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Abstract: The present paper proposes a detailed Failure Mode, Effects, and Criticality Analysis
(FMECA) on harmonic drives, focusing on their integration within the UR5 cobot. While harmonic
drives are crucial for precision and efficiency in robotic manipulators, they are also prone to several
failure modes that may affect the overall reliability of a system. This work provides a comprehensive
analysis intended as a benchmark for advancements in predictive maintenance and condition-based
monitoring. The results not only offer insights into improving the operational lifespan of harmonic
drives, but also provide guidance for engineers working with similar systems across various robotic
platforms. Robotic systems have advanced significantly; however, maintaining their reliability is
essential, especially in industrial applications where even minor faults can lead to costly downtimes.
This article examines the impact of harmonic drive degradation on industrial robots, with a focus
on collaborative robotic arms. Condition-Based Maintenance (CBM) and Prognostics and Health
Management (PHM) approaches are discussed, highlighting how digital twins and data-driven
models can enhance fault detection. A case study using the UR5 collaborative robot illustrates
the importance of fault diagnosis in harmonic drives. The analysis of fault-to-failure mechanisms,
including wear, pitting, and crack propagation, shows how early detection strategies, such as vibration
analysis and proactive maintenance approaches, can improve system reliability. The findings offer
insights into failure mode identification, criticality analysis, and recommendations for improving
fault tolerance in robotic systems.

Keywords: harmonic drive; fault-to-failure mechanisms; FMECA; PHM

1. Introduction

Harmonic drives, also known as strain wave gears, are widely used in various pre-
cision motion control systems due to their high torque-to-weight ratio, compact design,
and low backlash capabilities [1]. These characteristics make them critical components in
applications such as robotics [2], aerospace [3], and industrial automation [4].

In these fields, reliability is paramount, as any component failure can lead to severe
operational, financial, and safety consequences. Harmonic drives provide high torque with
minimal backlash within a compact structure, supporting precise motion control, stable
positioning, and the capacity to withstand variable loads. These qualities are especially
valuable in collaborative robots (cobots) that work alongside humans in industrial environ-
ments, and their reliability ensures that harmonic drives can handle continuous, repetitive
tasks in close proximity to human workers without unexpected malfunctions, which could
otherwise compromise safety and productivity. For aerospace applications, the lightweight
yet highly reliable design of harmonic drives supports critical actuation mechanisms used
in flight control surfaces, satellite deployment systems, and other high-stake applications.
Given the extreme conditions and stringent reliability requirements in aerospace, any
drive failure could impact mission success and compromise safety, requiring costly repairs
or replacements.

Machines 2024, 12, 776. https:/ /doi.org/10.3390/machines12110776

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines12110776
https://doi.org/10.3390/machines12110776
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-7134-9635
https://orcid.org/0000-0001-8950-5272
https://orcid.org/0000-0001-5163-9945
https://doi.org/10.3390/machines12110776
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines12110776?type=check_update&version=1

Machines 2024, 12, 776

2 0f29

However, despite their numerous advantages, harmonic drives are subject to various
fault-to-failure mechanisms that can significantly impact performance and reliability. Un-
derstanding these mechanisms is essential for improving the longevity and operational
efficiency of harmonic drives, especially in high-stake applications where failure can lead
to costly downtime or potentially catastrophic system failures.

The harmonic drive consists of three main components: the wave generator (WG),
the flexspline (FS), and the crcular spline (CS) (Figure 1). The WG is composed of an
elliptical thin-raced ball bearing mounted on the motor shaft. When inserted into the FS, a
flexible, cylindrical cup with external teeth, it induces a radial elastic deformation in the
FS. This deformation causes the FS to engage with the CS, which is a rigid and internally
toothed gear.

(b) (o) (d)

Figure 1. Main components of a (a) harmonic drive gear: (b) wave generator, (c) flexspline, and

(d) circular spline.

Unlike conventional gears, meshing in a harmonic drive occurs only at two points
along the major axis of the elliptical WG. This unique feature allows approximately 20-30%
of the teeth to be in continuous contact at any given time [5]. This extensive tooth engage-
ment significantly reduces backlash and enhances the system’s positioning accuracy and
repeatability, making harmonic drives ideal for precision applications.

This high precision is further enhanced by the use of a double-arc tooth profile [6,7],
as shown in Figure 2. This specialized tooth design improves load distribution across the
teeth, minimizing wear and maximizing efficiency.

Typically, the FS has two fewer teeth than the CS. This difference in tooth count creates
a mechanical advantage, such that with every full rotation of the WG, the output shaft of
the harmonic drive moves by only two teeth. This results in a significant reduction ratio
(T), expressed as the ratio between WG angular speed (fwg) and CS (6cs) angular speed,
which can be calculated using the following equation:

fwa __Zes )
0cs  Zcs —Zrs'

T =

where

*  Zcg is the number of circular spline teeth;
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*  Zrg is the number of flexspline teeth.

This reduction ratio is one of the defining characteristics of harmonic drives, allowing
for high torque output and precision even in compact systems.

Despite their relatively simple mechanical design, as the research group preliminarily
reported in [8], harmonic drives are vulnerable to a variety of potential failure modes [9]:
specific types of wear [10], deformation [11], and material fatigue. Factors such as cyclic
loading, lubrication failures [12], and thermal stress [13] can contribute to the degradation of
key components over time. Additionally, external influences like environmental conditions
and improper assembly can accelerate the onset of faults, ultimately leading to failure.

To address these challenges, modern maintenance strategies like predictive mainte-
nance [14] and Condition-Based Maintenance (CBM) have become essential [15]. Predictive
maintenance involves forecasting failures based on real-time data, allowing for maintenance
actions to be performed only when necessary, which reduces both unplanned downtime
and unnecessary maintenance costs. Similarly, Condition-Based Maintenance focuses on
continuously monitoring the state of the harmonic drive through various sensors and
performance metrics. Maintenance is triggered when the condition of the drive deviates
from nominal parameters, ensuring that components are serviced or replaced before a
failure occurs.

Figure 2. Double-arc profile of the flexspline tooth.

An advanced extension of these approaches is Prognostics and Health Management
(PHM) [16], which integrates condition monitoring, diagnostics, and prognostics into a
unified framework. PHM systems not only detect current issues but also predict future
failures and Remaining Useful Life (RUL) by analyzing the evolution of faults within the
harmonic drive. By utilizing a combination of real-time data, machine learning models, and
historical failure data, PHM helps optimize maintenance scheduling, reduce operational
risks, and enhance the overall reliability of critical systems.

PHM enables real-time condition monitoring, which is crucial for applications where
unplanned downtime or unexpected drive failure could lead to significant financial loss,
production delays, or, in the worst cases, safety hazards. For example, a collaborative
robot malfunction in a production line could result in costly delays, while an unexpected
failure in an aerospace mission could necessitate extensive repairs or compromise the
mission entirely. PHM’s predictive capabilities address these risks by detecting early-stage
degradation, allowing for scheduled maintenance that aligns with operational needs. This
proactive maintenance approach extends the functional life of harmonic drives, reduces
maintenance costs, and ensures that systems continue to perform safely and reliably in
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high-stake environments. Through predictive maintenance, PHM minimizes the financial
and safety impacts of drive failures, making it essential for supporting the reliability
requirements of advanced robotic and aerospace applications.

One of the key challenges in implementing data-driven PHM systems is the availability
of sufficient high-quality data. In many cases, historical failure data or real-time operational
data may be limited, incomplete, or difficult to obtain for harmonic drives, particularly
in new or specialized applications. This lack of data creates uncertainty in the devel-
opment of accurate predictive models and limits the effectiveness of purely data-driven
PHM approaches.

To overcome this limitation, a model-based approach can be employed, developing a
high-fidelity model capable of simulating both nominal and non-nominal behavior of the
harmonic drive. In this approach, a detailed physics-based digital twin of the harmonic
drive is created, capturing the key mechanical and operational characteristics that influence
its performance under different conditions. By simulating faults in a digital twin, it is
possible to generate data on degraded behaviors, which can be used to train data-driven
models (DDMs) for feature selection and anomaly detection [17]. This methodology has
been validated not only in robotics [18] but also in the aerospace sector [19-21].

By integrating the model-based approach with PHM frameworks, it becomes possible
to predict failures and estimate the RUL of harmonic drives with greater accuracy, even in
the absence of extensive operational data. This hybrid approach combines the strengths of
both data-driven and model-based methods, providing a robust solution for ensuring the
long-term accuracy, repeatability, and reliability of harmonic drives in critical applications.

