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The advent of designing flexural systems was to provide accurate micro and nano
displacement between the assembly members of the mechanism. Applications
that used these mechanisms included linear compressors, optomechanical
devices, Stirling engines, cryocoolers, microcheck valves, Flexure-based
Electromagnetic Linear actuators, and so on. This paper focuses on the
machine-tool fabrication of a novel flexural mechanism encased within the
spindle head of the microdrilling head. The mechanism cushioned the micro
drill and protected it from permanent damage when encountering undeclared
resistance in the material matrix. Furthermore, this paper focuses solely on
building a 3-axis drilling machine tool in a Product Lifecycle Management
environment. The study follows a systematized approach for validating the
machine tool design, starting with the hierarchical assembly of components
using various kinematic chains. The next phase involves assigning the necessary
motions to these components. The final stage utilizes a virtual controller and
post-processor to simulate and control machine tool movements. Validation is
then performed on the simulated workpiece to ensure design accuracy and
functionality. The key findings of the studies indicate that the designed
mechanism can move in and out and can also puncture micro-holes in metal.
This is the mechanism'’s capability, which is the novelty.

KEYWORDS

flexural mechanism, product lifecycle management, standard simulation, synthesizing,
virtual machine tool

1 Introduction

The microdrilling process is very challenging because it depends on many factors,
including the material being drilled, drill diameter, feed and speed, depth of cut, and coolant
used. Further apart from the Ametricon head’s ability, the spindle head, along with the in-
line of the Z-axis, is significant. Further, the resistance force exerted by the test piece
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FIGURE 1
Assembly component of flexural head.

material due to its inhomogeneity may cause additional stress at the
micro drill’s weakest section. Because micro drills have small
diameters, any additional resistance may permanently rupture
them. Hence, to address this problem, a flexural mechanism is
designed to ensure dumping or provide a cushioning effect for the
micro drill. This paper focuses on synthesizing a “flexural spindle
micro drilling machine tool” within the PLM environment,
specifically using Siemens NX 12. The flexural spindle head,
which encases the flexural mechanism, tends to move into and
out of the direction about the axis of the flexural mechanism. The
complete mechanism is clamped to the periphery of the casing and
opens on one side (toward the bed side). The bearings arrest the
spindle within the flexural mechanism. The spindle now turns out to
be a cantilever in design and construction. The spindle moves in and
out of the fro direction. The spindle uses a collet chuck to clamp the
micro drill. In micro-hole drilling, when the drilling thrust is inside
the material, the resistance force provided by the workpiece
specimen is greater than the resistive force on the minimum
cross-section of the micro-drill—the micro-drill breaks. A
flexural mechanism between the drill and the spindle body
overcomes this problem. The mechanism provides micro-
displacement and cushioning to the micro-drill, preventing
permanent breakage. This is the new novelty established in the
paper, which contrasts with the conventional micro-drilling process
on CNC machines. The basic design of flexural mechanisms mainly
showed interest for the dynamic balancing of the compressor shaft
used in cryogenics. As this was used in a spacecraft, it was difficult to
oil. The authors have tried to use this bearing as a “micro positioner”
in dynamic conditions. This is a contribution to society. Further, for
the drilling process, the authors have performed a drilling
simulation and confirmed an error-free tool path. The tool paths
obtained are collision- and gouge-free, as shown in a visual
simulation of the tool, and the machine tool components are
visible. Checking the tool path in the vicinity of the machine tool
is only available in the PLM environment. The PLM environment
provides a perfect virtual environment where, as with the rest of the
CAM packages, error-free paths are available. The integration of
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Product Lifecycle Management (PLM) platforms with
manufacturing tools such as CAD, CAE, and CAM has become
increasingly prevalent, as Sanchez Gomez et al. (2017) highlights.
This integration provides a comprehensive product development
environment, facilitating a seamless transition from product
conception through its entire lifecycle. The PLM environment
offers significant advantages, including reduced operational costs
and the establishment of a concurrent engineering framework. In
this integrated setup, CAD tools enable behavioral and synchronous
modeling, CAE tools refine design optimization, and CAM tools
handle detailed manufacturing and toolpath generation. Guerra-
Zubiaga has emphasized the necessity of advanced methods and
digital tools in a cross-functional business environment, asserting
that PLM platforms enhance knowledge transfer and information
flow throughout the product lifecycle (Sanchez Gomez et al., 2017).
Chan further discusses the role of graphical solutions in integrating
product and process design, noting the competitive advantage of
virtual manufacturing. This virtual environment allows for high-
quality product development at reduced costs and faster timelines.
Despite the availability of various CAD/CAM/CAE software
packages, Chan also highlights limitations in data exchange
capabilities, underscoring the need for an “Integrated Product
and Process Design (IPPD) approach (Chan, 2003). The
principles of interactive design and manufacturing, as described
by Fischer and Coutellier, support lateral information sharing and
innovation through virtual testing, reducing the time and cost
associated with physical manufacturing (Fischer et al, 2006).
Using graphical simulations, as Abdul Kadir and Kumar
explored, helps avoid miscalculations, accelerates time-to-market,
and minimizes waste (Kadir et al., 2011). Recent advancements in
virtual machine tool simulation within the PLM framework have
enabled detailed simulations of machining operations, including
tool path and collision detection (Altintas et al., 2005). The capability
to simulate machine tool movements and process parameters in real
time enhances training and operational accuracy. Despite progress,
the transition of virtual simulations to industrial applications
remains challenging, as noted by Lagarrigue et al. (2006). Hajicek
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FIGURE 2

