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Abstract: Reliability is a collective term coverisgveral abilities of the technical system: to delirequired
functions, to uphold quality of products and sesegicto assure that the safety requirements assdoiith the
system are properly fulfiled with regards boththe users and the environment, and finally to uphak
durability of the technical system during its whtife cycle. All this has to be performed at acedyhe risks,
optimal cost, and correspond to operational neddshe business. Even though there is an advanced, w
thought-out concept for this purpose — reliabiligntred maintenance (RCM) — that correctly apphi@ght
result in very good quality maintenance programs hot broadly used in the industry due to thst\efforts
required for its implementation. An appropriate hostology supporting systematic functional break dow
of a studied systems, and guidelines how to cofipietional failures to failure modes, integratedhWiRCM,
would greatly speed up generating of effective iesance programs. In this paper we present ouargse
towards development of such a methodology, and shguilot implementation to analysis of machine tool
spindle. The methodology is based on Hubka's thebdgsign and AFD/TRIZ.

1. INTRODUCTION

High reliability is one of the most indispensablelities of contemporary production
systems. The new paradigfor European manufacturing sector (Thisbon European
Council strategy of March 2008@ets utilization of production resources to a ntaimpetitive
weapon. Closer coordination between the demandsapgly sides, further increase in
efficiency, enhanced customization, and speed OVelg are necessary. To meet these
requirements European companies have to achievl mgher operational availability and
capability of production systems than it is possiblith currently used maintenance
methods.

Maintenance is also an immense business. Europeapanies spend about 140
billion euro per year on maintenance activitiesdiidnal, considerable costs are connected
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to consequences of poor or wrong performed maintavork. As can be seen, the
importance of maintenance is growing very fast, Bedomes a strategic issue requiring
urgent research efforts.

Reliability is a collective term covering topickdi ability of the technical system to
deliver the required functions in the intended tiextend, to uphold equipment condition
allowing maintaining of quality of products and \#ees, to assure that the safety
requirements associated with the system are propéfilled with regards both to the users
and the environment, and finally, to uphold theadhility of the technical system throughout
its whole life cycle. All this requirements havelie fulfilled at optimal cost, and in a way
that corresponds to operational needs of the bssingo preparation of an adequate
maintenance plan is a real challenge.

An important step in advance of this area was agreéent of the reliability centred
maintenance (RCM) concept. The RCM process is tse@termine what must be done to
ensure that any physical asset continues to doewbaits users want it to do in its present
operating context. Correctly applied, RCM might ulesn cost-effective maintenance
programs by addressing dominant causes of equipfadate, and focusing on delivery
of functions that users expect from the equipméptRCM is based on Failure Mode and
Effects Analysis (FMEA), and a workflow model heligito determine the appropriate
maintenance tasks for the identified failure moddéswever, the RCM is only sparingly
used in the industrial praxis due to immense effoeiquired for its implementation. The
main problems here are caused by lack of methoggaosting appropriate functional
breakdown of the studied systems, and adequatdicguf functional failures to failure
modes. Such methods would greatly speed up thiepso

Availability of an asset is affected not only b tfailures taking place, but also by the
extent of preventive maintenance tasks. Any maariea carried out on an asset — whether
it is a replacement, refurbishment or even inspact forces downtime, and additionally
induces a risk of failure (wrong assembly, humarorercontamination of disassembled
components, and the like). Therefore, looking fopiovements, one has to pay attention to
reduction of need for maintenance measures.

The applied maintenance strategies should be redeas well. For instance, the
commonly used scheduled preventive maintenanceepbnegularly results in a poor
performance. The constant time intervals selected dxecution of the individual
maintenance tasks are based on failure statisigs ihean time between failures, MTBF).
However, typically large spread in these measurakesithe predictions of wear-out time
inaccurate and results in low availability. Alsa;cass to these statistics becomes now
limited, because we strive after failure-free equgmt, and design increasingly better
machines. In contemporary production systems mbshe equipment failures cannot be
related to a certain wear-out time. The traditiomalintenance paradigm based on a ‘bath-
tub’ curve is outdated — in more than 80% of cames cannot observe any increase in
failure frequency along the exploitation time. Thiseans that the failures are rather
unpredictable, and periodic maintenance practiogsies high risks.

