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Abstract

The tribological behavior can be informative about the incipient faults of robot manipulators. This study explores the
evolution of friction characteristics from cold start to thermal equilibrium through a series of steady-state friction
experiments. Based on these experimental observations, a friction-based fault diagnosis framework is proposed. The
fault diagnosis process primarily involves defining the healthy state, decomposing friction curves and their features,
and anomaly detection. Given the dependence of friction characteristics on different sources of faults, the parameters
of steady-state experimental friction model are divided into two categories: one associated with contact interactions
and the other related to non-contact regimes. Subsequently, confidence regions corresponding to distinguishable
friction characteristics are independently constructed. These regions encapsulate the statistical description of the
healthy state, characterized by mean values and the covariance of the friction characteristic parameter vectors during
the unloaded state. In addition, we conduct experiments that consider the influence of applied loads on friction
behavior. These experiments serve as a test set for comparison against nominal statistics. Leveraging the similarity
between the effects of wear and load on friction, we introduce equivalent load thresholds to assess the severity of
joint degradation. The results demonstrate the feasibility of employing confidence region views based on friction
characteristic classification for fault detection and isolation.

1. Introduction

Robot manipulators have evolved into vital mechanical assets within manufacturing enterprises.
Degradation of robot manipulator performance is inevitable but it is available to mitigate the process
of deterioration and reduce maintenance costs by optimizing maintenance management strategies (e.g.,
condition-based maintenance and predictive Maintenance) [1]. The foundation of maintenance is fault
detection and diagnosis (FDD). FDD techniques have been developed for various industrial systems [2],
while the efficient supervision, fault detection, and diagnosis of robot manipulators remain a challenging
field, encompassing a fusion of physical-oriented system theory, experiments, and computations [3, 4].
Currently, there are two main FDD techniques applied to robot manipulator applications, namely model-
based and data-driven approaches [5]. Data-driven approaches utilize input/output data to construct a
black-box model (physical knowledge-independent) of the behavior [6]. Undeniably, data-driven meth-
ods have grown in versatility with the advancement of Artificial Intelligence (AI) algorithms. For the
field of robotics, the verification and application of FDD techniques integrated with AI algorithms have
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been conducted at both the component and system levels. In scenarios involving component disassem-
bly (e.g., gear, reducer, bearing, actuator, belt, etc.), deep learning approaches have shown an excellent
performance and tremendous potential in fault detection [7—12]. Research conducted at the component
level serves to mitigate the disturbance from multiple fault features modulating and submerging each
other at the same time. In practical engineering applications, there is often a strong focus on in-situ
FDD [13-15], where researchers directly utilize on-site operational data collected without disassem-
bly. Nevertheless, the application of data-driven methods in such scenarios remains restricted by issues
related to data quality and the scarcity of large-scale industrial in-situ data.

Model-based approaches usually implement FDD based on physical system models established by
first principles or empirical rules. These models exhibit a strong connection to the underlying failure
mechanisms, and the evolution or mode of deterioration can be clearly explained by the internal model
parameters. In the context of FDD for robot manipulators, residue generation technique is one of the most
common methods. McIntyre et al. [16] developed a nonlinear observer to identify actuator faults based
on the dynamic model of the robot manipulator. Muradore et al. [17] presented a FDD scheme based on
the inverse dynamic model of a robot using statistical method, which considered sensor faults as well
as actuator faults. Dixon et al. [18] developed a prediction-error-based approach that considers errors
caused by acceleration estimation and inevitable uncertainty in robot parameters. This approach is based
on the generation of residuals and exploits the structure of the full nonlinear manipulator dynamics and
its effectiveness is verified in a two-joint system. Namvar and Aghili [19] used a particular model of a
robot manipulator which resulted from using joint torque sensors to detect and localize a class of additive
fault signals. Another common technique for model-based approaches is parameter estimation, where the
parameters have obvious physical interpretations. Freyermuth [20] proposed an approach that directly
utilizes identified model physical parameters as fault indicators for an industrial robot. This method has
shown to be effective and interpretable for incipient fault but no quantitative and in-depth analysis of
the deviation patterns of parameters has been conducted. Bittencourt et al. [21] investigated the wear
effect on a joint by a number of steady-state experiments and proposed a model-based wear estimator
under temperature disturbance. The method makes condition-based maintenance of robot manipula-
tors possible but it requires costly long-term experiments to determine the properties of each joint,
where the robot is run continuously under high load and stress levels for several months or years until
failure.

