zn, T1...Tn - are the values
for the X, Y, Z coordinates and time for each
interpolation point.

In ANSYS Parametric Design Language
(APDL) there are two methods by that the
available commands in ANSYS software can be
used. The first method is to use the Graphical User
Interface (GUI) to access the commands, and the
second method is to use the "command prompt" to
run the specific commands by writing the codes
that are the abbreviation of these commands [28].
For specifying the generated parameters for tool
movements, the proper way is to use the
"command prompt" to input the generated data by
using the developed TMPG software tool. Thus,
the TMPG software tool generates four arrays, one
for each parameter X, Y, Z and Time. All these
arrays are automatically written by the developed
software tool in a single text file which can be
introduced as input for tool movements, or simply
copy the text file to ANSYS "command prompt".

3 INTEGRATING AND VALIDATING THE NEW
SOFTWARE TOOL IN AN ISF PROCESS - A CASE
STUDY

The objective of the case study is to
integrate the new software tool into an ISF process,
to verify if various dimensional configurations of
a frustum of cone can be manufactured without
fracture and, at the same time, to predict the values
of the developed forces. These force values will be
used to determine whether a Victor Vcentre-55

CNC milling machine can be wused for
experimental research in incremental sheet
forming. In incremental forming, the forming tool
applies force on the sheet blank, thus producing a
local plastic deformation of the contact surface
between tool and sheet. The three components of
the force are: the radial force Fx, the tangential
force Fy and the axial force Fz that typically is the
largest [2, 29]. Further determined in this case
study whether this milling machine is capable to
apply enough force in X, Y and Z directions, for an
incremental deformation of the experimental sheet
metal parts manufactured from DCO05 deep
drawing steel of 1mm thickness. In order to check
if the part configurations can be manufactured and
to estimate the values of the forces, a numerical
simulation in ANSYS/LS-DYNA FEM software
was performed, using the TMPG software tool to
obtain, in a short time, the time tool movements
and points coordinates. For a better overview of
the process behaviour and the force variation, six
numerical simulations were performed for
different geometrical configurations of the
experimental part presented in Fig. 6.

©140

»95

T

|

- ; wall angle -

Fig. 6. Experimental frustum of cone

Different parts variants with different wall
angles ¢ (40, 50 and 60) and height values (35mm,
45mm and 50mm) are analysed, manufactured
from deep drawing sheet metal blank DCO5 of
1mm thickness. For each variant two step depth 4z
were used: 0.5mm and 1mm. The FEM models for
simulation were prepared in ANSYS APDL and
solved using an LS-DYNA explicit solver [30, 31].
Fig. 7 presents the main steps for the
implementation of FEM simulation in the
incremental forming process. The 3D model of the
part was designed in CATIA V5 CAD workbench,
and then the tool trajectories were generated also
in CATIA V5 with "Advanced Machining"
workbench, from where the CNC file was
obtained. Then, the CNC file was processed by
using the developed TMPG software tool to obtain
the needed ANSYS file. Thus in a few minutes the
application generated all four arrays with a
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minimum effort, which serve as input for ANSYS
to describe the tool motion. Further in ANSYS the
materials were defined, the boundary conditions
were applied, and an output K type file
"Ansys_output.k" was obtained. This K file serves
as input for the LS-DYNA explicit solver that will
run and solve the simulation [30, 31]. As an
example of the obtained final result, Fig. 8 presents
the plots for the frustum of cone with wall angle
#=60" and H=50mm formed by using a step depth

Tool path generation (Catia V5 — CAM)

