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Abstract Margin occurs where a design is overspeci-

fied with respect to the minimum required. Margin may

be desirable to mitigate risk and absorb future changes,

but at the same time, may be undesirable if the over-

specification deteriorates the design’s performance. In

this article, the Margin Value Method is introduced to

analyse an engineering design, localise the excess mar-

gin, and quantify it considering change absorption po-

tential in relation to design performance deterioration.

The method provides guidance for improving a design

by prioritising excess margin that provides relatively lit-

tle advantage at high cost, and could therefore be elim-

inated to improve design performance. It shows how

the value of excess margin depends on its localisation

in the design parameter network, the importance of de-

sign performance parameters, and the importance of
absorbing potential future changes. The method is ap-

plied to a belt conveyor design. This case indicates that

the method is practicable, reveals implications, and sug-

gests opportunities for further work.
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1 Introduction

Margin, which occurs where elements of an engineer-

ing design are overspecified with respect to minimum

requirements, can help to mitigate the risks and un-

certainties inherent to product development (Tackett

et al, 2014). Such risks and uncertainties occur through-

out the lifecycle of a product (Eckert et al, 2013), be-

ing associated with, for example, requirements (Wat-

son et al, 2016), analysis models used during design

(Guenov et al, 2018), manufacturing variability (Zhu

and Ting, 2000; Morse et al, 2018) and product op-

eration (Gimenez et al, 2002). Margin can reduce the

likelihood of a design change being necessary if a risk

manifests, and can reduce the likelihood of a necessary

change propagating and requiring extensive design re-

work. But while margin could make a design more ro-

bust to changes and uncertainties, the overspecification

also often entails design performance loss. In practice it

can be difficult to discern where margin is located in a

design and difficult to size it appropriately considering

both desirable and undesirable impacts.

The present article contributes towards addressing

this issue. The focus is set on excess margin created

when a design incorporates off-the-shelf parts, platform

parts or parts reused from a previous product genera-

tion. A systematic method is developed to localise and

quantify the excess margin in such situations, yield-

ing insight for improvement. The method can be ap-

plied to analyse existing designs or emerging designs

in which the relationships among important design de-

cisions and important design parameters can be mod-

elled, and where the design is to be incrementally im-

proved. It shows how excess margin generated when

using off-the-shelf, platform or inherited parts might

deteriorate performance, but might also help to absorb
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uncertainty and mitigate risk associated with potential

future changes.

1.1 Research method

To develop and test the new approach, a combination

of literature study and analysis of desk-based case ex-

amples was used. Literature review was undertaken and

used to formulate research questions. Deliberately sim-

ple examples of a hydraulic circuit design and an elec-

tric winch design were used to develop a new method

that addresses the identified gap. The new method was

assessed by application to a conveyor design case. This

led to further refinements and insights, and demon-

strated that the method can yield insight in a realistic

design context.

1.2 Overview of this article

The article proceeds as follows. In Section 2, a litera-

ture review summarises research insights into margin.

The review shows that although margin has been in-

vestigated by numerous researchers, very few have con-

sidered the role of margin in design change absorption.

The review also reveals that only certain kinds of mar-

gin, here termed excess margin, can help to prevent

or absorb changes in practice. Building on these in-

sights, Section 3 introduces the Margin Value Method

to identify and localise the excess margin within an

engineering design, and to differentiate margins that

might be desirable to absorb potential changes from

those that mainly deteriorate performance. The method

thereby identifies and prioritises opportunities for engi-

neering design improvement. It also shows that change

absorption capability of margin depends not only on

the amount of that margin, but also on its localisa-

tion in the design parameter network, on the relative

importance of each design performance parameter, and

on the relative importance of being able to absorb dif-

ferent changes. Section 4 assesses the method by appli-

cation to a realistic example, leading to reflections and

recommendations for further work in Section 5, and to

concluding remarks in Section 6.

2 Literature Review

We searched for research publications on margins in en-

gineering design using Scopus and Google Scholar, us-

ing keywords including margin, excess, overdesign and

contingency. The review sections of Eckert and Isaks-

son (2017) and Lebjioui (2018) were also used as start-

ing points for the search. Because this article focuses

on the role of margin to prevent or absorb changes,

research work on change propagation was also investi-

gated to look for consideration of margin. Here, Ahmad

et al (2013)’s review of 23 models and the review pa-

per by Hamraz et al (2013a) were used as a starting

points along with internet search for more recent publi-

cations. Bibliographies were also investigated to search

for relevant work.

In the next subsections, relevant research is dis-

cussed under the following themes: definitions of mar-

gin in engineering design; methods and models for siz-

ing margin in design; margin in models of design change

propagation; and practical challenges in managing mar-

gin. The gap addressed by this article is then pinpointed.

2.1 Definitions of margin in engineering design

Authors define margin in various ways and using vari-

ous related terms such as contingency, excess and overde-

sign. Definitions indicate each researcher’s perspective

on the reason for margin and/or the type of design en-

tity that margin is associated with. For example, Thun-

nissen and Tsuyuki (2004) relate margin to uncertainty

when defining it as “the surplus placed to mitigate un-

certainty in the design process”. Eckert et al (2012) de-

fine margin as “the extent to which a parameter value

exceeds what it needs to meet its functional require-

ments regardless of the motivation for which the mar-

gin was included.” Cansler et al (2016) associate margin

(excess) with components or systems when describing

it as “the surplus in a component or system once ne-

cessities have been met.” Margin may be distinguished

from overcomplicated design, i.e. the inclusion of prod-

uct features or characteristics that are not valued by

the customer, or by the market.

Elaborating on such definitions, some researchers

have discussed different types of margin. In the con-

text of ship design, for example, Gale (1975) differen-

tiates Design and Construction Margin, intended to be

consumed as a design converges, from Future Growth

Margin, intended to remain in the ship to allow for

future additions once in service. Gale (1975) further

categorises Design and Construction Margin into Per-

formance Margin (e.g. stability, efficiency) vs. Physical

Characteristics Margin (e.g. weight, space), either of

which can be allocated on a system, subsystem or com-

ponent level. Hockberger (1976) extends this classifi-

cation to include Assurance Margin, which is intended

to increase the probability that a system would per-

form to its specified requirements under uncertainties,

considering environmental and use uncertainties along-

side degradation of the system over time. Thunnissen

and Tsuyuki (2004) discuss three types of margin in
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the context of thermal design in aerospace: Uncertainty

Margin, introduced to account for uncertainties in pa-

rameters; Qualification Margin, which is added to the

anticipated maximum and minimum temperatures for

the purpose of qualification tests on prototypes; and

Protoqualification Margin, which is added to demon-

strate the reliability of actual flight hardware when a

prototype is not possible. Cansler et al (2016) define

four types of margin: Deterministic Excess represents

margin to be consumed during operation, e.g. sacrifi-

cial coatings; Epistemic Excess represents margin de-

liberately placed to account for known risk; Aleatory

Excess is placed to account for unknown future events;

and Consequent Excess is caused by the capacity of off-

the-shelf parts usually being slightly higher than the re-

quirements placed on them. Eckert and Isaksson (2017)

indicate three types of margin. The first type is mar-

gin added to requirements, the second type is margin

added to a design to handle uncertainties related to

design, manufacturing and assembly. The third type is

margin which changes over time mainly because of dif-

ferent teams working on different parts of a design. In

more recent work, Eckert et al (2019) categorised mar-

gin into three types. Their first category places margin

at the difference between system/component capabil-

ity vs. the requirement. The second category concerns

the difference between the capability vs. the constraint,

where the capability oversatisfies the constraint. The

third category concerns the difference between the con-

straint and the requirement.

Other definitions of margin in design relate to safety.

Research into safety margin mainly deals with proper

use of margin to make a design safer or to increase

its reliability by failure prevention (Iorga et al, 2012).

Hammer (1980) distinguish Safety Factor which is the

amount of overdesign in a product or structure, e.g.

the ratio between minimum strength required by the

application and the failure strength, from Safety Mar-

gin, defined by the difference between the two. Because

of these definitions, Safety Factor accumulates multi-

plicatively while Safety Margin accumulates additively

(Moller and Hansson, 2008). In fact, incorporating mar-

gin is only one approach to achieve safe design. Moller

and Hansson (2008) reviewed principles and taxonomies

related to safety and consolidated them into four main

categories: 1) Safety reserve (i.e. margin), 2) Inherently

safe design, 3) Design for safe fail, 4) Procedural safe-

guards.

Eckert et al (2019) consider margin to comprise a

combination of Buffer and Excess. They define Buffer

as the portion of margin that is intended to account

for uncertainties associated with a component and its

use, whereas Excess (for which they also use the term

Contingency) is said to “represent the range that engi-

neers can make use of to redesign or make a change.”

Drawing on this classification and incorporating other

concepts revealed by the literature review, in this arti-

cle Deliberate Margin is considered to include:

– Margin that is deliberately included to ensure reli-

ability and/or to address regulatory, safety or life

requirements.

– Margin that is deliberately included to mitigate the

potential risk of rework during design, for instance,

by deliberately overspecifying parts or interfaces (Gale,

1975).

– Margin that is deliberately included so that large

changes to specification values can be absorbed (Mar-

tin and Ishii, 2002; Tilstra et al, 2015).

– Margin that is deliberately included to mitigate the

potential impact of other specification changes, e.g.

by making the design more able to absorb or be

adapted to changes (Watson et al, 2016; Cansler

et al, 2016; Allen et al, 2019).

– Margin that is deliberately included to ensure up-

gradeability (Guenov et al, 2018) or growth (Gale,

1975) of a physically realised design, once in service.

– Margin that is deliberately included to allow a part

or subsystem to be common across product vari-

ants, e.g. by overspecifying a part or interface with

respect to one variant in order to allow its use across

a product family (Baldwin and Clark, 2000).

Whereas Excess Margin is considered to include:

– Margin that is included without deliberate analy-

sis while accounting for uncertainty during the de-
sign process, e.g. when making overconservative de-

cisions to account for preliminary information pro-

vided by colleagues.

– Margin that is included as an undesirable by-product

of suboptimisation due to design complexity, e.g.

when iterations have to stop before margin is elim-

inated or, equivalently, before a design fully con-

verges (Eckert et al, 2004, 2019).

– Margin that is necessarily included when some off-

the-shelf parts are used, because the capability of

the part is greater than the minimum required by

the design. For example, a machine may require

a motor of 3.72kW, but if the part supplier only

provides 3.5kW or 4.0kW models, the larger model

must be selected.

– Margin that is necessarily included when platform

parts are used, or when part designs from a previous

product generation are reused, because the reused

designs are overspecified with respect to the new

application.
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Table 1 Selected definitions of margin and related concepts in the research literature, organised chronologically

Publication Term/Concept Description

Lusser (1958) Contingency Margin Kept in reserve in case identified contingencies, or a combi-
nation of them, occur in service.

Scatter Margin To account for inherent variation of strength.

Levine and Hawkins
(1970)

Service Margin Margin of performance added to compensate for environ-
mental and deteriorative factors reducing a ship’s ability to
maintain speed, considering a specified period of time.

Takamatsu et al (1974) Design Margin To compensate for undesirable effects of uncertainties.

Gale (1975) Design & Construction Margin Allowance for uncertainties in estimating techniques, for un-
knowns when estimations are made, and potential minor
changes in specifications. Intended to be eliminated prior
to design completion.

Future Growth Margin Allowance for additions to a system (ship) once in service.

Hockberger (1976) Assurance Margin To sustain specified level of performance under environmen-
tal uncertainties, and to offset degradation.

