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Designing modular products covers a wider range of tasks than traditional design. There are publi-
cations presenting selected issues related to the design of modular products, but generally, there are
no comprehensive descriptions of this process. The authors of the article are convinced that the de-
velopment and implementation of a proven algorithm for designing modular products will increase the
effectiveness and efficiency of such work. Designs of modular products, and especially families of such
products, can be long-term, therefore, in addition to using the experience gained from such projects, it
is justified to use model tests. It was decided to use Petri nets to build a model of the design process.
The places of this network are individual tasks carried out during design, and the transitions are the
decisions of selected process participants enabling the initiation of subsequent tasks. Decisions are made
based on criteria for assessing the effectiveness of individual tasks. The schedule of an actual project of
a family of modular devices carried out in one of the renowned centres of the optoelectronics industry
was used to formulate them. Analysis of known varieties of Petri nets showed that model construction
is possible using coloured time nets. Conclusions were formulated regarding the proposed algorithm of
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the design process and methods of its evaluation.
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1. Introduction

In the traditional methodology of designing de-
vices, including mechatronic devices, the design
team performs its tasks striving to meet the re-
quirements set beforehand, describing, among other
things, the main function of the device, its operating
conditions, or the recommended manufacturing and
assembly technologies [1, 2]. Often, an important re-
quirement is to meet selected standards related, for
example, to the anticipated market or legal regula-
tions. Standard solutions are often used to comply
with safety directives. This is not the case with the
development of modular devices. In this case, the
conceptual phase also includes the development of a
new standard for interfaces between functional com-
ponents, i.e., modules, which can then be easily and
economically assembled into devices with functions
and characteristics tailored to the requirements of
specific users [3, 4]. Modularity is a concept that
can be found in a multitude of technological fields,
including mechanical and equipment engineering.
However, the methodology for designing modular
devices remains relatively under-researched. When
considering the potential benefits and limitations
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of modularity in engineering design [5], it becomes
evident that the methodology employed during the
design process of modular devices is of paramount
importance for their subsequent development and,
concurrently, for the business prospects of organi-
sations implementing such a solution [6]. A further
challenge arises when a system of modules is em-
ployed to construct not a single device in multiple
versions, but rather a range of distinct devices [7].
The authors seek to develop an effective and effi-
cient algorithm for the design of such products, with
the objective of providing engineers with a clear,
transparent, and unambiguous guide through the
process of designing the architecture of a family of
modular devices [8, 9]. The objective of this algo-
rithm is twofold: firstly, to demonstrate the cause-
and-effect sequence; secondly, to facilitate simula-
tions that reveal the potential gains and losses as-
sociated with a specific sequence of decisions at a
given design stage. It is evident that specific deci-
sions will remain affected by, for instance, company
policy. However, by contemplating an array of po-
tential solutions and analysing them through sim-
ulation, it is feasible to identify alternative courses
of action that offer particular advantages in terms
of the efficiency or effectiveness of the algorithm.
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In this paper, the authors utilise the ongoing project
at PCO S.A. to transform a collection of selected
optoelectronic devices into a modular family as an
illustrative example.

2. The design of a modular family of
optoelectronic devices

The current business activities of PCO S.A.
are primarily focused on the production of opto-
electronic devices. The company’s product range
includes night vision and thermal imaging obser-
vation devices, sights, and rangefinders. Such de-
vices are utilised both as standalone solutions for
individual soldiers and as integral components of
combat platforms. In order to meet the specific re-
quirements of its customers, the company is able to
adapt its products at the request of the customer.
Consequently, despite the fact that the products in
this category feature highly similar component as-
semblies, resulting from the input of multiple de-
signers, they do, in fact, differ from one another. In
pursuit of cost reduction across the product lifecy-
cle, from design to component production to assem-
bly, the company’s management has initiated the
development of a modular family of equipment for
individual soldier equipment. The successful com-
pletion of this project is anticipated to yield not
only reduced development and manufacturing costs
but also a decrease in lead times. The advantages of
modularisation are manifold and include the follow-
ing [4, 5, 10, 11]: economies of scale, a reduction of
costs through the use of prefabricated components
belonging to a family in new products, convenient
monitoring of changes made only in the module area
and not in the whole device, easy diagnostics, main-
tenance, and disposal of devices. While modular-
ity offers numerous advantages, it also presents a
number of constraints. These range from mechani-
cal and electrical, represented by fixed interfaces,
to architectural, defining a closed standard with
predetermined functions. These constraints can im-
pede design optimisation, particularly in the longer
term [12]. It is thus crucial that the design algo-
rithm for modular systems, to the greatest extent
possible, ensures the implementation of structural
solutions that minimise these barriers for the dura-
tion of the established standards.

