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Resumo

A manutenção preditiva e as arquiteturas de Gémeo Digital dependem de dados de degradação que,
em serviço, são dispendiosos de obter: o desgaste desenvolve-se ao longo de meses, as condições
de funcionamento não podem ser manipuladas e o estado real de um órgão muitas vezes não é
inspecionável sem paragem. A presente dissertação desenvolve um demonstrador compacto e de
baixo custo, no qual o desgaste de um par de engrenagens de dentado reto possa ser induzido
em condições controladas e acompanhado por via vibratória, bem como a respetiva cadeia de
aquisição e processamento de sinal, baseada em reamostragem angular, média síncrona no tempo
e em indicadores de condição nos domínios do tempo e da frequência.

A aplicação de carga não foi possível com o conjunto motor–travão disponível, pelo que a
campanha experimental foi orientada para a caracterização da cadeia de medição e do compor-
tamento do demonstrador, não sendo expectável, na ausência de carga, o desenvolvimento de
desgaste mensurável no par de engrenagens. A cadeia de medição foi, avaliada: apesar do cam-
inho de transmissão em polímero, a frequência de engrenamento é resolvida com harmónicos até
à sexta ordem e a velocidade do veio medida concorda com o valor cinemático com um erro de
0,4 %. Duas anomalias no funcionamento, a passagem de partículas pelo engrenamento e a ini-
ciação por fadiga da fenda no acoplamento, foram detetados pelo pico de aceleração máximo e
pela curtose do sinal bruto, e localizados pela comparação entre os dois acelerómetros. O demon-
strador demonstra assim algumas limitações da utilização de suportes poliméricos impressos em
3D para suporte de veios de transmissão e da utilização de travões de fricção acionados por mola
como elementos de carga contínua.

Palavras-chave: monitorização de condição • desgaste de engrenagens • análise de
vibrações • indicadores de condição • bancada de ensaios
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Abstract

Predictive maintenance and Digital Twin frameworks depend on degradation data that is expensive
to obtain in service: wear develops over months, operating conditions cannot be manipulated, and
the true condition of a component often cannot be inspected without downtime. This dissertation
develops a compact, low-cost demonstrator in which the wear of a spur gear pair can be induced
under controlled conditions and followed through vibration, together with the corresponding ac-
quisition and signal processing chain, based on angular resampling, time synchronous averaging
(TSA) and condition indicators in the time and frequency domains.

The application of load was not possible with the available motor–brake assembly, so the ex-
perimental campaign was directed towards the characterisation of the measurement chain and of
the demonstrator’s behaviour, since no measurable wear of the gear pair is to be expected in the ab-
sence of load. The measurement chain was evaluated: despite the polymer transmission path, the
meshing frequency is resolved with harmonics up to the sixth order, and the measured shaft speed
agrees with the kinematic value with an error of 0.4 %. Two anomalous events, the passage of de-
bris through the mesh and the fatigue initiation of the crack in the motor coupling, were detected
by the maximum peak acceleration and the raw kurtosis, and localised by the comparison between
the two accelerometers. The demonstrator therefore highlights the limitations of 3D-printed poly-
mer supports for transmission shafts and of spring-applied friction brakes as continuous loading
elements.

Keywords: condition monitoring • gear wear • vibration analysis • condition indicators •
test rig
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The United Nations Sustainable
Development Goals

The United Nations Sustainable Development Goalss (SDGs) provide a global framework for
achieving a better and more sustainable future for all. It includes 17 goals to address the world’s
most pressing challenges, including poverty, inequality, climate change, environmental degrada-
tion, peace, and justice. This dissertation, which focuses on the development of a test rig and of
vibration-based indicators for the wear monitoring of gear transmissions, contributes to targets
related to industrial modernization, responsible use of resources, and technical education.

SDG 9 Build resilient infrastructure, promote inclusive and sustainable industrialization and fos-
ter innovation.

SDG 12 Ensure sustainable consumption and production patterns.

SDG 4 Ensure inclusive and equitable quality education and promote lifelong learning opportu-
nities for all.

SDG Target Contribution Performance Indicators and Metrics

9 9.4 Vibration-based condition monitor-
ing modernizes existing industrial
drivetrains, allowing maintenance
to be decided from the measured
state of the machine and keeping
transmissions operating near their
design efficiency.

Reduction of unplanned downtime;
number of transmissions covered by
condition monitoring.

12 12.5 Replacing components on condition
rather than on schedule extends the
service life extracted from each one
and prevents the secondary damage
of an unanticipated failure, so fewer
serviceable parts are discarded.

Fraction of useful life consumed at
replacement; serviceable components
spared per avoided failure.

4 4.4 The demonstrator is portable and
low-powered, which makes it us-
able as a platform for teaching con-
dition monitoring and for demon-
strating it to industrial partners.

Training sessions and demonstrations
supported by the rig; students and
trainees involved in its use.
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Chapter 1

Introduction

1.1 Motivation

With the start of Industry 4.0, the industrial landscape has become a connected and automated

ecosystem where data is the main driver for operational efficiency. In this context, the economic

impact of equipment downtime remains one of the most relevant issues for modern production

lines, since stoppages are accompanied by lost revenue, wasted labour and possible secondary

damage to connected machinery. In heavily automated industries, a single day of downtime can

cost hundreds of thousands of dollars [1], and inadequate maintenance strategies are estimated to

reduce the usable production capacity of a plant by 5 to 20 % [2].

Historically, industrial maintenance has relied on "scheduled" or preventive models, which are

time-based: components are replaced or fixed at predetermined intervals regardless of their actual

physical state [3]. While this is usually superior to a purely reactive "run-to-failure" approach, it

brings fundamental inefficiencies, namely the premature disposal of healthy parts and the failure

to prevent breakdowns caused by unforeseen operating conditions [1, 4]. Industry 4.0 promotes

instead predictive maintenance (PdM), in which real-time data is used to determine the actual state

of a system so that interventions occur only when necessary [5, 6].

Applying this to mechanical systems presents a physical challenge: the difficulty of measur-

ing wear without stopping production. Internal components are often inaccessible, and measuring

subtle signs of degradation might require disassembly, which causes the very downtime that main-

tenance is intended to prevent [7]. Digital Twin (DT) technology fills this gap by pairing the

physical asset with a virtual model of it, kept synchronized by real-time sensor data [2, 8]. Be-

cause the model is continuously corrected by measurements taken on the running machine, it can

be interrogated for quantities that are not directly observable, such as the local material loss on a

contacting surface, and used to estimate the remaining useful life of a component while the system

is in operation. Reviews of industrial implementations report reductions in unplanned downtime

in the order of 15 to 30 % when this type of framework replaces purely time-based planning [8].

Gear transmissions are a particularly relevant target: they are present in a large number of

industrial drivetrains, they are enclosed and therefore difficult to inspect, and their degradation is

1
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progressive rather than instantaneous. A physics-based gear model whose wear parameters are

updated from vibration measurements has been shown to track and extrapolate wear progression

with useful accuracy, but only after being established and validated on a laboratory gear rig [9].

This is the practical obstacle. Validating a predictive methodology requires degradation data, and

degradation data is expensive: in a real installation, wear develops over months or years, operating

conditions cannot be freely manipulated, and running a component to failure on purpose is not

usually an acceptable option. A scaled demonstrator compresses that timescale, gives full control

over speed and load, and allows the true condition of the component to be inspected at any point,

providing the experimental ground truth against which any monitoring indicator has to be judged.

The present work follows that reasoning by keeping the scale of the demonstrator small, rely-

ing on low-power components and on construction solutions seldom seen in comparable test rigs,

such as extruded aluminium profiles and 3D-printed polymer parts. This makes a test article cheap

enough to be disposable, brings the rig into a size and power range that can be operated safely and

continuously on a bench. It also introduces its own questions, the vibratory behaviour of a printed

polymer part is not the same as of a machined metal one and the demonstrator must be able to

accelerate wear enough to observe a complete degradation history in a matter of days, which is

made more complex when dealing with lower power grades and lighter support materials.

This dissertation was developed in collaboration with INEGI, in whose context such demon-

strators have a value beyond the scientific one. A rig that can be carried into a meeting room and

made to display the evolution of a condition indicator in real time materializes knowledge, serves

as a platform for training and for testing new signal processing techniques, and allows the ideas

behind a DT to be consolidated before any commitment is made to instrument a real machine.

1.2 Objectives

The objective of this work is the construction of a DT of a mechanical system: a numerical model

of a gear transmission, kept in correspondence with the physical system through the vibration

measurements taken from it, capable of inferring the wear state of the gear pair and, from it,

its remaining useful life. A DT of this kind cannot be built, and still less validated, without a

degradation history acquired under controlled conditions and a set of condition indicators tested

against it. Designing and building a system in which wear can be induced in a controlled way

and detected reliably from vibration is therefore a substantial part of the problem, and the specific

objectives follow from it:

• assess the state of the art regarding DT applications in PdM, including selection of methods

and case studies;

• to design and build a compact, instrumented test rig in which a mechanical system can be

run continuously under controlled conditions until failure;

• to acquire a complete vibration history of that degradation process, together with periodic

inspection of the physical condition of the system;
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• to implement and compare vibration-based condition indicators, and to assess which of them

track the progression of wear reliably and with the earliest detection;

• to establish, from the above, possible methods of wear quantification and of remaining use-

ful life estimation, and to integrate them with the physical system into a DT of the transmis-

sion.

1.3 Structure of the Dissertation

Chapter 2 reviews the literature. The adopted case study, a single-stage spur gear pair, is introduced

and justified, starting from the definition and terminology of wear and the forms it takes in gear

pairs, and then examining how each of those forms, together with the shaft, bearing and pulley

faults that accompany them, alters the vibration signature of a transmission. An exposition of

various methods of wear evaluation is made.

Chapter 3 covers the design of the demonstrator: the requirements it had to meet, the com-

parison and selection of the components, ending with the completed design. Chapter 4 describes

the computational implementation, from the instrumentation and the flow of data to its treatment

and the calculation of the condition indicators. Chapter 5 reports the assembly of the rig, the

limitations found once it was running and the modifications made to overcome them. Chapter 6

presents the experimental campaign, first the operating conditions and the results of the individual

test days, and then the trend of each condition indicator over the full life of the gear pair. Chapter 7

summarises the conclusions and future work to be done.



Chapter 2

Literature Review

This chapter provides the theoretical background on which the rest of the work is built. It begins

with a definition of wear, its mechanisms and terminology, followed by a review of the test rigs

built for wear evaluation in the literature, from which the case study of the present work, a single-

stage spur gear pair, is defined. The vibratory consequences of degradation are addressed next,

covering the signature of a healthy gear pair, the way wear modifies it and the contribution of the

surrounding shafts, bearings and pulleys, together with the models that link surface degradation

to that signature. The chapter closes with the methods used to infer the state of the system from

the measured signal, from signal treatment to the condition indicators and to machine learning

approaches. Even though wear quantification is not the main focus of this work, some form of

wear tracking algorithm has to be employed in order to verify the demonstrator’s capability of

producing wear detectable through vibration, and the review of the methods employed in spur gear

systems serves as support for future work developed with the proposed physical demonstrator.

2.1 Wear

2.1.1 Definition and terminology

In the most general sense, every physical system or machine is subject to a progressive loss of

effectiveness and functionality over time, this broad concept of wear describes the unavoidable

degradation that occurs when components interact, eventually leading to the end of a machine’s

useful life. This may manifest in a physical alteration of the geometry of the components, mis-

alignment between mating parts or a change in the properties of the materials.

According to Rabinowicz [10], wear is a universal process where the interaction of solid sur-

faces inevitably leads to a decline in their original state. Similarly, Hutchings and Shipway [11]

characterize this broad nature of wear as the progressive damage to a solid surface caused by rela-

tive motion, emphasizing that it is a functional consequence of the system’s operation rather than

an isolated event.

4
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While these broad definitions encompass the general decline of a system’s performance, a

narrower and more operative definition is required for engineering analysis and predictive main-

tenance. In this technical framework, wear is specifically defined as “the displacement or removal

of material from a solid surface due to mechanical or chemical action.” This distinction allows

for the quantification of degradation as a physical change in geometry rather than just a loss of

efficiency. Depending on the environment and the nature of the contact, this material loss can be

classified into several mechanical wear mechanisms, as explored by Burwell [12] and Hutchings

and Shipway [11]:

• Adhesive wear: Occurs when the high points (asperities) of two surfaces bond together

under pressure and are subsequently sheared or torn during relative motion, depending on

the location and severity of this mechanism it may evolve into scuffing which is usually

treated separately in the literature.

• Abrasive wear: Involves a harder surface or particle cutting or plowing into a softer surface,

effectively "machining" away material. Two common variants are "two-body" and "three-

body" abrasive wear, it is referred as two-body abrasive wear when the asperities or hard

protuberances of one body cut into the other surface, and it is called "three-body" when

the abrasion is caused by hard particles in the contact interface. This type of wear may

be further characterized as "sliding" or "rolling" wear, depending on the kinematics of the

abrasive body.

• Surface fatigue: Usually involves the formation of pits or flakes in the loaded surface, due

to the propagation of subsurface cracks. The rolling motion between the surfaces over a

large number of cycles causes this fatigue phenomenon, the physical wear product may be

characterized according to the size and interaction of defects as "micro" and "macro" pitting

and spalling.

• Erosive wear: It is a mechanism similar to abrasive wear, and may even be considered a

type of abrasive wear, however, while in abrasive wear the damage is caused by sliding or

rolling between bodies, it is considered erosive wear when the damage is produced by the

impact of particles, droplets, or high-velocity fluids against the surface.

2.1.2 Case Studies in the Literature

Experimental work on vibration-based wear evaluation falls into two broad families. The first

consists of purpose-built laboratory rigs, in which a single component is isolated, instrumented and

run until a controlled form of degradation develops. The second consists of full-scale or in-service

systems, where the monitored component is embedded in its real operating environment and the

measurement must contend with the excitation and transmission paths of the whole machine. The

distinction matters because it determines how directly the measured signal can be attributed to

the fault: the isolated rig trades realism for a clean signal and a known ground truth, while the

full-scale system offers realism at the cost of a far more congested signal.
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Rolling Element Bearings

Bearings are the most frequently instrumented component in the diagnostics literature, largely be-

cause their characteristic frequencies follow directly from the geometry and because faults can

be seeded reproducibly. Daga et al. [13] describe the rolling bearing rig of the Dynamic and

Identification Research Group at Politecnico di Torino, in which a high-speed spindle drives a

shaft supported by two roller bearings, with the radial load applied by a third bearing mounted

on a spring-loaded sledge. Damage was introduced artificially and acquisitions were taken across

speeds up to 30 000 rpm and loads up to 1800 N. The authors also report an endurance test of

roughly 330 h at constant speed and load, intended to follow the natural evolution of one of

the seeded indentations. That second experiment is instructive for the present work: the defect

widened while flattening, the resulting change in the statistical features was weak, and the mea-

sured novelty indices proved more sensitive to the disassembly of the bearing for inspection and

to a change of lubricating oil than to the degradation itself [13].

Cutting Tools

Tool condition monitoring shares the same signal-processing toolbox but concerns a component

whose wear is comparatively rapid. Tiwari et al. [14] monitored flank wear of a PVD-coated car-

bide insert turning a Nickel-based superalloy, comparing three discrete states labelled “no wear”,

“medium wear” and “high wear” against the 0.6 mm flank wear limit. The RMS of the vibration

signal rose from 3.21 to 10.07 across the three states, and the dominant tool-holder resonance in

the 2–4 kHz band both grew in magnitude and shifted in frequency as wear progressed. Empir-

ical mode decomposition was used to isolate the most informative intrinsic mode, with kurtosis

identified as the indicator that tracked wear most consistently.

Railway Systems

Two railway studies illustrate the full-scale end of the spectrum. Liu et al. [15] built a 1:1 rolling

and vibration test rig for a single high-speed wheelset, in which the wheelset is driven by two

rail wheels under a simulated axle load of about 12 tonnes at speeds up to 500 km/h. Polygonal

wear was reproduced by grinding 36 points into the rail wheel contact band. Accelerometers on

the axle box and on the gearbox allowed the contributions of the three excitation sources to be

separated: at 240 km/h, wheelset out-of-roundness, polygon wear and track irregularity accounted

for 26.7%, 48.3% and 25% of the axle-box amplitude, and 38.5%, 32.1% and 29.5% of the gearbox

amplitude.

Najeh et al. [16] took the opposite approach on a full-scale switch and crossing rig, dragging a

6-tonne bogie over the turnout at roughly 0.017 m/s with all six accelerometers housed inside the

point machine, an optimal location for protection but distant from the defect. Wear was created

artificially on the rail head in four levels, measured mechanically with a rail wear gauge and

ranging from about 0.5 to 8 mm depending on position, and the vibration records were classified

with Long Short Term-Memory (LSTM) and Residual Network (ResNet) architectures. Accuracy
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reached 88% for the LSTM and slightly higher for the ResNet, but both models struggled to

separate the two intermediate levels differing by only 1–2 mm, which shows the resolution limit

of a purely data-driven approach when the sensor is far from the damage.

Gear Systems

Gear studies divide further according to the configuration of the transmission. For planetary gear-

boxes, Zhang et al. [17] used a single-stage rig driven by a 2.24 kW motor, running at 1800 and

3000 rpm with three seeded sun gear health states, and assessed the fault through the amplitudes

of the sideband families around the meshing frequency. Miao and Zhou [18] likewise validated an

analytical vibration signal model on a planetary rig with a seeded planet gear fault. In both cases

the damage is introduced rather than grown, and the interest lies in the modulation produced by

the rotating carrier rather than in the wear process itself.

For fixed-axis spur gearboxes, three run-to-failure campaigns are particularly relevant. Hu

et al. [19] conducted accelerated lifetime tests at the University of New South Wales on unhard-

ened, unground steel spur gears at 1380 rpm and 14.7 Nm, approximately 2.2 times the rated load

for surface damage, under splash lubrication. Two tests were run, one starting from the factory

surface finish and lasting 82 h, the other with artificially seeded pits and roughened flanks lasting

62 h. Vibration and oil samples were taken every two hours, the latter providing an independent

assessment of the wear process against which the proposed indicator was validated.

Chin et al. [20] used a single-stage spur gearbox driven by a 4 kW induction motor and loaded

by an electromagnetic particle brake, with a 19-tooth pinion and 52-tooth gear of module 2 mm in

mild steel JIS S45C and 20 mm face width, the teeth deliberately left with low surface durability

so that surface degradation would precede bending fatigue. Two campaigns were run: a dry test

at 10 Hz and 5 Nm over about 42 000 input cycles, in which abrasive wear dominated and wear

particles were collected and weighed, and a lubricated test over 3.25 million cycles in which

fatigue pitting developed progressively. Transmission error was measured with shaft-mounted

encoders alongside casing vibration, and the RMS of the transmission error signal was shown to

follow the measured pitted area closely, with the authors concluding that transmission error was

the more sensitive of the two quantities in that case.