Design the 3D model (Catia V5—-CAD)

| Ansys format.txt M TMPG software tool h CNCfile.txt

Solving and result

FEM model

K file “Ansys_output.k”,

preparation ( Ansys) (input for LS-Dyna)

postprocessingin
LS-Dyna

Az=1mm.
Fig. 7. Main steps for the implementation of FEM
simulation
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Fig. 8. Obtained results for ¢ = 60, H = 50mm and Az = 1mm part configuration;
a) resulted FEM model; b) axial force plot; c) radial force plot

min=-1616.6
max=1624.1
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The results for all the six studied parts were
summarized in Table 1 that features the maximum
values for the axial and radial forces. Because the
frustum of cone is an axis-symmetric part, the
maximum force in X direction is equal to the
maximum force value in Y direction. For this
reason the radial force is measured only in one
direction, in this case in X direction. Only the
largest values of the forces from all six simulations
results are necessary to check if the selected CNC
milling machine can be used for the ISF process.
From Table 1 it follows that in order to be
deformed the part configuration with wall angle
60, height 50mm and step depth 1mm requires the
largest forces both axial and radial. These values
are 2931.9 N for the axial force and 1624.1 N for
the radial force.

The CNC milling machine Victor VVcentre-
55 is capable to develop, based on its X, Y, Z axis
ball screws transmission, over 22000N force along
the X and Y axes and over 33500N force along the
Z axis [32]. In order to avoid damaging of the CNC
machine mechanisms over time, the manufacturer
recommends that in ISF processes, the developed

forces do not exceed half of the above specified
values. In this case, the maximum radial and axial
forces resulted from FEM simulation are smaller
than the recommendation of the milling machine
manufacturer. Fig. 9 shows the CNC milling
machine, the sheet metal blank fixing device and a
short overview of the setup used to implement the
ISF process [33].

Table 1. Axial and radial forces for each part
configuration

Maximum | Maximum
Part configuration axial force |radial force
(N) (N)

¢=40, H=35mm, 4z=0.5mm 2062.2 711.17
¢=40, H=35mm, 4z=1mm 2189.3 786.44
¢=50, H=45mm, 4z=0.5mm 2516.0 1104.8
¢=50, H=45mm, 4z=1mm 2760.7 1196.7
¢=60, H=50mm, 4z=0.5mm 2650.2 1443.2
¢=60, H=50mm, 4z=1mm 2931.9 1624.1

tool holder |

forming tool

manufactured
part

fixing device

c)

Fig. 9. Setup used for ISF process implementation; a) Victor Vcentre-55 CNC milling machine;
b) sheet metal fixing device; c) elements for ISF implementation [33]
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<)

Fig. 10. Experimental parts; a) FEM model and manufactured part for ¢ =40, H=35mm, Az=0.5mm configuration;
b) FEM model and manufactured part for ¢ =507, H=45mm, Az=0.5mm configuration;
c) FEM model and manufactured part for ¢ =607, H=50mm, Az=0.5mm configuration

With regard to parts forming, the numerical
simulation  prediction that all the part
configurations can be manufactured without
fracture was validated by machining the parts. Fig.
10 presents both the numerically simulated and the
manufactured parts for three configurations using
step depth 0.5mm.

The conclusion of the case study is that the
new software tool is successfully integrated into an
ISF process, and the selected part configurations
were manufactured without fracture in accordance
with the numerical simulation prediction. The
considered CNC milling machine can be used
safely for machining the presented parts within
future experimental research in the field of
incremental sheet metal forming.

4 CONCLUSIONS

In the numerical simulation of incremental
forming processes the preparation of the FEM
models is a time consuming stage because the
FEM software systems do not allow introducing
the CAM programmed tool paths directly as
inputs. The paper presents an original software tool
named TMPG which ensures an easy way to obtain
the tool path points coordinates and their position
time that have to be introduced into ANSYS
software for the description of the tool motion.
This software tool allows any user with no special
software knowledge, the quick processing of the
tool path CNC file, finalized with the generation of
a text file that contains the information needed to
describe the same tool trajectories in ANSYS
software. The TMPG utility was proved in a case

Integrating of a new software tool used for tool path generating in numerical simulation of incremental forming process 9
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study of simulating an ISF process of different
frustum of cone geometrical configurations,
highlighting the importance of the software tool in
the FEM model preparation process. The special
utility of the new software tool developed by the
authors consists in the fact that the ANSY'S file for
tool movement description is obtained in a very
short time. By using the TMPG application the
FEM model preparation time is reduced
substantially, thus avoiding the manual processing
or other complex software tools that require
additional knowledge and special skills.
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