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by 
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The University of Texas at Austin, 2010 

 

Supervisor:  Dragan Djurdjanovic 

 

The goal of the study presented in this thesis was the improvement of estimation 

and monitoring procedures for condition monitoring of belt tension and misalignment in 

belt-driven automated material handling systems widely used in modern semiconductor 

manufacturing systems.  In pursuit of this goal, two 3-factor, 3-level experiments were 

designed to study how belt vibration characteristics depend on changes in belt length, belt 

tension, belt misalignment, and initial location of the excitation of belt vibration.  

Dependent variables in each of the experiments were drawn from a denoised frequency 

spectrum calculated from an Autoregressive model of the belt vibration time-series.  A 

feature vector was developed from the Autoregressive features via variance based 

sensitivity analysis.  Results showed that belt vibration characteristics were sensitive to 

changes in all of the independent variables examined.  These results motivated the design 

of a device to improve the standardized technique widely used to monitor belt tension in 

belt-driven material handling systems.  Reducing variance in the belt length and the 

location of the initial excitation of belt vibration yielded a reduction of tension estimate 

standard deviation an order of magnitude, as compared to a human performing the 

standardized technique.  Thus, the use of this device provided higher belt tension estimate 

resolution.  Future work that could lead to a less intrusive technique is presented.
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Chapter 1 Introduction 

 

1.1 BACKGROUND: AUTOMATED MATERIAL HANDLING SYSTEMS AND 

MAINTENANCE PARADIGMS 

 
Automated Material Handling Systems (AMHS) represent a crucial element in 

today’s manufacturing.  Industrial movement toward AMHS is driven by an increasingly 

sophisticated approach to manufacturing where, in addition to traditional concepts of 

quality and throughput, inventory control and production cell integration are now 

considered as a system as a whole.  AMHS offers many benefits, including inventory 

reduction, quality improvement, reduction of manufacturing cycle time, and increased 

productivity while lowering manufacturing cost.  These benefits prompt the use of 

AMHS by the heath care industry, printing industry, automotive industry, wine 

distribution, food distribution, apparel industry, and a plethora of manufacturing 

operations [1].  Postal services [2] and semiconductor manufacturing [3] require AMHS 

due to a combination of high production volume, very stringent quality requirements, and 

ergonomics.  In fact, the top 20 AMHS suppliers’ annual revenue grew from $10.7 billion 

in 1999 [4] to $15.3 billion in 2008 [5], suggesting the need for automated handling is 

growing.   

One can generalize the functionality of material handling systems to that of 

delivery and return of material to designated locations.  For AMHS systems, delivery and 

return of material is accomplished by overhead shutter or monorail vehicles, overhead 

hoist transport, automated-guided vehicles, rail-guided vehicles, conveyors, and person-

guided vehicles.  These AMHS components are responsible for moving material from 

workstation to workstation, to and from storage, and even from one production floor to 

another [3].   

Despite the diversity of AMHS components and the actions they perform, much 

of the activity in AMHS is concerned with centralized storage and retrieval of material.  

Automatic Storage/Retrieval Systems (AS/RS) are usually realized as aisles of vertically 
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stacked storage units, creating a grid for indexing based on horizontal and vertical 

position of the storage unit.  When a request for material is made, a robot retrieves the 

material from its storage unit and returns that material to a designated location.  

Integration of AS/RS with automated material delivery to different manufacturing 

processes on a production floor minimizes tool down time, while maximizing inventory 

control.   

The quintessential integration of AS/RS with automated material transfer to, from, 

and between production modules is found in the semiconductor manufacturing industry.  

Wafers are buffered in the so called “stockers” as they move through sequential 

processing steps.  The use of stockers allows wafers to be delivered to process modules 

just-in-time with minimal processing tool downtime.  Although automation has reduced 

manual labor, decreased delivery and retrieval times, as well as increased throughput, the 

dependence on centralized storage devices, such as stockers, demands impeccable 

reliability.  Since stockers typically serve as the buffer between inter-bay and intra-bay 

traffic, stocker failures result in blockage and starvation of the Work in Progress (WIP), 

which leads to an immense cost of a potential stocker failure. 

The high cost of down time has driven the evolution of maintenance paradigms 

over time.  Obviously, “breakdown maintenance”, where systems are attended to only 

when they fail is the simplest form of maintenance.  This paradigm is unacceptable for a 

vast majority of modern industries, including the semiconductor industry, because of 

dramatic safety and productivity implications of unforeseen machine failures.  Occasional 

reactive maintenance is unavoidable because unexpected equipment failures do occur.  

However, most manufacturers try to minimize reactive maintenance events by striving 

towards the so called “preventative maintenance” paradigm, where a system is attended 

to on a periodic basis [6].  The periodicity may be measured in terms of time or usage, 

and is determined from historical records in the context of failure severity and 

maintenance difficulty.   

Preventative maintenance is prevalent in numerous industries, including 

semiconductor manufacturing, and it still remains an active area of research [7].  
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However, preventative maintenance suffers from potential over-maintenance of 

equipment that did not really need it, leading to wasted labor and material costs, as well 

as under-maintenance, leading to unscheduled equipment downtimes.  In other words, 

preventative maintenance is very often wasteful.  In fact, spending on plant maintenance 

in the United States rose from $800 billion in 1991 to $1.2 trillion in 2000.  Startlingly, it 

is suggested that as much as one third to one half of this expenditure is wasted due to 

poor maintenance management [8].   

The inadequacies of preventative maintenance are addressed by the Condition-

Based Maintenance (CBM) paradigm that is based on monitoring equipment in real time 

to simultaneously provide current data on machine health as well as forecast remaining 

machine life [9].  Obviously, this paradigm is superior both in terms of system upkeep as 

well as inventory and scheduling down time.  The next section discusses the motivation 

for replacing the currently prevalent preventative maintenance of belt drives in AS/RS 

material handling systems with a CBM paradigm. 

1.2  MOTIVATION:  AUTOMATED MATERIAL HANDLING ROBOT BELT DRIVE  

 
This thesis is concerned with a unitary belt-driven Automatic Storage/Retrieval 

System (AS/RS) utilized widely in the semiconductor manufacturing industry.  The 

system uses a central crane robot operating in an aisle to place and retrieve units from 

shelves on both sides of the aisle.  The robot exploits a belt drive to hoist units of storage 

from incoming bays to respective shelving.  Belt drives are sensitive to tension, slipping 

or skipping teeth if tension is too low or, excessive pulley bearing wear or belt fatigue if 

the tension is too tight [10-11].  Currently, belt tension monitoring for the belt-driven 

AMHS system is performed based on a highly intrusive and rudimentary CBM scheme, 

where the robot is taken out of production to perform a standardized belt excitation and 

sensing procedure while the belt is not moving.  The procedure is described in Section 

2.1.   
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As discussed above, taking the belt-driven AMHS system out of production is 

costly.  Furthermore, as will be seen in Section 2.1, the standardized belt CBM procedure 

routinely utilized today suffers from a lack of precision.   

This thesis focuses on the improvement of the current belt tension monitoring 

methodology by reducing the influence of uncontrolled noise parameters on the testing 

procedure, which will lead to fewer false positives and missed detections in belt tension 

monitoring.  The work presented in this thesis can be seen as an important part of a long-

term research initiative to monitor belt tension while the robot is in production, which 

eliminates the intrusiveness of the current maintenance paradigm.  This thesis will 

essentially lay the ground work for future research into on-line tension estimation for 

applications utilizing belt drives.   

It should be noted that, although the focus of this thesis is on the belt drive 

implemented in a belt-driven AMHS system, other applications of belt drives exist for the 

semiconductor industry [12-13], automotive industry [14-17], and robotics in general  

[18-20] suggesting developments from this research could have significant implications 

in other fields.  The next section discusses the organization of the thesis. 
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1.3  ORGANIZATION OF THE THESIS 

 
The remainder of the thesis is organized as follows: 

• Chapter 2 reviews the state of the art in belt tension monitoring 

• Chapter 3 develops the experimental apparatus used to investigate belt 

vibration dynamics. 

• Chapter 4 discusses the experiments conducted to investigate belt dynamics 

and reports the results of these experiments.  Furthermore, Chapter 4 details 

how experimental results were used to design a device that effectively reduces 

the variance of the results from the current belt tension monitoring 

methodology. 

• Chapter 5 discusses conclusions and presents suggestions for future work. 
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Chapter 2 Literature Review 

 

As discussed in the Introduction, belt drives play a crucial role for power 

transmission in a variety of engineering applications.  Advantages of belts over gears and 

chains include weight reduction, noise reduction, increased transmission efficiency, 

simplicity, lack of the need for lubricants, cleanliness, improved shock absorption, and 

vibration damping characteristics [10] .  However, these advantages are intimately linked 

to proper installation and maintenance, including adequate pulley radius, path planning, 

and, most importantly, correct tensioning [10-11].  It is well established that under-

tensioning causes slip in flat and V-belt drives and tooth skipping in synchronous or 

timing belt drives.  This is unacceptable for precision placement operations.  Over 

tensioning will cause premature belt failure from abrasion or shearing as well as 

overloading pulley bearings [10-11].  In this context, it is no wonder belt tension 

monitoring has received so much attention over the past few decades.  With the advent of 

belt use in high up-time industries, like semiconductor manufacturing, the old standards 

of stationary tension monitoring lose appeal as this maintenance procedures results in 

extended and costly machine down times each time the tool needs to be re-tensioned.  It 

should be understood that belt tension monitoring is synonymous with understanding the 

influence of tension in belt models.  This review of the literature attempts to organize the 

development of belt tension modeling and monitoring in ascending complexity.  Thus, 

stationary belt models will be covered first, followed by steady state dynamic studies.  

Next, transient models will be addressed.  Finally, the shortcomings of stationary tension 

monitoring are discussed in the context of possible improvements of the stationary 

monitoring procedure in a real material handling robot, as well future development of 

dynamic, on-line tension monitoring methods. 
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2.1 STATIONARY BELT TENSION MODELING 

 
Stationary belt tension monitoring occurs when the belt is not moving and thus 

requires interruption of the normal machine operation.  All stationary methodologies rely 

on the elasticity of the belt to determine tension either by transverse deflection or by 

initiating transverse vibration. 

The simplest methodology for belt tension estimation assumes linear, elastic 

material properties.  Essentially, the force required for a pre-determined, mid-span belt 

deflection is measured.  Since most belts are thin relative to the span, bending is localized 

around clamps or pulleys and axial deflection dominates the model.  Thus, with material 

knowledge of belt composition, the force required for deflection is separated into tension 

induced by deflection and the initial tension [21].  This methodology suffers from 

sensitivity to deflection location, lack of elastic linearity in most composite belts, and 

neglects the flexural stiffness of belts.   

Experimental uniaxial tension distribution in a flat belt measured by optical 

coating and extensometer was reported in [22], but it was noted that optically measured 

strain was, on average, 15% higher than the extensometer measured strain.  However, the 

introduction of visual tension measurement cannot be underrated as it formed the basis 

for use of the laser Doppler vibrometry in deflection measurements. 

Next, and slightly more sophisticated, the one dimensional wave equation is 

utilized to estimate belt tension from the fundamental frequency of free vibration [14-15].  

The model assumes homogenous, isotropic, linear elastic, undamped material condition 

with pinned boundary conditions [23].  Clearly, composite belts satisfy none of these 

conditions since composite construction leads to heterogeneity.  Furthermore, parallel 

tension member design leads to anisotropy.  In addition, the use of polymeric matrices in 

belt construction guarantees non-linear elasticity and the viscoelastic nature of polymers 

creates frequency dependent damping [24].  Lastly, belt drives suffer from pulley 

misalignment, among other reasons, for tension distribution across the width of the belt, 

which was also found to alter the frequency and modes of vibration in [25].  The 
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drawbacks to this methodology are supported by [16], where the damping effect and 

geometric complexity were noted although no model was formulated.  Despite these 

shortcomings, tension estimation based on fundamental frequency is used almost 

universally. 

The next step in complexity is to model the steady state vibrations of the belt and 

pulley drive.  Such models are the focus of the next section. 