The same rig underpins the digital twin methodology of Feng et al. [9], where a 20-degree-of-

freedom dynamic model of the gearbox is updated against measured transmission error features.

Wear was quantified by replicating the tooth surfaces with a moulding compound at predetermined

stops and examining the moulds under optical and laser scanning confocal microscopy, yielding

wear depth measurements that served as ground truth for the prognostic model. Abrasive wear

dominated in the unlubricated tests, with adhesion and plastic deformation also observed as the

degradation progressed.
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2.1.3 Selected Configuration

A single-stage spur gear pair was selected as the object of the physical demonstrator, for three

main reasons.

First, gears are very well established in the industrial transmissions targeted by PdM, and their

vibration signature is well characterised both analytically and experimentally, which provides a

large body of reference results against which the demonstrator can be validated.

Second, and most importantly for this work, gears degrade progressively. Surface wear, mi-

cropitting and macropitting develop gradually over a large number of cycles and produce a cor-

respondingly gradual change in the tooth profile and hence in the transmission error. This is pre-

cisely the behaviour required to test a wear evaluation algorithm, since it generates a continuum

of intermediate states rather than a binary healthy-or-damaged transition.

Finally, the test rigs most often seen in the literature have generally bigger dimensions: they

use large gearboxes, high power three-phase motors and heavy load-imposing mechanisms, mak-

ing it a particularly interesting concept to replicate in a more compact scale.

2.1.4 Wear in the Context of Gears

When applying these concepts specifically to gear transmissions, the terminology is further refined

to distinguish between acceptable surface changes and catastrophic failure and to better represent

common mechanisms present in these units. The International Organization for Standardization

(ISO), in the standard ISO-10825, provides industry-standard terminology for describing these

phenomena. Within this standard, non-fatigue, tribological wear is specifically defined as “changes

to a gear tooth flank surface involving the removal of material without any evidence of fatigue

cracks”. [21]

ISO-10825-1 distinguishes between mild wear, which may even be a beneficial part of the

"running-in" process that smooths the tooth surface, moderate wear, and destructive wear, which

significantly alters the involute profile and leads to increased vibration and transmission error [20,

21]. Furthermore, the standard provides specific terminology for failure modes that are related to

wear but distinct in their visual and physical appearance, a summarizing table was adapted from

the contents of the standard to give a general overview on the most relevant wear modes to this

application (Table 2.1).

Regarding quantification of wear, as a general rule, mild wear is characterized visually as

the appearance of minor changes to the gears’ flank or tooth profile, indicative of the type of

wear mechanism taking place, but retaining most of the original machining marks, meaning there

was no major alteration of the tooth flank’s topological profile. It is considered that severe wear

has occurred when all or nearly all original machining marks have been erased by wear, usually

resulting in significant changes to the tooth’s profile and flank surface. Moderate wear is visually

characterized as a balance between the two aforementioned states. (See Figure 2.1).

It should be noted that gear wear may even give us information on other faults present in the

system, such is noticeable in Figure 2.1f, where wear intensity has a clear gradient in the axial
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Table 2.1: Nomenclature of gear failure modes (adapted from ISO 10825-1:2022). [21]

Type of damage General mode Description

Tribological
damage
(non-fatigue)

Polishing (unintentional) Gradual smoothing of the flank by very fine abrasion,
erasing machining marks and slowly altering the
profile.

Scratches Fine grooves aligned with the sliding direction, cut by
hard particles carried in the lubricant.

Abrasive wear Material removed by hard debris – swarf, scale, sand –
suspended in the oil or embedded in the mating flank.

Adhesive wear Microwelding of asperities followed by tearing,
transferring material between flanks; escalates to
scuffing.

Fretting corrosion Oxidation-assisted damage from small-amplitude
oscillation between nominally stationary contacting
surfaces.

Interference wear Rubbing outside the intended contact path, where the
tip of one tooth bears on the root of its mate.

Fatigue damage

Micropitting Asperity-scale Hertzian fatigue producing ultra-fine
cracks and pits typically under 20 µm deep; appears as
a dull grey band.

Macropitting Hertzian fatigue cracks that grow until visible flakes
of flank material detach, leaving craters.

Case crushing (subcase
fatigue)

Fatigue initiating beneath the hardened case, at the
case–core boundary, collapsing the case over large
areas.

White layer flaking Detachment of a brittle untempered-martensite layer
formed by localised frictional overheating.

Tooth fracture Fatigue crack propagating through the tooth, initiating
either at the root fillet under bending stress (root
fatigue fracture), at a subsurface inclusion below the
active flank, or internally near mid-height under
alternating flank loading.

Rim, web, and hub
cracks

Fatigue cracking of the gear body rather than the
teeth; typical of thin-rimmed or lightweight designs.

Plastic deformation

Indentation Localised dents left by debris trapped in the mesh or
by impact during handling and assembly.

Root fillet yielding Permanent bending of the tooth at the fillet under a
load exceeding the yield strength.

Cold flow Slow plastic displacement of surface material under
repeated contact, without significant temperature rise.

Hot flow Plastic displacement accelerated by frictional heating,
producing rippling or ridging of the flank.

Interference deformation Permanent set caused by tip-to-root contact or by an
excessively tight mesh.

Other surface
damage

Corrosion Chemical or electrochemical attack of the flank,
usually from water ingress or acidic lubricant
degradation products.

Overheating Discolouration and loss of surface hardness caused by
excessive bulk or flash temperature.



Literature Review 10

direction, this is a possible indicator of shaft misalignment. Phenomena like this often manifests

in the vibration signature of the system and can be used for general diagnostic techniques, which

will be discussed later in this Chapter.

2.2 Effect of Wear on Gear Dynamics.

Like any dynamic mechanical system, gearboxes inherently produce vibration when in operation

even with no wear present in the system. Purely based on the regular meshing dynamics, there will

be a set of characteristic frequencies and vibration patterns associated with the gears and operating

conditions employed that must be accounted for when managing the vibrational data.

2.2.1 Healthy Gear Vibration Signature

Under constant speed and load, a healthy gear set produces a repeatable vibration signature [26],

[27]. The time-domain waveform is dominated by the steady harmonic pattern of successive

teeth entering and leaving mesh and, since every tooth is nominally identical, each meshing cycle

closely resembles the one before it. Transposed into the frequency domain, this regularity concen-

trates the energy into a small number of discrete peaks: the shaft rotational frequencies and the

Gear Mesh Frequency (GMF) accompanied by its lower-order harmonics. The meshing frequency

itself follows directly from the kinematics of the pair [26], [28]:

fGMF = z · fr (2.1)

• fGMF — gear mesh frequency [Hz];

• z — number of teeth of the gear under consideration;

• fr — rotational frequency of the shaft carrying that gear [Hz].

A more complete description is obtained once the signal has been time synchronous averaged

(TSA), a procedure that suppresses every component not phase-locked to the shaft of interest and

leaves the meshing vibration as a sum of amplitude- and phase-modulated sinusoids [19], [29]:

x(t) =
K

∑
k=1

Xk[1+ak(t)]cos(2πkZ frt +Φk +bk(t)) (2.2)

Where

• x(t) is the time synchronous averaged vibration signal;

• K is the number of meshing harmonics retained in the model;

• Xk is the deterministic amplitude of the k-th meshing harmonic;

• Φk is the initial phase of the k-th meshing harmonic [rad];



2.2 Effect of Wear on Gear Dynamics. 11

(a) Mild abrasive wear. [22] (b) Mild scuffing. [23]

(c) Moderate adhesion wear. [24] (d) Moderate hot scuffing. [25]

(e) Severe abrasive wear. [24] (f) Severe polishing wear. [21]

Figure 2.1: Various severities of gear tooth surface wear, similar to as depicted in ISO-108251-
1.[21]
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• ak(t) is the amplitude modulation function of the k-th harmonic;

• bk(t) is the phase modulation function of the k-th harmonic [rad].

The diagnostic value of this formulation lies almost entirely in the two modulation terms.

When the gear is healthy, ak(t) and bk(t) remain small and vary slowly, so the spectrum shows

only low-amplitude and approximately symmetric sidebands spaced at the shaft rotational fre-

quency around each meshing harmonic ( fGMF ± n · fr) [19], [26], [27]. Such sidebands never

vanish completely, since manufacturing tolerances and mounting eccentricities always introduce

a residual amount of modulation. This baseline, illustrated in Figure 2.2, is the reference against

which every deviation discussed in the remainder of this section must be interpreted.

Figure 2.2: Frequency spectrum of a synthesized healthy gear meshing signal.

2.2.2 Uniform Wear

Uniform wear describes progressive material loss that affects every tooth in essentially the same

manner, and is typically driven by abrasive mechanisms operating under boundary or mixed lu-

brication [19], [30]. Its shape is dictated by the kinematics of the mesh: contact between mating

flanks combines rolling and sliding, with the sliding velocity falling to zero at the pitch line and

reaching its maximum near the tooth root (dedendum) and tip (addendum) [30], [31]. Because

material removal follows the sliding distance, the flank is eroded most severely at those two ex-

tremes while the pitch region stays comparatively intact, which gives each active tooth flank the

characteristic “double-scalloped” deviation from the ideal involute profile [31]. The outcome is a

slow, systematic distortion of the average working surface, and therefore a steady growth of the

geometric transmission error (GTE) [19], [30].
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This distinction matters when the signature is examined. Since all teeth degrade together,

the tooth-to-tooth differences that normally feed the modulation functions barely increase, and

the sidebands consequently remain low [19], [31]. What does change is the shape of the once-

per-tooth excitation: a periodic waveform that departs from its original form while preserving

its period can be described by adding higher-order terms, so the energy increases towards the

upper meshing harmonics [19], [26], [31]. A pronounced rise in 2 fGMF and 3 fGMF with little or no

sideband activity, as sketched in Figure 2.3, is thus the fingerprint of distributed wear, and trending

these components over time remains one of the most reliable ways of catching it early [30], [31].

Figure 2.3: Typical spectrum changes due to uniform wear.

2.2.3 Localized Wear

It is also common for defects to appear where damage is confined to a single tooth or to a small

group of teeth, which usually appears as fatigue pitting, spalling or a crack at the tooth root [30],

[32]. A defect of this kind lowers the local bending stiffness and reduces the active contact area

of the affected tooth during the short interval in which it carries load [29], [32]. The result is a

structural discontinuity that the rest of the mesh does not share, producing a transient impulsive

excitation and a heavy modulation of the meshing vibration once per revolution of the damaged

tooth [29], [31].

Both domains reflect this behaviour clearly. The synchronously averaged waveform develops

distinct spikes, or occasionally amplitude dips, at the angular position of the faulty tooth [26], [29].

Because a short-duration transient spreads its energy over a wide frequency range, the spectrum

responds with a broad and comparatively flat family of sidebands around the meshing harmonics,
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spaced at the rotational frequency of the faulty gear [26], [29], [31]. These sidebands are frequently

unsymmetrical and, in advanced stages, may even exceed the amplitude of the mesh carrier itself,

as represented in Figure 2.4 [26].

The two dominant failure modes are nevertheless not interchangeable from a monitoring stand-

point. When a fatigue crack propagates at the root, the tooth deflects more than its neighbours un-

der the same load, and this additional compliance is expressed mainly as a timing error: the tooth

engages late and disengages early, producing a pronounced phase lag that can approach 60◦ at the

higher mesh orders [28], [29]. Phase demodulation of the meshing harmonics is therefore consid-

erably more sensitive to an incipient crack than amplitude demodulation [29], [31]. Pitting behaves

differently. It originates from cyclic subsurface contact stresses that nucleate micro-cracks near

the pitch line, and once material spalls away the contact area is locally reduced [30]. In its milder

stages the damage is too small and too irregular to produce a coherent phase disturbance, and in-

stead excites high-frequency random vibration associated with sliding over the roughened surface,

which is best captured by second-order cyclostationary indicators rather than by low-frequency

demodulation [30], [31].

Figure 2.4: Frequency spectrum of a localized gear fault, characterized by wide, high-amplitude,
unsymmetrical sideband families around the meshing harmonics.

2.2.4 Shaft Related Wear

Not every anomaly recorded by an accelerometer mounted on a gearbox originates at the tooth

flanks. Unbalance, parallel or angular misalignment, a bent shaft and radial eccentricity all leave

signatures that overlap with those of gear damage and must be recognised before any conclusion

is drawn about the mesh itself [26], [28], [31]. Mechanically, a bent or misaligned shaft carries
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static and dynamic bending moments that rotate with it, forcing the shaft into an orbital motion

that periodically alters the centre distance and the relative alignment of the meshing gears [31].

Two effects follow from this. The first is direct: high-amplitude radial and axial vibration

appears at the fundamental shaft speed (1×) and at its low-order harmonics (2×, 3×), with the

axial component being particularly indicative of angular misalignment [26], [28], [31]. The sec-

ond is indirect, since the cyclic variation in centre distance imposes severe amplitude and phase

modulation on the meshing vibration, surrounding fGMF with prominent and closely grouped side-

bands [26], [28]. Their spacing is what makes the diagnosis possible: because the sidebands are

separated by the rotational frequency of the offending shaft, the spacing identifies which of the

two shafts is responsible, even though the modulation is observed on a component generated by

both.

2.2.5 Bearings

Rolling element bearings fail through localized defects on the inner race, the outer race, the cage

or the rolling elements themselves [26], [28], [31]. Each time a rolling element traverses such a

defect it generates a sharp, high-frequency impact force, and since the kinematics of the bearing

are fully determined by its geometry, these impacts repeat at fixed and predictable rates [26], [28],

[31]. The four characteristic frequencies are given by [26], [28], [31]:

BPFO =
n · fr
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Where

• BPFO is the ball pass frequency of the outer race [Hz];

• BPFI is the ball pass frequency of the inner race [Hz];

• FTF is the fundamental train (cage) frequency [Hz];

• BSF is the ball spin frequency [Hz];

• n is the number of rolling elements;

• fr is the relative rotational frequency between the inner and outer rings [Hz];

• d is the rolling element (ball) diameter [mm];

• D is the bearing pitch diameter [mm];
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• φ is the contact angle [rad].

Locating these frequencies in the raw spectrum is, however, rarely possible. The impacts

are relatively weak and act mainly as an excitation of the structural resonances of the housing,

typically in a higher frequency region, so the low-frequency region where they nominally appear

is dominated by the more energetic shaft and meshing components [26], [28]. Recovering them

requires envelope analysis: the signal is band-pass filtered around the housing resonance frequency

and amplitude demodulated, which discards the carrier and retains only the repetition rate of the

impacts, bringing the bearing frequencies clearly into view [28], [31]. Figure 2.5 contrasts the

raw and envelope spectra for a defective bearing. Two additional effects are worth noting when

the bearing is installed in a gearbox: the defect can modulate the meshing vibration and create

sidebands around fGMF spaced at the bearing characteristic frequencies, while looseness in the

bearing housing tends to excite exact half-order subsynchronous harmonics (0.5×, 1.5×, 2.5×) of

the shaft rotating speed [26], [31].

Figure 2.5: Synthesized raw and envelope spectra of a rolling element bearing with an outer race
defect.
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2.2.6 Pulleys

Where power is transmitted by belts, a further group of anomalies arises from belt slip, loss of

tension, pulley eccentricity and pulley misalignment [26]. As a belt wears or loosens it begins

to fluctuate transversally to the shaft axis during operation, and the periodic impact and friction

forces that come with this motion are what the accelerometer registers [26]. The rate at which they

repeat is the belt pass, or flexural, frequency [26]:

fb =
π · fr ·dp

L
(2.7)

• fb is the belt pass (flexural) frequency [Hz];

• fr is the rotational frequency of the pulley [Hz];

• dp is the pulley pitch diameter [mm];

• L is the total belt length [mm].

A worn or slack belt reveals itself through prominent but unstable peaks at fb and at its integer

harmonics (2 fb, 3 fb, 4 fb), the instability being a direct consequence of the slip that produced them

in the first place [26]. The remaining two faults are easier to separate: misalignment between

pulleys produces high-amplitude axial peaks at the rotational speeds of the individual pulleys,

whereas eccentricity produces a purely radial peak at the rotating frequency of the eccentric pulley

alone [26].

2.3 Dynamic Models of Gear Systems

As established in the beginning of the chapter, wear consists of the “displacement or removal of

material from a solid surface” and so it represents a direct change in the mechanical and geometric

properties of the system. This makes it natural for the development of precise dynamic models

with the ability to mirror the physical behaviour of the gears affected by wear to be a target of

research, as well as the capability of doing the inverse logic of inferring the wear state from

measured vibration.

2.3.1 The Wear Dynamics Feedback Loop

The physical core of model-based gear diagnostics is a coupled interaction: sliding and rolling

contact under high load removes material from the tooth flank, altering its geometry; this profile

deviation changes the system’s Dynamic Transmission Error and Time-Varying Mesh Stiffness,

generating larger meshing forces that subsequently accelerate the wear rate [33], [34]. Ren and

Yuan [33] describe this as a two-way relationship that yields more complex dynamic behaviour

than a fault which perturbs the system in only one direction, and identify it as the reason why

surface wear is harder to monitor than most other gear failure modes.
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The macro-mechanical behaviour of a fixed-axis spur gear transmission is typically simulated

using a lumped-parameter lumped-mass model [33], [35]. For a generalized system, the equations

of motion can be written as:

Mq̈(t)+Cq̇(t)+K(t)q(t) = f(t) (2.8)

Where

• M is the mass and inertia matrix;

• C is the damping matrix, frequently assembled as Rayleigh damping;

• K(t) is the stiffness matrix, time-varying due to the varying mesh stiffness terms;

• q(t) is the displacement vector, including the torsional and translational coordinates of

shafts, gears and bearings;

• f(t) is the external torque and force excitation vector;

• t is the time [s].

Where published implementations differ is in how much of the drive train they choose to

resolve, some models include the whole drive train [34] while others give a more focused approach

on the gear pair itself [34]. In both cases the models were calibrated against measured natural

frequencies showing results within eight percent across the first eight modes over the 0–2 kHz

band of interest.

(a) Model by Ren and Yuan [33]. (b) Model by Feng et al. [34].

Figure 2.6: Examples of dynamic models developed for spur gear system analysis.

