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Abstract

Even though 3D modelling and 3D scanning have been industry standards in casting de-
sign and measurement for a long time, casting tolerance standards still usually rely on
complete definition of castings in 2D drawings and linear dimensional tolerances. ISO
8062-4, published in 2017, is based on a general surface profile tolerance instead of sep-
arate dimensional tolerances, thus forming a logical connection between 3D modelling,
tolerancing and 3D scanning. As the contemporary 3D methods are prominently used, the
outdated ISO 8062-3 should be replaced with the new standard in casting tolerance defi-
nition.

In this thesis, possibilities to include casting tolerances in casting CAD models are exam-
ined. The aim is to create dependent but separate 3D models that depict the allowed min-
imum and maximum state of the casting as allowed by the casting tolerance. The benefits
of these tolerance models are evaluated considering quality verification, strength calcula-
tions and collision detection. ISO 8062-4 casting tolerance and a traction sheave from an
NMX hoisting machine are used for modelling case study. In addition, different measure-
ment methods are reviewed to determine guidelines for casting measurement based on
contemporary methods and standards.

The case study revealed that tolerance model construction is difficult and time-consuming
compared to the achieved benefits. Therefore, no implementation to every casting by de-
fault is recommended. Attention was also paid to modelling techniques and conventions
that should be followed regardless of the tolerance models. 3D scanning should be utilised
in casting quality verification because of its coverage, speed and ability to compare
scanned 3D model directly to the nominal model. Measurement instructions were deter-
mined considering the requirements of ISO 8062-4 and the possibilities and restrictions
of 3D scanning. An exemplary casting drawing of the traction sheave was created accord-
ing to ISO 8062-4. Digital 3D product definition and 3D scanning were taken into account
when determining the drawing indication.

Keywords casting tolerance, 3D scanning, ISO 8062-4, digital product definition
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Tiivistelma

Vaikka 3D-mallinnus sekd 3D-skannaus ovat jo pitkdan olleet vallitsevat suunnittelu- ja
mittausmenetelmit valuteollisuudessa, valutoleranssistandardit nojaavat pitkalti viela
valujen taydelliseen esittimiseen 2D-kuvissa sekd lineaaristen mittojen tolerointiin.
Vuonna 2017 julkaistu ISO 8062-4 perustuu yleiseen pinnanmuototoleranssiin yksittiis-
ten mittojen toleroinnin sijaan, jolloin uusi standardi muodostaa ehyen ja loogisen jatku-
mon 3D-mallinnuksen ja 3D-skannauksen kanssa. Nykyaikaisia menetelmia kiytettdessa
onkin syyta korvata vanhentuneisiin tyokaluihin perustuva ISO 8062-3 uudella standar-
dilla valutoleranssien maarityksessa.

Tassa tyossa selvitetdan, miten valutoleranssin saa parametrisesti sisillytettya valukap-
paleen CAD-malliin, jolloin erilliset mallit kuvaisivat toleranssin sallimia valun minimi-
ja maksimitiloja. Minimi- ja maksimitilojen mallien hy6tyja arvioidaan laadunvarmistuk-
sen, lujuuslaskennan ja tormaystarkasteluiden kannalta. Toleranssimallien luonnissa
kaytetdan standardin ISO 8062-4 mukaisia toleransseja seka malliesimerkkina NMX-his-
simoottorin vetopyoraa. Lisaksi tarkastellaan eri mittausmenetelmii, ja pyritdan maarit-
tdmé&an suuntaviivat nykyaikaisiin menetelmiin ja standardeihin perustuvaa mittausoh-
jetta varten.

Tarkasteluissa havaittiin toleranssimallien mallinnuksen olevan tyolastad saatavaan hyo-
tyyn nidhden, jolloin niiden sisillyttaminen oletuksena jokaiseen valuun ei ole jarkevaa.
Tarkastelun yhteydessa kiinnitettiin huomiota myos mallinnustekniikkaan ja tapoihin,
joita tulisi valusuunnittelussa noudattaa riippumatta toleranssimallien kaytostd. Valujen
mittaamisessa tulisi ensisijaisesti hyodyntaa 3D-skannausta, jossa nimellisti CAD-mallia
verrataan skannattuun 3D-malliin, ja joka kattavuutensa ja nopeutensa ansiosta onkin
yleisesti kiytossa valuteollisuudessa. Mittausprosessin kulku maaritettiin samalla huomi-
oiden standardin ISO 8062-4 vaatimukset sekd 3D-skannauksen mahdollisuudet ja ra-
joitteet. Malliesimerkkina kaytetystd vetopyorasta laadittiin ISO 8062-4:n mukainen va-
lupiirustus, jossa huomioidaan myos nimellisen muodon maaritys CAD-mallilla seka 3D-
skannauksen kaytto laadunvarmistuksessa.

Avainsanat valutoleranssi, 3D-skannaus, ISO 8062-4, digitaalinen tuotemaarittely
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1 Introduction

Casting is one of the most common metal manufacturing processes, referring to a family of
metal forming techniques in which molten metal takes the shape of a mould when cooled
and solidified. Several different casting methods exist, suitable for different metals, casting
sizes, and geometries. The accuracy of castings varies accordingly. The desired accuracy is
controlled by defining a casting tolerance, a system determining the allowed deviations from
the designed ideal form.

KONE is an international corporation manufacturing elevators, escalators and automatic
doors. With its over 50 000 employees and a revenue of over 8 billion euros, it is one of the
biggest companies in their field. At KONE, many hoisting machine components are ma-
chined castings, including the machine bodies and the traction sheave. The quality of the
components is particularly critical in elevator industry because of the safety aspect of the
products. The official regulations must be met to ensure the safety of the passengers in the
elevator car.

The quality and dimensional accuracy of the castings are often a topic of debate between the
foundry and the customer. Moreover, the currently used casting tolerance system based on
ISO 8062-2 and 8062-3 is not fully compatible with today’s 3D world, but rather stuck to
2D era. In contrast, casting design as well as pattern manufacturing utilise 3D modelling
extensively, and modern measurements methods rely on 3D scanning techniques.

This thesis answers the question "How castings should be designed so that they are reliably
verifiable using contemporary measurement methods?” The expected result is a defined in-
structions framework for the casting from designing to measurement table considering cur-
rent technologies and tools. An update in the process is needed, because currently used cast-
ing tolerance standards are often outdated and no standard procedure exists for casting qual-
ity verification, especially considering modern 3D scanning solutions. All in all, the syn-
chronisation of CAD modelling, casting drawings, digital product definition and 3D meas-
urement needs standardising.

To achieve the said goal, casting design aspects are reviewed with emphasis on 3D model-
ling, casting tolerance systems are compared, and possible measuring technologies are ex-
amined and their suitability for castings is evaluated. In addition, parametric modelling tech-
nique is reviewed to determine whether any benefits can be acquired from incorporating the
casting tolerance limits to CAD models parametrically.

Parametric models are widely utilised with configurable products, but less attention has been
paid to their possible benefits for quality verification considering tolerances. True, many
tolerance analysis tools integrated in CAD environments are available, but they are intended
mainly for machined parts instead of casting quality verification. In this thesis, casting tol-
erances are incorporated into casting CAD models to generate the maximum and minimum
states of the casting as separate models. Furthermore, the usability of these tolerance models
in quality verification as limit references is evaluated. Beside the measurement, the tolerance
models might be useful in collision detection in assemblies or strength calculations. These
possibilities are examined as well. Based on the tolerance system review, the most suitable
system is selected as the basis for the tolerance parametrisation and for the definition of new
measurement guidelines.



As a case study, the parametrisation if performed to an NMX hoisting machine traction
sheave. Moreover, the traction sheave is considered when determining the casting tolerances
and the measurement procedure. The casting drawing of the traction sheave is updated to
correspond to the newly established guidelines.
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2 Casting in General

Casting is a metal manufacturing process where a workpiece is formed when molten metal
is cooled and solidified in the shape of a mould. Casting is one of the oldest known ways to
process metal, and hast been developed into a myriad of different techniques for different
materials and purposes. The size of castings varies from small precision-cast gears or turbine
blades to marine engine blocks weighing tens of tons. The wide use is based on the freedom
of shape combined with the reasonable costs. In this section, a few of the most common
casting methods and materials are reviewed. Sand casting and cast irons are emphasised
because of their frequency and their relevancy for the case study performed in the thesis.

2.1  Casting Methods

Casting methods are roughly categorised to expendable mould methods and permanent
mould methods based on the reusability of the mould. Expendable mould methods can be
further divided into permanent pattern methods and expendable pattern methods.

211 Sand casting

Sand casting is an expendable mould method where the primary mould material is quartz
sand blended with adhesives. The mould can be produced either by hand or by machine
moulding by filling sand in a flask with the pattern leaving a cavity in the mould. This is
demonstrated in Figure 1. Modern 3D printing technologies allow also additive manufactur-
ing of sand moulds. Gating systems are included to create a path for the melt to flow into the
cavity. Typically, the sand is squeeze moulded with bentonite providing the adhesion to so-
lidify the sand mould. With other adhesives, chemical hardening or heat treatments are also
possible methods to bind the sand together. The mould consists of at least two halves both
of which are moulded with their own patterns. Internal shapes can be achieved with cores,
pieces of mould material placed inside the actual mould. When the workpiece has been cast
and cooled, the sand mould is broken by e.g. vibration. The gating system as well as flashes
and fins are removed, and the final casting is cleaned.

a) b)

c) d)

e) D
Figure 1. Sand casting process. A) first half of the pattern in a flask, b) second half of the
pattern, c) first half of the mould, d) second half of the mould, e) assembled mould, f) solid

casting.
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In a typical foundry, the sand is machine moulded in a flask the size of which determines the
maximum casting size. The mould consists of only two halves since the automated machine
moulding and pattern removal is done in only one direction. Cores can be used of course,
but the drafts are determined only by the seam of the two halves. Today, the patterns are
usually machined, and can be manufactured from e.g. plywood, but metals are extensively
used when the pattern must withstand more moulding cycles. The flasks and the pattern are
used repeatedly in an automatic production line, and even the sand obtained from broken
moulds is returned to the cycle, although adhesives must be added. Hand moulding is typi-
cally used only when the casting is too large to be machine moulded, the mould is too com-
plex with several separate parts, or the batch size is very small.

Sand casting is relatively cheap and simple. Furthermore, the size range is wide. It is suitable
for many materials, including iron, steel, and aluminium. For these reasons, sand casting is
one of the most used casting methods. The surfaces are quite rough because of the granular
nature of the mould, and the accuracy is worse than many other casting methods. Therefore,
sand castings are often machined to achieve sufficiently accurate and smooth functional sur-
faces. [1]

21.2 Investment casting

Investment casting is an expendable mould and expendable pattern method where the pattern
is manufactured from wax or certain plastics. A ceramic mould is produced by repeatedly
submerging the pattern into a liquid coating material that, once cured, forms a solid mould.
To remove the pattern, the mould is then heated to melt the wax. After pouring and cooling,
the mould is broken from around the casting.

In the past, manufacturing of the pattern has limited the complexity of shapes of investment
castings. Currently, 3D printing has been utilised also for waxes, allowing more geometri-
cally diverse patterns to be cast. Investment casting provides high accuracy and low surface
roughness, and it is suitable for nearly all metals. The method allows shapes that would be
impossible with a traditional two-piece mould. Cores, however, are more difficult to include
in the mould. Furthermore, the method is expensive, and the casting size is limited to only
small pieces. Typical applications include aerospace and power generation components,
most prominently turbine blades. [1]

21.3 Other expendable mould methods

Shell moulding is a sand casting method, where the mould is produced by coating the pattern
with sand, forming a thin-walled shell around the pattern instead of squeeze moulding in a
flask. The sand contains resin that is hardened by heating. The accuracy and surface quality
of shell moulded castings is better than traditional sand castings.

Plaster moulding resembles sand casting, but the mould material is gypsum plaster instead
of sand. Thermotolerant and fibrous additives are blended to the plaster to improve temper-
ature tolerance and strength of the mould. The accuracy and surface quality of plaster
moulded castings are superior to sand castings, but only materials with low melting point
can be used as the plaster mould disintegrates in high temperatures. Possible materials in-
clude alloys of aluminium, magnesium, zinc and copper. [1]



12

21.4 Die casting

Die casting refers to a family of permanent mould casting methods where the melt is led to
the mould cavity under pressure. The cavity is formed by two mould halves called dies,
usually manufactured of tool steel. When solidified, the die casting machine opens the mould
and removes the workpiece from the die using ejector pins. Two types of die casting ma-
chines exist: hot-chamber machine, where the pump and the melt are located in the same
machine, and cold-chamber machine, where the material is melted in a separate furnace out-
side the machine. Hot-chamber machines are suitable for materials with low melting point,
and cold-chamber machines must be used with higher temperatures to avoid heat damage to
the pumping system.

Die casting is mostly used for non-ferrous metals and relatively small workpieces from under
a kilogram to tens of kilograms. Since the moulds are machined, the accuracy and surface
finish are excellent. The pressurised cavity filling allows more complex shapes and thinner
walls than traditional pouring. However, the tooling is expensive, and therefore die casting
is profitable only with very large batches. [1]

2.1.5 Other permanent mould methods

Centrifugal casting can be used to produce hollow, axially symmetrical castings. The
mould rotates, forcing the melt against the walls of the mould. An open cavity is thus formed
in the middle of the casting without a core. Centrifugal casting is used for cylindrical pieces
such as pipes and valves. Possible materials include many metals, glass and even concrete.

Continuous casting is a method used for profiles and pipes. The mould is water-cooled so
that the profile can be pulled through the mould as the material solidifies. Melt flows to the
other side to fill the mould as the solid part is retracted. The use of steel is limited, but irons,
aluminium and copper alloys are more widely used. [1]

2.2 Casting Materials

2.21 Introduction to cast irons

Cast irons are alloys of iron that include at least 2 % carbon. With lower carbon content, the
material is called steel. Cast irons may include also other alloying elements, such as silicon,
manganese, chromium, molybdenum or nickel. 2.14 % is the maximum amount of carbon
soluble in iron in any circumstances, and the excessive carbon is precipitated to separate
phases, forming different microstructures with different casting parameters. [2]

Figure 2 shows the iron-iron carbide phase diagram. The diagram shows the allotropes of
iron as a function of temperature and carbon content, with a referring to ferrite, y to austen-
ite, L to liquid, and Fe;C to cementite (iron carbide). Ferrite is very soft and ductile, whereas
cementite is hard and brittle. In pure iron-carbon alloy, no stable austenite can occur below
727°C. Nonetheless, with sufficient alloying with austenising elements, austenitic steels can
be produced.

Simplified, the figure shows that as the temperature decreases, austenite is turned into ferrite
in austenitic transformation. [3] Ferrite can dissolve considerably less carbon than austenite,
and cementite (and graphite) is formed. More iron is precipitated as cementite or graphite
when the carbon content increases. With a carbon content of 6.7 per cent, the material con-
sists entirely of cementite. [4] The point on the border of liquid and y + Fe3;C phases at 4.3
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% carbon is called the eutectic point. With the said carbon content, the melting point is the
lowest.

By alloying iron with relatively large quantities of carbon and silicon, the composition is
brought near the eutectic point to lower the melting point, improve fluency and allow the
forming of graphite. Moreover, cooling rate and inoculation providing crystallisation nuclei
also affect the amount of graphite, with slow cooling resulting in more graphite and less
cementite. As opposed to graphite irons, white irons contain no free carbon as graphite, but
the carbon is bound as carbides. [5]
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Figure 2. Iron-iron carbide phase diagram. [3]

A microstructure consisting of lamellar layers of ferrite and cementite is called pearlite. The
layers are oriented in the same direction within a grain, but the orientation varies from grain
to grain. [3] Pearlitic structure is achieved in austenitic transformation with a relatively low
cooling rate. [5] Even though cementite is hard and brittle, the greater proportion of ferrite
makes pearlite still quite ductile. [4] Also bainite can be produced in the austenitic transfor-
mation. Bainite is a strong steel microstructure consisting of ferrite and cementite, shaped as
very fine needles or plates. Bainite requires faster cooling in order to prevent the austenite
from diffusing into pearlite. [5][3] When the material is quenched into even lower tempera-
tures, strong and hard martensite is formed, another allotrope of iron. Ledeburite is a eu-
tectic mixture of austenite and cementite found in white irons. Ledeburitic microstructure is
hard and brittle, and is formed with fast cooling and low silicon content. [4]
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22.2 Greyiron

Grey iron is the most used casting material. The graphite forms lamellar flakes in either
entirely or partly pearlitic matrix, the rest of the matrix being ferritic. [2] The microstructure
of grey iron visible on the left in Figure 3. When the graphite crystallises, the volume of the
material increases, compensating for the solidification shrinkage. Therefore, the castability
of grey iron is excellent. Because of the shape of the graphite, grey iron dampens vibrations
and conducts heat well, but on the other hand, it is mechanically weak and brittle as the load
is mainly carried by the thin matrix strips between the graphite flakes. The graphite helps
preserve oil film on lubricated sliding surfaces, making grey iron a lucrative material for
tribologically challenging applications. Grey iron is also very well machinable, especially
when the matrix includes soft ferrite. The graphite flakes cause the chips to be short, and
diminishes the wear of the tools due to its lubricating properties. Welding is not easily pos-
sible because of the brittleness.

Grey iron is typically used in low-cost applications with moderate mechanical load. How-
ever, its other properties allow using it more widely. For its heat conductivity and lubricating
properties, grey iron is a valid option for e.g. combustion engine components. Because of its
vibration-damping ability, it is well suitable for machine bodies and frames. [5]

Ductile

Figure 3. Grey iron, compacted graphite iron and ductile iron graphite structures. [6]

2.2.3 Spheroidal graphite iron

Spheroidal graphite iron (also SG iron or ductile iron) contains the graphite as spherical
nodules as seen on the right in Figure 3. The nodular graphite structure is accomplished by
inoculating the molten iron with specific spheroidisation compounds, often including mag-
nesium. The matrix of ductile iron consists of ferrite and pearlite. Ferritic structure increases
ductility but decreases strength. The more pearlite the iron contains, the stronger the mate-
rial. Pure ferrite phases often occur around the graphite nodules as the carbon is retracted
into the nodule from its vicinity.

Ductile iron is stronger than grey iron as there are no graphite flakes dividing the matrix.
The material is stronger when the nodules are small-sized but their amount is large. The
mechanical properties can be even comparable to structural steels. [5] Generally, ductile iron
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i1s well machinable. It is not as hard as grey iron, and the quality of machined surfaces is
good, but it requires greater cutting forces because of its greater strength. The weldability is
not optimal because brittle carbides are formed in the heat-affected zone. [5] However, the
quality of the weld can be improved with sufficient pre-heating. Due to its low cost, simplic-
ity of casting and its steel-like mechanical properties, the industrial application possibilities
of ductile iron are extremely broad. [7]

224 Compacted graphite iron

Both the mechanical properties and the microstructure of compacted (or vermicular) graphite
iron lie between those of grey iron and ductile iron. The microstructure is shown in the mid-
dle in Figure 3. The graphite shape is obtained by carefully controlled, incomplete spheroi-
disation of the graphite, and resembles the flakes in grey iron, although with rounded edges.

Compacted graphite iron is used when the properties of grey and ductile iron need to be
combined. It is stronger than grey iron, but conducts heat and dampens vibrations better than
ductile iron. Therefore, it is used as a compromise solution for thermally stressed applica-
tions where greater mechanical strength is required than grey iron can provide. Typical uses
are engine blocks, cylinder heads, gearboxes and turbochargers, especially with high-perfor-
mance applications where light weight is a critical requirement. [5][6][8]

2.2.5 White iron and malleable iron

White iron contains no carbon as free graphite, but the carbon is bound to cementite and
carbides of other alloying elements. The microstructure is ledeburitic. White iron is very
hard and brittle. Consequently, it is difficult to machine and has therefore little practical use.