Hammer (1980); Moller
and Hansson (2008)

Safety Reserve, or Safety Factor Strength to resist loads and disturbances exceeding inten-
tion. Ratio of min. strength to max. stress. Multiplicative.

Safety Margin Difference between min. strength and max. stress. Additive.

Martin and Ishii (2002) Headroom To accommodate future changes in specification values.

Thunnissen (2004) Design Factor, or Margin Added to account for uncertainties when rigorous uncer-
tainty mitigation/propagation is unavailable.

Eckert et al (2012) Margin The extent to which a parameter’s value exceeds what is
needed to meet its functional requirements.

Tilstra et al (2015) Excess storage or importation To enable design evolvability.

Watson et al (2016) Excess system capability To accommodate future change in a product.

Eckert and Isaksson
(2017)

Margin added to requirements To accommodate future growth and safety requirements.

Margin added to design To handle uncertainty related to design, manuf. and assy.

Margin that changes over time Occurs because of different teams working on different parts
of a design leading to duplication or reduction of margins.

Guenov et al (2018) Margin, or Reserve Placed on variables to account for uncertainties expected
to affect their accurate prediction. Can provide flexibility
for evolving requirements, or can account for model uncer-
tainty.

Lebjioui (2018) and Eck-
ert et al (2019)

Buffer Account for uncertainties in a component and its use.

Excess, or Contingency Range that can be used to redesign or make a change.

A summary of selected terms and definitions of mar-

gin found in literature is provided in Table 1. Regard-

less of the reason for including margin in a design, in

all cases the effect is to introduce a difference between

the “ideal” parameters, being the minimum needed for

the design to work, and the parameters of the actual

design, which in some sense are greater.

2.2 Methods and models for sizing margin

A number of authors have considered how margin can

be appropriately sized in engineering design.

Firstly, many publications focus on methods to de-

termine suitable safety factors, also known as Factors

of Safety (FoS). For example, Ghosn and Moses (1986)

and Fenton et al (2015) focused on this problem in

bridge engineering, and Mohammed et al (2016) in ship

hull design. Such models are field- and condition-specific.

To illustrate, Stephenson and Callander (1974) discuss

how FoS for a mechanical part under load can be de-

composed into the product of a shock factor and a mate-

rial properties uncertainty factor. The shock factor as-

signs greater FoS to account for the increased stresses

that occur when a load is applied suddenly, and the

material properties factor accounts for the uncertain-

ties in significant properties such as yield strength that
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are greater for some manufacturing processes than oth-

ers. More recently, a list of situation-specific issues to

be considered in determining a suitable FoS was com-

piled by Collins (2010). These issues were adopted by

Iorga et al (2012) to create a formula for estimation of

safety factors. For instance, their formula indicates that

increased safety factor is appropriate in cases where

there is possibility of accident causing loss of life, or

where the design is new and untested. Another way

of determining FoS is to use a stochastic, reliability-

focused approach. For example, a suitable FoS may ob-

tained by calculating how the probability distribution

of applied stress (considering use uncertainties) inter-

sects with the probability distribution of yield stress

(considering manufacturing uncertainties). The greater

the intersection, the greater the safety factor needs to

be to ensure the probability of failure remains within ac-

ceptable bounds (e.g. Stephenson and Callander, 1974;

Juvinall and Marshek, 1991). One limitation is that

these methods are well-developed in the context of indi-

vidual machine parts, but require experience and judge-

ment to apply correctly in the context of an overall

system design. Another is that to apply the methods in

this paragraph effectively, the engineer must be able to

predict the primary failure mode for the specific case

and select the appropriate failure model before apply-

ing a FoS. Codes and standards often stipulate specific

models and FoS to be used, which reduces the need for

decision-making. For example, in the context of pro-

cess piping design, ASME B31.3 stipulates the testing

pressure of pipes to be 1.5 times the design pressure

(B31.3, 2002; Becht, 2009). Other codes are more spe-

cific, e.g. API RP 14E (API, 1991) specifies a corrosion

allowance to be added to the thickness of pipes, con-

sidering the type of fluid and pressure the pipe shall be

used for. Typically the FoS recommended in standards

are based on a combination of theory and experiment.

Levine and Hawkins (1970) and Snape et al (2005) have

pointed out that FoS specified in standards need to be

conservative because they do not fully take actual con-

ditions into account, resulting in overdesign for most

situations. Dittmar and Hartmann (1976) further argue

that as designs become more complex, applying such

empirically-estimated margin becomes more difficult to

justify.

Some researchers have developed uncertainty propa-

gation approaches that relate overall margin in a design

to reliability, where the latter is interpreted as ability

of the design to absorb uncertainty in certain parame-

ters. For instance, processes for Quantification of Mar-

gins and Uncertainty (QMU) are intended to identify

and quantify uncertainty sources and propagate uncer-

tainty through system models to performance parame-

ters, with a view to determining whether a system has

enough combined margin to absorb the uncertainties

and prevent failure (e.g. Pilch et al, 2011). QMU ap-

proaches provide a rigorous process for uncertainty dis-

covery and propagation but generally do not localise

the margin within a design.

Other authors apply optimisation approaches to de-

termine the appropriate allocation of margin to differ-

ent parameters in a design. In one early contribution,

Takamatsu et al (1974) consider how to optimally al-

locate margin among multiple design parameters in a

chemical process system, in order to absorb uncertainty

in certain parameters while also minimising a system

performance objective. The approach is intended for sit-

uations in which the upper and lower bounds of uncer-

tain parameters, but not their distributions, are known.

The system equations relating parameters to perfor-

mance must be modelled as first-order linear approx-

imations about the design point, so that the situation

can be formulated as a linear program. Dittmar and

Hartmann (1976) expanded this approach to allow for

slightly non-linear system models. More recently, Thun-

nissen (2004) developed a probabilistic method for de-

termining whether appropriate margin is held in an

emerging design. In the method, the parameters that

must be traded against each other to meet the require-

ments (e.g. masses of different subsystems) must first

be identified. Then, analytical expressions must be de-

veloped to calculate each of those parameters from de-

sign variables and requirements. To complete the mod-

elling, the possible distribution of values for every vari-

able must be estimated, e.g. as a Gaussian distribu-

tion. Finally, Monte-Carlo simulation is run to generate

probability distributions for the tradeable parameters.

Margin is mathematically related to the probability of

reaching the desired value of a given tradeable parame-

ter, where the acceptable margin depends on risk toler-

ance. Using this approach, the impact of different design

variables on margin (hence risk of not meeting design

requirements) can be trialled. Thunnissen (2004) apply

the approach to design of a composite pressure vessel,

while Thunnissen and Tsuyuki (2004) apply it to con-

ceptual thermal design of a space system. This method

assumes good a-priori knowledge of the tradeable pa-

rameters, variables and mathematical relations among

them; a method to guide a designer through develop-

ing the required mathematical model is not elaborated.

Tan et al (2016) considered the role of safety margins

in Multi-disciplinary Optimisation (MDO), noting that

such analyses often seek the highest performance while

using all components to the greatest extent possible.

Based on an example of aircraft engine concept design,

they show that including margins in the optimisation
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objectives may in some cases allow designers to build

significant additional margin into a design with only a

minor deterioration of performance, thereby increasing

design robustness. Although the insights may be gener-

ally applicable, the work is presented mainly as a case

study. Also working in the context of aircraft design,

Guenov et al (2018) introduce the concept of margin

space, analogous to design space, to help trade mar-

gins among different design parameters. To apply their

approach, a network of numerical models that generate

output parameters from requirements must first be cre-

ated. Parameters on which margins are allocated must

also be known. Mathematical constraints describe what

regions of the margin space are feasible in that they al-

low acceptable design performance. Similarly to Thun-

nissen (2004), probability density functions are esti-

mated to describe sources of uncertainty against which

the margins can protect. Once this mathematical model

is complete, multiple combinations of design parame-

ters and margin values are generated using DoE meth-

ods, allowing tradeoffs to be visually explored consid-

ering design performance alongside robustness to mod-

elled uncertainties. This method integrates several con-

cepts from the aforementioned papers. Although pow-

erful, in common with other mathematical approaches

it requires detailed a-priori understanding of the de-

sign problem structure and could arguably be complex

to apply in situations where the design is not already

formulated for optimisation. Another limitation with

respect to this article is that these methods generally

assume the designer has relative freedom to choose the

design parameters and margin levels thought to be op-

timal, and is not constrained by the requirement to use

off-the-shelf or platform parts.

Finally in this section, a margin analysis method

based on block diagramming rather than mathematical

modelling was proposed by Cansler et al (2016), who

apply functional decomposition to model margins and

quantify them early in product design. The authors use

component-flow diagrams to identify component inter-

actions and flows within them. The flows quantify the

current operating values and the maxima that can be

tolerated. This information is used to identify excesses

in the system which can be considered when future

modifications are explored. This approach does not re-

quire mathematical formulation and hence is suitable to

apply in very early design stages. However, it requires

a model based on the abstract concepts of functions,

and flows of material, sign and energy. For instance, to

analyse the excess associated with a bolted joint, the

flows of mechanical energy through that joint must be

explicitly modelled and the ability of the joint to ab-

sorb increases in that energy must be calculated. This

formulation may not be aligned to the parameters that

are worked with by engineers during many design sit-

uations. Additionally, it does not automatically prop-

agate the effects of margins from the interfaces where

they are defined onto the performance parameters and

requirements of the overall design.

2.3 Margin in models of change propagation

The importance of margin in change propagation is

recognised by researchers and strategies to use margin

to prevent potential change propagation have been ar-

ticulated (Eckert et al, 2004). In particular, if a part is

overdesigned, the margin may act as a shock absorber

that prevents change from propagating further (Chua

and Hossain, 2012). One approach to analysing the ben-

efit of margins for preventing and absorbing change is

therefore to incorporate them into a model of change

propagation.

Many researchers have addressed change propaga-

tion by considering the risk of changes propagating be-

tween components or subsystems in a design. For ex-

ample, the Change Prediction Method (CPM) aims to

predict the susceptibility of each component or sub-

system to changes, considering multiple routes through

which change can propagate and the likelihood of each

propagation step occurring (Clarkson et al, 2004). The

method has been extensively developed by other au-

thors (for a review see Hamraz et al (2013a)). Of par-

ticular relevance to this article, Hamraz et al (2013b)

developed an approach that relates the probability of

change propagation between two subsystems to the mar-

gin at the interface between those subsystems. For ex-

ample, if a subsystem can accept a wide range of input

voltages, a change in input voltage is less likely to prop-

agate to the subsystem than if the acceptable range is

narrow. This rationale is used as the basis of a method

to generate change propagation probabilities from in-

terface specifications and hence, to populate the data

required for a CPM analysis. However, Hamraz et al

(2013b) view this mainly as an approach to generate the

input data required by the CPM, and do not elaborate

the implications for managing the margins themselves.

Lebjioui (2018) developed another CPM-based method

that relates margins to design change propagation, based

on the observation that low likelihood of change prop-

agation between two subsystems indicates high design

margin at their interface. In the method, CPM is ap-

plied to a design to identify which components have

significant margins, based on the change propagation

probability. Then, a decision tree is considered for each

significant margin to categorise it. For example, a mar-

gin identified as a buffer could be further classified as
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either endogenous or exogenous, depending on which

actions to potentially improve the design are suggested.

