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Abstract
Various tools and methods exists for arriving at an optimised assembly sequence with most using a soft computing approach. However, these
methods have issues including susceptibly to early convergence and high computational time. The typical objectives for these methods are to
minimise the number of assembly change directions, orientation changes or the number of tool changes. This research proposes an alternative
approach whereby an assembly sequence is measured based on its complexity. The complexity value is generated using design for assembly
metrics and coupled with considerations for product performance, component precedence and material handling challenges to arrive at a sequence
solution which is likely to be closest to the optimum for cost and product quality. The case presented in this study is of the assembly of a single
proton exchange membrane fuel cell. This research demonstrates a practical approach for determining assembly sequence using data and tools
that are used and available in the wider industry. Further work includes automating the sequence generation process and extending the work by
considering additional factors such as ergonomics.
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1. Introduction
Global market pressures continuously force manufacturers
to develop new and varied products to maintain a competitive
edge [1]. Assembly sequence planning (ASP) is just one of the
many considerations that need to be made to realise a new
product [2]. This problem establishes and rationalises a
sequence of component liaisons to most efficiently achieve the
final assembly of a product. Importantly, the correct mechanical
relationships between components attain product functionality.
As the number of components increases there are an increased
number of viable assembly sequences [3]. Furthermore, the
complexity of component interactions also has a tendency to
increase as the number of components increase, although there
are exceptions to this rule. As a result of the complex
component interactions, constraints are introduced such as

accessibility and geometric interference which allow assembly
sequences not feasible in the real world to be disregarded [4, 5].
The authors argue that this means, despite how unintuitive it
may first appear, that a more complex product i.e. one with a
higher number of varied components with complex
interactions, has real-world constraints which reduce the
number of viable assembly sequences, potentially making the
ASP problem easier. On the other hand, a product containing
similar components with simple interactions has many realworld viable assembly sequence solutions i.e. there are fewer
limiting constraints. As a result, the ASP problem becomes
more challenging as traditional constraints can no longer be
employed to disregard unfeasible, unrealistic or inefficient
assembly sequences. An example of this scenario is apparent in
a product like a proton exchange membrane (PEM) fuel cell
which is composed of simple layers that have simple
interactions. An assembly planner may, with insufficient
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product knowledge, make incorrect conclusions with regards to
the assembly sequence, choosing what may be felt as the
intuitive approach. However, this simple approach may not be
the optimal solution.
To solve this problem, this research examines an approach
to determine an assembly sequence based on the difficulty of
achieving assembly liaisons through design for assembly (DfA)
metrics coupled with considerations for product performance.
2. Review of literature and knowledge gap
This section presents the literature from various research
domains to identify where gaps exist and how this research aims
to fill them. First, a short examination of DfA methods is
presented. Then approaches that have been used in the literature
for generating ASP are critiqued. Finally, literature associated
with assembly sequence complexity is discussed.
2.1. DfA Approaches
Considerations for assembly can be made at the product
design stage using design for assembly methodologies [6].
Common methods include: Design for Assembly and
Manufacture (DFMA), the Lucas Method, and the Hitachi
Assembly Evaluation Method (AEM) [7-9]. Although the
approaches that these methods take are varied, the outcomes to
are similar i.e. part count reduction, optimizing part picking,
handling and placing, and penalizing designs considered
inefficient. These methods are not designed to identify an
optimal assembly sequence, instead they attempt only to
optimise the product design based on the aforementioned
criteria. However, some of the considerations and criteria
developed by these methods can be utilised to assess the
complexity of an assembly sequence. In this research, the
criteria from the Lucas Method are used.
2.2. ASP Approaches
Attempting to automatically and efficiently solve the ASP
problem has resulted in the emergence of three main categories
of approaches in the literature: graph/matrix-based,
metaheuristics-based, and knowledge/artificial intelligence
(AI) based [10,11]. A fourth type of approach, which has
recently started to trend, is Product Lifecycle Management
(PLM) based i.e. to use existing PLM tools such as CAD or
create add-ons to concurrently design products and generate
feasible, optimised assembly sequences [11, 12]. However, this
could be considered a subset of knowledge/AI-based as rules
are used to enrich data in PLM tools to transform it from
information to knowledge.
The graph-based approach to ASP uses simple, undirected
graphs to represent topological structures represented by nodes
(components) and edges (connections) [13,14]. These
developed into precedence or directed graphs that showed the
direction of the connection adding some constraints to ASP [4].
Based on these graphs, “cut-set” i.e. assembly by disassembly,
methods were used to generate all possible assembly
sequences, typically represented using AND/OR graphs [15].
Although the complete set of assembly options is presented by