However, white iron is used to manufacture malleable iron through annealing. The long heat
treatment leads again to the forming of graphite, resulting in mechanical properties compa-
rable to ductile iron. Malleable iron is ductile and weldable. However, the use of malleable
iron has decreased as the popularity of ductile iron has in turn increased. [5]

2.2.6 Austempered irons

Austempered irons are produced by heating the iron to 850-950 degrees Celsius to austenise
the matrix. Then, the iron is quenched into a salt bath the temperature of which is 250-450
°C, and subsequently cooled down. The temperatures and times of each step alongside with
many other process variables determine the amount and stability of austenite formed in the
material. Mechanical and tribological properties of austempered ductile iron (ADI) are su-
perior to even most steels. Grey iron can also be austempered (AGI), but lower strength
limits its use. [5]

2.2.7 Steel

Cast steels are alloys containing less than 2.1 % carbon, although often less than 1 %. Many
different cast steel types exist, categorised by their intended use. [2] Because of its high
shrinkage and higher melting temperature, the castability of steel is quite poor compared to
irons. Steel is a viable option for casting material only when very specific mechanical prop-
erties are required (although ductile iron is as strong or even stronger [5]), or weldability of
the material is critical.
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2.2.8 Other materials

Aluminium is used for lightweight or corrosion-prone applications, and is often produced by
die casting. When the weight is even more critical, magnesium may be used. Typical appli-
cations are automotive and aerospace components as well as hand-held motorised tools.
Magnesium is problematic to cast because of its low boiling point and high reactivity. Again,
die casting is the most used method. For very corrosive environments, copper alloys are
possible. When more strength is required, aluminium bronze or brass may be used. Zinc is
very well castable for its low melting point, and is usually die cast. Possible uses include
automotive components and corrosion prevention. [9]

2.3 Designing Castings
2.31 Basics

Usually the mould consists of at least two halves, but complex shapes might require more
mould components. Parting surface separates the mould halves. Internal shapes are created
using cores that leave open cavities within the casting. The parting surface is not necessarily
a plane, but can be also a curved surface to adapt to the geometry of the casting. Neverthe-
less, simplicity should be pursued in casting design to avoid unnecessary costs.

Any surfaces parallel to the opening direction of the mould must be drafted. With expendable
mould methods such as sand casting, this allows the pattern to be removed from the sand
mould with ease. With e.g. die casting, drafting allows the casting itself to be removed from
the die. Counterdrafts — surfaces angled so that pattern removal is hindered — are not allowed.
When the mould consists of more than two parts, the drafts must be directed according to
the assembly order of the mould. Rounds must be added to corners to remove sharp edges.
Especially with sand castings, sharp outer corners in the mould break easily, and inner cor-
ners might not entirely fill with the melt. Furthermore, rounded corners ease the removal of
the pattern or the casting from the mould. Sufficient machining allowances must be included
in the nominal dimensions to ensure successful machining.

The flow of the material is crucial in order to achieve solid components with the melt filling
the entire mould. Sudden changes in the cross section must be avoided to prevent porosity
in thicker areas of the casting. Most methods, including sand casting, rely on mould filling
by gravity. Therefore, the mould must be designed so that the material flows freely down-
wards, and upwards flow must be avoided. The minimum wall thicknesses depend on the
material and the used method. For instance, thinner walls are allowed with die casting since
the material is forced to the cavity under pressure instead of only gravity. Not only the wall
thickness affects, but also the length of the thinnest part. The further the melt must flow in a
thin canal, the faster it cools down.

The pattern must be scaled before casting as the shrinkage affects the dimensional accuracy.
Moreover, the gating system with feeders must be added to the pattern and mould. These
operations are usually done by the foundry rather than being designed by the customer. How-
ever, the designer still needs to consider the gates and sprues to leave enough room to their
intended locations. When 3D CAD is utilised in casting design, the casting process can be
simulated using the CAD model, and corrections to the model can be made based on the
simulated flow and solidification of the melt.
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The utilisation of the listed basic principles depends on the casting method. For instance, in
investment casting, the wax pattern is removed from inside the mould by melting and the
mould is broken from around the final workpiece, obviating the need for a multipart mould
or drafting. Furthermore, designing die castings requires considering the machinability of
the mould, ejector pins and the limitations of the used machine. [10][11]

2.3.2 3D-modelling

Even though a casting can be fully defined using only a machining drawing and leave the
calculation of casting nominal dimensions for the foundry, a common practice is to order
castings using only the 3D CAD model. Defining castings with a digital 3D model is cur-
rently the industry standard, and the model is used as the master representation. The casting
drawing is mainly intended to indicate casting specifications and tolerances, whereas the
actual product shape definition is done with the CAD model.

3D modelling benefits in many ways any design tasks, but the advantages are even more
prominent with castings. As a manufacturing method, casting supports curved or complex
features well and with reasonable costs, at least when compared to e.g. machining. Further-
more, castings must include draft surfaces and rounds, adding to the irregularity of the sur-
faces. As a result, defining every feature of the casting unambiguously in a 2D drawing
becomes difficult. The more complex the part, the more arduous the 2D definition. When
the 3D model is used as the master representation, the role of the drawing changes, and there
is no longer need to show every dimension or feature in the drawing. In conclusion, usage
of 3D models simplifies the product definition, thus saving recourses from both the designer
and the foundry.

A common modelling order with castings is as follows:
1. Base shapes,

2. cuts and holes,

3. definition of parting surface,
4. drafts,

5. rounds.

Casting modelling tools are included in many modern CAD software packages, and even
separate casting design extensions exist. This is to help with features only found in castings,
such as drafts. The benefits of using 3D models are not restricted to the ease of representation
and design, but the models can also be used as references in quality verification (3D scan-
ning), pattern or mould manufacturing and casting simulations.

Casting models are often designed emphasising the functionality and final use of the work-
piece, neglecting some aspects of the casting process. Therefore, the foundry checks the
delivered 3D models to ensure successful casting, and edits them before pattern manufactur-
ing and moulding. The most common issues include incorrect or missing drafts, minuscule
or missing rounds or other modelling errors. The gating and feeding system is also added by
the foundry. Moreover, the shrinkage must be compensated by scaling the model. In practice,
the model is scaled simply linearly even though the shrinkage may vary depending on the
direction and material thicknesses. For instance, the cores withstand pressure so well that the
shrinkage is directed almost entirely to the mould side. [12]
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3 Casting Tolerance Systems

Many factors affect the dimensional accuracy of castings. The chosen casting method lays
the basis for casting accuracy as the accuracy of mould manufacturing is directly inherited
to casting accuracy. For instance, machined moulds often deliver better accuracy than e.g.
squeeze moulded sand moulds. Furthermore, moulds and patterns may yield or deform. With
two-piece moulds, mould opening or mismatch negatively affects the correctness of the cast-
ing. The surface roughness varies depending on the casting method. The shrinkage and the
actions to compensate it have an effect, which again is related to the material choice. More-
over, the chosen material affects through its fluency, ergo, its ability to fill small cavities.

As the sources of defects vary, so do the types of defects. Not only the linear dimensions are
affected, but also the geometrical form. To address to the many sources of deviations from
the designed nominal, casting tolerances are needed to define which defects are acceptable
and which not considering both the dimensional accuracy and the correct shape of the cast-
ing.

3.1 ISO 8062-2 and 8062-3 Casting Tolerances

ISO 8062 standards are part of the ISO GPS system and the predominant standards used as
the basis for casting tolerancing. Until 2017, the tolerance had three parts: 8062-1 defines
the vocabulary [13], 8062-2 defines the rules for casting tolerancing, general tolerancing and
drawing indication [14] and 8062-3 defines the reference values for dimensional and geo-
metric tolerances as well as drafts and RMAs [15]. Casting tolerancing virtually relies on
two distinct tolerance definition types: individual and general. The designer defines individ-
ual tolerances for features with specific requirements, and the general tolerance applies to
all other features with no separately defined tolerances.

3.1.1  Specification of casting

ISO 8062-2 states two different methods to define castings in drawings: accumulation
method and multiple tolerancing method.

With accumulation method, the purchaser defines the casting indirectly using the final ma-
chined part. The caster calculates the nominal dimensions of the casting from the machined
dimensions considering the machining tolerances, the casting tolerances and the required
machining allowance (RMA) specified in the drawing by the customer. Where tolerances
are not specified, general tolerance values of ISO 8062-3 are used according to the general
tolerance grades indicated in the drawing. An exemplary drawing indication is shown in
Figure 4 a). Equation (1) shows an example calculation of nominal casting dimension of an
external feature both sides of which are machined without the envelope requirement ©®.

t
de = dymax + 2 Agma + trer + % + trur (1)

where d is the nominal dimension of the casting,
dpr max 18 the maximum dimension of the machined part,
Aguma 1s the required machining allowance,
trcr 1s the form tolerance of the casting,
tpcr 1s the dimensional tolerance of the casting, and
tryr 1s the form tolerance of the machined part.
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The nominal dimension of an internal feature is calculated from

tpcr

dc = dymin — 2 Arma — trer — — trmr (2)

where dpr min 18 the minimum dimension of the machined part. [14]

Without the envelope requirement, the form tolerance of machined part tgyr is left out from
the equation. As seen from Equations (1) and (2), the nominal dimensions of the casting
depend on the form and dimensional tolerances of the casting. Contradictorily, the casting
tolerance depends on the nominal dimension of the casting. Therefore, initial values for the
tolerances tpcr and tpcr must be chosen for the calculation before the nominal dimension is
known based on a guess or the machined dimension. The result does not necessarily match
the expected range within which the first guess falls, and another calculation round must be
done, now with casting tolerances chosen based on the first result. As tolerance values are
directly used in the calculation of casting nominal dimensions, the outcome takes into ac-
count only the worst case of each tolerance. This might lead to an unnecessary increase in
the amount of material removed by machining. The effect can be diminished by assigning
smaller tolerances. [14]
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Figure 4. Exemplary drawings according to ISO 8062-2. A) accumulation method with 1SO
8062-3 general tolerances, b) multiple tolerancing method with general surface profile tol-
erances. Symbols @ and Q indicate the final moulded and machined conditions of the cast-
ing, respectively. [14]

With multiple tolerancing method, the customer supplies a drawing where both the final
machined part and the final casting are directly defined in total, either in a combined drawing
or separate drawings. An example drawing is presented in Figure 4 b). The drawing includes
separate tolerances for both states distinguished with condition symbols. General tolerance
applies to dimensions not separately toleranced in the drawing. As both states of the casting
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are individually defined, it is possible to decrease the amount of removed material by ma-
chining compared to the accumulation method, but then again the workload of the designer
increases. [14]

The calculation of the nominal dimensions of a casting using multiple tolerancing method
does not utilise generally applicable equations. Still, the relation of the two conditions as
well as the tolerances must be defined so that the final machined part is achievable from the
casting with sufficient machining allowance between the two conditions. In other words, the
maximum material condition of the machined part must fit in the least material condition of
the final casting, also including RMA. [14]

3.1.2 Specification of casting tolerances

ISO 8062-2 defines how casting tolerances should be specified in a casting drawing. Since
functional features or otherwise critical surfaces must be anyway toleranced individually,
the emphasis is on the general tolerances. ISO 8062-2 specifies two alternative ways to de-
fine the general casting tolerance: general tolerances according to ISO 8062-3 and general
surface profile tolerance. [14]

General tolerances according to ISO 8062-3 are based on dimensional tolerancing of fea-
tures of size. The shape of the casting is further constrained with general geometrical toler-
ances. All dimensional and geometrical general tolerances apply independently from each
other. The tolerance values are defined using tolerance grades for both linear dimensional
tolerances and geometrical tolerances. The linear dimensional casting tolerances (DCT) de-
pend on the nominal dimension and the chosen dimensional casting tolerance grade (DCTG)
between DCTG 1 and DCTG 16. For wall thicknesses, DCTG is chosen one grade coarser
than the rest of the casting.

The general geometrical casting tolerances (GCT) according to ISO 8062-3 are defined using
geometrical casting tolerance grades (GCTG) from GCTG 2 to GCTG 8. As with DCTs,
GCTs depend on the nominal dimension and the chosen grade. GCTs are defined separately
for straightness, flatness and coaxiality, and with same values for roundness, parallelism,
perpendicularity and symmetry. A datum system for general orientation tolerances must be
defined in the drawing. However, it does not apply to general coaxiality and symmetry tol-
erances for which the standard defines separate methods to determine the datums.

As with the tolerances, ISO 8062-3 specifies required machining allowances (RMA) using
required machining allowance grades (RMAG) from RMAG A to RMAG K. RMA value
depends on the largest overall dimension of the casting as well as the chosen grade. The
standard includes suggestions for DCTG, GCTG and RMAG selection based on the casting
material and the casting method. All three grades must be specified in the casting drawing
by the customer if ISO 8062-3 general tolerances are to be used. [15]

The option for ISO 8062-3 general tolerances is general surface profile tolerance. Surface
profile tolerance is a geometrical tolerance defined in ISO 1101. The surface profile toler-
ance zone is defined by two surfaces enveloping spheres the diameter of which is the toler-
ance value and the centre of which is constrained to the nominal theoretically exact surface.
The principle is demonstrated in Figure 5, where the theoretically exact surface is determined
with its spherical radius and theoretically exact distance from datum A. [16] In practice, the
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result is two limiting surfaces with an offset of half the tolerance value in the normal direc-
tion to the nominal surface. The general surface profile tolerance applies for all surfaces not
individually toleranced. The nominal geometry affected by the general surface profile toler-
ance is defined in the drawing using theoretically exact dimensions (TED). For sizes, such
as diameters, widths and wall thicknesses, dimensional tolerancing can be used. [14]

With both ISO 8062-3 and surface profile tolerance, a datum system must be specified for
the part in order to constrain the general tolerances. [14][15, p. 4]

3.1.3 Weaknesses

ISO 8062-2 and 8062-3 rely on defining the castings completely in the casting drawing. As
the casting is defined solely by dimensions and tolerances shown in the drawing, the dimen-
sion-based ISO 8062-3 suits well the presentation as the dimensions to be verified are di-
rectly presented. However, the tolerance system does not take into account the possibility to
define the casting using a 3D CAD model. The ISO 8062-3 tolerance system is complex,
and the shape of the castings difficult to verify when the dimensional tolerances are com-
bined with several geometrical tolerances.

Even though general surface profile tolerance is recommended in ISO 8062-2, the require-
ments and instructions for its use are quite vague. Defining the datum system for surface
profile tolerancing is only presented as an example instead of specifying the requirements
for utilisation in casting design, e.g. the datum system is not properly defined. In addition,
the calculation of nominal dimensions is specified only for ISO 8062-3 tolerances.

D \@

Figure 5. Surface profile tolerance definition. A) drawing indication, b) interpretation. [16]

3.2 ISO 8062-4 Casting Tolerances

3.21 Background

ISO 8062-4 is a new casting tolerance standard published in 2017 as an option for ISO 8062-
3. As 8062-3 relies solely on dimensional tolerances, it is in contradiction with ISO GPS
rules. Moreover, when the general tolerances are defined by a rather complicated system of
independent dimensional and geometrical tolerances, the allowed overall shape of the cast-
ing 1s very difficult if not completely impossible to determine. With CAD models, the nom-
inal dimensions are not even necessarily visible. ISO 8062-4 is based on general surface
profile tolerances with which the allowed shape is clearly defined, and the tolerance system
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as well as the casting nominal dimension calculation are compatible with GPS rules and
digital 3D product definition. [17]

3.2.2 General surface profile tolerance

Instead of dimensional tolerances, ISO 8062-4 defines the general tolerances as an overall
surface profile tolerance. The theoretically exact surfaces (nominal shape) can be determined
using only a CAD model. The general surface profile tolerance must be related to a general
datum system for which letters R, S and T are reserved. Beside the surface profile tolerance,
individually indicated tolerances (e.g. surface profile, location, dimension) can be normally
defined. Any individually indicated tolerance overrules the general surface profile tolerance.
Also, the individually indicated tolerances are preferably related to the datum system RST.
The surface profile tolerance is defined with tolerance grades P ranging from P1 to P15. The
standard includes recommendations for tolerance grades P for each manufacturing method
and casting material. Every tolerance grade P has different surface profile tolerance values
for different casting sizes. The larger the casting, the wider the tolerance. The size of the
casting is determined by the moulded space diagonal, i.e. the diameter of the smallest envel-
oping sphere. [17] An exemplary drawing indication is presented in Figure 6 a).

9180
890 21 358
¢] 02 [R]s]
>{s]s1.2
zock! D @
m» !
S TR[ST] ot i
[ ‘ ( >
] 0 —S e G
, E ‘f =
‘6 e L
] T | E ‘
L B /1 EED | / 2
C 2
9300 i]m,z_a
$1,2[s H<= -

1
wall Thlcknesses S9 roundings
150 8062-4[[2,7[R[S [ T](P8)

Casting size S 880 @

e e e Bl S

a) b)

Figure 6. Example drawing. A) drawing indication according to 1SO 8062-4, b) datum sys-
tem RST definition. [17]

3.2.3 Wall thicknesses and complete cylinders

In addition to the general surface profile tolerance, ISO 8062-4 defines separate dimensional
tolerances for wall thicknesses and complete cylinders. These are considered separately de-
fined tolerances, thus overruling the surface profile tolerance. The dimensional tolerances
are defined with tolerance grades S ranging from S1 to S15. The tolerance depends on the
nominal dimension and the chosen tolerance grade S. The standard does not specify the def-



23

inition of “complete cylinders”, leaving the applicability of their tolerance vague. In addi-
tion, the standard defines tolerance values for wall thicknesses and complete cylinders only
up to 300 millimetres. Anyhow, the cylinder size tolerance should only be used when nec-
essary and together with positional tolerances. Moreover, even the wall thickness tolerance
can be left out of the drawing indication when using only surface profile tolerance is deemed
sufficient. For wall thicknesses, the tolerance grade is recommended to be one grade coarser
than for cylinder sizes. [17] In conclusion, the surface profile tolerance defines the allowed
shape of the casting, and the wall thickness and cylinder tolerance limits the actual dimen-
sions.

3.24 Datum system RST

To use the general surface profile tolerance, datum system RST must be defined according
to ISO 5459 to lock all degrees of freedom. The surface profile tolerance is related to the
datum system with TEDs defining the nominal surface. The datums for the datum system
RST can be defined either with datum targets or as integral datums. Datum targets are por-
tions of datum features used to establish the datum feature, whereas integral datums are con-
structed using the entire datum feature. [18] Datum targets are preferred since the general
surface profile tolerance applies also to the datum features only when datum targets are used.
If integral datum features are used, the surface profile tolerances must be defined separately
for datum features. The datums must be defined on surfaces remaining in the moulded con-
dition even after machining. [17, p. 4]

The casting drawing specifies the location and orientation of the nominal theoretically exact
surfaces in relation to the datum system with TEDs. On the other hand, the nominal surfaces
can be directly defined in a CAD model. Still, the datum system RST must be defined even
if the TEDs are not visible in the drawing. When measuring the physical casting, the surface
profile tolerance zones must be aligned to pre-defined surfaces of the casting, i.e. the ones
defined with the datum system RST. An example of defining datum system RST is presented
in Figure 6 b).