Condition based maintenance techniques (CBM) semrbet an effective way to
predict development of failures and address thefarbehey occur. CBM helps to detect
a change in performance levels, predict when atexaamce measure will be required and in
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consequence, by better planning, reduce the effuetsled for maintenance. However,
enhanced use of CBM requires providing the equigmgh additional sensors and systems
for carrying out condition monitoring. This in turasults in more expensive design, which
has to be economically justified by the benefitgriivides to the production system during
its life cycle. At the same time the installed guuent increases maintenance need itself and
leads to a decreased sense of failure accounyabylithe operators (operators not noticing
a deviation from the required performance of thee§) [6].

In accordance to RCM’s proactive concepts and thevementioned factors, it
becomes clear that the most efficient way to imprequipment availability is to properly
address the safety, reliability and maintainabibigues already during the design phase.

In this paper we describe progress in our proje@oed at development of a formal
methodology for design of maintenance programsdrfdustrial equipment. At the current
stage, we focus on potential techniques that cawldhe RCM method.

2. AMETHODOLOGY FOR DEVELOPMENT OF MAINTENANCE PRGRAMS

RCM systemizes selection of maintenance tasks.sizgrs on how to address a failure
are taken based on its consequences. Failuressaiéty or environmental consequences
have to be eliminated without any other consideratwhile failures with operational or
other consequences must be treated with actiohsitadly feasible and cost effective.

The methodology that we propose in this paper suppoe RCM and consists of four
steps:

Functional Analysis of the system.

Identification of functional failures, failure mosleand risk scenarios.
Evaluation of failure consequences.

Maintenance task design.

PoONPE

2.1. FUNCTIONAL ANALYSIS OF THE SYSTEM

The first step is to identify and document funcébity of the studied system. When
preparing a maintenance plan, we have to firsplistwhat functions has to be delivered by
the system, and to what performance, and thentasgawtential functional failures, their
failure modes and then their causes. Having the dfs functional failures we can
systematically analyse the potential consequentesat will happen if the functions will
not be delivered, and then find out technical t@lasand worth doing maintenance tasks to
address these consequences. This process howeusua#ly not simple. The functions
interplay with each other, their relations are egtad and difficult to understand, and the
consequences of losing them are difficult to foeeseA formal approach, based on an
appropriate and consistent design theory is requoenake the process effective.

In our opinion, the most appropriate theory whigh the needs is developed by V.
Hubka and E. Eder “General Procedural Model of Begiing Design” [2]. In this model
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context, a technical process (TP) uses technictsys (TS) to transform an operand’s (the
subject of the process — Od) state (vector of opmksaproperties) by using a certain
technology (Tg) which follows a certain technol@aigrinciple (TgPc). The technical

system, together with the humans involved, cortstithe operators (Op) of the model,
which have effects (Ef) on the operand, i.e. thamseof transformation and actions applied
on the operand. The process is also subjecteddandary inputs, desirable or not and
produces secondary outputs, usually undesirabteFge 1.

2 Humans
(Hu)

2 Technical
Systems (TS)

Operand

Management

2
Information

Environment
Operand

in State 1
>oD ————»f

> Secondary
Inputs, Secln

Technical Process, TP
(2 Operations)

> Technology, Tg

in State 2
—» Y oD,

L m X Secondary
Outputs, SecOut

Fig. 1. The technical process general model

The technical system performs the transformatioaudjh a set of internal functions,
often using an action medium. These internal femstj delivered by respective components
or subsystems comprise an action chain affectiagpfferands (i.e. changing their states).

This theory is perfectly fitting our needs. It'stbaaccurate and consistent enough to
allow rigorous description of system hierarchiesnponent structures, delivered functions
together with all the possible and complex relajanechanisms, dependencies, causes and
effects — all the means which are required by m&methodology.

The first step in performing the functional anadysi to define the system’s boundaries
and decompose hierarchically the technical systemterms of both functions and
components. The functional decomposition is docusteras a set of basic functions,
functional modules, and interactions. This is thestfhierarchical level, where each
functional module is regarded as a technical psacéke list of functional modules has to
be completed with corresponding required perforreastandards. These performance

standards can be:

* Functional (speed, power, load capacity, overak,scommunication capabilities,

suitability for specific requirements etc.).