this approach, the number of nodes grows exponentially as the
number of components increases [16]. The matrix can represent
the information in both the undirected and directed graph, with
the addition of component interference, but in a more machine
readable format. These approaches, particularly the graphs,
form the foundation of modern ASP methodologies in the
literature.
To reduce the large workspace associated with products that
have many components, several metaheuristic approaches have
been extensively researched in the literature. Common methods
include genetic algorithms (GA) , ant colony optimisation
(ACO) , particle swarm optimisation (PSO) , and simulated
annealing (SA) [3]. These approaches do not guarantee the
optimal solution, but have been considered successful. In
general, these approaches transform information in the graph,
combine them with objectives such as minimising assembly
direction changes and tool changes, and add constraints such as
precedence, to form a multi-criteria objectives that are solved
to find the optimum. Common challenges ascribed to softcomputing metaheuristic approaches are high computational
time, tedious data entry and premature convergence [3]. Many
of the works present limited insight on the quality of the results
and have a tendency to discuss and conclude about how a given
approach makes headway in the aforementioned challenging
areas.
The final major category is the knowledge-based/AI
approach. These approaches are developed to facilitate
concurrency between product and manufacturing system
design. However, the literature typically reports a lack of
robustness and knowledge available at the early design stage
preventing the full potential of these approaches to be realised,
especially within the industrial environment [11,17]
2.3. Assembly sequence complexity
The literature presents some works that determine an
optimal assembly sequence by searching for the minimal
assembly sequence complexity. Common criteria and their
reasoning have been extracted from the literature and presented
below [18-20] :
x Directional Changes require extra processes and equipment
resulting in additional set-up times and operational costs.
x Re-orientations increase the sequence complexity and thus
cost as this is typically slow and may require additional
expensive fixtures.
x Assembly sequence depth considers parallelism and,
depending on application, may or may not be favourable.
This also corresponds to the number of steps to free a critical
part from the rest of the product.
x Degree of freedom refers to how constrained the component
is at a given step and thus assesses assembly stability and
the potential need for fixturing.
2.4. Summary and proposed contribution
The criteria and constraints identified in the literature in the
domains of both ASP and assembly sequence complexity are,
to a large extent, common with considerations for optimization
made at the sequence level. The authors have yet to identify a
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study which gives attention to how an assembly sequence could
affect a product’s performance and penalising according to
potential impact, or the use of DfA approaches to support ASP.
This research therefore aims to bridge the gap between the
product and process domain by using criteria from the product
domain i.e. DfA, and the process domain i.e. sequence
optimization criteria, and combine them with product
performance considerations to produce a unique complexity
measure for an assembly sequence. The contribution to
knowledge are the assumptions made, the criteria chosen and
the rationale for the weighting factors to produce a more
representative and holistic model than has been presented in
previous works. A diagram for knowledge gap to be addressed
in this research is presented in Fig. 1.
3. Methodology
Nomenclature
Ci
CC,i
Cf,i
E,i
dx,i, dy,i, dz,i
dzmin,brittle
Mb,i
Cb,i
Crc,i
CA
Cd,i
Ncommon
Ncomp
COC,i
Oα,i, Oβ,i
Ce,i
T
RH
D
Lj
LC,j
Lcr,j
La,j
Cstat, Csubstat
Cdyn, Csubdyn
Lpfm,j
Lad,j
Ls
Sm
SC,m
Nsteps,m
n,m
Sexp,m
Sdyn
Svis,m
NTC,m
NAD,m