2.2 STEADY STATE BELT TENSION MODELING 

 
More recently, belt models have been formulated for steady-state vibration 

dynamics of belts.  In these formulations, a continuously circulating belt drive is modeled 

by analytical models or finite element models based on which tension variations and belt 

deflections are studied.  Note that in all steady state formulations, the drive pulley is 

assumed to rotate with a steady rotational velocity or a steady torque is applied.  

Furthermore, any transient belt deflection or tension variations are assumed to have died 

out due to damping.   

Belt modeling is fundamentally concerned with kinematics and dynamics of 

pulley drives.  Simple Newtonian physics suggests that the input torque from the driven 

pulley is transmitted to the belt causing a tension differential between the tight and slack 

side of the drive.  This is understood by considering Figure 2.1, where: 

• T1 and T2 are the incoming (tight side) and outgoing (slack side) tensions 

• V1 and V2 are the tight side and slack side velocities 

• α has many names but is the arc over which power is transmitted to the belt 
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Figure 2.1:  Depiction of change in tension and belt velocity abo
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:  Depiction of change in tension and belt velocity about the driven pulley 
(adapted from [26]) 

The study of belt drives is principally concerned with four topics.  First, the belt

pulley mechanics demand a tension difference between the tight side and the slack side.  

This is explained by either creep theory or shear theory.  Second, the mechanism t

causes the tension differential is friction.  Friction is handled either by classical Coulomb 

friction or some other variant.  Which aspects of belt physics are important constitutes the 

third consideration.  For example a real belt exhibits axial stiffness, flexural stiffness, 

shear stiffness, mass, and some mode of damping.  Thus, the study of belt drives is 

concerned with model accuracy when a subset of these physics mechanisms is included 

into the model.  Lastly, it is known that a belt drive exhibits transverse oscillation.  The 

mechanisms exciting these vibrations are the last concern of belt drive modeling.  

Two methodologies have been posed for treating the belt drive problem in the 

context of the four principle concerns discussed above.  These are analytical models and 

finite element analysis.  It should be noted that all but one model discussed is two 

dimensional in nature, lacking the ability to describe dynamics across the belt width.

The first investigation of modern belt modeling is concerned with how the tension 

differential between tight and slack sides is developed.  Osborne Reynolds, the inventor 

of creep theory, suggests that the tension differential in the belt arises from uniform axial 
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belt elongation [27].  Creep theory arose from the belts used at the time, which were 

predominantly homogeneous, flexible, and extensible.  Therefore, it was thought that the 

belt elongated in its axial direction for power transmission from the pulley into the belt.  

This is explained by assuming the belt and linear pulley velocity from A to B in Figure 

2.1 are the same.  Over the arc denoted by α, the belt slides across the pulley face, losing 

tension and velocity due to the friction in the process.  Note that the total length of the 

belt is conserved.  Thus, for the exit velocity to be slower than the inlet velocity, the belt 

must elongate.  Firbank [26] introduced a significant departure from the creep theory.  

Modern composite belt tension members were idealized as having inextensible tension 

members in [26], rendering the uniform axial belt elongation negligible. Thus, a new 

mechanism for energy transfer between pulley and belt was devised: Shear theory.  

Instead of uniform axial deflection to accommodate the belt-pulley slip phenomenon, 

Firbank suggested that there was an elongation gradient in the extensible matrix 

surrounding stiff tension members.  This gradient of deformation implied that force was 

transmitted into the belt by shear deformation, leading to shear theory.  Shear theory 

results in a more realistic view of the strain distribution in modern belts and represents a 

large step forward in belt modeling. 

Next, Alciatore et al. [28] extended the creep and shear theory analytical models 

to the case of an arbitrary numbers of pulleys, under the premise of Coulomb friction at 

the belt-pulley interface.  Utilization of creep theory requires axial belt stiffness.  Belt 

flexure stiffness is addressed, although its significance is noted only for thick belts like 

V-belts.  The authors also develop the importance of centrifugal inertia, the study of 

which led to the understanding that mass running over a pulley tends to leave tangent to 

the pulley in the slip arc.  Belt stiffness pulls the mass back toward the tangent between 

pulleys, resulting in transverse vibration.  Thus, the authors linked the physical 

phenomena of centrifugal inertia to transverse belt vibration, introducing an inherent 

parametric vibration excitation.     

The analytical model developed by Gerbert [29] utilized shear theory under 

Coulomb friction at the belt-pulley interface.  Furthermore, it extends the material 
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understanding of belt-pulley interface by describing the component of belt elongation 

caused by radial compression of the belt.  As the belt is pressed against the pulley by both 

slack and tight side tensions, the radial thickness of the belt decreases, which tends to 

increase belt width and length.  The work was done on V-belts, seated in a groove, which 

limits the increase in width and allows only the belt elongation. Furthermore, Gerbert 

stressed the importance of flexural stiffness on belt elongation, as high flexural stiffness 

leads to a shorter belt-pulley contact arc.  Since energy transfer and belt elongation occur 

in the contact arc, an inadequate pulley radius in conjunction with a belt with flexural 

stiffness leads to losses.  The results were part of a study to prove the necessity of 

adequate pulley radius to prevent belt slip and do not address transverse belt vibration.  

However, it represents a first attempt to include all material property effects into 

modeling of the belt-pulley interface.  

Beikmann et al. [30] devised an analytical model for serpentine belt drive 

modeling.  It should be noted that serpentine drive modeling is generally not concerned 

with belt-pulley interface.  Thus, creep versus shear theory and the mechanism of friction 

are not addressed, and belt flexural stiffness, shear deformation, and damping are 

neglected.  The model seeks only to describe tensioner rotation and belt span transverse 

vibration. The authors established that transverse vibration and longitudinal tension 

distribution give rise to tensioner arm rotation, which in turn becomes a harmonic 

boundary condition for transverse vibration of adjacent belt spans.  The transverse 

vibration of the so called “fixed-fixed” span is calculated by the 1-dimensional wave 

equation with fixed boundary conditions.  However, the model does not offer any 

mechanism for fixed-fixed span transverse vibration excitation.  Several important results 

came from this analysis.  First, the fixed-fixed span opposite the tensioner arm vibrates 

without coupling to tensioner arm or adjacent spans.  Second, the natural frequencies 

exhibited by the system are dependent on belt speed with natural frequencies of belt 

spans decreasing with belt velocity.  Last, tensioner arm orientation changes the 

equivalent arm torsional compliance, which determines rotational – transverse vibration 

coupling by modulating the compliance of belt span boundary condition. 
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 Beikmann et al. [31] built upon their model in [30], reporting the circumstances 

under which the rotational mode of the tensioner arm or adjacent belt span modes can 

excite resonance in the “uncoupled” fixed-fixed span.  This is a significant departure 

from classical understanding that the fixed-fixed span transverse vibrations are 

independent of other modes, assuming the lack of parametric excitation such as pulley 

eccentricity.  Furthermore, the model introduces modal damping, more as a way to 

control numerical stability than due to physical motivation.  Nonetheless, it represents a 

step towards a more realistic model. 

Parker [32] reduced computation time and increased numerical robustness for the 

analytical model of a generic serpentine belt drive analytical model by several orders of 

magnitude.  Belt-pulley interface is not considered, alleviating the need to choose 

between creep and shear theory as well as the need to model friction.  The model assumes 

only axial stiffness for belts.  Impressively, closed form eigensensitivity to system 

parameter formulations were presented although the source of vibration excitation is not 

discussed.  Li and Chen [33] extended this work into an explicit characteristic equation 

for the 2 pulley and tensioner arm problem. 

 Zhang et al. [34] analyzed free vibrations of axially moving viscoelastic belts.  

The analysis is not developed in the context of belt drives, and lacks the belt-pulley 

interface altogether.  They model the belt with axial stiffness and viscoelastic damping.  

Flexural stiffness and shear deformation are neglected.  The model effectively replaces 

the modulus of elasticity in the linear elastic moving belt theory with a complex modulus, 

not dissimilar from the dynamic moduli reported in viscoelastic polymers [24].  The 

authors in [34] adopt the linear Kelvin model [35] to define viscoelasticity (there are 

more accurate, albeit significantly more complex models of viscoelasticity [36]).  The 

unexpected results of the free vibration analysis, presented in [34], is the decoupling of 

equivalent damping parameter and stiffness parameter effects on natural frequencies.  

Specifically, it is shown that damping does not move the natural frequency, but 

significantly affects the time evolution of belt vibration amplitude and reduces the 

resonant peak amplitude.  Furthermore, stiffness moves the natural frequency, but does 
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not affect vibration amplitude.  This result is at odds with traditional linear theory, where 

these effects are coupled.  Lastly, commiserate with linear theory, natural frequencies 

drop with belt speed.  This work is an important step in the introduction of physically 

relevant and descriptive damping and stiffness in belt modeling. 

 In a follow-up work, Zhang et al. [37] analyzed forced vibrations of axially 

moving viscoelastic belts under the same assumptions made in their previous work.  They 

introduce parametric transverse vibration excitation via pulley eccentricity, which is 

physically motivated by manufacturing defects.  Their analysis suggests a critical belt 

speed.  Below this speed, steady state transverse vibration amplitudes take a single value, 

depending on the belt speed.  Above this critical speed, steady state amplitudes have three 

values for a given belt speed.  However, the impact of this result on a real system is not 

discussed. 

 Bechtel et al. [38] proposed a creep theory and Coulomb friction based analytical 

model.  Belt flexural stiffness, shear deformation, and damping were assumed to be 

negligible.  The model advanced understanding of the pulley-belt interface by including 

Coriolis inertia effects and potential energy from belt stretching, while retaining the 

centrifugal (normal) inertia effect.  Consequently, the transverse deflection of the belt due 

to inertial effects was increased.  This can be understood as a greater inertial effect due to 

combined normal and tangential acceleration.  The authors point out that the difference 

between their model and others decreases with belt stiffness.    It should be noted that the 

potential energy developed by belt stretch is applicable under both creep and shear 

theories, although the mechanism for potential energy storage is different.  Either way, 

the potential energy is released when the belt leaves the pulley, which results in an 

increased tangential inertial effect. 

Leamy et al. [39] present a creep theory based analytical model.  Instead of the 

classic Coulomb friction, the authors propose a tri-linear friction law that is, essentially, a 

linear phenomenon combined with saturation.  The model includes all inertial effects and 

axial stiffness, but neglects flexural stiffness, shear, and damping.  Under these 

assumptions, the authors develop a closed form solution for 2-dimensional tension 



 

 14 

distributions throughout the contact arc with the pulley.  The novelty of the model allows 

for rigid pulleys on spring loaded supports.  An analysis of model response to different 

linear slopes in the tri-linear friction law is presented.  Curiously, low linear friction 

slopes result in no adhesion zone (the belt never travels at the same speed as the pulley).  

Furthermore, moderate linear friction slopes results in dual slip zones, where the belt 

slips on the driver pulley at both in the incoming and outgoing contact.  Note that with 

moderate linear friction slopes, the driven pulley still retains the classic adhesion zone, 

followed by a slip zone.  Also, large linear friction slopes result in dual slip zones on both 

pulleys.  These results are at odds with traditional coulomb friction analysis, which 

predicts a single adhesion zone at the inlet and a single slip zone at the outlet.  However, 

for very high linear friction slopes, the model converges to coulomb friction results.   

 Lee et al. [40] introduced the dynamics of an axially moving Timoshenko beam 

finite element, which accounts for axial, bending, and shear deformation.  However, the 

finite element was not used in a model.  Dufva et al. [41] demonstrated the effectiveness 

of the finite element in several experiments, but did not use this approach for belt 

modeling purposes.  Garcia-Vallejo et al. [42] described how to implement viscoelastic 

damping into the Timoshenko beam finite elements.  Numerical examples showed 

excellent agreement with prior benchmark, but no validation in belt modeling was 

offered.  Nonetheless, the combined efforts of the authors provide a finite element 

capable of axial, flexural, and shear stiffness as well as realistic damping models. 

 Kong et al. [43] presented a creep theory based finite element model.  Friction is 

modeled as Coulomb friction.  The model used Euler beam finite elements, which neglect 

shear effects and damping, but retain axial and flexural stiffness as well as inertial terms.  

It was found that the addition of flexural stiffness causes non-uniform tension and speed 

in the belt spans, while reducing contact arc with the pulley.  The effect on belt vibration 

was not discussed. 

