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This thesis focuses on the health monitoring of machine tool spindles. The research includes
creating a three-dimensional geometric model of the spindle in SolidWorks. Then construct
a finite element model in Abaqus and performing static and modal analyses to obtain its
stress distribution, displacement changes, and key modal characteristics. After that, A virtual
machine tool scene was then created in Unity. Aim to examine the status of the spindle under
different operational status and visual characteristics.

The results show that, under the specified typical operating conditions, the maximum stress
and maximum displacement of the spindle increased with the load level. The main response
regions were mainly concentrated in the middle and lower regions of the spindle. In summary,
this research provides a methodological foundation for the condition assessment, health
monitoring, and subsequent fault prediction of machine tool spindles.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A area mm?, m?
D diameter mm

d inner diameter mm

E Young’s modulus GPa, Pa
F force N
f frequency Hz

L length mm

M torque N-'m

m mass kg

N spindle speed rpm

P power W, kW
q heat flux W/m?

r radius mm

T temperature °C,K

t time s

u displacement mm, wm
V volume mm?3, m?
X displacement in x-direction mm

y displacement in y-direction mm

z displacement in z-direction mm



Greek characters

a thermal expansion coefficient /K

0 deformation / deflection mm, pm
€ strain —

0 angular displacement rad, °

A thermal conductivity W/(m-K)
v Poisson’s ratio -

p density kg/m?

o normal stress MPa, Pa
T shear stress MPa, Pa
Constants

g gravitational acceleration m/s?
Abbreviations

CAD Computer-Aided Design

CNC Computer Numerical Control

DT Digital Twin

FEA Finite Element Analysis
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1 Introduction

The development of Industry 4.0 has accelerated the digitalisation of manufacturing systems.
Machine tools play an important role in advanced manufacturing, particularly in high-
precision and high-efficiency production environments (Abele et al., 2010). As a key
component of a CNC machine tool, the spindle's operational status directly affects
machining accuracy, surface quality, cutting stability, and the overall reliability of the
machine. This study focuses on the design of a digital twin for spindle health monitoring
(Yuan and Fan, 2024), aiming to analyze spindle running conditions using a combination of
virtual models and physical systems. During actual machining processes, the spindle is
subject to the combined effects of various factors, including rotational speed, load, vibration,
and thermal effects. Consequently, the precise, real-time, and comprehensive health
monitoring of the spindle retains significant engineering importance. Figure 1 shows the

machine tool model in Unity and the spindle position.

Figure 1. Virtual CNC machine tool model in Unity, showing the spindle position.



1.1 Background

CNC machine tools play an important role in the manufacturing sector; they are capable of
shaping a wide range of metal components, whilst also producing high-precision parts such
as shafts, gears, motoring components and even airframe parts. Given that many components
have high demands regarding dimensions and surface finish, machine tools are essential for

high-precision manufacturing.

The spindle is one of the most critical, vital and fragile components of a machine tool, it
affects the rotational state of the cutting tool (Abele, Altintas and Brecher, 2010; Cao, Zhang
and Chen, 2017). As it directly determines the rotational state of both the cutting tool and
the workpiece, even the slightest issue with the spindle will significantly impair the machine

tool’s overall performance. Figure 2 shows the SolidWorks spindle model.

Figure 2. SolidWorks model of the spindle developed for the digital twin design.

The most immediate consequence of a spindle failure is a significant reduction in the
precision of the parts produced, such as increased dimensional errors (Tu, 1996; Cao, Zhang
and Chen, 2017). Even the smallest change in the condition of the spindle can have a direct

impact on part quality.
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Given these many complex steps, it is clear that once a spindle develops a fault, not only are
the consequences significant, but the replacement process is also extremely difficult.

Therefore, a function capable of monitoring spindle health in real time is indispensable.

1.2 Research Objectives

The primary objective of this thesis is to construct a digital twin model of a machine tool
spindle. By combining geometric modelling, finite element analysis and Unity-based virtual
visualisation, the study aims to comprehensively monitor the spindle and analyse its
condition. Throughout this process, the research will identify the spindle’s stress distribution,
displacement changes and modal analysis, and will represent different operational states

through spindle motion and visualised condition indicators.

The aim of this thesis is to provide a viable digital twin framework for spindle condition,

thereby laying the groundwork for subsequent spindle health monitoring.

1.3 Research significance

In recent years, rapid industrialisation has taken place across the globe, and the intelligent
and digital transformation of production workshops has become increasingly widespread,
thereby enhancing workshop productivity (Tao et al., 2018). Digital twins can provide us
with technology for health monitoring, and digital twin technology has already been

integrated into monitoring systems (Ragnoli, 2024).

Digital twins enable real-time data collection and data mapping. Ghosh et al. proposed a
real-time interactive digital twin system capable of performing automated monitoring
(Ghosh et al., 2021). As a critical component of machine tools, the operational status of the
spindle directly affects machining accuracy, surface quality and system stability;
consequently, spindle health monitoring is of significant importance (Huang et al., 2024).
Some studies have already applied digital twin methods to the modelling and simulation of
machine tool spindles, utilising virtual models to generate data to support subsequent

condition analysis and fault diagnosis (Zeynivand et al., 2024).
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1.4 Research Problem

However, there is a significant issue regarding the relationship between digital twins and
monitoring systems: the monitoring systems are not being utilized effectively in machine
tool simulation, the level of monitoring remains superficial, and the connection between the

two is not sufficiently frequent or close.