Real-time performance in mechanical fault diagnosis is essential, particularly in sce-
narios where timely responses can prevent machinery damage, costly downtime, and
potential safety hazards. Fault diagnosis systems designed for real-time processing enable
immediate detection and responses to anomalies, which are especially critical in high-stake
environments such as manufacturing, aerospace, and power generation.

In the paper by Wang et al. [22], an example of the importance of real-time performance
is demonstrated through the Metric SpikingFormer (MSF) model used in the Industrial
Internet of Things (IIoT) for mechanical fault diagnosis. In this setup, the MSF operates
within energy-limited environments, such as remote monitoring of industrial equipment,
where high-frequency, real-time fault detection is crucial for preventing costly breakdowns.
By using an event-driven spiking mechanism, the MSF model processes only significant
events, which reduces the computational load and conserves energy. This efficient real-time
processing allows for immediate fault detection, enabling timely maintenance actions that
can prevent minor issues from escalating into major failures.

Real-time performance in fault diagnosis is also crucial for industrial systems like
ship propulsion, where delayed detection can lead to severe failures, costly downtime,
and safety risks. This study addresses this by proposing a lightweight diagnostic network
that minimizes computational load while maintaining high accuracy, even under a data
imbalance. This approach ensures timely fault detection and classification, supporting
real-time monitoring that meets industry safety and efficiency standards [23].

Future research could leverage emerging technologies like federated learning and
large language models (LLMs) to address current limitations in fault diagnosis. Feder-
ated learning enables collaborative model training across devices while maintaining data
privacy, which is ideal for sensitive industrial settings. Meanwhile, LLMs can enhance
data interpretation and anomaly detection, potentially streamlining fault diagnosis. These
advancements offer promising pathways to improve adaptability, accuracy, and efficiency
in real-time industrial applications.

To support the development and application of these techniques, this paper aims to
provide a comprehensive analysis of the major fault-to-failure mechanisms in harmonic
drives. By examining both intrinsic factors, such as material fatigue and internal component
wear, and extrinsic factors, such as environmental conditions and operational stresses, it
offers an in-depth understanding of how these mechanisms evolve and ultimately lead to
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failure. The insights gained from this analysis will contribute not only to the development
of more effective predictive maintenance strategies but also to the design and optimization
of more robust and resilient harmonic drives for future engineering applications.

Building upon previous work, such as the analysis in [8], this study delves deeper
into the fault-to-failure mechanisms. Alongside a more detailed examination, this paper
introduces a preliminary model that captures the progression of these mechanisms. By
incorporating data from faulted components, the model enhances the accuracy of failure
predictions and supports more effective maintenance strategies, ultimately improving
system reliability in critical applications.

In addition to theoretical modeling, an extensive analysis of faulted components was
conducted to investigate the physical manifestations of failure within harmonic drives.
Key components such as the flexspline, wave generator, and circular spline were carefully
examined post-failure to identify wear patterns, material deformations, and other failure
indicators. This component-level analysis has provided critical insights into how opera-
tional stresses contribute to specific failure modes, thus offering a practical dimension to
the theoretical findings.

Unlike studies that concentrate on isolated fault mechanisms or single failure types,
this research adopts a holistic approach by examining multiple interconnected failure
modes, such as wear, pitting, and cracking, within a unified framework. This comprehen-
sive perspective allows for a more thorough understanding of how these faults interact
and influence one another, ultimately affecting the reliability and performance of harmonic
drives in industrial applications. By situating each fault type within its root causes, this
study offers a structured pathway for engineers and researchers to anticipate fault progres-
sion, thereby serving as a foundational reference for fault diagnostics, early detection, and
predictive maintenance strategies.

The outcomes of this research are designed to complement and enhance advanced fault
diagnosis techniques. For example, data-driven models like the Neural-transformer, known
for its lightweight architecture and efficiency in mechanical fault diagnosis [24], and the
Uncertainty Perception Metric Network, effective in diagnosing machinery faults under lim-
ited, noisy data conditions [25], can benefit from this study’s structured insights into fault
progression. By integrating the systematic understanding of fault mechanisms provided
here, these and similar methodologies can improve both the accuracy and reliability of their
diagnostics, enabling more precise predictions even in complex, noise-prone environments.

2. Harmonic Drive in Cobot Applications

In robotics, harmonic drives are often employed in joints that require fine movements,
such as in articulated robotic arms, humanoid robots, and collaborative robots (cobots).
Their compact nature allows them to be integrated into smaller form factors without sacrific-
ing performance, a key factor for robots operating in constrained or delicate environments.
Additionally, their high torque transmission capability allows robots to manipulate heavier
loads while maintaining smooth and accurate motion.

Robots were initially developed to automate repetitive and straightforward tasks,
with their primary application being in assembly lines where the outcome of each task is
linked to the others [26]. Consequently, a significant fault in a single robot can disrupt the
entire production process, resulting in quality degradation, unexpected downtimes, and
financial losses.

In recent years, the advent of collaborative robotics has opened the door for small and
medium-sized enterprises to adopt industrial automation [27]. Collaborative robots, or
cobots, operate in shared environments with human operators, necessitating compliance
with the stringent safety standards. Typically, cobots are governed by reactive control
algorithms that halt motion when a deviation from the programmed path occurs. However,
as noted in [28], these reactive measures may only activate after the operator’s safety has
already been compromised. Proactive safety can be achieved with collision avoidance
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algorithms [29], though these may prove inadequate when the robot is operating under
degraded conditions.

Cobots are deemed safe as long as they function under nominal conditions, but this
safety cannot be guaranteed in the event of a fault. In this context, Prognostics and Health
Management (PHM) techniques represent a breakthrough by significantly enhancing robot
availability and ensuring operator safety [30]. Early fault detection allows for tracking
degradation and scheduling maintenance before dangerous behavior manifests. PHM
approaches often rely on DDMs to extract health indicators (HIs) from the manipulator.
However, industrial robots have a mean time between failures (MTBF) that is often mea-
sured in tens of thousands of hours [31], resulting in insufficient fault data [32], hampering
the performance of DDMs.

Robotic malfunctions can stem from various sources, including damage to the control
unit, user interface, or (more frequently) to the joints [33]. Such failures can cause the robot
to operate in degraded conditions or even cease functioning altogether. While industrial
robots employ several technologies and configurations depending on their intended tasks,
most robotic joints consist of five key components: electronics, sensors, motors, reducers,
and bearings [34]. Failures in the first three components are often detected by built-in
control logic. However, mechanical failures, such as bearing wear, may go unnoticed as
control algorithms compensate by increasing motor current, thus masking the issue while
allowing the robot to operate in degraded conditions—posing a potential safety hazard.

While this analysis centers on the UR5 (Figure 3), the findings are applicable to
harmonic drives in a broad range of mechatronic systems. A robot typically consists of
multiple interdependent subsystems, and malfunctions can arise from single failures or a
combination of events. As illustrated in the Fault Tree Analysis (FTA) diagram [35,36] in
Figure 4, only the branch associated with the reducer is explored, while other branches,
represented by diamonds, remain undeveloped for the sake of this analysis. In the proposed
FTA, only root causes are reported, while faults such as wear and cracks are omitted, as
they are directly linked to or caused by the identified root causes. This approach focuses on
the primary factors, simplifying the analysis by excluding intermediate failure mechanisms.

Figure 3. URS collaborative robot.

The FTA methodology [37] follows a top-down, deductive approach, visualizing the
relationship between the top-level event (TLE) and underlying failure modes through a hi-
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erarchical structure of logic gates. Intermediate events are represented by rectangles, while
basic events are denoted by circles. The objective of this analysis is to identify the minimal
cut sets, i.e., the combinations of component faults or failures, that can lead to a significant
degradation of the robot’s performance. When a branch of the fault tree is composed of
relatively few events or elements with high failure rates, the system’s reliability becomes
highly compromised. A comprehensive review of FTA, its methodology, and practical
applications is provided in [38]. This method is particularly useful for understanding how
failures propagate through a system and for pinpointing critical vulnerabilities.

Robot
Failure

STOTS

Excessive Excessive Lubricant
Load Vibrations Aging

Fatigue Manufacturing
Failures Defect

Figure 4. Robot arm fault tree analysis.

In the present analysis, external factors such as collisions, operator errors, and acci-
dental damages are not considered critical for the robot’s long-term functioning. These
factors can typically be mitigated through correct installation and operation practices. Ad-
ditionally, empirical data suggest that component failures, such as link breakage or control
unit malfunction, are relatively rare occurrences and therefore do not represent the most
significant risks to the robot’s performance.