The coupling between the mechanical and tribological halves of the problem passes through

a single quantity. The dynamic meshing force Fm(t) acting along the line of action is modelled

as [33], [34]:

Fm(t) = km(t)δm(t)+ cmδ̇m(t) (2.9)

Where
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• Fm(t) is the dynamic meshing force along the line of action [N];

• km(t) is the time-varying mesh stiffness [N/m];

• cm is the mesh damping coefficient [N·s/m], generally taken as constant;

• δm(t) is the relative mesh deflection along the line of action [m] (the displacement of the

meshing point from the ideal theoretical point).

where the relative mesh deflection is defined by:

δm(t) = Rb1θ1(t)−Rb2θ2(t)− et(t)− ydisp(t) (2.10)

Where

• Rb1, Rb2 are the base radii of the driving and driven gears [m];

• θ1(t), θ2(t) are the rotational displacements of the two gears [rad];

• et(t) is the GTE, governed by the worn tooth profiles [m];

• ydisp(t) is the contribution of shaft and bearing deflections along the line of action [m].

The term et(t) is the one that carries the wear state [33], [34], [35]. Defined as the deviation

of the working surface from an ideal involute, it is ideally zero for a perfect gear, which makes it a

natural container both for accumulated material loss and for initial manufacturing deviations [34].

Its role within the loop is that of a prescribed displacement excitation imposed at the mesh: the

wear model writes into it, and the dynamic model reads out of it, as shown in the diagram in Figure

2.7.

Figure 2.7: Diagram of the feedback loop used in spur gear lumped-parameter dynamic models.

2.3.2 Tribological Wear Modelling (Archard’s Law)

The dynamic contact forces generated by the structural model serve as the input for the local

tribological wear calculation. Although many wear formulations have been proposed, Archard’s

model will be the one presented in this section, due to its widespread usage in the literature.

The material loss normal to the tooth flank surface is computed using the modified Archard wear

formulation [12], [36], which goes as:

∂h(t,θ)
∂ t

= Kwear(θ) · p(θ , t) · v(θ , t) (2.11)
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• h(t,θ) is the worn depth normal to the flank [m];

• θ is the coordinate along the active line of action [rad];

• Kwear is the wear coefficient [m2/N];

• p(θ , t) is the local contact pressure [Pa], obtained from Fm(t) through Hertzian contact

mechanics;

• v(θ , t) is the sliding velocity at the contact point [m/s].

The worn depth normal to the flank is the quantity taken as the GTE, that is then fed into the

dynamic model, to recalculate the forces in the interface.

2.3.3 Tooth Crack Propagation

Although the present section is heavily focused on the evaluation of surface wear, it is worth noting

that dynamic models are also used, for instance, in tooth crack detection, using basically the same

models, but applying a different algorithm.

The structural half of the problem is shared. Wu et al. [37], Mohammed et al. [38] and Mo-

hammed and Rantatalo [39] all employ single-stage lumped-parameter models of six to twelve

degrees of freedom, with bearings as radial springs and dampers, motor and load as additional tor-

sional discs, and a mesh element written exactly as before, Fm = km(t)δm + cmδ̇m, with δm formed

from base radii and angular displacements.

What differs is the point at which the damage enters the equations. Surface wear removes

material from the flank, so the profile departs from the ideal involute and the GTE et(t) is the

main representation of the fault. A fatigue crack at the tooth root removes almost no material from

the working surface, the flank remains involute, but the cracked tooth presents a larger deflection

under load. The fault is therefore expressed entirely through the time-varying mesh stiffness km(t),

which drops during the engagement of the damaged tooth, and the term et(t) is absent from all

three crack models, which assume ideal geometry and perfect mounting [37], [38], [39]. The

stiffness of a single tooth follows from treating it as a non-uniform cantilever, the bending, shear

and axial compressive contributions being obtained by integration along its effective length [38],

[39]:

1
Kb

=
∫ d

0

(ycosα1 −hsinα1)
2

EIx
dy,

1
Ks

=
∫ d

0

1.2cos2 α1

GAx
dy,

1
Ka

=
∫ d

0

sin2
α1

EAx
dy (2.12)

Where

• Kb, Ks and Ka are the bending, shear and axial compressive stiffness of the tooth, respec-

tively [N/m];

• d is the effective length of the equivalent cantilever [m];

• y is the distance from the load application point along the tooth [m];
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• h is the distance from the load application point to the tooth centre line [m];

• α1 is the angle of the applied load, varying with the meshing position [rad];

• Ix and Ax are the area moment of inertia [m4] and cross-sectional area [m2] of the section at

y;

• E and G are the Young’s and shear moduli [Pa].

A crack is introduced by reducing Ix and Ax over the cracked portion of the section, so that only Kb

and Ks are affected while the axial and Hertzian contributions remain unchanged [37]. These act in

series, giving the stiffness of one tooth as Kt = (1/Kb +1/Ks +1/Ka)
−1, evaluated separately for

the cracked pinion tooth (Kt p) and its uncracked mating tooth (Ktg). Adding the fillet foundation

deflection of each gear body and the Hertzian contact stiffness, the mesh stiffness of a single tooth

pair and the equivalent stiffness of the mesh become [38]:

Km,i =

(
1

Kt p
+

1
K f p

+
1

Ktg
+

1
K f g

+
1

Kh

)−1

and Km =
n

∑
i=1

Km,i (2.13)

Where

• Km,i is the mesh stiffness of the i-th tooth pair in contact [N/m];

• Kt p, Ktg is the cantilever stiffness of the pinion and gear teeth [N/m];

• K f p, K f g is the stiffness due to fillet foundation deflection of the pinion and gear bodies

[N/m];

• Kh is the Hertzian contact stiffness of the tooth pair [N/m];

• n is the number of tooth pairs simultaneously in contact, alternating between one and two

for a contact ratio below two;

• Km is the equivalent mesh stiffness entering the dynamic model [N/m].

Since a cracked tooth perturbs the signal once per revolution, the usage of statistical time-

domain indicators is common in the literature (these methods will be discussed later in Sec-

tion 2.4), however, purely based on the modelled physics, a further route exploits the fact that

a reduction in km shifts the mesh-stiffness-dependent eigenfrequencies of the system. Mohammed

and Rantatalo [39] compute the frequency response functions (FRF) for the maximum and min-

imum stiffness of each segment of the meshing cycle, then apply a short-time Fourier transform

whose block sizes follow those same segments. As the crack propagates, a shift in the peaks of

the FRFs can be tracked, which can be used as an indirect measurement of crack length.

The presented crack models are, however, inherently different from the previously discussed

surface wear models, they are not able to model wear propagation as there is no feedback loop

present or input of real data as to update the crack length, limiting their usage as wear evaluation

methods.
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2.4 Condition Indicators

Using full dynamic models of the gear transmission can be computationally expensive and, as

shown in the previous section, is relatively limited in the modes of wear that can be reliably

modelled and detected. Instead of analysing the gear transmission as a fleshed out mechanical

system, we may look for changes in the signal, according to the effects showcased in Section 2.2.

Using a variety of mathematical techniques, from statistical measures to simpler relationships

between values extracted from the vibration data, the signal can be characterized and trended

using a set of scalars, that evolve to mimic the evolution of wear in the system. Such scalars are

designated condition indicators (CIs) [32], [40].

CIs are conventionally divided according to the domain in which they are computed, into time

domain, frequency domain and time–frequency domain parameters [32], and that division is the

one followed here.

The indicators presented below are not all computed on the same signal, the following notation

is therefore adopted throughout this section [37], [40]:

• Raw signal, x(n): the acceleration as delivered by the accelerometer, sampled uniformly

in time. It contains the contribution of every component of the machine, together with

background noise.

• Time synchronous averaged signal, y(n): the raw signal resampled in the angular domain,

divided into blocks one revolution of the shaft of interest long and averaged over a large

number of those revolutions. It is one revolution long, uniformly sampled in shaft angle,

and everything not phase-locked to that shaft has, in theory, been suppressed.

• Regular meshing signal, yreg(n): reconstructed from the shaft rotational harmonics, the

meshing harmonics and their first-order sidebands, that is, the components a healthy pair is

expected to produce.

• Residual signal, r(n): the TSA signal with the shaft and meshing harmonics removed,

retaining the sidebands.

• Difference signal, d(n): the residual signal with the first-order sidebands of the meshing

harmonics additionally removed, so that only the irregular content survives.

• Band-passed mesh signal, b(n): the TSA signal filtered around a chosen meshing har-

monic, isolating that carrier and the modulation imposed on it from the neighbouring har-

monics.

• Envelope, s(n): the amplitude modulation extracted from b(n) by demodulation.

Beyond the averaging itself, each of these steps removes a component that a healthy gear

also produces, so the same statistic applied further down the chain becomes progressively more

sensitive to damage, at the cost of becoming noisier and more dependent on the quality of the

healthy reference used to build yreg(n).
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2.4.1 Time-Domain Indicators

2.4.1.1 Raw and Synchronously Averaged Signal

Root Mean Square (RMS). The RMS measures the energy content of a record,

RMS =

√
1
N

N

∑
n=1

x(n)2, (2.14)

and coincides with the standard deviation of the record when its mean is zero, as is the case for

an AC-coupled acceleration signal. The definition applies unchanged to any of the signals listed

above, and it is used on most of them: on the raw signal it gives the overall vibration level, on the

TSA signal the level of the content synchronous with the shaft of interest, and on the residual and

difference signals it is used to build more complex indicators. Being an average over the whole

record, the RMS responds to changes that persist over the full signal and dilutes those confined to

a small fraction of it: a single damaged tooth adds energy over a short interval which is averaged

against the remaining, healthy fraction [31], [37]. It is dimensional and varies with load, speed

and sensor location, so it is only interpretable when trended under repeatable operating conditions.

Maximum Peak Acceleration. The peak value is the largest absolute excursion of the record,

xpk = max
n

∣∣x(n)∣∣, (2.15)

and is often normalised by the RMS to give the crest factor, CF = xpk/RMS, which sits close

to 3 for a signal free of impulsive content and rises as isolated impacts appear [31], [39]. It is

normally evaluated on the raw signal, since averaging reduces exactly the isolated excursions it is

meant to capture, although the same definition may be applied to the residual signal. The rationale

for tracking the peak rather than the RMS is that a localised defect produces a large amplitude

over a very short interval, which the averaging of Equation (2.14) suppresses.

This statistic also has the advantage of being comparable to standardized values. ISO 20816-

9 [41] assesses gear units through housing vibration true peak acceleration, and assigns each unit

an acceleration rating (AR) according to its type, so that a quiet precision unit is not held to

the same limit as a straight-cut reduction gear. Within each rating, four evaluation zones are

defined: zone A corresponds to newly commissioned machines, zone B to vibration acceptable

for unrestricted long-term operation, zone C to vibration considered unsatisfactory for continuous

operation, and zone D to levels severe enough to cause damage. The boundaries between them

are reproduced in Table 2.2 for the two ratings relevant to general-purpose and straight-cut spur

reduction units.

Kurtosis. Kurtosis is the fourth central moment of the record normalised by the square of its

variance,
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Table 2.2: Boundary values of housing vibration true peak acceleration for two acceleration ratings
(adapted from ISO 20816-9). [41]

AR 80 AR 125

Zone boundary [m/s2] [g] [m/s2] [g]

A/B 50.0 5.1 80.0 8.1
B/C 80.0 8.1 125.0 12.7
C/D 125.0 12.7 200.0 20.4

Kurt =

1
N

N

∑
n=1

(
x(n)− x̄

)4

[
1
N

N

∑
n=1

(
x(n)− x̄

)2

]2 , (2.16)

and quantifies the peakedness of the amplitude distribution, taking a value of approximately 3

for a Gaussian signal and increasing as the distribution develops heavier tails. It is dimensionless,

requires no baseline, and is reported as one of the most robust indicators for localised gear and

bearing faults [37], [39]. Equation (2.16) is written for the raw signal but kurtosis is applied

throughout this section to other signals: evaluated on the residual signal it gains sensitivity to

anomalous vibration in the shaft’s revolution, on the difference signal it becomes FM4, and on the

envelope it becomes the envelope kurtosis, both of which are described in the following section.

Two limitations should be noted. Kurtosis is not a monotonic function of damage severity: as

a defect grows from an isolated occurrence towards a distributed condition, the impacts become

more numerous and more closely spaced, the energy they contribute begins to dominate the RMS

in the denominator of Equation (2.16), and the indicator falls back towards its "healthy" value

even though the component is in a worse state [31]. Nor is it a direct measure of severity at a fixed

damage level, since its value also depends on the spacing between the fault impulses and on the

damping of the excited resonances, for instance, Randall states that doubling the rotational speed

of a machine roughly halves the kurtosis obtained for the same fault [31].

2.4.1.2 Residual and Difference Signals

FM4. Proposed by Stewart in 1977, FM4 was designed to detect faults confined to a limited

number of teeth and is defined as the normalised kurtosis of the difference signal [32], [40]:

FM4 =

N
N

∑
n=1

(
d(n)− d̄

)4

[
N

∑
n=1

(
d(n)− d̄

)2

]2 , (2.17)
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which is dimensionless and, like kurtosis, has a nominal value of 3 when d(n) is purely Gaussian.

The reasoning behind the parameter lies entirely in how the difference signal is constructed, any

peak surviving in d(n) is attributable to a tooth that behaves differently from its neighbours. It

is the origin of a large family of derived parameters, obtained either by raising the order of the

moment, as in M6A and M8A, or by replacing the instantaneous variance in the denominator with

an average including previous records, as in NA4, or by locking that average once it exceeds a

statistical limit, as in the starred variants NA4∗ and FM4∗ [40].

Energy Ratio (ER). The ER compares the energy held in the irregular content of the signal with

that held in the regular meshing components, and is obtained by calculating the ratio between their

RMS values [32], [40]:

ER =
RMSd

RMSyreg

. (2.18)

It was conceived for heavy uniform wear, on the premise that as the tooth profiles degrade the

deterministic meshing pattern loses coherence and energy is transferred from the regular signal

to the difference signal, so that the numerator rises while the denominator falls. That double

sensitivity is also the source of its main weakness: Hu et al. [19] report that an increase in ER

may originate in a decrease of the meshing harmonic amplitudes rather than in any growth of the

residual content, so that the indicator cannot by itself distinguish the two situations.

2.4.1.3 Band-Passed Mesh Signal

Envelope Kurtosis. Amplitude demodulation isolates the modulating function from its carrier, so

that the statistics of the modulation can be examined without interference from the meshing vibra-

tion itself [29]. The envelope of the band-passed mesh signal is the modulus of the corresponding

analytic signal,

s(n) =
∣∣b(n)+ jH {b(n)}

∣∣, (2.19)

where H {·} denotes the Hilbert transform, and the envelope kurtosis is Equation (2.16) evaluated

on s(n). The underlying reasoning is that damage confined to a few teeth produces transient load

fluctuations that differ from those generated by healthy teeth, and that these appear as isolated

peaks in the envelope even when they are not visible in the raw waveform [40]. The parameter NB4

is the standard formalisation of this idea, differing only in that the fourth moment is normalised

by the run-time averaged variance of the envelope rather than by the instantaneous one [40]. In

gearboxes the band is normally placed around a meshing harmonic; in bearing diagnostics it is

placed around a housing resonance excited by the fault impacts [31]. The choice of that band is

the critical parameter of the method, and is addressed by the spectral kurtosis.

2.4.2 Frequency-Domain Indicators

Envelope Amplitude. Where the envelope kurtosis characterises the shape of the modulation, the

envelope amplitude characterises its strength at a known rate. Taking S( f ) as the spectrum of the
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envelope signal of equation (2.19), the indicator is the amplitude of that spectrum at a characteristic

frequency fc,

EA( fc) =
∣∣S( fc)

∣∣, (2.20)

with fc chosen from the kinematics of the machine: the rotational frequency of the gear under

study for a tooth defect, or one of the bearing characteristic frequencies for a rolling element

defect. Simpler variants take the peak or the RMS of the envelope waveform s(n) instead of a

specific spectral line.

Sideband Ratio (SBR). The average deviation of the working surface from the ideal involute

contributes to the meshing harmonics themselves, whereas differences between individual teeth

appear as modulation of those harmonics [19]. The SBR quantifies that modulation for each

harmonic individually. Taking the amplitude- and phase-modulated model of the TSA signal in-

troduced in Section 2.2.1, the k-th meshing harmonic may be band-pass filtered and its carrier

removed, leaving a signal rk(n) that contains only the sidebands of that harmonic. Denoting by Xk

the deterministic amplitude of the carrier, the SBR is the normalised power of the modulation [19]:

SBRk =

[
RMSrk

]2

X2
k

, k = 1,2, . . . ,K. (2.21)

The SBR may thus be read as an envelope power referred to its own carrier, which makes it a

dimensionless quantity and largely removes the influence of the overall vibration level, so that

what it reports is the relative weight of the tooth-to-tooth differences against the average working

surface deviation represented by that harmonic

Averaged Logarithmic Ratio (ALR). A single SBR describes only part of the transmission be-

haviour, so Hu et al. [19] assembled the ratios obtained from all significant meshing harmonics

into a gear state vector, SBRi = (SBRi,1,SBRi,2, . . . ,SBRi,K), evaluated at measurement time i,

and measured how far that vector has drifted from a reference state SBR0. The ALR is defined as

ALRi,0 =
1
K

K

∑
k=1

∣∣∣∣ln SBRi,k

SBR0,k

∣∣∣∣ , (2.22)

and a moving version, obtained by replacing the fixed reference with the preceding measurement,

mALRi =
1
K

K

∑
k=1

∣∣∣∣ln SBRi,k

SBRi−1,k

∣∣∣∣ . (2.23)

The absolute value is required because wear does not drive every harmonic in the same direction,

so that a plain average would allow increases in some SBRs to cancel decreases in others, while

the logarithm prevents a large change in a single harmonic from dominating the mean. The con-

struction satisfies the axioms of a distance, so that ALRi, j is properly read as a generalised distance

between two gear states. The two versions carry different information: referred to a fixed baseline,

ALR accumulates the total deviation from the reference condition, whereas mALR, referred to the
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previous measurement, reports the rate at which the state is changing. Since the transmission

error is strongly load dependent, both require that the vibration be always measured at the same

load [19].

2.4.3 Time–Frequency Domain Indicators

Spectral Kurtosis (SK). Every parameter discussed so far collapses the record into a single num-

ber, so a transient confined to a narrow frequency band is averaged together with the broadband

content surrounding it. The SK, introduced by Dwyer and formalised by Antoni [42], restricts

the signal to one narrow band at a time and evaluates a kurtosis on the envelope of each, which

reports not only that impulsive components are present but also where in frequency they occur. It

is the same operation as the envelope kurtosis of Section 2.4.1.3, swept across all bands instead

of applied to one. Writing H(n, f ) for the complex envelope of the process at frequency f in the

Wold–Cramér decomposition, and ⟨·⟩ for the time average, the SK is the normalised fourth-order

spectral cumulant

Kx( f ) =

〈
|H(n, f )|4

〉〈
|H(n, f )|2

〉2 −2, (2.24)

where the constant 2 is used instead 3, used often with Equation (2.16), to refer to excess kurtosis,

because the moments are taken of the magnitude of a complex envelope rather than of a real signal.