2.1. Conceptual design

A sequence of work was planned when proceed-
ing to the conceptual development of a family of de-
vices, as presented in the form of a diagram in Fig. 1.
The presented algorithm extends the design as-
sumptions known from the traditional methodol-
ogy of developing mechatronic devices [1, 2] with
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assumptions on the construction of a family of mod-
ular products [3, 5, 13]. In accordance with the
aforementioned plan, the project was initiated with
a comprehensive examination of the products man-
ufactured by the PCO company and the devices
available on the market. Based on this analysis,
the products were decomposed to identify the func-
tional blocks that are common to devices [4]. An
illustrative list of these repetitive functional blocks
is presented in Fig. 2 [14].

.

Review of equipment available on the market

'

Review of equipment previously manufactured in-house

'

Products Decomposition

'

Selection of basic modules

'

Selection of auxiliary modules

'

Decision and number of variants of each module type

'

Creating an interaction matrix between modules

'

Performing functional analysis

'

Development or selection of mechanical-electrical interfaces

|

Fig. 1. Sequence of work on the concept of family.

Power and IR illuminator switch Peripherals and power connector

IR illuminator Monocular Power switch Keyboard

Fig. 2. Distinguished functional blocks on the ex-
ample of night vision goggles PVS-31D from Ar-
masight and PSQ-42 from L3Harris, see [14].
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The matrix of desired monocular—bridge interactions TABLE T
M11 M12 M13 M14 M15 M16 M17 M18 M19
M1 1 1 1 1 1 1 1 1
M2 1 1 1 1
M3 1 1 1
M4 1 1 1
M5b 1
M6 1
The matrix of bridge — auxiliary modules. TABLE II
M11 M12 M13 M14 M15 M16 M17 M18 M19
Battery compartment 1 0 0 0 1 0 1 0 1
IR illuminators 1 1 0 0 1 1 1 0 1
Knobs 1 1 1 1 1 1 0 0 0
COLE switches 1 1 1 1 1 1 0 0 0
Keyboard 0 0 0 1 1 1 b 0 X
Peripherial devices connector 0 0 1 0 1 1 0 0 0
The matrix of monocular—bridge interactions. TABLE ITI
M11 M12 M13 M14 M15 M16 M17 M18 M19
M1 (G1,G1) (G1,G1) (G2,G2) (G1,G1)) (G1,G1)) G1 Gl Gl
M2 (G2,G3) (G3,G1) (G3,G1) G3
M3 (G4,G1) (G4,G1) G4
M4 (G5,G1) (G5,G1) G5
M5 mech. mech.
M6 mech. mech.

After analysing the compiled list, the role of
each block in the modularisation process was deter-
mined. Monoculars and the bridge were designated
as basic modules, while the keyboard, power switch,
infrared (IR) illuminator, power modules, and bat-
tery compartments were classified as auxiliary mod-
ules.

Another analysis concentrated on the diversity of
modules and their function within the family. It
was established that basic modules would exhibit
variants that differed in equipment according to
the specifications of a particular device. This form
of modularity is referred to as “component swap-
ping” [3]. Additionally, it was determined that aux-
iliary modules would be constructed as a singular
variant utilised in all products. This type of modu-
larity is designated as “component sharing” [11].

The decisions described formed the basis for
the creation of two modularity matrices. The first
(two-stage) matrix links the basic modules and
the monocular power module between them (see
Table I). The second matrix bridges the interaction
between the auxiliary module and the bridge (see
Table II).
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In view of the aforementioned interactions, the
power modules are presented in the matrix in
Table III as ordered pairs. The first element repre-
sents the left monocular, while the second element
corresponds to the right monocular.

As can be observed from the aforementioned ma-
trices, in each of the bridges with two power inter-
faces, the left module is a simple monocular.

The next phase of the project involved the de-
velopment of common elements, namely auxiliary
modules; to equip each bridge. Prior to initiating
this phase, an interaction matrix was created (see
Table II). This matrix was designed to provide a vi-
sual representation of the equipment to be installed
on each bridge while also identifying potential ar-
eas for the development of specific modules in sub-
sequent stages of the project.