In this paper, we aim to present a diagnosis method for incipient faults in the transmission compo-
nents of robot manipulators. Drawing inspiration from references [20] and [21], our method is centered
around the analysis of friction characteristics in the robot’s joints, and then the characteristic physical
quantities are used to construct regions that are state mechanism interpretable. In the joint friction char-
acterization experiments, our focus is on tracking the evolutionary process from a cold start to achieving
steady-state operation. To simplify the process and reduce the reliance on extensive prior knowledge,
such as individual differences, specifically degradation modeling [22], we introduce an equivalent load
threshold to assess the health status of joints. The advantages of this method are as follows: (1) The
diagnostic method does not require additional sensors, rendering it a convenient and cost-effective solu-
tion. Only the feedback current and feedback position of the joint motors are necessary, which can be
obtained by each industrial robot system itself. (2) The friction characteristics derived from steady-state
friction experiments offer enhanced accuracy and reliability. Given the inherent complexity of tribolog-
ical behavior, especially when compared to the pursuit of high-precision control objectives, simplifying
unknown or intricate friction characteristics for fault diagnosis purposes proves beneficial. (3) Our exam-
ination of friction characteristics encompasses both friction curves and model parameters. The estimated
friction coeflicients with physical interpretability are finally treated as symptoms in the diagnostic sense,
which supports a knowledge-based evaluation achieving an increased depth of diagnosis. The character-
istic indicators that are relatively insensitive to temperature are identified, making cold start diagnosis
possible.

The paper is organized in the following manner. Section 2 and 3 show the dynamic model of a
robot manipulator and elaborate the fault diagnosis framework using friction characteristics. Section 4
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describes the detail of the experiment implementation and offers insights into the state evolution of
the steady-state experimental friction curves. Section 5 presents the construction of fault indicators. In
Section 6, conclusions and future works are presented.

2. Dynamic Model and Friction Model

The dynamic model is a mathematical physics equation describing the relationship between the motion
of the structure and the driving torque. The rigid-body dynamic model for articulated manipulators with
n-degrees of freedom can be derived by Newton—Euler formulation, Lagrange formulation, etc. [23] and
generally depicted as:

M(@)q+C(q. P+ Gl +F(p=1 ey

where g, g, g are respectively the vector of angular position, velocity, and acceleration of the joints. M(g)
is the inertia matrix, which embodies the inertia characteristics of robot joints or links, encompassing
mass, moment of inertia, and rotational inertia. It reflects the inertial effects in dynamic analysis and the
opposition to angular acceleration due to mass distribution. C(q, ¢) is the matrix regarding of Coriolis
and centripetal effects. It describes the interaction term between joint velocities and the torques gener-
ated by these velocities, embodying the inertia forces due to rotation, and captures the coupled effect on
torques induced by the angular velocity changes, akin to the Coriolis effect. G(g) is the gravity vector
encapsulating the static force consideration due to gravity on robot’s operation, and F(g) represents the
friction torque vector. T is the driving torque vector of the joints.

The dynamic model also establishes a connection between measurable quantities and dynamic param-
eters that characterize joint mechanical conditions. Through appropriate parameter estimation processes,
dynamic model parameters can be used to represent characteristic physical quantities relevant to diag-
nostic symptoms. The friction coefficient, damping, moments of inertia, and gravitational torques vary
with the internal physical characteristics of the joints. These characteristic physical quantities can reflect
incipient mechanical faults such as wear, maintenance defects, or collisions, and the estimated parame-
ters are physically interpretable, which is important for fault quantification and localization. It is shown
in Figure 1 that the dynamic model of a robot manipulator is informative about each kernel mechanical
constituent. As mentioned in Section 1, many studies have been put forward to construct fault observers
based on Eq. (1). Though these methods are able to perform an active on-line fault diagnosis, the dif-
ficulty lies in identifying the full model parameters, including kinematics geometric parameters and
dynamic inertia parameters. The coupling of inertia and friction parameters in the identification proce-
dure results in an inaccurate model, increasing the risk of false positives in fault detection, similar to the
bottleneck in collision detection [24]. For fault diagnosis, especially for incipient faults (i.e., develop
gradually over time), transmission components are more vulnerable than links and motors. It is practi-
cally intriguing to investigate the relationship between joint friction and the incipient faults [21, 25-27],
in which the effects of temperature, load and wear on a main axis with rotary vector reducer are pre-
sented. In this paper, the friction characteristics of both the main axis and wrist axis with harmonic
reducers are studied based on experiments. In this paper, we attempt to find proper fault indicators and
decision rules for practical engineering applications.