» Operational (reliability, maintainability, energyrisumption, required space for
operation, economic etc.).

» Safety & Ergonomic (operator safety, disturbaneés).

» Environmental (impact on the environment, waysispdsal, social impact etc.).

» Aesthetic (appearance, form, colour, etc.), and

» Statutory.
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Design”. Source [2]
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The structural decomposition is documented as afsigichnical systems that deliver
the identified functional modules, as well as felad between the technical systems
corresponding to the interaction scheme of thetfanal modules (Fig. 2). In this way each
technical system has a well defined boundary, &orachain of internal functions, and a set
of interactions with the other technical systemstién chains, identified by the functional
decomposition, are performed by a set of subsygtemponents identified by the
structural decomposition. Next, the technical systeinputs (materials, energy, signals)
and outputs are identified, together with the @ffean the operand’s states. If a subsystem
requires further decomposition then the same psoesarried out in a hierarchical way,
modelling the subsystem as a technical system hednternal function as a technical
process and so on.

The internal functions must be associated with ggarance standards as well,
otherwise we will not be able to decide if the fumc is delivered or not ( or if there is
a fault state or not). Since the internal functianing as action chains are delivered by the
functional modules, these performance standardst moisespond to the performance
standards of the functional modules (e.g. the pawquirements of a functional module
dictate the power the shaft must deliver and tHewald power loss at the power
transmission technical system). Therefore, in ortlerensure that the performance
requirements of the functional modules will be meg must “translate” them into
performance requirements for the internal functiohlso the internal function standards
must themselves be translated into required priggest the components delivering them.

Following this chain of “translations” helps usdnsure that the top level performance
requirements will be transformed into design cansts for the components of the technical
systems.

Such constraints may be:

» Technological principles. e Strength.

* Elements. » Stiffness.

* Arrangement of elements. * Hardness.

» Geometrical characteristics. * Wear resistance.

* Materials. » Corrosion resistance.

* Manufacturing methods. * Heat resistance.

* Tolerances. » Electromagnetic properties.
» Surface quality. * Dynamic properties etc.

2.2. IDENTIFICATION OF FAILURES, FAILURE MODES ANDRISK SCENARIOS

The next step of the proposed methodology is ifleation of possible failures that
may occur in the analysed system and identify tb@uses. This step may be significantly
supported by use of Anticipatory Failure Determimat(AFD) concepts, and especially its
failure determination template. AFD is an applicatiof TRIZ (Teoriya Resheniya
Izobretatelskikh Zadatch — Theory of Inventive Reob Solving) in the field of risk
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analysis. TRIZ is a “human-oriented, knowledge-bassystematic methodology

of inventive problem solving” [5] based on a widadly of knowledge, heuristics, principles
(“the 40 principles of invention”), techniques apdtents to assist problem solving. This
method emphasizes formulation of internal contiamiis and use of them in the problem
solving process. Easy access to all the known palygihenomena and over 2 millions
patents allows to overcome the psychological iaeofi the solvers preventing them from
understanding the problem and restraint their oredhinking [5]. The aim, according to

TRIZ, is to reach an ideal system, i.e. a systeam delivers its required functions without
any harmful effects.

The aim of AFD is to help to “produce” all the pids failures that can occur in the
system. Knowing them, one may plan how to prevéuirtconsequences. A success
scenario in this context (ie. a successfully cotgolanission, success trajectory) describes
a correct operation of the system — an action cbéithe internal functions of functional
modules when the system operates properly. Itge #ie first input from the functional
analysis data into the failure prediction proced.the possible risk scenarios start from
some point along the success trajectory calledatimity event (IE). The risk scenario
develops then through a number of mid-states (M&ylikergences and convergences to
a number of possible end states (ES). The endsstag be, but not necessary are harmful
(harmful end states, HES). All the MS, ES and HBE&icate that one or more internal
functions are not delivered to the required pertomoe standards (ie. a failure occurred),
and a departure from the success trajectory toamteplThe {IEs, MSs, ESs, HESs} network
describe all the possible developments of failucenarios, and helps to identify and
categorize the failures and their consequences.ashe rule used diagrams like fault tree,
event tree or HAZOP are all subsets from this netw®ee Fig. 3 below.