the ith component of an assembly
complexity of Ci
flexibility of Ci
Young’s modulus of Ci
external dimensions of Ci
of all brittle components in the assembly,
the minimum z dimension
brittleness of material of Ci
brittleness of Ci
relative cost of Ci
ambiguity of Ci
diversity of Ci
number of similar components in assembly
number of components in assembly
orientation clarity of Ci
rotational symmetry of Ci with respect to α
and β respectively
exposure sensitivity of Ci
sensitivity to temperature
sensitivity to relative humidity
sensitivity to dust
the jth liaison of an assembly
complexity of Lj
component complexities of Lj
assemblability of Lj
static component, static subassembly
dynamic component, dynamic subassembly
part fastening method of Lj
assembly difficulty of Lj
safety consideration of Lj
the mth sequence in a set being evaluated
complexity of Sm
total number of steps in Sm
step number in Sm
component exposure at sequence level
Dynamic assembly penalty in Sm
Visibility penalty in Sm
Number of tool changes in Sm
Number of direction changes in Sm

The starting point for this work is that the process planner
has already determined a set of viable sequences for a “simple”
product, but cannot decide which is the optimal due to lack of
obvious constraints. In this section the criteria and objectives
that determine the optimal assembly sequence are described
and the rationale behind them discussed. This research does not
present a method for automatically generating viable assembly
sequences or an algorithm to reduce search space. It best aligns
with research associated with solving ASP using knowledgebased approaches. A diagram of the model is presented in Fig.
2. The following assumptions have been made in this research:
x Parallel assembly operations are allowed
x Every sequence step adds one component only
x During assembly one component (or sub-assembly) is static
while the other is dynamic
x Assembly occurs in only one axis, but the axis can be
inverted as per the product requirement, although this does
add a penalty factor
x Each component has its own tool unless the component is
sufficiently similar to another, in which case the tool is
shared

Fig. 1. Product realisation process presented through a PPR model and
highlighting the contribution of this work

3.1. Component complexity
CC is composed of several considerations: flexibility,
brittleness, relative cost, ambiguity and exposure, that are
properties of component, Ci . Component flexibility, Cf, uses
component information, and combines this with material
properties to provide a metric of the mechanical compliance
of the component being handled. A more flexible component
is generally more difficult to handle as it may need more
support, thus more complex tooling. This factor is calculated
in axes that are not the assembly axis (Fig. 3) (Eq. 1). As the
range of flexibility values may be quite large, and thus mask
complexity arising from other considerations, the values are
normalized with respect to the most flexible component in
the assembly, ݇௩ǡ .
ܥǡ ൌ

ೌೡǡ
ೌೡǡ

݇௩ǡ ൌ

ೣ ା
ଶ

(1)
(2)
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where kx and ky are spring constants given by Eq.3 and Eq.4
respectively:
݇௫ǡ ൌ 

ௗǡ ௗǡ ாǡ

݇௬ǡ ൌ 

(3)

ௗೣǡ
ௗೣǡ ௗǡ ாǡ

(4)

ௗǡ

ܥǡ ൌ 

ೀǡ ାǡ

ܥௗǡ ൌ 

ே

(6)

ଷ

(7)

ே

ܥைǡ ൌ  ܱఈǡ ܱఉǡ

(8)

Next, the brittleness of the component is considered.
Although brittle materials are stiff, there is a risk of damage
as a result of shocks, thus there is a criticality associated with
their handling. There is no universally accepted method for
determining the brittleness of a material [21]. Furthermore,
even if one did exist, it would be necessary to determine
whether the component itself was brittle, based on geometry,
temperature or humidity.
Fig. 3. Coordinate system of arbitrary component as assumed in this model