To accurately capture the friction characteristics, the steady-state friction characterization experi-
ments are suggested [27]. These experiments involve single joint movements with a constant velocity of
a robot manipulator. In this case, terms related to acceleration and the effects of Coriolis and centrifugal
torques can be vanished:

G+F(@=r 2

Note that in certain configurations, the gravity term may become negligible or effectively vanish, for
instance, in base joints where the joint axis aligns parallel to the direction of gravity. Without loss of
generality, the joints with gravity term are considered. To extract the frictional torques, the joint needs
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Figure 1. Parameter composition and incipient faults in robot manipulators.

to undergo a symmetrical back-and-forth motion. For a testing cycle, the joint rotates at a velocity of !
in the forward and the reverse phase can be respectively described as [27]:

Gg)+F" (q)=1" 3

G (qiw) +F~(d,) = 75 @)

where the superscript / represents the specified velocity level. The subscript i is sampling points of time
series, i=1,2,3...N. m is the marker point for converting the rotation direction. t; is the feedback
torque of the servo motor.

Assuming friction is direction-independent under nominal operating conditions:

F+(4f,,_,-) = _Ff(%,;r,-), G (qm—i) =G (qm+i) (5)
By combining the equations (3)-(5), the friction toque at a given velocity level can be obtained:
+ -
F (¢') = mean (%) 6)

Friction modeling can be divided into two categories, physics-motivated approach and empirically
motivated approach, depending on whether to predict the behavior from the internal physics of the
problem or from dynamical systems consideration [28, 29]. It is worth noting that the primary focus of
this paper is fault diagnosis rather than achieving high-precision control of the system. Consequently,
the friction characteristics in the pre-sliding regime are not considered. In the gross sliding regime, a
prominent characteristic is steady-state friction force behavior with increasing steady-state sliding veloc-
ities, known as the Stribeck effect [30]. The friction model that can describe the Stribeck phenomenon
has been proved to enable capture the real friction torque with a precision of 90% in robotic systems
[31, 32]. The general formulation of such models is [33]:

F(q)=g(q)sign (¢) +h () )
where the function g(-) accounts for the friction contribution from the contact of asperities between two

sliding surfaces. The function A(-) accounts for the friction contribution from the viscous shear of the
lubricating film separating these surfaces.
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The function g(-) is modeled as:

g (@) =F.+F —Fyexp(- |7/v.]") @®)

where F, and F are the Coulomb friction torque and the standstill friction parameter, respectively.
V, is known as the Stribeck velocity indicating the range of velocity-weakening effect. « is the expo-
nent parameter of the Stribeck nonlinearity and is usually treated as a constant ranging from 0.5 to 2
accounting for different physical configurations [34].
The viscous effect term A(-) with Newtonian lubricating medium is expressed as:
h(q)=F-q ©)
where F, is the viscous coefficient.

Waiboer et al. [34] hierarchically conducted friction modeling analysis based on physical models,
demonstrating different viscous friction behavior in two elementary transmission components (i.e., gears
and bearings). This suggests that non-Newtonian viscous friction behavior can be introduced through
the composition of transmission components as well as the properties of the lubricating medium. More
recently, nonlinear viscous friction has been observed in harmonic reducers [35]. Thus, the function A(-)
is modified by adding a non-Newtonian viscous friction exponent parameter 8 as:

@) =r.-3" (10)

Consequently, the explicit expression of the steady-state experimental model used to explain friction
behavior in this study is as follows:

F@)=F.+F~Fyexp (= [a/v.

The steady-state experimental friction model comprises a total of six parameters and these parameters
are subject to physical feasibility constraints in the case of §' > 0:

)+F-7 (11)

F,>F.>0
F,>g(q')>=F.
V,>0
a>0
F,>0
B=0

12)

The applicability of this model in modeling of joint friction in a robot manipulator and the specific
parameter identification process are presented in Section 4.