The models discussed above consider change propa-

gation from a probabilistic perspective. Other approaches

require the modeller to more precisely represent the

nature of relationships causing change propagation be-

tween components or subsystems, e.g. in terms of spe-

cific parameters as in the work of Ma et al (2017) or in-

terface definitions as in the work of Albers et al (2011).

The additional and more specific information about

how changes might propagate makes these types of ap-

proaches potentially better suited to include margin in-

formation and analyse its role in design change absorp-

tion. However, most articles do not apply the models in

this way. One exception was found in the work of Olo-

ufa et al (2004), who propose a Trigger Value Matrix—a

DSM in which each entry indicates the maximum value

of interface parameters from an upstream subsystem

that can be supported by the downstream subsystem.

In the model, change only propagates through an inter-

face if the aggregate value of changed parameters ex-

ceeds the defined trigger value. In other words, the dif-

ference between the current value and the trigger value

indicates the quantity of margin at each interface. A

limitation of this approach is that all parameters at

each interface, potentially with different units and dif-

ferent physical quantities, must be aggregated into a

single trigger value.

2.4 Practical challenges in managing margin

Because of the importance of margin to many design

issues including performance, cost, safety, and change-

ability, it should arguably be carefully managed during

design. However, this is often not the case in engineer-

ing practice. Thunnissen and Tsuyuki (2004) write that,

in practice, margins are handled heuristically or “in a

crude quantitative manner” that varies depending on

the individual and organisation, with “little or no rig-

orous method”. In consequence, insufficient margin or

excessive amounts of margin may be created in a de-

sign. Insufficient margin can lead to substantial design

rework, delayed and overbudget projects, and even po-

tential design failures (Thunnissen, 2004). On the other

hand, overconservative use of margin can lead to a de-

sign appearing overdesigned and less competitive. Ex-

cessive margin is also likely to obscure the need to un-

derstand the underlying uncertainties, and hence may

inhibit learning and development of more optimal de-

signs in future (Thunnissen and Tsuyuki, 2004).

To prevent such problems, the allocation of margin

as it evolves throughout the stages of the development

process should be carefully managed (Thunnissen and

Tsuyuki, 2004; Eckert et al, 2019). Although a designer

or design team may intend to eliminate unnecessary

margin as the design converges, this may not be fully

achieved in practice and some overdesign may remain

in the final product. Gale (1975) argues that one of

the most important challenges in practice is avoiding

the unnecessary compounding of margins. This may oc-

cur if collaborating teams add margins independently

(Gale, 1975; Eckert and Isaksson, 2017). For instance,

Jones et al (2018) researched boiler installations in hos-

pitals and found highly overdesigned solutions, which

they attributed to lack of communication between the

design, installation and commissioning teams, among

other reasons.

Lebjioui (2018), reflecting on interactions with engi-

neers of a collaborating company, concludes that knowl-

edge about margins in engineering practice is tacit rather

than formalised. Other authors including Gale (1975)

and Eckert and Isaksson (2017) argue that there is also

a lack of clarity and consistency among design engineers

when it comes to the definitions of different types of

margins. In engineering practice, “... the overall com-

plexity is often too great to guarantee that all poten-

tial problems will be revealed”, so margins may be used

without explicit knowledge of the specificities (Eckert

et al, 2004). In most cases, margins are treated as fixed

limits rather than trade-offs between system perfor-

mance requirements (Tan et al, 2016). An example is

the practice of “holding margin” in space systems de-

sign with the view to insulate subsystem teams from ex-

ternal changes (Thunnissen and Tsuyuki, 2004). In this

approach, key numbers are communicated along with

upper and lower limits. System architects would ideally

be able to resolve design conflicts by trading margin

among different areas as the design process moves for-

ward (Guenov et al, 2018), but in practice the difficulty

of understanding margin means this is strongly influ-

enced by organisational policies rather than the ideal

situation of optimised tradeoffs (Thunnissen, 2004).

2.5 Critique and research gap

The literature review reveals a consensus on the im-

portance of margin in design, both for absorbing the

adverse effect of uncertainty and future changes and

for deteriorating the design performance if too much

margin is included. Although the importance of mar-

gin is established, the review also indicates a profusion

of terminology and multiple reasons for incorporating

margin, which may hinder systematic consideration of

margin in research and practice. One important ob-

servation is that not all margin can be considered to

provide contingency for design change absorption. For
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example, if safety margin were depleted to absorb a

change, the design might no longer be considered safe.

For this reason the present article focuses on margin

that is not intentionally incorporated for a defined pur-

pose, but appears in the design for other reasons—i.e.

on excess margin as defined in Section 2.1. Excess mar-

gin is desirable in the sense that it may help to absorb

or prevent design changes, but at the same time is un-

desirable because the overspecification may deteriorate

design performance. Reducing excess margin may be

possible by redesigning a product, although may also

make that product more expensive or more complex,

e.g. if off-the-shelf parts must be replaced with custom

parts or if additional design iterations are needed. What

is needed is an approach that can help designers to trade

the costs of excess margin against the benefit provided,

in terms of change absorption potential.

Although a number of researchers have considered

how to allocate margin in design, the developed meth-

ods (as discussed in previous subsections) all have lim-

itations with respect to the objectives of this article.

Methods to determine Factors of Safety do not con-

sider the issue of change prevention and absorption.

Optimisation-based methods for margin allocation as-

sume that a designer has freedom to adjust all margins

in a design, and do not address the typical situation in

which a design already exists and improvements must

be prioritised due to limited development time and re-

source or for other reasons, such as commitments to

a platform or supplier. Such approaches also generally

assume that a mathematical model of the design rela-

tionships is available a-priori. The block diagramming

approach of Cansler et al (2016) requires a relatively ab-

stract formulation and does not propagate the impact

of margins to performance parameters, while the CPM-

based approach of Lebjioui (2018) is experience-based

and does not exploit known mathematical relationships

among the design parameters. Overall, the review did

not reveal any approach that helps designers to localise

excess margins in an existing design, quantify their de-

sirable and undesirable impacts, and develop prioritised

insights for design improvement. These observations led

to the following research questions:

– RQ1 : How can the excess margin in an existing or

emerging design be identified and localised?

– RQ2 : How can the value of excess margin be quan-

tified, considering change absorption potential vs.

design performance loss?

– RQ3 : How can this appreciation of margin value

help to identify and prioritise potential design im-

provements?

m

Pump
Directional Control 

Valve (DCV)

Cylinder

Mass

Fig. 1 The hydraulic circuit referred to in the worked exam-
ple.

3 Margin Value Method

An approach was developed to address the research

questions. The Margin Value Method (MVM) is based

on the observation that excess margins are created as

a result of decisions made during the design process,

and therefore, identifying those decisions and mapping

the information flow among them allows margins to

be identified and their ultimate knock-on impacts to

be quantified. The method is intended for use in con-

texts where an existing design is to be incrementally

improved. It identifies opportunities to reduce margin

by redesigning parts, prioritising those opportunities by

balancing the desirable impact of margin on change ab-

sorption capability against its adverse impact on design

performance. The approach requires knowledge of the

important design parameters and their relationships,

which is typically the case in routine design situations,

when iterating a design to improve it before it is fi-

nalised, or when developing a new variant of an existing

design.

In overview, the method comprises the construc-

tion of a Margin Analysis Network to localise margin in

an existing design, followed by analysis of the network

to characterise each margin and explore opportunities

for design improvement. These steps are described in

detail in the following subsections with the aid of a

deliberately simplified worked example: localising and

analysing margin in a hydraulic power circuit compris-

ing a pump, valve and a hydraulic cylinder to lift a

mass m through a height h (Figure 1). In Section 4,

the method is applied to a realistic machine design case.
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3.1 Terminology

The following terminology is used throughout discus-

sion of the method:

– Task: A group of one or more steps undertaken to

meet an objective during the design process. In the

method, each step must be described as either a

calculation or a decision:

– Calculation Steps are each a deterministic trans-

formation of input parameter(s) into an output

parameter. One set of input values yields one

output value.

– Decision Steps are each a transformation of in-

put parameter(s) into an output parameter, in-

volving a decision by the designer. The outcome

of a decision step may be influenced by design-

ers’ preferences and experience as well as factors

not captured in the margin analysis. Such fac-

tors could, for example, include cost, manufac-

turing capabilities, space considerations, codes

and standards, and so on. Unlike a calculation

step, a decision step could yield one of multiple

valid values for a given set of inputs.

– Parameter: Numeric information that is used and/or

generated during the design process. In the method,

parameters are further distinguished by their role in

the design process:

– Input parameters indicate targets or constraints

to be met by the design process, against which

the desirable impacts of margins (in terms of

change absorption potential) are to be assessed.

– Performance parameters indicate aspects of

design performance, against which the adverse
impacts of margins (in terms of performance de-

terioration) are to be assessed.

– Intermediary parameters are all other pa-

rameters used or generated during the design

process. An intermediary parameter can take dif-

ferent values at different points in the design pro-

cess. These values are described as either:

• Decided value if the value results from a

decision step or is calculated from the result

of a decision step, and is not a

• Target threshold if the value represents a

minimum or maximum that is required for

a decided value to be acceptable.

3.2 Development of Margin Analysis Network

The method is based on propagating the effect of ex-

cess margin from the specific parameters where it is lo-

cated onto the input parameters (determining margin

STEP A: Model 

the design 

process

STEP B: Identify 

steps and 

parameters

STEP C: Connect 

key parameters 

into a network

STEP D: 

Construct margin 

analysis network

Input and performance 
parameters of interest

Objectives
Individual tasks 

identified

Inputs, outputs, 
decisions and 

calculations identified 
for individual tasks

Unnecessary 
parameters 

eliminated. Inputs and 
outputs of tasks 

connected

Margin analysis 
network for MVM 

completed

Fig. 2 Recommended procedure to create a margin analysis
network.

impact on change absorption potential) and the per-

formance parameters (determining margin impact on

performance deterioration). This is achieved by tracing

the margin impact through a dependency network that

relates important parameters, calculation steps, and de-

cision steps.

The stepwise procedure depicted in Figure 2 was de-

veloped to guide systematic construction of the neces-

sary dependency network for a specific design. At each

step of the procedure, detail is progressively added un-

til a fully-detailed network is reached. If some of the

necessary information is already available, for instance

because a company has already modelled parametric

relationships within their product, these steps need not

be followed exactly. The steps are described in the next

subsections.

3.2.1 STEP A: Model the Design Process

The first step is to develop a design process model

that shows a possible arrangement of tasks to complete

the design of the system to be analysed. The process

model indicates how input parameters are processed

through a network of interconnected tasks and inter-

mediary parameters to generate the performance pa-

rameter(s). The model should include only those per-

formance parameters to be assessed in the margin anal-

ysis, and only those tasks and input parameters that are

required to determine them. Methods such as House of

Quality and Value Analysis may help to focus on impor-

tant performance parameters (Otto and Wood, 2003).

To illustrate, for the worked example of the hy-

draulic circuit the process model shown in Figure 3

(A) was created. In this case, for simplicity of exposi-
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tion a single performance parameter is to be addressed,

namely the maximum pressure (i.e. design pressure)

that the hydraulic circuit can sustain (PD). More gener-

ally multiple performance parameters can be included.

The input parameters under consideration for the ex-

ample are the specifications for the design: maximum

mass to be lifted (m), the maximum vertical height

through which it must be lifted (h), and the maximum

external diameter of the cylinder that can be accom-

modated (dext).

By identifying the tasks and the information depen-

dencies between them, this step generates a starting

point to identify the intermediary parameters whose

values are determined during design.

