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ARTICLE INFO 

ABSTRACT 

Novel practices in the formation of students are 

encouraged to be multidisciplinary which in 

fact, allows them to better understand the 

behaviour of systems. This skill allows them to 
identify existing needs that impact multiple 

areas, both for an organization and to 

complement their entrepreneurial training. In 

this work, there is exposed a reference 

framework that arose to aid in the innovative 
design process among the manufacturing 

sector, it seeks to stretch the gap between 

conceptualization and implementation for 

engineering projects. Furthermore, the 

formation of the learners is enriched due to the 

breakdown of complex systems into entities as 
it gathers existing knowledge and provides 

structure to systematize the development 

process, allocate problems and provide 

feedback. Thus, design stages are detailed, 

engineering stages are described, and a toolbox 

is presented to guide designers into their task. 

The methodology has been tested under 

multidisciplinary projects in different time 

lapses, observing a positive impact in the 

formation of participants, as it guarantees the 

inclusion of desired attributes, documentation 
and milestones in the scenario being developed. 

In this article, there are described three case 

studies. Findings when developing using the 

methodology shows a structural, documented 

process followed by the designers, capable of 
recognizing the abilities acquired and 

reinforced skills, documented entities 

corresponding to what is developed at the end 

of the projects and time of deployment is 

enhanced. 
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1. Introduction 

According to a Price Waterhouse Coopers 
article called "The World in 2050" (Price 
Waterhouse Coopers, 2015), most of the 
economic power will be transferred to the so-
called Emerging Nations (E7) in the middle of the 
21st century. This will result in profound 
transformations in their commerce, education and 
industry. An unprecedented increase in the 
consumption of goods and services will require 
innovative ways of producing them (Hehenberger, 
2009). Innovation among the enterprises need to 
follow and respond faster to growing demands of 
novel, high quality and more personalized 
products as well as remain competitive in the 
globalized markets. Therefore, more than ever, 
enterprises must be aware of the challenging 
environment to assess and recognise their 
capabilities to face the competence and forecast 
upcoming events. According to (Koren et al., 
1999), there are five major challenges to real 
manufacturing systems: i) increased frequency of 
new product introductions, ii) part upgrades for 
existing products, iii) product demand 
fluctuations, iv) changes in government 
regulations around the world (environmental and 
safety) and v) changes in process technology. 
Nowadays, due to the international presences that 
companies have, it is a common practice to find 

alliances and collaboration that allow companies 
to stand out from the competitors. Then, for 
manufacturing firms to cope with their dynamic 
production and aim for covering the market 
demands (Bainbridge & Roco, 2006), they have 
been testing for different technological 
alternatives to improve multiple areas of the 
business model (Weichhart, Molina, Chen, 
Whitman, & Vernadat, 2016). This takes place at 
different levels often involving the industry-
academia duo. This synergy between entities has 
brought shared benefits. To the academia side, the 
understanding of the theory from business and 
how to blend a multidisciplinary view to a 
systematic approach, and for the industry side, the 
adoption of novel research technologies to the 
extent that allows the optimization of their 
productivity and expand the understanding of their 
environment.  

Emergent technologies have aided in the 
manner manufacturing firms conceive, produce 
and bring to the physical world innovative 
solutions for the welfare of society (Lowe, 2005; 
Shamsuzzoha, Helo, & Sandhu, 2016; Tewari, 
2005).Thanks to the increased capabilities of 
computer hardware, the cost of some technologies 
has reached such an affordable point that are 
becoming ubiquitous. This has led to innovative 
solutions to embrace manufacturing challenges 
that require adaptable and responsive production 



lines. The adoption of multiple sensors, smart 
capacities, cloud computing, industrial internet of 
things, big data, cyber-physical systems, virtual 
and augmented reality, among others, have been 
used to collect, process and share information 
horizontally and vertically among the enterprises 
to accelerate the decision-making and monitor in 
real-time operations (Suginouchi, Kokuryo, & 
Kaihara, 2017) to migrate into the knowledge-
driven, modular and flexible manufacturing. 
Novel practices are intended to exchange 
information, automation and decision-making in 
real-time, as their prior objective. 

Among the industrial sector that has the most 
benefits from the adoption of technology 
(Kashyap, 2019; Müller & Voigt, 2018), 
manufacturing firms stand out due to complexity 
of the infrastructure and the multiple operations 
that are carried out. It is important to note that 
even considering previous enablers, the firm’s 
value proposition is what enhances its position in 
the sector (Molina, Ponce, Miranda, & Cortés, 
2020; Porter & Heppelmann, 2014). For instance, 
manufacturing firms play a fundamental role in 
developing countries productivity as they offer 
workplaces and incomes on average of 25% of 
their GDP (The World Bank & OECD, 2018). 
Most of these firms are part of the so-called 
Micro, Small and Medium Enterprises (MSMEs). 
They present inherent advantages in the flexibility 
of their production lines when compared against 
bigger competitors, thus, can respond faster to 
emergent demands (Cronin, Conway, & Walsh, 
2019). Their numbers make up 97% of the 
manufacturing firms in some of developing 
countries (INEGI, 2018). All in all, there are 
multiple areas where MSMEs propose innovative 
solutions coupled with emerging technologies but 
end up ceasing activities in their first years of 
existence mostly due to the lack of structured 
processes to guide good manufacturing practices 
and improvement on the value proposition. 

The collaborative work from academia with 
other entities along with detailed research about 
market tendencies and the future of jobs allowed 
to understand the importance that MSME will 
have in the medium-term future. There is a 
particular interest among educational institutions, 
the entrepreneur community, maker movement 
and MSME in adopting new manufacturing 
systems and design methodologies to cope with 
the upcoming challenges. These trends require 
manufacturing techniques that many times can 
only be achieved through CNC machines, but they 
are costly, rigid and aim at large production 
volumes. Also, portability is an essential 

characteristic since it is often necessary to 
constantly migrate to different workspaces. The 
Multifunctional Machine Tool is a type of low-
cost reconfigurable machine that is positioned as 
an excellent hardware platform capable of 
supporting business development and educational 
environments in a small-scale production basis.  

Other efforts have been focused on 
supporting MSMEs by generating an entrepreneur 
spirit in the future graduates where novel practices 
aim at training students to comprehensive thinking 
and skill development that can be translated into 
industrial environments to structure adamant 
processes that occur within manufacturing firms. 
Still, special attention is deserved to practice that 
increase competitive advantage and from this 
view is of paramount importance to structure the 
creation of products, processes and manufacturing 
systems, the three entities that conforms to an 
integrated manufacturing system (IMS). 