® HESS5 ES4
-
(/ { o /. ESE
| ’.‘ //
) o o
IE1 //- - @' / giEZ 7 \‘*.
T ™~ e iy i
ST W MST e °
e . e
/’ ~, .:— »\\\ @ ES7?
./ ES3 ‘ Ms2 @ ES1 HES2
State space of the system

Fig. 3. An example of a risk scenarios network

In accordance to AFD, a failure occurs first whéinttee required ‘resources’ are in
place [3]. Therefore, the technical system is noaigsed in terms of physical phenomena,
chemical substances, etc. existing within its bauied. Again, checklists are available to

support this task:
* Substances. * Functional resources.
e Fields. e Information that can be obtained
* Space resources. from the system.

* Time resources. » Systemic Interactions.
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» Change interactions. » Small failures and disturbances.
« Differential resources.  Hazardous elements.
* Inherent resources. e Control devices.

Organizational resources.

Protection systems.

Knowing the resources, we can identify (‘prodycall the possible failures.
Guidelines for this are provided in form of two ckksts: the ‘General Mechanisms
of Failures Checklist’ and the ‘Typical Failuresechlist’ [3].

General Mechanisms of Failures checklist:

Gradually increasing effects.
Critical effects.

Trigger mechanisms.
Probabilistic effects.

Sporadic effects.

Failure as the result of a systemic
effect.

Creation of a new, harmful system.
Chains of harmful events.

Typical Failures:

Explosion.

Combustion.

Corrosion.

Malfunction of electric or
electronic device.

Deformation or destruction.
Disappearance of useful object or
substance.

:{ General Failure Mechanism:

‘ypical Failures Checklist Resources Checklist

Checklist

-::} Gradually increasing effects
-:-:t Critical effects

L Trigger mechanisms

-} Probabilistic effects

-t Sporadic effects

-} Failure as the result of a

:]  systemic effect

i+ Creation of a new, harmful
-] system

-+ Chains of harmful events
.-+ Time-dependant harmful
mechanisms

-2+ Failure mechanisms that

-] include feedback

-} Failure mechanisms

-] resulting from mitigation

| measures

Auxili

Substances

Fields

Space Resources

Time Resources

Functional Resources

Information that can be
obtained from the
system

Systemic Interactions

Change Interactions

Differential resources

xplosion
ombustion
orrosion

isturbance of the
system’s useful
functioning
ppearance of harmful

Inherent resources
Organizational resources
Small failures and
disturbances
Hazardous elements
Control devices
Protection systems

hani

Functional
Analysis Data

Time-dependant harmful
mechanisms.

Failure mechanisms that include
feedback.

Failure mechanisms resulting from
mitigation measures.

Auxiliary mechanisms.

Appearance of harmful object or
substance

Disturbance of the system’s useful
functioning.

Appearance of harmful effect in the
system.

Failures over the product life cycle.

Formulate prediction
problem

{ .

Identify obvious Risk |

Obvious Risk
Scenarios

Action chain
success scenario

f

Scenarios

List of resources
present in the

Identification of all

\J

resources presentin

the system system
Y
P Production of Failures List of possible
by all possible Failure  f—fp- failures and
_» Modes failure modes
4
Grouping of Failures List of Risk
and Failure Modes i f—p- Scenarios
Risk Scenarios L

Fig. 4. The checklists provided by TRIZ used toagete risk scenarios
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The result is a list of potential failures that nm@ocur in the studied system, together
with information on how these failures can be pmtl The last information is especially
valuable, because it gives us the information bthalpossible failure modes.

The last move in this step is to group the failun@® risk scenarios (or chains
of functional failures) in the aim to document ttedations between the failures (Fig. 4).
Again an important step, since one failure can lb@lare mode for another failure and so
on.