3.2.2 STEP B: Identify steps and parameters

The next step in the procedure is to systematically con-

sider each task in the process model to identify its in-

put and output parameters. Each task is also detailed

to identify the decision steps and calculation steps it is

composed from.

This is done for the example in Figure 3 (B). To il-

lustrate, consider the task Select Pump, which is decom-

posed into one calculation step and one decision step.

The calculation step involves determining the required

pressure (PR) from the bore diameter of the previously-

selected cylinder (dbore) and mass to be lifted (m). The

decision step involves selecting an appropriate pump

considering the calculated pressure. The outputs of the

task include the manufacturer’s model number for the

pump (MM ), the actual pressure (PM ) sustained by the

pump when lifting the design mass, and so on.

Having identified the parameters and decomposed

the tasks into their constituent steps, for each task in-

volving a decision step the target threshold associated

with that decision must be identified from the list of the

task’s input parameters. To recap, a target threshold in-

dicates the minimum or maximum value against which

the output of a decision step is evaluated. The model is

based on the observation that, during a design process,

if the decided value resulting from a decision does not

satisfy the corresponding target threshold, iteration will

be required to revisit the decision step and/or to revisit

other decisions with the objective to make the target

threshold more accommodating. On the other hand, if

the decided value oversatisfies the target threshold, ex-

cess margin is created. Because the method focuses on

analysing the margin in an existing design and not on

the creation of a new design, the focus is set on the lat-

ter case and the possibility of iteration does not require

explicit consideration.

3.2.3 STEP C: Connect key parameters into a network

The third step is to connect the parameters into a net-

work of information dependencies among the tasks, thereby

detailing the information flows in the original process

model. At this point parameters that do not contribute

towards achieving the performance parameter(s) in fo-

cus, i.e. parameters which do not feed forward through

a sequence of steps into a performance parameter, can

be directly identified and should be discarded from fu-

ture consideration. For the worked example, discarded

parameters are shown in grey in Figure 3 (C). For clar-

ity, only a selection of discarded parameters are shown.

To complete this step, the information flows involv-

ing decided values must be distinguished from those

involving target thresholds. In the worked example, the

only target threshold is the required pressure to lift

the mass (PR) which is generated during the task Se-

lect pump. This is indicated in red in Figure 3 (C). All

other flows in Figure 3 (C) involve decided values and

are indicated using blue arrows.

3.2.4 STEP D: Construct margin analysis network

The fourth and final step is to transform the task-

parameter network resulting from Step C into the Mar-

gin Analysis Network. The detailed information flows

between all calculation and decision steps, within and

across tasks, must be modelled. This is shown for the

worked example in Figure 3 (D). Recalling that the de-

cided value emerging from each decision step is com-

pared against a corresponding target threshold, each

such comparison is now explicitly indicated by intro-

ducing a margin node. Each margin node is depicted as

a hexagon as shown in Figure 3 (D). It is important to

note that margin nodes only denote excess margin that

can potentially absorb changes—if margin is necessary

for a defined purpose, e.g. to satisfy a code and/or re-

lating to safety or reliability, this should be represented

using an appropriate calculation step to increase the

corresponding parameter’s value, and not by a margin

node. Finally, to complete the margin analysis network,

each calculation step must be detailed to express the

relationship between the input and output parameters.

This can be done as an algebraic expression or as a

lookup table.

For the worked example, two calculation steps are

modelled algebraically. First, calculation step f1 deter-

mines the required pressure at the cylinder (PR). In this

case a governing equation can be written from physical

principles. Pressure (PR) is the ratio of force (F ) and

cylinder cross-sectional area (A), which can be further
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Fig. 3 The recommended stepwise procedure for developing a Margin Analysis Network, illustrated using the hydraulic circuit
example. STEP A: Model the design process. STEP B: Identify steps and parameters. STEP C: Connect key parameters into
a network. STEP D: Construct Margin Analysis Network. Definitions of parameters for the hydraulic circuit are provided in
Appendix A.
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written in terms of mass of the load to be lifted (m)

and bore diameter of the cylinder (dbore):

PR =
F

A
=

4mg

πd2bore
(1)

Second, calculation step f2 determines the maxi-

mum pressure which the system can sustain (PD) by

consideration of the rated pressures of the selected cylin-

der (PC), pump (PM ), and valve (PV ). In this case the

governing equation can be written:

PD = min(PC , PM , PV ) (2)

The analysis approach described in forthcoming sub-

sections requires that every node in the finalised net-

work has one or more inputs and exactly one output.

However, a common situation is that one decision pro-

duces multiple parameters whose relationships are known,

for example, the decision involves selection of a single

part that has multiple important parameters. In such

cases the decision can be modelled to produce the model

number of the part, and calculation steps can be used to

generate the other necessary parameters using lookup

tables. This is illustrated in the worked example where

the calculation steps f3 and f4 respectively look up the

rated pressure and bore diameter of the selected cylin-

der from its model number MC , which is produced by

the decision D1.

Having generated a Margin Analysis Network, it

may be verified by setting the value of every parameter

shown on the network to be the actual value for the de-

sign being analysed, then checking that all calculation
and decision steps are consistent. Once the network is

completed, it is then analysed to assess the value of each

margin and to identify design improvement recommen-

dations, as explained in the next subsection.

3.3 Margin Value Analysis

The objective of the Margin Value Analysis is to dis-

til the complex relationships between excess margin,

change absorption capability and performance losses

that are captured in the Margin Analysis Network into

metrics and a visualisation that provide insight for de-

sign improvement. The following Metric Requirements

(MRs) were identified by considering the literature re-

view and research gap:

– MR1: Predict the effect of eliminating each excess

margin (represented as a margin node) individually

and in isolation. This arises from the objective to

provide insight for design improvements in an in-

cremental design context where parts need to be

prioritised for redesign one-at-a-time, because it is

not practicable or economical to develop an optimal

design from a clean sheet.

– MR2: Quantify the proportion by which the decided

value exceeds the target threshold at each identified

margin. This indication of design excess is useful

because more significant excesses may generally be

easier to reduce by redesign.

– MR3: Express the ultimate effect of each margin on

(a) input parameters and (b) performance parame-

ters of the overall design. This arises from the need

for the metrics to compare all margins on the same

scale and in terms that express their ultimate value

for the design.

– MR4: Account for the dependence of each margin’s

effect on the structure of the decision network and

on other margins in that network. This ensures that

the effect of any accumulation of margin in the de-

sign is accounted for.

Three metrics were developed that, together, ad-

dress these requirements. The metrics are introduced

in the next subsections prior to a detailed worked ex-

ample in Section 4.

3.3.1 Metric 1: Local excess margins

The first metric quantifies the local excess at each mar-

gin node:

Excessm =
decidedm − thresholdm

thresholdm
(3)

where:

– decidedm is the decided value at the input to margin

node Em.

– thresholdm is the target threshold at the input to

margin node Em.

This metric indicates the degree to which the de-

cided value oversatisfies the target threshold at each

margin node, and thereby satisfies MR1 and MR2.

3.3.2 Metric 2. Adverse impact of excess margin on

design performance

The second metric indicates the undesirable contribu-

tion of the excess at each margin node to deteriorating

each performance parameter of the overall design. In

other words, this metric indicates the benefit that could

be gained if the margin could be eliminated by redesign,

assuming the rest of the design remained unchanged.
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To calculate the metric for a margin node Em, the

decided value that is output from Em is first replaced

with the corresponding target threshold. This repre-

sents a proposed redesign to eliminate the design excess

represented by the margin. Then, the impact of this

proposed design change is propagated downstream, re-

calculating each node of the Margin Analysis Network

in turn until all performance parameters have been re-

calculated. When performing this recalculation it is as-

sumed that the output of every other decision remains

unchanged. For example, if the output of a margin node

E1 feeds only into the input of a decision that yields

another margin E2, the change due to eliminating E1

would not propagate beyond that downstream decision.

The metric thus accounts for accumulated margins in a

design, in this case showing that making design changes

to eliminate E1 in isolation would yield no improvement

in the design performance parameters, because any im-

provement would be absorbed by the downstream ex-

cess represented by margin node E2 before those pa-

rameters were reached.

After propagating the change in output of margin

node Em to the performance parameters, a measure of

the adverse impact of the margin on deteriorating each

performance parameter j is calculated:

Impactmj =
Pj(decidedm) − Pj(thresholdm)

Pj(thresholdm)
(4)

where,

– Pj(decidedm) is the value of performance parameter

j when the output of margin node Em is set to the

decided value that is input to that node, and all de-
pendent downstream values are recalculated as ex-

plained above.

– Pj(thresholdm) is the value of performance parameter

j when the output of margin node Em is set to the

target threshold that is input to that node, and all

dependent downstream values are recalculated.

To illustrate, in the hydraulic circuit example the

metric indicates the performance increase that would

be gained if the pump were redesigned so that the pres-

sure PM was reduced to exactly meet the required pres-

sure, i.e. so that PM = PR and consequently the mar-

gin at node E2 reduces to 0, while assuming that all

other parts in the hydraulic circuit are not changed.

This metric satisfies MR1, MR3b and MR4.

3.3.3 Metric 3: Benefit of excess margin for absorbing

change

The third metric indicates the desirable contribution

of each margin node to preventing changes to input

parameters from propagating, either to require redesign

or to degrade performance parameters of the design.

This is achieved in two steps. In the first step, the

maximum change that can be absorbed in each input

parameter Pi without requiring any decision to be re-

visited or impacting any performance parameter(s) is

determined. This is achieved by gradually increasing

the value of Pi while propagating the change forward

through the calculation steps, to find the lowest value

where any performance parameter changes or any tar-

get threshold reaches the corresponding decided value,

indicating that a decision would have to be modified for

the design to remain valid. The value of Pi at this point

is called Pmaxi. The maximum deterioration in input

parameter Pi that can be absorbed due to all margins

in the design may then be written as a proportion:

Deteriorationi =
Pmaxi − Pi

Pi
(5)

The second step in the metric calculation deter-

mines which of the margin nodes are exploited to what

extent when absorbing this maximum deterioration. For

each input parameter, the maximum supported value

Pmaxi is first substituted in place of the original value.

The target threshold for every margin node is then re-

calculated by solving all calculation nodes again in ap-

propriate sequence, yielding thresholdnewim. A sum-

mary metric that indicates the proportion of each mar-

gin that needs to be used up per percentage point of

deterioration in each input parameter that is absorbed

is calculated:

Absorptionim =
thresholdnewim − thresholdm
thresholdm ×Deteriorationi

(6)

This metric satisfies MR1 and MR3a. It also satis-

fies MR4, as illustrated during discussion of the case

example in Section 4.

3.4 Margin Value Plot

The Margin Value Plot was developed to summarise

the three metrics in a way that yields suggestions for

prioritising improvements to the analysed design. The

approach taken is to average Metrics 2 and 3 over the

performance parameters and input parameters respec-

tively, thereby reducing each of these metrics to a single

dimension for easier visualisation. While some informa-

tion is lost in the averaging process, this aggregation

approach has the advantage of being easy to under-

stand.
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Fig. 4 Margin Value Plot and its interpretation. Regions are
indicative and are not separated by precise boundaries.