At this point, the proposed methodology, the 
IPPMD: i) brings together knowledge of design, 
techniques, tools and procedures to aid in the 
creation process, ii) offers structure in multilevel 
and multi-size manufacturing firms, to 
systematize the development process since it 
searches for inclusion of relevant attributes, 
documentation and milestones, thus, allowing 
detection of problems in early stages and iii) 
promotes in its users the development of 
disciplinary and transversal competences by 
means of constant interactions between 
individuals and systems at all levels of the 
developing stages. Section 2 provides a deep 
insight into the proposed reference framework, 
offering guidelines to develop sequentially 
products, their manufacturing process and their 
productive system. Although the IPPMD supports 
the development of an entire manufacturing 
system, Section 3 only explores the manufacturing 
process entity that corresponds to the development 
of the mechanical base of the Multifunctional 
Micromachine Tool where details about two 
different modules which have been developed at 
Tecnologico de Monterrey are exposed. Further, 
in Section 4, the experience while developing 
using this methodology are exposed and 
conclusions of this work are presented.  

2. Methodology 

The reference framework followed during the 
realisation of this article is called Integrated 
Product, Process and Manufacturing System 
Development (IPPMD). The IPPMD arose to aid 
in the innovation design process among the 



manufacturing sector. IPPMD is understood as a 
generic model that depends on the use of 
engineering activities to document the process 
development. It gathers existing knowledge to 
provide structure, systematize the development of 
entities, allocate problems and provide feedback.  
It makes use of techniques, procedures, 
experiences and norms that apply to the 
manufacturing sector where it aims at being 
instantiated. Thanks to the feedback for 
developers while carrying out the stages of the 
framework, it is possible the recurring evaluation 
of tollgates that justify the progress or rejection of 
particular steps during its implementation. 

Its effectiveness has been proved under 
multiple scenarios, disciplines and time lapses. 
Some of the applications include: i) redesign of 
integrated manufacturing system course of sixteen 
weeks, offered at Tecnologico de Monterrey for 
System and Industrial Engineering (Chavarría-
Barrientos, Miranda, Cortés, & Molina, 2018), ii) 
summer research stays of seven weeks (Cortés, 
Ramírez, & Molina, 2018) from Academia 

Mexicana de Ciencias and Programa Delfin to 
strengthen research and postgraduate studies, as 
well as the exchange of scientific and 
technological production in the region of the 
pacific in Mexico, iii) development of technology 
for the Reconfigurable Micro-machine Tool 1G 
(Ramírez-Cadena, Miranda, Tello-Albarrán, 
Dávila-Ramírez, & Molina, 2012), iv) as part of a 
binational project between Colombia and Mexico 
to conceptualize a 3D Food Printer system 
(Cortés, Rodríguez, et al., 2018) v) to teach rapid 
product development for makers and 
entrepreneurs in a free massive open online course 
(Molina, Romero, & Ponce, 2016), vi) in 
collaborative networks (Cortés, Chavarría-
Barrientos, et al., 2018), vii) transferring the 
concept to enterprises (Chavarría-Barrientos, 
Camarinha-Matos, & Molina, 2017), among 
others. This robust framework can exceed the 
traditional manufacturing systems vision and be 
extrapolated on any object conceived as a system 
such as business models, communities and even 
cities. However, the scope in this work is related 
to developing Integrated Manufacturing Systems 
(IMS).  

The IPPMD gathers entities, engineering 
activities, stages and viewpoints to allow the 
creation of an entire IMS, providing structure for 
those that follow the entire cycle. The basic 
structure of the reference model is as follows: i) 
Entities, which compose the system of a 
manufacturing firm and, ii) Stages, which are the 
design steps that must be followed during the 

creation process (Chung, Choi, Ramani, & 
Patwardhan, 2005).  

IMS consists of three essential entities that 
must be developed inside a manufacturing firm. 
These are: i) Products which are the main motive 
of a firm, ii) Manufacturing Processes to elaborate 
the products and which define the space, time and 
resources needed to be productive and the iii) 
Manufacturing System which establishes the 
parameters to be carried out during the entire 
cycle and contemplates both, internal and external 
resources of the value chain. The stages guide 
developers along the creation process and are 
four: i) Ideation of the current entity which 
analyses the basic scene and determines what 
must be done, ii) Basic Development which arises 
the minimal requirements to the following stages, 
iii) Advanced Development which faces a model 
of the current entity into a scenario that could be 
presented and, iv) Launching which analyses the 
behaviour of the entity in the physical world. At 
the end of each stage, a tollgate is achieved. 

Every intersection of Entities and Stages is 
described in terms of their function, information, 
resources and organization described in (Ragatz, 
Handfield, & Petersen, 2002)(Ratchev & Hirani, 
2001), to enrich the development process, there 
are required engineering activities (analysis, 
synthesis and evaluation).  

Another manner to understand these 
interactions is that the IPPMD consists of 
viewpoints that conforms the IMS and, to develop 
the entities, it is necessary to achieve engineering 
activities. Thus, to develop the three entities, 
engineering activities must be carried out in a 
systemic order to assure robustness in the 
definition of goals. Fig. 1 depicts the reference 
framework where indeed stages are supported by 
engineering activities which consider the multiple 
viewpoints relevant for a manufacturing system.  

 



 
Fig. 1 Integrated Product, Process and Manufacturing 
System Development - Reference Framework 

When combining the four ideation stages 
with the three entities in an Integrated 
Manufacturing System, the result is a partial 
model map to assure engineering activities along 
the design or redesign of the entities developed. 
Thus, there is an information flow that guides the 
structuring of engineering projects. This 
interaction is presented in Fig.2, where entities are 
broken down into the four stages and there is 
decision-making at the end of engineering 
activities per intersection. 

 

Fig. 2 Interaction between IPPMD and the Integrated 
Manufacturing System 

Engineering activities are selected according 
to the entity, manufacturing sector, techniques and 

the scenario which allows data collection, data 
processing and decision-making actions. 
Furthermore, they are used to implement 
individual solutions according to analysis, 
synthesis and evaluation activities, this guarantees 
the inclusion of the attribute, documentation and 
milestones in the scenario being developed.  