Where the power spectral density gives the time average of the energy at each frequency, the SK

gives its time dispersion [42]. It is constant with frequency for a stationary process, zero for a

stationary Gaussian process, and in additive stationary noise it degrades as

Kx+b( f ) =
Kx( f )[

1+ρ( f )
]2 , (2.25)

where ρ( f ) is the noise-to-signal ratio at that frequency, so bands in which the fault dominates

keep a high value and bands in which it is buried do not.

Equation (2.24) depends on the frequency resolution used to estimate it, since a transient is

characterised by its bandwidth as well as by its centre frequency. Antoni therefore generalised the

SK to a function of the frequency–frequency-resolution dyad ( f ,∆ f ), whose representation is the

kurtogram, and gave a fast algorithm of complexity O(N logN) [42]. This serves two purposes.

As an indicator, the kurtosis of the signal filtered in the optimal band has been shown to track fault

development, in documented cases following accumulated oil wear debris and measured spall

size [31]. As a pre-processing step, the optimal dyad supplies the demodulation band required

by the envelope indicators of Section 2.4.1.3. As with ordinary kurtosis, the value is not a direct

measure of severity, since it responds to the spacing of the impulses and to the damping of the

excited resonance as much as to the size of the fault [31].

Table 2.3 collects the indicators described above, together with the signal each is computed on,

the damage they were designed to detect, and their principal limitation.
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Table 2.3: Overview of the CIs considered.

Indicator Domain Base signal Designed for Main limitation

RMS Time Any; usually x(n) or
y(n)

Overall energy of the
vibration

Averages out short
transients; dimen-
sional and load
dependent

Max peak acceler-
ation

Time x(n) (true peak) Isolated impacts; ISO
zone assessment

Set by a single sam-
ple; unstable and
record-length depen-
dent

Kurtosis Time x(n), y(n) or r(n) Impulsive, localised
faults

Non-monotonic with
severity; scales with
shaft speed

FM4 Time d(n) Damage confined to a
few teeth

Returns to nominal
once the damage be-
comes distributed

ER Time d(n) and yreg(n) Heavy uniform wear Ambiguous, since nu-
merator and denomi-
nator both vary

Envelope kurtosis Time s(n) Transient load fluctu-
ations from damaged
teeth

Sensitive to the choice
of demodulation band

Envelope ampli-
tude

Frequency S( f ) at fc Modulation strength
at a known rate

Requires fc to be
known; dimensional

SBR Frequency y(n), per meshing
harmonic

Depth of modulation
of each harmonic

A single harmonic de-
scribes only part of the
gear state

ALR / mALR Frequency Gear state vector of
SBRs

Cumulative deviation
from a reference and
rate of change

Requires a reliable
reference and a con-
stant load

SK Time–
frequency

x(n), via STFT or fil-
ter bank

Transients buried in
stationary noise; band
selection

Not a direct severity
measure; speed de-
pendent
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2.5 Machine Learning Applications

The CIs of Section 2.4 share a common structure: a human chooses the statistic, the signal it is

computed on and the threshold at which an alarm is raised. Machine learning approaches displace

that choice, replacing the hand-designed indicator and threshold with a mapping learned from

data. The section that follows is not intended as a review of the field, which is large and moves

quickly, but as a brief overview of the routes that have been taken and of what they require from

an experimental setup such as the one proposed here.

2.5.1 Learning from Extracted Features

The first and most classical route keeps the CIs and uses them as the input to the learning algo-

rithm, which is then asked only to find the rule that best separates the health states, rather than to

interpret the raw signal. The reasoning is that no single indicator separates the states cleanly, but

a combination of them may.

Because several indicators are usually computed on several measurement channels, the de-

scription of each acquisition quickly becomes a long list of numbers, many of which carry overlap-

ping information. It is therefore common to condense the list first, replacing the original indicators

by a smaller number of combinations that account for most of the variation between acquisitions,

before any classification is attempted. Daga et al. [13] follow this sequence on the bearing dataset

described in Section 2.1.2, computing a set of time-domain statistics on each channel, condens-

ing them by principal component analysis, and training a linear classifier to draw the boundary

between the known damage states.

The same work also illustrates the alternative formulation available at this stage. Instead of

learning to recognise each fault, the method can be asked only to characterise how the measure-

ments are distributed when the machine is healthy, and to flag any later acquisition that falls too

far outside that distribution. This is known as novelty detection, and its practical advantage is that

it requires labelled data only for the healthy condition, which in an industrial setting is usually the

only condition available in quantity. [43]

2.5.2 Learning from the Signal

The second route removes the feature extraction stage altogether and presents the signal directly

to a neural network, on the premise that the network will learn a more informative description than

the one specified by the indicators. The signal is either fed in as a time series, using architectures

designed to handle sequences, or first converted into a time–frequency image such as a spectro-

gram, which can then be treated with the same networks used for image recognition. The second

option is attractive because it allows a network already trained on a large collection of generic

images to be reused, with only its final layers retrained on the vibration data, which substantially

reduces the number of labelled examples needed.
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Najeh et al. [16] compare the two routes on the same problem, estimating the wear of a railway

switch and crossing from accelerometers housed inside the point machine. In the first, time-

domain features are computed on successive windows of the vibration record and passed to a

network designed for sequential data; in the second, the records are converted to spectrogram

images and used to retrain an existing image-recognition network.

Architectures of these two families dominate the recent literature, and are applied both to

classification, where the task is to assign a discrete health state, and to regression, where the target

is a continuous quantity such as wear depth or remaining useful life. Much of the current effort,

however, is directed less at accuracy than at the practical obstacles that follow it. Pan et al. [44]

address two of these: the computational cost of large networks, which they reduce by training a

smaller network to reproduce the behaviour of a larger one and by removing the parts of it that

contribute least, so that the result can run on hardware installed at the machine itself; and the loss

of performance when a model trained on one machine or one operating condition is applied to

another, which is treated as a problem of adapting an existing model to a new setting rather than

of training it again from the beginning.

2.5.3 Limitations and Relation to the Present Work

Three limitations are worth stating, as they bear directly on the role of a physical demonstrator.

The first is the requirement for data. A model trained on labelled examples needs those exam-

ples for every state it is expected to recognise, and run-to-failure campaigns of the kind reviewed

in Section 2.1.2 are slow and expensive to produce. This is the main reason why seeded faults are

so common in the literature, and why the resulting models are trained on a few discrete severity

levels rather than on a continuum.

The second is that the learned mapping is tied to the machine and to the operating conditions on

which it was trained. A change of speed, load or even of lubricant shifts the measured quantities,

and the model may interpret that shift as damage. Daga et al. [13] report exactly this effect,

finding the influence of the operating conditions on the measurements to be comparable to that of

the damage itself, and the alarm rates to become acceptable only once each condition was analysed

against its own healthy reference.

The third is interpretability. A model that assigns the correct health state does not thereby ex-

plain which physical mechanism produced it, which limits its usefulness for diagnosis as opposed

to detection, and makes validation difficult in the absence of an independent measurement of the

wear.

These limitations are complementary to the objectives of this work rather than an argument

against the approach. A physical demonstrator that produces progressive, naturally developed

wear alongside an independent measurement of its severity generates precisely the kind of labelled

data that these methods require and that is currently scarce. Machine learning is therefore not

pursued further in this dissertation, but the proposed rig is intended to leave that route open for

future work.



Chapter 3

Demonstrator Design

In this chapter, the practical approach taken in this thesis is defined, starting with the definition of

design requirements for the test rig, and then the design choices are presented for each developed

constructive solution or chosen components.

3.1 Design Requirements

The design of the test rig is governed by two sets of requirements: the constraints under which it

is built, and the subsystems it must incorporate.

The following constraints apply to the design as a whole:

• Reduced scale: the demonstrator must be compact and portable, which limits the admissible

power, torque and overall envelope of every subsystem described below;

• Cost-efficiency: the rig is intended to be worn, dismantled and reassembled repeatedly over

the course of testing. A modular architecture is therefore adopted, together with inexpen-

sive and rapid manufacturing techniques, namely Fused Deposition Modelling and showing

preference for bought components over own fabrication.

The rig is composed of the following subsystems:

• Driving unit: although the gears are the components of interest, the scale constraint and the

range of gear types available make the driving unit the first element to be defined, since its

power rating bounds the remainder of the design. An electric motor was selected according

to its power rating, its behaviour under constant load and its commercial availability;

• Loading element: wear develops considerably faster under load, so a system to impose a

controlled torque is dimensioned within the limits established in Section 3.2. Hu et al. [19]

recommend applying a torque above the rated capacity of the gear pair in order to shorten

test duration, which would otherwise extend to weeks or months of acquisition. This re-

quirement subsequently conditions gear selection;

31
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• Gear pair: a set of gear pairs is selected within the torque limits imposed by the driving

unit and the loading element,varying in geometry (module, number of teeth, face width) and

in material;

• Drivetrain: a mechanical transmission connects the driving unit to the loading element

through the selected gear pair. It comprises the shafts, couplings and a load-adjustment

mechanism that allows tests to be performed at different torque levels;

• Structural components: the bearings, supports and frame on which the preceding subsys-

tems are mounted, ensuring the stability and transportability of the assembly.

3.2 Driving unit

The driving unit is a fundamental component of the test rig, as it provides the mechanical en-

ergy required to rotate the transmission under study. In the context of vibration-based condition

monitoring, the selection of the motor is governed by the need for a stable input velocity and the

minimization of noise. In this section an overview of available motors is presented including: AC

motors and various types of DC motors such as Brushed, Brushless and Stepper motors, followed

by the selection process.

Alternating Current (AC) induction motors are the most common driving units found in

industrial gear transmissions. Their primary advantage for experimental research is their ability

to maintain a relatively constant speed under varying load conditions. They are highly durable,

cost-effective, and require minimal maintenance, making them suitable for long-duration wear

tests. However, for a laboratory-scale table-top demonstrator, induction motors present significant

integration challenges. They are generally larger and heavier than DC alternatives of equivalent

power, leading to a much lower torque-to-weight ratio. Additionally, the requirement for a high-

voltage AC power source limits the portability and safety profile of a compact laboratory setup.

Direct Current (DC) motors are frequently utilized in high-precision and small-scale me-

chanical assemblies due to their high power density and ease of control. For experimental rigs

focused on automated parameter control, DC motors are often preferred because their speed and

torque can be easily modulated via low-voltage scripts and microcontrollers. Within this category,

three distinct technologies are commonly considered:

• Brushed DC Motors: The simplest form of DC drive, requiring no external commutation

electronics, since current is switched between armature coils by brushes bearing on a rotat-

ing commutator. The switching produces torque ripple at the segment passing frequency, to

which cogging adds further components; both are harmonics of the shaft speed, overlap the

lower meshing orders and, being synchronous with the rotation, are not removed by time

synchronous averaging. The brush contact adds impulsive events and sparking, repeating

at that same rate and modulated once per revolution, which is the signature the envelope

indicators are intended to recover from the mesh. The brushes also wear, introducing a

secondary degradation variable into the system.
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• Brushless DC (BLDC) Motors: BLDC motors are modern alternatives that eliminate the

maintenance issues of brushes. They offer the highest efficiency and torque-to-volume ra-

tio, making them ideal for compact demonstrators. A technical disadvantage in vibration

research is the "torque ripple" caused by the electronic commutation of the phases. This can

manifest as periodic fluctuations in the shaft speed.

• Stepper Motors: Steppers allow for open-loop position and speed control without the need

for encoders. While they are useful for low-speed applications, they are generally avoided in

high-fidelity vibration studies. The "stepping" nature of their movement creates significant

inherent vibration and resonance at specific frequencies. This discrete movement pattern in-

troduces harmonic noise across the vibration spectrum, which typically makes the isolation

of gear-mesh sidebands extremely difficult.

Given the specific constraints of a table-top rig, the choice of a DC unit generally prioritizes

the reduction of the system’s footprint and the simplification of the control interface, provided

the signal processing pipeline can account for the specific noise profile of the chosen motor. The

motor chosen was the RS PRO Brushless DC Motor (RS Stock No.: 536-6030), since it was

already available. Its main operating characteristics are presented in Table 3.1.

Table 3.1: Operating characteristics of the BLDC motor.

Rated Torque Max. Torque Rated Speed Voltage Current

0.25 Nm 0.75 Nm 4000 rpm 24 V 20 A

It should be noted that, at the rated operating conditions, the selected motor does output a

relatively small steady state torque, making it potentially difficult to find suitable gears to induce

wear in, so, due to its high nominal speed, a reduction stage was therefore employed to achieve a

larger torque.

3.3 Loading elements

Having set a reference value for torque, a system to impose the load on the system had to be

designed. As stated earlier in this paper, the test rig should have a mechanism that allows for the

performance of tests at various load values and, for each test, the torque imposed by the loading

element should be higher than the gear’s surface strength limit. In this section an exposition is

made on commonly used loading elements such as gear pump systems, Eddy Current Brakes and

friction brakes, followed by the definition of the constructive solution to employ.

3.3.1 Gear Pump System

Similarly to the test rig presented by Hu et al.[19], a pump system was considered as a possible

load-imposing element for the test rig. Pump systems come as a compelling option for a number
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of reasons: they do not require external power sources to operate (contrary to electromagnetically-

actuated friction brakes, another widely used alternative, which is discussed in Section 3.3.3)

and the load imposed is relatively easy to vary through a simple valve. The proposed layout is

presented in Figure 3.1.

Tank

Gear pump

Tbrake

∆P Adjustable
throttle

Figure 3.1: Hydraulic circuit of the loading element. The gear pump absorbs the braking torque
Tbrake, and the load is set by the adjustable throttle, across which the pressure drop ∆P is measured.

Various types of mechanical pumps are available on the market for this application, for prelim-

inary design considerations, an external gear pump unit is considered, although they present lower

volumetric efficiency when compared to vane pumps or piston pumps, for instance, its simple and

compact constructive solution, availability at lower displacement volumes and robustness make it

acceptable for use and a more cost-effective option. [45]

The governing equation behind the design of a pump brake system comes as [45]:

T =
Vd ·∆P
2π ·η0

(3.1)

Where,

• T is the input torque, in [Nm];

• Vd is the pump’s rated volumetric displacement, in [m3 rev−1];

• η0 is the pump’s overall efficiency; for external gear pumps, 0.8 < η0 < 0.9.

In Section 3.2 it is established that the gear pump should be able to impose a loading torque

ranging from 0.25 Nm to an upper limit value yet to be determined, so as a general feasibil-

ity check, a resistant torque of up to 1.5 Nm was defined as the target, calculating for standard

volumetric displacement values available (Group 1 pumps) the results shown in Table 3.2 were

obtained.

All pressure values are within ordinary rated limits for the necessary components and are low

enough that the pressurized fluid does not pose a significant safety hazard. It should be noted that
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Table 3.2: Required pressure differential for target torque range (Tmin = 0.25 Nm, Tmax = 1.5 Nm,
η0 = 0.8)

Vd [cc] ∆Pmin [bar] ∆Pmax [bar]

1.1 11.42 68.54
2.7 4.65 27.92
5.0 2.51 15.08
8.0 1.57 9.42

some manufacturers indicate a minimum operating speed for the pumps (for instance, a minimum

speed of 1000 rpm for a 1.1 cc pump [46]).

3.3.2 Eddy Current Brakes

Using an Eddy Current Brake (ECB) as a loading mechanism in rotating motion test rigs is also

quite common; Loedolff [47] used an ECB as the loading mechanism for a bicycle drive train test

rig, and even at NASA research facilities, ECBs have been used as loading mechanisms since 1991

[48].

The working principle behind ECBs relies on Faraday’s Law of Induction and Lenz’s Law.

When a conductive material, such as aluminium or copper, moves through a stationary magnetic

field, the change in magnetic flux induces circular loops of electrical current, known as eddy

currents, within the conductor. According to Lenz’s Law, these induced currents create their own

magnetic field that opposes the original change in flux. This interaction generates a Lorentz force

that acts in the opposite direction of the motion. [49]

For this specific application, the ECB is an interesting loading solution for several reasons:

• Frictionless braking: Since there is no mechanical friction, the brake does not generate

high-frequency acoustic or vibratory noise. This is convenient for this study, as it ensures

the vibration signals captured by the accelerometers are purely a result of the gear meshing

dynamics and wear, rather than brake-induced noise.

• Thermal Stability: the ECB’s thermal performance is predictable and changes only slightly

with the temperature-dependent resistivity of the disc, these problems can be avoided with

a simple dedicated cooling system.

• Simplicity: The system requires no external hydraulics or power sources, making it suitable

for a laboratory-scale demonstrator.

The brake assembly (see Figure 3.2) usually consists of an aluminium disc rigidly attached to

the output shaft of the gear transmission. The magnetic field is provided by a set of Neodymium

(NdFeB) permanent magnets positioned on either side of the disc.

The design and torque prediction of ECBs may be governed by the analytical model presented

by Schieber [51], which yields the following equation:
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Figure 3.2: Sketch of rotor-stator interaction in an ECB. [50]

T =
1
2

σδωR2
πm2B2

z

[
1− (R/a)2

(1− (m/a)2)

]
(3.2)

Where,

• σ is the disc’s material electrical conductivity, in [S/m].

• δ is the disc’s thickness, in [m].

• ω is the disc’s angular speed, in [rad/s]

• R2π corresponds to the magnet’s pole area, in [m2], considering circular section magnet.

• m is the distance from the disc’s axis to the magnetic pole’s centre, in [m].

• Bz is the magnetic flux going through the disc, in [Wb/m2].

• a is the Aluminium disc’s radius, in [m].

To ensure operation within the brake’s linear region we may use Wouterse’s model to calculate

the critical speed (Equation 3.3), the speed at which the torque reaches its maximum and beyond

which the brake behaves non-linearly.

ωk =
2

µ0R

√
1

cξ

(
1

δσ

)√
x

2R
(3.3)

Where,

• µ0 is the permeability of vacuum (physical constant, µ0 = 4π ·10−7 [H/m]);

• candξ are geometric parameters, their product is taken as unity, conservatively;

• x is the air gap between pole faces, including the disc thickness, in [m].
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Table 3.3: Geometric and physical parameters of the ECB prototype.

δ a R σ m T

5.0 mm 65.0 mm 12.0 mm 35.0 MS/m [40; 53] mm [1.045 ; 1.744] Nm

Given the components available on the market, an ECB was designed with the characteristics

described in Table 3.3, showcasing the feasibility of the solution, having the capability of imposing

the desired range of loading torque, with design-wise sound dimensions.

The magnetic flux, Bz, considered when calculating the loading torque was of 0.5 T. A sim-

ulation of the magnetic flux between the two poles was performed using the FEMM software,

the material properties and problem parameters defined are presented in Table 3.4, the plot of

the simulated results is shown in Figure 3.3. The designed prototype yielded a critical speed of

951.13 rad/s (nc ≈ 9081 rpm) which is largely above the operating speed employed.