Considering Metric 2, if the J performance param-

eters are each weighted by relative importance Wj , an

overall indication of the performance loss attributable

to margin node Em is:

Impactm =

∑
j (Impactmj ×Wj)∑

jWj
(7)

Considering Metric 3, if the relative importance of

the design being able to absorb change in input param-

eter i is assessed to be Li, an overall indication of the

change absorption potential of margin node Em is:

Absorptionm =

∑
i (Absorptionim × Li)∑

i Li
(8)

These summarised versions of Metrics 2 and 3 pro-

vide the X and Y values to position each margin on a

scatter plot indicating its deterioration and absorption

capacity. Metric 1 can then be indicated as the radius of

a circle representing each margin. Noting that the max-

imum values on both axes depend on the design being

analysed, and therefore that the plot offers an analysis

of margins relative to that design only, consideration of

the four regions of this plot yields insight for potential

design improvements. As depicted in Figure 4:

1. The bottom-left region contains margins which can

absorb only relatively small changes but also entail

relatively little performance loss. Their low signifi-

cance may not justify the effort to further analyse

them.

2. Margins in the top-left region entail low performance

loss, but provide high change absorption capability.

Of all the identified margins, these provide highest

value to the design. They also suggest potential op-

portunities to make the design more robust to po-

tential future changes by introducing design changes

that increase the excess.

3. Margins in the top-right region have relatively high

change absorption potential but also contribute rel-

atively significantly to design performance loss. Such

margins may require further trade-off analysis to

determine whether the benefits justify the perfor-

mance losses, or whether redesign to reduce or elim-

inate the excess should be considered.

4. Margins in the bottom-right region decrease design

performance relatively significantly but do not sig-

nificantly increase change absorption potential. These

margins represent unusable overcapacity, and the

possibility of redesign to reduce or eliminate them

should be investigated.

It should be noted that the Margin Value Plot is

based on proportional values and does not visualise the

absolute impact of each margin. This proportional for-

mulation is convenient for aggregating margin impact

on multiple performance parameters into a single value,

and is also convenient for directly comparing margins

that are attached to different parameters and therefore

specified in different units.

4 Case study

A desk-based case study was undertaken to illustrate

the method and assess its applicability to a real design

situation.

The analysed case is a real design for a coal han-

dling troughed conveyor belt system, developed based

on IS11592 and related standards. On this machine, the

belt was inclined with a gradient of 6◦ and a pulley-to-

pulley length of 24 m. The coal carrying capacity was

required to be 1200 tonnes per hour. The main design

tasks for this machine included machine elements se-

lection and shaft calculations. Although allowing for

different solutions, the problem is essentially routine.

A design solution was developed that integrates some

custom made components, such as shafts, with off-the-

shelf machine parts such as motors, gearboxes, brakes,

couplings, idlers etc. that were selected from available

catalogues. A general overview of the belt conveyor is

shown in Figure 5.
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Fig. 5 General details and layout of the belt conveyor.

4.1 Margin Analysis Network for the conveyor

The design process model shown in Figure 6 was de-

veloped from the procedures and calculations recom-

mended in the standard IS11592. This was transformed

to yield the Margin Analysis Network shown in Figure

7. In Figure 7, each of the numbered background areas

indicates the calculation and decision steps developed

from the task having the same number in Figure 6. All

symbols in Figure 7 and the following text are defined

in Appendix B.

Calculation steps in Figure 7 represent the applica-

tion of general engineering principles as well as domain-

specific equations provided in the aforementioned stan-

dard. For example, main resistance R indicates the fric-

tion forces related to the idlers and the belt advance-

ment, and is given by Equation 9 (IS 11592, Section

8.5):

R = f × L× g[mC +mR + 2(mB +mG) cos δ] (9)

This particular equation appears as the circular node

labelled 11 in Figure 7 (bottom-right of the background

area labelled 1). Inputs L, mc, δ, mB , f , mG, mR to

that node represent the parameters appearing on the

right-hand side of Equation 9. Definitions and values

for these parameters are provided in Table 2 in Ap-

pendix B. The output of Node 11 is the intermediary

parameter R, which serves as input to another calcula-

tion step in the diagram.

As well as calculation steps, the Margin Analysis

Network of Figure 7 contains 9 decision steps, each

yielding (in this case) a single margin node. The defi-

nitions for these nodes are provided in Table 5. As ex-

plained previously, each margin node represents a dif-

ference between a decided parameter value and a cor-

responding target threshold that was calculated else-

where. For example, margin node E1 (just above the

top-right of area 6 in Figure 7) has as one input the

target threshold PM2 (marked in red), which is an in-

termediary parameter describing the minimum power

required to advance the belt. The other input of this

node is the decided value PM , which is the rated power

of the selected motor. The difference between these is

the local margin associated with the motor power. The

example thereby demonstrates how constructing a Mar-

gin Analysis Network allows excess margin in a design

to be localised.
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1. Calculate 
Resistances

2. Calculate 
power to 

operate the belt

4. Select 
Motor

7. Select 
Pulleys

5. Select 
Gearbox

6. Select 
Brake

Objective: Calculate 
resistances the belt 
must overcome to 

convey 1200 TPH of 
material. 

Objective: Calculate 
power to overcome all 
resistances developed 

while carrying 1200 TPH 
of material.

Objective: Select 3-
phase induction motor 
capable of transmitting 

enough power to 
operate the belt. 

Objective: Select pulleys 
must meet 

specifications of IS1891 
annexure J. 

Objective: Select speed 
reduction system 

(gearbox) to reduce 
speed from prime 

mover output speed to 
the required speed of 

the belt.

Objective: Select brake 
which produces enough 
torque to stop a fully-
loaded belt running at 

required speed.

Objective: Calculate shaft 
diameter, designed for 
bending, torsion and 

deflection. Material should 
be steel with given max 

strength.

3. Calculate 
belt tension

Objective: Calculate belt 
tension which should be 

less than max 
recommended belt 

tension. 

Input parameter - Belt 
width 1400mm

Input parameter - Nominal 
carcass weight 6.4 Kg/m2

Input parameter - Conveyor 
lift 2.5m

Input parameter - Pulley Centre-
Centre distance 24 m

Input parameter -  Bulk density 
of conveyed material 0.8 T/M3

Input parameter - Conveyor 
capacity  1200 TPH

Performance 
parameter – 

Moment of inertia

Performance 
parameter - 

Cost

Performance 
parameter - 

Weight

Performance 
parameter – Motor 

output efficiency

8. Calculate 
shaft 

diameters for 
pulleys

Fig. 6 Process Model (Step A) for the conveyor case

4.2 Margin Value Analysis of the conveyor

To recap, the objective of Margin Value Analysis is to

map the identified excess margins onto their overall im-

pact on the design, so that margin values can be com-

pared on the same scale to prioritise design improve-

ment opportunities.

4.2.1 Metric 1: Local excess margin

The procedure outlined in Section 3.3.1 was followed to

evaluate the local excess margin associated with each

margin node shown on Figure 7. This yielded the fol-

lowing result:
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Excess =



10.092 at E1, motor power

186.614 at E2, brake torque

10.092 at E3, gearbox power

9.565 at E4, drive pulley dia.

9.17 at E5, tail pulley dia.

9.89 at E6, snub pulley dia.

1.369 at E7, snub shaft dia.

2.596 at E8, drive shaft dia.

5.819 at E9, tail shaft dia.


×10−2 (10)

This indicates, for example, that there is greater

than than 186% overspecification associated with mar-

gin node E2, which relates to the rated torque of the

brake, but only 1.369% associated with E7, which re-

lates to the snub shaft diameter. While this metric iden-

tifies differences in local excess margins, in isolation it

does not indicate the ultimate impact of that excess in

terms of change absorption capability or design perfor-

mance deterioration.

4.2.2 Metric 2: Adverse impact of excess margin

The second metric assesses the adverse impact of each

margin node in Figure 7 on design performance. Four

parameters were chosen to represent the performance

of the conveyor. They are:

– TCS : Total cost of shafts, pulleys, motor, gearbox

and brake.

– TWS : Total weight of shafts, pulleys, motor, gear-

box and brake.

– IS : Combined moment of inertia or GD2 values of

motor and gearbox.

– ηm : Full load output efficiency of the motor.

This is one possible set of performance parameters

that the designer would want to protect against po-

tential future changes. Increase in cost would naturally

be undesirable. Increase in weight would also be un-

desirable as this could potentially propagate to cause

changes in foundation design. Increase in moment of

inertia would cause an increase in start (or stop) time

of the machine. Finally, reductions in efficiency should

be avoided for reasons of power consumption.

To illustrate the knock-on effects of excess margin in

this design, consider the target threshold PM2, which

denotes the minimum required motor power to drive

the conveyor. This yields margin with respect to PM ,

the actual rated power of the selected motor, at margin

node E1 (top of area 6 in Figure 7). It also yields mar-

gin with respect to GM , denoting the specifications of

the selected gearbox, at margin node E3 (bottom-right

of area 5 in Figure 7). Considering E1, the impact of

the margin can be traced downstream. At calculation

step 34, the target threshold PM2 = 27.25kW yields

Braking Torque of TBR = 260Nm. Whereas, when us-

ing the corresponding decided value PM = 30kW the

same calculation gives the braking torque as TBR =

286.35Nm. Following the information flows in Figure

7 indicates that the excess capacity propagates down-

stream, through several intermediate steps, ultimately

to impact the performance parameters TCS and TWS .

Using the procedure outlined in Section 3.3.2, the

impact of each margin node on each performance pa-

rameter was calculated, yielding the following for Met-

ric 2:

Impact =



1.097 0.832 13.692 -0.515

8.303 1.957 0.000 0.000

1.319 0.382 0.304 0.000

3.351 3.175 0.000 0.000

2.008 1.214 0.000 0.000

1.364 1.207 0.000 0.000

0.026 0.106 0.000 0.000

0.083 0.333 0.000 0.000

0.164 0.662 0.000 0.000


× 10−2 (11)

The rows of the impact matrix in Equation 11 rep-

resent the nine margins from E1 to E9 reading sequen-

tially from top to bottom, and the columns represent

the four performance parameters TCS , TWS , IS and

ηm in sequence from left to right. To illustrate interpre-

tation of this metric, the topmost entry of the leftmost

column shows that there is a 1.097% deterioration of

performance parameter TCS because of the excess at

margin node E1, but a more significant 8.303% dete-

rioration of the same parameter because of the excess

at margin node E2. Values of 0 indicate that a perfor-

mance parameter is independent of a margin and there-

fore, the corresponding excess does not deteriorate that

performance parameter at all.

Of particular interest in this example, the rightmost

column in Equation 11 indicates that efficiency ηm is

only influenced by a single margin node E1, and fur-

thermore, indicates that the relationship is negative. In

this case, the negative relationship occurs because the

excess is created when selecting a higher power motor

than is strictly required for the application—but motors

of higher power are also more efficient, according to the

data provided by the manufacturer. In other words, the

margin at E1 is actually beneficial from the efficiency

viewpoint, although the impact matrix shows that it

does have significant adverse effects on other perfor-

mance parameters.
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4.2.3 Metric 3: Benefit of margins for absorbing

change

The third metric expresses the benefit of margin for

absorbing potential future changes. Recall that in this

method margin intentionally included to address e.g.

reliability and safety considerations is not explicitly in-

dicated as margin nodes in the Margin Analysis Net-

work, but is accounted for by appropriate calculation

steps to incorporate e.g. factors of safety. For example,

Calculation Step 31 of Figure 7 incorporates a motor

derating factor and Calculation Step 34 incorporates a

brake service factor as recommended by IS11592.