Table 1 Toolbox 

 
A toolbox aims at guiding the designers for 

gathering information related to alternatives 
available in the market during engineering 
activities. Table 1 is an example of the toolbox 
used during the implementation of three case 
studies presented in this work. It exposes different 
techniques applied to the development of the 
second entity (Manufacturing Process). It is 
important to remark that the toolbox provided in 
this article is adapted to contain different 
alternatives and techniques for the Manufacturing 
Process development in the mechanical sector. 
Although there is no restriction on the techniques 
that must be used during the deployment, different 
manufacturing sectors would require another 
specific set of techniques or restrictions to be 
considered in the first place. 
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Identify Volume, Geometry, 
Material 

Part Cost Estimator 
Prospector Plastics 
MMPDS 
Market research 
M-Base 
StahlDat 
Product Data Sheet 
Material databases 
Material archives 
CES EduPack 
CES Selector 
 

Determine availability, time and 
cost of components 

Prospector Plastics 
Bosch 
Bolt Depot 
Ytfasteners 
Online catalogues 
Catalogues Parts 
CES Selector 
Part Cost Estimator 
 

Select components and write 
down its specification sheet 

Life Cycle Assessment 
Cost-Benefit analysis 
Pugh Chart 
Function Decomposition 
Matrix  
Morphological Matrix 
Solution Matrix 
Bill of Materials 
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Classify in the manufacture or 

standard parts 

Product Catalogues 
Functional Decomposition 
Process Selector 
 
 

Determine a manufacturing or 

acquisition plan 

Matrix of creative stimuli 
Axiomatic Design 
Concurrent Function Deployment 
QFD 
Triz 
Checklist 
 

Select machinery or 

suppliers 

HOWs Chart 
House of Quality 
Pugh Chart 
Process Selector 
PRIMA Matrix 
Manufacturing Weight 
Matrix 
 

M
a

n
u

fa
ct

u
ri

n
g

 P
ro

ce
ss

 P
la

n
 

Identify time and cost for 

individual components 
Material databases 
Material archives 
CES EduPack 
CES Selector 
Part Cost Estimator 
Critical Path Method 
Program Evaluation and Review 
Technique 
 

Evaluate necessities against offers 

in the available market 
Morphological Matrix 
Graphical Evaluation and Review 
Technique 
Gantt 
QFD 
Triz 
Matrix of creative stimuli 
Axiomatic Design 
Precedence Diagram Method 
Project Evaluation and Review 
Technique 
Line of Balance 
Critical Chain Method 
Dependency Structure Matrix 
 

Define a plan to achieve 

volume, quality, cost and 
time 

MPX 
Critical Path Method 
Program Evaluation and 
Review Technique 
Identify process standards for 
manufacturing components 
Value Stream Mapping 
Critical-Path Mapping 
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Determine individual activities 
per station 

Production Attainment 
Percentage planned vs 
emergency maintenance work 
orders 
Availability 
Yield 
Supplier quality incoming 
Customer fill rate 
Supply strategies 
Simulation 
Time and motion 
Manufacturing Cycle time 
Time to make changeovers 
Throughput 
Capacity utilisation 
Overall Equipment Effectiveness 
Schedule 
 

Simulate different scenarios 

CGMA 

Quality strategies 

Cost reduction 

Environmental effects 

Regulatory compliance 

Organisation strategies 
Area distribution 
Layout 
Discrete Event Simulation 
What if scenarios 
Scenario Evaluation Tool 

Scenario Analysis 

 

 

Optimise the manufacturing 
process plan 

FMEA 
Manufacturing Cycle Time 
Throughput 
Capacity utilisation 
Availability of continuous 
resources 
Life Cycle Assessment 
Evaluation of Discrete Event 
Simulation 
Evaluation of Value Stream 
Mapping 
 
 

 



 

Fig. 3 Manufacturing Process Development 
methodology 

The IPPMD aids in the development of 
product, process and manufacturing system 
entities. The Product entity has been widely 
studied and presented in past works related to the 
IPPMD. For the purpose of this article, there 
would be further explanation in the documentation 
acquired for the Manufacturing Process entity 
development. A brief summary of its stages is as 
follows: the first corresponds to the specification 
sheet by component that integrates the system, the 
consolidation of the idea to be developed. The 
second is the specification of the manufacturing 
process to continue with a detailed design of 
components. The third is a report of the sequence 
ordered to establish the manufacturing process 
and the components and / or services that 
comprise it. The fourth corresponds to the process 
integrated with each of the components that 
integrate it, functional and with tests performed. 
The solutions that are integrated seek to provide 
information along the product value chain. It 
consists of parts that allow sensing various aspects 
of the product, process and behaviour of the 
system in general 

In order to use the IPPMD for the 
development of the manufacturing system entity, 
it must be instantiated since the beginning of the 
project. This practice assures the correct progress 
for planning as any detail can be identified by the 
project manager. The suggested procedure while 
running the IPPMD for an entity, is as follows: 

i. Definition of the entity. Understanding 

the scope is mandatory for defining a 

new entity. Is it a novel or redesign of 

something that is available in the 

manufacturing firm? Does the current 

state of the entity fill the expectations? Is 

it possible to improve the entity? Is there 

sufficient guarantee that we are guided 

by the best and novel practices? 

Redefine the objectives or levels that the 

manufacturing system needs to reach, 

and/or propose the redesign strategy 

with the benefits of considering the 

solutions. 

ii. Instantiation. First, define the set of 

activities according to the entity that is 

going to be developed. Follow the 

design stages for the current entity 

presented in the IPPMD. Last, determine 

which engineering activities are going to 

be deployed. 

For the manufacturing process entity, it 

is important to fulfil the motives of the 

manufacturing firm in four categories: 

a. Inputs 

b. Manufacturing processes 

c. Finishing processes 

d. Outputs 

iii. Deployment. Define the particular model 

for the entity and select the techniques to 

accomplish the objective, (if no further 

considerations for the sector are 

applicable) the toolbox proposed could 

be used as a guide in the manufacturing 

sector. Deploy the activities using the 

techniques selected. 

The IPPMD aids in the development of 

product, process and manufacturing system 

entities, however, for the purpose of this paper, 

next section is going to delve in manufacturing 

process entity and present a summary of the 

product and manufacturing system, due to the 

dense reading that this would cause. In Fig. 3, 



there is presented the procedure followed to 

develop a manufacturing process entity. 

3. Application and Results 

The three case studies presented in this 
article are part of technology developed in the 
University around the patent name Reconfigurable 
Micro Machine Tool (RuMT) with number 
MX_E_2013_094998. This invention has evolved 
using innovative technology to increase its 
capabilities of production for the manufacturing 
sector. Novel components have been evaluated 
using the IPPMD reference framework in the three 
entities presented. Feedback and experiences from 
users have been considered for redesigning the 
RuMT. This has led to the addition of new 
machining features throughout using modules, 
allowing the process of certain materials not 
commonly used on tools of this scale. The module 
approach allows the versatility to change from one 
to another functionality in question of minutes, 
thus, creating a modular flexible machine for 
different purposes. 