Where Oα,i, and Oβ,i are given by: rotational symmetry = 0,
easy to see rotational orientation = 0.5 and difficult to see
rotational orientation = 1 (adapted from Lucas method). Ce (Eq.
9), is a factor which considers a component’s sensitivity to
environmental conditions. This property is also penalized when
the component is exposed during assembly (Eq. 15) i.e. it is
unwise to expose components sensitive to exposure if a parallel
assembly approach used. All of these parameters are then
summed (Eq. 10).
ܶǡ ܴܪǡ  א ܦሺͲǡͳሻǣ ͳܥ ǡ ܥǡ ൌ 
ܥǡ ൌ
Fig. 2 Assembly sequence complexity model

ௗǡ್ೝ
ௗǡ

ହ



ଷ

(9)
(10)

3.2. Liaison complexity

In this research, the author’s assume that the designer or
process planner have a basic, engineering understanding of
material properties and determine materials to be either brittle
or not. If the material is brittle, then thickness of the thinnest
brittle component in the assembly is divided by the lowest
average thickness of Ci with respect to x, y or z. In this case of
this work, the z-axis is always thinnest, Cb is thus defined as per
Eq. 5:
ܯ  אሺͲǡͳሻǣ ݂݅ͳܥ݄݊݁ݐǡ ൌ 

ǡ ା್ǡ ାೝǡ ାಲǡ ାǡ

்ାோுା

(5)

Cost (Crc) is typically difficult to define at the early product
design stage. In this approach, the cost is considered by
identifying component costs as a percentage of product costs.
In this research this data has been extracted from [22, 23]. If
only a subassembly is examined using the model, then the cost
is calculated relative to the most expensive component in the
assembly. Ambiguity, CA (Eq. 6), is a combination of two
factors: Cd, a measure of the commonality of the components
in the assembly (Eq. 7) and COC, a geometric property of the
component (Eq. 8). In this instance, diversity is beneficial i.e.
it reduces complexity as it is easier for an operator or an
automated system to discern between components. Orientation
clarity is a principle introduced in DfA methods associated with
component symmetry and indicates how clear it is that a
component should be placed in a given orientation [8, 9].

The complexity, LC (Eq. 11), of liaison, Lj, is defined by i)
the relationship between two components, Lcr (Eq. 12) and ii)
the nature of the relationship, La (i.e. coincident, concentric,
perpendicular) (Eq. 13) [24]. Therefore, the contributing
factors of a liaison’s complexity are influenced in part by CC
and in part by the difficulty of achieving a given liaison and its
impact on the assembly i.e. liaison assemblability (Eq. 11).
ܮǡ ൌ

ೝǡೕ ାೌǡೕ
ଶ

ܮǡ ൌ
ܮǡ ൌ



ೞೌ ା
ଶ

ೞǡೕାǡೕ
ଶ

(11)
(12)
(13)

The safety aspect considers the role the liaison plays in
preventing external gas leakage and the nature of the gas that
could leak. Although the safety factor is quite specific to the
fuel cell, it is entirely plausible to replace this with
considerations specific to a different product. Ls is given one of
three values: no risk of gas leakage = 0, risk of reactant air
leakage = 0.5, risk of hydrogen leakage = 1. Ld is given by Eq.
14, with Lpfm, and Lad being metrics adapted from the Lucas
method [8].
ܮௗǡ ൌ

ǡೕ ାೌǡೕ
ଶ

(14)
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In this research the Lpfm can either be: self-holding = 0.33,
adhesive based = 0.67 or no fastening = 1. The rationale for
penalizing adhesive based fastening is a risk that misalignment
will cause scrappage. The Lad can either be easy to align = 0,
difficult to align = 0.7 or no alignment feature = 1. The
combination of these factors make it possible to consider how
the characteristics of the components in a product, and the
characteristics of the relationships of the components impact
upon the complexity of an assembly sequence.
3.3. Sequence complexity
Fig. 4. a) Exploded view of fuel cell b) undirected graph of fuel cell assembly