Monitoring can only display some basic operational status of the spindle, and it lacks the
capability to adequately monitor the spindle’s health status, making in-depth analysis
impossible. The health of a spindle is influenced by factors such as temperature, load, and
bearing stress; relying solely on basic monitoring cannot guarantee the health of the machine
tool spindle. It is therefore essential to develop a technology specifically designed for
machine tool spindle health monitoring, which would enhance the protection of spindle

health.

1.5 Thesis structure

This thesis aims to design a digital twin technology specifically for the health monitoring of
machine tool spindles. By establishing virtual models of the machine tool and the spindle,
and conducting simulations to obtain data, the working condition of the spindle is

represented and analysed.

The research questions addressed in this thesis primarily include: how to construct a digital
twin model of the spindle; investigating the factors affecting the health status of the spindle;
and how to utilise the virtual model to support spindle condition analysis and verification. It
should be noted that this thesis primarily focuses on digital twin model design, virtual
modelling and simulation representation, rather than the development of a complete

industry-grade real-time monitoring system.
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2 Methodology

This study primarily examines how to perform geometric modelling of machine tool spindles;
how to carry out condition monitoring of machine tools; how to conduct finite element
analysis on machine tool spindles; and how to visualise the spindle virtually in Unity to

facilitate its monitoring and protection.

The research methodology primarily employs a systematic approach, which mainly involves
modelling in SolidWorks; conducting finite element analysis of the spindle in Abaqus; and

visualising the spindle in Unity.

2.1 Literature Review

The literature used in this thesis is primarily sourced from academic databases, with LUT
Primo serving as the main search platform. The majority of the background information,
theoretical foundations and methodological references utilised during the research process
are drawn from journal articles, conference thesis and other academic publications relating
to machine tool spindles, digital twin technology, spindle analysis and condition monitoring.
These sources were selected because they provide a theoretical basis for this study. They
also include many engineering cases and practical research results that are closely related to
this topic. By using academic literature from the fields of engineering and manufacturing,
this study aims to maintain its theoretical basis reliable. It also tries to stay close to current

research trends.

During the literature search, several keywords were used to find materials related to the
research topic. The main search terms included machine tool spindle, digital twin, spindle
health monitoring, spindle structural analysis, finite element analysis, and Unity simulation.
These keywords were used one by one. They were also used in different combinations. This
helped expand the search range. It also helped improve the relevance of the results. Through
this process, this thesis identified and reviewed a large amount of research literature related

to the topic.
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These references provided an important basis in this study. First, they helped explain the
meaning of digital twin technology. They also were used to explain how this technology has
developed. In addition, they helped show its value in smart manufacturing. Second, the
related literature supported the explanation of why the machine tool spindle is an important
component. The structural condition of the spindle directly affects machining accuracy. It
also affects surface quality. In addition, it affects operational stability and the overall
reliability of the machine. Furthermore, some of the literature provided guidance for the
selection of methods in this study; for instance, the implementation approaches for geometric
modelling, finite element analysis, and virtual visualisation were all inspired by existing
research. It is evident, therefore, that the literature review in this thesis is not merely a simple
summary of previous research, but rather provides a theoretical basis for establishing the

analytical direction and technical approach of this study.

Upon reviewing existing research, it can be observed that digital twin technology has been
increasingly applied in manufacturing systems in recent years, with significant progress
made particularly in areas such as visualisation, process monitoring, predictive maintenance,
and virtual-physical interaction. At the same time, research on machine tool spindles has
focused more on structural stiffness, vibration characteristics, thermal effects, bearing
performance and fault diagnosis. Both of these research directions are highly relevant to this
thesis. However, existing literature also indicates that there remains a lack of digital twin
design research that focuses specifically on ‘health monitoring at the spindle component
level’. Many previous studies have either focused more on the overall digitalisation of the
entire machine tool system or remained at the level of isolated structural analysis, without
further integrating the analysis results into a digital twin-based state representation

framework.

Therefore, in terms of literature selection, this thesis focuses not only on ‘what’ digital twin
technology is, but also on ‘how it is specifically applied to the health monitoring and state
analysis of machine tool spindles’. In particular, research related to finite element modelling
and modal analysis provides a crucial reference for this study’s assessment of the spindle’s
displacement, stress, strain and dynamic characteristics under various operating conditions;
whilst research concerning virtual simulation and visualisation offers design insights for
constructing a digital twin visualisation model within the Unity environment. Through the

comprehensive utilisation of these different types of literature, this thesis attempts to
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establish a clearer connection between spindle structural response, condition monitoring and

digital twin representation.

Overall, the literature review forms a crucial foundation for this thesis. Previous research has
also explored the concept of creating a virtual spindle (Cao et al., 2017). It not only helps
clarify the background against which the research questions are posed, but also elucidates
the position of this study within both academic and engineering applications, whilst
providing a solid basis for the selection of research methods. More importantly, the literature
review indicates that integrating geometric modelling, finite element analysis and virtual
simulation into a unified framework for spindle health monitoring is a direction of research
significance with practical application potential. Consequently, the literature review in this
thesis is not only descriptive but also analytical, laying the theoretical and methodological
foundations for the modelling, analysis and digital twin implementation in subsequent

chapters.