3.2.5 Drafts and RMAs

ISO 8062-4 defines draft angle reference values that depend on the casting method, the
height of the drafted feature and the selected draft grade (fine or coarse). As with the surface
profile tolerance grades P, the RMA grades are recommended based on the casting method,
material and size. RMA grades range from A to K. If the casting is defined using its ideal,
machined shape, the caster must add the drafts and RMAs for pattern manufacturing, and
the designer must specify whether the draft increases the feature or the tolerance of the ideal
model. Alternatively, drafts can be included in the nominal model in which case the surface
profile tolerance applies normally also to the draft surfaces. [17]

3.2.6 Machining

The casting and its tolerances must be defined in a way that the final machined condition is
achievable. The nominal dimensions of the casting are calculated from the machined condi-
tion nominal dimensions considering machining tolerance, casting surface profile tolerance
and RMA. The relation between the machined dimensions and the casting dimensions is
presented in Figure 7. Equation (3) shows the calculation in a similar situation and same
symbols as Equation (1) with a workpiece machined externally on both sides, whereas Figure
7 considers machining only one side.
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de = dymax + 2 Agma + trer (3)

where now the form tolerance of the casting tz-r represents the surface profile tolerance. As
seen in Figure 7 and Equation (3), also this calculation method considers the worst-case
scenario with both machining and casting tolerances.

As the datum system RST is placed on surfaces remaining unmachined, the machining
should also be related to the datum system RST. When the casting nominal dimensions are
calculated as in Figure 7 and Equation (3), the casting and machining datums are the same
RST, and the measured casting surfaces are entirely within the tolerance zone, the final ma-
chined condition is always achieved. If the machining tolerances are related to a different
datum system, there is no guarantee that enough material exists for successful machining,
and additional material is needed. [17]

R>F cutting depth contribution:

RQ =F & +Tprof m&) 72 + RMA « Tprof r @ /2

casting tol. Tprof '@ /2

=== == —1mach, tol. Tprof m@ /2 R@ Casting nominal dimension
R@ FQ Final (machined) nominal dimension

FO [@ Tprof M@  Machining tolerance

Tprof r@®  Casting surface profile tolerance

Figure 7. Calculation of casting nominal dimensions from machining nominal dimensions.

[17]

3.2.7 Similar standards

The surface profile tolerancing system of ISO 8062-4 has already been introduced in ISO
8062-2 and even recommended for use instead of ISO 8062-3 dimensional general tolerances
[14, p. 43]. Even the datum system definition for surface profile tolerancing is considered
[14, p. 48]. However, the older standards determine the use of general surface profile toler-
ance more as examples rather than a comprehensive tolerancing system. ISO 8062-4 takes
CAD models into account and further develops the tolerance system without mixing it with
the 8062-3 tolerances or the casting specification methods. Above all, the calculation of the
casting nominal dimensions is now clear and unambiguous.

Similar tolerancing systems have been developed also by companies, which suggests that a
real need exists for a tolerance system update. Volvo standard 101-0001 defines a framework
for digital product definition based on ISO 16792, but defines the general tolerance as a
surface profile tolerance related to datums, exactly as the datum system RST in ISO 8062-4
[19]. Voith VN 3212 has more comprehensively the same content as ISO 8062-4, including
the suggested surface profile tolerance values, individually indicated tolerances, wall thick-
nesses and datum targets. In addition, the Voith standard takes into account the possibility
to use UZ modifier in the surface profile tolerance definition to move the tolerance zone in
relation to the nominal surface. [20] Figure 8 shows the principle of UZ modifier according
to ISO 1101.
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UF

2 13 L

Key

1  single complex theoretically exact feature (TEF) in this example, the material is below the feature

2 one of the infinite number of spheres defining the offset theoretical feature, i.e. the reference feature
3 one of the infinite number of spheres defining the tolerance zone along the reference feature

4 limits of the tolerance zone

For profile specifications of complex lines or surfaces, the UZ specification element may be used with or
without datums.

Figure 8. UZ modifier used to offset tolerance zone. UF modifier (united features) indicates
that the toleranced features are considered one feature. [16]
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4 Casting Measurement Techniques

4.1 Coordinate Measuring Machines

Coordinate measuring machines or CMMs are measuring devices used extensively in man-
ufacturing industries for quality verification. CMMs measure the geometry of a physical
object by coordinates of discrete points on the surfaces of the object in relation to a reference
position. The interface between the machine and the measured surface is a probe that senses
contact or proximity of the measured surface. Varying types of probes exist, but the most
typical is a touch probe that triggers the measurement when it obtains physical contact with
the measured object. The machine measures and calculates the coordinates of the point
where the tip of the probe is in contact with the surface. The contacting part of the probe is
usually a hard, wear-resistant and very accurate sphere at the tip of a stylus. Ruby is a prom-
inently used material for stylus tips. Other types of probes include laser probes that require
no contact with the measured surface, but measure the distance between the probe and the
surface using e.g. laser triangulation [21]. Examples of a CMM and a touch probe are shown
in Figure 9.
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Figure 9. Bridge CMM and an angled touch probe with a ruby stylus tip. [22]

CMMs are very accurate, capable of even sub-micrometre accuracies and resolutions [23].
The measuring software managing the measurement results is essential alongside the meas-
uring machine itself. The software is capable of creating shapes and elements based on the
measured point cloud and compare the results to the nominal piece. However, shape meas-
urement is prone to errors since only discrete points are measured. More accurate results
would require an excessive amount of points, resulting in slower and more expensive meas-
urement process.

For castings, CMM measurement is somewhat unpractical, at least for sand castings. The
relatively high surface roughness affects the point accuracy resulting in falsely constructed
features in the measuring software. In addition, curved, slanted or otherwise complex sur-
faces are typical for castings, but difficult to construct using only discrete points. When more
precise casting methods are used and the geometry of the casting is more even and regular,
CMM can still be a valid option. Otherwise, it is best suitable for measuring machined parts.
Even though the coordinate measuring principle is similar, quite different types of CMMs
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exist for different purposes, the bridge CMM being the most recognizable. Articulated arm
CMMs or horizontal arm CMMs have their own applications.

411 Bridge CMM

Bridge CMM has three moving axes, X, Y and Z, orthogonal to each other to form a Carte-
sian coordinate system. Linear encoders measure the position of each axis, and when the
dimensions of the probe and stylus are known, the software can calculate the coordinates of
the point in relation to the reference position. With touch probes, the machine moves the
probe towards the surface until the probe touches the surface. The probe has a trigger mech-
anism so that when contact occurs, the movement stops and the coordinates are measured.
With non-contact probes, the coordinates of the point on the surface are calculated based on
the position of the machine as well as the distance between the probe and the measured
surface. The machines can be operated manually, but to improve the efficiency of the meas-
urements, CMM tasks can be automated with NC control so that a pre-defined movement
and measuring sequence is automatically performed for similar parts.

When measuring very long or tall workpieces, a horizontal arm CMM might be beneficial
[22]. The operating principle with three axes in a Cartesian coordinate system is similar to
that of bridge CMM, but the frame of the device is different. Horizontal arm CMM lacks the
bridge spanning over the measuring table, but instead utilises an arm extended to the side of
the frame. A horizontal arm CMM is shown in Figure 10.

4.1.2 Articulated Arm CMM

Another commonly used CMM type is an articulated arm coordinate measuring machine
(AACMM), shown in Figure 10. As the name suggests, the probe is mounted at the end of
an arm consisting of several beams assembled together with rotational joints. Whereas bridge
CMMs are more immobile measuring stations, AACMMs are often portable, and the probe
is moved and contacted with the measured surface by hand. The contacting probe utilises
similar techniques as any CMMs, but the coordinates are calculated based on the angles of
the joints measured with rotary encoders. The angular positions of the axes are converted
into Cartesian coordinates of the measured point with a series of coordinate transformations.
[24]

Figure 10. Horizontal arm CMM [22] and articulated arm CMM [25].

Bridge CMMs outperform articulated arm CMMs in terms of accuracy [25][26], but articu-
lated arm CMMs have other beneficial traits. Portability allows measuring larger objects on
site, and the mobility created by the articulations provides flexibility and allows reaching
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also into difficult positions. The lower cost with the still satisfactory level of accuracy makes
AACMMs lucrative. Currently, many non-contact probes [24] or even laser scanners are
available for AACMMs, increasing the possibilities for different applications.

For castings, articulated arm CMMs are slightly more suitable than bridge CMMs. The com-
plex surfaces of castings are more easily probed with a flexible device moved by hand. The
measurer is able to perform visual inspection simultaneously, resulting in more carefully
selected measuring points. Still, the problems with the surface roughness, complex surfaces
and discrete point amount remain.

4.2 3D Scanning

3D scanning means any technique used to obtain a measurement over an entire surface at
once instead of discrete points. The result is usually a point cloud from which a 3D model is
constructed in e.g. STL format as a triangulated surface model. Hence, dimensions of the
scanned object can be measured using software and the 3D model depicting the physical
object instead of the actual physical object. Most 3D scanning techniques are based on op-
tics, but there are available also contact scanning techniques, where a tactile probe is travel-
ling on the surface to be measured. [27, p. 584][28][29][30]. However, optical techniques
are predominant in 3D scanning since they allow high point densities and data acquisition
rates. Because of the higher point density, also surface roughness can be estimated with suf-
ficiently accurate 3D scanning techniques.

Since scanners not only measure the object but create a 3D model of it, 3D scanning is widely
used in e.g. reverse engineering, quality verification, surface roughness verification, cultural
heritage documentation, medicine and dentistry. [27][31][32] In quality control, the ad-
vantages include speed, comprehensiveness and the possibility to compare the created 3D
model to the nominal CAD model to reveal deviations. With castings, 3D scanning addition-
ally benefits in mould inspection and pattern wear monitoring [12], and with some casting
methods, such as die casting, scanning even allows correcting the moulds to compensate for
deformation and errors [33].

Currently, several types of 3D scanners are available using different technologies. Optical
methods are quite usual because of their non-contact nature and the possibility to cover entire
surfaces at once. The optical techniques can be divided into active and passive methods
based on the need for an additional active light source instead of passive illumination of the
scene [27]. Reflective surfaces can pose a challenge when using optical methods for 3D
reconstruction since the illuminated spot is not so easily recognised and the sensor misinter-
prets the data acquired from the reflective surface. This can result in outliers, falsely meas-
ured points not on the actual scanned surface. The amount of outliers can be diminished by
computation or orientation of the part. [34] Castings often have rough surfaces not prone to
reflection errors, and small reflective areas (e.g. ground flashes or traces of sprues) can be
painted over to allow optical scanning. On the other hand, machined surfaces are usually
glossy and intended to be the final state of the part without further surface treatment. There-
fore, other techniques, such as CMMs, are more suitable for machined components.

Internal shapes are challenging to measure using any technique, and optical methods are not
an exception. The usual method is to cut the workpiece to scan or measure the difficult blind
areas. However, other possibilities exist. CMMs have customised probes with angled styli
to increase the reach to challenging locations, and AACMMs have a better reach e.g. around
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corners because of their structure. Similar probing can increase the reach of optical methods
too, more precisely camera-based techniques. A probe contains a handle with a pattern rec-
ognised by the camera. As the camera captures the orientation of the pattern and the relation
of the pattern and the probe tip is known, the coordinates of the contact point can be calcu-
lated. [35] With current technology, scanning internal features without cutting the workpiece
is also possible. Non-destructive internal geometry can be inspected using X-ray CT (com-
puted tomography) scanning the accuracy of which is comparable to CMMs. [36] In manu-
facturing industry, the technique is especially beneficial with components like engine blocks
or gearboxes. [37]

In the following sections, a few common optical techniques are examined and their suitabil-
ity for castings is evaluated.

421 Time-of-flight sensors

As the name suggests, time-of-flight (ToF) sensors operate by measuring the time a pulse
needs to travel from the device to the measured object. A laser pulse is emitted towards the
object to be measured, and the sensor detects the reflected pulse. When the time between
emitting and detecting the reflected pulse is measured and the speed of light is known, the
distance to the object can be calculated. By scanning the object with the laser beam, the
measured distances at each point can be converted into Cartesian coordinates and a point
cloud.

As the measurement requires a laser light source, time-of-flight is an active scanning tech-
nique. Currently, ToF scanning is made renowned by LIDARs (light detection and ranging).
LIDARs are optical radars used in e.g. autonomous vehicles to acquire data of the environ-
ment to form a 3D model of the surrounding objects for the vehicle. [38] ToF scanners are
useful especially when scanning larger objects, e.g. landforms [39] or buildings [40]. The
maximum range can be up to several hundred meters with an accuracy from a few millime-
tres to centimetres. [40] Time-of-flight technique delivers excellent results with longer dis-
tances, but short, metre scale distances are problematic as the time of flight is diminished
and accurate distance calculation would require very fast processing. [27, p. 575]

4.2.2 Laser triangulation

Laser triangulation is a distance measurement method where laser illuminates the measured
surface, and a CCD image sensor captures the scene. The operating principle is shown in
Figure 11. The camera (lens and image sensor) sees the point illuminated by the laser in
different angles with different distances between the object and the device. Hence, the point
is captured on the CCD sensor at different positions depending on the distance. As the posi-
tions of the laser and the captured point on CCD and their orientation are known, the location
of the point can be calculated by simple triangulation. A single laser beam is used for dis-
tance measurements and laser stripes for scanning surfaces. [27] Laser triangulation is a typ-
ical scanning technique in e.g. quality control and reverse engineering applications, but also
outside manufacturing industries in e.g. restorative dentistry, where accurate models of the
mouth interior are needed for dental prosthesis fabrication. The dental scanners are small
enough to fit inside the patient’s mouth, but accurate enough to capture data for prosthesis
production. [31] At close ranges, the accuracy of laser triangulators is superior to ToF sen-
sors. [27] The range of laser triangulation sensors is up to a few meters with an accuracy of
mere micrometres [40, p. 424].
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Figure 11. Laser triangulation operating principle. 1: laser, 2: object in two different posi-
tions, 3: lens, 4: CCD image sensor.

4.2.3 Interferometry

Interferometry in 3D scanning refers to techniques utilising interference in distance meas-
urement. A beam of light is projected onto the measured surface, and the reflected beam
forms an interference pattern with the reference beam. The phase difference between the
reflected beam and the reference beam can be deduced from the interference pattern. The
resolution with interferometric techniques is very high since distance differences smaller
than the wavelength of the light beam can be observed. [27] Several different measuring
methods utilise interference principle, e.g. white light interferometry [37] and coherence
scanning interferometry [41].

4.2.4 Stereo vision

Stereo vision scanning is based on the same principle as the depth perception of human eyes.
The principle is presented in Figure 12. Two cameras view the same object from different
angles, so point P is visible in different position on the image planes of each camera. As the
orientation and location of the cameras and the location of the imaged point on the sensors
of the cameras are known, the actual location of the point can be calculated with triangula-
tion.

Camera2

s i

Figure 12. Principle of stereo vision. [42]
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The calculation of the point coordinates is similar to laser triangulation method, and the two
techniques resemble each other quite a lot. The major difference is that laser triangulation is
considered active as the object is illuminated, and stereo vision passive, as the location data
is acquired without auxiliary light sources. Stereo vision system is low-cost and fairly sim-
ple, but identifying the same point in both pictures is challenging [27, p. 574][43, p. 827].

4.2.5 Structured light

Structured light technique is an active imaging method where a projector illuminates the
object with a light pattern. The method is demonstrated in Figure 13. Regular light stripes
are projected onto the object, but the camera sees them as distorted because of the 3D shape
of the object. Since the orientation of the projector and the camera are known, the distance
calculation again relies on triangulation. Each point on each stripe is captured into different
position in the image sensor of the camera, whereupon the point coordinate calculation is
similar to that of laser triangulation. The difference between the two methods is that rather
than being scanned with a laser beam or laser stripe, the whole scene is illuminated at once
using the stripe pattern. This makes the technique fast and allows scanning even moving
targets, but the projected patterns and methods used may slow done the data acquisition rate
because of multiple shots of the scene or heavy calculation. Structured light scanner can save
as many data points as the camera has pixels, but the resolution of the projector limits the
number of stripes in the projected pattern.

Camera

3D Object in the Scene

Figure 13. Structured light imaging principle [44] and a fringe pattern projected on a
wheel rim [27].

The order of the projected stripes is not necessarily the same order observed by the camera
because of the distortion demonstrated in Figure 13. Therefore, the light stripes in the pro-
jected pattern must be somehow indexed so that they can be identified by the camera. [44]
There are various methods for identifying the stripes, but probably the simplest method is
binary coding demonstrated in Figure 14 a). The camera takes a series of shots, each with a
different pattern as shown. If illuminated state of the stripe is marked with 1 and non-illumi-
nated 0, the shot series creates a unique binary code for each stripe, and the camera can
recognize the stripe based on the order in which it is illuminated. [43] To reduce the number
of patterns and photos required for indexing, grey coding can be implemented. With grey
coding, the pattern includes more than two intensity levels, i.e. white, grey and black stripes
instead of only black and white as in binary coding. [44] Grey coding is presented in Figure
14 b). Another way to identify the stripes is a segment pattern, where each stripe includes a
unique segmented pattern allowing identification. The segment pattern is demonstrated in
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Figure 14 d). However, segment pattern works only on smooth surfaces, as heavily distorted
pattern might hide parts of the stripe, disabling identification. Unlike binary and grey code,
segment pattern requires only one shot instead of a series of shots. [44]

To achieve better coverage over the scanned surface, discrete stripes can be replaced with
continuously changing patterns with intensity or colour varying over one or two axes. A
common method is phase shifting, where the pattern is constituted of sinusoidally varying
intensity levels. Several patterns are sequentially projected, each with the intensity periods
shifted as shown in Figure 14 c¢). At least three projections with shifted phases are required
to be able to construct a relative phase map from the intensity levels observed by the camera.
In the relative phase map, the phases within one cycle of the periodic sine pattern are solved.
Subsequently, the absolute phase must be solved to determine to which sinusoid intensity
period the phase belongs, i.e. phase unwrapping procedure must be performed. [44][45][46]
The absolute phase can be solved also by other means. For instance, combining the phase
shift method with grey coding, the period is identified with grey codes created with addi-
tional projected patterns [43][45]. Another way is to add another camera to the setup, and
determine the location of the point with stereo vision and triangulation principle. [47] Phase
shift method delivers accurate results with pixel level or even subpixel accuracy, but can be
relatively slow due to the needed calculation power. [46]

Other options for the projected pattern are shown in Figure 14 e) and f). In Figure 14 e), the
wavelength of the projected light is varied across the pattern, resulting in a rainbow-coloured
pattern. The stripe indexing is based on the different wavelengths, all visible at once. There-
fore, only one shot is needed, and each point location can be calculated quickly with trian-
gulation, making the system fast and suitable for also dynamic objects. [44] Figure 14 f)
shows a colour-coded grid, where also horizontal locations can be identified with projected
colours. Many other projecting methods exist based on e.g. coloured stripes, dot arrays or
phase shifting with multiple frequencies. [44][46]

LT

Figure 14. Structured light projection patterns. A) binary, b) grey code, c) phase shift, d)
segment pattern, e) colour, f) colour coded grid. Adapted from [44].
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4.2.6 Photogrammetry

Photogrammetry is a passive 3D reconstruction technique based on analysing photographs.
The technique shares the principles of stereo vision and triangulation, but where stereo vision
refers to a two-camera setup, photogrammetry means acquisition of geometric data from two
or more two-dimensional images in a broader sense. [27] The relation between the separate
photographs or the orientation of the camera or cameras are not necessarily known, as the
photographs can be taken with a single camera on different unrelated locations. One of the
main problems of the technique is determining the scale of the reconstructed point cloud.
The problem can be solved by using a known distance between two markers visible in the
photographs or by determining the position of the cameras, e.g. with GPS in aerial photog-
raphy. [48]

Photogrammetry is often combined with other measurement methods to increase measure-
ment performance and automation level. [27] Typical applications of photogrammetry in-
clude aerial photogrammetry, close range photogrammetry, city modelling, medical imaging
[27], landform documentation [39] and cultural heritage documentation [40]. As photogram-
metry relies on plain images, the distance range of the method spans from 10 millimetres to
100 kilometres. [41]

Since photogrammetry does not necessarily require any additional devices but is based solely
on photographs, even smartphones can utilise the technique. The object to be reconstructed
is photographed from different points of view, and a mobile app constructs a 3D model based
on the photo series. [49] Nonetheless, the smartphone apps are proven to provide excessively
varying results.