 Dufva et al. [44] presented a creep theory based finite element model with a tri-

linear friction law.  They introduced two types of three-dimensional finite elements for 

belt drive modeling.  Specifically, the elements were a Kirchhoff plate and a cable 
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element.  Both elements are capable of axial and bending stiffness, as well as retaining 

inertial terms but both neglect shear and damping effects.  Numerical simulations were 

essentially two-dimensional and agree with previous benchmarks.  Obviously, this 

represents a significant step forward, as tension and deformation across belt width is now 

permissible.  Unfortunately, the authors showed no such results. 

 Many machines utilizing belt drives do not operate at steady state.  To aide in 

understanding belt dynamics for such machines, models that capture the transience of belt 

vibrations are necessary and are the focus of the next section. 

2.3  TRANSIENT BELT TENSION MODELING 

 
The most recent belt models focused on the transient vibration dynamics of belts.  

Specifically, the models discussed in this section seek “time-accurate” solutions where 

rotational velocity of the driver pulley, or the torque applied to it are not constant.  

Furthermore, parametric excitations of belt vibrations, such as the impulsive torque of an 

internal combustion engine crank shaft or the meshing of teeth are introduced.  It should 

be noted that, as in steady state modeling, the vast majority of models in this category are 

still two-dimensional. 

First, Karolev et al. [45] developed an analytical model with Coulomb friction to 

model belt-pulley tooth interaction in timing belts.  The belt was modeled with axial 

stiffness, while the interaction between belt and pulley teeth is modelled with springs.  

Results show that tooth meshing provides parametric vibration excitation, although shear 

and flexural stiffness as well as damping are neglected. 

Leamy et al. [46] formulated a time-accurate finite element model for a generic 

pulley layout with arbitrary accessory loading on any pulley.  The model employs the tri-

linear friction law proposed in [39].  The belt is modeled with truss elements, utilizing 

axial and flexural stiffness and neglecting shear and damping.  The novelty of the model 

includes accessory torque via one-way clutch and arbitrary pulley number and layout. 

The model shows excellent steady state agreement with the benchmark analytical model 

of Leamy et al. [39].   
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Cepon et al. [47] presents a finite element model utilizing the tri-linear friction 

law.  The belt finite element admits axial stiffness and viscoelastic damping, but neglects 

flexural stiffness and shear deformation.  Furthermore, the analysis allows for transience 

and allows for pulley eccentricity and harmonic driven pulley angular velocity.  These 

properties come very close to real world parametric belt drive excitation. 

Kerkkanen et al. [48] developed a finite element belt drive model with tri-linear 

friction between belt and pulley. The finite element used is based on the element 

proposed by Garcia-Vallejo et al. [42] including axial, flexural, and shear stiffness, as 

well as the linear Kelvin viscoelastic damping component.  Indeed, this is a truly large 

step forward in belt drive modeling.  Surprisingly, inclusion of all the stiffness effects and 

damping leads to insignificant deviation from less comprehensive models.  Although 

differences between results of this model and simpler ones are small, insight into model 

sensitivity to inclusion of stiffness and damping is invaluable. 

Callegari et al. [49] developed a finite element model of timing belt dynamics.  

The model relies on tooth geometry for the transmission of energy into the belt and does 

not define friction between the belt and pulley.  Belt-pulley tooth interactions were 

modeled with linear spring and damping elements.  The belt model consisted of axial and 

flexural stiffness and damping, albeit linear in all cases.  This model validated vibration 

induced by parametric sources of inertia, pulley eccentricity, non-constant pulley loads, 

and tooth meshing.  The model lacks a mechanism for expression of shear deformation 

and does not account for friction but represents significant progress in extending belt 

drive modeling to timing belts.  A similar timing belt drive model with the tri-linear 

friction law for belt-pulley interaction was posed by Leamy et al. [50], leaving only shear 

deformation absent from the formulation.  Results from [49] and [50] show excellent 

agreement, suggesting that friction is replaced by geometry in the transmission of power 

in timing belt applications. 
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2.4  SUMMARY OF CONCLUSIONS FROM THE REVIEW OF STEADY STATE AND 

TRANSIENT BELT VIBRATION MODELS 

 
In summary of steady state and transient modeling reviewed in the last two 

sections, one can clearly conclude that both longitudinal and transverse vibrations are 

present in running belt drives.  These two phenomena are coupled due to constant belt 

length.  Once can also conclude that transverse vibration frequency is dependent on belt 

material, geometry, and tension, while longitudinal vibration is largely material and 

geometry driven, with much less dependence on tension.  Friction, whether modeled 

using a Coulomb friction or tri-linear model, is responsible for power transmission into 

and out of V-belt and flat belt drives, but is largely replaced by geometric considerations 

in timing belt drives.  Next, axial stiffness accounts for the majority of belt modeling 

accuracy, followed by damping, flexural stiffness, and shear deformation respectively.  

This can be understood by noting that flat and timing belts are thin, making contributions 

from flexural and shear stiffness negligible.  Damping has been modeled linearly, in 

which case there is coupling between transverse natural frequency and oscillation 

amplitude.  Viscoelastic damping has been modeled as well, in which case viscoelastic 

stiffness determines the natural frequency and oscillation amplitude is viscoelastic 

damping parameter dependent.  Parametric excitation of vibration is provided by non-

constant pulley velocity, pulley eccentricity, belt inertia, and belt-pulley tooth meshing.   

The next section discusses results from experiments on belt drives with a focus on 

vibration sensing technology and support of theoretical results. 

2.5 EXPERIMENTAL METHODS AND RESULTS 

 
Melas et al. [51] explored validation of static model predictions.  A Linear 

Variable Displacement Transducer (LVDT) was used to calculate transverse belt 

deflection as a function of the force used to deflect the belt and deduce the axial tension 

in the belt.  From this tension, they estimate the natural frequency of the belt.  Using an 

accelerometer, the spectrum of a manually vibrated belt was calculated showing a large 
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difference between statically predicted natural frequency of the belt and the measured 

frequency.  Similar measurements with a proximity probe showed excellent agreement 

with the accelerometer.  Although a large error, greater than 13%, is noted between the 

predicted and measured natural frequencies, the authors suggest the LVDT method is still 

valuable as a method of determining changes in tension.  Discussion of the cause of the 

discrepancy is not attempted. 

Castellini et al. [52-53] used Tracking Laser Doppler Vibrometry (TLDV) to 

monitor belt vibrations.  Specifically, a 1-dimensional grid of 13 points is cast across the 

width of the belt.  The grid moves along the length of the belt at the linear pulley velocity 

(product of pulley radius and pulley angular velocity).  In this manner, the transverse 

deflection of the belt as a function of belt position can be measured.  The authors required 

retro-reflective tape to allow laser scanning.  Deflection profile difference for the two 

sides of the belt was attributed to pulley misalignment.  It should be noted that this work 

was done at steady state and amounts to an exploration of measurement technique more 

than an exploration of belt dynamics.  However, the findings validate models previously 

discussed.  Specifically, parametric transverse belt excitation is offered by pulley 

eccentricity, tooth meshing, and inertia.  The only deficit of the technology is the bulky 

equipment required to produce and receive the laser for vibrometry measurements.  As 

for the experiment, results validate steady state models, but transient experiments were 

not attempted.  The value of this work is immense in that it validates use of 2-

dimensional model prediction findings on a real 3-dimensional belt system. 

Sante et al. [54] demonstrated the parametric transverse vibration excitation due 

to belt and pulley tooth meshing via acoustic measurements.  However, acoustic 

measurements showed that tooth mesh acoustic emission dominated transverse vibration 

acoustic emission, suggesting that acoustic measurements should be taken away from the 

pulley interface.  Dominance of tooth meshing acoustic emission was validated by 

simultaneous TLDV measurements.  Therefore, productive use of acoustic belt vibrations 

measurements in real applications seems doubtful given sensitivity to other noise sources. 
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 Todoroki et al. [55] used an active inductor and capacitor circuit model to detect 

strain in a steel fiber reinforced tire, although all experimentation was conducted on an 

unrolled tire portion, which mimics belt geometry.  Essentially, an energizing circuit with 

a known, constant inductance is mounted inside the tire.  The steel ply layer of the tire is 

energized with an oscillator circuit.  In this manner, the steel wires are electrodes, with 

tire rubber acting as the dielectric.  Under tensile stress, the distance between adjacent 

steel members decreases due to Poisson’s ratio.  The decreased electrode spacing results 

in increased capacitance and monotonically alters the resonant frequency of the inductor 

and capacitor circuit. In this manner, the resonance frequency of the inductor and 

capacitor circuit can be measured and the authors show a linear, albeit hysteretic, 

dependence of resonant frequency on strain.  Two points require more attention.  First, 

the authors discuss the need to transmit power to the excitation circuit in the tire.  Second, 

this model was tested with quasi static tensile tests, rather than dynamic tests.  Both 

points were addressed in a later work by Matsuzaki et al. [56].  In this work, white noise 

from a frequency generator is broadcast to the tire specimen.  The inductor and capacitor 

circuit is designed to resonate at a frequency above the minimum frequency for 

photoelectric emission for steel.  Thus, white noise excites all dynamic modes of the 

sensor circuit.  A tuning circuit is used as a wireless receiver capable of discerning the 

resonant frequency of the sensor.  In this manner, wireless energy transfer to the sensor is 

attained.  The work also investigated cyclic loading, showing decreased resonant 

frequency with tire deformation.  This technology is immediately applicable to steel 

reinforced timing belts.  The only drawback is the need to power the sensor circuit.  

Matsuzaki et al. [56] used low power white noise was used to energize the tire, which 

will not be acceptable in robotic applications, as the white noise might affect control 

signals. 

  Fujii et al. [17] demonstrated the strong effect of pulley misalignment on belt 

vibration.  The authors validated diverse measurement technologies of high speed 

camera, Tracking Laser Doppler Vibrometry (TLDV), and gap sensors in measuring belt 

vibration.  In addition to well known transverse vibration induced by belt inertia and 
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pulley eccentricity, they also report lateral vibration caused by pulley misalignment.  This 

work used a V-belt which has significantly lower lateral stiffness.  However, the results 

from this work demonstrate the tension distribution induced in a belt by pulley 

misalignment.   

 Rim et al. [57] developed expressions of tension as a function of the pulley to belt 

compliance ratio and belt speed.  Further, the natural frequency is expressed in terms of 

the compliance ratio and belt speed.  The authors show how an eccentric pulley will give 

rise to transverse vibration via harmonic boundary conditions.  Furthermore, the pulley 

will drive a harmonic oscillation of tension about the static tension value as the belt 

lengthens and contracts to follow the eccentricity.  They show how this tension variation 

causes frequency modulation about the natural frequency.  This phenomenon can be 

understood by noting that, on a perfectly formed pulley, the inertia of the belt establishes 

the natural frequency of the transverse vibration.  Next, pulley eccentricity causes two 

frequency bands constantly spaced in frequency above and below the natural frequency in 

the FFT.  The spectral spacing of these two side bands denotes the pulley rotational 

velocity, where the eccentricity of the rotating pulley causes the frequency modulation.  

Furthermore, the authors demonstrate how the use of the FFT, with additional knowledge 

of the belt speed, pulley load, and belt to pulley compliance ratio leads to estimation of 

the initial belt tension.  Furthermore, they measure the frequency spacing between the 

main and side peaks in the FFT to estimate the dynamic tension fluctuation frequency.  

They also show that the ratio of main to side peak magnitudes can be used to estimate the 

magnitude of tension fluctuation.  All results were demonstrated on a classic two pulley 

belt drive. 

 In a follow up to their work in [47], Cepon et al. [58] measured the linear 

longitudinal stiffness and damping, as well as the transverse stiffness and damping to 

populate their finite element model.  The finite element model shows excellent agreement 

with measurements of the frequency response of the real belt drive. 

 Moon et al. [59] conducted an experiment to measure transverse vibration 

amplitude in a viscoelastic two pulley belt drive.  Measurements by laser interferometer 
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show the 3-valued amplitude responses at resonance, which is in accordance with the 

theory presented by Zhang et al. [37].  The experiment validates that the stiffness 

parameter associated with the Kelvin viscoelastic model dictates the position of the 

resonant curve, while the damping parameter modulates the vibration amplitude.  The 

value of the transverse vibration amplitude is determined by initial condition and whether 

the belt is accelerating or decelerating through the resonant belt speed.  This result was 

also reported by Pellicano et al. [60]. 