(a) Various five-axis machine tool configurations. (b) Hierarchical components of the five-axis kinematic chain in a table-table configuration.

discusses the creation of a machine tool simulator using an
optimized layout and a Common Simulation Engine (CSE)
template, incorporating the machine tool kinematic structure,
post-processor, machine coordinate system (MCS) driver, and a
service library. Lisboa Borsatti et al. (2014) defines a virtual
environment as an advanced user interface that facilitates real-
time interaction and visualization (Lagarrigue et al, 2006).
Ercetinet al. provide a comprehensive overview of the evolving
role of image processing in machined surface analysis,
emphasizing its growing importance across multiple industries.
Integrating deep learning, artificial intelligence (AI), and machine
learning (ML) into image processing algorithms has significantly

enhanced surface analysis capabilities (Ercetin et al., 2024). These
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advancements have improved accuracy and efficiency and expanded
image processing applications into sectors such as healthcare,
and agriculture. In

manufacturing, automotive,

traditional and CNC machining, image processing has become

aerospace,

essential for applications such as tool wear analysis, workpiece
origin detection, automatic CNC program generation, and tool
setting. The ability to conduct real-time inspections and predict
surface roughness during machining has dramatically reduced
downtime and enhanced product quality. Similarly, image
processing techniques have revolutionized surface texturing and
quality monitoring in micromachining, enabling more intricate and
precise work. Additive manufacturing has also benefited

significantly from advances in image processing. These
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FIGURE 3

Axis orientations of the three-axis flexural spindle head micro drilling machine.

FIGURE 4
Assembly component of flexural head.

advancements have facilitated in-process defect detection, real-time
monitoring, and quality enhancement during pre- and post-
processing operations. As a result, overall efficiency and quality
control in additive manufacturing have improved considerably. The
paper explores prospects and potential developments in image
processing. The emergence of high-resolution and 3D imaging,
coupled with Al and ML advancements, is expected to further
enhance quality control, predictive maintenance, and productivity
across industries. However, challenges such as data privacy concerns
and the demand for skilled professionals to manage these
technologies remain key considerations. In conclusion, this
review highlights the transformative impact of image processing
in machined surface analysis. Its integration into machining
processes has streamlined quality control, increased efficiency,
and paved the way for further innovation and research. As
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technology continues to evolve, the potential applications of
image processing in industrial and scientific fields will continue
to expand, ushering in a new era of precision, efficiency, and data-
driven decision-making. Further, Pimenov et al. comprehensively
review image processing applications in machined surface analysis,
focusing on tool condition monitoring (TCM). It highlights the
integration of artificial intelligence (AI), machine learning (ML),
and deep learning to enhance accuracy and efficiency across the
manufacturing, aerospace, and healthcare industries (Pimenvo et al.,
2024). Both direct and indirect image-processing methods for tool
wear analysis are explored, with direct methods enabling real-time
measurement via synchronized cameras, while indirect methods
estimate wear based on factors such as chip geometry and surface
roughness. Advanced techniques such as neural networks, image
thresholding, and tool shape descriptors improve tool wear
recognition and classification. Image processing is also crucial in
additive manufacturing for defect detection and quality control.
Future advancements in Al IoT, smart manufacturing, and digital
twins will further revolutionize machining processes, improving
predictive maintenance and productivity. The paper concludes that
image processing is a transformative tool for quality control and
efficiency, shaping the future of industrial automation and precision
manufacturing (Pany and Rao, 2004; Pany, 2023). As shown in
Figure 1. Section 2 explains the concept of the flexural design head;
Section 3 outlines the methodical procedure for machine tool
construction; Section 4 details the kinematic chain assembly;
Section 5 addresses coordinate system assignment; Section
6 explains the virtual controller; and Section 7 discusses the
machine tool’s validation. This study represents preliminary work
on machine tool design, with physical movement analysis outside
its scope.