3. Friction-Based Fault Diagnosis Framework

The degradation of a joint in a robot manipulator results in corresponding changes in its tribological
behavior. According to this concept, a fault diagnosis framework for robotics is proposed as illustrated
in Figure 2. There are three main parts in fault diagnosis process including definition of healthy state,
friction curve and its characteristic decomposition, and anomaly detection. In previous investigations,
most focused solely on the thermal equilibrium state for analysis. However, users do not expect to wait
for a system to reach thermal equilibrium for diagnosis or control. An effective FDD strategy must iden-
tify the healthy or failed state regardless of its thermal state, that is, whether the system is in cold start
or thermal equilibrium. Therefore, our focus is on experimentally measuring the behavior of healthy
systems as they transition from a cold start to a thermal equilibrium state. Beside the curves of fric-
tion torque as a function of velocity, the parameters of the steady-state experimental model are divided
into two categories according to the regimes of contact-related and viscosity-related. Subsequently, the
corresponding confidence regions of a healthy state are constructed. It is known that the degradation
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Figure 2. Framework of the proposed diagnosis approach for the joint of a robot manipulator. BL
refers to boundary lubrication, which is mainly related to the interaction between the micro-asperities on
the contacting surface. ML refers to mixed lubrication, where the interaction between micro-asperities
coexists with the effects of a lubricating film. EHL refers to elastic hydrodynamic lubrication, which
reaches a total separation of the surfaces by the lubricant.

process is a stochastic and individual-dependent phenomenon, which implies that fault reproducibility
is uncertain. Performing fault experiments is costly and time-consuming, but it can provide insights into
the common patterns of deterioration. Building on the insights from previous literature and the exper-
iments conducted in this investigation, we propose a practical alternative by setting an equivalent load
threshold for each joint of a robot manipulator. The underlying idea is that the load effect is considered
a measure of the degree of joint degradation since the behavior of deterioration, such as wear, is similar
to the load effect on friction. This similarity is attributed to the changes in micro-contact asperities.
The logical criterion for failure occurrence is when the friction effect on a joint under load-free condi-
tions exceeds that under a certain load. Evaluating the severity and types of faults will involve assessing
the information related to the distance from the threshold and the friction characteristics. The feasibil-
ity and further details will be elaborated in the following section, which delves into the experimental
content.

4. Experimental Characterization for Joint Friction

The experiment platform, as depicted in Figure 3, features a 6-DOF articulated robot manipulator known
as the HSR-BR609, developed by Huashu Robot Co., Ltd. The friction characterization experiment is
conducted on joint 3 and joint 5 representing the main axis and wrist axis, respectively. This type of
robot is composed of an offset wrist instead of the spherical wrist structure. The main transmission
components in both joint 3 and joint 5 consist of harmonic drive gears. The experimental proce-
dures are as follows: (1) Designing the test cycle and velocity levels for each joint. (2) Collecting the
raw data of velocity and torque from motors according to the test cycle. (3) To trim and align data
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Figure 3. (a) Structure of an HSR-BR609 robot manipulator. (b) The experimental on-site device with
or without a mass block.
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Figure 4. (a) The initial configuration during the tests on each joint. (b) The forward and reverse
feedback torques for joint 1 and joint 3 at a constant rotational velocity.

within the constant velocity segment. 4) Performing fitting and parameter identification based on a
given model.

4.1. Data collection of steady-state friction experiment

The steady-state friction experiment is to obtain friction torque at various velocity levels and then fit
the model Eq. (11). Previous studies have often conducted friction experiments on joint 1 or on a test
bed, primarily to isolate gravity from friction effects. In this experiment, we place significant emphasis
on assuming directional independence of friction. The feedback torque data for joint 1 and joint 3 are
collected as shown in Figure 4. It can be seen that the torque for joint 1, during the steady-state segment
(operating at 5°/s), fluctuates around the mean value, while the torque for joint 3 is modulated by gravity.
In this case, the mean value of the feedback torque for joint 1 can be regarded as friction torque, with
the forward and reverse friction torques approximately measuring 15.077 N - m and —14.988 N - m. The
effect of direction on friction is less than 0.1 N - m. Consequently, the subsequent investigations do not
account for the directional dependence of friction.
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Table 1. Experimental test cycle and velocity levels settings.

Velocity Setting Velocity Angular Sampling
level velocity (°/s) in radians (rad/s) displacement (°) time (s)
7 0.1 0.175 2 20
7 0.5 0.873 6 12
7 1 1.745 15 15
7 1.5 2618 15 10
7 2 3.490 30 15
7 3 5.236 30 10
7 5 8.726 60 12
7 8 13.962 120 15
7 10 17.452 120 12
7" 15 26.178 180 12
7 30 52356 240 8
7° 45 78.534 360

7" 60 104.712 360

g 80 139.616 360 45
7" 100 174.520 360 3.6

In the characterization experiments, the design of the test cycle determines the observable friction
features and the time required. Based on our experience, the test cycle and velocity levels are as shown
in Table I and Figure 5. There are 15 velocity levels, with 10 in the low-velocity range and 5 in the
high-velocity range. As the friction behavior at low velocities offers more insight into the contact sur-
faces, we prioritize higher accuracy in the low-velocity regions of the friction curve. To strike a balance
between time efficiency and accuracy, we employ a strategy involving small angular displacements at
low velocities and larger angular displacements at high velocities. The entire testing cycle is executed
within 3 minutes. During each cycle, a joint is rotated at the desired velocity level in both directions,
ranging from cT]l to LT]IS. Six signals are measured including joint position, velocity, torque, and registers
R1&R2&R3 and during sampling the registers are used to mark states of start, rotation direction, and
end, respectively. The sampling rate is 250 Hz in this study. The raw data collected from the motors are
shown in Figure 5.