 Measurement of belt vibration and ensuing validation of theory has provided vast 

insight in to belt vibration dynamics.  The work presented in this thesis is a part of an 

ongoing research effort to improve the belt tension estimation procedures used in a real 

automated material handling robot in the semiconductor industry.  The end goal of the 

research is to facilitate tension monitoring while the robot operates, rather than having to 

stop it, as is done today.  The first step is the improvement of the current methodology, 

which is essentially the static, natural frequency based estimation method outlined in 

Section 2.1.  The next section will introduce the problems associated with the static 

technique forming the motivation for the rest of the work. 

2.6  STATIONARY BELT TENSION MONITORING INADEQUACY 

 
It is well known that belt relaxation, due to creep and polymeric relaxation [61], 

and pulley misalignment [52-53] cause temporal and spatial tension distributions in belt 

drives.  However, assumptions used in the current active tension monitoring scheme are 

restrictive and lead to an overly simplified result.  Furthermore, the current technique 

yields false positives, where the belt is calculated to be within tension specification when, 

in reality, it is either not tensioned properly or is misaligned.  Conversely, the current 

technique also often yields false negatives, where the belt is calculated to be out of 

specification when, in reality, it is within specification.  These errors are likely caused by 

the shortcomings of the model already discussed.  Thus, it is hypothesized that the power 

transmission belts exhibit more complex behavior induced by deviation from the 

assumptions inherent in the string model.  These deviations, while approachable via first 
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principles modeling will be tackled by observing distributions of features that will be 

developed by the experiments performed on a specially designed testing device, called 

the Test Stand in the remainder of this thesis.  This represents an important step in the 

direction of passive, online tension monitoring.    
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Chapter 3 Power Transmission Belt Simulation Stand 

 
The goals of this research are the improvement of current static tension 

monitoring as well as the exploration of statistical methodologies for passive tension 

monitoring in timing belt drives used for in the typical Automated Material Handling 

System (AMHS) robot, used for handling of Front Opening Unified Pods (FOUPs)  in 

semiconductor manufacturing.  To that end, an experimental test bed, referred to as the 

“Test Stand” in the remainder of this document, is designed to approximate the belt 

environment within the robot.  Since static tension monitoring requires stoppage of the 

belt and hence intrusion into normal belt operation, such belt testing procedures will be 

referred to as “intrusive tension monitoring” hence forth. 

The Test Stand controls the belt length and excitation location.  These variables 

are well known to influence belt vibration response, following the 1-D wave equation 

[23].  In addition, the Test Stand was designed to control the total tension as well as the 

ratio of tension on the left and right side of the belt, due to their influence on the belt 

vibration characteristics, as documented in [23] and [25].  Lastly, the Test Stand was 

designed to support an array of strain gauges and the appropriate amplification circuit for 

belt vibration measurement. 

The rest of the chapter is organized as follows.  First, control of the variables 

listed above will be established in the context of the conceptual design of the Test Stand.  

Then, the anatomy of the timing belt under study is explained and an equivalent, 

simplified belt model is formulated using basic solid mechanics.  Next, a static analysis 

of belt deformation, simulating intrusive tension monitoring process, is developed to 

drive the Test Stand design.  Finally, the Test Stand is designed parametrically and 

validated via FEA to ensure separation of belt vibrations from the vibrations of the Test 

Stand. 
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3.1  TEST STAND CONCEPTUAL DESIGN 

 
In this section, the conceptual design of the Test Stand is presented to frame the 

discussion of how variables known to influence the belt vibrations are controlled.  

Furthermore, the mechanism used for repeatedly exciting the belt vibrations is discussed.   

Tensioning clamps, manufactured by a major belt manufacturer and highlighted in 

blue in Figure 3.1, are used to integrate with the complex tooth profile of the belt and 

control the belt length.  The control of both the total tension and tension ratio between the 

left and right side is provided by two 2.5-inch-bore, 1-inch-stroke pistons, highlighted in 

red in Figure 3.1.  Belt excitation is provided by a custom designed mechanism consisting 

of a spring return solenoid and a mounting platform.  The purpose of the mechanism was 

to repeatedly deliver an impulse excitation of the belt [62].  The device will be referred to 

as the initial velocity device (IVD) in the remainder of this document. Machinist scales, 

embedded in the columns of the Test Stand, are used to control the position of the 

excitation along the length of the belt.  Calipers are used to measure excitation position 

relative to the width of the belt.  The IVD is highlighted in green in Figure 3.1 and the 

mounting platform is highlighted in magenta. 
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Figure 3.1:  Conceptual design of the Test Stand 

 

 The IVD and corresponding mounting platform are shown, in the fully assembled 

form and exploded view in Figure 3.2.  Part of the device has  been censored due to 

confidentiality agreement with Global Foundries.  The diagram shows the 3 degrees-of-

freedom inherent in the IVD design.  Loosening the red screws allows movement relative 
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to the width of the belt as well as allowing the IVD to move into and out of the belt face 

plane.  Loosening the blue screws allows motion relative to the belt length. 

 

 

 

Figure 3.2:  Assembled (left) and exploded (right) view of the IVD assembly 

 

 The conceptual design of the Test Stand and IVD presented above provides 

experimental control over the belt length, total tension, tension ratio, and excitation 

location.  Furthermore, the use of a solenoid as an electro-mechanical source for belt 

vibration excitation provides for repeatable simulation of impulse input to uncover belt 

dynamics.  In the next section, a simplified belt model is developed to facilitate a detailed 

design and FEA of the Test Stand. 

3.2  BELT ANATOMY AND SIMPLIFIED MODEL DEVELOPMENT 

 
The timing belt used in this study is a 1 meter sample of the 75 mm wide with 

many braided steel tension members (diameters ranging from 0.89~1.14 mm) embedded 

in thermoplastic polyurethane as the polymer matrix.  A diagram of the belt anatomy is 

shown in Figure 3.3. 



 

 27 

 

  

Figure 3.3:  Diagram of tension member and polymer matrix composition of belt [63] 

 

For analysis, the geometrically complex, anisotropic, composite belt will be 

modeled as an equivalent isotropic, homogeneous belt, with a constant, rectangular cross 

section 75 mm (beq) by 2 mm (heq).   It is assumed that the tension members are spaced 

evenly across the width of the belt.  Assumptions on the constituent tension members and 

matrix are summarized below: 

• Both the polyurethane matrix and steel tension members are linear, meaning that 

� = ��, where E is the corresponding Young’s modulus (assumed constant), σ is 

the stress, and ε is the strain. 

• Both polyurethane matrix and steel tension members are isotropic, meaning that 

the Young’s modulus (material stiffness) is the same in all directions. 

• Although the stiffness and damping characteristics of polyurethane are both 

frequency and strain dependent, this phenomenon is neglected due to lack of 

necessary information.   

• Lastly, it is assumed that the steel tension members and the polyurethane matrix 

deform together, which yields a no slip condition at the interface between 

polyurethane and steel. 

 

From basic solid mechanics the equivalent belt modulus of elasticity can be 

calculated as 
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 ��� = ��	�	 + ������� �, (3.1) 

 

where: 

• �� is the total cross-sectional area of the tension members 

• �� is the static Young’s modulus of the tension members 

• �� is the cross-sectional area of the polyurethane matrix 

• �� is the static Young’s modulus of the polyurethane matrix 

• ��� is the equivalent belt cross-sectional area 

It should be noted that 

 

 �� = ��� ���4 , �	 = ��� − ��, ���  ��� = ���ℎ��, (3.2) 

 

where 

• �� is the number of tension members 

• �� is the diameter of a single tension member 

Material and geometric properties used in the analysis of the equivalent modulus of 

elasticity are listed in Table 3.1, where Ep and Es were taken from [64] and [65], 

respectively. Using values from Table 3.1 and evaluating Equation (3.1) yields the 

conservative equivalent Young’s modulus, Eeq, of 71.5-84.5 GPa. 
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Table 3.1:  Material and geometric properties used in derivation of equivalent modulus of 
elasticity [64-65] 

 

 

Similarly, the equivalent shear modulus is calculated as 

 

 ��� = ��	�	 + ������� �, (3.3) 

 

where: 

• �� is the total polar moment of inertia of the tension members 

• �� is the static shear modulus of the tension members 

• �	 is the polar moment of inertia of the polyurethane matrix 

• �	 is the static shear modulus of the polyurethane matrix 

• ��� is the polar moment of equivalent belt 

It should be noted that 

 

 

�� = ��� ���32 + 2� ���4 �  ! ��� − 2���� − 1 #�
$%&'�  

()'
, �	 = ��� − ��, 

��� ��� = ���ℎ��12 *���� + ℎ��� +. (3.4) 

 

Parameter Value Unit

N s 51

d s 0.889 - 1.143 mm

h p 2 mm

b p 75 mm

E p 0.00150 - 20.0 GPa

E s 205 GPa
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Parameters used in the analysis of the equivalent shear modulus are listed in Table 3.2, 

where Gp and Gs were taken from [64] and [65], respectively.  Using values from Table 

3.2 and evaluating Equation (3.2) yields the conservative equivalent shear modulus, Geq, 

of 27.2-27.4 GPa. 

Table 3.2:  Material and geometric properties used in derivation of equivalent shear 
modulus [64-65] 

 

 

The equivalent Poisson’s ratio, required for the FEA, is [66] 

 

 -�� = ���2��� − 1 ≈ 0.303 − 0.422. (3.5) 

 

In the next section, the forces developed by plucking of the belt routinely, which 

is used for belt excitation in the currently prevalent intrusive belt monitoring procedure, 

will be calculated from the equivalent belt parameters developed in this section.   

3.3  STATIC ANALYSIS 

 
In this section, we will conduct the analysis of belt forces when the belt is in a 

plucked, stationary position illustrated in Figure 3.4.  This analysis will enable 

exploration of forces acting on the belt and the Test Stand structure, as well as the design 

of the Test Stand in a way that belt and structural vibrations are separated.    

The analysis is based on a one dimensional model with pinned boundary 

conditions.  A free body diagram (FBD) of the belt under deflection is shown in Figure 

3.4, where: 

 

Parameter Value Unit

Gp 0.012 - 0.250 GPa

G s 80 GPa

ε 1.46 mm
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• T0 is the initial tension in the belt in its pre-pluck state 

• L0 is the length of the belt after T0 has been applied 

• yδ and zδ are the y and z coordinates of the belt deflection 

• F1 and F2 are the tensions developed as a result of deflection in the upper and 

lower portions of belt, respectively. 

• Fδ
y and Fδ

z are the reaction forces resulting from deflecting the belt 

• Ri
z and Ri

y are reaction forces on the ends of the belt to simulate the pinned 

boundary conditions.  These reaction forces are defined for i = T, B denoting 

the top and bottom reaction forces, respectively. 

• L1 and L2 are the upper and lower deflected lengths of the belt respectively 

• θ1 and θ2 are the upper and lower angles formed by the deflected belt relative 

to vertical 
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Figure 3.4:  Belt pluck static analysis FBD 

 

All subsequent force analysis will be normalized by the maximum expected 

tension of the belt in normal operation. The value of this maximum tension has been 

omitted due to confidentiality agreements with Global Foundries.  Reaction forces, R1
z, 

R1
y, R2

z, and R2
y, at the belt boundary were calculated assuming that a plucking force, Fδ, 

of 3% of the maximum expected belt tension is applied to the belt.  Forces R1
z and R1

y, 
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normalized by the maximum operating tension are shown in Figure 3.5.  In this analysis, 

the tension applied to the belt is the maximum operating tension, T0.  The ordinate in 

Figure 3.5 is the vertical position of the belt pluck, zδ, normalized by the belt length, L0.  

Results for R1
z and R1

y are normalized by the maximum expected belt tension. 

 

Figure 3.5:  Upper boundary condition reaction forces required generated by initial 

tension and plucking 

 

Force Rz
2 is the negated mirror image of Rz

1 about zδ of 0.5.  Force Ry
2 is the 

mirror image of Ry
1 about zδ of 0.5.  The extreme values of these reaction forces will be 

used in the design of the Test Stand.  The most extreme reaction forces are summarized 

below. 