In contrast, joint failures, especially those related to complex and heavily loaded
components, like the harmonic drive, are far more likely. Each joint plays a vital role in the
robot’s motion, and a malfunction in even one can compromise the entire operation. As a
result, these events are connected via OR gates in the fault tree, signifying that a fault in any
single joint could lead to a system-level failure. The same logic applies when examining
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the subcomponents within each joint and their respective failure modes, with a specific
emphasis on harmonic drive failures.

3. Analysis of Faults Affecting the Harmonic Drive Performances

To study fault nucleation and the progression of failures within the harmonic drive,
it is essential to gain a deep understanding of which components are most susceptible to
failure and the underlying reasons for their vulnerability. This knowledge will facilitate
the development of more accurate prognostic models and allow for the early detection of
faults, which is critical in applications where failure could result in significant operational
downtime or safety risks.

In this section, a phenomenological analysis aimed at exploring the general mecha-
nisms of degradation and propagation within the studied system is provided. The formu-
lations and equations presented came from the existing literature and are included here
as illustrative examples of how propagation phenomena can be modeled. Rather than
developing a novel mathematical framework, this paper emphasizes the understanding of
underlying physical behaviors and trends associated with degradation.

3.1. Ratcheting and Buckling

A potential failure mode of harmonic drives occurs when excessive torque is applied,
which can be due to external factors such as an accidental impact, improper handling, or
incorrect transportation. In the case of a rotating gear, an overload condition can cause
the CS and FS teeth to fail to engage properly. This misalignment leads to a phenomenon
known as ratcheting, where the FS and CS experience eccentric motion [39]. It results
in increased eccentricity between the two components, leading to excessive vibrations,
accelerated wear, and potentially damaging other parts of the drive.

In the context of robotics, this failure mode can occur in scenarios involving sudden
impacts, such as when the robot collides with a human operator or an external object.
This is particularly concerning in collaborative robotics applications, where the proximity
between robots and human workers increases the likelihood of such collisions. In these
cases, collision avoidance algorithms play a crucial role, not only in ensuring the safety of
the operator but also in protecting the mechanical integrity of the manipulator [40]. These
algorithms are designed to detect and respond to external forces, preventing the application
of excessive loads that could compromise the gearbox.

On the other hand, when an excessive load is applied while the input shaft is stationary,
the FS tends to experience buckling [41]. Buckling occurs when the FS, due to its flexible
nature, deforms under high stress, particularly in the presence of axial loads. While
the gearbox may not cease to function immediately, the deformation results in a loss of
flexibility. Over time, this leads to a failure in the diaphragm of the FS, which can shear off
from the FS cup. This failure mode, described in [42], is especially dangerous because it
can compromise the entire drive mechanism if not addressed promptly.

Preventative measures against these overload scenarios are crucial in maintaining
the longevity and functionality of harmonic drives in industrial robots. For instance,
careful load monitoring and impact detection systems can be implemented to ensure
that loads remain within the allowable torque limits [43]. In addition, proper handling
and transportation procedures should be followed to avoid any unnecessary stresses on
the drive during non-operational phases. In collaborative robotics, where human-robot
interactions are frequent, ensuring that force and torque sensors are calibrated to detect
abnormal loading conditions can significantly reduce the risk of these failure modes.

Considering that ratcheting refers to progressive, cyclic plastic deformation under
stress, it is possible to use Chaboche’s plasticity model [44,45] to capture the cyclic harden-
ing/softening behavior of the material and predict the progressive accumulation of plastic
strain [46] in the harmonic drive components under cyclic loading.

Ratcheting primarily reduces the stiffness of flexible components within the harmonic
drive, particularly affecting the flexspline. This phenomenon leads to a progressive alter-
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ation of the mechanical properties, reducing the overall stiffness and compromising the
precise deformation capabilities of the flexspline. The progressive accumulation of plastic
strain during cyclic loading is modeled by coupling kinematic hardening (via back stress
evolution) with the viscoplastic strain rate equation.

The flexspline initially behaves like a flexible elastic shell, with its stiffness (Equation (2))
being determined by its material properties, Young’s modulus (E) and Poisson ratio (v),
and geometric properties, like thickness and radius. Under moderate loads, the flexspline
returns to its original shape after elastic deformation (ec), governed by Hooke’s law [47].

Kgs = f(E, v); (2)

When the flexspline undergoes cyclic loading, plastic strain (ep) accumulates over
time due to repeated deformation. As this plastic deformation occurs, the material’s
stiffness changes, since a portion of the deformation becomes irreversible. This could be
captured by the plastic strain in the simplified Chaboche model. Chaboche’s viscoplasticity
model describes the time-dependent plastic behavior of materials by decomposing total
strain into elastic, plastic, and viscous components. It incorporates a flow rule that defines
the onset of plastic deformation based on stress and time, using internal variables to capture
history-dependent effects and hardening behavior. The model accounts for rate-dependent
phenomena, like creep and relaxation, making it widely applicable in engineering for
materials subjected to cyclic or long-term loads [44].

The plastic strain rate (ep) is obtained as the product between the plastic multiplier
(A) and the derivative of the yield function (fy) respect to the stress (¢), as shown in
Equation (3).

ofy.
Er (3)

The plastic multiplier controls the inelastic strain rate and reflects the rate of plastic
flow. It is influenced by the yield function, and its evolution depends on the material
parameters and stress state. The yield function defines the boundary between elastic and
plastic regions in the stress space. When the stress state reaches the yield surface, plastic
deformation begins. For the Chaboche model, the yield function incorporates kinematic
hardening (back stress) and isotropic hardening components.

Permanent plastic deformation leads to a softening of the material in some cases
(due to microstructural changes), or hardening in others (if the material becomes more
resistant to further deformation). These effects directly reduce the effective stiffness of the
flexspline. In ratcheting, plastic strain accumulates in one direction, leading to progressive
deformation under cyclic loads. With each cycle being subjected to kinematic hardening,
captured by back stress («), this allows the material to accumulate plastic strain while
shifting the yield surface.

fp=A-

a=Cép—7v-a-A; 4)

where C and vy are material constants for the kinematic hardening evolution.

The evolution of « helps determine when and where plastic deformation occurs during
cyclic loading. In this way, it is possible to treat the material as not purely isotropic, captur-
ing the Bauschinger effect, where the material yields at different stress levels depending on
the direction of loading [48]. Back stress represents the kinematic hardening component
and is used to model the Bauschinger effect, which describes changes in material resistance
upon load reversal. It evolves with the plastic strain and accounts for the directional shift
of the yield surface in stress space during cyclic loading.

The Chaboche model assumes that the yield surface moves as plastic deformation
accumulates, which is described by a. The stress at which yielding starts is no longer
centered at the origin of stress space; it shifts as the material deforms plastically:
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where 0y is the yielding stress.

When « increases, the yield surface shifts, making it harder for the material to continue
deforming plastically unless the applied stress increases further. When « decreases (e.g., in
the reverse loading direction), the yield surface shifts back, allowing plastic deformation
to occur more easily in that direction. This shifting influences the rate of plastic strain by
controlling the magnitude of the effective stress.

Furthermore, this shift ensures that the material can continue to deform plastically in
different directions, depending on how back stress evolves. It prevents the material from
yielding at the same stress level in every cycle, allowing for a more accurate prediction of
cyclic behavior.

As the plastic strain increases, the elastic response of the flexspline diminishes over
time, meaning that the effective stiffness decreases. As a larger portion of the total strain be-
comes plastic and does not contribute to elastic recovery and in severe cases, this ratcheting
can result in local buckling or fracture, significantly reducing stiffness. This is particularly
important in harmonic drives, where the flexspline undergoes repeated deformation.

It is possible to evaluate a new Young’s modulus linked to plastic deformation in order
to evaluate a new value of the FS stiffness.

E'=E—x-¢p; (6)

where « is a material-dependent constant that relates plastic strain to a stiffness reduction.

By evaluating the stress caused by ratcheting and solving the system of equations
defined by the Chaboche model, it is possible to derive an updated Young’s modulus that
accounts for material degradation or plasticity effects. This updated modulus reflects the
altered mechanical properties due to inelastic strain accumulation. Using this revised mod-
ulus, the new, reduced stiffness of the flexspline can be accurately calculated, providing a
more realistic representation of its structural response under continued loading conditions.

3.2. Lubrication

In harmonic drive systems, effective lubrication is crucial for maintaining optimal per-
formance and longevity [12]. There are three critical areas for lubrication within the system:

*  The FS-CS meshing teeth interface;
*  The WG bearing;
*  The WG-FS interface.