In the conveyor case, although 46 input parameters

were identified, only a small subset of these might be

considered likely sources of change against which the

design might need to be protected. The subset investi-

gated for the case analysis was:

– C : Desired conveyor capacity in T/h

– V : Velocity of the belt in ms−1

– ρ : Bulk density of the material conveyed in Tm−3

– µ : Coefficient of friction between belt and pulley

– BCT : Nominal carcass weight of the belt in kgm−2

These five input parameters were selected for anal-

ysis because they are all plausible sources of potential

future change against which the design might need to be

protected. It is possible that conveyor capacity might

need to increase to increase production, as might ve-

locity of the belt. Bulk density might also change as it

depends on the quality of coal that needs to be trans-

ported. Finally, the belt itself might need to be changed

which could conceivably cause changes in the belt car-

cass weight and coefficient of friction.

To illustrate calculation of Metric 3 (the benefit of

each margin for absorbing potential changes) consider

the material carrying capacity of the belt, initially set

at 1200 tonnes per hour of coal. In accordance with

the procedure explained in Section 3.3.3, each input

parameter was progressively increased to determine the

deterioration that can be absorbed by the design:

Deteriorationi =


DC = 0.12

Dµ = −0.19

DV = 0.34

Dρ = 0.47

DBCT = 0.09

 (12)

The absorption values were then calculated, yielding

the result shown in Equation 13):

Absorptionim =



0.87 0.00 0.30 0.21 0.00

0.87 0.00 0.30 0.21 0.00

0.87 0.00 0.30 0.21 0.00

0.00 0.00 0.00 0.00 0.53

0.00 0.00 0.00 0.00 0.51

0.00 0.00 0.00 0.00 0.61

0.12 0.00 −0.09 0.00 −0.02

0.20 −0.13 −0.14 0.03 −0.02

0.21 −0.01 −0.18 0.00 0.00



T

(13)

For instance, the first column of the absorption ma-

trix in Equation 13 indicates that 87% of the excess

margin at E1 will be used up, 87% at E2 , and 12%

at E7 (among the other nonzero values shown in the

column) for a 1% increase in input parameter C to be

absorbed.

4.3 Margin Value Plot

To generate the Margin Value Plot, following the pro-

cedure in Section 3.4 weighing factors must be assigned

to all performance parameters to indicate their relative

importance. A prioritisation method such as the An-

alytic Hierarchy Process (Saaty, 1988) could be used

for this purpose. For the conveyor case, all four perfor-

mance parameters were weighted equally. Using Equa-

tion 7, the performance loss attributable to each margin

was computed:

Impactm =



4.034

2.565

0.501

1.631

0.805

0.643

0.033

0.104

0.206


× 10−2 (14)

Similarly the input parameters must be weighted to

indicate the relative importance assigned to the design

being able to absorb changes in each of them. For the

conveyor case it was initially considered that all five

input parameters are equally weighted. The resulting

absorption values are:
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Fig. 8 Margin Value Plot for the belt conveyor, showing all three metrics on the same visualisation. The radius of each circle
indicates the local excess margin associated with the corresponding margin node. The radii and axes are not to the same scale.

Absorptionm =



27.661

27.655

27.661

10.523

10.163

12.148

0.023

−1.023

0.544



T

× 10−2 (15)

Finally, a Margin Value Plot was generated using

the values shown in Equations 10, 14 and 15. It is shown

in Figure 8 and discussed in the next subsection.

4.3.1 Insight from the Margin Value Plot

Figure 8 was interpreted with reference to Section 3.4

yielding the following insights for improvement of the

belt conveyor:

– Bottom-left region: Six margin nodes appear in

this region. E7, E8 and E9 relate to excess in the

three shaft diameters which appear at the bottom

of box 8 in Figure 7. All these margins have rela-

tively small adverse impact on design performance

and can absorb only small changes. E4, E5 and E6

relate to the pulley diameters and also appear in

the bottom left region. Further investigation of the

absorption matrix (Equation 13) reveals that these

margins do in fact provide high absorption capacity

but this is concentrated on change in a single input

parameter. Tracing further back, this characteristic

can be related to the connectivity of these margin

nodes in the Margin Analysis Network, where they

appear at the top left of Figure 8 and, of the five

considered input parameters, are influenced by BCT
alone. Overall, the method indicates that all six ex-

cesses discussed above should be considered low pri-

ority for potential design improvement.

– Top-left region: One margin node appears in this

region, i.e. E3, which relates to excess in the rated

power of the gearbox. The plot indicates that this

margin has relatively low adverse impact on perfor-

mance coupled with relatively high absorption ca-

pability, and therefore provides high relative value.

– Top-right region: The margin nodes E1 and E2,

relating to rated power of the motor and rated torque

of the brake respectively, appear at the top right re-

gion of Figure 8 indicating that these margins can

absorb a relatively significant amount of change at

the cost of relatively high impact on performance.

The analysis therefore suggests that a trade-off study

is undertaken to determine whether the benefit gained

from the excess justifies the performance losses.

– Bottom-right region: None of the conveyor mar-

gins appear in this region.

4.3.2 Practical considerations

The Margin Value Plot can help to indicate where it

might be desirable to reduce or eliminate excess mar-

gin to improve the design. However, these insights do
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not indicate how the designer would in practical terms

adjust their design.

Consider for example margin node E1 which rep-

resents motor power in excess of requirement after ac-

counting for the various safety and reliability factors

recommended by the design standard. Practically speak-

ing, reducing the margin could be achieved by investi-

gating alternative manufacturers’ catalogues and look-

ing for a motor that more closely matches the power re-

quirement, or by designing a custom motor. While this

might yield an improvement to design performance, a

change in supplier might not be feasible, while custom

made parts potentially increase the cost of the prod-

uct significantly and might not be justified for low vol-

ume production. This example illustrates that while

the Margin Value Method is useful to identify excess

margin and focus design attention on areas for poten-

tial improvement, external factors would then need to

be carefully considered to decide whether any design

change could in fact be justified. In the conveyor case,

after considering the motor the designer might decide

to focus attention on other margins for which custom

parts might be more easily designed and fabricated.

4.3.3 Generating an engineering design improvement

Moving on from the motor, Figure 8 reveals that the

next most promising candidate for redesign to improve

the performance parameters of the conveyor relates to
E2 and the rated brake torque. This subsection consid-

ers the implications of this redesign to show how the

MVM can assist with engineering design improvement.

The original design used a brake that could provide

a braking torque of 746 Nm, whereas the target thresh-

old was only 260 Nm. Therefore a targeted redesign of

the conveyor was considered, in which the brake was re-

placed with a model providing 290 Nm. The conveyor

layout shown in Figure 5 suggests this could be achieved

in practice without major modification to other parts.

Conceptually speaking, it should be expected that

redesign to reduce the local excess would reduce the

adverse impact of margin node E2 on performance pa-

rameters, while also potentially reducing the change

absorption capacity of this node. This was verified by

recalculating all the metrics for the incrementally im-

proved design, in which the brake is replaced with a

290 Nm model but all other decision outputs remain

the same. This yields the following result:

Impactm =



4.059

0.157

0.529

1.714

0.851

0.675

0.034

0.107

0.213


× 10−2 (16)

Absorptionm =



27.66

27.65

27.66

10.52

10.16

12.15

0.02

−1.02

0.54



T

× 10−2 (17)

Visualising these results, Figure 9 (left) shows the

Margin Value Plot for the redesigned conveyor overlaid

onto the plot for the original design. All margin nodes

remain in similar positions on the plot except E2 which

reduces in local excess, visualised by the decrease in

the bubble size from A to D, and also reduces in ad-

verse impact on performance parameters. However, the

absorption potential of E2 notably remains constant

following the design change.

This can be explained as follows. Recall from Sec-

tion 3.3.3 that the parameter thresholdnewim denotes

the target threshold related to margin node Em for the

situation where input parameter i is increased to the

maximum that can be absorbed by the design with-

out requiring changes. In the proposed redesign, the

rated torque of the newly-selected brake, at 290 Nm,

is greater than the smallest thresholdnewim for any i,

which is 286.35 Nm. Therefore, the change absorption

capacity of the overall design is not limited by the brake

torque margin, but by one or more of the other mar-

gins. In consequence any increase in rated brake torque

beyond 286.35 Nm increases excess margin and may

deteriorate design performance, but will not increase

change absorption capacity as defined in this article.

To further illustrate this point, the brake torque was

further reduced from 290 Nm in a series of steps to-

wards the target threshold of 260 Nm, being the small-

est value that can satisfy the input parameters. Figure

9 (right) shows that as the local excess is reduced, ad-

verse impact of the margin continues to decrease from

point D without deteriorating change absorption po-

tential until the point where the decided value equals
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Fig. 9 (Left) Impact of redesigning the conveyor to replace the 746 Nm brake with a 290 Nm model. Points representing
the redesign are plotted on top of the original design for comparison. (Right) Sensitivity study showing how the brake torque
margin value changes as rated torque is increased towards 290 Nm.

286.35 Nm (at the circle labelled E). If the rated torque

is further reduced beyond this point, absorption poten-

tial of the margin decreases alongside impact until the

local excess is eliminated entirely. In this latter region

of the curve, E2 may be described as a limiting mar-

gin for the conveyor design. The point at which the

decided value equals thresholdnew represents, in one

sense, maximum value of the margin. Below this point

the margin loses absorption potential, whereas above

this point further increase in overcapacity has a deteri-

orating effect on the performance parameters without

any increase in the absorption potential.

4.3.4 Identifying nonlimiting margins

The discussion in the previous subsection shows that

it is helpful to appreciate which margins are not lim-

iting change absorption capacity, as these offer most

opportunity for design improvement. With reference to

Section 3.3.3, an additional metric was formulated to

summarise this information:

Utilisationim = 1 − decidedm − thresholdnewim
decidedm − thresholdm

(18)

This metric was computed for the conveyor, yield-

ing:

Utilisationim =



1.00 0.00 1.00 0.98 0.00

0.05 0.00 0.05 0.05 0.00

1.00 0.00 1.00 0.98 0.00

0.00 0.00 0.00 0.00 1.00

0.00 0.00 0.00 0.00 1.00

0.00 0.00 0.00 0.00 1.00

1.00 0.04 −2.35 0.00 0.10

0.87 0.97 −1.77 0.60 0.05

0.42 0.02 −1.05 0.00 0.00



T

(19)

Limiting and nonlimiting margins can be identified

by inspection of the matrix in Equation 19. For exam-

ple, reading down the first column of Equation 19 indi-

cates that E1 and E3 limit utilisation of other margins

with respect to absorbing potential change in C. Read-

ing across the rows of the Equation 19 indicates that E2

representing excess in the brake torque, has relatively

low utilisation relative to the other margin nodes. In

this case, despite the significant difference between the

target threshold of 260 Nm and the decided value of

746 Nm, the metric shows that utilisation of the mar-

gin remains low. This is because other margins in the

network would be fully consumed before E2.

On the other hand, for the benefit of eliminating E2

to be fully realised, other decisions that were directly

or indirectly dependent on the motor power would also

need to be revisited to avoid the elimination of E2 be-

ing absorbed before the benefit propagates to perfor-

mance parameters. In this case, tracing downstream in

the Margin Analysis Network of Figure 7 reveals that

the brake, gearbox and shafts might all need to be re-

considered.
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Fig. 10 Change in margin values if potential future change in belt parameters is excluded from consideration.

4.3.5 Dependence of margin value on the importance

of absorbing change in particular input parameters

In context of this article, the value of excess margin

depends on its capacity to absorb potential changes in

the design, which offsets the performance losses that

the margin entails. It follows that if the design is not
required to absorb change in certain input parameters

at all, the overall value of margin will decrease and

the case for redesign to reduce excess margin will be

strengthened. Furthermore, the relative value of each

margin node is influenced by the importance of absorb-

ing change in each input parameter.