2.2 Research framework

This thesis focuses on machine tool spindles as its primary subject of study and establishes
a research framework for characterizing spindle condition with a view to digital twins. The
spindle was selected as the subject of this study because it is one of the most critical
components in a CNC machine tool. Figure 3 shows the overall research framework of the
spindle digital twin, including SolidWorks modelling, Abaqus analysis and Unity

visualisation.

b%?m;?y Developing
conditions Performing Unity-based
and static and S_Dlndle_ L
representativ maodal _ 5|mule_1t|_0n

e operating analysis of and digital
cases in the spindle twin

Abagus visualization

Figure 3. Whole frame for the digital twin of the machine spindle



15

The workflow of this study has three main stages. The first stage is spindle modelling. In
this stage, a three-dimensional spindle model is built based on the main structural features
of the spindle system. The main geometric features were retained. Small unnecessary details
are simplified. This makes the model suitable for later analysis. The second stage is finite
element analysis in Abaqus. Based on the simplified spindle model, boundary conditions
and representative operating cases are defined. Static analysis is used to study the
displacement and stress of the spindle under different loads, while modal analysis is used to
study its natural frequencies and vibration behaviour. The third stage is spindle simulation
and digital twin visualization in Unity. In this stage, the spindle model is imported into a
virtual CNC machine environment, and the spindle operating condition is shown through

motion simulation and visual state indicators.

This thesis employs three representative operating conditions to investigate the behavior of
the main spindle, corresponding to low-speed light-load, medium-speed medium-load and
high-speed heavy-load conditions. The objective of this design is to compare the structural
response of the spindle under different operating conditions and to provide a clearer basis
for the virtual state representation within a digital twin environment. In the Abaqus section,
these operating conditions are utilized to generate corresponding stress and displacement
results; in the Unity section, the virtual spindle is visualized through its motion behavior,
changes in rotational speed, vertical displacement, and the switching of status indicator lights,

thereby enabling the virtual spindle to intuitively represent different operating conditions.

Consequently, the framework proposed in this thesis integrates physical analysis with virtual
visualization. This framework combines physical analysis with virtual visualization. Abaqus
is used to study the spindle under different operating conditions. It shows the mechanical
response of the spindle. Unity is used to show the spindle in a virtual environment. In this
environment, the spindle motion can be seen clearly. The spindle status can also be shown
clearly. Based on this work and the Abaqus analysis, this study builds a digital twin prototype
of the spindle. This prototype can show the structural behaviour of the spindle. It can also
show the operating status of the spindle. This framework provides a basis for future spindle
condition assessment and fault prediction. It can support spindle health monitoring and also

support condition assessment. In addition, it can support fault prediction.
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2.3 SolidWorks modelling

The spindle model in this thesis was built in SolidWorks. This step is important because it
defines the spatial relationship between the spindle and the virtual machine tool. The spindle
is the main object of this study. Abaqus needs this model for finite element analysis. Unity
also needs this model for digital twin visualization. For this reason, this stage focuses on
building the spindle shape. This stage also prepares the model for later structural analysis

and virtual simulation.

During the modelling process, the main body of the spindle was constructed based on the
structural characteristics of a typical machine tool spindle. The model incorporates key
components of the spindle, such as the spindle body, the step regions, the bearing housing
area, and the tool end. These components were retained as they are closely related to the
spindle’s stiffness, support conditions, and load transfer. Among these, the step transition
regions are particularly critical, as these areas are more prone to stress concentration and
deformation when the spindle is under load. Figure 4 presents the SolidWorks-based

modelling workflow.

Exporting the
Refining the Simplifying the spindle model
key structural model while for
features and retaining the subsequent

Constructing
the initial
spindle

geometry
model in
SolidWorks

assembly- essential finite element

related geometric analysis and

dimensions characteristics digital twin
visualization

Figure 4. SolidWorks-based modelling workflow of the spindle used in this study.

At the same time, the modelling process has fully taken into account the requirements of
subsequent analyses. The modelling stage did not emphasise extremely minute details that
are non-essential to the primary structural behaviour. The reason for this is that an overly
complex model would not only increase the difficulty of subsequent analysis and processing
but would contribute very little to understanding the spindle’s response. Therefore, the

modelling work focused on maintaining the clarity and rationality of the main structure,
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rather than pursuing unnecessary details. Figure 5 shows the geometric model of the spindle
developed in SolidWorks. Figure 6 shows a simplified model of the spindle prepared for

finite element analysis.

Figure 5. Geometric model of the spindle developed in SolidWorks.

Figure 6. Simplified spindle model prepared for subsequent finite element analysis.

Another key purpose of the SolidWorks model is to support the subsequent development of
a digital twin prototype. In this thesis, the spindle model serves not only as an object of

analysis but also as the basis for the virtual spindle in Unity. The model must have a correct
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geometry. The model must also be suitable for visual use in the CNC machine tool scene.
The position of the spindle was also considered during modelling. This helps place the

spindle correctly in the virtual machine tool environment.

Finally, The SolidWorks modelling phase is the basis of the later research. It defines the
geometry of the spindle. It keeps the key structural areas of the spindle. It also helps connect
Abaqus analysis with Unity visualization. For this reason, the spindle model is the starting
point of the whole research workflow. It is also an important part of the spindle digital twin

study.

2.4 Abaqus analysis

Before running the analyses, the spindle model was meshed in Abaqus, the spindle model
was meshed in Abaqus. A suitable mesh density was chosen for the model. This reduced the
computational cost while maintaining acceptable result quality. It also supported the
reliability of the structural results. More attention was given to some important regions of
the spindle. These regions included the stepped transition zone, the support-related cross-
sections, and the loaded front-end region. These parts are more likely to show higher stress
or stronger structural response. For this reason, the meshing method in this thesis focuses on
both calculation efficiency and result quality. Figure 7 illustrates the main Abaqus finite
element analysis procedure, including model preparation, meshing, loading, analysis and

post-processing.