Accelerated Life Tests (ALTs) conducted in [49] have shown that wear between the
WG’s outer face and the FS’s inner surface plays a significant role in the overall effi-
ciency of the harmonic drive, although it does not directly affect the transmission accuracy.
Roberts et al. [50] suggest that to assess the lubrication condition at the WG-FS interface,
one should evaluate the axial load (F,) acting on the WG and the output torque (Q) of the
gear. The axial load can be expressed as

2.Q

F=— 2 .
" D-y-tanf’

)

where

* D is the gearbox size factor, provided by the manufacturer;
*  0is the pressure angle, typically around 20°;
*  yuis the friction coefficient at the WG-FS interface.

The axial load applied to the wave generator is represented by the force transmitted
through the elliptical bearing, which in turn induces deformation in the flexspline. This
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transmitted force is crucial in generating the desired shape change in the flexspline, enabling
effective engagement with the circular spline in harmonic drive mechanisms. However, if
the flexspline is too rigid, the flexspline restoring force is amplified, leading to increased
resistance to the intended deformation.

However, measuring this axial load directly is feasible only when the gearbox is
mounted on a specialized test bench equipped with appropriate sensors. In practical
industrial settings, such testing may not always be viable. An alternative method, which
does not require dismounting the harmonic drive from the robot arm, involves dynamic
parameter identification of the manipulator [51]. This approach estimates both Coulomb
and viscous friction coefficients for each joint. However, it is important to note that friction
is influenced by numerous factors beyond the state of lubrication alone, which limits the
effectiveness of this method for accurately diagnosing lubrication conditions.

The role of axial load on the WG is particularly important in robotic applications where
joint velocities follow a trapezoidal motion profile, characterized by periods of acceleration,
constant speed, and deceleration. The axial force acting on the WG varies depending on
whether the harmonic drive is functioning as a speed reducer or as a brake. Continuous
accelerations and decelerations cause the axial load to fluctuate, which, in turn, leads to
periodic protrusion of the FS teeth from the CS [52]. These sliding movements also influence
the coning angle, a key factor in maintaining proper lubrication within the gearbox [53].

Moreover, the torque experienced by the joints in an industrial manipulator is subject
to constant fluctuations due to the cyclical nature of robotic motion. These torque variations
result in repetitive changes in the magnitude of the axial force, which can lead to fretting
fatigue, a form of wear caused by the repeated oscillatory contact between the teeth of the
FS and CS.

Fretting fatigue is a serious concern, as it can compromise the integrity of the system
and reduce the harmonic drive’s operational life. Proper monitoring and maintenance
of lubrication in these critical areas are essential to mitigate the risks of wear and failure.
This makes the selection of appropriate lubricants and regular inspection of lubrication
conditions crucial in high-duty applications, especially those involving continuous motion
and load variations, as seen in robotic systems.

The causes and effects of poor lubrication conditions could be obtained by means
of a thermal aging model [54]. Lubricants in harmonic drives degrade over time due to
exposure to high temperatures and mechanical stresses. A thermal aging model, typically
based on the Arrhenius equation, can predict the rate of degradation as a function of
operating temperature and time [55,56].

Furthermore, a contaminant-based degradation model can simulate the effects of
particle contamination (metallic debris) in the lubricant, which accelerates wear in con-
tact surfaces.

The total degradation rate could be obtained combining thermal and contamination effects:

kb =kt +kc = A-e XF +B-C; (8)
where

*  Ais the pre-exponential factor (frequency factor);

e E,is the activation energy (J/mol);

*  Ris the universal gas constant (8.314 J/mol - K);

* T is the absolute temperature (K);

*  Bis the contamination degradation constant (based on contaminant type and amount);
e (s the contamination level (dimensionless, normalized between 0 and 1).

The pre-exponential factor is a constant that reflects the inherent tendency of the
lubricant to degrade over time, irrespective of temperature. It represents the frequency
of molecular collisions that could potentially lead to degradation. It is specific to the
material properties of the lubricant and is influenced by molecular composition and stability.
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It essentially scales the degradation rate, setting the baseline before other factors (like
temperature and contamination) come into play.

The activation energy is the minimum energy required for the degradation process to
continue. It is specific to the chemical characteristics of the lubricant. Higher values indicate
that the lubricant is more resistant to thermal degradation, as it needs more energy to start
breaking down. This factor makes the lubricant less sensitive to temperature increases.
Lower activation energy, on the other hand, makes the lubricant more prone to rapid
degradation under elevated temperatures.

The contamination degradation constant is a coefficient that quantifies the impact of
contaminants on the degradation process. It represents the material-specific response of the
lubricant to the presence of foreign particles, typically metallic debris, which can increase
wear. This constant is often determined experimentally and is influenced by both the type
and concentration of contaminants.

The contamination level is a dimensionless parameter that represents the concentration
of contaminants in the lubricant. This could include particles from metallic debris, dust, or
other impurities. A higher value indicates greater contamination, which results in more
abrasive interactions within the lubricant, leading to increased wear and degradation. The
parameters can vary over time, especially in environments with poor sealing or where
external contaminants are introduced, and it can be monitored through lubricant condition
monitoring systems.

3.3. Vibrations

According to [5], the primary source of vibrations in harmonic drives arises from the
continuous deformation of the flexspline. This deformation can be exacerbated by various
factors, including mounting errors, geometric tolerances, and manufacturing defects, all of
which can significantly affect reducer performance. It is essential to recognize that these
vibrations not only affect the immediate operation of the harmonic drive but can also lead
to long-term damage if not properly managed.

A critical parameter in this context is the resonance frequency ( f;), which is defined as

— 1 Kt .
fr = 7\ T [Hz|; )

where K; represents the gear torsional stiffness and | denotes the load moment of inertia.
The resonance speed (wr) of the gearbox output shaft can then be derived as

wr =180 f; - T; (10)

It is crucial to either pass through this resonance speed quickly during acceleration
and deceleration phases. Otherwise, this can lead to intensified FS wear and encourage
crack propagation, ultimately compromising the integrity of the gearbox.

Furthermore, these vibrations can adversely affect the deformation characteristics
of the FS, leading to improper engagement with the CS and irregular coupling with the
WG. Such misalignments can cause increased backlash and reduced efficiency, further
exacerbating wear and tear.

For a comprehensive understanding of the impact of various factors on harmonic
drive vibrations, a detailed investigation by [57] explores how parameters such as flexspline
length, thickness, unbalanced loads, and eccentricity influence the vibrational character-
istics of harmonic drives. Their research highlights the importance of precise design and
assembly processes to mitigate these detrimental effects and ensure optimal performance
in robotic applications.

The WG misalignment could be simulated by means of a kinematic model, focusing
on how even small angular deviations affect the overall torque transmission and drive
performance [58].
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The misalignment could be modeled through a roto-translation matrix that depends on
the WG angular position. The kinematic error due to misalignment is expressed as a radial
displacement, calculated based on the eccentricity values and angular deviations between
the CS and the WG. These eccentricities and angular deviations are used to define rotation
matrices that link the nominal position of the WG to its actual position when misalignment
is present. This method allows for the analysis of the planar equivalent profile of the
WG, which is compared to its nominal profile to quantify the radial displacement and the
kinematic error resulting from misalignment.

3.4. Pitting

Repetitive stresses that exceed the material’s fatigue resistance can lead to pitting, a
type of surface failure characterized by the formation of small pits or craters on the tooth
surface. This phenomenon tends to be concentrated in the tooth regions closest to the front
and gear cross-sections of the FS, as previously discussed. As pitting progresses, small
particles of material become detached from the tooth surface. These particles mix with the
lubricant, degrading its quality and effectiveness.

Since harmonic drives typically use a single grease lubrication system for all compo-
nents, the contamination of the lubricant by these wear particles has far-reaching effects.
The accumulation of debris can accelerate wear not only on the FS teeth but also on the
elliptical bearing of the WG and the contact interface between the WG and FS. As the lubri-
cant’s quality deteriorates, friction increases across these critical contact areas, accelerating
the overall degradation process. This progressive loss of material, as shown in Figure 5,
leads to a cascade of failures that can compromise the entire gearbox.

Figure 5. Pitting of the flexspline teeth detected on the shoulder joint of a UR5 collaborative robot.