4.3 Combination Techniques

Instead of restricting to a single 3D reconstruction technique, commercial applications often
utilise multiple sensors whose acquired data is combined to achieve more holistic geomet-
rical measurements, to improve accuracy or to decrease uncertainty. [37] Combining struc-
tured light scanning with a CMM was proposed already in 2001. [50] The optical scanning
results in a rough 3D model the accuracy of which is then improved with points measured
with a CMM. [27, p. 584-585][50] Photogrammetry is often combined to improve its accu-
racy, but still to be able to include the visual appearance of the object in the model. For
instance, ToF sensors and photogrammetry in landform reconstruction provide accurate 3D
data, but also visual data for lithological examinations. [39] In cultural heritage documenta-
tion, ToF scanning is again used for 3D data acquisition, and photogrammetry to assign col-
ours to each point in the point cloud, resulting in a 3D model with real-life appearance. [40]

CMMs can be equipped with integrated scanners utilising e.g. laser triangulation principle.
This way, the system exploits the speed of the scanner, but also reduces the point cloud
shift caused by the scanning inaccuracy with tactile probing. [51] Optical probes or scanner
add-ons are commercially available for both bridge CMMs [52][53] and AACMMs
[26][54][55]. Instead of a scanner, the CMM can be equipped with only a camera, and by
means of photogrammetry, an optimal exploration path can be determined for the CMM
probe. [37]

Structured light with phase shift patterns can provide very accurate results, but the phase
unwrapping issue persists. By including two cameras in the setup and combining stereo vi-
sion with the phase shifted structured light, the absolute phase (the index of the stripe or
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intensity period) can be determined with triangulation, and no conventional phase unwrap-
ping is needed. In addition, the phase shift method can ease the correspondence problem of
stereo vision: only points with the same phase value in both pictures are paired. [47, p.
18446-18447] The correspondence problem can be eased also with tracking stickers. The
tracking stickers are round spots applied evenly spaced on the surfaces of the measured
workpiece. When the workpiece is rotated to obtain surface data from all directions, the
cameras recognise the tracking stickers, and the device is able to align the separate scan
results based on the orientation of the tracking stickers. [12] Furthermore, a two-camera
setup leaves less blind spots and delivers better results with complex indentations. In com-
mercial applications, at least GOM ATOS shown in Figure 15 utilises the described combi-
nation method. [35]

Figure 15. GOM ATOS structured light 3D scanner and its stereo camera principle. [35]
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5 Parametric CAD Modelling

Parametric modelling refers to CAD modelling techniques where characteristics of the mod-
els are controlled by non-geometric features, i.e. parameters. [56] Parametric modelling was
pioneered by PTC’s Pro/ENGINEER already in late 1980s [57], and feature-based paramet-
ric CAD is today an industry standard [58]. Most modern CAD software utilise parametric
modelling principles.

5.1 Definition

Parametric CAD modelling can be characterised as history-based, feature-based and con-
straint-based. In practice, this means that the CAD model is constructed step by step of mul-
tiple form features that are sequentially saved to a data structure known as a design tree,
feature tree, history tree or model tree. For instance, the first feature can be a base shape of
aworkpiece, and the second feature a hole or a cut defined and constrained using the existing
feature and its geometry, such as edges or dimensions. The order and the relationship of the
features — the model history — is saved to the model tree. The result is an associative model
structure with hierarchical parent-child dependencies between the features. An example is
shown in Figure 16.

The geometry is defined by parameters bound to the dimensions or other variables of each
feature. The geometry is constrained either within a feature or sketch, or in relation to other
features in the model tree. Therefore, if one parameter is changed, the associated features of
the model change according to the constraints when the model is regenerated. Possible con-
straints include dimensions that vary in relation to other dimensions, features that are altered
according to a defined function, geometrical constraints (tangential, middle point, perpen-
dicular etc.) defined in sketches, and directly referencing features to geometry of existing
features. In order to create effective parametric models, functional parameters must be iden-
tified in the model so that appropriate parametric structure can be constructed. [59][58][60]

5.2 Current Application

As parametric modelling is the industry standard and utilised by most CAD software, the
phrase “parametric modelling” is currently used to refer to a modelling style where external,
separately defined parameters drive the model instead of the original meaning of defining
features parametrically. These user-defined additional parameters correspond to the afore-
mentioned functional variables of the model. The additional parameters can be defined out-
side the features and are not necessarily bound to any dimension directly. Instead, separate
relations between the user-defined parameters and model properties can be defined. The ad-
ditional parameter values can be assigned to the model without the need to find the right
feature and modifying its parameters in the model tree. Hence, the additional parameters can
form an external user interface to drive the model.

The external parameters are chosen so that they represent the functional characteristics of
the physical product. The parameters may include e.g. dimensions, component amounts, fea-
ture amounts, locations or other configuration options of the product. The parameter data
type may be for instance integer, real number, string or Boolean. The parameters can be
bound to the characteristics of the model either directly or by separately defined constraints
using e.g. equations or conditionals considering both the additional and feature-bound pa-
rameters. Thus, the model can be configured to react appropriately to each parameter change.
Consequently, when any of the initial user-defined parameters is edited, the features related
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to the parameter change according to the defined constraints, and subsequently, every feature
defined after the affected feature in the model tree is regenerated and changed according to
the pre-defined rules. As a result, the parametrised model delivers different configurations
of the product with little effort when different initial values are assigned to the initial param-
eters. The parameter values can be changed either inside the CAD software or in a PDM

system to better integrate the product configuration creation to production control and order
management.
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Figure 16. An example of a model tree showing the structure of the model and the relation-
ships between the features. Adapted from [59].

5.3 Design Intent

With parametric models, design intent is a vital aspect that defines much of how useful the
model can be after all. Design intent means the way the model is constructed, and therefore
how it behaves when it is modified. [60] In other words, a parametric model contains addi-
tional information of the planned behaviour and purpose of the model, conveyed by the di-
mensions, geometry, constraints, feature names and relationships included in the model. [60]
The design intent must be kept in mind during the design process to fully benefit from par-
ametric modelling, because the next designer is not able to appropriately modify the model
if the design intent is not conveyed clearly enough. For instance, in programming, the design
rationale can be conveyed to the next editor through code comments, but because of the
complex nature of 3D CAD data, the design intent requires more than simple text comments.
[60] On the other hand, text annotations assigned to 3D models have been found to help
capture design intent. The purpose of each critical modelling decision can be shown as notes
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pointing to the relevant features in the model, clarifying the proper alteration convention.
[61] An example of conveying design intent using annotation is shown in Figure 17.
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Figure 17. Design intent reaffirmed with 3D annotations. [61]

5.4 Benefits

Parametric modelling and its current applications provide many benefits over plain geometry
modelling. History-based models constructed using the pre-defined rules benefit through
conveying the full design intent and subsequently easing the modification of the model. [62]
This directly creates savings as the editing process is easier and faster. When the essential
characteristics of the workpiece are chosen as the initial parameters, the model in its entirety
represents the real, physical part better as the starting points of the design correspond to the
purpose of the physical object. [S8][59]. The reusability of the models is also better and more
efficient. [58] Consequently, parametric modelling allows easy creation of product configu-
rations by changing only the initial parameters as the subsequent features and parameters are
constrained to them. [59] For example, a customer’s order with specified properties can be
automatically realised into a CAD model and a drawing when the configurable characteris-
tics of the model are controlled by parameters.

5.5 Restrictions

Parametric modelling has also its limitations. As the geometric features are defined by pa-
rameters, failing geometries occur with inapt parameter values. The issue is demonstrated in
Figure 18. With the shown dimensions, the geometry fails when a greater value is assigned
to d, than d;. The problem is to determine which parameter range results in valid geometry.
[57] With more complex geometries, the problem becomes increasingly difficult to solve.
Appropriate constraint usage affects the tendency for regeneration failure, thus increasing
the importance of proper design intent.

Even though a multitude of powerful parametric CAD software exists, construction of effi-
cient and reusable parametric models remains the designer’s responsibility. Parametric mod-
elling provides little advantage if the designer has insufficient perception of the principles.
[58] Similar geometry can be defined in a variety of ways [62], increasing the difficulty of
editing models created by other designers. The editor cannot know where in the model tree
the creator has hidden each parameter, and the order of the model tree does not necessarily
correspond to the relationships between the features. For these reasons, a pre-defined mod-
elling methodology is mandatory. [58][59] The formal modelling methodology must be fol-
lowed in order to create valid, editable models with a clear design intent. Parametric model-
ling methodologies have been studied a lot, and since capable modelling tools exist, the
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problem reverts to the standardisation of modelling procedures considering the ease of edit-
ing, reusability, utilisation of parametrisation and the needs of the company. The modelling
methods determine how well the model can be parametrically modified. Therefore, compa-
nies often establish their own modelling standards to suit their specific needs. Numerous
different standardised methods and procedures have been established [59] some of which
have been even patented [58].
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Figure 18. An example of failing geometry with out-of-range parameter values. [57]

To ensure the parametric model functions as intended, the quality of the model must be
checked. Low quality product data may cause delays and even decrease the quality of the
final physical product. The checking is vital because errors in the model are often unnotice-
able to the user. Many model quality testers have been developed to operate alongside the
CAD software. [62] The model testers can be used to check for instance the additional pa-
rameters, model and feature naming, geometric anomalies, model tree structure and feature
relationships. [62][63]

5.6 Direct Modelling

An alternative to parametric modelling, direct modelling means techniques where geometry
itself is modified instead of the parameters behind it. In practice, the model is modified
simply by dragging or otherwise manipulating the geometric entities directly in the model
view. Therefore, the features and the structure are hidden, and no access to model tree is
required for editing. [64] The benefits of direct modelling are flexibility and speed, as no
comprehension of the model tree is needed, but the editor relies more on the visible geome-
try. Furthermore, direct modelling allows easy modification of models imported from a par-
ametric environment or even from other CAD software. Hence, it is suitable for fast changes
or any other purpose where parametric approach would be too heavy. Moreover, the intui-
tiveness of direct modelling better supports creating free-form surfaces. On the other hand,
direct modelling lacks the reusability and configurability of parametric models. [64]
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6 Casting Tolerance Parametrisation
6.1 Background

6.1.1  Purposes of tolerance parametrisation

In this chapter, tolerance models are derived from a nominal CAD casting model. The output
is a parametric model with which the minimum and maximum states of the casting can be
generated as 3D models that represent the allowed limits of the physical casting. Subse-
quently, the possibility to benefit from the minimum and maximum models is examined. The
minimum model might be usable in strength calculations so that the calculations could be
done with a model including least material, and the maximum model would be used in layout
design and assemblies to detect possible collisions with other parts. Both minimum and max-
imum models may be beneficial in quality control as the 3D model acquired by scanning the
physical casting can be compared directly to the tolerance models. Moreover, the mass range
of the final casting may be estimated using the tolerance limit models. If the measured mass
differs a lot from the estimated minimum and maximum values, casting defects are probable.

The tolerance modelling is somewhat related to conventional tolerance analysis that is a
common practice when inspecting interference of machined parts in assemblies. In addition,
studies have been done about constructing 3D models of the real workpiece, including devi-
ations created in every manufacturing step from casting to machining. The Model of Manu-
factured Part is created through error stack-up simulation. [65] Here, instead of the whole
manufacturing chain, the worst-case states of the casting are constructed based on the nom-
inal CAD model using conventional modelling tools. Machining is considered through sim-
ple dimensional tolerancing.

ISO 8062-4:2017 general casting tolerance standard was chosen for the basis of the tolerance
parametrisation. As 8062-3 relies solely on dimensional and general geometrical tolerances,
general tolerance modelling would not only require parametrising every dimension, but also
angles and feature locations due to geometrical tolerances. The new 8062-4 tolerance system
is simpler, more straightforward, more easily incorporated into the model and more in com-
pliance with the 3D model based manufacturing, thus simplifying the designer’s tasks.

The tolerance limits used in this section are based on ISO 8062-4 standard, but some devia-
tions might be acceptable also outside the standard tolerance zone with customer’s approval
[17, p. 15]. In other words, the tolerance model would not act as an absolute limit surface.
Therefore, a possibility to create customised imperative models not based on the existing
standards is examined. The aim of these absolute limits are tolerance models that include
every acceptable deviation already. If the measurement of the physical casting is not within
the boundaries of the absolute limit models, the piece would be automatically discarded.
This way, the measurement process would be straightforward with no additional flaw ap-
proval process or workpiece rejection uncertainty.

The tolerance models will be created using Creo Parametric 2.0 and its built-in tools as it is
the company’s primary software for casting design. Parametric modelling principles are ap-
plied where needed. The modelling and parametrisation procedure is intended to be imple-
mentable to all castings. Therefore, the amount of work, the complexity of the procedure and
the possible benefits of the tolerance models are considered.
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6.1.2 NMX traction sheave properties

A traction sheave of an NMX hoisting machine was chosen for the tolerance model case
study. An NMX hoisting machine and its main components are presented in Figure 19, and
the traction sheave in more detail in Figure 20. A simplified casting drawing of the traction
sheave is presented in Appendix A. The traction sheave is the wheel that drives the ropes
connected to the car and the counterweight. The traction sheave also acts as a rotor for the
electric machine. Permanent magnets are installed onto the traction sheave, and the rear body
houses the coils. The casting material is ductile iron. Considering the material and the size
of the traction sheave, the most suitable manufacturing method is conventional sand casting
with machine moulding. The traction sheave was chosen for the case study because of its
criticality to the whole hoisting machine operation, but also for its relatively simple geome-
try. The axial symmetry of the casting makes it a suitable test piece for the parametrisation.
Compared to for example the front and rear bodies, the benefits of a simpler shape are obvi-
ous.

Figure 19. NMX hoisting machine and its main components. 1: rear body, 2: front body, 3:
rotor and traction sheave, 4: brakes.

Figure 20. Traction sheave with functional surfaces indicated. 1: rope grooves, 2: brake
surface, 3: bearing housings, 4: magnet surface, 5: possible fixing planes for machining.
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The traction sheave has quite strict mechanical requirements. It is manufactured from ductile
iron, and has separately defined strength, hardness and casting defect requirements for sep-
arate areas. The required properties are defined in a separate casting specification for each
cast component. The traction sheave also acts as a rotor for the electric machine. Therefore,
the magnetic properties of the material are vital as the magnetic flux passes through the
sheave.

As for the dimensional requirements, the general tolerance is selected between CT8 and
CT12 according to ISO 8062-3 recommendations. Beside the general tolerance, there is only
one individually indicated tolerance in the casting drawing shown in Appendix A. The 18+1
millimetre dimension acts as an example of an individually toleranced dimension vital for
the functionality of the traction sheave. The thickness is affected if e.g. an angular mismatch
occurs in the mould. Different types of mould mismatch [13, p. 9-11] and pattern yielding
are also taken into account in the casting specification with different grades of allowed de-
fects the value of which is relative to casting tolerance grade. Despite the few specific re-
quirements that apply only for the traction sheave, the applicability for any castings is con-
sidered when creating the tolerance models.

6.2 Implementation to NMX Traction Sheave CAD Model

To examine the applicability and ease of use, three different CAD parts are created: one with
a uniform surface profile tolerance, one with different surface profile tolerances on different
surfaces, and one with wall thickness tolerances. The first two consider the shape require-
ment stated in ISO 8062-4 and the last the wall thickness requirement. The modelling tech-
niques and the amount of work are examined with these test parts. In addition, the compati-
bility of the tolerance models for machining is examined with an assembly CAD model. The
tolerance models are saved as different versions of the generic part, i.e. same document num-
ber with a different version number as indicated in Table 1. An established convention is to
name the casting v000, and the different machining versions from v001 up to v009. The
version numbering of the tolerance models is chosen as follows to avoid conflict with exist-
ing versions. The generic models used are complete representations of the casting with
drafts, RMAs and rounds included in the nominal model.

Table 1. Part and version numbers of tolerance test parts.

Type Generic Minimum Maximum
Uniform surface 51475789v000 51475789v010 51475789v020
profile tolerance

Individual surface 51475790v000 51475790v010 51475790v020
profile tolerances

Wall thicknesses 51475791v000 51475791v010 51475791v020
mock-up

Uniform surf: tol- 51475789v001 51475789v011 51475789v021
erance, machined

6.2.1  Uniform surface profile tolerance

The allowed shape limits of castings are defined in ISO 8062-4 using a surface profile toler-
ance. For a uniform surface profile tolerance, the tolerance models can be defined simply as
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surfaces with an equal offset throughout the whole model in the normal direction to the
nominal surface. In Creo Parametric, all the surfaces in the model can be chosen using Ge-
ometry selection option and Seed and Boundary selection method. Another way is to select
any surface and use Solid Surfaces command in the drop-down menu. Once all the surfaces
are selected, the upper and lower limit surfaces are generated using Offset tool and Expand
Feature option. The offset value is set to zero to the base part.

The tolerance models are created using Creo’s Family Table functionality. Family Table is
a tool allowing easy generation of part variants by modifying only selected parameters of
the part in a table whilst all other properties are directly derived from a Generic base part.
Different values for different variants or /nstances of the part are defined in the table, result-
ing in a family of similar parts with the selected properties varying. In conclusion, Family
Table acts as an interface for configuring product variants using only a table of parameters.

The tolerance models are created as two Family Table instances of the generic part as shown
in Figure 21. The dimension of the offset feature is selected as the only Family Table param-
eter to be changed between model instances. The offset value is set to half the surface profile
tolerance and to positive for one instance and negative for the other. The dimension must be
set contain an absolute value to avoid changing the direction of the feature each time the
model is regenerated as Creo does as default. Now the model has two solid models created
as Family Table instances, representing the surfaces between which the real measured sur-
face must fit. The comparison between the nominal and the tolerance models is shown in
Figure 22.

Family Table :51475789V000 - 0 X

File Edit Insert Tools
Look In{ 51475785V000 =R B il &m0

Ty... Instance Name DOCUMENT_ID $d795
51475785000 51475788V 000 0.00

OK Cancel

Figure 21. Family table with ID parameter and overall offset value. Dollar sign indicates
that absolute values are in use.

The method 1s so simple and easy to utilise that no additional parameters or relations need
to be defined as the feature is driven only by one dimension. However, the offset value has
its limitations. Surfaces with dimensions close to the tolerance value can fail model regen-
eration. The traction sheave has a few text markings (e.g. part number) that are too small
compared to the offset value, causing the geometry to overlap and regeneration to fail. There-
fore, the offset feature must be placed before any such markings in the model tree. Usually
this should pose no problem since castings cannot possibly have functional features that are
smaller than the tolerance value. Considering the minimum tolerance model, small round
radii should also be avoided. When the offset value is equal to a round radius, the round has
diminished into a right angle and the regeneration of the feature fails. However, such small
round radii should not be used at all due to the dimension being lost to the tolerance, but also
to avoid unfilled cavities in inner corners. In outer corners of the mould, small round radii
may cause fractures and overheating of the mould. Recommended surface profile tolerance
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for a casting this size is from two to four millimetres [17, p. 8], so the offset value (half the
tolerance) remains quite small compared to the smallest functional features or smallest round
radius.

Figure 22. Uniform surface profile tolerance for the whole traction sheave.

6.2.2 Individually indicated surface profile tolerances

Without any special requirements, the same surface profile tolerance would be applied to
every surface making the implementation is easy. The 18+1 mm requirement in the traction
sheave drawing cannot be included in the tolerance model since the material may be located
anywhere between the minimum and maximum model surface. The dimension must be in
any case measured separately as would any other wall thicknesses when ISO 8062-4 is in
use. However, the 18+1 mm dimensional requirement could be replaced with an individually
indicated surface profile tolerance.