Defining : Extracting and
material fﬂeer;f]"“'"g analysing
properties, _ displacement, -
generation ;

boundary d stress, strain
conditions and and and mode

- static/modal
representative shape results

loading cases

analysis setup

Figure 7. Abaqus finite element analysis workflow for the spindle model.
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After the model setup was completed, the analysis jobs were submitted in Abaqus. Three
static load cases were studied. Stress and displacement results were obtained from these
cases. The results were then compared. A modal analysis was also carried out. This analysis
gave the natural frequencies of the spindle. It also gave the representative mode shapes.
These results form the physical analysis basis of this thesis. They were later used in the Unity
environment. In Unity, they helped show the spindle condition. For this reason, the Abaqus
stage is more than a structural analysis step. It is also an important part of the spindle digital

twin framework. It provides the mechanical basis for the virtual spindle model.

The purpose of this stage was to study the structural response of the spindle under typical
operating conditions. Another purpose was to provide a mechanical basis for the later digital
twin visualisation in Unity. In this thesis, the Abaqus analysis focused on two main topics.
One topic was the static structural response of the spindle. The other topic was the modal
characteristics of the spindle system. Static analysis was used to obtain the stress and
displacement under different load conditions. Modal analysis was used to study the natural

frequencies and mode shapes of the spindle.

The spindle model imported into Abaqus was based on the simplified geometry created in
the previous stage. To make the model suitable for finite element calculation, some small
details were removed. These details included small chamfers, threads, and other non-
essential surface features. At the same time, the key structural regions of the spindle were
kept in the model. These regions included the spindle body, the bearing housing area, the
stepped shaft section, and the tool end region. These parts are important because they are
closely related to the stiffness of the spindle. They are also related to the support condition
of the spindle. In addition, they affect the way the load is transferred through the structure.
In particular, the stepped transition zone and support-related areas have been retained in the

model, as stress concentrations and deformation are more likely to occur at these locations.

In Abaqus, the main shaft material is modelled as a linear elastic steel material. The
definition of the material properties makes the model suitable for both static analysis and
modal analysis. In this study, the spindle is assumed to be an isotropic material. This
assumption simplifies the analysis process and is considered acceptable, as the primary
objective is to evaluate the overall structural response of the spindle rather than detailed

material non-linearities. The use of a linear elastic model is also appropriate for this study,
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as the spindle’s response under the selected operating conditions remains within the scope

of the engineering structural analysis considered in this thesis.

To reflect the support conditions of the spindle in a machine tool, boundary conditions were
applied to the bearing housing regions at both ends of the spindle. These regions serve to
simulate the supporting action of the spindle bearing system. The study did not model the
detailed rolling contact behavior of the bearings; instead, the support conditions were
simplified by applying constraints to the regions of the spindle corresponding to the bearing
positions. This simplification was adopted because the aim of this thesis is to study the
spindle as a structural component and to identify its stress, displacement and dynamic
characteristics under representative operating conditions. Compared to models with fully
fixed or fully free ends, the use of front and rear support regions makes the spindle model

more consistent with its actual installation state within the machine tool.

This study defines three representative operating conditions to compare the spindle’s
response under different operating conditions. These conditions correspond to low-speed
light-load, medium-speed medium-load and high-speed heavy-load conditions, respectively.
In the finite element model, the main distinction between each static condition lies in the
equivalent radial load applied to the tool-end region of the spindle. The loads for these three
conditions are defined as 100 N, 200 N and 300 N, respectively. The corresponding spindle
rotational speeds—namely 1000 rpm, 3000 rpm and 5000 rpm—were used as operating
condition identifiers when subsequently constructing digital twin models in Unity. In other
words, the finite element comparisons in this thesis primarily focus on the structural
responses induced by different external load levels, whilst the rotational speeds are used to
distinguish between operating conditions and support the virtual representation of the

spindle’s operating conditions.

Static analyses were performed for all three operating conditions. The purpose of the static
analysis was to obtain the stress and displacement distributions of the main shaft under each
load condition. During the post-processing stage, von Mises stress and total displacement
were chosen as the main performance indicators. The analysis focused on the maximum
stress value. It also focused on the maximum displacement value. The locations of the critical
structural regions were also examined. These results are very important for this thesis. They

show the structural safety of the spindle under different operating conditions. They also show
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the stiffness-related behaviour of the spindle. In addition, these results provide important

operation-related information for the later digital twin visualisation in Unity.

Modal analysis was also carried out in Abaqus. The purpose of this step was to study the
dynamic characteristics of the spindle. The modal analysis used the same basic support
condition as the static analysis. This step was used to identify the natural frequencies of the
spindle system. It was also used to obtain the mode shapes of the spindle. The spindle is a
rotating component. Its operating stability is closely related to vibration behaviour. For this
reason, modal analysis is an important addition to static analysis. In this thesis, the first few
modes were extracted. These results helped provide a basic understanding of the vibration
tendency of the spindle structure. They also extended the study from static structural
behaviour to a broader structural assessment. A suitable mesh density was selected for the
model. This helped the model run in a reasonable time. It also helped produce useful

structural results. More attention was given to some important regions of the spindle.