The presence of pitting accelerates wear, amplifying the potential for backlash and
reducing the gearbox’s precision over time. In robotic systems, such failures can be detected
through the analysis of vibration signals emanating from the robot’s joints. Vibration
monitoring allows for the early detection of abnormal conditions caused by pitting and
wear, enabling maintenance before significant failures occur. Additionally, backlash, which
results from the loosening of mechanical contact between components due to material
loss, can be observed by comparing the robot’s commanded and actual joint positions.
Mismatches in these signals often point to a mechanical issue, such as pitting-induced wear.

By detecting these symptoms early through condition monitoring techniques, such
as vibration analysis and signal comparison, corrective actions can be taken before pitting
leads to more severe gearbox damage. This proactive approach is especially important in
systems where harmonic drives are subjected to continuous or cyclical loading, as these
conditions are more likely to induce pitting and accelerate the failure process.

A first modeling approach for surface fatigue exploits the Hertzian contact stress
model. Since pitting occurs due to surface fatigue from repeated contact stresses, we use
a Hertzian contact model to simulate the contact pressure between meshing components
(e.g., teeth of the flexspline and circular spline). High contact stresses lead to surface fatigue,
initiating pitting [59].
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The contact stress for two meshing cylindrical surfaces (as in harmonic drive teeth)

can be approximated by
| P-Ee
H= | ————— 11
H - (r1 +172) (1)

® oy is the maximum contact stress (Hertzian stress);

*  Pisthe normal load applied at the contact point;

*  E.g is the effective modulus of elasticity depending on the moduli of elasticity of the
materials in contact, Poisson’s ratios of the materials, and the radii of curvature of the
two contacting surfaces;

e 11 and r, are the radii of the two in contact surfaces.

where

This model allows for the estimation of the stress concentration at contact points,
where pitting is most likely to initiate due to fatigue or wear.

A fatigue life model based on S-N curves (stress-life curves) can predict the onset of
pitting by estimating the number of cycles before surface fatigue causes failure [60,61].

The relationship between stress and fatigue life is typically expressed as

U_Ir{n . Nf = CH,' (12)
where

* o is the applied stress amplitude (e.g., the Hertzian contact stress);

*  Niis the number of cycles to failure (fatigue life);

* m is the material-specific fatigue exponent, describing how fatigue life decreases with
increasing stress;

. Cq is the material constant, determined experimentally from S-N curve data.

3.5. Wave Generator Wear

The wave generator is a key component of the harmonic drive, responsible for creating
the strain wave that enables motion transmission. It consists of two primary parts:

¢  The Elliptical Cam (or Wave Generator Plug): This is the central element of the wave
generator. It is typically a rigid, elliptical-shaped component that is inserted into
the flexspline. The elliptical shape forces the flexspline to deform, allowing it to
engage with the circular spline at specific points. As the wave generator rotates, the
deformation of the flexspline continuously changes, creating a wave-like motion.

¢  The Flexible Bearing: Surrounding the elliptical cam is a flexible bearing, often a thin,
high-precision ball bearing. This bearing allows the outer part of the wave generator
to rotate smoothly while maintaining the elliptical deformation of the flexspline. The
flexible bearing reduces friction and ensures that the wave movement is transferred
efficiently to the flexspline without excessive wear.

When the wave generator rotates, it imparts its elliptical shape to the flexspline,
causing it to engage with the teeth of the circular spline. This interaction is the core
mechanism that allows for the high torque transmission and precise motion control that
harmonic drives are known for.

The elliptical ball bearing plays a key role in determining the harmonic drive’s oper-
ational lifespan. According to [42], the end of life for a harmonic drive is often signaled
by the onset of pitting in the inner face of the WG. While the outer face generally fails
only under excessive loads, this scenario is particularly problematic, as discussed in the
following, due to the ratcheting and buckling effects it induces in the FS. These mechanical
stresses can lead to catastrophic failure of the harmonic drive.

One potential method for detecting bearing wear is through the analysis of vibration
signals emanating from the robot joint [62]. Vibration analysis is widely used in condition
monitoring, where anomalies in the frequency spectrum can reveal early signs of bearing
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degradation [63]. Such diagnostic tools could provide valuable insight into the health of the
bearing and alert operators to potential issues before they lead to more significant problems.

Another important factor in the degradation of the harmonic drive is wear at the
interface between the WG and the FS. This is especially critical in space applications,
where improper lubrication in a vacuum environment can lead to metal-on-metal contact
between the outer face of the WG and the inner side of the FS cup. As shown in [52],
adhesive wear can occur under these conditions, severely affecting the sliding movement
between the WG and FS. The severity of the wear is influenced by several factors, including
the applied load, operating temperature, and input speed [12]. When the wear becomes
significant, it compromises the efficiency and accuracy of the harmonic drive, leading to
performance degradation.

The detection of such wear can be achieved by monitoring inconsistencies between the
angular positions and velocities of the input and output shafts of the gearbox. A mismatch
in these parameters may indicate that the harmonic drive is not functioning as intended,
providing an early warning of mechanical degradation.

Additionally, external contaminants can negatively impact the life of the ball bearing.
However, this issue has not been considered in the present study, as industrial robots
are generally designed to meet specific ingress protection (IP) standards, such as IP54 or
IP64. These standards ensure that the robots are protected against dust and limited water
ingress, safeguarding internal components. Nevertheless, if robots are operated in harsher
environments than they were designed for, and contaminants manage to penetrate the
manipulator joint, failure may occur. In such cases, sensors like optical encoders would
likely be the first components to cease functioning, as they are highly sensitive to impurities.

The health of the elliptical ball bearing in harmonic drives is crucial for the longevity
and reliability of the gearbox. Both wear and improper lubrication can lead to significant
performance issues, but with appropriate monitoring techniques such as vibration analysis
and angular velocity tracking, these problems can be identified and addressed early. This
proactive approach can prevent premature failure and ensure the continued operation of
industrial robots in demanding environments.

A stochastic degradation model such as a Wiener process can be used to simulate the
gradual wear [64]. The model tracks the increase in wear over time as a random process
with drift (representing average wear rate) and noise (random fluctuations in wear) [65].

The Wiener process W(t) is a continuous-time stochastic process defined as

X#)=Xo+pu-t+dw -W(t) - (13)
where

e X(t) is the state of degradation at time ¢;
* X is the initial condition (e.g., the initial state of wear);
*  yuis the drift coefficient, representing the average rate of wear;
* d,, is the diffusion coefficient, representing the variability in the wear process;
e W(t) is a standard Wiener process (Brownian motion), with properties:
- W(0) =0,
- W(t) ~ N(0, t), meaning it follows a normal distribution with mean 0 and
variance ¢.

In this model, it is possible to set a failure threshold such that when X(t) exceeds it,
the bearing is considered to have failed and adding periodic maintenance effects modifying
the model to include reductions in X(t) due to maintenance activities.

3.6. Meshing Teeth Wear

Industrial manipulators are designed to perform repetitive tasks; as a result, each
joint experiences a unique load history and varying levels of wear. For example, in a
typical pick-and-place operation, the first three joints of the robot arm are more active,
frequently moving within a predefined range of motion. In contrast, the joints of the wrist
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tend to remain relatively stationary, as their main function is often to maintain the constant
orientation of the Tool Center Point (TCP). This uneven usage can lead to insufficient
lubrication of the FS and CS teeth, increasing the likelihood of adhesive wear over time.

As illustrated in Figure 6, the wear on the FS teeth is not uniform but rather exhibits a
gradient along its length. The area closer to the input side of the FS shows more severe wear
compared to the rear cross-section. This phenomenon is primarily due to the coning angle
produced by the insertion of the WG into the FS. When the WG deforms the FS into an
elliptical shape, only the input section of the FS undergoes significant deformation, while
the rear portion near the FS remains largely circular. This creates an uneven engagement
between the FS and CS teeth, leading to an unequal distribution of contact forces along the
rotational axis.

In this scenario, the regions near the FS front and the gear cross-sections fully engage
with the CS teeth, while the rest of the FS remains partially or entirely disengaged. This
uneven meshing results in localized stress concentrations, increasing wear and potentially
accelerating failure in the affected areas (Figure 7). Detailed studies on the stresses induced
in the FS based on the type of WG used have been proposed in [66,67]. These studies show
how design variations can influence wear patterns and overall system longevity.

The presence of wear introduces backlash, a phenomenon where the gear teeth fail to
fully engage, resulting in lost motion or play within the system. While modern industrial
robots are equipped with encoders to close the position control loop in each joint, backlash
is typically compensated for automatically by adjusting motor commands. However,
excessive wear and backlash can still degrade the precision of the robot over time. A
method for detecting such wear would involve comparing the command signals with
feedback signals from the joint’s angular positions. Any inconsistencies between these
signals—particularly in scenarios where the commanded position does not align with the
feedback—may indicate the onset of backlash due to wear.