Recall that for the conveyor analysis, the input pa-

rameters were equally weighted to generate the Margin

Value Plot in Figure 8. To illustrate the point above, the

weighting factors associated with the input parameters

µ and BCT were subsequently set to 0. This represents

the situation in which the design is no longer required to

absorb potential changes in the belt itself, for instance,

because it is deemed acceptable to stipulate that only

one specific belt be used with the machine. The new

value of Metric 3 was computed and is shown in Equa-

tion 20.

Absorptionm =



46.10

46.09

46.10

0.00

0.00

0.00

0.79

3.16

1.14



T

× 10−2 (20)

The updated Margin Value Plot, shown in Figure

10, indicates that four margin nodes significantly re-

duce in value in this scenario—their absorption capa-

bility is reduced to zero, while their adverse impacts

on performance stay the same. This strengthens the

case for redesign to reduce the excess at these margin

nodes. Other margins increase in relative value—their

absorption capability increases, because it is no longer

averaged across five potentially-changing input param-

eters. This result can be explained by reference to the

Margin Analysis Network of Figure 7, in which, for ex-

ample, it is clear that E6 depends only on BCT with

no direct or indirect dependence on any of the other in-

put parameters considered in the analysis. Therefore, if

BCT cannot vary, then E6 offers no advantage—but its

adverse impact on performance parameters will remain

unchanged, and thus, the value of the excess as defined

in this method will decrease.
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This example demonstrates that the importance of

absorbing particular change (as captured in the weight-

ing factors) is a strong influence on where excess margin

should be placed in a design. Deciding what changes a

design needs to absorb is a strategic decision that de-

pends on the risk associated with those changes, i.e. the

likelihood of the change occurring and the value created

for the company if the change can be absorbed. In the

conveyor case described in the previous paragraph, the

company developing the conveyor would need to con-

sider whether the ability to absorb future changes in the

belt would yield enough product value to outweigh the

attendant deterioration in the machine’s performance.

Such decisions are outside the scope of this article, but

could potentially be supported by a sensitivity study

using the Margin Value Method.

4.4 Comments regarding verification

We sought to assess whether the metrics were correctly

implemented and whether the insights gained from them

could be traced back through the margin analysis net-

work into explanations that make physical sense in terms

of the original conveyor design. Several explanations of

this kind have been provided in previous subsections.

To verify correct implementation of the metric com-

putations, that were done in a spreadsheet, selected val-

ues in the matrices of Equations 11, 12 and 14 were re-

calculated by hand. This was done by adjusting the

margin of interest (by modifying the decided value)

and calculating the outcome on the design, by tracing

through the network of Figure 7. Obtaining the same

results from the manual calculation method and the

spreadsheet calculations yielded confidence in the ap-

proach, and further confirmed that the obtained values

could be explained in terms of the governing equations

of the design.

Overall, calculating the metric values through sev-

eral methods and explaining insights in terms of the

Margin Analysis Network and the governing equations

of the conveyor design itself provide a measure of confi-

dence that the Margin Value Method can help to iden-

tify insight for design improvement.

5 Discussion

5.1 Recap of contributions

The method introduced in this article addresses the re-

search questions raised in Section 2.5, as follows:

– RQ1 : How can the excess margin in an existing or

emerging design be identified and localised?

The stepwise procedure discussed in Section 3.2 is

introduced to localise the excess margin in a de-

sign using the Margin Analysis Network notation.

It thereby provides the basis for the Margin Value

Analysis.

– RQ2 : How can the value of excess margin be quanti-

fied, considering change absorption potential vs. de-

sign performance loss?

The metrics discussed in Section 3.3 operate on a

Margin Analysis Network to summarise the desir-

able and undesirable impacts of excess margin that

is represented in that network. The metrics work on

the principle of propagating the impact of each mar-

gin forward through the Margin Analysis Network

to identify their undesirable impact on performance

parameters, and backward to identify their desirable

impact on absorbing potential future changes. The

metrics identify the impact of each margin in isola-

tion, i.e. they indicate the potential impact of elimi-

nating each margin individually without addressing

the others. This reflects the focus on an incremental

design context.

– RQ3 : How can this appreciation of margin value

help to identify and prioritise potential design im-

provements?

The Margin Value Plot summarises the method out-

put in an easy-to-interpret visual form. Reviewing

the plot may be useful where the objective is to

identify and prioritise potential improvements, in an

incremental design context where it may not be pos-

sible to fully redevelop the design due, for example,

to commitments to off-the-shelf or platform parts.

Although evaluation of the Margin Value Method

in an industry context has not yet been possible, the

detailed analysis of the conveyor design provides a mea-

sure of confidence in the approach and suggests op-

portunities for further research. Additional to the new

method, this article also contributes a structured liter-

ature review into design margins, from which the ad-

dressed research gap and the questions stated above

were developed.

5.2 Opportunities for future work

A number of limitations and opportunities for further

work may be suggested. Firstly, application of the Mar-

gin Value Method requires an in-depth understanding

of the design being analysed, and construction of a de-

tailed network that connects important parameters, cal-

culations and decisions. The case study presented in the

previous section, which is of realistic but limited com-

plexity, indicates that such a network is possible and
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reasonable to construct. In many routine design situ-

ations, the necessary information may be well known

or, as in the case of the conveyor, already documented.

Although demonstrating viability of the method, the

conveyor case also reveals that the margin analysis net-

work is visually complex even for this relatively simple

design. In this case, the network could be verified by

checking each node one-by-one to ensure that the in-

puts and outputs of each node are correctly connected,

but this is time consuming and requires careful system-

atic attention. In principle, a dedicated diagramming

tool with interactive features (such as highlighting in-

puts and outputs to a selected node, checking the di-

mensions/units of a calculation step’s input and output

arrows are appropriate to the calculation itself, and al-

lowing hierarchical construction of the network) could

help to ease this problem and perhaps make the method

more accessible to practitioners. Another way to man-

age complexity of the network and the method is to

include only the most important input parameters and

performance parameters, which could be identified us-

ing a prioritisation method such as the Analytic Hier-

archy Process (Saaty, 1988).

The conveyor case is realistic but, as already men-

tioned, relatively simple. In future we intend to inves-

tigate how the method can be adapted for application

to design that involves computational analyses such as

finite element methods instead of simple, determinis-

tic calculations and lookups. This might be approached

by, for instance, replacing calculation nodes in the Mar-

gin Analysis Network with, e.g. local linear approxi-

mations calibrated by appropriate analyses performed

around the design point. Further work could also in-

vestigate how the approach might be adapted for ap-

plication to more complex products, i.e. those that in-

volve more parts and more design issues. One avenue

to address this context using the Margin Value Method

could be to investigate its application on a higher level

of abstraction, e.g. considering excess margin associated

with functions or interfaces rather than decisions and

parameters. Such an analysis might also help to assess

whether an application of the approach on the more de-

tailed, but more effort-intensive parametric level could

be justified. Application of the approach to more com-

plex design situations might also be addressed by a

multilevel model, where problems could be be decom-

posed hierarchically and, perhaps, routine and nonrou-

tine subproblems modelled differently.

The conveyor example also focuses on the specific

use case of improving an existing design. The method

might be extended for other use cases. It could, for

example, potentially support decisions relating to sup-

plier selection and component replacement, by indicat-

ing how these decisions affect margin and its impact

on a design. Another potential application is in the de-

sign and optimisation of product families—in this con-

text excess margin arises from the reuse of parts or

subsystems across several designs, such that the reused

parts may not be optimal for some of those designs.

The method may also offer insights for design process

improvement, since it suggests that the sequence of de-

ciding design parameters may impact the excess asso-

ciated with those parameters.

Finally, it should be noted again that the metrics

presented in this article are developed for a context in

which excess margins are individually prioritised for po-

tential design improvement. The method as presented

here does not consider the situation in which several

margins could be eliminated simultaneously. It also as-

sumes that important decisions can be modelled as oc-

curring sequentially and does not allow for the situation

where several parameters representing multiple degrees

of freedom are fixed at the same decision step. Although

reasonable for cases like the conveyor design, future

work could seek to relax these assumptions and hence

broaden applicability of the method. Another limitation

is that the method focuses primarily on excess mar-

gin, i.e. margin that is additional to that required for

a product to function and to that deliberately included

for other reasons such as safety and reliability. As dis-

cussed in Section 2.2, approaches already exist to opti-

mise the placement of these other types of margin in a

design, and some of these concepts could potentially be

integrated into the Margin Value Method in future.

6 Concluding remarks

Excess margin exists in many engineering designs, and

represents an opportunity to improve performance if

that excess can be pinpointed and reduced or elim-

inated by design changes. At the same time, excess

margin may be desirable as it allows the design to ab-

sorb potential future changes and other uncertainties.

The Margin Value Method introduced in this article

may assist in localising the excess margin which is dis-

tributed throughout a design. It can provide insight for

incrementally improving existing designs, by guiding

the prioritisation of improvement opportunities consid-

ering the overall desirable and undesirable impact of

each margin. Further work is planned to fully validate

the model, including in an industrial context, and to

investigate how it might be applied on a higher level of

abstraction to improve its practicality for more complex

design situations.
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N, Pavković N (eds) DS 92: Proceedings of the DESIGN
2018 15th International Design Conference, The Design So-
ciety, pp 781–792

Juvinall RC, Marshek KM (1991) Fundamentals of machine
component design, 2nd edn. John Wiley & Sons, New York

Lebjioui S (2018) Investigating and managing design margins
throughout the product development process. PhD thesis,
The Open University

Levine G, Hawkins S (1970) Comments on service margins
for ships. Naval Engineers Journal 82(5):75–86

Lusser R (1958) Reliability through safety margins. Tech.
rep., Research and Development Division, Army Rocket
and Guided Missile Agency, Redstone Arsenal, Alabama

Ma S, Jiang Z, Liu W (2017) A design change analysis
model as a change impact analysis basis for semantic de-
sign change management. Proceedings of the Institution
of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science 231(13):2384–2397

Martin MV, Ishii K (2002) Design for variety: developing
standardized and modularized product platform architec-
tures. Research in Engineering Design 13(4):213–235

Mohammed EA, Benson S, Hirdaris S, Dow R (2016) Design
safety margin of a 10,000 TEU container ship through ulti-
mate hull girder load combination analysis. Marine Struc-
tures 46:78–101

Moller N, Hansson SO (2008) Principles of engineering safety:
Risk and uncertainty reduction. Reliability Engineering &
System Safety 93(6):798 – 805

Morse E, Dantan JY, Anwer N, Söderberg R, Moroni G,
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Appendix A: Definitions for the hydraulic cir-

cuit

Input Parameters:

h = Maximum height the mass is to be lifted;

dext = Maximum external diameter of the cylinder that

can be accomodated;

m = Mass to be lifted by the hydraulic system;

Performance parameter:

PD = Design/Operating pressure of the system;

Intermediary parameters:

PR = Required pressure to lift mass m (target thresh-

old);

PM = Maximum pressure the pump can generate (de-

cided value);

PV = Max pressure the valve can handle (decided value);

PC = Max pressure the cylinder can handle (decided

value);

CM = Cylinder model number (decided value);

CW = Mass of the selected cylinder (decided value);

dbore = Bore diameter of the selected cylinder (decided

value);

MM = Pump model number (decided value);

MGD =Pump mount dimensions (decided value);

MCP = Pump electrical power consumption (decided

value);

MW = Pump Mass (decided value);

VTS = Valve thread size (decided value);

VM = Valve Model number (decided value);

VW = Valve mass (decided value);

Appendix B: Definitions for the belt conveyor

case
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Table 2 Definitions of input parameters and their nominal values for the belt conveyor case, organised alphabetically. Input
parameters considered in the Margin Value Analysis are indicated in bold.