3.1 Multifunctional Micromachine Tool 

The Multifunctional Micromachine Tool 
(MMT) is an open-source CNC machine capable 
of performing different machining operations 
using the same hardware arranged in different 
ways, it is the redesign of the RuMT. In order to 
obtain this extra functionality, the use of some 
hardware add-ons called modules is needed. It has 
been used as a base model to develop interesting 
solutions that increase the functionality beyond 
the classic lathe and milling operations. Some 
remarks are a punching module to generate 
stamping on some objects along with Braille 
marking on soft materials; as a cutter to produce 
cloth prototyping that need precise shapes in order 
to study the scalability of a proposed material to 
full size garment; laser engraving to perform tests 
on intensity and speed on finishing certain 
materials; a drill to perform precision marking 
previous to full size machining obtaining 
precisions close to full size CNC on manual work 
and even the addition  of an extruder to perform 
additive manufacturing with the purpose to study 
design of experiments on the many parameters 
available to print on cold and hot beds. 

The machine has become a great tool to 
provide a wide scope when understanding some 
manufacturing processes and aid students to learn 
the foundations when developing a product. A 
major advantage is the use of open source 

software and a standard-part approach to reduce 
costs and increase serviceability and life-span. 
Thanks to the incorporated CNC capabilities, the 
machine has been used by multiple engineering 
fields as it incorporates principles of 
manufacturing processes, value chain, logistics 
and it has been extrapolated to cover cyber-
physical systems, energy consumption, 
ergonomics and digital twins. 

The micromachine tool versatility invites to 
the development of newer modules to include 
processes not commonly found on classic numeric 
machines. It can support academic sector in rural 
areas where the CNC capabilities are limited to 
theory due to acquisition, maintenance or raw 
material cost of industrial machines. Also, its 
application can be extended beyond academia as 
has been designed considering minimum 
requirements to accomplish small manufacturing 
demands. This machine could be easily transferred 
to aid creators or entrepreneurs providing an 
affordable technology to produce low-scale CNC 
precision goods. 

The redefinition of the MMT followed the 
IPPMD reference framework as explained in the 
following subsections. 

3.1.1 Product Development 

The stages for the first entity combined the 
following activities to accomplish engineering 
activities while developing the current stage. In 
Table 2 is presented the particular model for the 
product development of the MMT.  

Product Idea. The activities that are carried 
out during this stage involve interaction with the 
possible user / client, since it allows to sketch 
solutions that solve the ailments or needs 
discovered. 

Conceptual design and target 
specification. During this stage, weight is given to 
the primary needs that attack the user's problem, 
thus creating basic functional designs that seek to 
solve an existing market. In these designs it is 
necessary to identify the specification required by 
the user and verify its inclusion in the design. 

Detailed engineering design. This stage 
involves different areas, since it integrates 
materials, engineering design, parts detailing, 
assembly simulation and hypothetical creation of 
assembly lines. In this stage the viability of the 
product is verified. 

Prototyping. Finally, there are various types 
of prototypes. Since it is an iterative process, its 
development will be progressive, but initially it 



can focus on idea validation, followed by types of 
materials, user experience and operation. 

Table 2 Particular model for the MMT – Instantiation 
of a Product development entity 

 

In Fig. 4, there are shown the activities and 
documentation of the product development entity. 
The MMT was carried out successfully with 
different modules that could be adapted in 
minutes, CNC capabilities and tooling are 
considered for the machine. 

 
Fig. 4 Summary of the MMT-Product Development 

3.1.2 Manufacturing Process Development 
The stages for the second entity combined 

the following actions to accomplish engineering 
activities while developing the current stage. In 
Table 3 is presented the particular model for the 
process development of the MMT.  

Table 3 Manufacturing Process Development. MMT 

 

Individual Components Specification. The 
creation of a manufacturing process involves 
gathering information on the technologies 
available in the market, types of materials, 
suppliers, and the manufacture of components 
itself. At this stage the aforementioned details are 
explored. 

Manufacturing Process Selection. This 
stage involves identifying the individual 
components while making a decision about the 
production system. The more standard parts that 
are included in the design, the lower the cost, but 
the easier it will be for competitors to reproduce 
the system. The more manufactured parts the 
product has, the higher its cost. Therefore, 
defining which pieces add value and difference is 
essential during this stage to select the mix that 
adds value at a reasonable cost for the market. 

Manufacturing Process Plan. The plan 
involves the adequate selection of machines, 
primary and secondary parts processes, time 
estimation, assembly line design costs, detailing, 
finishing, packaging and transportation of finished 
parts. For a correct estimate it is necessary to 
define the volume that the target market will have 
and ensure the continuity of its delivery.  

Evaluation of the Manufacturing Process 
Plan. The manufacturing process plan can include 
different scenarios that must be refined during the 
evaluation, either by running physical pilots or 
simulating events through design strategies. In this 
stage, organizational objectives are prioritized to 
guarantee that the manufacturing process is 
adequate, at low cost and with a margin that 
allows it to be competitive in the market. The 
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Generate a Product Idea 

 Perform divergent analysis  
 Generate ideas 
 Uncover the behaviour and similitude with existing products 

 Megatrends 
 Idea generation 

Understand Customer Needs 

 Study the potential customer and user 
 Uncover using observation techniques 
 Consider ethnographic behaviour 

 Jobst To be Done 
 Needs-Satisfier Matrix 
 Outcome Expectations 

Product Idea Selection 

 Select the most promising idea 
 Converge analysis 
 Select by suitability and or budget 

 Storyboard 
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Functional Decomposition 

 Determine the minimal functions the product need to cover 
 Break small or complex tasks into minimal functionality 
 Visualise and analyse components rather than actions 

 Functional decomposition diagram 

Technical requirements specification 

 Conduct a study with potential users and customers about the expectations of the 
product 
 Propose solutions that could be achieved by matrices 
 Understand the target and use satisfactors to determine which functions are more 
relevant 
 Identify solutions of the functions needed 

 Idea generation checklist 
 

Concept Selection 

 Select the products that derived from functions observed 
 Choose among the feasible products 
 Identify your constraints 

 QFD 
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Modelling and model analysis 

 Understand functionalities and behaviour of the whole product 
 Identify physical principles and mechanical limitations 
 Unciver incompatibility or modifications required to assemble components 

 CAD designs 

Detailed distribution and design 

 Integration of components (physical or virtual) 
 Assebly drawing by type of parts (mechanical, electronic, control, software) 
 Compatibility and feasibility of parts selected 

 CAD assemblies 

Testing and refinement of design 

 Validation of the model obtained 
 Iterate the needs and identify problems 
 Documentation of the runs, simulations and verifying functionality 

 CAE designs 
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Prototype Development (sub-assemblies) 

 Test sub-assemblies with the redeined design 
 Provide feedback 
 Test again 
 Do Rapid Prototyping to uncover the unseen 

 CAD sub-assemblies 
 Physical prrof of concepts 

Integral Prototype development 
 Generate the assembly of the sub-assemblies and see the behaviour of the final 

structure 
 Validate: behaviour, materials, textures, forms, shapes, size, and relevant 

functionalities 
 Verify the product with customer/user 

 Physical assemblies and 
verification of functionalities 

Prototype Testing 

 Verify Functions 
 Verify Solutions 
 Verify Requirements 

 Verification of functionalitiess 

Stage Engineering Activities – Analysis/Synthesis and Evaluation Documentation 
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Identify volume, geometry, material 

 Determine the components for structure. 
 Decompose the machine into structure, bed and modular components. 
 Select feasible materials. Consider vibration, durability and viability. 
 Determine simple shapes and materials for acquisition or manufacturing. 
 Determine shape, roughness, tolerance, mass of individual components. 