Before using Egs. (3)~(6), data alignment is necessary to enhance the estimation accuracy for fric-
tion torque. To extract the friction toque at a given velocity level, two conditions are required: (1) The
data should be collected during a constant velocity phase. (2) The reverse angular displacement data
should overlap as closely as possible with the forward phase. Figure 6 shows the angular position and
velocity data of Z]ls for joint 3. It can be seen that there is an approximately 4° lag between the constant
forward and reverse stages. The lower half of the figure illustrates the corresponding velocity curve,
which exhibits the asymmetry phenomenon as well. Several factors, such as acceleration and decelera-
tion planning, data collection procedures, and data segmentation methods, can contribute to this lag. The
reason why asymmetry occurs is not the focus of this study. It is still possible to proximately calculate
the lag even if the cause of the inconsistency is unknown. The valuable data corresponds to the constant
velocity segment, which is extracted from the raw data. The average angular displacement deviation
can be calculated by subtracting data points from the forward and reverse constant velocity segments.
According to the velocity level, the time difference between reaching a constant velocity state in both
forward and reverse directions can be obtained. Finally, the number of data points needing to be trimmed
can be yielded based on the known sampling frequency. The procedure can be expressed as:
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where qgomfﬁ, and g~ -, are the angular positions of intercepted constant velocity segments during

reonst-+i,g

mean (

forward and reverse motions at the velocity level ¢'. S denotes the sampling rate. L is the number of lag
points.

—15

The aligned data are illustrated in Figure 7, and a mean positional error for ¢ between the forward
and reverse stages is 0.109°. Alignment issues require particular attention at higher velocity levels due
to the increased time required to reach a steady state.

4.2. Evolution of steady-state friction and joint states

The steady-state friction curve can be yielded by connecting friction torque data points at each velocity
level. In this section, the evolution of the steady-state friction curve from cold start to thermal equilibrium
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Figure 7. The aligned angular position and velocity data for Z]lS for joint3.

is investigated. Figure 8 shows the friction curves of joint 3 and joint 5 in two different states. To reach
the thermal equilibrium, the robot manipulator undergoes reciprocating motion for more than 24 h. The
cold start conditions exhibit higher friction, particularly at high velocity levels, and the impact differs
between joint 3 and joint 5.

In order to observe the evolution process, a dedicated experiment is designed. Bittencourt et al. [26]
indicated that the thermal decay constant for robotic joints is approximately over 3 hours, and it takes
more than twice that constant to achieve thermal equilibrium. This conclusion is consistent with the
observations herein. In this experiment, the interval for the localized heating process (indices 1-5) and
the cooling process (indices 6-11) has been established at 1 hour. Furthermore, to guarantee the obser-
vation of a stable thermal equilibrium state and the cold state, the intervals between the concluding
heating/cooling phases have been maintained at over 24 hours (indices 5-6 and 11-12). The heating
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Figure 9. The evolution of the steady-state friction curve for joint 3. (a) Transition from cold start to
thermal equilibrium. (b) Transition from thermal equilibrium to cold start.

method is that each robotic joint repeatedly performs reciprocating motion according to the factory
inspection trajectory (set by the manufacturer). After the machine reaches thermal equilibrium, it stops
running and undergoes natural cooling without turning off the power. The results are shown in Figure 9
for joint 3 and Figure 10 for joint 5. The indices 1, 2, 3...12 in the figures refer to observations based
on time series. Note that the time interval between index 5 and index 6, as well as the time interval
between index 11 and index 12, is approximately 24 hours. For velocity levels greater than 3°/s, the
friction decreases with running time, but a significant drop occurs in the first index interval, as shown
in Figure 9(a). For the evolution state from thermal equilibrium to cold start (see Figure 9(b)), it is
asymmetric to that in Figure 9(a). The behavior of curve changes can be attributed to the influence of tem-
perature on friction. Temperature affects both the velocity-weakening region and velocity-strengthening
regions. Moreover, the observed discrepancy in torque between the heating and cooling phases in the
cold state is likely attributed to the distinct initial conditions of the robot’s motors. During heating, the
robot initiates its thermal cycle from a fully powered-off state with cold motors, whereas during cool-
ing, the motors remain energized for an extended period. This difference can be attributed primarily to
thermal dissipation within the motors, which arises due to two main factors: the flow of electric current
through the copper windings, known as the Joule effect, and the induction of eddy currents, caused by
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Figure 10. The evolution of the steady-state friction curve for joint 5. (a) Transition from cold start to
thermal equilibrium. (b) Transition from thermal equilibrium to cold start.
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Figure 11. The standard deviation of friction torque at different operating times and temperatures
(black solid line with rectangle symbols, left Y-axis). The cold-to-thermal friction ratio at different
velocity levels (red solid line with circle symbols, right Y-axis).