Parameter Description Value Unit

ηi Required drive efficiency 0.93 -

β Factor for extra power to account for tripper 0.07 -

δ Conveyor slope 6 degrees (o)

µ Coefficient of friction between pulley and belt 0.275 -

φD Wrap angle for drive pulley 210 degrees (o)

φS Wrap angle for snub pulley 30 degrees (o)

φT Wrap angle for tail pulley 3 degrees (o)

ρ Bulk density of conveyed material Coal, 0.8 T/m3

ζ Drive coefficient 1.35 -

A1 Area of contact between belt and external cleaner 0.112 -

A2 Area of contact between belt and internal cleaner 0.0168 -

b1 Inter skirt plate width (2/3 x B) 0.089 m

BCT Nominal belt carcass weight 6.4 kg/m2

BW Belt width 1400 mm

C Required conveyor capacity 1200 T/h

CH Distance of plummer block centre from hub centre 32 cm

DF Derating factor 0.88 -

E Young’s modulus of shaft material 2150000 kgf/cm2

f Idler friction factor 0.03 -

H Lift of conveyor 2.5 m

Kb Service factor for bending 1.5 -

Kt Service factor for torsion 1 -

L Pulley centre to centre distance 24 m

La Acceleration length in loading area 0.4 m

LH Distance of two hub centres 141 cm

LSK Length of installation equipped with skirt plates 4.6 m

m2 Coefficient of friction between material and skirt plate 0.6 -

m3 Coefficient of friction between belt cleaner and belt 0.65 -

mB Mass of belt per metre 23 kg/m

mC Mass of idler along the carrying side of the conveyor 49 kg/m

mR Mass of idler along the return side of the conveyor 14.6 kg/m

N1 Motor rpm 1500 Rev/m

Nt Number of trippers 0 -

P1 Pressure between external belt cleaner and belt 80000 N/m2

P2 Pressure between internal belt cleaner and belt 50000 N/m2

Pb Allowable bending stress of shaft material 1000 kgf/cm2

Pt Allowable shear stress of shaft material 500 kgf/cm2

Rb Pulley bearing resistance (excluding driving pulley) 240 N

Rbd Pulley bearing resistance for driving pulley 250 N

Ri Resistance due to idler tilting 0 N

RP Resistance due to friction at the discharge plough 0 -

Rw Wrap resistance (excluding driving pulley) 315 N

Rwd Wrap resistance for driving pulley 230 N

SF Brake service factor 1.5 -

V Belt speed 2.5 m/s

V0 Handled material speed in direction of belt motion 1.25 m/s
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Table 3 Definitions of parameters used in the belt conveyor case, except for input, decision and performance parameters.
Calculations shown as f(...) indicate use of a lookup table to generate the specified output from the specified set of inputs.

Node Symbol Calculation Description Unit

1 mG = (C × 1000)/(3600× V ) Mass of handled material on conveyor Kg/m

2 Q = C × (ρ× 3600) Volumetric capacity of conveyor kg/m3

3 Rska = (m2Q2 × 1000ρgLa)/[(V + V0)/22 × (b1)2] Frictional resistance at acceleration area N

4 Rsk = 2(m2Q2 × 1000ρgLsk)/(V )2 × (b1)2 Frictional resistance between material and skirt
plates

N

5 Ra = Q× 1000ρ× (V V0) Inertial resistance at loading point N

6 Rbc1 = A1 × P1×m3 Frictional resistance due to external belt cleaner N

7 Rbc2 = A2 × P2×m3 Frictional resistance due to internal belt cleaner N

8 Rbc = Rbc1 +Rbc2 Frictional resistance due belt cleaners N

9 Rsp = Ri +Rsk +Rbc +Rp Special resistances N

10 RS = Ra +Rska +Rw +Rb Secondary resistances N

11 R = fLg(mc +mr + (2mB +mG)Cosδ) Main resistance N

12 RSL = mG ×H × g Slope resistances N

13 TE = R+RS +RSP +RSL Net effective tension on the driving pulley N

14 T1 = TE × [ζ/(eµ − 1) + 1] Belt tension on tight side of driving pulley N

15 T2 = T1/eµ Belt tension on slack side of driving pulley N

16 PDP = (TE × V )(1 +Ntβ)/1000 Operating power required at driving pulley kW

17 PA = PDP + (Rwd +Rbd)× V /1000 Absorbed power kW

18 TT = T2 + fLg(mB +mr)(HgmB) Belt tension at the tail pulley N

19 DSR = f(BW , BCT ) Required diameter of the snub pulley mm

20 DTR = f(BW , BCT ) Required diameter of the tail pulley mm

21 DDR = f(BW , BCT ) Required diameter of drive pulley mm

22 DS = f(MTP ) Actual diameter of the snub pulley mm

23 DT = f(MSP ) Actual diameter of the tail pulley mm

24 DD = f(MDP ) Actual diameter of drive pulley mm

25 WPS = f(DS) Weight of snub pulley kg

26 WPT = f(DT ) Weight of tail pulley kg

27 WPD = f(DD) Weight of drive pulley kg

28 ND = (V × 60× 1000)/(π ×Dd) Drive pulley speed rpm

29 GRR = N1/ND Required gear ratio

30 PM1 = PA/ηi Min. motor power considering motor efficiency kW

31 PM2 = PM1/DF Min. motor power considering efficiency and de-
rating factor

kW

32 PM = f(MM ) Motor shaft power kW

33 CGB = [40× (PM2orGM )] + 200 Cost of gearbox $

34 TBR = (SFB × g × PM )/N1 Required torque for brake Nm

35 TBS = f(BRS) Rated torque of selected brake Nm

36 CBR = [2× (TBSorTBR)] + 800 Cost of brake $

37 FYD = WPDT2Sin(φD1800) Force on drive pulley in y plane N

38 FXD = T1 + T2Cos(φD1800) Force on drive pulley in x plane N

39 WD = (F 2
XD + F 2

YD)1/2 Resultant load on drive pulley shaft N

40 MTD = (PA × 4500× 100)/(2π ×ND) Torsional loading on drive pulley shaft Nm

41 MBD = (WD/2)×BW Bending moment on drive pulley shaft Nm

42 daD = [[16(KbMBD)2 + (KtMTD)2]1/2/(πPt)]1/3 Min. drive pulley shaft dia.considering bending
and torsion

mm

43 ID = (WD × CH × LH)/(4× E × Tanα) Moment of inertia of drive pulley shaft cm4

44 dbD = ((ID × 64)/π)1/4 Min drive pulley shaft dia. considering deflec-
tion

mm
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Table 4 Table 3 continued

Node Output Equation Description Unit

45 dD = f(dbD, dD) Actual diameter of drive pulley mm

46 Cm = [50× (PM2orPM )] + 120 Cost of motor $

47 FY T = WPTT2Sin(φT 1800) Force on tail pulley in y plane N

48 FXT = 2TTCos(φT ) Force on tail pulley in x plane N

49 WT = (F × T2 + FY T2)1/2 Resultant load on tail pulley shaft N

50 MBT = (WT /2)×BW Bending moment on tail pulley shaft Nm

51 IT = (WT × CH × LH)/(4× E × Tanα) Moment of inertia of tail pulley shaft cm4

52 daT = (32×MBT ×Kb)/(π × Pb)1/3 Min. tail pulley shaft dia. considering bend-
ing and torsion

mm

53 dbT = ((I × 64)/π)1/4 Min. tail pulley shaft dia. considering deflec-
tion

mm

54 dT = f(daT , dbT ) Actual diameter of the tail pulley mm

55 WDP = (7700× π × 2.05 (dDS |dD)2/4 Weight of drive pulley shaft kg

56 FY S = WPST2Sin(φS1800) Force on snub pulley in y plane N

57 FXS = T2 + T2Cos(φS1800) Force on snub pulley in x plane N

58 WS = (F 2
XS + F 2

Y S)1/2 Resultant load on snub pulley shaft N

59 MBS = (WS/2)×BCS Bending moment on snub pulley shaft Nm

60 IS = (WS × CH × LH)/(4× E × Tanα) Moment of inertia of snub pulley shaft cm4

61 daS = (32×MBS ×Kb)/(π × Pb)1/3 Min snub pulley shaft dia. considering bend-
ing and torsion

mm

62 dbS = ((IS × 64)/π)1/4 Min snub pulley shaft dia. considering deflec-
tion

mm

63 dS = f(dS , dSS) Actual diameter of snub pulley mm

64 IGB = f(PM2|GM ) Moment of inertia of gearbox kgm2

65 CSP = (12397× ((dSS |dS)/1000)2/2) + 150 Cost of snub pulley shaft $

66 CTS = (12397× ((dTS |dT )/1000)2/2) + 150 Cost of tail pulley shaft $

67 CDP = (12397× ((dDS |dD)/1000)2/2) + 150 Cost of drive pulley shaft $

68 WM = f(PM2|PM ) Weight of motor kg

69 WRS = f(TBS |TBR) Weight of brake kg

70 WGB = f(PM2|GM ) Weight of gearbox kg

71 Im = f(PM2|PM ) Moment of inertia of motor kgm2

74 CPT = 0.25×WPT Cost of tail pulley $

75 WTS = (7700× π × 2.05/(dTS |dT )2/4 Weight of tail pulley shaft kg

76 WSP = (7700× π × 2.05/(dSS |dS)2/4 Weight of snub pulley shaft kg

77 CPS = 0.34×WPS Cost of snub pulley $

78 CPD = 0.41×WPD Cost of drive pulley $
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Table 5 Definitions of margin nodes, their decided values and target thresholds for the belt conveyor case

Margin
node

Target threshold Decided value Description Unit

E1 PM2 PM Excess margin at the rated power of the motor kW

E2 TBS TBR Excess margin at the rated torque of the brake Nm

E3 PM2 GM Excess margin at the rated power of the gearbox kW

E4 DD DDR Excess margin at the drive pulley diameter mm

E5 DT DTR Excess margin at the tail pulley diameter mm

E6 DS DSR Excess margin at the snub pulley diameter mm

E7 dSS dS Excess margin at the snub shaft diameter mm

E8 dDS dD Excess margin at the drive shaft diameter mm

E9 dTS dT Excess margin related to the tail shaft diameter mm

Table 6 Definitions of performance parameters and their calculation for the belt conveyor case

Node Output Equation Unit

72 ηm = f(PM2|PM ) %

73 IS = Im + IGB cm4

79 TCS = Cm + CBR + CGB + CDP + CTS + CSP + CPD + CPT + CPS $

80 TWS = Wm +WRS +WTS +WGB +WDP +WSP +WPD + CPT + CPS kg

Table 7 Definitions of decisions and their output parameters for the belt conveyor case

Decision Output Description Unit

D1 MM Selected motor model –

D2.1 MDP Selected model of drive pulley –

D2.2 MSP Selected model of snub pulley –

D2.3 MTP Selected model of the tail pulley –

D3 GM Selected model of the gearbox –

D4 BRS Selected brake size –

D5 dDS Selected drive pulley shaft diameter mm

D6 dTS Selected tail pulley shaft diameter mm

D7 dSS Selected snub pulley shaft diameter mm