Table 3.4: Definition of the magnetostatic finite element model and material properties assigned
to each region (FEMM 4.2 [52]).

(a) Model definition

Problem type 2-D planar, magnetostatic
Depth 12 mm
Outer boundarya Asymptotic (mixed), c0 = n/(µ0r0), c1 = 0, n = 1
Mesh 4891 nodes, 9405 elements, automatically generated

(b) Material properties

Region Material µr Hc [Am−1] σ [MSm−1]

Surrounding medium Air 1.00 – –
Brake disc Aluminium 6061-T6 1.00 – 24.59
Permanent magnets NdFeB, grade N48 1.05 1014538 0.667

a The coefficients of the mixed boundary condition were determined according to the software’s manual [52,
Appendix A.3.2] so that the circular outer boundary approximates an unbounded solution domain.

3.3.3 Friction Brakes

Friction-based loading mechanisms represent a traditional and widely documented approach to

generating resistive torque in mechanical testing. These systems rely on the physical contact

between stationary pads and a rotating element, such as a disc or drum, to dissipate kinetic energy

as heat. Given the requirements of a lab-scale gear transmission demonstrator, several friction-

based technologies present themselves as viable candidates:

• Electromagnetic Friction Brakes: These units utilize an electromagnetic coil to actuate an

armature that engages the friction surfaces. They are highly valued in industrial automation

for their rapid response times and the ability to be easily integrated into digital control

scripts, allowing for variable load profiles via Pulse Width Modulation. However, they
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Figure 3.3: Magnetic flux field in the ECB assembly, simulated in FEMM.

are susceptible to significant thermal sensitivity; as the internal windings heat up during

operation, the electrical resistance increases, leading to a drop in current and a subsequent

fade in braking torque.

• Magnetic Powder Brakes: Frequently cited in gear research, these brakes consist of two

concentric rotors with a gap between them, filled with fine magnetic powder. When a mag-

netic field is applied, the powder forms "chains" that create a shear-based resistive torque.

Their primary advantage is that the torque is almost entirely independent of the rotational

speed, providing a smooth operation at low velocities. However, these units are generally

characterized by a high weight-to-torque ratio and higher price. Furthermore, the require-

ment for a constant external power supply and the potential for the magnetic particles to set-

tle or degrade over long cycles of time present challenges for maintaining a stable, portable

table-top demonstrator.

• Pneumatic and Hydraulic Brakes: These systems utilize fluid pressure (either compressed

air or hydraulic oil) to provide the normal force on the friction surfaces. These are capable

of generating the highest torque densities out of any friction-based system, making them

ideal for heavy industrial power trains. Despite their robustness, they require significant

auxiliary infrastructure, including compressors, pumps, and high-pressure lines. From a

vibration monitoring perspective, this infrastructure is problematic as it introduces acoustic

noise into the system frame. Such interference can easily contaminate the high-frequency

vibratory signatures from the gears.
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Figure 3.4: Typical wear pattern in friction disc surface’s [53].

• Spring-applied Friction Brakes: This configuration utilizes the elastic potential energy of

calibrated springs to maintain the normal force on the friction surfaces. The primary benefit

of this approach is the passive nature of the load, meaning once the spring compression is

manually set, the system does not require an external power source to provide a load (only

to lift it). A notable characteristic of these systems is their irregular wear pattern, due to

the difference in sliding speeds across the disc’s radius, the disc suffers from different wear

rates in an initial running-in stage (Figure 3.4) until the surface wear caused by the faster

sliding speed results in a pressure redistribution, compensating the wear gradient. This

behaviour can cause fluctuation in braking torque in the initial wear-in stage. While the load

is not perfectly constant (the force will decrease slightly according to the spring’s stiffness

coefficient (k) as it expands) it retains a predictable macro load profile.

3.3.4 Selection

The magnetic powder brakes and fluid based options (both friction based and the gear pump brake)

were excluded due to sizing incompatibility, the resulting assemblies were deemed to be too bulky

to fit the scale of the demonstrator. The electromagnetically actuated options were ruled out due to

the necessity of having the brake imposing the load during hours-long tests, inducing heat-related

problems.

Designing an ECB was also ruled out due to the sensitivity of the design, the torque would

not be easily regulable and deflection in the magnet supports could induce a "feedback" loop,

increasing the magnetic force between the poles and damaging the brake structure, making it a

less robust option for the test rig.

In order to vary the load imposed on the system a variable reduction stage was employed. This

mechanism also has the function of isolating possible vibration noise caused by the brake.
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All options considered, the chosen method to impose a load on the system was a spring ap-

plied friction brake, the model chosen was the M.1703.2221 Electromagnetic Brake Power On,

by Warner Electric Europe, it is a Friction Spring-applied Brake with electromagnetic release, its

main rated characteristics are shown in Table 3.5.

Table 3.5: M.1703.2221 rated operating characteristics.

Torque Voltage Current Diameter

0.79 Nm 24 V 0.247 A 62 mm

3.4 Gear Pair

Taking into account the driving unit and loading component employed, a suitable gear pair was

chosen. As stated in Section 3.1 the loading torque should be larger than the gear’s rated allowable

torque value, so gears with an allowable torque lesser than 0.25 Nm would be the target. This

would result in very small gear units, making it harder to obtain clear visual results regarding

wear. For that reason allowable torque values up to 1.3 Nm were considered.

Consulting the catalogues of known gear manufacturers and distributors the list of possible

gear pairs presented in Table 3.6 was built. The gears were chosen spanning over different materi-

als and geometric characteristics with the objective of, in future works, testing the wear evaluation

method’s performance for various gear types, which is also a reason why the demonstrator must

have a versatile design.

Table 3.6: Main characteristics of the gears considered for the demonstrator. [54], [55], [56], [57]

Material Number of Teeth Module Face Width Allowable transmission torque.
z m [mm] b [mm] Tlim [Nm]

Steel
24 1.0 10 0.49
32 1.0 10 0.9
38 1.0 10 1.3

Brass
25 0.8 5 0.53
30 0.8 7 0.96
48 0.8 5 1.26

Polymer (Poliacetal)
26 1.25 10 0.638
38 1.25 10 0.932
28 1.5 12 1.187

It should be noted that for the steel gears, the referenced resistance torque limit is regard-

ing surface pressure, whereas for the brass and polymer gear bending fatigue torque limits were

taken. This is due to the fact that for brass and polymer gears, surface resistance is not usually

documented.
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3.5 Drive train

The designed drive train had to be compliant with the requirements defined in the previous sec-

tions, this includes the following: reduction stages for the driving unit and the loading element,

appropriate driving shafts to transmit rotational motion, and couplings between shafts.

3.5.1 Reduction stages

Due to the nature of this test rig, all gear-type solutions were excluded to avoid the appearance of

extra gear wear information on the vibration signal. To achieve the required torque, two belt-pulley

mechanisms were employed. This was deemed the best solution due to the vibrational isolation

provided by the mechanism: the only physical connection between the pulleys is the flexible belt,

whose elasticity and internal damping attenuate and isolate the structure-borne vibration originat-

ing at the brake rather than transmitting it rigidly to the instrumented shafts [58, Ch.17].

A schematic drawing of the full drivetrain is shown in Figure 3.5 and the pulleys used for the

aforementioned reduction stages are characterized in Table 3.7.

MOTOR

BRAKE

coupling roller bearings

stage 1: HTD 5M belt
i = 12:72

spur gear pair
i = 1:1

stage 2: HTD 5M belt
i = 16:12 (example)

Shaft I
4000 rpm
0.25 Nm

Shaft II
667 rpm
1.50 Nm

Shaft III
667 rpm
1.50 Nm

Shaft IV
889 rpm
1.13 Nm

power constant along the train at P ≃ 105 W, transmission losses neglected

Figure 3.5: Layout of the demonstrator and operating conditions along the power train.
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Table 3.7: Characterization of reduction stages.

Stage
Small Pulley

(no. of teeth)

Large Pulley

(no. of teeth)
Reduction

Belt length

[mm]

Center Distance

[mm]

Torque

[Nm]

Motor 12 72 6 400 80.91 1.5

Brake

12 14 1.167 275 104.99 0.922

12 16 1.333 275 102.45 1.053

12 22 1.833 275 94.67 1.448

The values for the required centre distance where obtained using the following equation, which

is an approximation developed for friction drives, but serves the purpose of guaranteeing that the

proposed assemblies do not require inconceivable centre distances [59]:

L = 2C+
π

2
(DL +Ds)+

(DL −Ds)
2

4C
(3.4)

Where,

• L is the length of the timing belt;

• C is the centre distance between the pulleys;

• DL and Ds are the pitch diameters of the large and small pulleys, respectively.

3.5.2 Shafts

To transmit rotational motion regular steel shafts were used. The main design constraint for the

shafts was the diameter compatibility with the chosen pulleys, gears, motor and brake. The shaft

length was minimized to prevent excessive deflection while remaining long enough to accommo-

date the required supports and components.

Due to the small dimensions of the test rig, the speed and forces in motion are relatively small,

making the shaft fatigue problem somewhat negligible, however, as a sanity check, the fatigue

verification of the critical shaft was performed according to the procedure described in Shigley’s

Mechanical Engineering Design [58, Ch. 7]. A critical speed verification was also carried out,

regarding the motor shaft (Shaft I), which spins at the full 4000 rpm, making it a critical component

in the design.

Design data and assumptions

The shaft material is EN 1.1191 (C45E), untreated. The data adopted for the verification are

summarised in Table 3.8. The shaft is solid with a circular cross section and consists of three

parts: a ∅6 mm stub, 6 mm long, where the motor coupling is mounted; a ∅10 mm body, 40 mm

long, where the two bearings are fitted; and a ∅6 mm end, 26 mm long, where the small pulley

of the first reduction stage is mounted. The axial coordinate x is measured from the edge of the
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coupling end, so the two shoulders lie at x = 6 mm and x = 46 mm and the bearings at x = 9 mm

and x = 43 mm (Figure 3.7).

Table 3.8: Design data and modelling assumptions.

Quantity Value

Ultimate strength Sut 620 MPa
Yield strength Sy 340 MPa
Surface condition machined
Operating temperature 20 ◦C
Reliability 99%
Rotational speed 4000 rpm
Transmitted torque T 0.25 N m
Pulley axial position x = 60 mm
Coupling radial load neglected
Relief groove (both shoulders) flat bottomed, 1 mm wide, root ∅5 mm
Groove corner radius r ≈ 0.1 mm (assumed)

At 4000 rpm the shaft reaches 106 cycles in approximately four hours of operation, so the

verification is carried out for infinite life and the endurance limit Se applies directly.

Load induced by the pulley

12 teeth
to driven
pulley, 72 teeth

TS

TT

Fe
Fr

T

dp

x
y

z

Figure 3.6: Forces acting on the driving pulley.

The driving pulley is an HTD 5M with z = 12 teeth, so its pitch diameter and pitch radius are:

dp =
pz
π

=
5×12

π
= 19.10 mm rp = 9.55 mm (3.5)
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The effective (net) tension is the tangential force that delivers the transmitted torque,

Fe =
T
rp

=
250
9.55

= 26.2 N (3.6)

The shaft is not loaded by Fe alone, however, but by the vector sum of the tight (TT ) and slack (TS)

side span tensions, TT +TS, whose magnitude depends on the installation tension. Synchronous

belt drives are not treated in detail in the reference text, which defers to manufacturer data. Gates

defines this resultant as the belt pull and computes it assuming the belt is pre-tensioned to a tension

ratio of 8 :1 for synchronous drives [60]. Combining that ratio with the definition of the effective

tension,
TT

TS
= 8 Fe = TT −TS =⇒ TS =

Fe

7
TT =

8Fe

7
(3.7)

so that the radial load applied to the shaft by the belt is

Fr = TT +TS =
9
7

Fe = 1.286×26.2 = 33.7 N (3.8)

Equation (3.8) is conservative on two counts: the arithmetic sum of the span tensions is the re-

sultant for a wrap angle of 180◦, whereas the wrap on the 12-tooth pulley is appreciably smaller

and the true resultant correspondingly lower; and the belt pull excludes the pulley weight, which

is negligible here.

The torque is constant and equal to Tm = 0.25 N m from the coupling to the pulley. The belt

load is stationary in space while the shaft rotates, so the bending stress is completely reversed.

Consequently:

Mm = 0 Ta = 0 (3.9)

Reactions and bending moment diagram

All loads act in the xOy plane, so a single-plane analysis is sufficient. The pulley is overhung

17 mm beyond the second bearing, while the bearing span is only 34 mm. Equilibrium gives

R2 = Fr
60−9
43−9

= 50.6 N (↑) R1 =−Fr
60−43
43−9

= 16.9 N (↓) (3.10)

The first bearing is therefore loaded downwards: the overhung pulley levers the shaft about the

second bearing. The bending moment diagram is shown in Fig. 3.7. Its maximum, 0.573 N m,

occurs at the second bearing, and its value at the relief groove of shoulder B is

Ma = Fr (60−46) = 33.7×14 = 472 N mm = 0.472 N m (3.11)

Critical Section

Only a few locations need to be evaluated: those where the bending moment is large, where torque

is present, and where stress concentrations exist. Three candidates are considered:
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∅6 ∅10 ∅6

x = 9 x = 43 x = 60

Fr = 33.7 N

6 40 26

all dimensions in mm

x

0 9 43 60 72

0.573 N m

groove: 0.472 N mM(x)

Figure 3.7: Shaft geometry (relief grooves not represented) with the applied loads and the corre-
sponding bending moment diagram.
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• Second bearing, x = 43 mm. Largest bending moment (573 N mm), but located on the ∅10

body with no stress raiser.

• Shoulder A, x = 6 mm. A relief groove is present, but there is no transverse load on the

shaft between x = 0 and the first bearing, so M = 0 and only the steady torque acts.

• Shoulder B, x = 46 mm. A relief groove reduces the local diameter to ∅5 mm while the

bending moment is still 472 N mm.

Shoulder B governs: its section modulus is πd3/32 = 12.27 mm3 against 98.2 mm3 at the

second bearing, an eightfold penalty for an 18% reduction in bending moment. The verification is

therefore done for this section.

Stress concentration at the groove

The groove is a flat-bottomed relief, a = 1 mm wide and t = 0.5 mm deep radially, cut as a square

step from the ∅6 mm section down to a root diameter of ∅5 mm. Because the bottom is flat and

the corners square, the radius that governs the stress concentration is not the groove depth but the

small corner radius left by the tool, which is not specified on the part. The reference work notes

that flat-bottomed grooves of this kind, in which the bottom radius is of the order of one tenth

of the groove width, produce stress-concentration factors near 5 in bending and 3 in torsion [58].

Taking the worst credible case, r ≈ 0.1 mm, the governing ratios are

a
t
=

1
0.5

= 2.0
r
t
=

0.1
0.5

= 0.20 (3.12)

and the corresponding charts for flat-bottomed grooves give

Kt = 5.0 (bending) Kts = 3.0 (torsion) (3.13)

These geometric factors are reduced to fatigue stress-concentration factors through the notch sen-

sitivity q, obtained from the Neuber relation:

q =
1

1+
√

a√
r

(3.14)

in which the Neuber constant
√

a is a function of the ultimate strength alone. For Sut = 620 MPa

the constants are
√

a = 0.361
√

mm in bending and
√

a = 0.272
√

mm in torsion, so that with

r = 0.1 mm Eq. (3.14) yields q = 0.47 and qs = 0.54. The fatigue stress-concentration factors

follow as

K f = 1+q(Kt −1) = 1+0.47(5.0−1) = 2.87 (3.15)

K f s = 1+qs (Kts −1) = 1+0.54(3.0−1) = 2.07 (3.16)
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The sharpness of the corner is partly self-limiting: a smaller radius raises Kt but lowers the notch

sensitivity through Eq. (3.14), so the product K f is far less sensitive to r than Kt alone. Repeating

the calculation for r = 0.05 mm changes final factor of safety by less than 8%, which makes the

assumed corner radius an acceptable basis for the verification despite not being specified.

Endurance limit

For steels with Sut ≤ 1400 MPa the rotating-beam endurance limit is estimated as

S′e = 0.5Sut = 0.5×620 = 310 MPa (3.17)

This value is corrected to the conditions of the actual component through the Marin factors,

Se = ka kb kc kd ke S′e (3.18)

whose expressions and values for this shaft are given in Table 3.9. The load factor is kc = 1

because the combined bending and torsion is handled through von Mises equivalent stresses, and

the temperature factor is kd = 1 at 20 ◦C.

Table 3.9: Marin modifying factors at the groove of shoulder B.

Factor Expression Value

Surface, ka aSb
ut , with a = 4.51, b =−0.265 (machined) 0.821

Size, kb 1.24d−0.107, with d = 5 mm 1.044
Load, kc combined loading via von Mises 1
Temperature, kd 20 ◦C 1
Reliability, ke 99% reliability 0.814

The surface factor uses Sut in MPa, and the size factor d in mm. The latter exceeds unity

because the expression rewards diameters below 7.62 mm and remains valid down to 2.79 mm.

Substituting into Eq. (3.18),

Se = 0.821×1.044×1×1×0.814×310 = 216 MPa (3.19)

Safety factor

Among the distortion-energy fatigue criteria available for a rotating round shaft under fluctuating

bending and torsion, the DE–Soderberg criterion [61] is adopted here. It is the most conservative

of the family, and because it references the midrange stress to the yield strength rather than to the

ultimate strength it inherently guards against first-cycle yielding, so that no separate static check

is required. Introducing the alternating and midrange load combinations

A =
√

4(K f Ma)2 +3(K f sTa)2 B =
√

4(K f Mm)2 +3(K f sTm)2 (3.20)
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the criterion reads
1
n
=

16
πd3

(
A
Se

+
B
Sy

)
(3.21)

At the groove of shoulder B the load set is Ma = 0.472 N m, Tm = 0.250 N m, Mm = Ta = 0

and d = 5 mm, so that 16/(πd3) = 0.0407 mm−3 and Eq. (3.20) reduces to

A = 2K f Ma = 2706 N mm B =
√

3K f sTm = 898 N mm (3.22)

Substituting into Eq. (3.21),

1
n
= 0.0407

(
2706
216

+
898
340

)
= 0.0407

[
12.53+2.64

]
= 0.618 (3.23)

which gives

n = 1.6 (3.24)

The governing section is the relief groove at shoulder B, where the DE–Soderberg factor of

safety is n= 1.6. Since this criterion also covers first-cycle yielding, the shaft is verified for infinite

life under the loads considered.

The margin is dominated by a single feature. The flat-bottomed relief groove alone accounts

for a factor of roughly two in the result: with a full-radius groove of the same depth, all other data

unchanged, the same calculation returns n = 3.0. The flat-bottom groove is an inherent design

feature imposed by the shaft manufacturer, so, should the design of the shafts be revisited, filleting

the bottom of the relief groove is by a margin the most effective change available.