2.3. CONSEQUENCE EVALUATION

By completing the previous step of failure predintiwe’ve got a list of all possible
risk scenarios, i.e. the chains of all the evelmés tan lead to the technical system’s failure
(ie. inability to provide a required function). Npwhese scenarios have to be completed
with evaluation of the consequences they may hBlve.causality of the analysis process so
far, provides that the consequences of the riskagoes are ultimately the consequences
of the failures themselves. Based on the RCM direstthese consequences can be
classified as hidden failure consequences, safely anvironmental consequences,
operational consequences, and nonoperational coaesegs, and then ranked for severity.

2.4. MAINTENANCE TASK DESIGN

The task selection process proposed by RCM is kthaight out strategy focusing on
consequences of the failures. Two types of taskdaaeseen — in the first place a proactive
task, aimed to prevent the item from getting intaited state should be selected. Proactive
tasks are: scheduled restoration, scheduled disoaitdon-condition maintenance. Default
actions are chosen when it is not possible to ifleah effective proactive task, and include
failure finding tasks, running to failure, and rewm. The task selection process is shown in
Fig. 5.

Failures with safety or Failures with operational Failures with non- operational
environmental consequences consequences consequences

| | l l

Is there a thrchnically Is there a thrchnically Is the cost of doing a proactive Is the cost of doing a
feasible proactive task that feasible proactive task that | __|task higher than the cost of the | proactive task higher than
reduces the risk to an reduces the risk to an operational consequences plus the cost of repair over the

Hidden failures

acceptably low level? acceptably low level? 4P—’—P;’e air over the same period? same period?
NO YES YES
i Is the cost of doing a no- Is the cost of doing a no-
Is there a possible .
vt scheduled task higher than scheduled task higher than |

scheduled failure-finding ——P——— the cost of the operational the cost of repair over the

task? N
YES consequences plus repair same period?
over the same period?

I

YES NO
NO
4
Ly Proactive task
(Scheduled restoration, Default Action/
Scheduled discard D Run to failure
On-condition maintenance

YES

NO|

" "
Default Action/
Redesign the item

Fig. 5. The task selection process in RCM

Default Action/
Failure-finding
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The functional analysis and failure prediction peried ahead provides us here with
exactly the information we need - the documentedtesy structure, functional
decomposition and consequences of functions natgbdelivered. It is now possible to
identify necessary changes in order to improvesystem'’s reliability. For that we apply
the TRIZ concepts for eliminating or preventingudess [3]:

= Avert the causes of failure by:
Eliminating triggering events.

that are easier to cope with.
= Stop the effects of failure by:
Localizing its harmful effect.
Reducing the effect.
"Blending in" defects.

Facilitating detection.
Creating a compensating effect.

Apply a task with harmful effects

Transient using of a harmful effect.

= Eliminate the failure by:

Remove or change the source
of harm.

Modify the harmful effect.
Counteract the harmful effect.
Isolate the system from the harmful
effect.

Increase the system’s resistance to
harmful effect.

Modify or substitute the effected
object.

These guidelines and design principles can alsp kelreveal useful changes in

technical systems’ and components’

functionality iotroduce new useful functions.

Eliminating failures can itself reduce the need fomintenance activities. After all,

according to the TRIZ concept of ideali
no need for maintenance.

ty, the agnto create an ideal system that will have

Production objectives,

The RCM process New investments/ equipment plans

Structural and
Fovmal deslgn theory functional analysi

QH

Functions and associated
performance standards of the
asset in present operating context

Structural
model of the

In what ways does the asset fail to

fulfil its functions? Maintenance objectives

asset

What causes each functional

failure? Development of people skills

Identification of
functional failures,

What happens when each failure

occurs? Planning, budgeting,

Control,

modes and risks

of the asset
Anticipated Failure
Determination

In what way does each failure
matter? (Consequences)

Audits, benchmarking
Systems,

List of risk
scenarios

What can be done to predict or
prevent each failure?

I A

What should be done if a suitable
proactive task cannot be found?