Figure 6. Effect of the coning angle on flexspline tooth wear.

Furthermore, this form of adhesive wear and backlash can compromise the overall
accuracy and repeatability of the manipulator. Continuous monitoring of these parameters
is crucial for maintaining the robot’s performance, and early detection of wear can prevent
further degradation, minimizing downtime and operational inefficiencies.

To properly model these phenomenon, a cumulative damage approach could be
followed: the teeth of the flexspline experience cyclical loading, making them susceptible to
fatigue. A Palmgren—-Miner linear damage rule [68,69] can be applied to model cumulative
fatigue damage over time, predicting when the stress cycles will lead to tooth failure.

The reduction in tooth thickness due to abrasive wear between the flexspline and
circular spline teeth could be modeled using Archard’s law [70,71]:

"Kw Fn

Viw = Vi (¢ —_— - Avy dt; 14
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where V., is the volume of material removed, Ky, is the Archard wear coefficient, Hy, is
the material hardness, and Fy, is the meshing force. The cumulative wear causes a gradual
reduction in the effective contact area, degrading the overall torque transmission capability
and leading to a loss in motion efficiency.

Figure 7. Wear of the flexspline teeth.

4. Faults Affecting the Harmonic Drive Structure Integrity

The most prevalent failure mode observed in harmonic drives is the fatigue fracture
of the FS, as highlighted in [72]. This type of failure is particularly concerning because it
can compromise the performance and reliability of the entire gearbox system.

Early detection of crack formation is crucial for maintaining operational integrity,
and it can be effectively achieved through the analysis of vibration signals emitted by the
gearbox. According to [73], specific patterns in these signals can indicate the presence of a
crack before it progresses to a catastrophic failure.

The location of the crack significantly influences its propagation behavior and the
subsequent impact on the harmonic drive’s functionality. Therefore, it is essential to focus
on the four most probable regions where crack nucleation may occur: the rim, tooth, rear
cross-section, and diaphragm. Each of these areas has distinct stress concentrations and
operational demands, making them more susceptible to fatigue.

A representation of the FS, highlighting these critical areas, is provided in Figure 8.
This illustration serves as a visual aid for understanding where potential failures might
initiate, allowing for targeted inspections and maintenance strategies to be implemented to
mitigate the risk of failure.

By focusing on these high-risk regions, it is possible to enhance the longevity and
reliability of harmonic drives, ultimately improving the overall performance of robotic
systems and other applications that utilize these sophisticated mechanisms.



Machines 2024, 12, 776

18 of 29

WG-FS Front cross
Interface section

Gear cross
section

Boss

Rear cross

section
Diaphragm-Boss
interface

Diaphragm

Figure 8. Flexspline of the harmonic drive’s critical points for the onset of failures.

A cohesive zone model (CZM) can simulate crack initiation and propagation by
defining a traction—separation relationship along the crack path [74]. This is particularly
effective for modeling cracks in ductile materials that undergo slow growth before failure.
The CZM captures both the elastic and plastic behavior near the crack tip, allowing for an
accurate prediction of how the crack grows over time under operational loads.

In the CZM, the crack surface is modeled by cohesive elements, which relate the traction
(F) (force per unit area) to the separation () (displacement jump across the crack faces).

Before damage initiation, the material behaves elastically.

F(6) =K-¢; (15)

where K is the cohesive stiffness, representing the slope of the traction-separation curve
in the elastic regime. Damage begins once the separation reaches a critical value (¢p),
corresponding to the onset of cracks.

Pt(§0) = Ft,max; (16)

where F; max is the maximum traction force. The separation level refers to the point on the
traction—separation curve at which the cohesive elements in the model start to separate
under applied stress. It represents the onset of damage in the material, where the traction
(or stress) reaches its peak value and micro-cracks begin to form. This point is critical for
understanding the point of transition from an intact to a damaged material state within the
cohesive zone.

After reaching Jy, the traction decreases, modeling crack propagation. A linear soften-
ing model can be used:

6 —dp
Ft—Ft,max(l_Jf_J())/ (17)

where J¢ is the final separation at which the material completely fails and the traction
reduces to zero. Once the separation reaches J¢, the material can no longer carry any traction.
F(é) = 0; (18)

The cohesive stiffness (K) is related to the stiffness of the material in the harmonic drive
(e.g., steel or other materials used in the gear). It represents the initial slope of the traction—-
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separation curve in the cohesive zone model. It describes the resistance of the material to
separation at the atomic or molecular level before significant damage occurs. High cohesive
stiffness indicates that the material requires a greater force to initiate separation, reflecting
a stiffer interface. It is a key parameter for defining the elastic response of the cohesive
zone prior to the opening of cracks.

The maximum traction (F;max) represents the maximum stress the material can with-
stand before damage occurs. The critical separation (dp) is the separation at which damage
begins (dependent on material toughness). The final separation (¢) is the separation at
which the material fails completely, linked to the fracture energy of the material. The total
energy required to propagate a crack (G¢) can be computed as

¢
Ge = /0 F.(6) do; (19)

Total energy required to propagate the crack is the energy needed to extend the crack
through the cohesive zone, often referred to as the fracture energy or work of separation.
It is includes the energy required to overcome cohesive forces during crack propagation.
This parameter is crucial in determining the toughness of the material, as it quantifies
the amount of energy that must be supplied to grow the crack, reflecting the material’s
resistance to fracture.

This formulation can be implemented to model the crack path in components of
a harmonic drive, such as gears or flexsplines, where tooth, rim, or diaphragm cracks
are common.

Another common approach for modeling fatigue crack growth is Paris” Law [75],
which relates the rate of crack growth to the cyclic stress intensity factor. This model
can be used to predict how a crack in the harmonic drive will propagate under repeated
loading cycles.

The rate of fatigue crack growth per load cycle (;—Z‘f]) is given by Paris’ Law:

da m

where

* gisthe crack length.

¢ N is the number of load cycles.

e  Cp and m are material-specific constants.

*  AKis the range of the stress intensity factor, defined as

AK = Kmax — Kmin; (21)

where Kmax and Kpin, are the maximum and minimum stress intensity factors during a
loading cycle. For a crack in a harmonic drive, which often experiences cyclic loading in
the gear teeth or flexspline, the stress intensity factor (K) is related to the applied stress (¢)
and the crack length (a):

a
K:m/rm-f(%» (22)
where
* o is the applied stress.
*  wis the width or relevant dimension of the component.
*  f(%) is a geometric correction factor that depends on the crack geometry and the
component’s geometry.

The material constants C and m are determined experimentally for the specific material
used in the harmonic drive (e.g., steel alloys in the gear or flexspline). The stress intensity
factor range (AK) depends on the loading conditions in the harmonic drive (cyclic stresses
due to rotational forces).
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4.1. Rim Crack

According to [76], the highest stresses acting on the FS are concentrated at the tooth
root surface. When a crack initiates at this location, it can propagate along two distinct
paths: either through the tooth (TC) or into the rim (RC) (Figure 9). While both scenarios
are undesirable, crack propagation into the rim can lead to catastrophic failure of the
harmonic drive.

Figure 9. Crack in the FS rim.

To better understand this phenomenon, one can approximate the FS to a spur gear,
allowing the application of relevant studies conducted in [77,78] to this case study. Experi-
mental findings have demonstrated that the backup ratio (b), defined as the ratio of the gear
rim thickness (J) to the tooth height (1), is a critical factor influencing crack propagation
behavior. This information is vital for designing a failsafe FS, as its thickness must be
optimized to ensure proper engagement with the CS while minimizing the risk of failure.

To mitigate the risk of rim fractures, the use of gears with a backup ratio of (b > 1.3)
is recommended [79]. A notable example of a successful failsafe design is the harmonic
drive employed in the base, shoulder, and elbow joints of the UR5 collaborative robot from
universal robots, which boasts a backup ratio of (b = 2.272). This design choice enhances
the reliability of the robot by significantly reducing the likelihood of catastrophic failure
due to rim cracking.

In contrast, the FS analyzed in [80] exhibits a backup ratio of (b = 0.576). This value
falls below the recommended threshold, indicating a substantially higher probability of
experiencing catastrophic failure. The differences in backup ratios between various designs
underscore the importance of careful engineering considerations in the development of
harmonic drives, particularly in applications where reliability and safety are paramount.