In consideration of the aforementioned matrix, it
is evident that the development of the M11 mod-
ule, which serves as the inaugural component, en-
tails the necessity for the formulation of four of the
six auxiliary modules. The utilisation of said mod-
ules in the remaining modules must be strategically
planned from the outset. The M18 module does not
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/ Battery compartment module
ML —> 61—

M11 —® Power switch module with knob

" = _/ \
IR illuminator module

Fig. 3. Diagram of the basic goggles.

require any of the aforementioned modules, which is
a crucial piece of information, as it allows for more
independent work to be conducted on this module.
Modules M17 and M19 necessitate the inclusion of
only two of the aforementioned modules, although
a different keyboard may be required.

In view of the necessity for a distinctive mod-
ule for the keypads of the M17 and M19 modules
(due to the requirement for a more compact key-
pad size), it was resolved that a second keypad size
could be developed for these modules exclusively,
potentially by scaling up the solution for the other
bridges. This will facilitate the development of the
solution and speed up the design work while main-
taining a uniform design. Even if this proves unnec-
essary at the present time, the two keypads devel-
oped could be used in future module designs, not
least because of the trend towards miniaturisation
of devices observed in recent years in the armament
industry.

The case of differentiating keyboards, despite pre-
vious assumptions, demonstrates that, in certain in-
stances, extending the diversity of modules may be
a justifiable means of enhancing the openness of a
modular architecture.

The presented matrices demonstrate that specific
products can be created from a set of modules.

Figure 3 illustrates an example of a solution com-
prising six modules, including a monocular module
(M1) and two power modules (G1).

Subsequently, a comprehensive functional analy-
sis was conducted on all modules. Based on this
analysis, a list of technical requirements was devel-
oped for each module. The next phase of the project
involved the development of mechanical—electrical
interfaces. This included the selection of connectors,
connections, and preliminary mechanical develop-
ment.

2.2. Engineering design

The positive outcome of the conceptual develop-
ment phase enabled the initiation of further work
on the modular product family. A schedule for this
work was devised employing an algorithm that is
typical of the majority of projects undertaken at
PCO (Fig. 4).
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Conceptual design

'

Prioritisation of module development

v

Design development of modules

’

Development of prototype documentation

,

Execution of developed modules and testing of prototype

v

Prototype validation

v

Pre-production batch documentation development

’

Pre-production batch fabrication

|

Pre-production batch testing

|

Validation and approval of production documentation

|

Completion of target finished products

|

Finished product family

|

End

Fig. 4. The engineering design and implementa-
tion work plan.

The preceding conceptual phase may be sub-
jected to further analysis and refinement, with the
objective of optimising the selected steps of the al-
gorithm. Figure 5 illustrates the proposed progres-
sion of the phase entitled “Design development of
modules”.

One of the key aspects of project management is
the monitoring of project progress through the use
of carefully selected metrics, including effectiveness
and efficiency. These metrics/criteria provide man-
agers with the information needed to accept the re-
sults of a project thus far or to make decisions re-
garding the initiation of subsequent stages of work.
When planning the modelling and subsequent sim-
ulation of a process, it is essential to gather infor-
mation about the evaluation criteria used in a given
organisation and subsequently convert them into a
format that is compatible with the capabilities of
the simulation tool.
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3. Criteria for evaluating the results of
the design work

As indicated by sources specialising in the de-
sign of device families, the criteria for evaluating the
design process are intricate and multifaceted. The
most significant of these are outlined below [15].

(i) Relevance: Assessing whether the design of
equipment meets the real needs of the users
and whether it is in line with the objectives
of the organisation or institution. It is crucial
that the design of the equipment is adapted
to the context of its intended use, taking
into account both the technical and social as-
pects [8, 12].

(ii) Coherence: The term “coherence” refers to
the extent to which the design in question is
aligned with the wider organisational strategy
and with other activities undertaken by the
organisation. Such assessments should also
consider the extent to which the design aligns
with the broader business and technological
context [8].

(iii) Efficiency and effectiveness: Measuring the
extent to which design achieves its objectives
while minimising costs and resources. Effec-
tiveness refers to the extent to which the
design meets users’ expectations and influ-
ences their experience, while efficiency focuses
on outcomes and the achievement of design
goals [16, 17].

Durability and adaptability: The ability of
a design to maintain its utility over time,
especially in the context of changing user
needs and technological environment. Dura-
bility means that the designed equipment re-
mains relevant and functional in the long
term, while adaptability refers to the ability
to make changes in response to new challenges
and needs.