RCM decision logic

v

A

Maintenance Strategy
(Maintenance Plan) Equipment Performance

==

Asset Strategy
(Maintenance Tasks)

ive or
default tasks

Reliability and

maintainability data
analysis

Fig. 6. The RCM in the context of a close-loop n@mance process

Needless to say that functions and componentsdated are evaluated again with

this framework in order to ensure that
This mechanism is exposed in Fig.
maintenance function.

no harmftéas are created by the improvements.
6, which shows ih the context of the whole
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3. APPLICATION OF THE PROPOSED METHODOLOGY ON A MA{INE TOOL
SPINDLE HEAD

The methodology is now exemplified by analysis @jpandle unit in a T-type milling
machine. The studied machine was build based cgrenefe architecture developed in
a research project ‘MAREA’ [1], which directly prioles us with lists of the recognised
functions. See the Table 1 below. Observe thatbéh&ic functions refer to functional
modules, and the elementary functions refer tormalefunctions of technical systems
(actions chains) delivering the basic functions.

Table 1. Basic and elementary functions of a macbimorkstation

Basic Functiong Elementary Functions Basic Elementary
Functions Functions
: Tool Cutting Rotation Pallet Loading
Cuttm_g Workpiece Cutting ,
Rotation Rotation Pallet Exchangé Pallet Changing
: Rectilinear Motion Pallet Storage
Motion
Rotational Motion Waste Removal Waste Removal
Tool Blocking Central Control Central Control
Tool Holding | Tool C;Iampmg for Process Casing Process Casing
Rotation
Workpiece Workp@ece Blockir_1g - Hydraulic System
Holding Workple(_:e Clamping AUXI.|IaI‘y Pneumatic System
for Rotation service supply
Process Cooling Process Cooling Electric System
Tool Loading
Tool Exchange | Tool Changing
Tool Storage

In the rest of this paper we are studying functidool Cutting Rotation” delivered by the
technical system “Spindle Head".

3.1. FUNCTIONAL ANALYSIS OF THE SPINDLE HEAD

At the first system level, the identified spindlesld’s functions are:
* To rotate the tool holder at the required angukloeity, within a specified
maximum deviation in both length and direction.
* To protect components from the working environment.
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* To ensure safety for the working environment.
* To avoid environmental damage.

The internal functions necessary to deliver thevabeentioned functions are:
» Spindle drive provides power.
» Central Control regulates Spindle Drive speed.
» Spindle drive provides power.
* Belt mechanism transmits power to Spindle Shatft.
» Spindle shaft rotates Tool Holder.
» Bearings provide support for the Spindle Shaft.
» Tool receptacle provides tool holder positioning.
* Tool Clamping System provides closed loop force.
» Spindle Housing isolates components from the enwent.
» Cooling System provides coolant to the Tool Holideough the Spindle Head
* Pneumatic system provides compressed air.
» Lubrication System provides lubricant to necessamponents.

Following the steps of the proposed method we asquired a complete list
of interfaces between functions and componentsethey with a set of performance
standards associated with the internal functiong. (@maximum radial and axial run-out,
acceptable range of revolution etc.) and a sehmiits and outputs to and from our system
(e.g. energy, heat, vibration etc.). A structurabdel of the spindle at the first level
of decomposition is shown in Fig. 7.

3.2. IDENTIFICATION OF FUNCTIONAL FAILURES, FAILURBVMIODES AND FAILURE CONSEQUENCES

The prediction problem is now formulated as follows

“There is a system called spindle head for delingrihe following functions:

 To rotate the tool holder at the required angulaelocity, within a specified

maximum deviation in both length and direction.

* To protect the components from the working envimm

* To ensure safety for the working environment.

* To avoid environmental damage during its operation.
It is necessary to ‘produce’ all the possible unds effects that can occur within, or as
a result of, this system and to identify the waysvhich these undesired phenomena can
occur.”

Now, step by step, as described above, we systatigtidentified all the possible
failure modes corresponding to the known functidadures. The failure modes were then
further reviewed by use of the idea of intensifmatand masking of their effects. Also the
operating conditions and the effects of failuresemexaggerated in order to reveal further
failure modes and effects that were not obvioushat occur only in extreme conditions.

The analysis resulted in over a thousand failuredesodocumented in form
of hierarchical lists representing the cause afetefelationship between the failure modes
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» Tool Holder rotational speed is lower than required

» Tool Holder rotation is imbalanced.