After the model setup was completed, the analysis jobs were submitted in Abaqus. Three
static load cases were analysed. The stress and displacement results were obtained from these
cases. The results were then compared. A modal analysis was also carried out. This analysis
gave the natural frequencies of the spindle. It also showed the representative mode shapes.
These results form the basis of the physical analysis in this thesis. They were later used in
the Unity environment. In Unity, they helped show the condition of the spindle. For this
reason, the Abaqus stage is not only a structural analysis step. It is also an important part of
the spindle digital twin framework. It provides the mechanical meaning needed for the

virtual spindle model.

2.5 Unity simulation

Following the completion of the spindle modelling in SolidWorks and the structural analysis
in Abaqus, this study utilised Unity to develop the virtual simulation and digital twin
visualisation components. After the spindle model was built in SolidWorks, the structural
analysis was completed in Abaqus. Then this study used Unity for virtual simulation and
digital twin visualisation. The purpose of using Unity was not to replace Abaqus. The
purpose was to create a virtual spindle environment. In this environment, the spindle

geometry could be shown clearly. The spindle motion could also be shown. The operating
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status of the spindle could also be shown in a more intuitive way. In this thesis, Unity is used
as the virtual platform of the spindle digital twin. It allows the spindle to appear as a visible
object in the machine tool scene. For this reason, the spindle is not only a static mechanical

model in this stage.

The main task in Unity is to place the spindle model into the virtual CNC machine tool scene.
The spindle is imported into the existing machine tool environment. Then it is placed in the
correct position inside the machine structure. During this process, the spatial relationship
between the spindle and the virtual machine tool is carefully considered. The spindle must
match the spindle head of the machine tool. Its position must also be correct in the visual
sense. Its position must also be reasonable in the structural sense. This step is very important.
The digital twin model should show the spindle as an internal working part of the machine
tool. It should not show the spindle as an isolated component. Figure 8 presents the Unity-

based workflow used to create the spindle simulation and digital twin visualisation.

Constructing Implementin Realizing
the virtual indl digital twin
i SR visualization
S motion and for spindle
simulation operation healtph
environment behavior o
monitoring

Figure 8. Unity workflow for spindle simulation and digital twin visualisation.

Once the spindle had been correctly positioned within the virtual machine tool, a motion
simulation for the spindle was developed. After the spindle was placed correctly in the virtual
machine tool, a motion simulation was developed in Unity. This study added several typical
motion behaviours to show the operating state of the spindle. The virtual spindle was
programmed to rotate in Unity. Different rotational speeds were used to represent different
operating states. The spindle could also move up and down. The rotation function was used
to show the basic working motion of the spindle. The faster rotation was used to show
changes in the working state. In this way, the spindle in Unity could show different speed
conditions more clearly. The vertical movement was added to make the virtual machine tool

scene more realistic. It also shows that the spindle does not only rotate in one place. It also
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takes part in the movement of the machine tool structure. These functions make the virtual

spindle more active. They also make it more suitable for digital twin presentation.

A visual status indication function was also developed in Unity. The purpose of this function
was to add more information to the digital twin model. In this thesis, status indicator lights
were used to show the spindle status. This method provides a simple but effective way to
distinguish different spindle states. Different spindle states were shown by different light
conditions. This design helps the virtual spindle show the difference between operating
conditions more clearly. Consequently, the Unity model in this thesis is capable of displaying
not only motion but also state changes. This renders the spindle digital twin more meaningful,
as the virtual model can provide visual feedback regarding the spindle’s state in a direct

manner.

The use of status indicator lights also reinforces the association between operating conditions
and the digital twin model. This study analysed the spindle under different operating
conditions and utilised Unity to intuitively distinguish these conditions through motion
behaviour and status indicators. For example, the spindle speed can be adjusted according to
the selected operating condition, whilst status indicators simultaneously provide visual
signals regarding the spindle’s state. In this way, the virtual spindle in Unity is no longer a
simple rotating object, but rather a state-dependent representation. Although this thesis does
not aim to build a complex industrial software platform, the Unity-based visualisation still
provides a meaningful digital twin prototype in which the behaviour of the spindle under

different operating conditions can be observed.

From the perspective of digital twin design, the section of this thesis involving Unity can be
viewed as the virtual representation layer of the spindle system. The physical meaning of the
spindle is underpinned by the finite element analysis in Abaqus, whilst its visual meaning is

presented through Unity.

Although the Unity model developed in this thesis is still at the prototype stage and has not
yet become a complete industrial digital twin platform, it has already demonstrated the
fundamental approach to spindle-oriented digital twin representation. The spindle is placed
in the machine tool environment. It shows representative motion behaviour. It also shows
status indicators under different operating conditions. This means that the virtual spindle can

already perform the main task of showing the spindle status in a clear and visible way. For
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this reason, the Unity-based spindle simulation in this thesis is an important part of the whole
research method. It also supports the main goal of building a digital twin prototype for

machine tool spindles.
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3 Results

This chapter presents the main results of this study. It includes the implementation of the
virtual spindle model. It also includes the finite element analysis under representative
loading conditions. In addition, it includes the modal analysis of the spindle system. These
results help evaluate the spindle from the static point of view. They also help evaluate the
spindle from the dynamic point of view. At the same time, they show how the proposed

digital twin framework can support condition visualization and structural interpretation.

3.1 Virtual model results

This section presents the results of the virtual spindle model in the Unity environment. The
spindle geometry developed in SolidWorks was successfully imported into Unity. It was also
integrated into the virtual machine scene. As a result, the spindle is not only shown as a
three-dimensional object. It is also used as a functional part of the digital system. This shows
that the proposed framework has successfully built the geometric and visual basis of the
digital twin model. Figure 9 shows the imported spindle model in the Unity machine scene

and shows that the spindle has been integrated into the virtual machine environment.