Component and liaison complexity as well as the traditional
criteria that have been used in existing literature are combined
to find SC (Eq. 17). The sequence complexity examines the state
of the assembly prior to executing a liaison and then if
appropriate, adds a penalty factor if there is a change that
increases the sequence complexity. An exponent function is
used to amplify and assess the effect of NTC, and NAD, averaged
over the number of steps in the sequence. The precedence
impact is calculated by determining Sexp (Eq. 15), whether the
component being assembled is visible, Svis, and the sum of Sdync
(Eq. 16) (negating component complexities of the liaison in the
step being assessed). The vision metric is calculated by finding
the difference of the dimensions of the components being
assembled, direct vision = 0, partial vision=0.2 and restricted
vision = 0.5, based on component geometry. Note that when
two liaisons are achieved in a single assembly step, then the
mean LC is used for that step.
ே

ܵ௫ǡ ൌ σୀଵ
ܵௗ௬ǡ ൌ ݁

݁

ಿೞೞ

൬σసభ

ೣǡ ൰൫ǡ ൯൨

ಿೞೞ
ଶσసభ
ൣσ ǡ ି൫ǡ ାೞೠ್ೞೌǡ ൯൧൨

ܵǡ ൌ σ ܮǡ  ݁
σ ܵ௩௦ǡ

σ ಿǡ
ǡ

݁

σ ಿಲವǡ
ǡ

Table 1 Component complexity

i

Cf

Cb

Cd

COC

CA

Ce

Crc

Cc

1
2
3
4
5
6
7

0.000
0.628
0.706
1.000
0.706
0.628
0.000

0.167
0.000
1.000
0.000
1.000
0.000
0.167

0.286
0.286
0.286
0.143
0.286
0.286
0.286

0.000
0.500
1.000
1.000
1.000
0.500
0.000

0.095
0.262
0.429
0.381
0.429
0.262
0.095

0.000
0.333
0.000
1.000
0.000
0.333
0.000

0.310
0.100
0.170
1.000
0.170
0.100
0.310

0.114
0.265
0.461
0.676
0.461
0.265
0.114

Table 2 Liaison complexity

(15)
(16)

  ܵ௫ǡ  ܵௗ௬ǡ 
(17)

4. Case study and Results
The case study for this research is a single fuel cell, an
exploded view of the product and an undirected graph showing
is presented in Fig. 4. A table of the component and liaison
complexities are presented in Table 1 and Table 2, respectively.
The sequences assessed to validate this model and the resulting
sequence complexity values are described in Table 3 and Table
4, respectively. Sequence 1 is the approach that the authors’
believe would be taken for an assembly planner with zero
product knowledge. Sequence 2, 3 and 4 have been designed
with suboptimal approaches in mind, to check whether the
intuitively suboptimal approach is reflected in the complexity
model i.e. excessive parallelism causing prolonged exposure of
sensitive components (Seq. 3). Sequence 5 and 6 are the two
common industrial approaches for fuel cell assembly used
today. This knowledge is based on a combination of author
expertise, review of literature and discussions with fuel cell
manufacturers. The hypothesis is that suboptimal sequences
will have a higher complexity value than the optimal ones. If
this is found to be untrue, then the model would need
modification.

j

Lcr

Lad

Lpfm

Ld

Ls

La

LC

1
2
3
4
5
6
7
8
9
10

0.190
0.288
0.363
0.470
0.569
0.569
0.470
0.363
0.288
0.190

0.700
1.000
0.000
0.700
1.000
1.000
0.700
0.000
1.000
0.700

0.667
1.000
0.333
0.667
1.000
1.000
0.667
0.333
1.000
0.667

0.683
1.000
0.167
0.683
1.000
1.000
0.683
0.167
1.000
0.683

0.500
0.000
0.500
0.500
0.000
0.000
1.000
1.000
0.000
1.000

0.592
0.500
0.333
0.592
0.500
0.500
0.842
0.583
0.500
0.842

0.391
0.394
0.348
0.531
0.534
0.534
0.656
0.473
0.394
0.516

Table 3 Evaluated assembly sequences

m

Sequence name

Steps

1
2
3
4
5
6

Intuitive approach
Assumed sub-optimal - 1
Assumed sub-optimal - 2
Assumed sub-optimal - 3
Industrial approach – 1
Industrial approach – 2