• R1
z
 = 1.12 

• R1
y
 = -0.016 

• R2
z
 = -1.12 

• R2
y
 = -0.016 

These reaction forces will drive stress constraints and FEA modeling. 
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3.4  PARAMETRIC DESIGN 

 
All parts of the Test Stand are parameterized as well as geometrically and stress 

constrained.  FEA was conducted via SolidWorks [67] to assure deflection in the Test 

Stand is localized to the belt.   

The maximum vertical force of 1.12 was evenly applied to the Piston Pivot 

Brackets and to the Moment Bars within the Bottom Clamp Assembly (red arrows), as 

shown as shown in Figure 3.6.  The Bottom Base is grounded (green arrows).  The strain 

results are shown in Figure 3.6.  The resulting deformations that occur between the 

unloaded and loaded models show that 99% of the deflection in the FEA model is 

localized in the belt.  Essentially, because of the much larger stiffness of the Test Stand 

structure, compressional structural vibrations of the Test Stand are significantly beyond 

the bandwidth of the longitudinal (Z-direction) belt vibration dynamics.  However, Test 

Stand flexural and torsional vibrations, which exhibit lower stiffness than axial 

vibrations, may still generate artifacts within the bandwidth of belt vibrations.  Because 

the exact nature of the boundary conditions is not known, it is possible that the boundary 

conditions contribute to discrepancies between predictions of fundamental frequency 

from the one-dimensional wave equation model and fundamental frequency 

measurements from the Test Stand.   
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Figure 3.6:  Test Stand FEA model, where ESTRN is the engineering strain [21] 

 

 In this context, the next chapter will discuss the sensory features that could be 

used to describe belt vibrations and their dependency on the condition of the belt tension.  

Furthermore, those features will be used to draw conclusions about the belt dynamics. 
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Chapter 4 Belt Vibration Characterization Experiments 

 
As discussed in the literature review, first principles based modeling of belt 

dynamics is complicated by the complex belt profile, regions between groupings of 

tension members, the nonlinear material behavior of polyurethane, and the complexity of 

the steel-polyurethane interface.  Data driven and statistics-based methods are an 

alternative that can represent reality more faithfully.  The purpose of the experimentation 

discussed in this chapter is the design of a sensing scheme and the discovery of features 

of sensor readings that are statistically sensitive to belt tension and belt misalignment, 

regardless of sensitivity to the belt length or location of the initial belt excitation.  

Furthermore, these features will be the foundation for passive tension monitoring, where 

tension will be estimated without the need to stop the machine.   

This chapter is organized as follows.  The first section discusses the sensing 

scheme as well as the features of the sensor readings that are descriptive of belt vibration. 

Then, experiments devised to uncover feature dependence on the independent variables 

are discussed, followed by the results of a formal feature sensitivity analysis.  Finally, the 

results from these experiments were used to develop a device to improve the current 

tension monitoring scheme, by providing a more consistent belt excitation and sensing 

procedure. 

4.1  SENSING OF BELT VIBRATION AND FEATURE EXTRACTION 

 
The present study opted for the use of strain gauges for measurement of the 

transverse vibration of the belt.  This is the most direct measurement of belt vibrations, 

which enabled focused research effort on the effects of the independent experimental 

variables on the changing characteristics of transverse belt vibrations.  Belt vibration was 

observed via measurement of strain.  Four strain gauges were used with a P.C. based data 

acquisition system as shown in Figure 4.1.  A sampling rate of 2048 Hz was used.   



 

 37 

 

Figure 4.1:  Schematic diagram of P.C. based DAQ system, instrumentation, and sensors 

 
Channels 1 and 4 were placed on groups of tension members, while Channels 2 

and 3 were placed in zones with no tension members, as shown in Figure 4.2.  This 

strategy enabled direct measurements of vibrations across different sections of the 

tensioned belt.  
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Figure 4.2:  General location of strain gauges (left) and strain gauge position relative to 
tension member groups (right) 

 

 Due to mismatch in the thermal expansion coefficients between the belt and strain 

gauge, one could observe the process of thermal equilibrium being established during 

measurements of belt vibrations.  More specifically, thermal expansion is driven by 

electrical heating of the strain gauge.  When the “record” command is issued to the 

wireless signal conditioning unit used in this study, the unit applies a step input voltage 

across the strain gauges and their respective passive resistors. The step input voltage 

results in a deterministic first order thermal strain response, irrespective of belt vibration 

excitation, as shown in Figure 4.3. 
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Figure 4.3:  Deterministic effective strain increase due to thermal expansion under time-
constant loading 

 

Band-pass filtering was used to reduce the effect of the strain gauge thermal 

response and remove the high frequency noise.  Figure 4.4 shows, z(f), the cumulative 

FFT of the signal shown in Figure 4.3.  Note that the signal used to produce Figure 4.3 

and Figure 4.4 was measured with a constant belt load and in absence of belt vibration.  It 

was found that 75% of the spectral energy of the strain gauge signal is contained below 

10 Hz.  The frequency of 10 Hz is well below the belt bandwidth for reasonable operating 

parameters, which is why the lower pass band limit of the filter was set at 10 Hz.  The 

pass band upper limit was set to 300 Hz to capture the first 5 belt vibration harmonics, 

while rejecting the high frequency noise. 
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Figure 4.4:  Cumulative sum of single sided amplitude spectrum showing nearly 75% of 
spectral energy exists below 10 Hz 

 

An algorithm was developed to time gate the data so as to capture 1 second of belt 

vibration following the IVD firing.  The time of impact, ti, is calculated as 

 

 01 ≔ �345�67|9670:|:, (4.1) 

 

where: 

• argmax stands for the argument of the maximum 

• � is the first difference operator 

• x(t) represents the strain gauge readings in time 

This filtered and gated segment was used as the belt vibration response from which 

numerous signal-descriptive features were extracted, as described below. 
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 To reduce the influence of noise and to enable accurate identification of spectral 

peaks, spectral estimation from autoregressive (AR) models of order 6 was used [68-71] 

to describe the frequency domain content of the filtered, gated strain gauge signals.  The 

Power Spectral Density (PSD), drawn from an AR(6) model, was normalized by its total 

energy, enabling interpretation of the PSD as a probability density function, and 

correcting for any inconsistency in the IVD fire strength.  An example of the normalized 

AR(6) PSD 7�;< =>?: is shown in Figure 4.5.  Features extracted from the normalized 

AR(6) PSD and corresponding frequencies, @AB, are summarized in Table 4.1. 

 

 

Figure 4.5:  Example of normalized AR(6) PSD 

 

Channel 1 Channel 2

Channel 3 Channel 4
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Table 4.1:  Descriptions of features calculated from the normalized AR(6) PSD 

 

The features listed in Table 4.1 were calculated for all strain gauges, every time 

the IVD was used to excite the belt vibration.  Thus, the feature set reduces the belt 

vibration response to a much smaller set of descriptors that are spatially distributed across 

the belt width, giving measures of belt dynamics for different sections of the tensioned 

belt.  Under this context, the next sections will briefly describe the design of experiments 

to investigate the sensitivity of these features to changes in the independent variables. 

 

C' − CD Peak j frequency @1 ∶ �;< =>?7@1: = max I�;< =>?*@JK: @JM+N  ∀P = 1,2,3 

C� − CQ Peak j magnitude max I�;< =>?*@JK: @JM+N   ∀P = 1,2,3 

CR − CS Area under peak j T �;< =>?*@JK: @JM+�@  ∀P = 1,2,3UVW

UVX
 

C'Y − C'� Relative Area of peak j 
Z �;< =>?*@JK: @JM+�@  ∀P = 1,2,3UVW

UVX

∑ Z �;=>?�@U\WU\X
D1)'

 

C'D − C'] Mean of peak j frequency E_@JK < @AB < @JMa   ∀P = 1,2,3 

C'Q − C'b Variance of peak j frequency Var_@JK < @AB < @JMa   ∀P = 1,2,3 

C'S − C�' Skew of peak j frequency Skew_@JK < @AB < @JMa   ∀P = 1,2,3 

C�� − C�� Kurtosis of peak j frequency Kurt_@JK < @AB < @JMa   ∀P = 1,2,3 
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4.2  DESIGN OF EXPERIMENTS 

 
Functionally, the test stand is created to control 5 variables listed below: 

• T – total tension in the belt 

• r – ratio of tension applied to the right side of the belt to that applied to the 

left side of the belt (simulating pulley misalignment) 

• L – belt length participating in vibration 

• ICH – position of the initial condition relative to the width of the belt, as 

measured from the left edge of the belt 

• ICV – position of the initial condition relative to the length of the belt, as 

measured from the bottom edge of the belt 

Two combinations of three of the variables listed above will be used to define 

experiments described in the following two sections. 

4.2.1  Belt Vibrations as a Function of Belt Length, Total Tension, and Tension 

Ratio 

 
Motivation for this experiment comes from the way the invasive tension 

monitoring technique is performed in the real AMHS robot.  Specifically, the technician 

is responsible for setting the belt length, which permits significant variability in this 

parameter.  Thus, the experimental design described in this section and referred to as 

“DOE 1” seeks features that are sensitive to the belt tension and tension ratio, regardless 

of sensitivity to the belt length.  Furthermore, the sensitivity of these features to changes 

in belt length will inform decisions to improve the current invasive monitoring technique.   

Changes in feature response were systematically characterized via a 3-factor, 3-

level randomized design of experiment.  Each configuration of the independent variables 

was repeated 10 times.  Independent variables and respective levels used in this DOE are 

tabulated in Table 4.2.  Tensions are normalized by the maximum expected belt tension 

during normal operation of the AMHS robot and belt lengths are normalized by the belt 

length currently used in the invasive monitoring technique. 



 

 44 

Table 4.2:  Independent variable values for first DOE 

 

 
Motivation for this experiment comes from the current invasive monitoring 

technique as well.  The technician is responsible for manually exciting the belt vibration.  

Therefore this experimental design, referred to as “DOE 2”, seeks features sensitive to 

the tension ratio given changes in the initial condition location of the IVD.   

The experiments will be conducted as a 3-factor, 3-level randomized design with 

10 repetitions performed for each experimental configuration.  The independent variables 

for this set of experiments are summarized in Table 4.3.  The values for ICV take on three 

values selected based on considerations of the symmetry of vibration about half of the 

belt length and the desire to excite the most modes of vibrations possible.  Exciting all 

modes of vibration requires ICV to be some integer multiple of a 1/prime number.  

Vibration symmetry allows for all initial conditions to be applied only in the lower half of 

the belt.  Due to the lack of vibration symmetry in the problem over the width of the belt 

(because of the uneven tension ratios), ICH is taken to be an integer multiple of 1/prime 

number over the entire width of the belt. 

   

Var. Name Low Value Medium Value High Value

L belt 1.060 1.048 1.066

T 0.643 0.714 0.786

IC V L belt/2 L belt/2 L belt /2

IC H W belt /2 W belt/2 W belt /2

r 1 1 1
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Table 4.3:  Independent variable values for second DOE 

 

 

The results of DOE 1 and DOE 2 are cast as the sensitivity of feature response to 

changes in independent variables.  These results are presented in the next section. 

4.3  RESULTS 

 
This section describes the models developed to describe the dependence of signal 

features on the changes in independent variables.  This modeling consisted of evaluating 

feature sensitivities to changes in independent variables considered in DOE 1 and DOE 2, 

which was accomplished by using the well-known Analysis of Variance (ANOVA) [72]. 

 

4.3.1  Analysis of Variance 

 
In order to evaluate feature sensitivities, the use of ANOVA in these experiments 

was limited to assessing the main effects in categorical or comparative models.  To start, 

a brief summary of ANOVA is presented, adapted from [72].   

For illustrative purposes, consider an experiment with one independent parameter, 

Q, with d levels.  A model of the influence of Q on a dependent variable, y, can be 

formulated as a comparative main effect model of the form  

 

 

 l1J = m + n.J + �1J, (4.2) 

 

Var. Name Low Value Medium Value High Value

IC V 2/17 5/17 8/17

IC H 5/17 10/17 15/17

r 0.75 0.875 1

T 0.714 0.714 0.714

L belt 1.048 1.048 1.048
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where: 

• j ranges from 1 to d where d represents the number of levels associated with 

factor Q 

• i ranges from 1 to nj where nj represents the number of repetitions of the 

experiment at each level, j 

• m is the mean of all observations of y 

• n.J is the difference between the mean of observations corresponding to level j 

and the overall mean, C  

• � is the error in the model 

In principle, ANOVA seeks to answer the question:  Is the effect of the 

independent variable on the dependent variable significant?  To answer this question, two 

quantities are considered:  The between level variance and the within level variance.   