(see Table 2). Based on it, we could also creatéalfowing three failure scenarios:
» Tool Holder does not rotate.
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Fig. 7. The functional model of the spindle heathtecal system. First level of decomposition
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In Table 2 below we show a fragment of such a clddirevents from one of the risk
scenarios. The failure effect at the top levehiréased heat. Failure modes in bold, mean
that they have also other failure modes that caenpally cause them.

Table 2. A chain of possible failure modes that camse increased heat in the system

1 Increased Heat in the system
1.1 Increased friction between moving components
111 Improper lubrication of contact areas
1111 Disappear ance of lubricant
11111 L ubricant evaporation
11112 Damaged lubrication tubes cause leakage
11113 Fittings lose sealing properties, causing leakage of lubricant
1.1.1.1.4 Large wear particle clogs lubricationesib
1.1.1.15 Clogging of lubrication system outside 8pindle Head boundaries
1.1.1.1.6 Leakage of lubrication system outsideSpimdle Head boundaries
1.1.1.1.7 Inadequate quantity of lubricant in lahtion system
1.1.1.1.8 Damaged control valves of lubricatiorteys
1112 Improper lubricant properties
11121 Improper lubricant viscosity
11122 Contamination of lubricant
1.1.1.2.2.1 Improper sealing of lubrication system
1.1.1.2.2.2 Improper storage of lubricant
1.1.1.2.2.3 Poor filtering of lubrication system
1.1.1.2.24 Water contaminates lubricant
1.1.1.2.25 Increased presence of wear partiobes fontacting surfaces
1.1.1.2.2.6 Oxides from corrosion contaminate ledot
1.1.1.2.2.7 Wear particles from tubes contaminatbei¢ant
1.1.1.3 Lubrication system failure
Thermal deformation exceeds tolerances, hindetibgdant application on contacting
1.1.1.4 surfaces
1.1.15 Foreign particles hinder lubricant applaat
1.1.1.6 Surface deterioration hinders lubricantiapfion

3.3. CONSEQUENCE EVALUATION AND MAINTENANCE TASK DBIGN

The developed chains of possible failures modespetully complete regarding all
the known phenomena — allow now for a straight oy linear process of consequence
evaluation and deciding how each of the failure esodill be addressed. This is shown in
Fig. 5 above. RCM itself offers very efficient metls for this purpose, so we will not go
into it here in detail.

4. CONCLUSIONS

About 70% of all failures encountered during opera originate from decisions
made in the design phase of the equipment. Thimasly due to lack of integration
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between design and operations, an unclear, widadpishort-term minded management
practice within maintenance, and lack of propernecoical models allowing tracking
of maintenance related costs in the context ofathele life cycle. It is then of great interest
to explore the possibility of integrating the desigperations and maintenance phases in
a systematic way that would allow better contraro@quipment availability.

An important lead in this context is establishirfgan efficient, systematic and formal
method allowing identification of failure modes aaffects in a predictable way. In this
paper we presented and exemplified such a methiogl.r@sults are very promising. The
process was easy to handle despite of the huge eruailfunctional failures and failure
modes (more than one thousand). Use of the diffefeecklists and strategies to identifying
them was manageable. The use of AFD platform préwduse very helpful. It provides very
efficient guidelines how to analyze the systemamis of events, scenarios and harmful
effects, and delivers on a silver plate a detaaled consistent prediction process that reveals
numerous ways of producing a failure. It also teiggwhat is described in TRIZ as
“inventive” thinking.

The use of Hubka and Eder’s concepts about engmgedesign was very helpful in
this context for two reasons. Firstly, becauseofeihg these principles results in a well
thought-out, and detailed description of the syssémncture, functionality, and behavior. In
addition, this description is fully compatible withe AFD input requirements. Secondly,
because both methodologies identify causality ascibre of the technical processes and
functions. Something that is absolutely necessargind the development of failure
scenarios. The formulated engineering design poiesi can also expose the required
functionality already at the conceptual level.

We are at the beginning of the road (and beliewa ithis the right one), and a lot
of research is still ahead of us. Probably the nawgent task for now is development
of a knowledge base system that would help us tal ddgth the huge amounts
of information used during the functional analyj8k
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