Critical speed

At certain rotational speeds a shaft resonates laterally and its deflections grow without bound. The

design requirement is that the first critical speed be at least twice the operating speed [58], that is,

8000 rpm for this shaft.

The procedure of the reference work is followed: the assembly is reduced to a set of discrete

masses and their contributions combined through Dunkerley’s equation [62],

1
ω2

1
≃ ∑

i

1
ω2

ii
= ∑

i
mi δii (3.25)

where mi is the mass of station i and δii the deflection at that station under a unit transverse force

applied there. The term ωii = (miδii)
−1/2 is the critical speed the assembly would have if station

i were its only mass: the natural frequency of a mass mi on a spring of stiffness 1/δii, the shaft

being that spring. Equation (3.25) neglects the higher modes and therefore underestimates the first

critical speed, which is conservative.

The closed-form expressions for δi j given alongside Eq. (3.25) in the reference work are not

applicable here. They assume a constant flexural rigidity, whereas this shaft steps from ∅6 to ∅10

and back; and they assume both the load and the station of interest to lie between the supports,
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whereas the pulley overhangs the second bearing by 17 mm and the coupling overhangs the first

by 6 mm. The tabulated case for an overhanging load removes the second objection but not the

first, and since the change of section falls inside the overhang it also falls out of the equation’s

scope.

Influence coefficients Castigliano’s theorem gives the deflection at a point as the derivative of

the strain energy with respect to a force applied there. With a unit force, and retaining only bending

strain energy, this gives the unit-load integral

δii =
∫ ℓ

0

M2
i (x)

E I(x)
dx (3.26)

in which Mi(x) is the bending moment produced along the shaft by a unit transverse load at station

i, the shaft being supported at the two bearings. Since I(x) remains inside the integral and Mi(x)

follows from statics alone, Eq. (3.26) accommodates both the change of section and the overhangs

without modification.

The moment distribution is constructed as in Fig. 3.7, replacing the belt load by a unit load at

the station of interest. For a station on the pulley overhang, at xi > xB, equilibrium gives

RB =
xi − xA

xB − xA
(↑) RA = 1−RB (↓) (3.27)

Evaluating Eq. (3.26) with E = 207 GPa over the stepped geometry gives the influence coefficient

at the pulley (δp) and coupling (δc) locations,

δp = 1.088×10−4 mm/N δc = 5.319×10−6 mm/N (3.28)

Figure 3.8 shows the variation of the influence coefficient along the shaft.

x [mm]

δ
ii

[1
0−

4
m

m
/N

]

0

1

2

3

4

5

0 9 43 60 72

bearings:
δii = 0

pulley
station

Figure 3.8: Influence coefficient δii along the shaft.
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Discretisation The mass of the assembly is partly distributed, in the shaft material, and partly

concentrated, in the pulley and the coupling. Writing it as a single mass measure along the axis,

dm(x) = ρ A(x)dx︸ ︷︷ ︸
shaft

+ mp δD(x− xp)dx + mc δD(x− xc)dx︸ ︷︷ ︸
attachments

(3.29)

with δD the Dirac distribution, Dunkerley’s sum becomes a single integral against that measure,

1
ω2

1
≃

∫ ℓ

0
δii(x)ρ A(x)dx + mp δp + mc δc (3.30)

the concentrated terms being sifted out by the Dirac distributions.

The distributed integral is evaluated by partitioning the shaft into segments and placing the

mass of each at its own centroid,∫ ℓ

0
δii(x)ρ A(x)dx ≃ ∑

k
mk δii(x̄k) mk = ρ

∫ xk+1

xk

A(x)dx (3.31)

x̄k denoting the centroid of segment k. The shaft is divided into 36 segments of equal length,

∆x = 2 mm, this being the smallest number of equal segments for which no segment contains a

change of section (Figure 3.9).

x = 6 x = 46

k = 1 to 3 k = 4 to 23 k = 24 to 36

mc mp

∆x = 2 mm, all dimensions in mm

Figure 3.9: Discretisation of the shaft into 36 equal segments of ∆x = 2 mm.

Results The pulley is a steel cylinder of 19.1 mm diameter and 21 mm length, and the coupling

an aluminium tube of 14 mm outer diameter, 6 mm bore and 12 mm length, so that

mp = ρst
πd2

4
ℓ= 46.9 g mc = ρAl

π(D2 −d2)

4
ℓ= 4.1 g (3.32)
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with ρst = 7800 kg/m3 and ρAl = 2700 kg/m3. Table 3.10 collects the thirty-eight stations of

Eq. (3.30), the shaft segments being grouped by diameter.

Table 3.10: Stations contributing to the first critical speed, grouped by diameter.

Station Position [mm] mi [g] δii [mm/N] ∑miδii [s2]

Coupling xc = 3 4.1 5.32×10−6 2.17×10−11

Shaft k = 1 to 3, ∅6 0 ≤ x ≤ 6 1.3 — 8.34×10−12

Shaft k = 4 to 23, ∅10 6 ≤ x ≤ 46 24.5 — 9.07×10−11

Shaft k = 24 to 36, ∅6 46 ≤ x ≤ 72 5.7 — 8.81×10−10

Pulley xp = 60 46.9 1.09×10−4 5.11×10−9

Sum 82.5 6.11×10−9

Substituting into Eq. (3.25),

ω1 =

√
1

6.11×10−9 = 12796 rad/s ≃ 122000 rpm (3.33)

which is about 31 times the considered operating speed of 4000 rpm. The pulley accounts for 84%

of the sum. Of the shaft’s own 16%, nine tenths comes from the thirteen segments of the pulley

overhang, although they hold under a fifth of the shaft mass: in Eq. (3.30) position outweighs

mass, since δii varies by orders of magnitude along the shaft while the segment masses vary only

with the square of the diameter.

Limitations of the model. Several effects have been omitted, and their direction is worth record-

ing:

• Rotary inertia of the attachments. The pulley and coupling are treated as point masses

with no diametral moment of inertia. A real overhung disc resists the angular deflection of

the shaft at its station, which raises the critical speed.

• Local stiffening. The hubs clamp over the shaft and stiffen it locally, whereas I(x) is taken

as that of the bare shaft.

• Finite width of the attachments. Lumping the pulley mass at a single station slightly

overstates its contribution, since part of that mass lies inboard where δii is smaller.

• Bearing flexibility and shear deformation. The bearings are treated as ideal pin supports

and only bending strain energy is retained in Eq. (3.26). Both make the real shaft marginally

more flexible than modelled.

None of these act against safety, the shaft is therefore free of any critical speed concern, and it

is the fatigue verification at the relief groove that governs the design.
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3.6 Structural components

The structural integrity of the test rig is a fundamental requirement for ensuring the accuracy and

repeatability of the vibration data. The frame must not only support the mechanical load of the

motor and brake but also provide a rigid reference that guarantees geometrical alignment between

the components. Two other key aspects of this specific test rig are: the size and weight constraints

due to the intended scale of the rig, it must maintain a portable weight and reasonable, ergonomic

dimensions; and the setup should allow a degree of modularity to accommodate different configu-

rations, including various gear pairs and load reductions.

3.6.1 Rig Frame: Aluminium Profiles

The primary frame of the demonstrator is constructed from T-slot aluminium extrusion profiles.

This material was selected primarily for its high strength-to-weight ratio and design modularity.

The standardized profile connections make for an efficient way to easily vary the positions of the

main components, allowing for the versatility required for this application.

3.6.2 Rotational Support: Rolling Element Bearings

To support the shafts and ensure smooth power transmission, deep-groove rolling element bearings

were utilized. In the context of a vibration-based test rig, the choice of the bearings is critical

as they represent a secondary source of vibration. Rolling element bearings are preferred over

bushings for this application due to their lower and more consistent friction coefficient, which

ensures that the torque required to drive the system remains stable. Additionally, because the

vibration signatures of healthy and faulty bearings are well-documented in the literature, utilizing

standard commercial units allows the signal processing pipeline to more easily identify and filter

out bearing-induced frequencies, thereby isolating the signals of interest.

3.6.3 Custom Interfaces: 3D Printed Supports

For the more geometrically non-standard components, such as sensor mounts, motor and shaft sup-

ports, Additive Manufacturing (3D printing) was employed, specifically Fused Deposition Mod-

elling, using Polyethylene Terephthalate Glycol filament (PETG). This manufacturing solution

presents the following key characteristics:

• Design Versatility: 3D printing allows for the creation of optimized geometries that would

be difficult or expensive to produce via traditional subtractive manufacturing.

• Cost-Efficiency: It significantly reduces the prototype development cost, allowing for mul-

tiple iterations of the structural interface to ensure good component alignment.

• Compliance: The 3D-printed supports cannot be expected to match the structural rigidity

of a cast iron gearbox housing, which represents a potential weakness of the design. Given
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the low torque levels involved and the time available, this limitation was accepted at the

design stage.

For this test rig 4 types of supports were developed (Figure 3.10). The motor and brake

supports were designed to maximize shaft alignment by reducing possible deflection due to the

components’ weight, 2 different types of bearing supports were developed to satisfy the space

constraints of the rig.

(a) Motor support (b) Brake support.

(c) Long bearing support (d) Short bearing support.

Figure 3.10: Additively manufactured supports used in the demonstrator.

The bearing supports were printed in PETG using a grid infill pattern at 15 % infill density.

The grid pattern was selected because, among the patterns characterised by Öteyaka et al. [63], it
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exhibited the lowest damping ratio, with the cross pattern the most dissipative and the tri-hexagon

intermediate. As the supports lie in the transmission path between the gear mesh and the ac-

celerometer, low damping is desirable, since any attenuation introduced by the mounting would

dilute the high-frequency content on which the diagnostic indicators depend.

The 15 % density was set by print time and material economy rather than by a structural

requirement, and it represents a deliberate compromise. The same study reports that flexural

modulus and flexural strength increase monotonically with infill ratio; for the grid pattern the

flexural modulus rises from 2.12 GPa at 0 % to 3.23 GPa at 100 % [63]. If it is verified that the

supports are too flexible, increasing the infill density is a direct remedy, since it substantially raises

the stiffness and strength of printed PETG [64].

It should be noted that Öteyaka et al. [63] tested PLA rather than PETG, and over an infill

range of 0–100 % in 20 % steps, so both the ranking of patterns and the behaviour at 15 % are

transferred on the assumption that damping is governed primarily by infill geometry.

3.7 Completed Design

Using the components described in the previous sections, the demonstrator assembly was de-

signed using Solidworks, the necessary components were bought or manufactured, resulting in the

demonstrator shown in Figure 3.11.

Figure 3.11: 3D assembly of the demonstrator, designed in Solidworks.
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Computational Implementation

4.1 Wear evaluation

In DT applications, aside from the physical characterization of the mechanical system, an impor-

tant metric to have available is the Remaining Useful Life (RUL) of the system. As shown in

the previous chapter, there are no widespread methods to determine the RUL of a gear pair from

its vibration signal, currently available methods often depend on available test data from similar

systems and calibrating the indicators with the recorded RUL of the test. Alternatively, Machine

Learning algorithms can be employed that may provide some flexibility on system parameters, but

on the other hand, require large amounts of good quality training data, that matches the sensor data

and metrics included in the present study.

The computational implementation done in this work will not have a RUL algorithm, falling

short of a DT’s desired capability, leaving that gap for future research done on this project. The

wear quantification carried out will be based on visual examination of the test gears as the experi-

mental campaign progresses and comparing with standardized records and other reference images

found in the literature.

From the vibration monitoring standpoint, several CIs will be calculated and analysed against

visually recorded wear, as to verify the demonstrator’s capability, not only of inducing damage on

the gear pair, but also of providing a reliable propagation path for the vibration signature produced

by the worn-out components. This check is necessary due to the fact that pieces supporting the gear

shafts will be made of PETG polymer, posing a risk of the material’s inherent damping properties

affecting the recorded signal in incapacitating ways.

4.2 Instrumentation

To perform the wear evaluation on the developed demonstrator 2 types of data need to be ac-

quired: the vibration on the shaft supports and the angular position of the shafts, to register shaft

revolutions.

55
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Figure 4.1: Demonstrator tachometer.

The accelerometers used are the Model 35A17 accelerometers from PCB Piezotronics, and

will be placed on top of the 3D-printed supports, attached using wax. They provide tri-axial

vibration sensoring with an acquisition rate up to 4 kHz. Taking as an example the 48 teeth brass

gear from Table 3.6, assuming that the motor is spinning at 4000 rpm, due to the 6:1 reduction in

stage 1, we have a meshing frequency of 533 Hz and so the sensor can safely register information

up to the GMF’s third harmonic (Nyquist frequency = 4000/2 = 2000, GMF3 = 1600 Hz) this is

not the ideal acquisition rate capturing up to the 6th harmonic as recommended by Hu et al. [19],

but for the purpose of this work it was deemed sufficient.

As for the angular position sensor since, due to the lack of space, it was not possible to include

an incremental encoder in the design, a revolution counter was built using a TCRT5000 reflective

optic sensor pointed at the face of the large Stage 1 pulley (see Figure 4.1). From now on this

sensor will be referred to as the "Tachometer".

The acceleration data was collected using NI-9232 modules and the tachometer data was ac-

quired through an NI-9219 module, these were mounted on a cDAQ-9189 chassis, connected to

the lab’s computer. All of the data was then logged into .csv files via the National Instruments

software Flexlogger.

Regarding the control of the motor a STEVAL-SPIN3201 driver from ST Microelectronics

(STM) was used, connected to the DC power supply and the computer and ran using STM’s

own Motor Control Workbench software. A sketch representation of the demonstrator’s sensor

placement and connectivity is shown in Figure 4.2.



4.3 Data flow and signal processing 57

MOTOR

BRAKE

cDAQ-9189

NI-9232 NI-9232 NI-9219 Computer

Motor Driver DC supply

optical sensor

accelerometers

Figure 4.2: Sensor placement on the demonstrator and the data acquisition chain.

4.3 Data flow and signal processing

The algorithm developed is composed of two main stages, the signal building stage, where the

test data is imported into the model and treated to form the required vibration signals described

in Chapter 2 and the CIs calculation stage, where the computed signals are used to calculate the

proposed CIs.

4.3.1 Signal Treatment

A diagram portraying the data flow and operations included in this stage can be analysed in Figure

4.3. The .csv file containing the test data is imported into the model and converted into a Dictionary

variable, the signals are then truncated as to guarantee that there are only full revolutions in the

data, this yields the raw vibration signal which will be used for CI calculation. The raw signal

is then split into revolutions according to the transitions in the tachometer signal, the individual

revolutions are order tracked into the angular domain as to perform the TSA, obtaining another

signal for CI calculation. The TSA signal is used to calculate the remaining signals, its frequency

spectrum is calculated to extract the relevant amplitudes at shaft harmonics, GMF harmonics and

first-order sidebands used to compute the regular meshing signal and the difference signal.

Aside from purely treating the test data and forming the signals, in this stage the computed

signals are also plotted in the time and frequency domain for visualization purposes.
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CSV file
6 accelerometers + tacho

import_vib_data
parse, keep the seven channels

data_truncation
trim to whole revolutions,
using tacho falling edges

vib_raw

calculate_tsa
split at tacho edges

cubic resample to median length
average across revolutions

vib_tsa

obtain_difference
rfft of the TSA signal

keep shaft and mesh orders 1–6, each ±1
irfft those bins only

vib_yd
regular signal

vib_difference
tsa − regular

obtain_spectra (raw)

obtain_spectra (tsa)
tsa_envelope_analysis

shaft speed, mesh freq

grey boxes:
figures only

Figure 4.3: Diagram of the Signal Treatment stage of the program.
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4.3.2 CIs Calculation

A diagram portraying the data flow and operations included in this stage can be analysed in Figure

4.4. The four signals computed in the previous stage are the input of this stage, each one feeding

the indicators for which it is best suited. The RMS value and the kurtosis are obtained for the

raw, TSA and difference signals, while the maximum peak acceleration is taken only from the raw

signal. The FM4 indicator is computed from the difference signal and the ER from the RMS val-

ues of the difference and regular signals. The frequency-domain indicators are then computed in

two separate branches: the raw signal is used to locate the frequency band in which the impulsive

content is most prominent, which is then band-pass filtered and demodulated to extract the enve-

lope indicators; the TSA signal is used in the order domain to compute the SBRs of the meshing

harmonics, which form the gear state vector and from which the ALR is obtained against the first

file of the run.

All the indicators computed are stored in a dictionary indexed by the timestamp of the corre-

sponding data file, with one entry per accelerometer, so that their evolution over the test campaign

can be plotted against the visually recorded wear.

vib_raw vib_tsa vib_difference vib_yd

RMS
Kurtosis

Max peak

RMS
Kurtosis

RMS
Kurtosis

FM4

ER
RMS(difference) / RMS(regular)

kurtogram
sweep Nw, keep max K( f )

bandpass + Hilbert
at the optimal band

envelope indicators
kurtosis, amplitude at 1x

SBR
orders 1–3, ±3 sidebands each

gear state vector
one ratio per mesh harmonic

averaged log ratio
against the first file of the run

wear_indicators[timestamp]
[RMS, Kurtosis, Max peak, ER, FM4, freq_indicators]

Figure 4.4: Diagram of the CI Computation stage of the program.
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Demonstrator Assembly

After manufacturing and acquiring all the necessary components the demonstrator was assembled

(see Figure 5.1) and initial tests were performed to assess the demonstrator’s capabilities and

working conditions.

Figure 5.1: Assembled demonstrator at INEGI’s facilities.

5.1 Test Rig Limitations

On the initial trials when trying running the demonstrator powered by the motor it was verified

that the chosen motor was not able to drive the system, upon powering on the supply the motor

drew up current without being able to rotate the shafts and kept drawing more current until one of

the following occurred:

• Tooth skipping at the gears: as the motor’s power increased, the normal force at the gear

interface increased, causing the 3d-printed supports to deflect, until the deflection allowed
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for the teeth to skip and the input gear to rotate for a short time, until clashing into the output

gear and stopping again.

• Tooth skipping at the stage 2 pulleys: as the motor drew increasing current from the power

supply the belt tension increased and, due to poor meshing between the toothed belt and the

pulleys, the belt teeth eventually started skipping over the pulleys until the demonstrator was

shut down. The reason behind poor meshing might be in the lack of a tensioning system in

the pulley and the fact that we are working in the lower end of standard diameters for HTD

5M pulleys, resulting in a lower number of teeth in mesh.