(iv)

Influence and impact: An analysis of how
the proposed facilities will affect the social
and natural environment. This assessment
includes an understanding of the potential
positive and negative impacts and how they
can be minimised or maximised [12].

Module design development - start

!

Module selection for module development iteration

Skip if done Skip if done

1 monocular base module

e |

Consultation of module parts with

!

Model making of modules

!

Model testing

!

Module model validation

\

Fig. 5. The engineering design work plan for the device
development at PCO company.
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1 power-source module

P
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o

Are all modules?

Yes

Module design development - end

modules of the family of products currently under
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Conceptual Design Engineering Design

Input data transfer

A4

Design beginning signal

A4

Transmission of data from step 1

‘ .......................................................

Evaluation 1
Transmission of data from stage 2

‘ .......................................................
Evaluation 2

N e e P P T

Transmission of data from the last stage
4 .......................................................

Final evaluation

A4

Summary and Conclusions

Conceptual Design Engineering Design

Fig. 6. The process of evaluating the engineering
design on an iterative basis, utilising data obtained
from the conceptual design phase.

The application of these criteria in the design pro-
cess helps to ensure that the products created are
not only functional and efficient, but also meet the
real needs of the users and are in line with the long-
term goals of the organisation [9, 12]. The listed cat-
egories of criteria are not only used internally within
the PCO company, but also by external bodies, e.g.,
the purchaser or recipient of the product.

Relevance is assessed through a series of internal
interviews with product specialists and future users
of the product, most often by presenting the prod-
uct at a stage where it is already possible to see it,
hold it in the hand or on the weapon, and test its
functionality. Often the product is presented at a
stage where it is still possible to introduce changes
suggested by the testers.

Project efficiency is measured by management
based on an assessment of the potential to bring the
product into production. This assessment is made
by analysing information from the design, engineer-
ing, and manufacturing departments and is often bi-
nary in nature. At an advanced stage in the project,
it also takes into account the results of testing proto-
types of the device to ensure that they meet the in-
tended characteristics of the device and its features.
It often happens in industry that product develop-
ment takes so long that by the end of the project,
the product proves to be obsolete, and production
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CONCEPTUAL DESIGN

int number_of_modules

double | time

float cash

EXISTING PRODUCT FAMILY

double time

float cash

int number_of_parts

int number_of_products

(3)

«

MODULAR FAMILY DEVELOPMENT

int number_of_modules

double time

float cash

int number_of_parts

int

number_of_products

Fig. 7. Data exchange between conceptual and
structural design and numerical comparison of de-
sign results with the pre-modularisation family.

is abandoned. The effectiveness of a project is de-
termined by the effort expended on the project over
a given period of time.

Impact is also measured in binary terms, by
looking at whether the production of the product
launched by the company is responding positively
to the requirements and needs of the user on the
battlefield at any given time.

Criteria can be formulated both to evaluate indi-
vidual stages of the process and to consider selected
parts of the design process that are a collection of
successive stages, e.g., the total cost and develop-
ment time of each successive module in the family.
On this basis, it is possible to estimate the efficiency
of the design process and the rate of return and to
predict the risks associated with new modules. Es-
timating these risks allows better decisions to be
made about the development of the business, and
the risks taken become more predictable.

4. Assessing the design process

Sources on methodological aspects of design [7-9]
emphasise that the evaluation of a developed
method can only be carried out after it has been
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Task coapleted (3)

Ready

A selected part of the model of the design process of predefined modules, carried out by three design

engineers working in parallel, expressed using a Petri net.

used, preferably in a real project or in a computer
simulation. Three possible methods are mentioned:

e verification — defined as the process of en-
suring that the system developed as part of
the process aligns with the end-result specifi-
cations of the initial design process; serves as
a crucial step in the development process;
validation — the process of ensuring that the
resulting system is fit for purpose in accor-
dance with its original purpose [18-20] and
that the system has been constructed cor-
rectly and will achieve the initial objective;
evaluation — the process of assessing the ex-
tent to which a system fulfils its objectives
and leads to success. In this context, suc-
cess is not binary; rather, it is a relative con-
cept that depends on the degree of success
achieved [12, 15].