Individually indicated surface profile tolerances can be added to the CAD model quite sim-
ilarly to the uniform tolerance. With only one individual surface, the easiest way is to select
all surfaces, deselect the individual surface, offset all the other surfaces and separately offset
the deselected surface. Both offset values are added to the Family Table. However, the
rounds affect the offsetting. Since every corner is rounded, every surface is tangent to its
boundary surfaces. Tangential surfaces cannot be offset using a different value. Therefore,
the offset features must be done first and the rounds at the corners of the individually indi-
cated surface after. The rounds must be assigned so that the features reference the offset
surfaces rather than the original surfaces, even though the offset value in the generic part is
zero. The model tree with the rounds defined after the offsets is shown in Figure 23. Again,
the offset value is set to half the desired tolerance. The rounds are now referenced to the
offset feature, so they will regenerate even when the offset value is changed in Family Table.

In addition, the radii of the rounds must be changed by the amount of the offset value so that
the limit surfaces stay at the same distance from the nominal surface also at the rounded
corners (Figure 24). The said round dimensions must be added to the Family Table. The
orientation of the round must be considered when defining the values. For inner rounds, as
in this case, the minimum model must have the larger radius and maximum model the
smaller. For outer rounds, the minimum model has the smaller radius and the maximum
model the larger. Since the surfaces at the border of the individual surface have different
offset values, the round radius could be changed by either value. Here, the smaller value is
used to avoid problems with regeneration since the selected individual surface is quite nar-
row. In any case, the differences are so small that they have a minuscule effect on the cor-
rectness of the tolerance model.
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Figure 23. Top left: the end of the model tree. The bordering round is added after the offset
features. The last two extrudes are the text markings. Top right: the relations for round radii
when using individually indicated surface profile tolerances. Bottom: tolerance parameters
in Family Table.

If there are multiple individually indicated surface profile tolerances, calculating the values
to the Family Table one by one can be arduous. Instead, the rounds can be set to follow the
offset values parametrically. The offset values (half the tolerance) are set to parameters in-
stead of directly to the offset feature dimension. This is to enable negative values, since Creo
handles all dimensions only as positive values with a direction. The parameters are then
altered similarly using the Family Table, leaving the value to zero for the generic part and to
negative and positive offsets for the minimum and maximum models, respectively. The
round radii are controlled with equations in Creo’s Relations window as shown in Figure 23.
The dollar sign allows the parameter value to be interpreted as an absolute value, so when
negative, the direction of the associated feature is opposite, thus enabling the minimum tol-
erance model to be generated using only the negative parameter value. The offset value is
reduced from the nominal radius with inner rounds and added to it with outer rounds. This
way, the negative value of the offset parameter turns to positive with minimum tolerance
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model and inner round as it should. More individual surface profile tolerances could be de-
fined similarly as long as the bordering round features are taken into account as the ones in
Figure 23. A downside of defining round radii in relations is that the nominal radii cannot
be modified directly in the model or by editing the feature in the tree. Instead, the nominal
dimension is hidden in the relations. Creo notifies the user when trying to modify a dimen-
sion defined in the relations window, but it is easily missed by a designer other than the
creator of the model.

Figure 24. Tolerance of the 18 mm dimension replaced with an individual surface profile
tolerance tighter than the general surface profile tolerance. Left: all original radii. Right:
radii changed by offset value.

Modifying the rounds might again cause some issues that must be considered during the
designing process. In this case, the individually indicated surface is so narrow that when the
radii of the bordering rounds are increased for the limit models, the rounds may overlap
especially with larger offset values and the feature fails to regenerate. By decreasing the
other bordering round radii, the problem can be solved. However, with more complex parts,
the arising issues might not be as easily fixed.

If the surface tolerance model is wanted to be imperative, i.e. every allowed defect is already
taken into account in absolute limit tolerance models, every surface must be set individually.
In this case, the same offset method can be utilised, but this time all the round features in the
entire model must be defined after the offset features instead of only the one in the previous
example. Even if this sort of approach would be very simple and clear when it comes to
quality control, the benefits hardly outweigh the amount of work needed as the designer has
to consider every possible defect and inaccuracy on every surface to determine unconditional
limits.

As stated in ISO 8062-4 standard, the surface profile tolerance models act as limit surfaces
between which the measured surface must fit. This means that the minimum and maximum
models created are not the smallest or largest allowed models or include the least or most
material. The surface profile tolerance sets only the allowance for the overall shape of the
casting as the wall thickness tolerances are still defined separately. Therefore, these surface
profile models cannot be used in strength calculations or mass evaluations, but only in col-
lision detection in assemblies or in quality control as reference surfaces.
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6.2.3 Wall thicknesses

As the wall material can be located at any position between the surface profile tolerance
limits, the wall thickness tolerance model is no use in quality verification. The overall shape
of the physical casting can be compared to the surface profile tolerance models, but wall
thicknesses must be measured separately. Therefore, the wall thickness model can only be
used to find the state of the casting with the least and most material at the walls. These might
be used in strength calculations or mass evaluation.

The generic (nominal) model has some requirements when it comes to wall thickness toler-
ances. Often castings, especially prototypes, are modelled using the final machined part as a
basis. Casting features are then modelled on top of that, for example RMAs are added to the
nominal machined condition as seen in Figure 25 a). The figure shows that none of the driv-
ing dimensions corresponds to actual wall thicknesses. Therefore, the dimensions shown
cannot be toleranced as they do not represent the final nominal wall thickness of the casting.
In this case, the final wall thicknesses and the base dimensions are within the same range in
the tolerance table [17, p. 8] and would result in the same tolerance, but this generalisation
cannot be made in every casting. In conclusion, to be able to include wall thickness and
complete cylinder tolerances to the model, the casting must be re-modelled with the dimen-
sions driving the final shape instead of a base shape.
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Figure 25. a) Typical modelling technique. Red line represents the base shape (machined)
within the casting. b) Modelling style allowing wall thickness tolerancing.

To demonstrate the technique with which wall thickness tolerance modelling is possible, a
mock-up model shown in Figure 25 b) was constructed. The mock-up has the final wall
thicknesses and cylinder diameters of the casting as the driving dimensions of the model.
The nominal dimensions are calculated according to Equation (3). Since the wall can be
located anywhere within the surface profile tolerance limits, the actual position cannot be
known. Therefore, the wall thickness dimensions are constrained to the middle of their nom-
inal location as shown in Figure 25 b). This way, the variation in the dimension is equal in
each direction giving an approximation of the physical casting. As an exception to middle
point constraining, the 18 mm dimension is locked at its end point instead since it shares one
end with the 30 mm dimension. The difference is insignificant since the mid-point constrain-
ing itself is a vast approximation and in the worst case might represent the physical casting
quite poorly.
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Nonetheless, middle point constraining may contradict with the complete cylinder tolerance
if the wall thickness is related to such cylinders. Moreover, ISO 8062-4 does not define
whether “complete cylinders” means strictly cylindrical features or also drafted cylindrical
features, thus leaving the interpretation of the rule for the designer. As with the wall thick-
nesses, also the cylinders must have the nominal casting diameter as the defining dimension
of the feature to successfully parametrise it instead of e.g. radius. Whether parametrised or
not, defining the outer diameter using the middle point dimension does not follow good
modelling practice as the outer dimension is anyway the most significant. In any case, the
complete cylinder tolerancing is optional [17, p. 12], and if needed, the required diameters
can be toleranced separately instead of general tolerancing. No cylinder sizes are para-
metrised in the mock-up part for simplicity.

The drafts cause some problems when implementing the wall thickness tolerances. Accord-
ing to ISO 8062-4, drafts add material to the nominal shape unless otherwise stated [17, p.
7]. Thus, the nominal dimension to be parametrised is usually the dimension driving the
geometry before the draft feature is added to the model. However, in Creo a split draft (part-
ing plane in the middle of the drafted surface) causes material to be removed from the base
shape. The comparison is shown in Figure 26. The nominal wall thickness is the narrowest
part of the demo piece in the figure. As the dimension drives the thickest part of the wall
instead of the nominal wall thickness, the dimension cannot be parametrised for wall thick-
ness tolerancing. To avoid this problem, the drafts must be done individually or using other
features so that the dimensions correspond directly to the nominal wall thickness. For exam-
ple, in the test part in Figure 25 b), the drafts are included in the base shape defined with a
Revolve feature. However, creating the drafts with other tools may increase the workload of
modelling when the case is not as simple.
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Figure 26. Left: relation of draft angle to nominal dimensions [17]. Right: split draft feature
in Creo with parting plane in the middle. The driving dimension (30 mm) is not the nominal
wall thickness.

To achieve the minimum and maximum tolerance models, the corresponding dimensions
must be manually selected from the model. The tolerance table in ISO 8062-4 is not easily
included directly in the model, so Excel is used for generating the tolerance values. Creo can
be paired in a few ways with Excel. Creo’s Excel Analysis tool allows exporting dimensions
to an Excel file and importing values from the table to model parameters or dimensions.
However, using Excel analysis tool the parameter export and import must be done separately
resulting in more workload. In addition, the Family Table functionality is very useful with
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the tolerance models, and the Excel analysis cannot be easily paired with the Family Table
as the imported parameters can only be set directly to dimensions instead of creating in-
stances with different dimensions.

The less arduous option is to modify the Family Table using Excel. After the wall thickness
and cylinder dimensions have been picked to the Family Table, the table is opened in Excel
using Edit the Current Table Using Excel command. Creo creates a temporary Excel file
based on what already is set to the Family Table, in this case the picked dimensions to which
the dimensional tolerances will be assigned. The temporary file contains only the values and
parameters set in the Family Table. Therefore, nothing else can be saved to the Excel file,
but Excel is only used to modify the table. This results in a procedure where the tolerance
table and calculations must be done in a different file. This could be overcome using the
Excel Analysis, where the values are imported from a stand-alone Excel file where any func-
tions or Visual Basic macros can be saved. However, Excel Analysis does not allow Family
Table instance creation. Therefore, every instance (minimum, nominal, and maximum
model) should be created as separate models, which is not desirable as the changes done to
the nominal model are wanted to update automatically also to the tolerance models. Further-
more, the table used with Excel Analysis tool must be saved separately from the model files,
which might cause compatibility problems with PDM systems. In conclusion, the most
straightforward method is to have only the one separate Excel file that is used to calculate
the tolerance values to the Family Table.

The Excel file used in the calculations is presented in Appendix B. The first sheet shows a
template to which the picked dimensions and parameters (IDs for different version numbers)
are copied from the Family Table temporary Excel file. Additionally, the desired tolerance
grade S is set on this sheet. The second sheet contains the tolerance table from ISO 8062-4.
Command Calculate Dimension Limits executes a VBA macro that goes through every di-
mension, checks the tolerancing range in which the dimension is, checks the tolerance ac-
cording to the selected grade and finally calculates the limit values for the dimension. The
VBA code is also presented in Appendix B. Now the tolerance values are calculated, and
they can be copied back to the Family Table temporary file. By saving the file, the changes
are saved to the Family Table, thus enabling the minimum and maximum dimensions to be
set to the Family Table instances. The resulting tolerance models are compared to the nom-
inal model in Figure 27.

Figure 27. Wall thickness tolerances imported from Excel. Used tolerance grade is exces-
sively large to better visualize the effect. The larger the dimension, the wider the tolerance
zone.
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This method automates the calculation of the dimension limits, but the selection and mid-
point constraining of the dimensions must be done manually. In addition, each time the par-
ametrised dimensions are changed, the limit values must be calculated again using the
method described. However, only the critical ones could be parametrised as described to
save time and to decrease the workload. There is no need to parametrise wall thicknesses
with little significance. Only the critical ones to be shown in the drawing and to be measured
can be selected for parametrisation. Where the wall thickness or complete cylinder dimen-
sion is not that critical, the overall surface profile tolerance would be effective.

Although the wall thickness tolerance models can be generated with moderate amount of
work, the applicability of the tolerance models remains questionable. A model similar to the
wall thickness demo part might be applicable for strength analysis, but it does not represent
minimum or maximum material conditions of the casting which would be needed in order
to evaluate the mass range. For example, a casting includes most material when both the
surface profile tolerance and the wall thickness tolerance are at their maximum limit so that
the casting is largest and wall thickness smallest possible. On the other hand, the machined
part includes the least material when the surface profile tolerance is at its maximum, because
more material is removed by machining.

X X-Y X+Y
a) Nominal b) Least material (cast) ¢) Most material (cast)
X Xy

— casting outline

shape limits
- - machined surface
X nominal wall thickness

Y half of wall thickness
tolerance

d) Least material (machined) e) Most material (machined)

Figure 28. Minimum and maximum material usage conditions. A simplified presentation of
traction sheave outer surface. For clarity, only the one dimensioned wall thickness is exam-
ined here.
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The tolerance conditions are shown in Figure 28 using a simplified representation of the
outer surface of the traction sheave. Figure 28 a) shows the nominal model, b) casting min-
imum, c) casting maximum, d) machined part minimum and e) machined part maximum.
Casting weight would be estimated using b) and ¢) and final machined part weight using d)
and e). Strength evaluation could be done using the final machined state d) with the least
material, whilst state e) contains the most material.

As seen in d) and e), the wall thickness of the casting can vary since the wall is at the surface
profile limit on the right side and the variation is located on the left side, removed by ma-
chining. Furthermore, the casting minimum in b) is adjacent to the left minimum surface
profile tolerance limit instead of the right maximum limit as with the machined maximum.
This is due to the surface profile tolerance. If the wall in b) was located similarly to ¢), the
surface limits prevent the wall thickness to be at its minimum tolerance limit.

To create a model that takes into account every state of the casting and thus would provide
the real weakest, strongest, lightest and heaviest parts allowed by the standard, every corre-
sponding dimension should be separately parametrised and toleranced. In other words, the
surface profile tolerance should be incorporated into the model using similar dimensional
tolerancing as in the wall thickness demo. The surface profile tolerance models created in
Chapters 6.2.1 and 6.2.2 would not help creating these models. Moreover, some dimensions
should use the surface profile tolerance grade P and some the wall thickness and complete
cylinder size tolerance grade S. Every condition shown in Figure 28 should be added as a
separate instance to the Family Table. The wall thickness is sometimes constrained to the
outer surface limit and sometimes to the inner limit, which yet again increases the amount
of work needed for a working model.

6.2.4 Machined models

The machined models must be considered since the real minimum and maximum states nat-
urally are the final machined states. The model that should be used in collision detection and
layout design would therefore be the maximum surface profile tolerance state of the casting
with the machining at its maximum limits, 1.e. also the machined dimensions should be par-
ametrised to determine the real maximum. The machining dimensions could be toleranced
easily by simply setting the minimum and maximum limit to the Family Table. However,
also geometrical tolerances apply for the machined features. Those are too difficult to in-
clude manually in the model with reasonable workload. As with the wall thicknesses, the
machining features can be approximated to their nominal positions, and the geometrical tol-
erances can be considered when calculating clearances. With the machined part, the case
comes closer to a typical tolerance analysis for which already exists dedicated software.
Even for Creo, such plug-in is available. Creo Tolerance Analysis Extension (TAE) supports
dimension analysis, but also profile and positional geometrical tolerances. [66] However,
the tolerance analysis tools are mostly meant only for machined components and engineering
fits instead of castings or casting tolerances. Collisions of cast features must be examined
separately using e.g. surface profile tolerance models. For example, the machined traction
sheave is located inside the cast rear body. The worst-case scenario happens when both the
surface profile tolerance of the body and the machining tolerance of the traction sheave are
at their maximum. The casting tolerances are much greater than the machining tolerances,
thus contributing more to the needed minimum clearance between the parts. The minimum
clearance with the worst-case scenario must be chosen considering also the geometrical tol-
erances, but with the traction sheave and the brake surface, the geometrical tolerances are
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quite tight and therefore the machined features can be approximated to their nominal posi-
tions. The small error can be compensated by increasing the minimum clearance.

The final machined workpieces are currently modelled using Creo’s External Inheritance
feature with which the casting 3D geometry is imported into the machining CAD model. To
create the machined model instances using the casting tolerance models, the reference model
of the External Inheritance feature must be changed. This can be done only if the reference
model has Family Table instances to preserve the existing parent-child relations. However,
even if the tolerance models are created using Family Table, some machined features must
be re-defined because of the offset feature. No machined geometry should be referenced to
the surfaces of the casting model since the surface is changed when the tolerance state is
changed. Most of the machined features are already defined using only datums, which sup-
ports the use of tolerance models. However, not all features can be defined only using da-
tums, e.g. chamfers always need a reference to actual geometry (edge). Such features must
be re-assigned to the geometry of the offset feature in a similar way to the rounds in Chapter
6.2.2. This causes only little additional work. The traction sheave required re-defining only
six such chamfers and rounds. When designing new models from scratch with the surface
profile tolerances, this problem disappears as the offset features are defined to the casting
model already before the machining model instead of forcing existing models to support
tolerance models.

In addition, some features might cause regeneration failures because of out-of-range dimen-
sions. For example, the chamfer shown in Figure 29 fails with the minimum tolerance model
because the size of the chamfer exceeds the dimensional difference between the machined
surface and the cast surface in the minimum state. This failure can be solved by simply re-
ducing the size of the chamfer. A better way would be to replace the chamfer with a revolve
feature with references to the cast and machined surfaces instead of the chamfered edge.
This way, the chamfer only has an angular dimension instead of a depth dimension, and the
size of the newly created chamfer changes in relation to the surfaces.

Figure 29. Failing chamfer replaced with a revolve feature constrained to the surfaces and
the lower edge instead of the upper edge as an actual chamfer feature.

Even though the reference model of the External Inheritance feature is easily changeable
between Family Table instances, creating the minimum and maximum models with machin-
ing requires changing the reference model manually for each tolerance model since External
Inheritance feature cannot be modified in the Family Table. If the machined tolerance mod-
els are wanted to be Family Table instances of the nominal instead of needing manual work
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each time, the External Inheritance in a part file must be replaced by modelling the machin-
ing in assembly mode. An exemplary assembly CAD model is created to demonstrate the
technique. Uniform surface profile tolerance models are used as the machining base models,
but the same technique applies to the other tolerance models as well.

The only component in the machining assembly is the casting from which material is re-
moved as assembly cuts. In addition to the generic, two Family Table instances are created
for the assembly. In Family Table, the instance of the casting can be changed using Replace
Using Family Member command. The command lets the user choose which instance of the
component is used in each instance of the assembly. [67] This comes in handy if the ma-
chined part tolerance limit models are wanted to be automatically updateable Family Table
instances like the previously constructed surface profile tolerance models. Figure 30 presents
the Family Table of the machining assembly with machining tolerances and the casting in-
stances. Only the brake surface dimensions are shown here for demonstration. Here again
the references of the dimensions must be assigned to correspond to the toleranced dimen-
sions of the machining drawing. An excerpt from traction sheave machining drawing is pre-
sented in Figure 31 a) showing the dimensional tolerances. Figure 31 b) shows the defining
sketch, and Figure 31 c) the comparison between the tolerance models.

Family Table :51475783V001 = [ X
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Figure 30. Family Table of machining assembly. Different instances of the casting compo-
nent are used for different instances of the machining assembly.
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Figure 31. Brake surface machining tolerance modelling. A) drawing indication, b) sketch
definition, c) tolerance model comparison.