 Bill of materials 
 Catalogue parts 
 Supplier specification 

Determine availability, time and cost of components 

 Fill the Bill of materials for each of the components and add suppliers. 
 Create a catalogue of suppliers in terms of volume and delivery time. 

 Extended Bill of materials 
 Supplier catalogue 
 Online suppliers 

Select Components and write down its specification sheet 

 Select components in terms of their value-added characteristics. 
 Compare the design with user or customer needs 
 Write down a complete BoM with possible suppliers. 

 Functional decomposition 
 BoM with detailed suppliers 
 Customer/user validation 
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Classify in the manufacture or standard parts 

 Identify standard components volume. 
 Identify manufacturing components and their manufacturing process. 
 Identify sustainable impact of the components 

 Material databases and carbon 
footprint 

 Product catalogues 

Determine a manufacturing or acquisition plan 

 Determine an acquisition plan for standard components.  
 Determine the set-up, primary and secondary processes for manufacturing 
components. 

 BoM 
 Checklist 
 Supplier catalogue 
 

Select machinery or suppliers. 

 Select suppliers for standard components 
 Select machinery for manufacturing processes 

 PRIMA and auxiliary matrices 
 Process Selector 
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Identify time and cost for individual components 

 Determine critical time routes for transporting and processing cycle. 
 Determine dimensions of machinery according to part dimensions. 
 Determine the cost of tools, fastenings, and auxiliary services. 

 Critical route 
 Part-cost Estimator 
 CES EduPack 

Evaluate necessities against offers in the available market 

 Verify the dimensions of machinery, capacity and effectiveness. 
 Recondition the manufacturing process according to alternatives in the market 
 Identify the sustainable impact of the manufacturing process 

 Precedence Diagram Method 
 Project review 
 Project evaluation 

Define a plan to achieve volume, quality, cost and time 

 Define production planning considering the volume and time lapse. 
 Determine the delivery periods and productivity calendar with suppliers. 
 Determine the quality parameters according to value-added characteristics. 
 Determine the processing time of machinery and plant distribution. 
 Determine the number of stations and operators 

 Value Stream Mapping 
 Tecnomatix VSM 
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Determine individual activities per station 

 Schedule stations’ tasks. 
 Determine the number of operators and supplies needed per station 
 Schedule shifts and buffers needed to complete a batch. 
 Determine cycle times 

 Evaluation of VSM 

Simulate different scenarios 

 Use scenario-based techniques. 
 Use Discrete Event Simulation to simulate operations of the plant. 
 Determine the energy or sustainable impact of the manufacturing process. 
 Simulate real operation cycles with time 

 Discrete Event Simulation 
 Layout 

Optimise the manufacturing process plan 

 Find optimal routes. 
 Find optimal workers paths. 
 Find optimal shifts. 

 Design of experiments for VSM 



evaluation dictates the entry of the integrated 
manufacturing system. 

In Fig. 5, there are shown the activities and 
documentation of the process development entity. 
It included the selection of suppliers, availability 
in the market, cost-benefit to the mechanical 
structure of the machine, analysis of cost, 
activities to be carried out and simulation of 
different scenarios to accomplish the production.  

 

Fig. 5 Summary of the MMT-Process Development 

The second entity which is the backbone of 
this work is presented in the following case 
studies, however, activities were carried out to 
generate a manufacturing system of the MMT. It 
is considered in the Manufacturing Process Plan 
and its evaluation the assembling of the modules 
in the final product according to customer 
requests. Plastic Extruder and 3D Food Printer 
Modules are detailed and conform part of the 
production line for the manufacturing system. 

3.1.3 Manufacturing System Development 

The stages for the third entity combined the 
following actions to accomplish engineering 
activities while developing the current stage. For 
the development of the manufacturing system, 
there are 3 main structures i) product transfer, ii) 
technology transfer and iii) system creation. The 
first of them involves the acquisition of 
components by suppliers and carries out activities 
that add value for users, such as assemblies or 
packaging. The second structure transfers the 
design of the components and takes advantage of 
the installed capacity of various suppliers to 
generate custom parts and integrate them into 
custom products. The third structure manufactures 
each of the components internally, guaranteeing 
the integrity of the parts and industrial protection. 
Its cost and industrial protection is in ascending 
order. In this paper, only the first one will be 
described. In Table 4 is presented the particular 
model for the manufacturing system development 
of the MMT.  

Product Transfer. For this stage, the 
components must be defined based on what exists 
in the market and parts must be selected from 
various distributors that match the design. Simple 
manufacturing processes are generally required to 
condition the assembly or customization of parts. 

Manufacturing and Quality Control 
Requirements. Referring to the tolerances, 
shapes, assemblies and type of information that 
must be verified throughout the production 
system. It uses industrial standards to guarantee 
best practices. 

Process Planning. In a similar way to the 
manufacturing process plan, it involves the 
definition of costs, assembly lines, workstations, 
personnel, but above all delivery times with 
suppliers and physical space in which the 
activities must be carried out. 

Manufacturing and Assembly of 
Components. It involves pilot tests or simulations 
of its operation to verify layout, materials, 
transportation, buffers, machinery, services, and 
reception, production and delivery times. 

Table 4 Instantiation of a Manufacturing System 
development entity. MMT 

 

In Fig. 6, there are shown the activities and 
documentation of the manufacturing system 
development entity. It included the selection of 
suppliers, machinery, layout distribution and 
simulation for scenario creation and optimisation. 
It is a summary of the complete manufacturing 
system to produce the MMT. Nonetheless, as the 
manufacturing process would change according to 
different purposes, the modules to add 

 Stage Engineering Activities Techniques/Tools/Documentation 
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Identify the product transferring 

 Determine which components are going to be acquired 
 Prepare an acquisition planning  
 Select suppliers 

 Product data sheet 
 Material databases 

Determine quality, cost and volume requirements 

 Determine which components are going to be modified 
 Define production per year to verify the demand 
 Corroborate with suppliers the quality expected. 