The flexural bearing in the flexural cartridge functions as a linear
guide, moving back and forth to alleviate the axial load applied to the
drilling workpiece (Shinde et al., 2022; Shinde and Lekurwale, 2018).
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FIGURE 5

Three-axis flexural spindle head showing kinematic chain component hierarchies.

FIGURE 6
Machine zero junction at maximum Z limit, showing the upward direction.

The movement of the flexural element carrying the shaft loaded in
the bearing adjusts itself to the resistance encountered (Shinde and
Lekurwale, 2019). Some researchers have employed external media
to achieve precise linear movement (Bhole and Janbandhu, 2018;
Bhole et al,, 2019). This mechanism effectively reduces the force
exerted on the micro drill, thereby preventing permanent damage
(Gandhi et al., 2013; Gandhi and Bhole, 2013) or fracture (Shinde
and Lekurwale, 2022; Shinde and Lekurwale, 2021; Shinde et al.,
2023). Before this concept, Bhole and Janbandu designed single-pole
machines capable of thrilling in acrylic (Bhole and Sonavane, 2018).
When this machine was tested for metal drilling, the Z-axis
deflection was too high, rendering drilling impossible. Further in
the paper, a double-column frame construction was erected for
greater strength, with a reduced flexural diameter and a greater
number of discs in the assembly.
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2 Methodology

For the development of machine tools done on PLM. The
detailed procedure of PLM is as follows. The first step involves
detailed geometric modeling of individual parts and assemblies,
ensuring proper constraints are applied. Essential information
required alongside the design includes the table work surface
area, the travel distances of each axis, the work envelope, the
total usable distance from the bottom of the spindle chuck to the
tabletop, the vertical distance between the bottom surface of the
main housing and the chuck, and tool storage capacity. All this
information is stored in a single folder to facilitate linking to the
respective post-processor and controller files. The main folder,
named after the machine tool, contains three subfolders: a
graphics folder with all designed 3D models and the assembly
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FIGURE 7

Setup junction placed on the table surface and matching the orientation of the machine zero.

FIGURE 8

Representation of the tool mount junction (vertically upwards) placed on the spindle’s axis.

file; a CSE folder with supporting files, including the machine home
position and tool change programs; and a postprocessor folder that
stores all supporting files for the post-processor. The second step
involves using a PLM system to identify the CAD model. It includes
assigning junctions and separating workpiece holding from tool
holding. All information is recorded in the SIEMENS NX software.
The third step involves post-processor assessment of the machine
tool. The PLM software allows for modification of the post-
processor, and a standard in-built post-processor can be selected

Frontiers in Mechanical Engineering

as needed. All integrated data from various post-processors is stored
in the machine database file. The complexity of the piece decides the
ideal machine tool for machining. 5-axis machine tools can machine
all complex workpieces. It has the minimum axes to machine all
sides of a workpiece. The kinematic chain representation depends
on the machine’s structure. The configuration of a five-axis machine
can be “table-table, head-head, or head-table (Lin and Koren, 2000;
Cao and Li, 2022) The standard configuration of a 5-axis
configuration includes three translational axis, ie., X, Y, and
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FIGURE 9

X and Y-axis representation for positive motion (X - red arrow: positive Y green arrow).

FIGURE 10
Virtual environment representation of the machine tool.