Foucault’s currents, in the ferromagnetic components resulting from the variation of magnetic flux pass-
ing through them [36]. Figure 10 shows the experimental results for joint 5. In comparison to joint 3,
joint 5 exhibits higher heat dissipation efficiency, resulting in a friction curve that appears less sensitive
to temperature.

Though temperature has an influence on both velocity regions of the friction curves, the sensitivity
of the two regions to temperature varies. In Figure 11, the standard deviation of the friction torque for
the 12 friction curves at each velocity is calculated (indicated by the black solid line with rectangular
symbols). This analysis reveals that the velocity-weakening region (friction curve area where friction
force decreases with increasing velocity) is less sensitive to temperature in comparison to the velocity-
strengthening region (friction curve area where friction force increases with increasing velocity). This
observation can be attributed to the dominance of viscous friction, which is influenced by the dynamic
viscosity characteristics of the grease. On the other hand, the cold-to-thermal friction ratio between
curve 1 and curve 6 at each velocity level is also analyzed. The results indicate that this ratio initially
increases with velocity and then gradually converges.

https://doi.org/10.1017/50263574724001450 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574724001450

Robotica 13

5. Friction Behavior Comparison and Fault Diagnosis

Based on the preceding experiments, it can be seen that the friction curve can reflect the state of each
joint in the robot manipulator. In this section, the friction characteristics are studied in the parameter
space for the task of fault quantization and localization.

5.1. Parameter estimation

The model structure with 6 parameters of Eq. (11) is able to describe the friction curves. The model
parameters can be divided into two categories that [F,, F;, V,, a] are associated with surface char-
acteristics, used to describe the velocity-weakening regime, while [F,, 8] are related to lubrication
characteristics, used to describe the velocity-strengthening regime. The nonlinear parameters « and
V, jointly determine the impact range of the Stribeck effect, while o can be fixed for simplification
[26]. The parameters can be regressed by nonlinear least squares algorithm [37]. In this study, « is
set as a constant of 1.3 and other parameters are solved using Isgnonlin function available in Matlab’s
Optimization Toolbox while adhering to the constraints outlined in Eq. (12). The results of parameter
estimation based on friction experiments conducted from a cold start to the thermal equilibrium state
are presented in Figure 12. In Figure 12(a), the solid line is the predictive friction torque curve using the
estimated parameters for observation 6 (thermal equilibrium state). In Figure 12, for the experimental
observation indices 13, 14, and 15, friction experiments were performed by operating the manipulator
with varying mass loads, specifically 2 kg under cold conditions, 2 kg under thermal conditions, and 5 kg
under thermal conditions. The corresponding friction fitting curves can be seen in Figure 13. It can be
seen that the parameters are affected by both temperature and load but their sensitivities are different. For
instance, the coulomb and standstill friction parameter are more sensitive to load than temperature. For
the Stribeck velocity coefficient, the changes induced by increased load are of a magnitude comparable
to those caused by temperature variations. As for the viscous coefficient and the non-Newtonian vis-
cous coeflicient, they exhibit contrasting trends and are minimally affected by the load once the state is
known. It is more intuitive in Figure 13 that load significantly influences the velocity-weakening regime
but slightly influences the velocity-strengthening regime.