However, using assembly mode to model machined workpiece has its limitations. For ex-
ample, chamfer feature is not allowed in assembly mode to avoid using it on inner corners
where a chamfer would add material. With the traction sheave, this is not a problem since
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every chamfer can be included in revolve features. Moreover, if a chamfer cannot be con-
structed in Creo using revolve, extrude, sweep or other basic tools, the geometry will prob-
ably be so complex that even machining it would be difficult. True, the chamfer feature is
still the fastest and easiest way to construct the feature. On the other hand, assembly mode
prevents the designer from accidentally adding material to the model as only material re-
moval is allowed.

Another usual technique for modelling casting machining is to assign all machining to Fam-
ily Table so that the machined part or different versions of it are Family Table instances of
the casting. However, this results in a problem with revisions since Family Table instances
cannot be separately revised. Therefore, if only one machining instance is modified, every
other instance and the generic casting are also revised. Still, Family Table definition suits
well the tolerance modelling. If the tolerances are modified, it affects the tolerance instances,
but also the generic and the drawing must be revised since the tolerances are shown in the
drawing. Hence, the tolerance models are naturally revised alongside the drawing and the
generic model. In addition, the tolerance models are not separate production models as the
machining models would be, thus even further diminishing the need for separate revising. In
conclusion, the machining is more beneficial to be kept as its own model, leaving the Family
Table solely for tolerance modelling.

6.3 Possibilities for General Implementation

6.3.1  Surface profile tolerance models
To better evaluate the applicability of surface profile tolerance modelling, the uniform sur-
face profile tolerance system was tested on the hoisting machine bodies shown in Figure 19.
At first, only the text markings were suppressed. The test revealed that the simplicity of the
traction sheave is a critical factor when using the uniform offset. The front body fails regen-
eration if the offset value is over 0.4 mm or under 0.2 mm, and it cannot be constructed at
all to the rear body. Analysing the failed features reveals that most of the problems are related
to round features even if the round is not directly the cause of the regeneration failure. Figure
32 shows examples of problematic geometries. Failure causes included

e abrupt edges (a, b)
overlapping or incomplete rounds (b)
mismatch at parting surface (c)
rounds ending to parting surface (d, e)
small features compared to casting size (a, b, f)
self-intersecting surfaces (f)
complicated feature definition (g).

To unravel the problems with the rounds, every round feature was moved to the end of the
model tree and suppressed. The offset feature is added to the bottom of the model tree, and
then each round feature was resumed one by one while observing whether the offset feature
fails or not. When the resumed round was not the problem, all the features up to the one
causing the failure were suppressed, and troubleshooting was carried out similarly. Some
issues could be resolved merely by changing the radius of the round, some required modify-
ing the parent feature of a round. Problems with the base shape may require complete re-
modelling: in Figure 32 c) the drafts are defined individually resulting in a mismatch at the
parting plane, and in Figure 32 g) the chamfer is created using multiple different features
(sketched cross-section, surface sweep and solidify), when the same outcome could have
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been achieved with a single chamfer feature. This kind of failures might be difficult to solve
in a complete existing model, so the best way to avoid these is again a good modelling tech-
nique from the beginning. Figure 32 d) is a good example of negligent modelling. The lower
half of the mould is left with a thin ledge with a counterdratft.

In Figure 32 e), the situation is more difficult to work around. There is no actual flaw in the
modelling technique as there is no other simple way to create the rounds shown. Still, the
offset feature fails at the vertices marked with red according to failure diagnostics. A simple,
yet not the most elegant solution, is to move the failing rounds to the end of the model tree
after the offset feature and defining the radii similarly to the ones in the individual surface
tolerance models. The radius of the round must be again added to the Family Table or set to
follow the offset value in the relations windows as described in Chapter 6.2.2.

Figure 32. Different geometries causing offset feature to fail regeneration in front and rear
bodies.

The failing offset features can also be seen as a modelling quality indicator. The testing on
the bodies suggested that the regeneration failures correspond somewhat to the casting de-
sign flaws. For example, a casting model should not have very small round radii, small edges
or small surfaces, since they are impossible to be duplicated to the pattern and subsequently
to the casting. If a feature in a model has dimensions close to the tolerance value, it is ques-
tionable whether the model should include that shape in the first place since the small shape
can be lost within the allowed variation. Sometimes round radii below the practical minimum
are used in CAD models if the feature fails with larger radii. Instead, the geometry should
be modified to allow the desired round radius since the reason for the failure is in the base
geometry, even if it is not very eminent. In any case, the supplier has to modify rounds too
small before the pattern manufacturing, resulting in a casting whose rounds do not match
those of the CAD model. Not all regeneration failures were caused by design flaws, but if
surface profile tolerance models are going to be used, the designer must consider it through-
out the whole modelling process and avoid the mentioned issues.
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To monitor product model quality, automated tools can be used to verify that the company
guidelines are followed in CAD modelling. Creo has an integrated tool called Model CHECK
whose purpose is to automatically detect whether the model is constructed according to pre-
defined principles. By default, ModelCHECK is run every time a model is saved, but the
report must be opened manually. The default Model CHECK can be used to inspect e.g.
model names, parameters names, model units, missing parameters, missing ID parameters
in Family Table, children of drafts or rounds, and incomplete or failed features.
ModelCHECK also has geometry inspection capabilities and incorporates a pre-defined
VDA standard geometry check. [63] However, it is possible to create custom geometry
checks e.g. specifically for castings. The quality of the casting models could already be im-
proved by enforcing the default Model CHECK that is now easily neglected, but customising
a complete casting check would ease even more. Available checks are listed in PTC’s doc-
umentation, and they can be customised by modifying ModelCHECK configuration files. In
addition to already mentioned references to drafts and rounds, useful checks could be

e standard draft angles
early chamfers, drafts or rounds
sharp and short edges
small cylindrical surfaces
surface gaps and overlaps [68].

Standard draft angles check reports if the model includes any draft features that do not have
standard angles. Early Chamfers, Early Drafts and Early Rounds checks cause a warning if
these features occur in the model before a certain percentage of all the features in the model
tree. This prevents referencing these features, but also ensures that the base geometry is de-
fined before it is modified to be suitable for casting. Sharp Edges check reports any angle
between two surfaces below a specified limit. Short Edges does the same, but with a dimen-
sional limit defined either as an absolute value or in relation to the size of the model. Small
Cylindrical Surfaces check finds any cylindrical surfaces, such as rounds, with a radius be-
low a specified limit. These three are useful not only for the tolerance modelling, but for the
casting as well since very small shapes do not duplicate to the pattern. Usually too small
shapes are anyway modified, removed or enlarged by the supplier. Surface Gaps and Over-
laps checks for any adjacent surfaces overlapping or with a gap between them. Even if the
nominal model would regenerate, the offset feature might not due to overlapping geometry.
[68]

Regardless of the possible benefits in measuring, the surface profile tolerance models are
beneficial when designing assemblies. The minimum and maximum models show the limits
beyond which no material is allowed. Therefore, the surface profile tolerance models must
be utilised when inspecting for collisions with other parts and designing required clearances
as the bounding box and thus the required space for the components are determined by the
tolerance limit models. The option for clearance investigation is to measure all clearances
manually from the nominal model. With simple assemblies, manual investigation is easy
enough, but with more complex structures, the benefit of the surface profile tolerance models
becomes more evident. On the other hand, also the tolerance implementation to complex
models is likely more difficult and time-consuming.

The workload of implementation was observed to depend greatly on the used modelling
techniques, the quality of modelling and the geometry of the workpiece. Unravelling the
issues with the hoisting machine bodies took several hours, yet the tolerance models are still
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not complete. Contrarily, the same was done to the traction sheave in a couple of minutes.
This shows the vast effect of the geometry. The traction sheave is simple and contains no
small features close to the tolerance value.

6.3.2 Wall thickness tolerance models

As opposed to the surface profile tolerance models, the wall thickness tolerance model cre-
ated in Chapter 6.2.3 could be used only for strength calculations. As the examination re-
vealed, creating least and most material models would require a huge amount of additional
work. As the material amount limits cannot be easily included, the benefits of the wall thick-
ness tolerance model remain scarce. In addition, the casting tolerance might be already ad-
dressed to by the factors of safety used in the calculations. For example, in America, the
requirements are defined in ASME A17.1 elevator safety code that sets factors of safety for
hoisting machine components between 8 and 10 [69, p. 106]. However, the code defines
several other requirements for the components, and other regions have their own require-
ments. In conclusion, a tolerance model cannot take into account every requirement and
situation concerning strength. Therefore, it is advisable to construct strength calculation
models separately when needed for e.g. borderline cases, with or without the help of the
described wall thickness parametrisation procedure.

The parametrisation for the traction sheave was done without the cylinder tolerances. As for
general usage with other models, the cylinder dimension parametrisation is not that clear.
With internal cylindrical features e.g. holes, the amount of material is greater with the min-
imum tolerance and smaller with the maximum tolerance. This prevents the usage of the
tolerance calculator Excel table that always assigns minimum dimension to minimum toler-
ance model. Therefore, parametrising internal cylinders would require changing the mini-
mum and maximum of the diameter manually to Family Table. External cylinders work like
the wall thicknesses. However, it is debatable whether the cylinders need to be toleranced at
all. At least with the traction sheave, complete cylinder tolerance would more affect the
shape as the strength is still mostly determined by the wall thicknesses. This of course de-
pends on the geometry of the workpiece, but in any case, all the diameters to be toleranced
must be manually selected and minimum and maximum inverted with internal features.

Designing new casting CAD models is affected vastly depending on whether the models are
intended for wall thickness tolerance modelling or not. Requirements for a working wall
thickness tolerance model are

e dimensions of shapes also nominal wall thicknesses

e wall thicknesses constrained from middle point to nominal position and

e draft features increase the nominal model features.

When modelled from the beginning considering the future wall thickness parametrisation,
assigning the values to Family Table can be done in very little time. The biggest issue with
the implementation is therefore not running and assigning the tolerance limits using Excel
and the VBA code, but rather changing the company’s guidelines so that castings are mod-
elled to support wall thickness parametrisation. Even though the wall thickness model is not
reasonable to be implemented as a standard for every casting, some aspects of the modelling
style allowing it would be advisable. The casting would represent the real-world casting from
which material is machined away instead of representing a base to which material is added.
Furthermore, the dimensions in the model would correspond to those of the measurement of
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the physical casting. If the base shape is wanted to be preserved anyhow, the different por-
tions of the nominal dimension of the casting (base, machining and casting tolerances, RMA)
can be shown in the base shape sketch as construction lines instead of defining separate
features for each. The same could be also achieved with a sketched skeleton model. Figure
33 shows a demonstration where the contributions to the casting nominal dimension are il-
lustrated with construction lines. The nominal dimensions are based on the machining di-
mensions according to ISO 8062-4 as presented in Figure 7 and Equation (3). Each of the
contributors are visible without affecting the actual nominal wall thickness to be para-
metrised as opposed to modelling style in Figure 25 a). This way, the model tree is cleaner,
clearer and easier for the next modeller to master, and the model is ready for wall thickness
tolerancing if needed while the components of the nominal dimensions are still visible. RMA
and surface profile tolerance are chosen according to ISO 8062-4 recommendations. RMA
grade E and surface profile tolerance grade P8 were used for calculating the nominal casting
dimensions.
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Figure 33. RMA and tolerance contribution to casting nominal dimensions. Base shape is
shown with dashed construction lines and red dimensions, actual geometry with yellow lines
and black dimensions. Some constraints are hidden for clarity.

As for existing CAD models, the wall thickness tolerance models may require quite a lot of
re-modelling. If any wall thicknesses or complete cylinder sizes are modelled in multiple
steps with multiple features as in Figure 25 a), the base shape must be modelled again from
the beginning. Furthermore, not only the base shape would be re-modelled, but every child
feature referencing the re-modelled shapes and finally the assemblies referencing the re-
modelled surfaces. The amount of work required is proportional to the size and complexity
of the part. Whilst new models constructed from scratch can be modelled to support wall
thickness tolerancing by following the stated guidelines, the workload of converting existing
models outweighs the benefits. If needed, weakest states of the models can still be manually
constructed for the calculations of single parts as have been done this far.
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In conclusion, wall thickness tolerances seem to provide quite little value to the designer.
Especially with existing models, it is certainly not worth the effort. Moreover, the older MX
hoisting machines series is designed using Vertex and include only combined drawings,
where machining and casting specification are defined in the same drawing. Therefore, im-
plementing wall thickness tolerances would not only mean complete re-modelling but trans-
ferring the models to Creo. If strength calculation requires tolerance models (e.g. borderline
cases), the approximated wall thickness models can be constructed singly instead of imple-
menting limit modelling for every casting. However, certain aspects of the modelling tech-
nique supporting wall thickness tolerancing should be encouraged not only because of pos-
sible tolerancing but to improve the practices as described above.

6.3.3 Custom imperative tolerance system

The aim of the custom tolerance model was to create an imperative system where there are
no additional conditions, but the individually indicated surface profile tolerance models
would act as absolute limits from which no deviation is allowed. This way, there is no un-
certainty since the limits are defined as absolute, and no discussion about allowed deviations
is needed between the customer and the foundry. If any deviation from the limit models is
allowed, the tolerances and the tolerance models should be modified so that they take into
account every acceptable deviation to obviate vague definitions.

Based on the test parts created, the best technique to carry out a custom tolerance system
would be similar to the individual surface profile tolerance system presented in Chapter
6.2.2. Only this time, every surface should be toleranced individually. As with the example
model, round features must be moved to the end of the model tree and re-assigned to the
edges of the offset features. Every surface must be thought out for every allowed defect,
resulting in drastically increased workload. The workload can be decreased by defining sev-
eral surfaces with the same surface profile tolerance, which also decreases the amount of
round features needing re-defining. This system, again, is closer to the original idea in ISO
8062-4.

Including all allowed deviations to the limit models requires using quite generous tolerances.
Excessive material is easily removed, but the minimal state of the casting has more impera-
tive limitations. This can be solved using UZ modifier in the surface profile tolerance defi-
nitions as in Figure 8. With the modifier, the tolerance zone can be offset from the nominal
middle so that larger deviations are allowed outwards and smaller deviations inwards from
the nominal surface. Implementing UZ offset to the CAD models can be done by simply
changing the positive and negative offset values in Family Table to correspond to the pro-
portions of the tolerance zone in each direction. The Family Table offset values in the ex-
ample case in Figure 8 would be 0.75 mm for the maximum model and -1.75 for the mini-
mum model, resulting in a tolerance of 2.5 mm.

The concept of imperative tolerance limits also remains questionable. Even if the limits are
by definition absolute and any deviation should cause rejection of the workpiece, there is no
reason to reject a piece with a single sub-millimetre excess over the limiting surface. Subse-
quently, the tolerance is loosened to allow the small deviations on that surface, what should
be done to a very small deviation from the new more generous tolerance? Loosening the
tolerances to allow small deviations works poorly since the whole surface can be at the loos-
ened tolerance limit, thus affecting the whole piece through weight, mass distribution and
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material usage. The only solution is to keep the surface profile tolerances reasonable consid-
ering the shape and separately specifying the allowed deviations from the limit model, e.g.
the allowed amount and size of the areas crossing the tolerance limit.

The situation is anyway different with outer limit surface and inner limit surface. The inner
affects the machining, while the outer affects the assembly and interference with other parts.
Instead of trying to find absolute limits for any allowed shape defect, the surface profile
tolerances should be set as loose as possible to at least decrease the number of questionable
defects that must be approved by the customer. As the inner limit is more critical for suc-
cessful machining, it should be considered more imperative.

In conclusion, including every possible allowed deviation to the model is too arduous and
impractical to be carried out for every casting, especially when the surface profile tolerances
are not the only restriction for the shape, and wall thicknesses must be measured separately
in any case. Modelling of imperative system reverts to ISO 8062-4 principles and modelling
techniques described in Chapters 6.3.1 and 6.3.2. Individually indicated tolerances for criti-
cal surfaces and UZ modifier can be used to customise the general tolerancing system. In the
end, reducing the number of unclear situations or deviations needing customer’s approval is
more a question of company’s casting specification. For example, the minimum limit can be
specified as imperative with zero deviations allowed whereas exceeding the maximum limit
could be allowed solely for small deviations and limited areas and only with customer’s
approval, provided that the clearances in the assembly are adequate.

6.3.4 Summary

The tolerance model creation for general use was proven to be a lot more time-consuming
than the traction sheave made it seem. Existing models need so much re-modelling that the
use of tolerance models must be well justified. However, new castings modelled using the
principles described can support tolerance modelling with reasonable addition to workload.
Whether the tolerance models will be used or not in the future, it is advisable to utilise ISO
8062-4 for all new casting designs.

The examined tolerance models are applicable to following situations:
e surface profile tolerance models for casting measurement
e surface profile tolerance with machining for assembly and clearance examination
e wall thickness tolerance with machining for strength calculations.

The surface profile tolerance models proved to be simple enough to construct to get payback
for the effort. The benefit in assembly collision detection is evident, but the models might
also provide definitive limits for the supplier when measuring the castings. However, the
surface profile tolerance models are not necessary for either purpose. Clearances can be cal-
culated manually, and measuring can be done by estimating deviations by comparing meas-
urement results to the nominal model. Furthermore, to save workload, the surface profile
offset can be constructed to only those surfaces that might collide with other components in
an assembly. Of course, that type of model would not be applicable for quality verification
reference.

Test model construction revealed that the key requirements for surface profile tolerance
modelling are to
e avoid small (possibly self-intersecting) surfaces,
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e avoid small round radii,

e avoid sharp edges,

e move required small features (such as markings) to the end of the model tree, and
e avoid referencing rounds and chamfers.

In addition, the bordering rounds and their relation to the tolerance values must be separately
defined when also individual surface profile tolerances are defined. Even though the test
models were done in Creo, the geometrical restrictions are valid with any other CAD soft-
ware.

Aiming for absolute imperative limit models was found to be impractical, but it is possible
using a combination of a general surface profile tolerance and individually defined surface
profile tolerances for surfaces with differing requirements. This is in any case the best way
to utilise the possibilities of surface profile tolerancing. By setting a generous general toler-
ance and individually defining more critical surfaces (both with UZ modifier if needed), the
procedure can be brought closer to the situation where the tolerance limits can be considered
absolute, even if it is not practical to stick to a strict go/no go policy. Imperative or not, the
modelling technique and the manufacturing drawing indications are similar.

As for the wall thickness and complete cylinder tolerancing, no simple way was found to
create weakest and strongest states of castings. Even the approximation modelling style de-
rived proved to be more arduous but less beneficial as the models are applicable only for
rough strength calculations. Wall thickness tolerancing cannot be recommended as a stand-
ard modelling style, but in some borderline cases it can be useful enough to be constructed
for single components.

With both surface profile and wall thickness tolerances, the tolerancing is closely integrated
into the design of the part and its geometry. This forces the designer to contemplate the
functionality and allowed defects throughout the designing process. Prototyping should be
done separately, and the final production model or tolerance model of a casting should con-
tain only features related to the casting itself instead of including e.g. the machined state as
a base shape.

These tolerance models are merely assistive instruments for layout and assembly inspection,
strength calculations or measuring. Therefore, the models can be generated separately when
needed instead of creating the tolerance models by assigning the values in PDM system as
with configurable parametric models. Still, to successfully generate the needed models even
manually, the principles described must be followed to at least achieve readiness for toler-
ance model generation.

To achieve the collision detection benefits from the surface profile tolerance models, the
machining models must be included. The prevalent practice was to use External Inheritance,
and assembly cut practice was tested. If automatically updating Family Table instances are
desired, assembly cut practice should be used in tolerance modelling. Contrarily, if singly
generating the model each time is deemed sufficient, External Inheritance is similarly ac-
ceptable. With both cases, some of the machining features must be re-defined to refer to the
offset surfaces of the generic part instead of the base geometry surfaces.
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7 Surface Profile Tolerance Based Casting Measurement

7.1 Introduction

Even though different casting tolerance specifications exist, no comprehensive standard or
specification exists for casting shape and dimensions verification. Different suppliers use
different procedures and even different measurement techniques. In developing countries,
foundries may still use tape measure, compass and calliper for dimensional verification.
KONE utilises its own quality system alongside with the casting specification document, but
neither takes casting measurement into account to form comprehensive casting measuring
instructions.