4.2. Tooth Crack

Since the FS is subjected to vibrations, especially under heavy loads and high-speed
conditions, cracks can also nucleate near the tooth tip, as illustrated in Figure 10. This is
largely due to the fact that, although the double-arc tooth profile offers superior perfor-
mance in terms of positional accuracy, it is associated with higher stress levels compared
to an involute tooth profile [81]. The double-arc profile, while beneficial for reducing
backlash and improving gear engagement, tends to experience greater localized stress
concentrations, particularly under demanding operational conditions.

Unlike the FS, a crack in the CS would typically result in a non-critical failure. This
is because the CS generally has a significantly higher backup ratio—often well above
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the critical threshold of 1.3, as suggested in [79]. This makes the CS more resilient to
catastrophic failure even in the presence of a crack. However, the crack propagation
mechanisms in the FS and CS differ considerably due to their structural differences.

In thin-walled gears, [66] have highlighted how the rim thickness influences the load
distribution shared by the engaging teeth. Since the force acting on the tooth plays a crucial
role in crack initiation and propagation, the difference in backup ratios between the FS and
CS must be carefully considered when studying failure modes in harmonic drives. The
FS lower backup ratio makes it more susceptible to cracks propagating through the rim,
leading to more severe outcomes, while the CS is more robust due to its thicker walls.

Figure 10. Flexspline tooth cracks.

In terms of failure simulation, several studies [82,83] have demonstrated that a tooth
crack can be effectively modeled by modifying the teeth meshing stiffness. This approach
accurately reflects the reduced load-bearing capacity and altered stress distribution that
accompany crack development. Similarly, a rim crack can also be simulated by adjusting
the meshing stiffness, as rim cracks tend to have a more pronounced impact on the overall
stiffness of the system compared to tooth cracks. The ability to simulate these failure modes
is critical for developing early fault detection systems and for designing harmonic drives
that can better withstand such stresses.

Tooth cracks typically result from high contact stresses between meshing teeth in the
harmonic drive. A Hertzian contact stress model [84] can simulate the stresses at the point
of contact, helping to predict the formation of cracks due to surface fatigue.

4.3. Rear Cross-Section Crack

Another potential fatigue failure of the FS may originate at the rear cross-section, as
noted in [72]. The stress concentration in this area is exacerbated by the coning angle, a
deformation phenomenon unique to harmonic drives. Due to the specific manner in which
the FS deforms, the WG-FS interface does not uniformly span the entire thickness of the
elliptical bearing. Instead, only a portion of the WG outer ring makes full contact with the
inner surface of the FS cup, particularly near the rear cross-section. This uneven contact
distribution results in localized stress peaks that can become sites for crack nucleation.

However, since the rear cross-section is not as critical to the harmonic drive’s core
operational function, detecting a crack in this region during its early stages may be par-
ticularly challenging. The influence of such a crack on the robot’s performance would
likely be minimal at first, with any abnormalities in joint signals being masked by the
overall system noise. This makes early fault detection in this area more complex, requiring
advanced signal processing techniques to differentiate subtle indicators of failure from
background noise.

Despite its seemingly lower significance, a crack in the rear cross-section can still
progress to a complete breakage if left unchecked, as demonstrated in [85]. In their study,
a harmonic drive experienced catastrophic failure initiated by a manufacturing defect
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in the rear cross-section. The failure evolved through fatigue fracture, which eventually
compromised the entire system. This case underlines the importance of manufacturing
precision and thorough quality control in ensuring the long-term reliability of harmonic
drives, especially in mission-critical applications where unexpected failures can lead to
significant downtime or even equipment damage.

In summary, while the rear cross-section may not play a primary role in the har-
monic drive’s gear engagement, it can still become a critical failure point under certain
conditions. Detecting and mitigating such fatigue-induced failures requires a robust moni-
toring strategy that accounts for stress distribution, manufacturing variances, and real-time
system noise.

The rear cross-section of the flexspline can experience both mechanical and thermal
stresses during operation. A thermo-mechanical model that incorporates temperature
variations and mechanical loads can predict the formation of cracks due to combined effects.

4.4. Diaphragm Crack

A crack at the diaphragm-boss interface is another common failure mode in harmonic
drives, as identified in [86]. This failure pattern is attributed to a combination of factors,
including the deflection of the FS induced by the WG and external load conditions. The
output torque applied to the system intensifies the shear stress on the FS diaphragm,
accelerating crack initiation and propagation in this critical region.

The diaphragm-boss interface plays a crucial role in harmonic drives, as it serves
as the connection point between the oscillatory deformation of the FS and the rotational
motion of the gearbox output shaft. A crack at this junction could significantly impact the
overall system performance by reducing the torsional stiffness of the FS. Torsional stiffness
is essential for maintaining the precision of motion transmission within the harmonic drive,
and any reduction in this parameter can lead to a notable increase in joint position error.

Such an error, which manifests as a discrepancy between the commanded and actual
joint positions, can affect the accuracy and repeatability of industrial robots, particularly in
applications requiring high precision, such as pick-and-place tasks, welding, or machining.
The degradation in torsional stiffness can also amplify the effects of backlash and vibration,
further compromising the robot’s performance.

Fatigue failure at the diaphragm-boss interface tends to be progressive, meaning that
the crack may grow slowly at first but can lead to catastrophic failure if not detected early.
Given its location, the crack might not immediately produce significant noise or vibration
detectable by standard diagnostic methods. Therefore, condition monitoring techniques,
such as vibration analysis or torque ripple detection, can play a pivotal role in identifying
early signs of diaphragm cracking. Advanced diagnostic tools could potentially detect
slight changes in the system’s dynamic behavior before the crack leads to a complete loss
of functionality.

Because the diaphragm of the flexspline is a thin-walled structure, a thin shell finite
element model can simulate crack initiation and propagation in the diaphragm by analyzing
the stress concentrations and material behavior under load.

Diaphragm cracks can result from local buckling of the thin structure due to compres-
sive forces. A buckling analysis combined with fracture mechanics can predict when and
where cracks will form due to buckling-induced stress concentrations.

Diaphragms undergo repeated flexing during operation, which can lead to fatigue
cracks. A cyclic fatigue model (e.g., Paris’ Law or S-N curves) can estimate crack initiation
and growth based on the number of cycles and stress levels.

In conclusion, a crack at the diaphragm-boss interface is a critical failure mode in
harmonic drives that can significantly impact system accuracy and reliability. Addressing
this failure pattern requires comprehensive fatigue analysis, real-time monitoring of dy-
namic parameters, and robust predictive maintenance strategies to prevent unexpected
breakdowns in industrial applications.
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5. Fault-to-Failure Mechanisms and Failure Mode, Effects, and Criticality Analysis of a
Harmonic Drive

As inferred from the previous discussion, the fault-to-failure mechanism in harmonic
drives is a multifaceted process, beginning with root causes such as cyclic loading, thermal
stress, improper lubrication, and material fatigue. These root causes set off a cascade
of stressors that initiate early faults within the drive’s components. For example, cyclic
loading induces recurring mechanical strain on the flexspline, creating wear patterns and
micro-cracks that can worsen over time (Table 1).

From these initial conditions, faults such as wear, pitting, and cracking begin to mani-
fest, each with unique characteristics and impacts on the harmonic drive’s functionality.
Wear is generally linked to high friction and repetitive motion, gradually degrading the
drive’s contact surfaces. Pitting, a form of surface fatigue, occurs under high-load condi-
tions and is particularly damaging to the teeth of the flexspline, leading to rough surfaces
that can propagate further faults. Cracks, often originating from both mechanical loading
and thermal stress, may initially appear as microscopic fissures but can quickly expand
due to the continuous stresses imposed during drive operation.

Fault progression toward complete failure is strongly influenced by several parameters:
load intensity, operating temperature, vibration frequency, lubrication quality, and the
friction coefficient. For instance, as load intensity increases, wear and pitting accelerate,
while high temperatures exacerbate material degradation and crack propagation. Vibration
frequency affects the rate at which cyclic loading impacts the drive, hastening fatigue-
related failures. Additionally, poor lubrication quality increases frictional forces, leading
to rapid wear and heat buildup, which can catalyze multiple fault types simultaneously.
Recognizing these parameters and their roles in fault progression is vital for effective
monitoring and predictive maintenance, as it enables early interventions to manage initial
faults before they advance to critical stages, thus enhancing the reliability and lifespan of
harmonic drives in demanding industrial applications.

Table 1. Fault-to-failure paths in harmonic drives: root causes, fault initiation, progression, and
failure modes.