5.2. Construction of fault indicators

The preliminary analysis has showed how parameter changes can serve as indicators of joint states.
However, in many cases, only data from healthy machines are available, and the detection of health sta-
tus can be easily disturbed by cold start and thermal equilibrium states. The state variations affected by
environmental factors introduce uncertainty into parameter estimates. In such cases, a statistical descrip-
tion of the healthy state, encapsulated by the mean value and covariance of the parameter vector, can be
derived from available measurements. Thus, the healthy state indicators are constructed by the statistical
description of parameter estimation obtained from a robot manipulator operating under load-free condi-
tions during cold start and thermal equilibrium states. The measurements from the test robot manipulator
can then be compared against the nominal statistics to determine whether the test manipulator is in a
healthy state. A faulty one is expected to be detected as an anomaly based on these detection features. In
term of detection features, prior knowledge can be utilized. As mentioned above, the velocity-weakening
regime and the velocity-strengthening regime have different dependencies on the machine’s state, which
means two detection features can be constructed. One feature reflects the surface properties or contact
condition and the other characterizes the lubrication condition. The former is much less sensitive to tem-
perature changes compared to the latter. In ref. [27], it is shown that the effects of wear appear first in
the low-velocity region while the incipient wear effect is submerged by temperature effects in the high-
velocity region. Inspired by this phenomenon, an equivalent load threshold to assess the health status of
a joint is presented. It is anticipated that the load torque will have significant impact on the low-velocity
region of the friction curve, as it can be treated as an extended reasoning of the relation between the
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Figure 12. The model-based predictive friction curves and the parameter variations based on experi-
mental observations for joint 3.
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Figure 13. The friction curves of a robot manipulator with different loads on joint 3.
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Figure 15. The confidence regions for joint 5. (a) The 2-standard-deviation ellipsoid for
velocity-weakening parameters. (b) The 2-standard-deviation ellipse for velocity-strengthening
parameters.

applied normal force and contact interaction in the context of block sliding friction. From the evolution
experiments, the reasonable variation range for the friction curve of a healthy robot manipulator can
be estimated. When examining the friction behavior of a manipulator (unloaded), if it is found that the
friction characteristics in the low-speed region are equivalent to the friction behavior under a certain
load, it indicates a significant change in the contact surface, which can be considered as an abnormality
or a subject requiring further observation.

Figure 14 and Figure 15 show the case study of the robot manipulator for joint 3 and joint 5, respec-
tively. A confidence ellipsoid for three parameters of the velocity-weakening regime and a confidence
ellipse for two parameters of the velocity-strengthening regime are constructed with the mean and covari-
ance data. Twenty sets of parameter identification results derived from the friction experiments are used,
and the manipulator operates in a load-free condition. In these twenty sets of data, the friction data for
cold start and thermal equilibrium are included. In Figure 14, The blue ellipsoid and ellipse show con-
fidence regions of healthy robot manipulator parameters. The parameter uncertainties are visualized
as 74% and 86.5% confidence regions, which corresponded to 2-standard deviations. For N standard
deviations spread of data, the radii of the ellipsoid will be given by:

R=NxA (14)

where A is the eigenvalues of covariance data matrix.
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Table II. The detection for joint 3.

Experiments Distance Anomalous Distance Anomalous
Number Load State region 1 region 1 region 2 region 2

1 0 Cold 3.102 False 0.305 False

2 0 Medium 3.625 False 0.694 False

3 0 Thermal 3.874 False 0.885 False

4 2kg Cold 23.464 True 0.157 False

5 2kg Thermal  32.548 True 0.957 False

6 Skg Thermal 128.765 True 0.974 False

Additional experimental data sets are used for comparison against the healthy region. The experi-
ment conditions are listed in Table II. Each blue star marker represents an individual experiment test.
Markers falling outside the confidence bounds can be considered outliers, while those within the bounds
are either from a healthy state or have escaped detection. Due to the different sources of faults detected
by the two regions, a marker may be flagged as anomalous in the view of velocity-weakening param-
eters (region 1, represented by the ellipsoid) but not in the view of velocity-strengthening parameters
(region 2, represented by the ellipse). Three outliers are detected in the view of the velocity-weakening
parameters, corresponding to experiments 4, 5, and 6 in Table II. The result aligns with the extended
reasoning of the relation between the applied normal force and contact interaction, which the first three
parameters [F,, F,, V] are dominant by contact interaction while another two parameters [F,, 8] indicate
the lubricant state.

To assess the severity of faults or the deviation of the healthy state, the Mahalanobis distance is
utilized to quantitatively weigh the state of a test sample from the mean or median of the healthy region
distribution. The Mahalanobis distance from a vector y to a distribution with mean w and covariance X
is expressed as [38]:

d=\/(v—u)zl(v—u)’ (15)

Assuming a confidence bound of 2-standard deviations as acceptable variation for healthy data, any
calculated distance greater than 2”2 =4 will be treated as anomalous. As can be seen in Figure 14(a),
the red lines mark the anomalous test samples and their distance values are displayed. Table II reveals
that the distance increases with temperature and load, with the effect of load being significantly greater
than that of temperature. Considering the complexity of friction, a conservative threshold for wear faulty
can be given according to the data of experiment 5. Thus, the gray ellipsoid is a confidence bound of
6-standard deviations as acceptable variation for wear.