-L10, -L9, -L6,7, -L5, -L4, -L1,2
-L1, -L9, L10, L2, -L6,7, L4,5
L3, L8, L9,10, -L1,2, L4,5, -L6,7
L2, L1, L4,5, -L9, -L10, L6,7
-L5, -L6, L7, L4, L9,10, -L1,2
L1, -L10, -L5, -L6, -L2,4 , L7,9

Table 4. Sequence complexity

m
1
2
3
4
5
6

ΣLc
2.892
2.822
2.796
2.822
3.103
2.962

݁

σ ಿ


2.301
2.301
1.948
2.301
1.396
1.396

݁

σ ಿಲವ


1.000
1.649
1.649
1.396
1.649
1.396

Sexp
7.396
9.114
10.437
15.107
7.948
9.666

Sdync
1.000
8.481
6.746
1.257
3.867
1.580

Svis
2.5
2
2
1
1
2

SC
16.089
26.366
25.575
23.883
18.961
19.000
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5. Discussion
The assembly sequence with the lowest complexity value
was that obtained by the intuitive approach. This demonstrates
that the sequence deemed to be the least complex by an
assembly planner is, as suggested by the model, truly the least
complex. However, in the introduction to this paper, the
author’s highlighted that the intuitive approach may not
necessarily be the optimum. This research therefore requires
further case studies to test the model and find whether the
intuitive approach continues to be the least complex. For more
complex assemblies there typically does not exist an easy to
identify approach (although natural precedence is more likely
to exist), thus future case studies would likely focus on simple
assemblies. Sequences 2, 3 and 4 were designed to be suboptimal to test the model based on truly complex approaches.
In each case the sub-optimal approaches resulted in SC values
greater than either the intuitive or the industrial approaches.
This is largely attributed to Sexp and Sdync, with these factors
contributing an average of 46% and 21% towards the final
complexity value of these sequences, respectively.
Furthermore, Sexp is 31% greater than the average Sexp for the
optimal assembly sequences and 56% greater for the intuitive
sequence. Sexp is essentially an indication of components that
are in state of work in progress (WIP), with penalties being
applied for components that are sensitive to this condition.
Thus, reducing states of WIP reduces sequence complexity,
aligning with principles developed in production management.
In this case study, the average impact and standard deviation of
tool changes and assembly direction changes on the sequence
complexity are only 9%±2% and 7%±1%, respectively. As
these factors are used most commonly to determine the optimal
sequence in the literature, future iterations of this model may
require a stronger penalty factor to ensure this factor is better
considered. The contribution of ΣLc, is limited as it similar for
all sequences. It is hypothesized that this factor would prove
more useful if different designs were to be compared, where
component relationships would be achieved using different
types of liaison. However, the liaison and component
complexity information does contribute significantly via the
Sexp and Sdync factors.
6. Conclusion
In this research, a hierarchical “bottom up” approach that
represents the considerations which can affect the complexity
of an assembly sequence, and thus a basis on which to
determine the optimal, is defined. Automating the process is
outside the scope of this research, however in order to facilitate
concurrency between product designers and process planners it
is necessary to develop this in the future. Many of the criteria
could automatically be extracted from a PLM tools such as
CAD. The aim of this research was to consider additional
factors, not traditionally included in the existing literature to
solve the ASP problem. Although not all of the factors
contributed significantly to the sequence complexity value, it is
hypothesized that extension of the research can help realize
their impact, especially when considering alternative designs.
In this way, the impact of design changes on assembly

sequence can be quickly evaluated, even if the change is as
nuanced as a change in material properties or geometry. This
can reduce the time to product realization, reducing costs and
increasing the efficiency of the business. One of the main
shortcomings of this work is the tedious data entry which
consumes a significant amount of time and due its manual
nature can result in errors, thus providing an additional
incentive for automating the process.
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