When utilising ISO 8062-3, the measurement relies on the dimensional and geometrical tol-
erances. To determine whether any part of the workpiece exceeds the general tolerance,
every possible dimension should be measured, which of course is not virtually possible.
Therefore, only dimensions marked to the drawing are supposed to be measured by the sup-
plier. Nonetheless, the dimensional verification is known to cause dissonance between the
customer and the supplier.

In this chapter, different aspects affecting the measuring specification are examined. More-
over, a framework of measuring guidelines is proposed, aiming at a clarified measurement
specification defining which techniques should be used, which dimensions should be meas-
ured and what kind of deviations are allowed. Related to the NMX case study, AACMM and
3D scanner are compared through the traction sheave measurement to evaluate e.g. the time
required to carry out the measurements. Excerpts from exemplary measuring reports are pre-
sented in Appendices C and D. The measurements have been done at Componenta, Karkkila,
with a Faro Silver Arm AACMM together with Delcam Power Inspect software, and a GOM
ATOS II two-camera structured light scanner together with ATOS Professional V8 software.

7.2 Measuring Devices

A model of the physical casting obtained by 3D scanning is the best suitable measurement
system for castings. Scanning is usually fast, covers the entire workpiece, allows comparing
the scan to nominal or tolerance models, reveals holistically every deviation in a surface and
it preserves the created model allowing measurement of dimensions also afterwards. Of the
reviewed measurement techniques in Chapter 4, any scanning techniques with sufficient ac-
curacy and suitable distance range could be approved. This leaves out photogrammetry and
ToF sensors, whereas structured light and many combination techniques are very apt. Con-
ventional CMMs provide only discrete points, and the exactness of the measurement is pro-
portional to the amount of measured points. Even though CMM measurement results can be
compared to a nominal CAD model, all the necessary points must be measured at once as
only the selected points are saved. Still, arm CMMs are used to some extent to measure
castings mainly because of their cheaper price. Nonetheless, the ease of use, speed and ca-
pability of creating 3D models allow the 3D scanner to be used not only in casting verifica-
tion but also in monitoring e.g. pattern wear and moulds. If both available, arm CMM is
often used for castings only when the 3D scanner is in maintenance. In conclusion, a 3D
scanner can be considered a quite risk-free investment for foundries even if customers do
not require 3D scanning for their castings. [12]
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Measuring the traction sheave using the GOM ATOS II took roughly an hour from applying
tracking stickers to acquisition of the final 3D model of the casting. The same outcome using
Faro Silver Arm required roughly twice that time. However, measuring single dimensions
required additional time with each device. The 3D model constructed required auxiliary da-
tum planes to allow the measurement of single dimensions with both ATOS and FaroArm
measurements. [12] The ATOS measuring report in Appendix D shows an excerpt of the
overall shape comparison on the first page and separate dimensional measurements of the
18 mm dimension on the second page.

As seen in the report, Faro software is also able to generate a point cloud out of measured
discrete points and show the deviations from the nominal model. However, the amount of
points is nowhere near the resolution of the 3D scanner since the arm must be manually
moved for every point. To achieve reliable results with an arm CMM, the amount of meas-
ured points per surface area unit should be defined in the customer’s casting and measuring
specification. The higher the measurement point density, the better the reliability of the
measurement, but at the expense of measurement speed. Furthermore, for critical surfaces
or surfaces with a tighter tolerance, the minimum point density should be specified sepa-
rately, leading again to increased workload for both the designer and the measurer, and to
less straightforward and clear measurement instructions. In conclusion, stated 3D scanning
techniques or techniques with similar properties can be recommended to be required from
the supplier as the measuring method for castings.

Nevertheless, the sufficient accuracy of the measurement must be defined. The required ac-
curacy is linked to the required part accuracy. The smaller the tolerance, the more accurate
measurement is required to observe the smaller deviations. The surface profile tolerance for
the traction sheave should be a few millimetres according to ISO 8062-4. As the tolerance
grades are defined to one decimal place, it is logical to require at least 0.1 millimetre meas-
urement accuracy. However, some of the measurement techniques struggle to achieve this
accuracy even though they might be otherwise very practical for casting measurement. For
instance, AACMMs with an integrated laser scanner provide an affordable 3D scanning so-
lution with accuracies varying between 0.05 and 0.2 millimetres [25][26], resulting in a sit-
uation where an approved measuring technique might not deliver sufficiently accurate re-
sults.

7.3 ISO 8062-4 in Measuring

The older ISO 8062-3 relies on toleranced dimensions the relations of which are constrained
using general geometrical tolerances. Verifying every feature to which general tolerances
apply is virtually impossible as every surface and its relation to others should be examined.
Therefore, the measurement in the ISO 8062-3 environment is restricted to dimensions and
geometrical tolerances marked to the manufacturing drawing. Even though some measuring
software support geometric tolerancing [70], the applicability for the uneven and curved
surfaces of sand castings remains weak. Measuring very complex parts becomes laborious,
still not resulting in a comprehensive perception over the entire workpiece.

By replacing ISO 8062-3 general tolerances with 8062-4, the measuring becomes simpler.
Now the nominal model with surface profile tolerance defines the shape instead of geomet-
rically constrained dimensions. Determining whether the shape of the casting is within its
limits no longer requires measuring discrete dimensions, but scanning all the surfaces of the
workpiece. Nevertheless, the surface profile tolerance only defines the shape, but even with
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ISO 8062-4 in use, wall thicknesses must be separately measured. Still, it is a big improve-
ment since measuring the general shape of the casting is much clearer. However, utilising a
general surface profile tolerance requires measurement methods capable of comparing the
results directly to the 3D model. As for the AACMM and 3D scanning of the traction sheave,
both reports show the results as deviations from the nominal model in the normal direction
to the nominal surfaces. As CAD models are increasingly replacing drawings as the defining
representation of castings, it is beneficial to accordingly utilise the CAD models also in
measuring. 3D modelling, surface profile tolerancing and 3D scanning form the most logical
and coherent procedure for casting design and verification.

7.4 Dimensions to Be Measured

When a casting is scanned or otherwise measured to create a point cloud or 3D model, the
surface profile requirement for shape is already addressed. It is effortless to read from the
scanning results whether the deviation is within the surface profile tolerance zone at each
individually defined tolerance area, i.e. is the overall shape of the casting acceptable. The
nominal shape is defined with the CAD model to which the resulting 3D model can be com-
pared. Therefore, the shape measurement does not require dimensional drawing indication,
but merely the surface profile tolerance definitions. Still, the drawing is more informative
and easier to read with some major dimensions marked. Those affected by the surface profile
tolerance are shown as TEDs. However, measuring the wall thicknesses (and complete cyl-
inders if used) and other individually defined dimensions need specifying.

It is not worthwhile or even possible to measure every dimension that can be interpreted as
a wall thickness or cylinder. This leads to a similar solution as before: only dimensions pre-
sented in the casting drawing are measured, and only the dimensions to be measured are
presented. Wall thicknesses are shown as regular dimensions since they are affected by a
dimensional general tolerance as opposed to TEDs and geometrical tolerances. This is vir-
tually the clearest way to define what measurements are needed, and well in compliance with
ISO 8062-4. Using the CAD model as the basis, not all dimensions are needed in the draw-
ing, only the ones needing measuring. The amount of needed measurements stays moderate
since the overall shape of the casting is already considered with the surface profile tolerance
and the measured 3D model. Therefore, the problem concentrates on the wall thicknesses
and which of them are critical, at least with the traction sheave. Different castings have dif-
ferent dimensional requirements, but the designer’s task stays the same: to design the casting
according to its intended functionality and to determine which dimensions — be they wall
thicknesses or other — are more critical for functionality and which less.

In conclusion, each dimension type marked to the drawing is interpreted as follow:

e TED: nominal dimension of the casting. No need to show all, but some most crucial
for demonstrative purposes. Individual or general (grade P) surface profile tolerance
applies. Not measured separately, but considered in shape comparison.

e Normal dimension: wall thickness or complete cylinder size. All to be measured.
General dimensional tolerances for sizes (grade S) applies. Overrides surface profile
tolerances.

e Normal dimension with tolerance: all to be measured. The marked dimensional tol-
erance applies. Overrides both surface profile tolerances and general dimensional
tolerance.
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When utilising the measuring, principles described above, all wall thicknesses not marked
to the drawing are left to the surface profile tolerance domain. The convention leaves open
whether the general wall thickness tolerance applies to every wall thickness regardless of the
designer’s selections and what is indicated in the drawing. In theory, the wall thickness tol-
erance should probably affect every wall thickness, but verifying the unmarked wall thick-
nesses is unnecessary. In conclusion, the designer decides to which wall thicknesses the gen-
eral wall thickness tolerance applies by indicating them to the drawing, whereas the surface
profile tolerance is applied for the rest.

For reliable results, the wall thickness must be measured at several locations. For example,
the measuring report in Appendix D shows eight different measuring points for the wall
thickness equally spaced around the traction sheave. The minimum amount of needed meas-
urements must be specified in either the casting drawing or a separate document. The casting
drawing should be preferred, since every casting and geometry have different requirements.
Therefore, no general specification for the amount of measurements can be defined, but the
definition must be done individually for each casting.

Using CAD model as the defining document and ISO 8062-4 surface profile tolerance as the
general tolerance system almost definitely requires 3D scanning for quality verification. This
is a problem with suppliers who have not yet invested in a 3D scanner or other adequate
measuring devices. The overall shape cannot be measured and fit between the surface profile
tolerance limits with only dimensional measurements. Such foundries could not utilise the
ISO 8062-4 at all, but would require a separate casting drawing leaning on the old ISO 8062-
3 and dimensional tolerancing with every possible dimension indicated in the drawing. This
is, however, undesirable from designer’s point of view and reverts the design procedure
backwards from the 3D CAD shape definition. Because of the extra design work, incompat-
ibility with surface profile tolerancing and less accurate measuring results, ordering castings
without 3D scanning requirement must be extremely well justified.

7.5 Alignment
7.5.1 Best fit alignment

When comparing the nominal CAD model to the scanned 3D model, the alignment of the
two models affects the outcome of the measurement. The default alignment often used is
best fit method that aligns the measured model with the CAD model minimising the overall
deviations between all the surfaces of the scanned model and the nominal model. However,
best fit alignment does not match the datum system RST definition and is not always appli-
cable at all. To take into account the datum system to which the TEDs and tolerances are
constrained, the alignment should be done using the datums of the scanned model defined
with the datum system RST and the corresponding surfaces from the nominal CAD model.
Possible alignment methods are e.g. local best fit alignment, RPS (reference point system)
alignment, local coordinate system alignment and hierarchical alignment by geometric ele-
ments, all of which are available in the GOM Professional software used together with the
ATOS scanner in the demo measurement [70].

The datum system RST must be determined based on the functionality of the casting. If the
casting is machined, the machining and the fixing for machining must be considered with
the RST datum system definition. As stated in ISO 8062-4, it is preferred to use the same
datum system to determine the machining and its tolerances to avoid unnecessary material
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additions to machined areas of the casting. In addition, the datums must be surfaces that will
remain in the moulded condition, i.e. they are not machined. [17, p. 4-5] Therefore, the RST
datum system not only determines the references for the tolerances, but also defines the
measurement alignment and the zero point for machining.

The weakness of best fit alignment and the effect of the fixing for machining is demonstrated
in Figure 34 with a simplified workpiece. Figure 34 a) shows the casting in its nominal state
with the lathe jaw fixing surfaces. Figure 34 b) represents a measured casting that fulfils the
surface profile tolerance, but when fixed to the lathe, it sets askew (Figure 34 c¢), now leaving
some parts of the casting outside of the tolerance zone. With the traction sheave, the issue
could also be worked around by assigning smaller, individual tolerances on the fixing planes.
However, it is not practical to assign tighter tolerances to surfaces with no functionality in
the actual operation of the traction sheave. This becomes more evident when the fixing sur-
faces are large and flat planes or the workpiece can be fixed in several different positions.
Furthermore, the tighter individual tolerance for the fixing planes should be separately cal-
culated based on the other shape limits.
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Figure 34. Alignment comparison. A) nominal model with fixing planes shown, b) best fit
alignment, c) local best fit alignment at machining fixing planes.
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7.5.2 RPS alignment

The datum system RST can be defined for the casting using either integral features or datum
targets. The general surface profile tolerance does not apply for datums defined by integral
features but must be defined separately. Therefore, ISO 8062-4 recommends using datum
targets to define the datum system RST. [17, p. 4] It also suits the measurement better. Even
though the measurement software allows creating datum systems from integral features, the
datums are easily set incorrectly askew by the measuring software as cast surfaces are often
uneven, at least with sand castings [12]. Instead of entire surfaces, the use of datum target
points allows the measurer to constrain the models using RPS alignment. Even with datum
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target lines, the construction of the datums in the measurement software is more straightfor-
ward than integral features. Whereas best fit alignment minimises the overall deviations on
all surfaces, the RPS alignment minimises only the deviations between the reference points
in the nominal model and the constructed datum points in the scanned 3D model.

In conclusion, RPS alignment corresponds to the use of datum target points. Of course, the
definition of the datum system also defines how the models should be aligned, so if the
casting utilises integral features for datums, the same should be used in the measurement
alignment. However, since the integral features are more difficult to construct with uneven
surfaces, the integral datum system would anyway be constructed using reference points.

7.5.3 Local best fit

Another alignment method that allows taking the fixing into account is local best fit. As
opposed to global best fit, the software calculates the best fit alignment considering only pre-
selected areas of the casting. The local best fit does not fully correspond to the RPS align-
ment based on RST datum targets, but can be useful. With the traction sheave, the fixing
planes can be aligned using datum targets and discrete points, but using local best fit, a larger
area near the fixing plane (or any other critical part in other castings) is considered, resulting
in a more average result. The traction sheave, however, requires three separate local best fit
zones, one for each fixing plane. Even if the machining fixing has the biggest effect on the
traction sheave alignment, in general the selection between RPS, local best fit or geometric
element alignment depends vastly on e.g. the casting geometry, machining and fixing. For
some simple parts, best fit might be enough, whereas more complex machined parts require
more carefully determined alignment.

7.5.4 Datum system RST definition

Regardless of the used alignment in measuring, the RST datum system must be defined to
be able to use ISO 8062-4 notation in the manufacturing drawing. The traction sheave is an
axially symmetrical part to be lathed to its final state. Therefore, it is logical to determine
the RST datum system by the axis of revolution, a datum to lock the axial movement and a
datum to lock the rotation around the axis of revolution. The axis could be determined using
any revolved surface of the workpiece, but because of the machining, the most appropriate
way is to use the surfaces from which the traction sheave is fixed to the lathe. The traction
sheave can be fixed for machining in many ways, but using the proposed fixing plane options
shown in Figure 20 and Appendix A, the sheave would be fixed with an outer three-jaw
chuck.

The definition of the datum system RST is presented in the update proposal drawing in Ap-
pendix E. The datum system is determined so that it locks all six degrees of freedom. Three
datum target lines are assigned to the middle of the fixing surfaces, ideally spaced every 120
degrees. The associated feature is a (virtual) cylinder, and the resulting datum R is the axis
of the cylinder determined by the three lines [18, p. 27]. The three datum target lines on
fixing surfaces are selected for the datum R to simulate the physical jaws of the lathe fixing.
The cylinder locks four degrees of freedom [18, p. 47-48]. To lock the axial movement, the
second datum S is selected to be the largest all around unmachined surface perpendicular to
the axis of revolution. The selected surface is also close to the parting line, thus balancing
possible deviations caused by mismatch to both sides. The plane is established using three
datum targets. The result is a datum system of an axis and a perpendicular plane [18, p. 15].
The remaining degree of freedom is rotation around the axis. One of the end points of the
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datum target lines is used for the last datum target. The datum targets left hidden in the
drawing are indicated with a dashed datum target leader line [18, p. 20]. The defined datum
system RST is not fully compliant with the ISO 8062-4 and ISO 5459 standards, but not in
contradiction either. The fixing plane datum targets are on different surfaces instead of an
actual cylindrical surface [18, p. 25], and seven datum targets are used instead of the required
six [17, p. 14]. However, the datum system RST presented in Appendix E is unambiguous
and sufficient, and the differences with the standards are deliberate and made to establish a
more appropriate datum system for the traction sheave.

Using datum target points instead of datum target lines would be more in compliance with
the 3D measurement where uneven surfaces are more easily addressed with single points.
The three datum target lines could be replaced with three single datum target points since
three points are sufficient to define the axis of revolution. Three points define a plane and a
circle on that plane. The centre of the circle defines the location of the axis, and the plane
defines the direction of the axis by its normal. Even though the datum target lines are based
on the standard, the use of single points might be favourable from the measurer’s point of
view, depending on the used software. In addition, Creo Parametric 2.0 has only limited
support for datum targets in default drawing mode, as the default library includes symbols
only for datum target points without the hidden datum target style available. The symbols in
Appendix E are created manually as sketches to show them correctly. Therefore, the simpli-
fied representation with only points eliminates also unnecessary manual work required from
the designer, at least as long as the company uses the same software and the same version.

The definition of datum system RST cannot be generalised but must be contemplated sepa-
rately for each casting to best correspond to the physical workpiece and the functionality.
However, the measuring and the alignment must be also considered. As with the traction
sheave, some simplifications could be made to ease the RPS alignment. Even though con-
temporary devices and software allow constructing integral feature datums or even their de-
rivatives such as middle planes, it might not be worth the effort. Using integral datums can-
not be recommended except when the functionality absolutely requires measurement based
on integral features. All in all, datum targets are faster to define and reference points easier
to derive from the result 3D model for alignment.

As the definitive data container is the CAD model, the nominal dimensions and the locations
of the toleranced surfaces (TEDs) are defined only in the model. The datum system RST is
more vital if the nominal location of each surface is defined only in the drawing using TEDs.
Even without constraining the surfaces of the casting to a general datum system, the meas-
urement using the CAD model and a 3D scanner can be successful. Hence, it is possible to
leave the casting without a general datum system definition and use best fit alignment for
measurement [20, p. 4]. This leaves the designer the possibility to simplify the measurer’s
tasks when the alignment of the workpiece is not excessively crucial.

7.6 Tolerance Model Utilisation

The idea of comparing the scanned 3D model to the minimum and maximum models is
lucrative since any deviation outside the tolerance would be immediately revealed. With the
nominal model, the comparison results must be visually inspected throughout all the surfaces
considering whether the deviations exceed the tolerance value or not. The tolerance models
work similarly to the nominal model when measuring with best fit alignment: the software
calculates the position where the deviation is the smallest. However, the best fit alignment
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might still not reveal whether the casting fits within the surface profile tolerance or not. Since
the best fit minimises the total deviation, it may lead to a situation where a small part of the
casting is outside the tolerance as long as most of the part is close enough to the nominal.
This is demonstrated in Figure 35. In Figure 35 a), best fit alignment leaves part of the casting
outside the tolerance zone even if the casting would fit between the limits as shown in Figure
35b).