Figure 15 and Table III present the detection results for joint 5. Compared to joint 3, the friction in
joint 5 is less significantly affected by the load due to the structure that the joint axis is located very close
to the center of mass of the load. For a confidence bound of 2-standard deviations, it cannot differentiate
between the unloaded and 2 kg-load cases. However, for the 5kg-load case it obviously falls outside
the confidence ellipsoid for velocity-weakening parameters. There are no outliers in ellipse for velocity-
strengthening parameters as expected (see, Figure 14b and Figure 15b), since this region is not sensitive
to the load effect.

In addition to quantifying the severity, the coordinate location of an abnormal sample also provides
information about the states of joints. The dependencies of friction for such joints have been studied
based on experiments, and the effects of the most relevant variables to the friction curve have been well
summarized in ref. [39]. Table IV illustrates how various factors influence the parameters of the steady-
state experimental friction model. Each factor leads to distinct patterns of variation in terms of size and
direction. For instance, the Mahalanobis distance is large along the projections of the three coordinates,
which may be attributed to wear or loading effects. If the value projected on the F; axis is significantly
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Table IIl. The detection for joint 5.

Experiments Distance Anomalous Distance Anomalous
Number Load State region 1  region 1 region 2 region 2
1 0 Cold 0.814 False 0.429 False
2 0 Medium 1.208 False 0.312 False
3 0 Medium 2.515 False 0.594 False
4 0 Thermal 1.082 False 0.619 False
5 2kg Cold 2.405 False 0.157 False
6 2kg  Thermal 1.929 False 0.957 False
7 5kg  Thermal  29.437 True 0.974 False

Table IV. Pattern of deviations of friction characteristic parameters
induced by different types of factors in the robot manipulators.

Feature regions

Velocity-

Velocity-weakening strengthening
Friction parameters parameters
dependencies F. F, Vi, F, B
Temperature + 4+ ~ + + - — + +
Load + + + + + ~ ~
Wear ++ ++ ++ ~ ~
Lubricant ~ ~ + + + ~

Backlash ~ ~ ++ S ——

+ +: significant increase.
~ 1 scarcely influenced.
— —: significant decrease.

smaller than the values on the other two axes, this may indicate the presence of a temperature effect.
Therefore, the final fault diagnosis can be further performed using a pattern recognition algorithm or a
knowledge-based approach.

6. Conclusion

This study introduces a friction-based fault diagnosis method for robot manipulators focusing on the
connection between tribological behavior and joint failures. The essence of this method relies on a
model-based approach that incorporates parameter estimation. Since friction is greatly influenced by
factors other than wear, particularly temperature, parameters with different sensitivities to temperature
need to be classified based on prior knowledge of friction characteristics. According to the steady-state
experimental friction model, the parameters are expected to fall into two categories characterized by
distinct temperature dependencies. Based on experimental observations, two parameter ellipse regions
for the healthy robot under load-free conditions are constructed to detect and isolate potential sources
of faults. The ellipse associated with the velocity-weakening regime excels in detecting alterations in
surface properties, making it a versatile tool for unified detection across diverse operational conditions,
as it is minimally affected by temperature variations (cross-condition detection). For initial faults such
as wear, which result in a qualitative performance decline only after a certain degree of deterioration,
it becomes necessary to establish a threshold that signifies the extent of wear. In the experiments and
literatures, it is observed that wear-induced changes in friction characteristics are similar to those caused
by load effects. Thus, an equivalent load threshold is adopted as a reference to evaluate the state of
a joint, which can avoid conducting costly destructive testing. In this study, two representative joints
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are considered, namely the joint 3 and joint 5 of the robot manipulators. The results show that due to
differences in the pose and structure of the joints, the fault threshold requires dedicated designs.

Further verification of the equivalent load threshold and classification of additional incipient fault
types will be the subject of our future work. It is important to note that friction is also associated with
other degradation mechanisms, such as backlash growth and inadequate lubrication. Thus, the inherent
relationship between faults and friction characteristics still needs to be further explored by understanding
and modeling of friction and more extensive fault studies of other structural configurations of robot
manipulators. Furthermore, it may be practicable to transfer this method to the field of quality control
related to the large-scale production of industrial robots.
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