Figure 9. Imported spindle model into the machine scene in Unity
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The virtual spindle was placed in the machine environment. Its position was decided
according to its structural relationship with the surrounding machine parts. This helped the
spindle appear in a meaningful spatial context. It also prevented the spindle from being
shown as an isolated model. The scene structure in Unity was also organised at this stage.
The object hierarchy was also set up. These steps provided the basis for later motion

simulation. They also provided the basis for status display and interactive visualisation.

Another important result at this stage is the implementation of spindle-related motion
behaviour in Unity. The virtual spindle can show operating behaviour in digital space. This
means that the model is no longer limited to static visualisation. It can also reflect the
operating status of the spindle. This is an important requirement for digital twin development.
The virtual model must show the physical shape of the spindle. It must also show the

spindle’s operating state and behaviour change.

More importantly, real-time monitoring data were successfully connected to the digital twin
environment. Through this data connection, the virtual spindle can show changes in physical
operating information in a dynamic way. This makes the digital model more than a fixed
visual object. It also helps the virtual spindle reflect the real operating condition of the
physical spindle more clearly, enabling the digital model to respond to changes in the
spindle’s state rather than remaining merely a static visual object. This result significantly
enhances the practical value of the proposed framework, as it establishes the necessary link
between the physical spindle and its virtual counterpart. In other words, the Unity-based
implementation in this study is not limited to visual modelling but represents a preliminary
realisation of a real-time digital twin representation for machine tool spindle health

monitoring.

In summary, the implementation results demonstrate that the proposed virtual spindle model
can serve as the functional foundation for a digital twin-based state representation. The
successful integration of geometric structure, scene structure, motion behaviour and real-
time data connectivity indicates that the framework is capable of supporting spindle-oriented
visualisation and monitoring tasks. Consequently, this phase lays the necessary groundwork
for subsequent analyses of spindle structural response, dynamic behaviour and health status

interpretation.
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3.2 Static analysis results

This section presents the finite element analysis results of the spindle under three
representative loading conditions. In order to evaluate the structural response of the spindle
under different operating cases, total displacement, von Mises stress, and equivalent strain
were selected as the main result indicators. These indicators were chosen because they can
reflect different aspects of spindle behaviour, including overall deformation, local stress state,
and strain-sensitive response. Therefore, the finite element analysis in this study not only
provides numerical results for structural evaluation, but also offers a basis for identifying
regions that may be important for spindle health monitoring and digital twin-based condition
representation. Figures 10-12 present the von Mises stress distributions of the spindle under
the three representative operating cases and are used to compare the stress response under

different load levels.
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Figure 10. von Mises stress distribution under representative operating case 1.
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Figure 11. von Mises stress distribution under representative operating case 2.
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Figure 12. von Mises stress distribution under representative operating case 3.

The displacement results show that the spindle deformation changes under different loading

conditions. When the load becomes larger, the displacement of the spindle also becomes
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larger. This shows a clear load-dependent deformation response. In all three representative
cases, the maximum displacement is mainly found in the lower region of the spindle. This
means that this area is more sensitive to external load than the other parts of the structure.
The total deformation is still limited under the present simulation conditions. Figures 13-15
show the total displacement distributions of the spindle under the three operating cases and

show how the deformation changes with increasing load.
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Figure 13. Distribution of the total displacement of the spindle under operating case 1.
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Figure 14. Distribution of the total displacement of the spindle under operating case 2.

A\

ODB: Job-31776361609.346.0db  Abagus/Standard 2024  Thu Apr 09 19:24:36 FLE ??? 2026

Step: Step-1
t s

p;_'S smnuLia
Figure 15. Distribution of the total displacement of the spindle under operating case 3.

The von Mises stress results show the local structural response of the spindle under different

loading conditions. The stress is not the same in the whole model. It is mainly concentrated
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in some local regions. The higher stress appears near the loaded end. It also appears near the
structural transition area close to this region. When the load becomes higher, the stress
concentration becomes more clear. This means that the spindle response under load is
strongly local. It also means that some geometric regions are more sensitive than other parts
of the spindle. These stress concentration regions are important in engineering. They may be
important for load transfer. They may also indicate possible structural weakness or condition
change during spindle operation. Figures 16-18 show the equivalent strain distributions of
the spindle under the three representative loading cases and help identify local strain-

sensitive regions.
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Figure 16. The equivalent strain distribution under representative operating case 1.
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Figure 17. The equivalent strain distribution under representative operating case 2.
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Figure 18. The equivalent strain distribution under representative operating case 3

A similar trend can be seen in the equivalent strain results. The strain is still concentrated in

local regions. It is not spread evenly across the whole spindle structure. When the loading
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level becomes higher, the strain response also becomes more obvious. Compared with the

global deformation pattern, the strain result shows the spindle response in a more local way.

Table 1. Static analysis results

Case Load conditions Max displacements Max stress (MPa)
(mm)

Casel Low load 0.01310 101.0

Case2 Medium load 0.01346 103.1

Case3 High load 0.01375 119.0

As shown in Table 1, the maximum displacement increases from the low-load case to the
high-load case. The maximum von Mises stress also increases. This means that the spindle
shows a stronger response under a higher load. This result is also consistent with the contour
plots shown above. The numerical comparison confirms that the structural behaviour of the
spindle changes with the loading condition. It also gives a clear basis for later interpretation

of spindle condition.