Fault Type Root Causes Fault Initiation Progression Failure Mode
. Incr lash .
High friction, cyclic Surface erosion on creased bac!( asty Misalignment, loss of
. . . . reduced precision, .. .
Wear loading, insufficient flexspline and torque efficiency, drive
S degraded component .
lubrication components failure
strength
High cyclic stress, Formation of pits or TOOFh deformatlor},
. ; . Surface roughness, material fragmentation,
Pitting heavy loads, material craters on flexspline . . . .
. disrupted motion impaired torque
fatigue teeth o
transmission
. Loss of structural
. . Micro-cracks at . . .
. Cyclic loading, thermal . . Crack propagation integrity, component
Cracking : . high-stress points on : .
stress, material fatigue . under loading cycles detachment, drive
flexspline .
failure
. . . Misalignment,
. . Excessive axial or Deformation of Reduced engagement . .
Ratcheting/Buckling improper interface,

compressive load flexspline under load and alignment

drive function loss

To identify the most effective failure modes related to harmonic drives and their impact
on robot performance, conducting an FMECA (Failure Modes, Effects, and Criticality
Analysis) is essential. The results of this analysis provide valuable insight into which
faults and failures should be simulated using the high-fidelity (HF) model of the harmonic
drive. Although the presented work focuses on a UR5 cobot use case, the methodology
has general applicability. However, since robot components are not standardized across
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different manufacturers, FMECAs for manipulators from various brands or models may
yield slightly different results compared to those shown in Table 2.

Due to the lack of available field data, often restricted to harmonic drive and robot
manufacturers, the proposed analysis should be seen as a preliminary insight into har-
monic drive failure modes. Nevertheless, the values for severity (S), occurrence (O), and
detectability (D) reported in Table 1 are consistent with the data from the literature and
align with the criteria outlined in the 2020 SAE International report. These indices were
defined using a 1-to-10 scale:

*  Severity (S): Measures the impact of the failure on the entire system. A score of
1 indicates no impact, while a score of 10 signifies a total system breakdown with
possible operator injuries and no prior warning.

®  Occurrence (O): Represents the likelihood of a failure mode occurring over a specific
period. A score of 1 corresponds to an extremely unlikely event, while a score of
10 indicates inevitability.

e Detectability (D): Reflects the probability of detecting symptoms or indicators of a
particular failure mode through sensors or manual inspection. A higher score indicates
a lower likelihood of detection. The detectability values are assigned based on the
likelihood of identifying the failure mode without dismantling the gearbox from the
robot. This is typically evaluated through the analysis of vibration signals or data
directly from the manipulator.

To determine the Risk Priority Number (RPN, the three scores are multiplied together.
A higher RPN indicates a more critical failure mode. However, it is essential to interpret
the final scores with caution due to certain limitations of this method. In the case study
presented, wear at the WG-FS interface emerges as one of the most significant failure modes
in harmonic drives. This is primarily due to the inevitability of wear in these drives, which
is often difficult to detect through robot signal analysis. Consequently, the combination
of high occurrence and low detectability scores results in a heightened RPN. A similar
situation is observed with lubricant degradation; assessing the grease condition within
a sealed robot joint necessitates disassembly. While dynamic parameter identification
algorithms might provide estimates of the grease’s health, the reliability of this method
can be compromised by other influences, such as wear in the teeth or bearings, which may
affect friction coefficients.

In situations like these, the Severity Index becomes pivotal in risk assessment. When
failures have similar RPNs, priority is given to those with higher severity ratings. For
instance, a crack at the FS tooth root surface is of far greater concern than one at the tooth tip,
even if their RPNs are similar. Additionally, since harmonic drives used in the UR5 robot
have high backup ratios, a crack would be unlikely to propagate through the rim, which
mitigates the risk of catastrophic rim fracture. Consequently, despite the potential severity
of a rim fracture, it may not be a priority in this case study due to the low probability
of occurrence.

Particularly noteworthy is the bottom section of the FMECA table, which lists failure
modes like buckling and ratcheting. Despite their high severity ratings, these failure
modes have relatively low RPNs. This is because they can be easily avoided through
proper implementation and operational practices. Furthermore, they can be detected early
by the robot itself or through the heightened vibrations they induce in the robot arm.
Proper collision avoidance algorithms and routine maintenance can significantly reduce
the likelihood of such failures, ensuring the safe and reliable operation of the manipulator.

In FMECA, failures with the highest RPNs and severity values are prioritized, as they
pose the greatest threats to the harmonic drive’s performance and reliability. For instance,
WG-FS interface wear, with an RPN of 180, is highly critical due to its frequent occurrence
and substantial impact on efficiency, lubricant contamination, and alignment. Additionally,
rear cross-section cracks display a high severity (S = 9) and an RPN of 162, highlighting their
potential to cause total gearbox breakage and severe vibration, jeopardizing the drive’s
structural integrity.
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Table 2. Detailed failure mode, effects, and criticality analysis (FMECA) of a harmonic drive used in
the UR5 cobot [8].

Failure Mode

Effect S (0] D RPN

Lubricant contamination, efficiency loss, increment

WG-FS interface wear in the WG-FS sliding movement 3 10 6 180

Rear cross-section crack Vibration, total breakage of the gearbox 9 2 9 162

Lubricant degradation Wear, increment of the wave generator axial load 2 10 8 160

Tooth wear Backlash, V1bra't10n, uneven'loaq distribution, 3 10 4 120
lubricant contamination

Root tooth crack Excessive vibration, efficiency degradation 7 4 4 112

Diaphragm crack Vibration, dec1je¥nent of the torglonal stiffness, 4 3 9 108

efficiency degradation

Tip tooth crack Vibration, efficiency degradation 2 5 9 90

Pitting Lubricant contamination and degradation, wear 1 10 9 90

Wave generator wear Vibration, lubricant contamination, > - 6 84

efficiency degradation

Excessive vibration, uneven load distribution,

Rim crack efficiency and accuracy degradation, total 9 1 4 36
breakage of the flexspline

Buckling Loss of FS flexibility, excessive vibration and wear 9 1 1 9

Ratcheting Flexspline—circular spline eccentricity, - 1 1 7

vibration, and wear

However, it is essential to recognize that the priority of these faults can vary depending
on the application. For example, in collaborative robots (cobots) operating near humans,
rim cracks (S = 9) may be particularly critical due to the potential for misalignment and
abrupt motion changes that could pose safety risks. In contrast, for aerospace applications,
buckling (S = 9) becomes more significant as it compromises the precision and durability
required in high-stake environments. Therefore, identifying the most critical faults requires
an understanding of the specific operational demands, as these factors influence which
failure modes should be prioritized for maintenance and monitoring in each application.

In summary, while FMECA provides a structured approach to identifying and pri-
oritizing failure modes in harmonic drives, its effectiveness depends on the quality and
availability of data. For failure modes with high severity scores, special attention should be
given to both early detection strategies and preventive measures, which can significantly
extend the operational life of the system and reduce the risk of catastrophic failures.

6. Conclusions

This study provides a comprehensive analysis of the fault-to-failure mechanisms
in harmonic drives, specifically detailing how root causes like cyclic loading, thermal
stress, and inadequate lubrication initiate and propagate faults over time. Through a
systematic exploration of failure types—including wear, pitting, cracking, buckling, and
thermal deformation—this work illustrates how each fault progresses from initial degra-
dation to complete failure, emphasizing key parameters that influence these pathways.
The presented fault-to-failure descriptions offer valuable insights for understanding how
minor degradations can escalate under specific operational conditions, enabling proactive
strategies for predictive maintenance.

The FMECA results further prioritize failure modes by assessing their Risk Priority
Numbers (RPNs) and severity values, identifying WG-FS interface wear and rear cross-
section cracks as particularly high-risk due to their likelihood and impact on drive reliability.
However, our analysis also highlights that fault prioritization must account for the appli-
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cation context. For example, rim cracks are critical in collaborative robotic applications
due to potential safety risks, while buckling holds greater priority in aerospace settings
where precision and durability are paramount. These findings underscore the importance
of tailored maintenance approaches that consider both the fault-to-failure mechanisms
and the specific requirements of each application. This study thus provides a valuable
framework for guiding PHM and predictive maintenance strategies, helping to enhance
the reliability and lifespan of harmonic drives in diverse industrial environments.

This study offers valuable insights into harmonic drive failure mechanisms behind
harmonic drive failures and offers practical recommendations for developing robust main-
tenance strategies. By focusing on early fault detection, predictive maintenance, and
improving the fault tolerance of key robotic components, this study contributes to the
ongoing effort to enhance the reliability of industrial automation, ensuring safer and more
efficient operations in high-stake environments.
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