The between level variance is calculated as  

 

 opK� = ∑ �J*6qr − m+�sJ)' � − 1 , (4.3) 

 

where: 

• 6qr  is the mean of observations corresponding to level j 

The between level variance expresses the variance of observation means for each level 

about the overall mean.  A large value suggests that that the means of the populations 

within each level differ from one another.  Correspondingly, a small value of the between 

level variance denotes that the populations in each level are similar in mean.   

The within level variance, on the other hand, is calculated as, 

 

 otK� = ∑ ∑ *61J − 6qr +�uV1)'sJ)' 7� − �: , (4.4) 
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 where: 

• xij represents observations corresponding to level j 

• N is the total number of observations 

The within level variance is the sum of population variance in each level.  A small value 

for the within level variance suggests that the observations are tightly grouped within 

each level.  The converse is not, in general, true.  This is because a large value may be 

due to large variance in a single level or moderate variance in multiple levels.   

One can conclude that if the between level variance is large relative to the within 

level variance, the independent variable Q has a significant effect on the response of the 

dependent variable.  Formally, the relative “largeness” of the between level variance 

compared to the within level variance is formulated as a one-tailed test of the null 

hypothesis H0 that the between level variance is less than the within level variance, 

against the alternative hypothesis Ha that the between level variance is larger than or 

equal to the within level variance.  These hypotheses can be expressed as  

 

 vY: opK� < otK�  

vw: opK� ≥ otK� , (4.5) 

where: 

• otK�  is the within level variance 

• opK�  is the between level variance 

The null hypothesis is rejected if  

 

 opK�
otK� > C7	,s&',$&s:, (4.6) 
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where: 

• C7	,s&',$&s: is the inverse cumulative F-distribution 

• p is the significance level of the test 

One may also note the p-value that defines the limiting case when H0 gets rejected and Ha 

gets accepted.  This value of p can then be interpreted as the sensitivity of the experiment 

response to changes in a particular variable, with small p-values representing high 

sensitivity.  It should be noted that it is common to assume a p-value of 0.05 or less to 

constitute a rejection of the null hypothesis [72]. 

In this context, each feature calculated for DOE 1 was fit to a linear categorical 

main effects model of the form 

 

 l1J(z = m + n.J.. + {..(. + |…z + �1J(z, (4.7) 

 

where: 

• C is the overall mean 

• i represents the number of repetitions for the experiment 

• n.J.. represents the deviation of the mean of observations corresponding to the jth 

level of the belt length from the overall mean 

• {..(. represents the deviation of the mean of observations corresponding to the kth 

level of the belt tension from the overall mean 

• |…z represents the deviation of the mean of observations corresponding to the mth
 

level of the belt tension ratio from the overall mean 

• �1J(z represents the model error 

Similarly, each feature calculated for DOE 2 was fit to a linear categorical main effects 

model of the form 

 

 l1J(z = m + ~.J.. + �..(. + |…z + �1J(z, (4.8) 
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where: 

• ~.J.. represents the deviation of the mean of observations corresponding to the jth
 

level of the vertical component of initial excitation location from the overall mean 

• �..(. represents the deviation of the mean of observations corresponding to the kth 

level of the horizontal component of initial excitation location from the overall 

mean 

• |…z represents the deviation of the mean of observations corresponding to the mth 

level of the belt tension ratio from the overall mean 

In each DOE, there are three independent variables, each with three levels.  This leads to 

three p-values evaluating the sensitivity of the feature to the independent variables in a 

given DOE. 

In order to assess the effect of strain gauge placement on feature sensitivity, p-

values were collected for each feature of each strain gauge channel individually.  The p-

values for individual channel features are tabulated in Appendices A and B, for DOE 1 

and DOE 2, respectively. DOE 1 showed sensitive locations to be strain gauges 1, 3, and 

4, as noted by more than half of the features having p-values less than 0.05, while none of 

the features extracted from Channel 2 were sensitive.  DOE 2 showed more variance in 

the feature sensitivity to tension ratio, r, as measured across the channels.  For Channel1, 

30% of features extracted had a p-value of 0.05 or less.  None of the features extracted 

from Channel 2 were sensitive.  For Channel 3, 25% of features extracted had a p-value 

of 0.05 or less and 50% of features extracted from Channel 4 had a p-value of 0.05 or 

less.   

These results suggest that Channel 2 is a poor measurement location.  

Furthermore, the success of features from Channels 1 and 4 at describing belt tension 

state and the simplification of using 2 strain gauges instead of 4 led to the use of only 

Channels 1 and 4 in subsequent analysis.  Identification of Channels 1 and 4 as the 

measurement locations satisfies the first objective outlined in the introduction of this 

chapter: design of a sensing scheme for monitoring belt vibration.  The next section will 

address the second objective: discovery of features of sensor readings that are statistically 
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sensitive to belt tension and belt misalignment, irrespective of changes in belt length and 

initial condition location. 

 

4.3.2  Feature Selection 

 
To eliminate measurement location dependence of features and to capture the 

magnitude of the feature values across multiple locations, the Euclidean norm [73] was 

used to fuse multiple channel features into a single feature value 

 

 @ = �∑@1�, (4.9) 

 

where indices i represent the channels included in the norm.  The Euclidean norms of all 

25 features across channels 1 and 4 were sorted according to the p-values corresponding 

to tension for DOE 1, and the tension ratio for DOE 2, in order to identify the top 5 most 

sensitive features.  The first 5 features common to both DOE 1 and DOE 2 were then 

selected as the feature vector.  The aforementioned process of selecting the 5 element 

feature vector is depicted in Figure 4.6. 

The Euclidean norm of all features in Table 4.1 across Channels 1 and 4 were 

calculated and the resulting p-values are tabulated in Appendices D and E for DOE 1 and 

DOE 2, respectively.  The five most sensitive features are listed below. 

• F4 – Normalized AR(6) PSD peak 1 magnitude 

• F16 – Normalized AR(6) PSD peak 1 frequency variance 

• F10 – Normalized AR(6) PSD peak 1 relative area 

• F11 – Normalized AR(6) PSD peak 2 relative area 

• F22 – Normalized AR(6) PSD peak 1 frequency kurtosis 
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Figure 4.6:  Pictorial description of the feature selection process 
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The sensitivity analysis returned a feature vector that is in good agreement with 

classical dynamic system descriptors.  Indeed, each peak of the normalized AR(6) PSD 

corresponds to a complex conjugate pair of the roots of the corresponding AR 

characteristic polynomial.  From dynamic systems theory, each one of these peaks is 

described by its intensity, the corresponding damping ratio, and frequency location [74].  

Intensity of the peaks is represented by the relative area features F10 and F11 as well as 

peak 1 magnitude F4.  The peak location is represented by features F13 and F25, while the 

damping ratio is indirectly represented by the frequency variance and kurtosis, F16 and 

F22, respectively.   

The ability of the developed feature vector to distinguish between belt tension 

states will be established using a measure of similarity between multivariate probability 

density functions. 

From the perspective of the main effects models in Equations (4.7) and (4.8), 

there are 9 classes of the test stand state, arising from 3 levels of each of the 3 factors per 

DOE.  The statistical overlaps between the multivariate feature vector distributions for 

each of the 9 classes was used as a quantitative measure of the discriminatory ability of 

features.  Following [75], the overlap was measured by a cosine measure of functional 

similarity, referred to as the Confidence Value (CV’s) and evaluated as 

 

 m�7@, �: = �@ ∙ ��
�@����, (4.10) 

 

where: 

• �@ ∙ �� is the inner product of two probability density functions f and z 

• �@� is the L2 norm of a probability density function f and ��� is the L2 

norm of a probability density function z 

In this form, the CV value ranges from 0 to 1, where 0 represents no overlap and a value 

of 1 represents a perfect overlap. 
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For the 9 classes relevant to each of the 2 DOE’s, multivariate Gaussian 

distributions were used to represent the probability density functions of the 5 component 

feature vectors FTR described in this section.  Then a comparison matrix of CV’s 

showing pair-wise distinctions between each pair of the 9 classes (9 factorial levels) in 

DOE 1 and DOE 2 was constructed.  

The comparison matrix for CV’s calculated from feature vectors, FTR, for each 

factor level in the DOE 1 (9 classes) is tabulated in Table 4.4.  Subscripts L, M, and H 

denote low, medium, and high levels within each factor.  CV values lower than 0.95 

denote greater than 5% change in the distribution hyper–volume overlap, a reasonable 

distinguishing ability between levels.  The comparison matrix for the belt length L shows 

very good distinguishing ability for the low-high comparison, as well as the medium-high 

comparison.  This suggests that the feature vector is very sensitive to length changes, 

regardless of the tension and tension ratio level.  Comparisons made for tension T show a 

good distinguishing ability between all levels.  The comparison matrix for tension ratio r 

shows excellent distinguishing ability for all levels. 

Table 4.4:  CV comparison matrix for feature vectors, FTR, for DOE 1 

 

 

The comparison matrix for CV’s calculated from feature vectors FTR, for each 

factor level in DOE 2 (9 classes) is tabulated in Table 4.5.  Table 4.5 shows excellent 

distinguishing capability for tension ratio r for low-medium and low-high comparisons in 

L L

L L 1 LM

LM 0.9758 1 L H

L H 0.7792 0.7257 1 T L

T L 0.9162 0.9330 0.8198 1 T M

TM 0.9725 0.9684 0.8409 0.9561 1 T H

T H 0.9318 0.8867 0.8459 0.8603 0.9318 1 r L

r L 0.9012 0.8990 0.8069 0.9198 0.9124 0.8437 1 rM

rM 0.9045 0.9590 0.6600 0.8861 0.9274 0.8207 0.7459 1 r H

rH 0.7484 0.6999 0.9726 0.7747 0.8114 0.8697 0.7814 0.6267 1
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the presence of changes in initial condition location.  The feature vector does not 

distinguish well between medium and high levels of the tension ratio r.   Both 

components of initial condition location show excellent distinguishing capability for all 

levels. 

Table 4.5:  CV comparison matrix for feature vectors, FTR, for DOE 2 

 

 

It should be noted that the same CV-based procedure applied to Channels 1, 3, and 

4 instead of just Channels 1 and 4 yielded similar distinguishing ability as that applied to 

Channels 1 and 4.  This validates the use of the feature vector FTR, which effectively 

reduces the use of strain gauges with almost no loss in the distinguishing ability.  Results 

of these experiments were used to motivate the design of a device to improve the current 

monitoring technique.  The next section will develop the conclusions drawn from these 

experiments and discuss how these conclusions motivated the design of a device for 

consistent belt tension testing. 

 

 

 

 

 

r L

r L 1 rM

rM 0.9048 1 r H

r H 0.8364 0.9744 1 IC_V L

IC_V L 0.8130 0.7547 0.6852 1 IC_VM

IC_VM 0.8785 0.9252 0.8593 0.7720 1 IC_V H

IC_V H 0.5723 0.5911 0.4996 0.0497 0.1199 1 IC_H L

IC_H L 0.8334 0.9601 0.9095 0.8225 0.9313 0.4203 1 IC_HM

IC_HM 0.8884 0.9369 0.9115 0.6977 0.8396 0.6433 0.8809 1 IC_H H

IC_H H 0.9361 0.8557 0.7811 0.6069 0.7847 0.5022 0.7305 0.7213 1
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4.4  CONCLUSIONS FROM EXPERIMENTS 

 
The feature vector formed by 

• F4 – Normalized AR(6) PSD peak 1 magnitude 

• F16 – Normalized AR(6) PSD peak 1 frequency variance 

• F10 – Normalized AR(6) PSD peak 1 relative area 

• F11 – Normalized AR(6) PSD peak 2 relative area 

• F22 – Normalized AR(6) PSD peak 1 frequency kurtosis 

is sensitive to changes in tension and tension ratio, irrespective of changes in length and  

initial condition location. 