Overall, the displacement, stress, and strain results show that the spindle has clear structural
response differences under different representative loading cases. The spindle does not
respond in the same way in all regions. The response is mainly concentrated in some local
regions. This is important for the proposed digital twin framework. These regions can help
us understand the structural behaviour of the spindle. They can also support condition
visualization. They can also provide useful information for future monitoring design. For
this reason, the finite element analysis results in this study are important. They support the
structural evaluation of the spindle. They also provide a useful basis for spindle health

monitoring and digital twin representation

3.3 Modal analysis

This section presents the modal analysis results of the spindle structure. The purpose of the
modal analysis was to study the dynamic behaviour of the spindle. It was also used to find
the regions that are more sensitive to vibration. The spindle is a rotating part. Its working

stability is closely related to vibration. For this reason, modal analysis is an important part
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of this study. It also gives extra information beyond the static finite element analysis. In this
research, the first three modes were extracted. These modes were used to show the natural
frequencies of the spindle. They were also used to show the main deformation tendency of

the spindle structure.

Table 2. Main deformation features of the spindle.

Mode number  Natural frequency (Hz) Main deformation feature

Mode 1 19147 Local deformation is mainly observed

in the middle spindle body region

Mode 2 19656 Deformation is concentrated at the

lower shaft region

Mode 3 25678 Deformation is mainly concentrated at

the lower shaft end region

Table 2 shows the natural frequencies and the main deformation features from the modal
analysis. The results show that the first three modes have different deformation patterns.
Mode 1 has a natural frequency of 19147 Hz. It mainly shows local deformation in the
middle spindle body region. Mode 2 has a natural frequency of 19656 Hz. It mainly shows
deformation in the lower shaft region. Mode 3 has a natural frequency of 25678 Hz. It shows
more obvious deformation at the lower shaft end region. These results show that different
parts of the spindle have different dynamic response characteristics. They also show that the
middle spindle body and the lower shaft region are sensitive parts in the dynamic behaviour
of the spindle. The lower shaft end is especially sensitive. These results indicate that the
spindle does not behave dynamically in a uniform manner but instead presents different
vibration characteristics in different structural regions. Figures 19-21 show the three mode

shapes of the spindle obtained from modal analysis and show the main deformation trends.
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Figure 19. First mode shape of the spindle obtained from modal analysis.
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Figure 20. Second mode shape of the spindle obtained from modal analysis.
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Figure 21. Third mode shape of the spindle obtained from modal analysis.

The corresponding mode shapes further illustrate the dynamic response tendency of the
spindle model. The first mode reflects a deformation feature that is mainly concentrated in
the middle spindle body, while the second and third modes show increasingly obvious
response in the lower shaft region and lower shaft end. This suggests that both the middle
spindle body and the lower shaft region are dynamically sensitive parts of the spindle
structure. Compared with the global structural appearance, the mode shapes provide a more
direct understanding of how different parts of the spindle may respond under vibration-

related conditions.

From the perspective of spindle health monitoring, the modal analysis results are particularly
valuable because they help identify regions that may be more sensitive to stiffness variation,
vibration growth, or structural abnormality. Therefore, the modal analysis extends the
evaluation of the spindle from static structural response to dynamic behaviour, and provides
additional support for the proposed digital twin framework. In this way, the natural
frequencies and mode shapes obtained in this study offer an important basis for vibration-
related interpretation, condition visualization, and future monitoring-oriented digital twin

development.
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3.4 Result interpretation

This section interprets the previous results from the perspective of spindle health monitoring
and digital twin representation. The purpose of this part is not only to summarize the
numerical and visual results obtained from the virtual implementation, static analysis, and
modal analysis, but also to explain how these results contribute to the proposed spindle-
oriented digital twin framework. By combining structural analysis with virtual visualization,
the study provides a more meaningful representation of spindle condition than simple

geometric modelling alone.

The results of the finite element analysis show that the spindle response is not uniformly
distributed throughout the whole structure. Instead, higher displacement, stress, and strain
are concentrated in specific local regions, particularly in the lower shaft region and the
structural transition areas. The modal analysis further indicates that the spindle also exhibits
dynamically sensitive regions, including the middle spindle body and the lower shaft end.
Taken together, these findings suggest that spindle condition is more meaningfully reflected
through localized response behaviour rather than through a single global indicator. Therefore,
the identified sensitive regions can be regarded as important references for condition

interpretation and future monitoring-oriented design.

Table 3. Unity-based visual representation of operating cases.

Case Operating Spindle speed in Motion behavior State Visual
condition Unity[rpm] light meaning

Case  Low-speed light- 0-3000 Rotation and vertical White Normal
1 load movement condition
Case Medium-speed 3000-4000 Faster rotation and Yellow Medium
2 medium-load vertical movement condition
Case High-speed 4000-5000 Fastest rotation and Red High-risk
3 heavy-load vertical movement condition
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As shown in Table 3, different operating cases are represented in Unity through spindle
speed variation, motion behaviour, and state light switching. In this way, the virtual spindle

can visually express different operating conditions in a clear and intuitive form.

Table 3 summarizes how the three representative operating cases are visually represented in
the Unity-based digital twin environment. Different operating conditions are expressed
through spindle speed variation, motion behaviour, and state light indication. In this way,
the virtual spindle is able to present different condition states in a clear and intuitive form.
The low-load case is represented as a normal operating state, while the medium-load and
high-load cases are visually distinguished as increasingly severe conditions. Figures 22-25
show the spindle rotation states in Unity and show how different operating states are

represented through spindle motion and visual changes.