 Online suppliers 
 Control diagrams for quality 

assurance 

Choose components and suppliers 

 Define the acquisition plan 
 Select components and suppliers to add value to the production process 
 Write down a complete table volume, cost and suppliers of components 

 Critical Route 
 Histogram 
 Stratification 
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Stratify the operations 

 Classify the type of station or cell according to manufacturing components, 
buffering, standard components and assembly stations. 
 Define the requirements of services 
 Define the resources needed per station 
 Deine quality controls 

 Product catalogues 
 Checlist 

Determine a manufacturing plan 

 Manufacture pieces must be specified with measurements 
 Standard components are acquired according to quality assurance protocol 
 Suppliers are evaluated 
 Determine additional treatments and services 

 Checklist 
 

Select machinery 

 Select suppliers for the stations and cells which comprise the manufacturing 
system 
 Select conveyors, buffers, robots or worforce to transport the material throughout 
the manufacturing lines 

 Catalogues 
 Data sheet 
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Identify services 

 Determine the configuration implemented in the Manufacturing System (Highly, 
partial, low automation or manual) 
 Plan the maintenance required for the machinery acquired 
 Select the structural aspect of the manufacturing system  
 Identify water, emissions, energy and production controls depending on the 
volume required. 

 Material Database 
 Part-cost Estimator 
 Services definition 
 Configuration of the manufacturing 

system 

Evaluate the manufacturing process plan 

 Verify the volume, effectiveness and services of the manufacturing system 
 Compare acquiring vs subcontracting 
 Generate laboratory tests for automating quality process 

 Project evaluation and review 

Define a planof manufacturing system functioning 
 Generate different scenarios to accomplish the correct functioning 
 Define a layout of the cells or stations according to the manufacturing process 
 Determine time of station 
 Deterimne the number of operators 
 Determine a productivity calendar according to product specifications 

 Value Stream Mapping 
 Layout 
 Scenario Creation 
 Capacity utilisation 
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Determine individual activities per station or cell 

 Schedule stations and cells 
 Determine the resources per station 
 Schedule shifts and determine critical routes 
 Determine cycle times per machine, station and cells 

 Supply strategies, yield 
 Evaluation of VSM 
 Cycle Time 

Simulate production and optimise bottlenecks 

 Use Discrete Event Simulation to simulate operations of the manufacturing 
process 

 Create multiple scenarios 
 Determine if an interaction should be modified using emergent technologies 
 Simulate real operation cycles with time 
 Do pilot tests 

 Simulation 
 Digital twin 
 Discrete Event Simulation 
 Layout 

Optimise the manufacturing system 
 Find optimal layout, distribution of stations and posture of operators 
 Find optimal shifts 

 Optimization of Bottle neck 
 Discrete Event Simulations Tools 
 Design of experiments 



functionalities to the machine are developed apart 
and their development were submitted as 
particular case studies. 

 
Fig. 6 Summary of the MMT-Manufacturing System 
Development 

When developing the MMT, the responses of 
the designers were evaluated. The core of this 
project was to join the previous knowledge that 
students have, boost their capabilities while 
problem solving and structuring the process to 
create. About 70 per cent of the undergraduates 
observed considered that they had the knowledge, 
but not the skills to make the project. Around 80 
per cent considered that the time span of four 
months was not enough to make the prototype nor 
design the manufacturing system. 100 per cent of 
the students developed a functional prototype of 
the product once they understood the 
methodology and structure their previous 
knowledge in the time span proposed. There was 
observed an improvement in the following skills 
of the participants. Critical thinking was boosted 
applied to problem solving, while creativity and 
collaboration were the two abilities students did 
not expect were crucial at the beginning of the 
project but ended up being those that were plenty 
used during the process. There is a perception 
from 90 per cent of the students that the IPPMD 
reference framework allows them to make  any 
product, process and manufacturing system 
generated from scratch in a short time-span. 

3.2 Plastic Extruder Module 

This case study is based on an exercise for 
Industrial designers aiming to reuse raft and 
supporting material in 3D printed stuff. This is a 
common issue involving certain 3D printing 
materials such as ABS and PLA. In order to 
produce an even surface prior to the expected 
model a bed of material known as raft is extruded. 
This is not part of the model and is considered as 
waste after the process. This bed is bigger than the 
3D model face pointing to the plate of the printer 
and usually its thickness varies according to the 
settings of the user but is usually from 1mm to 

2mm thick. Almost any model printed in the 
aforementioned materials needs rafting. 
Supporting material on the other hand, has the 
function to provide mechanical support on 
cantilevered details or sharp protruding edges. The 
fact that melted material has low viscosity 
increase the difficulty to print certain shapes thus 
the use of support is of uttermost importance. 
However, after the printing job, supports and rafts 
become waste and, in some cases, represent up to 
10% of the used raw material. The degradation 
suffered from the thermal stress sometimes render 
the material unusable for 3D printer recycled 
reels. This waste is often thrown away whilst there 
are some efforts to give a second life to these 
materials because the plastic is suitable for other 
processes such as extrusion moulding. The 
solution explores the reconversion of this material 
into any plastic figures that are extrusion based.  

3.2.1 Challenges 

The premises to the development of the plastic 
extrusion module are: i) use of readily available 
raw materials and ii) the total construction parts 
should be reduced to the minimum. The first one 
helps to maintain standard parts while reducing 
the processes necessary to produce the model. The 
second aims to reduce complexity and decrease 
the use of joining materials while maintaining full 
functionality of the module. The two premises led 
to a set of challenges that need to be addressed by 
the analysis, synthesis and evaluation cycle during 
the product development using the IPPMD 
reference model. In a nutshell, the most 
representative are: 

1. Mechanical characteristics. Materials 
used to construct the module must provide 
thermal isolation while maintaining 
mechanical support and strength during 
operations. The number of pieces should be 
reduced to the minimum. 

2. Electric characteristics. Heating should 
use available voltages and control systems 
embedded in the base model while 
maintaining safety measures for the end 
user. 

3. Modularity. Extrusion module should 
remain as an attachable component to the 
base model. Easy assembly of the subparts 
is wanted in order to reduce complexity 
thus, the rate of failure is decreased. 

4. Manufacturing system. The majority of 
the sub-processes need to be performed 
within the module itself. High linearity is 



desired, when a subprocess of another 
family is needed it should be performed 
separately in order to maintain complexity 
at minimum. 

5. Software specification. Manufacturing 
system should be able to perform tasks 
using g-code programming. A suitable 
strategy is needed to adapt common 
additive machining instructions from 
Computer Aided Design (CAD) to 
Computer Aided Manufacturing (CAM). 