Z-axis and two rotary axis, i.e., A and C, placed on the bed (Lee and
Lin, 2010; Kadir et al., 2011), as shown in Figure 2a (in some cases, it
may be the B and C axes) (Yuksel et al., 2020; Wang et al., 2023). The
placement of the fourth and fifth axes depends on their integration
with the standard axes, where the X-axis, Y-axis, and Z-axis are the
parent axes, and A, B, or C are the child axes. Figure 2b represents
the “table-table” Configuration, head-table, or head-head.” (Choi
et al., 2015; Wang et al., 2022).

Figure 2b illustrates the five-axis kinematic chain component
hierarchy of a table-table configuration (Bohez, 2002). The
“kinematic chain” is a geometric representation of the assembly
components that depicts the parent-child relationships. The body
frame serves as the parent for the remaining assembly components,
providing the machine’s zero-coordinate reference
Similarly, the cutting tool, its fixture, and the workpiece also

system.

form part of the kinematic chain. Therefore, the components of
the machine tool are classified according to the parent-child

Frontiers in Mechanical Engineering

relationships defined during the machine-building process. A
kinematic chain is specifically applied to the machine tool
assembly model (Wang and Yu, 2006). The parent-child
relationship is maintained between the assembly members. The
frame of the machine tool becomes the parent of all. The X-slide
movement is done on the frame, making it the frame’s child. Refer to
Figure 3, which shows the same. In this manner, the kinematic chain
is established. Further, upon successfully assigning the kinematic
chain, a green check mark appears (see Figure 9, which shows the
fully defined assembly model in the PLM environment). Figure 9
shows the NC axis number defined in Figure 4, along with the
parent-child relationship.

Figure 3 exhibits the geometric model of the micro drilling
machine tool, while Figure 4 displays the manufactured spindle head
for the micro drilling machine tool. These figures show that two
essential components are the work-holding components (the table)
and the tool-holding components. The machine tool is divided into
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FIGURE 11
Machine home position for FANUC controller.

FIGURE 12

(a) Milling Setup in a virtual environment (b) Tool-path programming in a virtual environment.

FIGURE 13
Workpiece on the designed machine tool.

tool-holding and work-piece-holding components. The parent-child
hierarchy aids in constructing the virtual machine tool. Figure 5
illustrates the basic kinematic chain of the three-axis flexural spindle
micro-drilling machine tool. The PLM platform in SIEMENS NX
software (Siemens Product Lifecycle Management So ftware, 2013)
facilitates the construction of a virtual machine tool based on the
defined kinematic chain (Shinde and Lekurwale).

Frontiers in Mechanical Engineering

FIGURE 14
Validation of programs driven by a virtual environment (milling).

After constructing the kinematic chain, the next step is to assign
the junction coordinate system for the designed machine tool. This
step establishes and develops parent-child relationships among the
various components of the machine tool assembly. The junction
coordinate system, along with the axis vector, stores the direction,
operating limits (travel), type of motion (linear or rotary), and the
nature of the motion (e.g., whether the axis is NC or not) when the
information is supplied to the PLM platform. Establishing junctions,
similar to constructing the kinematic chain, is crucial. Without
junctions, each part would be isolated, with no relationships to other
parts. For example, the Y-axis is assembled on the body structure
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FIGURE 15
Validation of programs driven by a virtual environment (drilling).

parallel to the base, while the X-axis is assembled on vertical poles
clamped to the base body structure. The X and Y-axes are
independent and are considered children of the base body, which
acts as the machine’s parent junction. The machine’s imaginary zero
is a coordinate system floating within the operating limits of all axes.
In this design, the machine zero is perfectly aligned with the spindle
axis at its uppermost limit. The Z max limit falls within the bounds
of both the X and Y-axes.

Each component assembled in the machine tool has a unique
junction coordinate system inherited from the machine’s zero
junction. This inheritance enforces the parent-child relationship
within the kinematic chain. The specified junctions are “setup
junction and tool mount junction.” A setup junction identifies a
specific workpiece or fixture point for clamping purposes. Similarly,
the tool mount junction specifies the tool’s mounting position,
typically defined by the spindle’s concentric surface. Additionally,
if there is a rotary component in the system, it will be specified by a
junction created on the rotational axis of the element. Figure 6 shows
the machine’s zero junction, while Figures 7, 8 illustrate the setup
and tool mount junctions, respectively.