When using geometric, RPS or local best fit alignment, the utilisation of the tolerance models
becomes different. The measured 3D model must be aligned by its RST datums to its nomi-
nal location within the surface profile tolerance so that the tolerance is equally divided to
both sides of the reference datum. The tolerance models constructed earlier contain only the
minimum or maximum condition without the nominal data included in the same instance.
Therefore, the utilisation requires additional steps. The features used as datums or used to
define datum targets must be left to their nominal state to align the measured model to the
nominal location. Figure 35 ¢) shows why the surfaces of the tolerance model cannot be used
for alignment, and Figure 35 d) demonstrates how the surface profile tolerance models
should be constructed in order to use the tolerance models in measurement. The surfaces
related to the RST datums are deselected and excluded from the offset feature to leave them
to the nominal position. However, now the surface profile tolerance of the datum features is
not included in the model, but must be separately inspected during the measurement.
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Figure 35. Alignment effect on the measurement results. A) and b) show the error with best
fit, ¢) and d) the error when comparing to the surface profile tolerance models.

Even if it is possible to use the tolerance models with the measurement, it is not necessary
nor worth the effort. Both measuring devices and software inspected showed the deviations
from the nominal surfaces in either direction, thus making it relatively easy and fast to only
check any areas where the deviation seems to exceed the general tolerance. What is more, at
least the GOM Professional software allows the user to change the scale of the colourised
legend so that the colour changes at a certain deviation, making the tolerance examination
even more intuitive and visual [12]. The question is, which causes more additional work:
modifying the tolerance models to exclude the datum surfaces from the surface profile tol-
erance and compare the measurement results to both the minimum and the maximum model,
or comparing the results to only the nominal model, but inspecting whether the deviations
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are within the tolerance without the help of the limit surfaces? If the limits are intended to
be imperative, the first is the only option, but since the determination of imperative limits
was already found to be impractical, the latter is the easier way.

7.7 Rejection Limits

In practice, no imperative limit models can be defined since always some small deviation
can be acceptable to avoid unnecessary rejection. However, to eliminate uncertainty from
the measurement and rejection process, the limits for the acceptable deviations must be de-
fined. Many factors affect the criticality of the deviation: the location (e.g. machined sur-
face), the direction (removing or adding material), the size of the area intersecting with the
tolerance limit surface, and of course the deviation in normal direction to the nominal sur-
face. Furthermore, the size and number of allowed deviations would depend on the size of
the casting as well. The allowed wall thickness deviations would also have to be defined,
making the rejection limit specification even more complicated. The rejection limits would
then be specified almost individually for each casting, which again obsoletes the need for a
general rejection limit specification, and simultaneously increases the amount of work re-
quired from the designer.

If any general specification for allowed deviations must be made, it should allow only very
small deviations on non-critical surfaces affected only by the general surface profile toler-
ance. Any individually indicated tolerances (surface or dimensional) for e.g. functional fea-
tures or wall thicknesses should anyway be more strictly addressed to.

The most straightforward way would be to consider the general surface profile tolerance
imperative, and allow no deviations from it without customer’s approval, although this pol-
icy might lead to a situation where the customer continuously needs to address to dimen-
sional defects. Moreover, the same problem persists as with the imperative tolerance models:
even if the allowed defects are specified, is it necessary to reject a workpiece because of a
very minor exceeding over the defined limits? Then again, the purpose of the tolerance is to
determine the allowed limits, and if the foundry accepts the order as it is, the outcome should
be a casting matching the tolerances specified in the drawing.

In conclusion, for the simplicity of the entire process, it is best to dismiss the excess defect
specification, be it general or individual for each casting. Instead, the designer should deter-
mine the casting tolerances carefully, assigning tighter tolerances for critical areas and looser
for others using UZ modifier if needed. Thus, the casting tolerance is enforced and consid-
ered as the final shape requirement without exceptions. The other option is to establish a
sufficiently simple policy with the supplier concerning the approval process of the deviations
not within the casting tolerance. Additionally, an internal process for the company should be
established to modify the tolerances whenever a deviation (looser tolerance) is found to be
acceptable.
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8 Design and Measurement Recommendations

Based on the tolerance systems review, the tolerance model examination and the measure-
ment method examination, new guidelines for modelling, drawing creation and measurement
are suggested. The new guidelines also affect the casting specification. Therefore, the mod-
elling and drawing instructions as well as the casting specification must be revised. Moreo-
ver, the measurement instructions must be updated to correspond to the contemporary prin-
ciples.

8.1 CAD Model

As the workload is high compared to the gain, no tolerance models are recommended to be
included in any production model by default. It is recommended to construct them singly
only when needed. Then the principles described in Chapter 6.3.4 apply. However, con-
structing the models as per prevailing needs also leaves the designer the possibility to sim-
plify or adapt the tolerance modelling according to the case-specific requirements. Nonethe-
less, whether the tolerance models are used or not, casting modelling instructions should be
specified to achieve better model quality and consistency. The following principles apply
for all casting CAD models:

e Dimensions drive final, outmost shapes directly without cumulatively adding mate-
rial with several features.
Dimensions drive functional, significant features (e.g. diameters instead of radii).
No small surfaces, small round radii, or sharp edges are present in the model.
No references to rounds or chamfers are present in the model.
Parametric modelling must be utilised by referencing geometry instead of using blind
dimensions (see failing chamfer and parting plane mismatch in Figures Figure 29
and Figure 32 ¢).
e Nominal dimensions of castings are calculated according to ISO 8062-4.
e Drafts and rounds are included in the models by default.

Following the guidelines results in geometrically more intact CAD models with less features
in contradiction with the manufacturing method. Hence, the CAD models represent more
truthfully the physical castings, which again supports the use of CAD models as definitive
representations of castings. In addition, the model requires less modifications from the caster
when the designer already considers the limitations during the modelling.

8.2 Drawing

The proposed update for the traction sheave casting drawing according to ISO 8062-4 is
presented in Appendix E. The drawing includes a general surface profile tolerance indica-
tion, wall thickness general tolerance indication, RMA indication, manufacturing method
and draft grade indication and casting size indication. The grades were chosen based on the
manufacturing method (sand casting, machine moulding), material and the casting size of
the component (670 mm) according to ISO 8062-4, but for production models, the grades
must be revised based on the usual accuracy level of the supplier and of course the accuracy
requirements for the casting. The drawing states that the CAD model is to be used to define
the casting alongside with the requirements presented in the drawing. Dimensions belonging
to the domain of the general surface profile tolerance are marked with TEDs and wall thick-
nesses with normal dimensions. Not all dimensions are required to be visible in the drawing
because the CAD model is used to define the nominal shape, but all dimensions to be meas-
ured must be included. The TEDs in the example drawing are included only to show the
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overall size of the casting. Surface profile tolerance applies to every dimension not visible
in the casting drawing. The datum system RST is visible and determined using datum targets
according to ISO 5459. The datum system RST must be individually defined for each casting
drawing based on the fixing or functionality of the casting. All shape requirements are pre-
sented in the drawing with no need for additional documents concerning the shape, dimen-
sions, their tolerances or rejection limits.

However, referring to ISO 8062-4 in the casting drawings might be problematic since the
standard is quite new, published only in 2017. The standard has not yet been approved by
either CEN or SFS, but it has been approved by e.g. NEN in the Netherlands and BSI in the
United Kingdom. Most foundries might still rely on the old 8062-3, but the recognition in
the mentioned countries is encouraging. The 8062-4 is clearer with the shape and tolerance
definition and considerably more compliant with CAD modelling and 3D scanning. The
content of the standard is so intuitive that any foundry relying on 3D scanning should be
happy to implement the newer standard.

8.3 Measuring

With the contemporary CAD-based design tools and measurement equipment, comprehen-
sive 3D scanning should be required from every supplier as the primary measurement
method. The 3D CAD model should be used as the determinative representation of the cast-
ing. The 3D model created by scanning is compared to the nominal CAD model using align-
ment specified in the casting drawing. If a datum system RST is defined, an RPS alignment
using the defined datums RST must be used. If no datum system is defined, best fit alignment
is used. Any existing specification on pattern yielding or mismatch is discarded as they are
already included in the general surface profile tolerance [17, p. 8]. The suggested instructions
for casting measurement are listed below:
1. Castings must be measured using a 3D scanner or other device that is capable of
creating a comprehensive 3D model of the casting with sufficient accuracy.
2. The 3D model created is compared to customer’s nominal CAD model.
3. The 3D model is aligned with the nominal model using the datum system RST indi-
cated in the manufacturing drawing of the casting and RPS alignment.
4. If no datum system RST is indicated, best fit alignment is used.
The deviations shown in the measuring report are compared to the surface profile
tolerances in the casting drawing.
6. Wall thicknesses and complete cylinder sizes marked to the drawing are measured
from the scanned 3D model and inspected according to general tolerance grade S.
7. Other individually indicated dimensions and tolerances are measured from the
scanned 3D model.
8. Foundry asks for approval from the customer for any found deviations considered
non-critical.
9. The customer/designer inspects the found deviations.
10. If any of the found deviations are approved, the designer evaluates whether the cast-
ing tolerance on that area can be loosened and revises the casting tolerances if
needed.

9]

8.3.1  Options

Some options can be defined for the steps above as per the previously done examinations.
Firstly, the measured 3D model can be compared to the tolerance models instead of the nom-
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inal model provided that the surfaces related to the datum system RST are left to their nom-
inal state. When best fit is used, the tolerance models can be constructed normally. This
option can be used if the limits are wanted to be imperative and absolute rejection limits are
wanted. The steps replaced in the instructions are
2. The 3D model created is compared to customer’s minimum and maximum tolerance
models.
5. Deviations from the tolerance models are inspected. Only negative deviation is al-
lowed from the maximum model and only positive deviation from the minimum
model.

Another option for the measurement is using local best fit alignment. The areas for local best
fit must be indicated in the casting drawing. The replaced steps are:
3. The 3D model is aligned with the nominal model using local best fit alignment on
the areas indicated in the casting drawing.
4. (Removed)

The tolerance model measurement and the local best fit alignment can also be used together
provided that all the surfaces within the local best fit zone are left to their nominal state in
the tolerance models to avoid the same misalignment as in Figure 35 c).
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9 Conclusion and Recommended Further Actions

The combination of digital 3D product definition, ISO 8062-4 and 3D scanning as the pri-
mary measurement method sets the framework for casting design and quality verification.
The overall procedure and workflow is demonstrated in Figure 36. Instead of coping with
outdated tools and standards, the proposed process is more up-to-date and compliant with
the methods that are already often used despite the lack of formally defined guidelines.
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Figure 36. A flowchart depicting the casting design and measurement process.

The previous chapters have answered the questions about the preferred modelling methods,
tolerance model utilisation, casting drawing update, measuring techniques and measuring
procedures. Still, some further actions are required before the proposed procedures can be
considered for general implementation in the company. Even though the procedures and
their benefits and drawbacks have already been evaluated, the company needs to confirm the
applicability according to their actual needs and the compatibility with existing policies and
practices.

9.1 Modelling

As the tolerance models were discovered to be too impractical for systematic implementation
for production models, guidelines must be defined to clarify in which situations to construct
either of the tolerance models. To achieve comprehensive instructions, a further evaluation
of the possible benefits must be carried out simultaneously considering the policies of the
company and the needs encountered with production models.

A formal methodology for casting CAD modelling should be determined based on the rec-
ommendations stated in previous chapters but again reflecting the needs of the company. A
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good, uniform modelling practice is vital for the reusability and editability of the models.
Possibilities to create a custom Model CHECK specifically for castings should be examined.
Furthermore, similar modelling instructions must be defined for the different tolerance mod-
els, should they be found advantageous enough.

9.2 Casting Drawings

The casting specifications of the company should be updated to correspond to digital 3D
product definition and ISO 8062-4 tolerancing system as shown in the example in Appendix
E. Subsequently, the relationship between the casting drawing and the measurement process
(tolerances, dimensions and datum system indicated in the drawing) must be taken into ac-
count in the casting specification update. The possibility to define general guidelines for
selecting machining zero point and datum system RST should be evaluated.

9.3 Measuring

A formal measurement specification relying on the proposed measuring procedure should
be created. The specification should state not only the acceptable measuring techniques but
also the required accuracy. If the required accuracy is wanted to be variable in relation to
casting size, tolerance values or manufacturing method, these restrictions must also be stated.

The usage of the surface profile tolerance models or imperative tolerance models in meas-
urements should be decided, possibly in collaboration with foundries. A further evaluation
might be needed in order to determine whether the tolerance models provide any additional
value to the comparison-based 3D measurement. If decided to be used in the measurements,
a clear framework for the utilisation of the tolerance models must be determined.

Furthermore, the rejection practice must be determined. If the imperative tolerance system
is necessarily wanted, the procedure must be included in the measurement specification. If a
more flexible system is wanted, the approval process or threshold values for allowed devia-
tions must be defined. In short, a comprehensive practice to address to the deviations found
in the measurement must be established regardless of the used tolerancing system.
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Appendix A. Simplified

Casting Drawing of the Traction Sheave
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Appendix B (1/1)

Appendix B. Wall Thickness Tolerance Calculator

Pro/E Family Table Tol. Grade S
9 Calculate Dimension Limits
INSTNAME COMMON NAME DOCUMENT_ID OBJECT_ID FILENAME d20 di15 di14 d51
IGENERIC walls.prt 51475791v000 KM51475791v000 51475791V000 48,2 18 30 18,85
51465595V010 walls.prt 51475791V010 KM51475791V010 51475791V010 * * * *
51465595V020 walls.prt 51475791V020 KM51475791V020 51475791v020 * * * *
How to:

1 Open Family Table in Creo

2 Add instances e.g. V010 ja V020

3 Add needed parameters to columns (e.g. ID, see example above)

4 Add needed wall thickness and complete cylinder dimensions to table

5 Click "Edit current table using Excel"

6 Copy default values to right place to this table

7 Ensure tolerance grade S is chosen correctly above

8 Click "Calculate Dimension Limits"

9 Copy the calculated tolerance limit values bact to the Family Table Excel file
10 Save and ok

First sheet of the calculator file with user interface.

General dimensional tolerance grades S

Lower Upper, incl. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 101 005 006 01 012 0,17 025 035 05 0,7 1 14 2

10 30| 006 007 012 015 02 03 04 06 08 12 1,7 25 3 4 5

30 100 0,07 01 014 02 025 04 05 08 1 15 2 3 4 5 7

100 300/ 0,08 0,12 0,17 025 035 05 07 1 14 2 3 4 5 7 9

Second sheet with wall thickness tolerance table.

FPrivate Sub CommandButtonl Click()

Dim i As Integer

Dim j As Integer

Dim lower Ls Integer
Dim upper Ls Integer
Dim grade &Ls Integer
Dim tol As Doukle

grade = Cells {2, 3).Value
For 1 = & To 250

If Hot IsEmpty(Cells(S, i) .Value} Then
For j = 3 To 7

lower = ActiveWorkkook.Worksheets ("Tolerance™) .Cells(j, 1) .Value
upper = ActiveWorkkook.Worksheets ("Tolerance™) .Cells(j, 2).Value
If Cells(5, i).Value > lower And Cells(5, 1).Value <= upper Then
tol = ActiveWorkkook.Worksheets ("Tolerance") .Cellsij, (grade + 2}).Value

Cells (&, i).Valus = Cells(5, i).Valus - tol / 2
Cells (7, i).Valus = Cells(5, i).Valus + tol / 2
Exit For
End If
Hext 3j
End If
Hext 1
End Suk

VBA code associated with the Calculate Dimension Limits command button
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Appendix C. Excerpt from FaroArm Measuring Report
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Appendix D. Excerpt from GOM ATOS Measuring Report
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Appendix E. Updated Casting Drawing of the Traction Sheave

= 101 I 102 [ 103 | 104 | 105 | 106 | 107 | 108
=
E 181 =)
B 7| 2
g | Casting A
E markini
5
: Sy
; o
= _
s R1. 2. 3[R —1 ‘ L
=z by |
E - VAl N—Minimal draft
= .
A A B
[3nd w o
- —— o 0 -+ (o]
: SARS) o)
w | AR
2 &5
[®) "3 R7 \\
SZAST ¢
150 80s2-4 [ ]2.7 R[S [T ]y
Wall thicknesses S%
i i L
Machine moulding D8 =~ S1475789V000 FOR COMPLETE b
Orafts, rounds and RMAs included PRODUCT DEFINITION.
in the nominal model
Casfing size S @670
3D scanning to be used for shape measurement. ||
At least 6 measurements around the sheave for each wall thickness.
Datum fargets R1-R3 indicafe fixing lines for machining.
Geomefry indicated by datum system RST to be used as machining basis.
Ureslgned oy Uhecked by beneral Tolerance ¥ass ko
150 8062-4
Tate Troved By Surfsce Finiahing 7 PalelTig E
2018-06-26
Scale Tescripiion
5 TRACTION SHEAVE NMX CASTING
[K{@ N E Vocment ToeTHeaNar TeTaTon Sheef
G‘@ 51£75789V000D 01 1)

| 30 doc: SILTS7H9V000 - Status: Draft



	Alkusanat
	1  Introduction
	2 Casting in General
	2.1 Casting Methods
	2.1.1 Sand casting
	2.1.2 Investment casting
	2.1.3 Other expendable mould methods
	2.1.4 Die casting
	2.1.5 Other permanent mould methods

	2.2 Casting Materials
	2.2.1 Introduction to cast irons
	2.2.2 Grey iron
	2.2.3 Spheroidal graphite iron
	2.2.4 Compacted graphite iron
	2.2.5 White iron and malleable iron
	2.2.6 Austempered irons
	2.2.7 Steel
	2.2.8 Other materials

	2.3 Designing Castings
	2.3.1 Basics
	2.3.2 3D-modelling


	3 Casting Tolerance Systems
	3.1 ISO 8062-2 and 8062-3 Casting Tolerances
	3.1.1 Specification of casting
	3.1.2 Specification of casting tolerances
	3.1.3 Weaknesses

	3.2 ISO 8062-4 Casting Tolerances
	3.2.1 Background
	3.2.2 General surface profile tolerance
	3.2.3 Wall thicknesses and complete cylinders
	3.2.4 Datum system RST
	3.2.5 Drafts and RMAs
	3.2.6 Machining
	3.2.7 Similar standards


	4 Casting Measurement Techniques
	4.1 Coordinate Measuring Machines
	4.1.1 Bridge CMM
	4.1.2 Articulated Arm CMM

	4.2 3D Scanning
	4.2.1 Time-of-flight sensors
	4.2.2 Laser triangulation
	4.2.3 Interferometry
	4.2.4 Stereo vision
	4.2.5 Structured light
	4.2.6 Photogrammetry

	4.3 Combination Techniques

	5 Parametric CAD Modelling
	5.1 Definition
	5.2 Current Application
	5.3 Design Intent
	5.4 Benefits
	5.5 Restrictions
	5.6 Direct Modelling

	6 Casting Tolerance Parametrisation
	6.1 Background
	6.1.1 Purposes of tolerance parametrisation
	6.1.2 NMX traction sheave properties

	6.2 Implementation to NMX Traction Sheave CAD Model
	6.2.1 Uniform surface profile tolerance
	6.2.2 Individually indicated surface profile tolerances
	6.2.3 Wall thicknesses
	6.2.4 Machined models

	6.3 Possibilities for General Implementation
	6.3.1 Surface profile tolerance models
	6.3.2 Wall thickness tolerance models
	6.3.3 Custom imperative tolerance system
	6.3.4 Summary


	7 Surface Profile Tolerance Based Casting Measurement
	7.1 Introduction
	7.2 Measuring Devices
	7.3 ISO 8062-4 in Measuring
	7.4 Dimensions to Be Measured
	7.5 Alignment
	7.5.1 Best fit alignment
	7.5.2 RPS alignment
	7.5.3 Local best fit
	7.5.4 Datum system RST definition

	7.6 Tolerance Model Utilisation
	7.7 Rejection Limits

	8 Design and Measurement Recommendations
	8.1 CAD Model
	8.2 Drawing
	8.3 Measuring
	8.3.1 Options


	9 Conclusion and Recommended Further Actions
	9.1 Modelling
	9.2 Casting Drawings
	9.3 Measuring

	References
	Appendices