Validation is a binary process that determines
whether the objective has been achieved or whether
the requisite threshold has been met. It is used to
ascertain whether the system has been constructed
correctly [19, 20]. The purpose of evaluation is to
ascertain the correctness of a system’s function-
ing. The outcome of the process (method) is a
key factor in this assessment, as are other consid-
erations such as the potential for improvement in
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performance, efficiency, and effectiveness, and the
ease and adaptability of the method for use in dif-
ferent projects. Evaluation enables the identifica-
tion of problems and the formulation of solutions
to address them [12, 21].

In this study, the authors propose that processes
carried out using the modular device design method
should be accompanied by evaluation. This eval-
uation should be conducted using the method as
a measurement tool, whereby individual aspects of
the process are measured to provide a numerical as-
sessment of the efficiency and effectiveness of both
the whole process and its individual stages. This ap-
proach allows questions about the quality and cor-
rectness of the method to be answered [8]. It should
be noted that the evaluation is not intended to dis-
credit any aspect of the design method [22].

As previously stated, the design process for mod-
ular devices is divided into two principal phases:
the formulation of the family assumptions (con-
ceptual design process) and the subsequent engi-
neering design process [23-25]. The initial process
should be evaluated in accordance with the extent
to which the initial assumptions are met. In the sec-
ond phase of the design process, it is possible to col-
lect information iteratively as the work progresses,
although this is challenging in industrial practice.
Gathering up-to-date information after each stage
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of the project can be a time-consuming and ab-
sorbing process for the project manager. Therefore,
it is worth considering the possibility of including
relevant activities in the process algorithm itself,
defining how the data should be aggregated and in
what form [21, 26]. Furthermore, the format of the
data should facilitate straightforward measurement
of the process’s effectiveness and efficiency. Addi-
tionally, this evaluation approach enables an itera-
tive assessment of the conceptual design’s feasibility
(Fig. 6).

The project, conducted at the PCO company,
concerns the modularisation of an existing set of
products, namely devices with a high degree of in-
tegration. In this case, the characteristics of the
existing products should be used to measure the
effectiveness of the process, as this allows for the
determination of modularisation indicators, such as
a reduction in the variety of subassemblies, a reduc-
tion in the cost of manufacturing a single device, a
reduction in the variety of subassembly technolo-
gies, a reduction in the assembly times of entire
devices, and an increase in the potential for serial
production of repetitive subassemblies (Fig. 7).

A review of business process modelling and anal-
ysis methods [27] led the authors to the conclu-
sion that, for the purposes of the planned research,
Petri nets, which enable the modelling and anal-
ysis of concurrent systems, would be an appropri-
ate tool. In addition to their graphical representa-
tion in the form of graphs, Petri nets also possess
a mathematical structure, which is of significance
in the context of the planned simulation [19, 28].
Among the numerous variants of this methodol-
ogy, the decision was taken to employ the so-called
coloured networks. The network’s locations repre-
sent the individual tasks carried out during the de-
sign process, while its transitions depict the deci-
sions of selected participants of the process that
enable the commencement of subsequent tasks. In
order to construct the model, a graphical environ-
ment with CPN IDE simulation capabilities was em-
ployed [29, 30]. Figure 8 illustrates a selected part
of the developed model.

5. Conclusions

This paper presents a piece of work on an algo-
rithm for designing a family of modular devices. In
order to ensure the accuracy and relevance of the re-
search, it is essential to utilise data from a real, on-
going development project. The planned outcome of
the research is a simulation model of the design pro-
cess that will enable alternative design workflows to
be evaluated. The results of the work to date lead
to the following conclusions:

(i) The construction of the algorithm can be

based on a typical mechatronic device design
flow, with the scope of each stage extended

983

(iii)

1]

2]
131
[4]

[5]

[6]

7]
8]

[9]

[10]

to include elements pertaining to modularisa-
tion. The most significant alterations occur in
the conceptual development stage.

The utilisation of established design support
instruments, exemplified by a device assem-
bly linkage matrix, facilitates the work of en-
gineers and should, therefore, be incorporated
as a mandatory action item in the algorithm
currently under development.

In order to prepare a comprehensive construc-
tion work plan, it is essential to have a clear
understanding of the results of the concep-
tual design, as this will inform the subsequent
stages of the project. Accordingly, the general
algorithm outlines a two-stage approach to
planning, namely before the conceptual phase
and immediately before the engineering de-
sign phase.

It is possible to assess the progress of project
work in accordance with company (or the
industry as a whole) practice using either nu-
merical or binary criteria.

In the event that a new product family is to be
based on an existing set of products, the eval-
uation of the design process should be based
on numerical criteria for modularisation.
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