The movement of the tool about the clamped workpiece defines
the machine axis. In the designed machine tool, the Z-axis moves in
the positive direction, while the Y-axis slide moves in the negative
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direction. When a rotary table is used, the direction of rotation
follows the right-hand rule. For example, the machine table will
rotate counterclockwise if the spindle rotates about a positive axis
(X, Y, or Z). The asymmetric layout of the machine’s axis drives
allows effective utilization on either side of the machine, with zero,
which is located at the table’s center and aligned with the spindle
axis. The vertical distance between the lowest position of the Z slide
and the workpiece surface on the table is 45 mm, while the distance
at the topmost position of the Z slide is 125 mm. Thus, the Z-axis
travel is 80 mm. Figure 9 illustrates the positive directions of the X
and Y-axes in red and green, respectively, with the positive Z-axis
represented vertically upwards (Siemens Product Lifecycle
Management So ftware, 2013). The PLM platform provides
additional information, including classification, junction, axis
name, initial value, NC axis, and axis limits, as depicted in
Figure 10. The setup element shown in Figure 10 is the default
template; as we have not used it, it does not apply to the manuscript.
Setup elements are used when complex jobs with specialized fixtures
are required, as they are not applicable in research studies.

The function of the “post-processor” applied to software-driven
tool paths is to convert the NCL file into G and M codes, which are
purely numerical values. The virtual controller interprets these NC

codes in the PLM platform and generates equivalent signals supplied
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FIGURE 16
Rapid-I images of holes drilled by CNC machine in brass specimens.

to various machine tool components. To function efficiently in the
virtual mode, the virtual machine tool (VMC) extracts all relevant
information, such as axis names, axis operating limits, part
mounting locations, tool mounting locations, and tool mounting

Frontiers in Mechanical Engineering
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orientations (Lin, 2013). The post-builder simulates machine
operations in the virtual environment. The SIEMENS NX post-
processor builder requires information from the GUI interface. This
data includes operating units, home position, machine travel limits,
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FIGURE 17
Rapid-I images of holes drilled by flexural spindle in brass specimens.

resolution of each step, number of axes, traverse feed rate, and
motion resolution. The virtual controller needs a starting point to
execute tool motions, which are generally based on the machine’s
zero reference point. Typically, the G28 command sets this reference

Frontiers in Mechanical Engineering
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point, moving all slides to the set reference position, which is
generally maintained at the maximum Z-axis travel height. In
SIEMENS Nx12, the m/c reference position can be set using
the.inc. file, an initialization file starting with block N1240.
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FIGURE 18
Assessment hole drilled by CNC and designed spindle head.

spindle is the only one programmed for use. The tool program

Figure 11 shows the last three digits in every line, indicating the
(.prg file) executes the tool change concerning the initial

predefined X, Y, and Z limits. In the designed machine tool,
there is no provision for an extra tool mount; the tool in the reference point.

Frontiers in Mechanical Engineering 12 frontiersin.org
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FIGURE 19
Integration of CAD and CAM in the PLM environment.

3 Validation of the proposed model

The virtual machine tool requires specific information about
the workpiece placement and clamping fixtures. It also needs
machining strategies based on material strength. To effectively
utilize the setup, a systematic procedure is employed. In the CAM
environment, the modeled workpiece and clamping fixtures are
assembled and then transferred to the virtual machine tool
(Figure 12a). The setup requires systematically selecting the
coordinate system and metal-cutting strategies, along with
appropriate tooling. The tooling requires appropriate operating
speed and feed rates based on the cutter’s out-stick and diameter.
The workpiece is clamped on the fixture, which was designed
earlier. Local programming is performed around the job surface.
After preparing the programs, the software allows the retrieval of
the machine designed earlier in the CAM module. When the
machine is called, the setup junction associated with the
workpiece and fixture is matched with the assembly at the
table surface. Collisions can be checked during programming
or during simulation of the workpiece, as shown in Figure 12b.
The final segment involves simulating the workpiece in real-time.
The simulation process’s strength lies in its ability to model
interactions among machine components, the workpiece, and
the fixture. This means the predefined parent-child relationship
in the software will run the summation process on the screen and
display real-time updates. All the designed work envelopes (outer
sizes of the assembly components will be used in simulations and
calculations. The software detects collisions between the
workpiece and m/c components, or between the workpiece and

Frontiers in Mechanical Engineering
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the tool, and indicates any collision limits. Additionally, the
software detects any axis overtravel beyond specified limits.
Figure 13 shows the actual setup before the machining of
the pocket.