6. Hardware specification. Most of the parts 
of the module should be specified 
according to standard parts, this meaning 
custom-made elements should be reduced 
to the minimum. 

3.2.2 Brief summary of the final extrusion 

module 

The creation of the extrusion module is no 
further explored in detail; however, a brief 
description of the final product is made in order to 
understand its process. As already explained in 
previous sections this module was developed 
using the IPPMD product engineering stages. The 
final result is shown on Fig. 7. The extrusion 
module is similar to any industrial extrusion 
system. The plastic pellets are fed into a 
cylindrical container that is heated, then the 
melted polymer is pushed through a nozzle that is 
connected to a mould. This way, depending on the 
shape of the former is possible to produce 
different plastic pieces in a short period of time. 

Each part of the module executes a 
subprocess. F is the hopper, it has enough space to 
pour 50 grams of plastic pellets. In this case, F 
also function as the heater barrel, thus its 
construction was made using standard copper tube 
that is electrically isolated using fiberglass film 
from heater element E. At the bottom of F a 
special gasket is used with 3 purposes: i) bond it 
with H making a leakproof seal and thermal 
isolation seam; ii) drive the melted plastic to the 
mould and iii) align the mould with the extrusion 
system. D is a ceramic heat shield that maintains 
the high temperature needed in F while isolating 
the user from the heat. In this case, melted 
material is not driven with an endless screw but 
with a metallic plunger C that withstands high 
temperature. A cage adapted from steel PTR 
(parts G, H, J and L) is designed in such a way 
that allows easy mould fitting through an 
expulsion system (parts G, I and K). Fixture 
elements (parts A, B and L) are attached to the 

base model to provide structural rigidity and 
mechanical power to the system. Heater element E 
is driven with a temperature controller managed 
by the software. The result of the synergy between 
all the elements provide the functionality to 
perform an extrusion process on the base model.  

 

Fig. 7 Plastic extrusion module exploded view 

3.2.3 Manufacturing Process analysis of the 

plastic extrusion module 

Manufacturing planning requires the 
integration of multidisciplinary work and skills to 
design an optimal process with available resources 
in the market. However, from all possible paths, 
some guidelines are needed to get the best 
solution possible while maintaining sustainability 
in all the axes. Thus, this methodology was 
selected to guide the realisation of stages in the 
designing process of the extrusion module. 
Following the methodology exposed in Fig. 6 and 
aided by the toolbox presented in Table 1, the 
Manufacturing Process that corresponds to the 
second entity of the IPPMD was developed. 
According to the proposed roadmap for the 
development of the plastic extrusion module, the 
following activities were done: i) Definition of 
Manufacturing Process, ii) Instantiation and iii) 
Deployment.  



i) Definition of Manufacturing Process. 
As previously mentioned in the methodology 

approach, this is a general manufacturing process 
enhancement case, thus, analysis mainly aims to 
the machine tools that processes the module. It is 
of high importance to determine along the 
development if all the parts are to be produced in-
facility or some outsourcing will be needed. If 
there are activities that are held outside the firm a 
brief analysis will take place, some data can be 
obtained from delivery point to plant processing. 
This implies the correct selection of machines, 
tools and strategies to reduce the amount of waste 
during the manufacturing process. In order to 
remain competitive on the long term, planning 
must consider higher upcoming environmental 
restrictions.  
ii) Instantiation. 

The sequence of activities considers 
engineering activities (analysis, synthesis and 
evaluation) coupled with tollgates are used to 
guide designers into the definition of the 
Manufacturing Process. Table 5 summarizes the 
relationship between instantiation stage and the 
tools needed to achieve the process plan.  

Table 5 Manufacturing Process Development. 
Extrusion Module 

 

iii) Deployment. 

In the following section are described all 
individual activities carried away during the 
development of the Manufacturing Process of the 

module. Process is demonstrated analysing the 
model’s development four stages: i) Individual 
Component Specification ii) Process Selection, iii) 
Manufacturing Process Plan and iv) Evaluation of 
Manufacturing Process.  

3.2.4 Individual Component Specification 

At this section, individual parts of the 
module are analysed to assess the raw material 
needed to produce them. For this module, most of 
the specifications are already available thanks to 
the detailed prototyping achieved during product 
development. Material, sizes and tolerances are in 
datasheets reducing time to do the instantiation in 
this section. Most of the work is for defining raw 
material to produce the parts. 

Analysis: Identify volume, geometry and 

material 

The extrusion module has been previously 
designed according to the product development 
stage. At this point detailed information is 
available in order to analyse process planning. 
Some insight on the requirements were analysed 
as the use of standard parts to develop a highly 
functional prototype. Detailed specs on the 
datasheet is provided for every part of the module 
(See Table 6). Additional information of the 
availability of OEM components were considered. 
Material was previously selected and analysed to 
withstand temperature and strain when working.  

Table 6. Datasheet catalogue for the extrusion module 

 

According to datasheets, most of the process to 
produce final part are reduced to minimum as very 
little customization is needed. Standard tools 

 Stage Engineering Activities – Analysis/Synthesis and Evaluation Documentation 
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Identify volume, geometry, material 

 Decompose the extrusion module in functions 
 Determine number, volume, shape, type and supplier of the extrusion module. 
 Identify parts that execute the extrusion process 
 Determine the materials and robustness of the components 

 Product Datasheet 
 Bill of Materials 

 

Determine availability, time and cost of components 

 Identify the blueprints of the components. 
 Select materials that could be assembled. 
 Identify suppliers. 

 Blueprints 
 Raw material catalogue 

Select Components and write down its specification sheet 

 Determine process hierarchy for the components 
 Write down a catalogue for the suppliers 
 Complete the BoM for the extrusion module 

 Process hierarchy 
 Extended BoM 
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Classify in the manufacture or standard parts 

 Identify standard components 
 Identify manufacturing components 
 Create a BoM that differentiate both groups. 
 Identify social, environmental and economic impact of the components 

 Standard component BoM 
 Non-standard components BoM 

Determine a manufacturing or acquisition plan 

 Determine type of activity that must be carried out in standard components 
 Determine set-up, primary and secondary manufacturing processes for non-
standard components 
 Determine type of stations required 
 Determine machines, dimensions and fastening for the materials. 
 Determine OPITZ by component and gather the information for stations. 

 Manufacturing process definition 
 Blueprints 
 Process selector 
 OPITZ classification 
 

Select machinery or suppliers. 