Regarding vibration data acquisitions, a preliminary data acquisition was performed, running

the system with no load, and it was verified that the registered vibration yielded rather unintelligi-

ble results, FFTs of the raw, unfiltered vibration appeared smeared and with difficult to distinguish

peaks. The absence of load is the principal explanation: the deterministic mesh excitation scales

with the transmitted torque, and with no resisting torque the tooth flanks are not held in contact, so

contact is repeatedly lost and re-established within the available backlash, producing an impulsive

excitation that is not repeatable from one mesh to the next and that distributes energy across the

spectrum instead of concentrating it at the GMF’s harmonics. Shaft speed fluctuation, likewise

unopposed under a loadless regime, broadens the peaks further, and the gear misalignment from

support deflection degrades the mesh conditions themselves. The fixation method is not a plau-

sible cause, since the measurement band is limited to 2 kHz (Section ??) and wax, adhesive and

stud mountings are reported to give indistinguishable responses over that range [65], [66], [67].

The result nevertheless highlighted the importance of having a proper signal filtering algorithm

employed before computing any type of indicator.

5.2 Modifications

Due to the malfunctions encountered in the early testing phase, two priorities were defined for the

test rig modifications: increase in the lateral rigidity of the shaft supports and a redesign of the

mounting method of the sensors. The following modifications were employed:

• Design of a box-like structure as a housing for the gear pair, having shafts II and III physi-

cally connected instead of their only interface being the meshing gears will greatly increase

lateral rigidity and make the system more similar to gear applications in the industry, as they

often appear in the form of reduction gearboxes.

• The designed housing includes slots that locate the accelerometers, clamped in place with a

screw. Wax provides no feature to position the sensor and its bond softens over long runs,

so the transfer path between mesh and sensor is not repeatable between acquisitions; since

the wear evaluation compares indicators across the campaign, a drift in mounting would be

indistinguishable from one produced by wear [31].
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Another relevant design feature for the gearbox is the centre distance. The gearbox was de-

signed with the bearing housings sitting 31.75 mm, a distance smaller than the theoretical wheel-

base of 32 mm for a pair of 32 teeth, 1 mm modulus gears. This was done as an added safety

measure to avoid the possibility of tooth skipping in the gears, increasing the support deflection

needed for the phenomenon to happen and to further accelerate wear.

A 3D model of the proposed modifications is shown in Figure 5.2.

Figure 5.2: Simplified 3D model of the modified test rig, excluding the structural base, the motor
and the first reduction stage.

5.3 Modified Test Rig Behaviour

Following the implementation of the modifications described in the previous section, a new set

of trials was carried out in order to verify whether the identified limitations had been corrected.

These trials were performed without the second reduction stage, meaning the output shaft was

directly connected to the brake.

The gearbox modification proved effective. With shafts II and III rigidly connected through

the housing, no tooth skipping was observed at the gear pair for any of the attempted operating

conditions, confirming that the lateral deflection of the shaft supports had been the mechanism

responsible for the loss of mesh reported in Section 5.1. The relative position of the gear axes is

now imposed by the housing rather than by the individual supports, which both avoids the failure

mode and brings the assembly closer to the configuration of industrial reduction gearboxes.

The motor, however, remained unable to drive the system. Upon powering the supply, the

current drawn rose progressively until stabilising at approximately 300 mA, at which point the
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motor either stabilized at that current value or the drive returned an error in the STM Motor Control

Workbench environment, forcing a shutdown. This behaviour was repeatable across trials.

In order to determine whether the obstruction was mechanical or electrical in nature, the drive

train was manually rotated at the stage 1 large pulley. Under manual actuation the complete

kinematic chain rotated, including the actuated brake, without any tooth skipping at the gear pair,

and without any evidence of critical damage to the components. This demonstrates that the torque

required to drive the system is within the capability of a manual input, and therefore that the

malfunction is likely confined to the motor and its control algorithm rather than to the mechanical

assembly.

Three hypotheses were formulated for the observed behaviour:

• Additional power losses due to misalignment: although the supports adjacent to the gear

pair were redesigned and no longer present significant deflection, the remaining supports

are of the same design and may still deflect, rotating the shafts in plane when loaded. Fur-

thermore, the bearing housings’ geometry is itself 3D-printed and the assembly is mounted

on an aluminium profile frame, which offers limited control over the concentricity between

bearings and the over wheelbase of both the gear pair and the pulleys. The resulting mis-

alignment introduces loads at the bearings and at the mesh, increasing the torque demanded

from the motor.

• Underestimation of the brake torque: the brake is of the spring-applied friction type, a

constructive solution intended primarily for holding and full-stop applications, in which an

excess of torque relative to the rated value is not detrimental and may even be desirable. It

is therefore plausible that the rated torque is affected by a safety factor and that the actual

resisting torque delivered by the brake exceeds it.

• Current limitation in the motor control chain: the current at which the motor stalls,

approximately 300 mA, is far below both the rated current (5 A) and the maximum peak

current of 20 A declared for the motor. The fact that the drive never approaches these values

suggests that the current is being capped somewhere in the control sequence rather than by

the physical load, which would explain the inability to develop the necessary starting torque.

Of the three, the last is considered to be the most likely to be the dominant cause, since the

motor never draws a current consistent with the torque it is rated to produce and the manual rotation

test established that the mechanical resistance of the drive train can be overcome by a modest input

torque.

Due to time constraints, no alternative load-imposing solution was implemented, and the data

acquisition campaign was consequently carried out under no-load conditions. A set of preliminary

runs was performed in the modified rig in order to assess whether the smearing of the spectra

reported in Section 5.1 persisted after the redesign of the housing and of the sensor fixation; these

results are presented and discussed in Chapter 6.



Chapter 6

Results and Discussion

This Chapter presents and discusses the results of the experimental campaign carried out on the

demonstrator. The test rig layout used for the testing phase is shown in Figure 6.1.

Figure 6.1: Test rig layout used for data acquisition.

The Chapter opens with a definition of the operating conditions under which the data were

acquired, followed by an overview of the campaign and of its outcome. The condition of the gear

pair and the events observed during operation are then reported, before the evolution of the CIs is

examined.

6.1 Experimental Conditions

As established in the previous Chapter, the motor was not able to drive the system against the

brake, and the campaign was therefore carried out under no-load conditions, with the second
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reduction stage and the brake removed from the rig, as shown in Figure 6.1. Since there was no

load, the only operating parameter left to define was the motor speed.

The acquisition chain is the one described in Section 4.2. Two triaxial accelerometers were

mounted on the gearbox housing, one on the input side and one on the output side, giving the six

channels referred to throughout this Chapter as IN_pos1_x, IN_pos1_y, IN_pos1_z and the

corresponding OUT_pos1_* channels. The tachometer was acquired as a seventh channel on the

same time base, and all channels were sampled at fs = 4 kHz.

A set of preliminary runs was performed with the motor commanded at speeds between 1500

and the nominal 4000 rpm, with one record acquired at each speed. Two criteria were used to judge

the operating point: the agreement between the measured shaft speed and the expected value, and

the legibility of the tachometer pulse train. The comparison between the theoretical shaft speeds

and the measured results is presented in Table 6.1.

Table 6.1: Verification of the measured shaft speed against the theoretical value, for the speeds
tested in the preliminary runs.

Commanded motor Theoretical shaft Measured shaft Relative
speed [rpm] speed [rpm] speed [rpm] error [%]

1500 250 251 +0.4
2000 333 334 +0.3
3000 500 502 +0.4
4000 666 714 +7.2

Between 1500 and 3000 rpm the measured speed follows the expected value to within 0.4 %,

with no apparent dependence on the speed itself. At 4000 rpm the error rises to +7.2 %, which

means that the edge detector registered more transitions than the pulley made revolutions. For that

reason the 4000 rpm motor speed was excluded.

The time synchronous average, and with it every signal derived from it, rests entirely on the

tachometer as the angular reference of the input shaft, so the pulse train itself was inspected before

the monitoring records were accepted. A segment acquired at 3000 rpm is shown in Figure 6.2.

The transitions are sharp and although the tachometer did not retrieve exactly rectangular pulses,

they are relatively equidistant. Tests were performed with a variety of thresholds for edge detection

having detected no significant differences between them, and a threshold of 2 V was adopted.

Figure 6.2: Segment of the tachometer signal (Voltage) at 3000 rpm.
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As a further check, the number of samples counted in each revolution was extracted for a rep-

resentative record, the number of samples registered through transition detection of the tachometer

signal will be compared with the expected theoretical value for a shaft rotating at 500 rpm. Over

the record examined, 271 revolutions were detected with a mean length of 479.74 samples, against

the 480 expected at 500 rpm, and a standard deviation of 16.52 samples, or 3.44 % of the mean.

As shown in Figure 6.3 the counts fall at two distinct levels, at around 480±16.52 samples, which

is coherent with the slight speed fluctuation characteristic of BLDC motors rather than with an

acquisition defect, although the latter cannot be excluded.

Figure 6.3: Number of samples per revolution in the preliminary tests.

The previous Chapter reported that the records taken on the first iteration of the rig produced

smeared spectra in which the meshing harmonics could not be distinguished. In the spectrum of

the record acquired at 3000 rpm, Figure 6.4, some smearing is still present and is heavier on some

channels than on others, as the comparison between the x and y directions shows. On IN_pos1_y,

however, the meshing frequency appears as an identifiable peak at 266.7 Hz, concentrated in a few

bins rather than spread over a wide band, and its harmonics remain individually identifiable up to

the sixth order, so the gear meshing information does come through the background noise.

Taking both criteria together, a commanded motor speed of 3000 rpm was adopted for the

remainder of the campaign. Among the speeds at which the tachometer counted correctly it is

the highest, which places the meshing frequency and its harmonics as high as possible within the

measured band while still leaving seven mesh harmonics below the Nyquist frequency, and it stays

clear of the regime in which the pulse train ceased to be reliable. Of the three directions, the y

channels return the clearest meshing content. This is expected: the meshing force acts primarily in

the lateral direction, which is also the direction recommended for gearbox measurements in ISO

20816-9 [41]. The resulting operating conditions are collected in Table 6.2 and apply to every

record presented in this Chapter.
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Figure 6.4: Amplitude spectrum of the raw signal acquired at 3000 rpm, with the shaft rotational
frequency and the meshing harmonics indicated.
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Table 6.2: Operating conditions adopted for the monitoring campaign.

Parameter Value

Commanded motor speed, nmotor 3000 rpm
Stage 1 reduction, i 6
Gear shaft speed, nII = nIII 500 rpm (8.33 Hz)
Number of teeth, z 32
Gear ratio 1:1
Meshing frequency, GMF 266.7 Hz
Sampling rate, fs 4000 Hz
Nyquist frequency 2000 Hz
Mesh harmonics below Nyquist 7
Applied load none
Lubrication none
Measurement direction Y

6.2 Campaign Overview and Outcome

The campaign was carried out over three test days, 20, 21 and 22 July 2026, preceded by a single

record acquired on 17 July with the gear pair in the as-received condition. Within each day the

rig was run in a morning and an afternoon session, and on the last day the afternoon session was

extended into the evening. The schedule is summarised in Table 6.3.

Table 6.3: Schedule of the experimental campaign.

Date Session Running time [hh:mm]

17 July Preliminary ∼ 00:02
20 July Afternoon 01:26
21 July Morning 03:34
21 July Afternoon 00:53
22 July Morning 04:04
22 July Afternoon 00:45
22 July Evening (failure) 00:30

Total 11:14

Two outcomes should be stated from the start, since they determine how the results that follow

are to be read. The first is that the wear produced on the gear pair was very light. The black oxide

coating was progressively removed from the working flanks, in a band whose position revealed a

misalignment between the gear axes, and a change of profile developed near the tooth tip; beyond

these two features no loss of material was registered. The experimental campaign produced no

response in any of the CIs, for two main reasons. The first is that the meshing vibration does not

stand out against the background of this rig, the shaft-synchronous component amounts to only

about 5 % of the recorded signal in RMS (see Figure 6.11), so the indicators computed after the

time synchronous average have little to work with. The second is that the campaign was interrupted
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rather than concluded, by the failure of the coupling connecting the motor to shaft I. Gear wear

had no opportunity to develop further, and the failure itself was only partly characterised, since

the coupling sits upstream of the gearbox and the transmission path to the accelerometers is likely

to dissipate much of its vibration signature; a sensor placed closer to it would probably have

registered a more gradual and clearer change in the indicators.

The lack of development in gear wear is a consequence of the conditions under which the

demonstrator had to be run rather than of the duration of the campaign. At the nominal 500 rpm

of the gear shafts, the total running time of Table 6.3 corresponds to approximately 3.37× 105

revolutions of the gear pair. Feng et al. [34] destroyed a dry spur gear pair after only 18 000

revolutions under 10 Nm, and Hu et al. [19] reached the transition to rapid wear after about 2.6×
106 revolutions under splash lubrication and 14.7 Nm. What separates this campaign from both is

not its duration but the load the demonstrator was unable to apply, as established in the previous

Chapter. A measurable amount of surface wear was consequently not to be expected, and the

results below are to be read as a characterisation of the measurement chain and of the behaviour

of the rig rather than as a wear progression.

6.3 Condition of the Gear Pair

The gear pair was removed from the demonstrator and photographed at the end of each test day,

on the working flanks and along the tooth profile. Figure 6.5 compares the working flanks and the

tooth profiles at the first and last inspections.

The progressive removal of the black oxide coating from the working flanks was observed over

the campaign, exposing the base metal underneath. The removal is not uniform across the face

width: it begins at one end of the face and advances towards the other as the campaign progresses,

so that the exposed region remains a band along one side of the tooth rather than a patch centred

on the face.

A contact band confined to one end of the face indicates that the two gear axes are not parallel,

so that contact is carried on one side of the tooth rather than distributed across it. Given that the

bearing housings are 3D printed and mounted on an aluminium profile frame, a misalignment of

this order is consistent with the positioning tolerances available in the assembly. The observation

is therefore a statement about the demonstrator, not the gears.

Beyond the coating, a slight change of the tooth profile is noticeable near the tip. It is most

evident in the images of the flank surface, where a gradient in tooth tip thickness can be identified

in the images taken at the end of the tests, shown with more detail in Figure 6.6. This is a conse-

quence of the reduced centre distance adopted for the gearbox, which moves the contact towards

the tip of the tooth and makes it harsher there than a nominal pair would experience.

Apart from these two features, no change of the tooth profile was detected and no loss of

material could be resolved.
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(a) Input gear flank, first inspection. (b) Input gear flank, last inspection.

(c) Output gear flank, first inspection. (d) Output gear flank, last inspection.

(e) Input gear profile, first inspection. (f) Input gear profile, last inspection.

(g) Output gear profile, first inspection. (h) Output gear profile, last inspection.

Figure 6.5: Condition of the gear pair at the first and last inspections of the campaign.
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(a) Start of the campaign.

(b) End of the campaign.

Figure 6.6: Tooth tips of the output gear at the start and at the end of the campaign.

6.4 Events Observed During the Campaign

Two main anomalous events were detected during the otherwise uniform running of the rig. Both

are described here in physical terms; how the CIs responded to them is treated in Section 6.5.

6.4.1 Noise emission and impulsive events

The demonstrator was audibly loud throughout the campaign, louder than would be expected of a

regular 200 W drive. Two features of the design account for this. The gear pair runs dry, so there

is no lubricant film to separate the flanks or to damp the meshing impacts, leaving direct metal-to-

metal contact and a correspondingly higher friction at the mesh. In addition, the centre distance

was deliberately set below the theoretical 32 mm, by bringing the two shafts closer together than

the nominal value, so that the teeth would remain in mesh regardless of the positioning tolerances

and possible deflection of the printed supports; the reduction lowers the backlash and holds the

flanks in tighter contact than a nominal pair would experience, raising the friction at the mesh and

with it the noise emitted.

Against this background, during the first test session the gearbox also produced an audible

click at irregular intervals. The clicks were not periodic, with no constant interval identifiable and

no fixed relation to the shaft revolution, and each of them coincided with an isolated spike in the

raw acceleration signal, visible in Figure 6.7. The peaks did not appear consistently on the same
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channel: some appeared only on the x channels, some only on y or z, and some on several axes at

once, with no pattern relating the affected axis to the sensor position.

The most plausible explanation is debris passing through the mesh. Running-in of the as-

received surfaces is ruled out by the timing: asperities are highest before any running, yet the

preliminary record of 17 July shows the lowest maximum peak acceleration of the campaign.

Debris, by contrast, has to be generated first, which accounts for the delay of the events. Inspection

at the end of testing showed black oxide coating particles dispersed inside the gearbox and the

accelerometers, with the reduced centre distance leaving almost no backlash, the teeth cannot

separate to let a fragment through and it is crushed in a single sharp event. The clicking would

then stop once the loosely adherent coating had been shed, consistent with its absence over the

remainder of the campaign. No debris was collected during the tests, but an image taken at the end

of the campaign, Figure 6.8, confirms the presence of coating debris inside the gearbox and even

reaching the sensors.

6.4.2 Failure of the motor coupling

The campaign ended during the evening session of the last test day with the failure of the coupling

connecting the motor to shaft I, shown in Figure 6.9. The rig was unattended at the time, so the

failure was not observed directly; it was identified on the following inspection.

A fracture was found in the connection between the metal bellows of the coupling body and the

hub to which shaft I was attached. The shape of the fracture, Figure 6.9a, suggests lateral bending

rather than torsion as its cause, which suggests that the forces induced by the belt tension on

shaft I deflected the 3D-printed supports beyond the radial misalignment the coupling was rated

to tolerate, cracking it by fatigue. The remaining components of the drive train were inspected

afterwards. The only other significant damage recorded was to the bearings supporting shaft I:

a manual check showed that this shaft lost rotational energy noticeably faster than the others,

indicating that the same misalignment had also affected the bearings.

The vibration records were re-examined after the failure, and pronounced peaks in acceleration

were found in the records acquired during the afternoon preceding it, Figure 6.10. A plausible

reading is that the crack formed at this point without fully detaching the hub from the rest of the

coupling, allowing power transmission to continue for the remaining sessions. The feature of this

record that matters for the present work is the difference between the input-side and the output-

side channels: the peaks in acceleration are essentially absent from the latter, which is consistent

with a malfunction occurring upstream of the gearbox. This behaviour is examined quantitatively

in Section 6.5.1.

6.5 CIs over the Campaign

The indicators are trended over the 29 records of the campaign. Each record contains seven min-

utes of continuous acquisition, and consecutive records within a session are separated by approxi-

mately 30 minutes of running time, so each point summarises seven minutes of vibration and the
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Figure 6.7: Raw acceleration signal of a record acquired during the first test session, showing the
isolated spikes coincident with the audible clicking.
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Figure 6.8: Coating particles in the test rig at the end of testing.

(a) (b)

Figure 6.9: Coupling between the motor and shaft I after the failure.
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Figure 6.10: Raw vibration data from the record preceding the coupling failure.
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interval between points represents half an hour of operation that was not recorded. Only steady-

state operation is included: records containing the acceleration of the rig from rest, its deceleration,

or any stoppage were excluded, so every point represents the rig running at the operating point of

Table 6.2.