This feature vector suggests that the changes in the belt tension state can be 

determined by examining belt damping characteristics, modal bandwidth, and modal 

distribution of energy.  It was observed that FFT-based single sided amplitude spectra 

performed poorly, which led to the frequency domain denoising provided by 

autoregressive modeling.  Future work could look at the use of non-stationary signal 

analysis techniques such as time-frequency distributions of the signals [76], where new 

features more directly related to damping can be explored. 

Results in the previous section suggest that placing two strain gauges at the edges 

of the belt requires the fewest number of gauges while maintaining the distinguishing 

ability of the features explored in this study.  Configuring the strain gauges in this manner 

coincides with the current industrial standard measuring techniques used by field 

technicians to independently test belt tension on the 2 sides of the belt.   

The feature vector was also found to be very sensitive to changes in the belt 

length and location of the belt excitation enabled by the IVD, suggesting that 

improvements in the current technique for monitoring of tension in the belt of the 

material handling robot can be achieved by decreasing the variance in the belt length and 

belt excitation location during testing.  To implement these improvements, a device was 

designed to reduce the human operator influence on setting belt length, applying belt 

vibration excitation, and measurement of ensuing acoustic emissions.   
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4.5  DESIGN OF A DEVICE FOR REDUCTION OF THE VARIANCE OF TENSION 

MONITORING RESULTS 

 
The device designed to improve the current tension estimation technique, but due 

to confidentiality agreements, it can not be shown in this thesis.  Improvements offered 

by the device include the ability to measure the sounds emitted from both sides of the belt 

simultaneously, as well as a more stringent control of the belt length, excitation location, 

and measurement location.   

Simultaneous measurement of sounds on both sides of the belt is provided by 2 

microphones positioned in appropriate slots, which is an improvement over the current 

practice that requires 2 sequential measurements on each side of the belt for rough 

misalignment estimation.  Such sequential measurements take more time and induce 

more uncertainty due to the variance in the belt excitation and measurement processes.     

Belt length is controlled through a contact switch on top of the device.  The 

contact switch provides a binary approach to setting belt length, where the robot is 

lowered until a light is illuminated.   For the excitation of the belt vibrations, the device 

used the IVD mounted on an X-Y table with a datum arm.  Repeatable placement of the 

IVD is reduced to touching the right side of the belt and the face of the belt with the two 

faces of the datum arm, which ensures placement of the initial condition device at half the 

width of the belt, as well as the uniform IVD distance from the face of the belt.  

Furthermore, as mentioned earlier, the IVD location is half the length of the belt when 

contact is registered by the contact sensor. Lastly, the microphone is at a fixed distance 

from the undeflected belt face and from the site of belt excitation.  In this manner, the 

device effectively reduces variation of all variables considered in this study, with the 

exception of belt tension and misalignment.   

It should be emphasized that the device is ergonomic, weighing less than 4 

pounds, and requires approximately the same amount of time for the author to obtain belt 

tension estimates using the device as when the device is not used (21 minutes without 

installing the device and 23 minutes with installation of the device).  It should be noted 

that 17 minutes was devoted to disassembling the robot for tension monitoring, which is 
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required whether the device is used or not.  Furthermore, the time of measurement 

without the device reported in this thesis (21 minutes) consisted of tension estimation on 

only one side of the belt.  Therefore, we can conclude that the total times for belt tension 

estimation are actually closer than stated above, given that the device can perform two 

measurements simultaneously.     

An experiment was run to validate the conjecture that the use of the newly 

designed excitation device reduces the variance of tension estimates based on the single-

dimensional wave propagation in a real belt driven material handling robot.  This 

conjecture is plausible because the device eliminates, at least, the excitation and sensing 

sources of variations in the belt tension estimation.    

Firstly, the contact sensor on the device was used to register the contact with the 

carriage and the encoder count for the belt length was recorded.  During manual 

technician tests without the belt excitation and measurement device described in this 

section, human technicians attempted to manually set the belt length as close to the 

device recorded encoder count as possible.  Excitation location for the device is 

ascertained using the datum arm, and the procedure described above, whereas human 

operators strummed the side of the belt with their hands as close to half belt length as 

possible, following the current practice.  Lastly, the device offers a microphone support 

rig to consistently obtain belt vibration measurements (or rather the sound produced by 

them).  In contrast, human operators held the microphone in hand as close to the belt face 

as possible, with clearance for vibration deflection, and as close to the belt edge and half 

belt length as possible.  It should be noted that manual measurements without the use of 

the new designed device essentially mimicked the standard testing procedure currently 

used in industry. 

Three sets of microphone measurements were collected by the author, another 

person experienced in material handling robot maintenance, and the newly designed 

device. For each of these datasets, 20 belt excitations and subsequent signals are 

collected.  Following the current tension monitoring technique, the fundamental belt 

vibration frequency of the belt was estimated using the FFT of the sound emitted by the 
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belt.  An example from the FFT of a device excited response and the corresponding 

fundamental frequency are shown in Figure 4.7. 

 

 

Figure 4.7:  FFT of belt vibration response elicited by the device 

 

Comparison of device and human performance will be expressed by evaluating 

the reduction of variance in the FFT extracted fundamental frequency of the acoustic 

response of the belt.  The standard deviation of the fundamental frequency for each data 

set is tabulated in Table 4.6. 

Table 4.6:  Standard deviations of the fundamental frequencies obtained from belt strain 
measurements performed on a real material handling robot. The belt was excited 

manually by the author, a person experienced in material handling robot maintenance, 
and using the new device. 

 

 

As can be seen from Table 4.6, the standard deviation of the fundamental 

frequencies obtained using the device is an order of magnitude lower than the best 
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performing human.  A lower one-tailed F-test [72] is used to test the hypothesis that the 

variance of the fundamental frequencies measured by the newly designed device was 

equal to that measured by the human operators.  The null hypothesis H0, and alternate 

hypothesis Ha, are 

 

         vY: �s��1�� = ��	��w���      vw: �s��1�� < ��	��w��� , (4.11) 

 

The null hypothesis is rejected if 

 

 C = os��1���
o�	��w���� < C7'&�,$�&' ,$�&':, (4.12) 

 

where: 

• sdevice is the sample standard deviation of fundamental frequencies calculated for 

the newly designed device 

• soperator is the sample standard deviation of fundamental frequencies calculated for 

human operators 

• α (0.05) is the level of significance 

• N1 is the number of observations for the device 

• N2 is the number of observations for a human operator   

For the experiment described above, the lower critical value of F below which the 

null hypothesis is rejected is 2.168. The null hypothesis is rejected in the test between 

operator 1 and the device with an F-statistic value of 1.009E-16, which is well below the 

critical value.  Furthermore, the null hypothesis is rejected in the test between operator 2 

and the devise with an F-statistic of 0.016, which is much less than the lower critical 

value of 2.168.  Thus the reduction in variance is statistically significant for both 

operators.  This result conclusively supports the use of the device for reducing variance in 

active belt tension estimation. 
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Chapter 5 Conclusions and Future Work 

 

5.1 CONCLUSIONS 

In this thesis, the shortcomings of the current static technique for monitoring of 

belt tension and misalignment in the belt-driven AMHS systems widely used in modern 

semiconductor manufacturing systems were explored.  Specifically, it was noted that the 

current technique is theoretically grounded in the one dimensional wave equation and 

estimation of belt tension from the fundamental frequency of belt vibrations.  Belt 

vibrations are excited by manually plucking the belt and the ensuing sounds emitted by 

the vibration are recorded.  This technique suffers from variance in estimated tension and 

is prone to both false alarms and missed detections.   

Improvement of the technique was accomplished by using a more direct sensing 

methodology as well as by systematically exploring variables known to influence the belt 

vibration behavior.  Specifically, the effect of changing the belt length, the belt tension, 

the belt tension ratio, and the location of belt vibration excitation on the belt vibration 

characteristics were quantified via two 3-factor, 3-level experiments.  Features that were 

descriptive of the belt vibration dynamics were extracted using Autoregressive models of 

belt strain signals and the most descriptive set of features were chosen through an 

ANOVA based sensitivity analysis.   

It was observed that features drawn from FFT-based single sided amplitude 

spectra performed poorly, which motivated the use of frequency domain denoising 

provided by the Autoregressive modeling.  Furthermore, it was found that the use of two 

strain gauges placed at the edges of the belt resulted in nearly the same sensitivity to 

changes in the independent variables as the use of three or four strain gauges placed 

across the width of the belt.  This finding suggests that only two sensors are required for 
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estimation of the belt tension and the difference in the belt tensions on 2 different sides of 

the belt.  Furthermore, this result indicated that the best location for these sensors lies on 

top of the stiff tension members encapsulated in the polyurethane matrix. 

ANOVA sensitivity analysis returned the following five most sensitive features. 

• F4 – Normalized AR(6) PSD peak 1 magnitude 

• F16 – Normalized AR(6) PSD peak 1 frequency variance 

• F10 – Normalized AR(6) PSD peak 1 relative area 

• F11 – Normalized AR(6) PSD peak 2 relative area 

• F22 – Normalized AR(6) PSD peak 1 frequency kurtosis 

This feature vector is in good agreement with classical dynamic system descriptors.  Each 

peak is described by its intensity, the corresponding damping ratio, and frequency 

location [74].  Intensity of the peaks is represented by the relative area features, F10 and 

F11, as well as peak 1 magnitude, F4.  The damping ratio is indirectly represented by the 

frequency variance and kurtosis, F16 and F22, respectively. 

Further analysis by way of a function similarity measure referred to as the 

performance Confidence Value (CV), showed that the belt vibration was sensitive to the 

belt length, the belt tension, the belt tension ratio, and the location of belt vibration 

excitation.  One can conclude that, in order to reduce the variance of belt tension 

estimates drawn from the current belt monitoring technique, the variance in the belt 

length and the location of the belt vibration excitation must be reduced.  This finding 

motivated the design of a device to reduce variations in the belt length and the location of 

belt vibration excitation in a real belt-driven AMHS system widely used in 

semiconductor manufacturing.   

Experiments were run to establish the tension estimation variance when a human 

completely executed the current technique and the tension estimation variance when the 

newly designed device was used for belt excitation and signal collection.  The results of 

these experiments showed a reduction of tension estimation standard deviation by an 

order of magnitude when the new device was used, as compared to a human executing 

the current belt testing technique.  This result validates the idea that the variance of belt 
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tension estimation can be reduced by better control of the belt length and location of 

initial excitation of belt vibrations. 

Despite the improvement in the current technique offered by findings of this 

thesis, the resulting belt tension monitoring method is still inherently intrusive.  The belt-

driven AMHS system must be taken out of production for tension estimation.  Obviously, 

estimating the belt tension while the belt-driven AMHS system is in production would 

represent a large contribution to the CBM in belt drive applications.  Online tension 

estimation is the subject of future research and will be briefly discussed in the next 

section. 

5.2   FUTURE WORK 

 
 Since the belt drive studied in this thesis utilizes a polyurethane matrix that 

exhibits viscoelastic behavior [24] it is apparent that an opportunity for online belt 

tension estimation exists in the use of the work of Zhang et al. [34] and Zhang et al.[37].  

These papers yield a partial differential equation describing the transverse vibration of 

axially moving viscoelastic belts in the form 

 

� ���
�0� + 2�� ���

�0�6 +  ��� − �
�# ���

�6� = �∗ �1
2

��
�6

�� ���
�6� + ��

�6
� ��∗

2 ���6
��

�6 , (4.13) 

 

where: 

• � is the density of the belt 

• V is the transverse displacement of the belt 

• c is the axial speed of the belt 

• T is the belt tension 

• A is the belt cross section area 

• E
* is an operator, expressed �∗ = �Y + � �

�� 
• E0 is the spring constant of the Kelvin viscoelastic model [35] 

• � is the dynamic viscosity of the Kelvin viscoelastic model 
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The results from [34] and [37] have been validated experimentally by Moon et al. [77] 

and Pellicano et al. [60]. 