The machine tool is validated by machining a square and
circular pocket on the workpiece. The job was directly clamped
to the table surface while machining was performed within the
material. The first trial was conducted on Delrin material due to its
softness, using a one mm-diameter tool. After completing the
simulation without errors, the program was transferred to the
machine tool for actual cutting. A detailed examination
confirmed that all slide moves, including the rapid feed moves,
were as desired. Figure 14 shows the cutting process in progress.
Similarly, Figure 15 shows the drilling programs created in the
virtual environment and the final drilled work specimen. This test
was performed on a brass specimen. The drilling speed is 12,000 rpm
at 1 mm/min in a peck drilling cycle with kerosene coolant.

Virtual simulations help understand the actual motion of the
tool slides that carry the spindle head. The actual tool path generated
is loaded into the simulator using a numerical cutter location file.
The simulator reads the coordinate cutter movement points. The
movement of the slides is shown on the screen with a fixed base. All
the slides work in tandem, and the cumulative moment is displayed
on the screen. This is the advantage of the used method. Further, the
micro-drilled holes in the brass specimens by the flexural spindle
head were compared with those drilled by a regular CNC machine.
Figure 16 shows the images of holes drilled by the CNC machine
under the Rapid I machine tool. Each drill creates two holes in CNC
drilling, with the designed spindle head. B1_1 and B1_2 are the two
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FIGURE 20
Flow chart representing kinematic modeling in Siemens’ software.

holes drilled on the 5 mm thickness step by CNC drilling. Further,
B2_1 and B2_2 are drilled with a 0.8 mm drill on a 5 mm step, and
similarly, B3_1 and B3_2 are drilled with a 0.5 mm drill on a 5 mm
step. Further, the same process was carried out for 15_1 and 15_
2 with a 1 mm thickness step. The brass specimen shown in
Figure 15 features steps from 1 mm to 5 mm thick. Drills of
00.5 mm, 0.8 mm, and @1 mm were used for drilling
operations. Holes numbered 1 to 15 were made using CNC
drilling, while holes numbered 16 to 30 were drilled by the
designed spindle head. Refer Figure 17. Every step has two holes
drilled adjacent to each other. The diameter enlargement and the
circularity of the holes drilled were analyzed under the CAD
environment of the Rapid machine tool. Figure 18 shows the
actual difference between the desired and drilled values for
diameter enlargement and circularity at positions 1 and 2.

Furthermore, for the Flexural spindle head, drilled holes in the
brass (specimen), the maximum diameter enlargement was
0.0448 mm (44.8 um) at position “B28_1”. The “maximum
average circularity” achieved was 26.4 pm at positions B25_1 and
two others. Similarly, for the holes drilled by CNC, the maximum
diameter enlargement was 104.3 um at position “B14_1,” and the
maximum average circularity was 28.6 pm at positions “B8_1 and 2”.
The differences in diameter enlargement and maximum average
circularity between the two methods were 59.5 ym and 2.2 um,
respectively.
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4 Results and discussion

The integration of CAD and CAM can be easily handled by
uploading the required CAD or assembly files in the user login. The
main objective of the PLM environment is to maintain the track of
the entire department under one roof—the live positions of the
manufacturing as a whole. Items are seen in real-time. The
advantage of PLM is that changes in design may or may not be
incorporated, and the current status can also be tracked, enabling us
to determine whether the change is feasible. Furthermore, if the
design department releases the R1 version for manufacturing, it is
floated in the system for manufacturing. All supporting activities are
also triggered, and necessary action is taken. Now, if the CAD
department issues any R2 version for some reason. The system
automatically displays a pop-up to all shareholders connected to the
system. The model is compared because users have the same file and
the same platform. Generally, the programmer generates the
program using the CAD model. After the program is generated,
the developed programs are checked for collisions or gouges with the
machine tool or the workpiece. If any programs are found to have
crashed, they are modified and regenerated. Hence, collision and
gouge checks are built into the CAM module. There is no separate
error-checking mechanism for the virtual controller. The results
indicate that a virtual machine can be successfully implemented in
NX 12 s machine tool builder module and in other parallel PLM
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FIGURE 21
Flow chart showing the machine tool in NX's library.

platforms. The virtual environment produces results identical to
those obtained with commercial methods, with significant savings in
time and money. This demonstrates that it is possible to generate
accurate results without a machine tool, provided a PLM platform
is available.