For the reasons given in Section 6.1 only the y channels are presented, with the input-side

sensor on the left of each figure and the output-side sensor on the right.

6.5.1 Indicators computed on the raw signal

The raw RMS shown in Figure 6.11 shows no progressive trend. On IN_pos1_y it sits around

2.1 g through the first session, rises to about 3.1 g at the start of the second test day and decays

back to 2.1 g by the end of the campaign, the only outlier being a sudden rise upon restart in

the middle of the second day, with OUT_pos1_y following roughly the same shape. The more

significant variation aligns with session boundaries rather than with running time, which raises a

question over the repeatability of the test conditions across runs.

Figure 6.11: RMS of the raw, TSA and difference signals over the whole campaign.

The same figure also fixes the scale of the synchronous content. The RMS of the TSA signal

and of the corresponding difference signal never exceeds about 0.22 g, against a raw RMS between

2.0 and 3.5 g, so the shaft-synchronous component amounts to the order of 5 % of the signal in

RMS. Every indicator computed downstream of the average therefore operates on a small residue

of a much larger asynchronous background, to which the unloaded, unlubricated mesh and the belt

drives both contribute.

The maximum peak acceleration and the raw kurtosis behave differently. Neither trends, but

both respond sharply to the two events of Section 6.4. On IN_pos1_y the maximum peak sits on

a baseline of 10 to 12 g and departs from it during the records containing the clicking, reaching

18.2 g, and at the record preceding the coupling failure, reaching 24.2 g; the raw kurtosis follows

the same pattern, rising from a baseline near 2.6 to 4.4 and to 4.6 respectively. The kurtosis of the

TSA and difference signals is plotted on the same axes and stays inside a band of roughly 2.2 to
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Figure 6.12: Maximum peak acceleration of the raw signal over the whole campaign.

3.3 for all 29 records, showing none of these excursions. Since the average retains only what is

synchronous with the input shaft, its indifference to both events places their sources outside the

shaft-synchronous domain.

Figure 6.13: Kurtosis of the raw, TSA and difference signals over the whole campaign.

Where the two events differ is in which sensor recorded them. During the records containing

the clicking both sensors respond: the maximum peak reaches 18.2 g on the input side against a

baseline of 10 to 12 g, and 16.4 g on the output side against a baseline near 12 g, so the event

is registered on either side of the housing. At the record preceding the coupling failure the input

side reaches 24.2 g, the largest value of the campaign, while the output side records only 11.6 g, a

value similar to its immediate neighbours; the raw kurtosis behaves the same way.

The two accelerometers are mounted on opposite sides of the gearbox housing, so a source has

a different path to each. Vibration originating at the mesh, or from a body circulating inside the

housing, reaches both sensors through comparable structural paths and appears on both. Vibration

originating upstream of the gear pair reaches the input-side sensor through the input shaft support
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alone, but must additionally cross the mesh and the width of the housing to reach the output side,

and is attenuated in doing so. The clicking events are therefore consistent with a source at or inside

the mesh, and the event preceding the failure with a source upstream of the gearbox. Viewed on

the input channel alone the two events are of the same kind, both isolated transients of comparable

magnitude, and nothing in the trace separates a fragment passing through the mesh from a crack

opening in the drive line; it is only the comparison between the two sensors that distinguishes

them, and that comparison is what localises the degraded component.

6.5.2 Indicators computed on the TSA signal

FM4 fluctuates between about 2.1 and 3.7 on both channels with no drift and no response to

either event. The values sit consistently below the nominal value of 3 that a Gaussian difference

signal would return, which indicates residual deterministic content in d(n). The difference signal

retains the mesh orders above the sixth and all sidebands beyond the first, so FM4 is describing

the composition of d(n) as constructed rather than strictly the condition of the gear pair.

Figure 6.14: FM4 over the whole campaign.

The ER showed no apparent trend until the last day of acquisition in which it showed a sus-

tained variation: over the last records of the campaign it declined steadily on both sensors (see

Figure 6.15, reaching the lowest values registered. Because the ER is the ratio of the RMS of the

difference signal by that of the regular meshing signal, a decline can be produced by a fall in the

numerator or by a rise in the denominator, and these correspond to different physical changes. The

final test day was therefore re-analysed at a finer resolution, processing every vibration record, and

the two terms were plotted separately alongside the ratio.

The decomposition in Figures 6.16a and 6.16b shows that the two halves of the decline have

different causes. Through the morning and early afternoon the RMS of the regular meshing signal

holds near 0.035 g on both sensors while the RMS of the difference signal decays slowly, from

about 0.12 to 0.09 g on IN_pos1_y, so the ratio falls because its numerator falls. In the final

records the behaviour reverses. The difference signal reaches the largest value of the day, about
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Figure 6.15: ER across the whole campaign.

0.16 g on IN_pos1_y, in the record containing the transient described in Section 6.4.2, and from

that record onwards the RMS of the regular meshing signal rises monotonically, from about 0.043

to 0.096 g on IN_pos1_y and from about 0.047 to 0.108 g on OUT_pos1_y, roughly tripling in

both cases. The collapse of the ratio below unity is therefore driven by growth in its denominator:

the deterministic, shaft-synchronous content of the vibration increased sharply on both sides of

the gearbox over the last hour before the coupling failed.

Two features of this rise argue against reading it as scatter. It is monotonic over the last six

records, against a baseline that had held constant over the preceding thirty-five records of the same

day, and it appears on both accelerometers with the same shape. It also begins at the record in

which the transient was recorded, which is consistent with the interpretation offered in Section

6.4.2, that the crack formed at that point without immediately interrupting transmission.

The kinematics identify where the additional deterministic content may have originated. The

6:1 stage 1 reduction places the frequency of the motor shaft at order 6 of the instrumented shaft,

and yreg(n) is reconstructed from shaft orders 1 to 6. A once-per-revolution disturbance developing

on shaft I, which is where the coupling sits, is therefore synchronous with the tachometer, survives

the averaging and enters yreg(n) directly. A coupling progressively losing concentricity due to its

cracked bellows imposes exactly such a disturbance, transmitted to the gearbox as a fluctuating

radial force through the stage 1 belt, whose tension fluctuates as the crack alternately aligns with

and opposes it, and this is consistent with the rise appearing on both accelerometers at once rather

than on the input side alone.

If that fluctuating force also modulated the mesh, the resulting sidebands would be of the 6th

order. These lie outside the band retained in yreg(n), which keeps only the first sideband of each

mesh order, and would be routed into d(n) instead. The difference signal does rise over the same

records, which is consistent with both routes being active. One limitation should be attached to

this reading: yreg(n) aggregates twelve orders without identifying which of them grew, so the

attribution to order 6 remains an inference from the kinematics rather than an observation.
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(a) IN_pos1_y.

(b) OUT_pos1_y.

Figure 6.16: ER over the final test day, with the RMS of the difference signal d(n) and of the
regular meshing signal yreg(n) from which it is computed.
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6.5.3 Frequency-domain indicators

Neither of the frequency-domain indicators produced a usable trend. The bandpassed envelope

kurtosis, Figure 6.17), stays below about 130 for most of the campaign and rises only at the

records already identified by the raw indicators, adding nothing that Section 6.5.1 does not already

establish. It shows, however, a greater sensitivity to those events, reaching 2260 on IN_pos1_y at

the record preceding the coupling failure. This is expected, since the indicator is computed on the

envelope of a signal band-passed to the frequency range where impulsiveness is most evident, so

the transient is measured against a much reduced background rather than against the whole signal.

Figure 6.17: Kurtosis of the envelope obtained at the selected demodulation band, over the whole
campaign.

The band is obtained from a kurtogram, as described in Section 2.4.3, which evaluates SK as

a function of frequency and of the STFT window length. Both are re-selected for every record to

maximise the kurtosis, so successive values are not estimates of a common quantity, which limits

the meaning of the indicator, as it was used, for wear evaluation. A further consequence follows

from how the width of the band is set. In the implementation used here the bandwidth is taken as

fs/Nw, the spacing of the STFT bins, so a parameter that governs how the spectrum is resolved

also determines how the signal is filtered. The record of 22 July at 16:54 selected Nw = 8192 on

OUT_pos1_y, giving a pass band of 0.49 Hz, and a band this narrow cannot contain sidebands

at the shaft rotational frequency of 8.33 Hz. The envelope extracted from it therefore cannot

represent modulation at any frequency of interest in the gearbox, so what the indicator detected

was the transient itself rather than any periodic content.

The ALR, Figure 6.18, drifts upward on both channels, most clearly on OUT_pos1_y, from

about 0.44 in the earliest records to about 2.07 in the last, with substantial scatter superimposed.

The ALR measures the distance of the gear state vector from a fixed reference, so the drift indicates

that the state vector moved away from the condition recorded in the initial test, though it does not

identify the direction of that movement. This is the only indicator showing a rising trend, but the
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scatter between consecutive records is of the same order as the total drift across the campaign,

which limits what can be read into it.

Figure 6.18: ALR against the first record of the campaign.



Chapter 7

Conclusions and Future Work

This work set out to construct a Digital Twin of a gear transmission: a numerical model kept in

correspondence with the physical system through vibration measurements, capable of inferring the

wear state of the gear pair and its remaining useful life. Designing and building a demonstrator

in which wear can be induced in a controlled way and detected reliably from vibration proved

to be the substantial part of that problem, and it absorbed the time available. The demonstrator

was designed, built, instrumented and operated, and the full acquisition and processing chain was

implemented and exercised on experimental data, but the rig could not be operated under load, and

the degradation history it was built to observe was therefore not produced. Once that limitation

was established, there was no margin left within the work to diagnose the drive chain and run a

second campaign. The objective was not reached: without a wear progression there is nothing

against which an indicator can be validated; without a validated indicator there is no measured

wear state to update a model from; and without that exchange there is no DT.

That outcome shapes the conclusions that follow. The objectives set out in Section 1.2 were

met to different degrees: the review of the state of the art and the design and construction of

the rig were completed, the acquisition chain was implemented and validated, and the CIs were

implemented and compared, but the comparison could not be made against a wear progression, and

the wear quantification that was to follow from it was therefore not reached. What the campaign

established concerns the demonstrator itself, the behaviour of the indicators in the absence of the

fault they were chosen for, and the distance that remains between the rig as built and a working

DT. Each is treated in turn below, followed by the prospects of future works.

7.1 The Demonstrator

The inability to apply load was the decisive limitation of the work. The motor stalled repeatedly

at a small fraction of its rated current while the same drive train, brake included, could be turned

by hand, which points to a limitation in the control chain rather than to the mechanical resistance

of the assembly. Since wear is driven by contact pressure and sliding, the revolutions accumulated

over the campaign produced no surface degradation that a vibration indicator could be expected
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to follow, and no indicator reported here can be considered validated against gear wear. The

comparison with published dry and lubricated gear tests in Section 6.2 shows that the campaign

was not short: it ran considerably longer than a dry test in which a comparable gear pair was

destroyed. The difference lies entirely in the load.

The rig also showed that the compliance of the additively manufactured parts governs its de-

sign, and it showed this twice. In the first iteration the centre distance was defined by two in-

dependent supports whose deflection allowed the teeth to skip; imposing that distance through a

single printed housing removed the failure mode completely. The same compliance later ended

the campaign, when the static pull of the stage 1 belt deflected the supports of shaft I beyond the

misalignment the coupling was rated to tolerate, and the coupling failed by fatigue. Two design

rules follow. Any dimension critical to the kinematics must be carried by a single component

rather than established across an assembly of compliant parts. And the static loads imposed by the

transmission elements, belt tension in particular, must be treated as design loads for the printed

structure, not as incidental.

The measurement chain, by contrast, works, which was not a foregone conclusion given the

printed transmission path between the mesh and the sensors. The meshing frequency appears as a

discrete peak with harmonics identifiable up to the sixth order, and the shaft speed obtained from

the optical tachometer agrees with the kinematic value to within a few tenths of a percent over

the usable speed range, so the rig supports order tracking and time synchronous averaging. The

redesign of the housing is what made this possible, since the first iteration produced spectra in

which the meshing harmonics did not stand clear above the rest.

7.2 Wear Evaluation

No indicator trended over the campaign, which is the expected outcome in the absence of load and

of the wear it would have produced. The campaign nonetheless produced two unintended events,

the passage of coating debris through the mesh and the failure of the coupling, and the response

of the indicators to them is informative in a way that a null result alone would not be.

Both events were registered by the maximum peak acceleration and by the kurtosis of the raw

signal, while every indicator computed after the time synchronous average stayed within its normal

band. This is the correct behaviour rather than a failure: neither source was synchronous with the

instrumented shaft, and the average is designed to suppress exactly that content. The processing

chain therefore discriminated between shaft-synchronous and asynchronous sources as intended,

and did so on real data.

Comparing the two accelerometers separated the two events further. The debris passing through

the mesh appeared on both sensors, whereas the event upstream of the gearbox appeared almost

exclusively on the input side. Viewed on a single channel the two transients are indistinguish-

able; it is the comparison between sensor positions that identifies which part of the machine is

degrading. Sensor placement is therefore not only a practical matter but a source of diagnostic

information in its own right, and this is the most transferable result of the campaign.
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Four observations about the indicators themselves should be carried forward, since they con-

cern the methods rather than this particular rig.

The first is that under no load the gear mesh is not the dominant source in the measurement.

The shaft-synchronous component amounted to only about a twentieth of the recorded signal in

RMS, so every indicator computed after the average operated on a small residue of a much larger

asynchronous background. Applying a load is therefore not only a requirement for producing

wear, but also for making the mesh loud enough relative to the belt drives and bearings for a

change at the mesh to be detectable at all.

The second is a mismatch between method and failure mode. Envelope analysis and the kur-

togram are formulated to detect localised, repetitive impacts, which is why they are usually applied

to bearing defects and to cracked or spalled teeth, the fault signature being recovered as modula-

tion of a structural resonance at the repetition rate of the impacts. Distributed surface wear is

neither localised nor impulsive, and acts instead by changing the transmission error and the side-

band structure around the meshing harmonics. The null result returned by the envelope indicators

is therefore a mismatch of the method to the intended failure mode rather than a failure of the

method.

The third concerns the kurtogram as implemented. Because the demodulation band and the

analysis window are re-selected for every record to maximise the kurtosis, successive values are

not estimates of a common quantity, and the indicator is properly used as a detector of transients

rather than as a measure of their severity. A further difficulty arises from tying the width of the

demodulation band to the resolution of the analysis, as discussed in Section 6.5.3, since a long

window then produces a pass band too narrow to contain the modulation being sought. Separating

the two would remove the problem.

The fourth concerns the reference values the indicators assume. FM4 is normalised so that

an undamaged gear returns three, but this presupposes a difference signal containing no determin-

istic content. Since the FM4 returned values often below that threshold, it is probable that, by

construction, significant deterministic content was left in the difference signal either by excluding

harmonics from the 7th order up, or from taking only the first order side bands from each harmonic

when constructing yreg(n). The ALR requires a comparable caution, being a distance from a fixed

reference record, so that a drift away from that reference does not by itself identify what changed

or in which direction.

7.3 Distance to a DT

Measured against the levels of integration described by Iliuţă et al. [3]: digital model, digital

shadow, digital twin and predictive digital twin, the demonstrator delivers the acquisition of data

from the physical system and part of its analysis, but not the return path from model to machine. A

physical system runs under known and repeatable operating conditions, its vibration and angular

position are acquired synchronously, and a processing pipeline converts those records into a set

of CIs without manual intervention. That pipeline has been exercised on real data and shown to
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behave correctly, including in the discrimination between synchronous and asynchronous sources

described above.

What is absent is everything that follows from a validated indicator. There is no quantification

of wear beyond visual inspection of the flanks, no model updated from the measurements, and

consequently no estimate of RUL. The two-way exchange between model and machine that defines

a DT is therefore not established, and the gap is dominated by a single item. Without the ability to

impose a load, no wear progression exists to be quantified, no indicator can be validated against

one, and no model can be updated from it.

7.4 Future Work

The work that follows is dictated by the limitations reported above, and it has a natural order: the

rig must first be made able to load the gear pair, then made stiff enough to survive doing so for

long periods, a more complete instrumentation should also be employed, and only afterwards used

to produce the data on which a DT could be built.

The first priority is the drive and load unit. The spring-applied friction brake should be replaced

altogether, a holding brake dissipates energy in a disc not designed for continuous slip and it offers

no practical variable way of setting an arbitrary load. A braking unit intended for continuous and

adjustable load should be specified instead, with the eddy current brake studied in Section 3.3

as the most immediate candidate. In parallel, the drive chain has to be characterised until the

stall reported is explained and removed, by measuring the current actually delivered to the motor

and confirming whether the limit lies in the driver configuration, in the power supply or in the

control algorithm. Until a known torque can be imposed and held for hours at a time, none of the

remaining items can be addressed.

The second priority is the redesign of the structural components in metal. The gearbox housing

and the supports of the pulley shafts should be machined rather than printed, so that the concen-

tricity of the bearings and the parallelism of the gear axes are set by manufacturing tolerances

instead of by the stiffness of a polymer part. Two features should be incorporated in that redesign.

The gearbox may be given an adjustable centre distance, which would allow gear pairs of differ-

ent modules and tooth counts to be tested on the same rig. The mechanism would need a stiff

clamping arrangement, since the bearing housings would become adjustable parts liable to shift

under vibration, and the joint would sit directly in the path along which the signal travels from the

mesh to the sensors. The pulley supports should include a belt tensioning mechanism, so that the

tension is set to the value required by the transmitted torque rather than to whatever results from

the assembly, relieving the radial load that deflected the support, resulting in the coupling failure.

The third item is the extension of the instrumentation. Accelerometers should be added at the

remaining bearing positions and on the motor side, since the comparison between the two sensors

used in this campaign was already sufficient to place a source upstream or downstream of the mesh,

and a denser set of measurement points would extend that reasoning to individual components. The

single-pulse tachometer should be replaced by incremental encoders on both gear shafts, which
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would provide a reliable angular reference at any speed, including those at which the optical

sensor failed, and would make the transmission error directly measurable. Transmission error is

the quantity most closely related to the geometry of the tooth flanks, and its inclusion would give

an independent reference against which the vibration-based indicators could be judged.

Once the rig is able to run loaded, a new experimental campaign should be carried out to the

point of measurable wear, with periodic inspection and quantification of the flank surfaces, and

repeated so that the dispersion between nominally identical runs is known. This last point matters

for the interpretation of the present results, in which the variation between sessions was of the

same order as the variation attributable to anything else. The resulting indicator trends should then

be benchmarked against published results obtained on comparable gear pairs, which is what would

establish the demonstrator as a valid source of wear data rather than only as a working rig. Only

then does it become useful to close the remaining layers of the DT architecture, that is, to convert

the indicators into a wear quantification, to update a wear model from them and to estimate the

remaining useful life of the pair.
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