The link between studies given in [34] and [37]  and non-intrusive CBM of belt 

tensions can be established as follows.  Recall from Chapter 2 that transverse belt 

vibration is excited parametrically by the belt inertia, pulley-belt tooth meshing, and 

pulley eccentricity.  Furthermore, in the specific belt drive considered in this thesis, 

transverse belt vibration is excited by the transverse acceleration of the material handling 

robot, which is completely independent of the belt speed.  Therefore, one can conclude 

that tension can be estimated dynamically by measuring the belt transverse vibration, the 

belt speed, the belt material properties, the belt area, and the transverse acceleration of 

the robot.  Measurement of these variables leaves only tension unknown in Equation 

(5.1). 

In this context, the future work should be the development of a sensing 

technology to measure belt speed, belt transverse vibration, and robot acceleration.  One 

can see that if the belt speed is zero, Equation (5.1) is simplified by eliminating all terms 

multiplied by the belt speed c.  Therefore, by sensing the belt vibrations when the axial 

belt speed is zero, the complexity of the problem is greatly reduced.  Features drawn from 

the belt vibrations in this state can provide online belt tension estimation without 

interfering with AMHS availability. 
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Appendix A 

Table A.1:  Individual channel ANOVA p-values for features drawn from DOE 1 

 
  

L T r L T r L T r L T r

f2 0.2127 0.0078 0.0011 f15 0.6404 0.1669 0.0583 f4 0.0001 0.0000 0.0000 f4 0.0000 0.0001 0.0000

f14 0.1746 0.0084 0.0007 f3 0.7423 0.1858 0.0583 f22 0.0011 0.0000 0.0000 f16 0.0000 0.0002 0.0000

f3 0.0370 0.0118 0.0018 f23 0.6772 0.2364 0.0828 f19 0.0084 0.0000 0.0000 f22 0.0000 0.0015 0.0000

f20 0.3618 0.0127 0.0124 f1 0.7491 0.2364 0.1202 f10 0.0000 0.0000 0.0000 f12 0.0037 0.0069 0.0000

f5 0.0000 0.0130 0.2259 f13 0.8030 0.2568 0.1307 f7 0.0000 0.0000 0.0000 f9 0.0037 0.0070 0.0000

f15 0.0330 0.0133 0.0029 f17 0.8919 0.3139 0.0573 f16 0.0056 0.0000 0.0000 f19 0.0000 0.0117 0.0000

f24 0.1189 0.0241 0.0001 f12 0.7744 0.4996 0.5395 f1 0.0015 0.0000 0.0000 f6 0.0038 0.0118 0.0000

f8 0.0001 0.0423 0.1432 f9 0.7666 0.5003 0.5422 f12 0.9584 0.0000 0.0000 f10 0.0000 0.0121 0.0000

f11 0.0001 0.0430 0.1450 f6 0.2550 0.5114 0.8186 f9 0.9593 0.0000 0.0000 f7 0.0000 0.0121 0.0000

f10 0.0021 0.0453 0.0757 f7 0.7236 0.6508 0.7104 f13 0.0017 0.0000 0.0000 f11 0.0000 0.0309 0.0000

f4 0.0001 0.0467 0.3286 f10 0.7030 0.6522 0.7221 f8 0.0000 0.0000 0.0000 f8 0.0000 0.0313 0.0000

f7 0.0020 0.0477 0.0783 f20 0.5810 0.6852 0.3785 f11 0.0000 0.0000 0.0000 f1 0.0000 0.0407 0.0000

f9 0.0604 0.0582 0.0182 f11 0.7077 0.6870 0.6039 f6 0.9935 0.0003 0.0008 f13 0.0000 0.0422 0.0000

f12 0.0604 0.0585 0.0183 f8 0.6959 0.6873 0.6049 f5 0.0000 0.0046 0.0000 f14 0.7022 0.2100 0.0000

f17 0.0000 0.0587 0.1305 f4 0.8761 0.7246 0.1159 f14 0.8460 0.0400 0.0037 f2 0.5560 0.2342 0.0001

f6 0.1082 0.1117 0.0376 f16 0.6013 0.7415 0.4413 f3 0.8449 0.0456 0.0000 f5 0.0000 0.3175 0.0000

f23 0.0000 0.1205 0.1636 f22 0.8253 0.7444 0.7721 f2 0.8137 0.0482 0.0054 f20 0.0012 0.4099 0.0000

f16 0.0283 0.1227 0.2187 f18 0.0039 0.7778 0.4502 f15 0.7794 0.0593 0.0000 f23 0.0000 0.4321 0.0000

f1 0.1315 0.3922 0.0865 f19 0.4795 0.7990 0.0664 f17 0.0001 0.1281 0.0001 f15 0.7291 0.4324 0.0000

f13 0.1113 0.4112 0.0763 f5 0.5147 0.8079 0.3011 f20 0.0461 0.1790 0.0000 f3 0.7424 0.4511 0.0000

f18 0.7362 0.4118 0.1092 f21 0.0046 0.9403 0.1348 f23 0.0002 0.3632 0.0000 f21 0.0972 0.5670 0.0074

f19 0.0174 0.5094 0.2380 f24 0.0313 0.9519 0.0420 f24 0.7007 0.5313 0.0001 f17 0.0000 0.6201 0.0000

f22 0.0194 0.5346 0.5869 f14 0.4893 0.9538 0.2210 f18 0.2052 0.6927 0.0001 f18 0.2176 0.8339 0.0014

f21 0.7698 0.8149 0.0556 f2 0.4798 0.9590 0.1956 f21 0.7990 0.8231 0.0017 f24 0.2832 0.9997 0.0149

Channel 1 Channel 2 Channel 3 Channel 4
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Appendix B 

Table B.1:  Individual channel ANOVA p-values for features drawn from DOE 2 

 
  

r ICV ICH r ICV ICH r ICV ICH r ICV ICH

f8 0.0050 0.0000 0.0000 f15 0.1097 0.0000 0.0000 f22 0.0039 0.0000 0.0003 f7 0.0000 0.8940 0.0000

f11 0.0050 0.0000 0.0000 f3 0.1481 0.0000 0.0000 f4 0.0071 0.2342 0.0043 f10 0.0000 0.8816 0.0000

f18 0.0051 0.0000 0.0000 f18 0.1736 0.0000 0.0000 f17 0.0098 0.0000 0.0112 f11 0.0000 0.9244 0.0000

f5 0.0061 0.0000 0.0000 f17 0.2333 0.0000 0.0000 f16 0.0241 0.7490 0.0372 f8 0.0000 0.9344 0.0000

f17 0.0100 0.0000 0.0000 f1 0.3401 0.0241 0.3826 f23 0.0363 0.0000 0.0001 f13 0.0000 0.4454 0.0083

f10 0.0228 0.0000 0.0000 f21 0.3739 0.0000 0.0000 f3 0.0473 0.0054 0.0000 f5 0.0000 0.4398 0.0000

f7 0.0229 0.0000 0.0000 f2 0.3746 0.0000 0.0000 f8 0.0512 0.0004 0.0894 f4 0.0000 0.0035 0.0000

f23 0.0294 0.0000 0.0000 f13 0.3831 0.0255 0.3046 f15 0.0523 0.0042 0.0000 f1 0.0000 0.5048 0.0073

f21 0.0318 0.0000 0.0000 f24 0.4159 0.0007 0.0000 f11 0.0563 0.0005 0.0899 f22 0.0000 0.0000 0.0000

f22 0.0408 0.0000 0.0000 f14 0.4194 0.0000 0.0000 f19 0.0602 0.0723 0.1970 f16 0.0000 0.0112 0.0003

f13 0.0911 0.0000 0.0000 f23 0.4255 0.0077 0.0002 f5 0.0694 0.0000 0.0097 f19 0.0002 0.0118 0.0000

f19 0.0981 0.0000 0.0000 f5 0.4325 0.1440 0.0179 f2 0.0839 0.0000 0.0161 f6 0.0007 0.0554 0.0078

f6 0.1108 0.0018 0.0901 f8 0.4645 0.0718 0.0037 f10 0.0919 0.0036 0.1851 f12 0.0008 0.0173 0.0838

f14 0.1249 0.0000 0.0005 f11 0.4650 0.0712 0.0037 f7 0.0957 0.0045 0.1831 f9 0.0009 0.0168 0.0851

f2 0.1319 0.0000 0.0002 f7 0.5458 0.1361 0.0139 f14 0.1095 0.0000 0.0173 f17 0.0063 0.1278 0.0000

f4 0.1395 0.0000 0.0000 f10 0.5460 0.1391 0.0143 f18 0.2964 0.0130 0.0000 f23 0.0068 0.1820 0.0000

f16 0.1563 0.0000 0.0000 f6 0.6575 0.0147 0.0629 f24 0.4087 0.3264 0.0000 f21 0.0591 0.0788 0.0007

f20 0.1851 0.0000 0.1425 f19 0.7028 0.0000 0.0024 f21 0.4319 0.1862 0.0000 f20 0.0646 0.0000 0.0401

f1 0.1864 0.0000 0.0000 f20 0.7092 0.0000 0.0216 f6 0.5644 0.0125 0.0103 f18 0.1038 0.3258 0.0181

f24 0.2206 0.0001 0.0000 f22 0.7662 0.0000 0.0000 f13 0.6916 0.4185 0.5242 f24 0.1052 0.0001 0.0034

f3 0.2662 0.0000 0.0000 f12 0.8511 0.1036 0.1574 f1 0.7188 0.4193 0.5326 f2 0.1845 0.0000 0.0001

f15 0.3123 0.0000 0.0000 f9 0.8524 0.1034 0.1571 f9 0.8078 0.0039 0.7274 f15 0.2077 0.0195 0.8624

f12 0.4223 0.0460 0.1111 f4 0.9159 0.0000 0.0000 f12 0.8088 0.0044 0.7320 f3 0.2307 0.0309 0.8753

f8 0.6804 0.0170 0.3604 f16 0.9433 0.0000 0.0038 f9 0.9823 0.1438 0.5735 f8 0.3810 0.4196 0.6831

Channel 1 Channel 2 Channel 3 Channel 4



 

 66 

Appendix C 

Table C.1:  Channels 1 and 4 feature norm ANOVA p-values for features drawn from 
DOE 1 

 
  

L T r

f4 0.0000 0.0000 0.0000

f16 0.0000 0.0001 0.0000

f12 0.0034 0.0010 0.0000

f9 0.0034 0.0010 0.0000

f10 0.0000 0.0012 0.0000

f7 0.0000 0.0013 0.0000

f6 0.0041 0.0030 0.0000

f22 0.0000 0.0048 0.0000

f14 0.8997 0.0146 0.0000

f2 0.8592 0.0163 0.0001

f11 0.0000 0.0246 0.0000

f8 0.0000 0.0249 0.0000

f1 0.0000 0.0271 0.0000

f13 0.0000 0.0291 0.0000

f19 0.1109 0.0742 0.0006

f3 0.4981 0.1114 0.0001

f15 0.4835 0.1129 0.0001

f20 0.0031 0.3139 0.0000

f5 0.0000 0.3330 0.0000

f17 0.0309 0.3812 0.0000

f21 0.0826 0.4811 0.0081

f23 0.0010 0.5875 0.0000

f18 0.5342 0.6990 0.0008

f24 0.1284 0.8238 0.3432

Channels 1, 4
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Appendix D 

Table D.1:  Channels 1 and 4 feature norm ANOVA p-values for features drawn from 
DOE 2 

 
  

r IC_V IC_H

f11 0.0000 0.4314 0.0001

f8 0.0000 0.4482 0.0001

f7 0.0000 0.5574 0.0029

f10 0.0000 0.5732 0.0030

f5 0.0000 0.3067 0.0000

f13 0.0000 0.1267 0.1066

f1 0.0000 0.1545 0.0960

f22 0.0000 0.0000 0.5599

f16 0.0000 0.0000 0.3423

f20 0.0000 0.0000 0.0479

f4 0.0001 0.0000 0.1668

f17 0.0003 0.0000 0.0000

f23 0.0005 0.0013 0.0000

f6 0.0013 0.0349 0.0058

f12 0.0015 0.0135 0.1533

f9 0.0015 0.0130 0.1553

f19 0.0046 0.0000 0.3967

f3 0.0749 0.0010 0.0026

f15 0.0786 0.0007 0.0008

f2 0.0888 0.0000 0.1941

f14 0.1292 0.0000 0.2592

f21 0.2279 0.0900 0.0000

f24 0.3868 0.0000 0.0000

f8 0.6938 0.1673 0.3562

Channels 1, 4
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