Figure 22. Spindle rotation state 1 in Unity.



Figure 23. Spindle rotation state 2 in Unity (rpm increasing).

Figure 24. Spindle rotation state 3 in Unity (rpm reached 3000).
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Figure 25. Spindle rotation state 4 in Unity (rpm reached 4000).

Overall, the results show that the proposed framework can connect structural analysis with
digital visualization. In this way, it forms a spindle-oriented digital twin system. The
simulation results provide the structural basis for understanding spindle behaviour. They also
provide the dynamic basis for understanding spindle behaviour. The Unity-based
implementation shows different operating conditions in an intuitive way. For this reason,
this study does not only give separate numerical results or visual results. It also builds a
meaningful connection between spindle response characteristics and digital twin-based
condition representation. This provides an important basis for future spindle health
monitoring. It also supports real-time condition evaluation. In addition, it supports later data-

driven development of the digital twin framework.

3.5 Monitoring data integration

This section describes the real-time monitoring data used in the proposed digital twin
framework. To show the operating state in a more continuous way, the six recorded CSV
datasets were merged into one monitoring sequence. The integrated data include several
variables related to the spindle and the machine. In this thesis, spindle current, spindle power,
spindle temperature, and servo load were selected as the main metrics for presentation. This
stage aims to assess whether the proposed framework is capable of receiving, organising and
digitally representing physical operational data. Figure 26-27 show the Variation of spindle

current and spindle power over elapsed time based on real-time monitoring data.
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Spindle current over elapsed time
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Figure 26. Variation of spindle current over elapsed time.
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Figure 27. Variation of spindle power over elapsed time.

The results indicate that both variables vary over time rather than remaining constant,
reflecting the time-varying nature of the spindle system’s operating state. Compared with
other recorded variables, the fluctuations in spindle current and spindle power are more

pronounced; consequently, they provide more information for representing spindle-related

operational behaviour within a digital twin environment.
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Servo loads over elapsed time
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Figure 28. Variation of servo loads on the X-, Y-, and Z-axes during the monitoring period.

Figure 28 shows the variation in servo load along the X, Y and Z axes. All of these studies
indicate that spindle current provides useful information for spindle health monitoring
(Tursi¢ and Klanénik, 2024). The results indicate that, during the monitoring period, the
loads on each axis also vary, although the magnitude of these variations differs across the
three axes. This shows that the proposed framework can integrate not only spindle-related
variables. It can also integrate operating information from the machine tool axes. This is
important for digital twin design. The operating state of the spindle is usually closely related
to the load state of the surrounding machine tool structure. It is also related to the motion

state of the surrounding machine tool structure.

Overall, the real-time monitoring results show that the proposed framework can build a basic
link between physical operating data and the virtual spindle model. The current dataset is
more suitable for showing data integration and condition visualization. It is not sufficient for
a complete spindle health diagnosis. However, it still confirms that real operating
information can be added into a digital twin system. For this reason, this part of the study
strengthens the practical value of the proposed framework. It also provides a basis for future

data-driven spindle health monitoring.
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4 Conclusions

This thesis studies the design of a digital twin framework for monitoring machine tool
spindle health. The purpose is to improve the description of spindle condition in a virtual
environment. The purpose is also to improve the analysis of spindle condition. In this study,
a structured digital twin design was built. This design includes virtual spindle modelling. It
also includes finite element analysis. In addition, it includes modal analysis and digital
visualization. Through this method, the study shows that the proposed framework can
provide a useful basis for describing spindle behaviour under different operating conditions.

It can also help identify structurally sensitive regions related to health monitoring.

The results show that the spindle does not respond in the same way under different loading
conditions. The displacement, stress, and strain change with load magnitude. These
responses are concentrated in some local regions of the spindle structure. Compared with
previous studies, the findings of this thesis are generally consistent with earlier research.
Numerous studies have demonstrated that digital twin technology plays a significant role in
machine tool monitoring, simulation and smart manufacturing. Previous research has also
shown that digital twins can strengthen the link between virtual and physical systems and
can improve system monitoring and understanding of the manufacturing process. However,
many previous studies have focused primarily on the entire machine tool system, whilst
some have concentrated on process optimisation. Some studies have focused on tool wear
monitoring. This thesis, however, focuses more directly on spindle health. Consequently,
this study adds new insights to the existing literature by narrowing the research focus from

general machine tool monitoring to spindle-oriented health monitoring.

This study has some limitations. The proposed digital twin framework was mainly validated
through model design, simulation, and virtual implementation. It was not validated through
a fully integrated industrial monitoring platform with real-time sensor feedback. In addition,
this study focused on representative loading conditions and modal conditions. It did not
include long-term experimental monitoring data from real machine operation. It also did not
include specific fault datasets. For this reason, the present work should be understood as a
design-oriented and simulation-based foundation. It should not be understood as a complete

operational monitoring solution.
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For this reason, future research should extend this framework toward real-time and data-
driven implementation. Future work should include sensor integration. Future research
should further refine the monitoring data integration and combine physical analysis with
data-driven approaches(Aghaie, Veldhuis and Salamaliki, 2023). In addition, it should
include continuous monitoring of spindle condition and the use of fault diagnosis or
prediction algorithms. It is also important to study how simulation results can be connected
to a real-time digital twin environment. It is also important to study how different
abnormalities can be identified automatically. These abnormalities may include degradation.
They may also include thermal effects or increasing vibration. Through this future work, the

digital twin concept proposed in this thesis can develop further.
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