Furthermore, results from one PLM platform can be viewed and
executed in reality, enhancing the PLM environment’s utility in
commercial and industrial scenarios. The integration of CAD and
CAM is shown in Figure 19. The virtual setup can easily detect axes’
overtravel, which would be challenging if the job were done
conventionally on the machine. In a physical setup, overtravel
triggers alarms and results in lost production time due to job
reference shifts from slide collisions. This issue is easily detected
and rectified in a virtual environment, allowing for adjustments to
the tool path to prevent collisions.

Additionally, depending on the job’s complexity, the exact
finalized by
simultaneous movements of the tool axes. This helps determine

fixture design can be simulating  intricate
the minimum fixture thickness required for the tool axis to move
collision-free. The minimum L/D ratio (tool out-stick/diameter) for
optimal cutting characteristics and finish can also be defined. The
exact remaining stock on the job can be identified by extracting the
final stock model left on the workpiece. (Puig et al., 2003). Finally,

the general procedure for designing a machine tool with any number
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of axes can be summarized using the flowcharts shown in Figures 20,
21. These figures illustrate the creation of the kinematic model in
SIEMENS NX 12 and the creation of a machine tool entry in the NX
native library, respectively. Further, if any researcher wants to
explore more machines with Al they can do so; this part is not
covered in the manuscript (Pany and Rao, 2004; Pany, 2023; Pany
et al,, 2025; Pany and Rao, 2002). The designed flexural mechanism
opens an avenue for machine tool factories, specifically for linear
movement feeding, if required. According to the results, the
mechanisms can provide a cushioning effect to the drill, thereby
preventing permanent rupture. Drilling quality remains the same,
but the flexural mechanism absorbs the overload at the drill’s
weakest cross-section.

5 Conclusion

The research paper successfully develops a virtual NC machine
tool within a PLM environment. The results of the virtual machine
tool in the PLM platform indicate that this procedure can be applied
to any machine, whether designed for general-purpose or specialized
purposes. This successful implementation was achieved using
SIEMENS NX 12 software. This interactive system generates
results for both the user and the virtual environment. Designing
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an m/c tool in the machine tool builder module of SIEMENS NX
software creates a virtual environment that simulates a realistic
manufacturing setup. The PLM platform identifies collision and
gouge check detection, ensuring accuracy. The PLM platform allows
the geometric model of the machine tool to which the kinematic
chain is attached to be built. Attaching kinematic chains to all
assembly components establishes a parent-child relationship among
them. This hierarchical relationship, developed in the PLM
platform, helps identify dependencies. As the number of axes
increases, the system’s complexity also increases. The next step is
to assign junctions to all machine tool components. The last segment
involves creating the virtual controller and the post-processor. The
NCL file generated by the software is converted to “G and M” codes
that the machine tool can easily accept. Every machine understands
this file only. Irrespective of the machine, the controller decodes the
movements into G-code and M-code. This code can be run on a
machine with similar movements.

Furthermore, for the Flexural spindle head, drilled holes in the
brass (specimen), the maximum diameter enlargement was
0.0448 mm (44.8 um) at position “B28_1”. The “maximum
average circularity” achieved was 26.4 um at positions B25_1 and
two others. Similarly, for the holes drilled by CNC, the maximum
diameter enlargement was 104.3 um at position “B14_1,” and the
maximum average circularity was 28.6 pm at positions “B8_1 and 2”.
The differences in diameter enlargement and maximum average
circularity between the two methods were 59.5 ym and 2.2 um,
respectively. The initial cost of developing the flexural mechanism is
very high. Further, the manufacturing process for building the
assembly is also very high. Only specific linear motion and
microdisplacement are provided by the flexural mechanisms. The
mechanism does not provide a high displacement of more
than 3 mm.
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