 Select outsourced components 
 Select in-facility components 
 Select machinery and determine assembly time for the extrusion module 

 Machine-process relationship 
 Time, movement and assembly 

viability 

M
a

n
u

fa
ct

u
ri

n
g
 P

ro
ce

ss
 P

la
n

 

Identify time and cost for individual components 

 Determine the machines that could execute the manufacturing processes required 
during operation. 
 Create a benchmark for the machinery 
 Determine the critical operations 
 Determine tools and auxiliary services for the machinery 

 Machine benchmarking 

Evaluate necessities against offers in the available market 

 Verify the manufacturing processes that are going to be carried out during 
extrusion module production. 

 Determine dimensions and minimum machinery 
 Determine the steps needed to select stations and machinery 
 Identify the impact of components. 

 Precedence Diagram Method 

Define a plan to achieve volume, quality, cost and time 

 Define activities, transporting, process cycle and quality for the in-facility 
components. 

 Define transporting, process cycle and quality for the outsourced components. 
 Define number of operators, stations and machines. 
 Determine the delivery periods, productivity and shifts according to volume 

 Value Stream Mapping for 
manufacturing components 

 VSM for outsourced parts 
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Determine individual activities per station 

 Define activities per station. 
 Define critical tasks. 
 Define raw material path. 
 Define buffers. 

 Individual activities 
 Supply strategies, yield 

Simulate different scenarios 

 Represent multiple scenarios of the machinery and stations. 
 Simulate scenarios to verify VSM. 
 Corroborate operators, machinery, stations, and buffer distribution. 

 Discrete Event Simulation using 
Tecnomatix 

Optimise the manufacturing process plan 

 Optimize raw material routes. 
 Optimize worker distribution per station. 
 Optimize calendar. 
 Optimize operation with production and delivery times. 

 Optimization of the plant using 
DoE 

Part Name Plane Material Machining OEM 

A Motor base 

 

Aluminium Yes Yes 

B Plunger holder 

 

Plastic No No 

C Plunger 

 

Steel Yes Yes 

D Ceramic shield 

 

Ceramic No Yes 

E Heating element 

 

Steel No Yes 

F Hopper 

 

Copper Yes Yes 

G Mould Lid 

 

Steel Yes Yes 

H Mould case cover 

 

Steel Yes Yes 

I Eject element 

 

Steel Yes Yes 

J Mould case 

 

Steel Yes Yes 

K Eject screw 

 

Steel No Yes 

L Mould case base 

 

Steel Yes Yes 

 



provide size and tolerances within the range of the 
final part. Standard raw material is treated in next 
section as there are many baseline solutions. 

Synthesis: Determine availability, time and cost 

of raw material 

Availability of components are consulted 
with local and foreigner providers. Among 
catalogues present at the realisation of this 
exercise, standard raw material is selected to 
provide final part close to raw material specs, 
thus, very little machining is needed. The majority 
of structural material can be purchased locally, 
catalogue number is not provided by the 
manufacturer, only reported size is necessary for 
querying purposes (See Table 7). Standard raw 
material is always available, and no shortage is 
reported. Is also important to note that the former 
has been consulted and it will remain in the 
catalogue for a long time because it is an 
industrial standard. 

Table 7 Raw material catalogue for extrusion module 

 

After considering available material options, it is 
possible to make calculations about raw material 
yield as some bars and rods are very large and 
several parts can be obtained from them. 
According to projected production, estimation 
cost is visualised in Table 8. 

Table 8 Raw material catalogue cost for extrusion 
module 

 

Evaluation: Write down process specification 

sheet 

Datasheet provided an insight about machining 
operations for each part, however, when combined 
with raw material specs the complete set of 
necessary steps is noticeable. This provides the 

information needed for the next stage. In Table 9, 
the core hierarchy machining operations are 
shown in order to plan the machines needed to 
operate the plant. 

Table 9 Process hierarchy for the extrusion module 
parts 

 

3.2.5 Process Selection 

At this part a few considerations take place 
to provide a baseline for calculations. Until now it 
was possible to understand the machining process 
to obtain the parts necessary to assemble the 
module, however, from this section it is essential 
to provide target volumes of production. The 
baseline for the rest of the steps is a production of 
100 modules a month, most of the manufacturing 
is made inside the facility, however some 
outsourcing is expected. 

There are many solutions to a given problem, in 
this case different machines and machining 
processes can have similar results however, time 
and precision will force to choose between several 
available solutions. For this section is imperative 
the use of process selection tools in order to do 
faster calculations. At this level an analysis of 
each part must be made but in order to summarize 
this exercise, just a couple of parts will be 
described. 

Analysis: Classify in the manufacture or 

standard parts 

Most of the raw material can be obtained from 
supplier catalogues. However, according to table 
14, just four of them need small adjustments or 
don’t need machining at all. Tables 10 and 11 
show the classification of the parts, depending on 
the former, the operations needed to obtain the 
final result will vary. Most of them will only need 
lathe, mill and drilling operations to some extent, 
however, specific subprocess will be analysed on 
further steps. 

Part Name Raw material size Presentation Make Number 

A Motor base 2x1/4 in bar 6m bar MIPSA - 

B Plunger holder Custom made piece - - 

C Plunger 1 in rod 6m rod FORTACERO - 

D Ceramic shield Custom made piece - - 

E Heating element 20 cm piece Indiamart 100wt 

F Hopper 5/8 in 6m tube Nacobre - 

G Mould Lid 2x1/8 in 6m bar FORTACERO - 

H Mould case cover 2x1/8 in 6m bar FORTACERO - 

I Eject element 2x1/8 in 6m bar FORTACERO - 

J Mould case 2x2 in PTR 6m bar FORTACERO - 

K Eject screw M8 screw piece BoltDepot 13358 

L Mould case base 2x1/8 in 6m bar FORTACERO - 

 

Part Raw material 

size 

Presentation Target 

Volume 

Yield Net 

pieces 

Unitary cost 

(USD) 

Subtotal 

(USD) 

A 2x1/4 in bar 6m bar 100 40:1 3 $24 $72 

B Custom made piece 100 - 100 $5 $500 

C 1 in rod 6m rod 100 48:1 3 $15 $45 

D Custom made piece 100 - 100 $2 $200 

E 20 cm piece 100 - 100 $4 $400 

F 5/8 in 6m tube 100 113:1 1 $45 $45 

G 2x1/8 in 6m bar 100 113:1 1 $15 $15 

H 2x1/8 in 6m bar 100 113:1 1 $15 $15 

I 2x1/8 in 6m bar 100 113:1 1 $15 $15 

J 2x2 in PTR 6m bar 100 113:1 1 $23 $23 

K M8 screw piece 100 - 100 $0.5 $50 

L 2x1/8 in 6m bar 100 113:1 1 $15 $15 

 

Part Name Process 1 Process 2 Process 3 Process 4 Process 5 

A Motor base Cutting Drilling Tapping Deburring - 

B Plunger holder Tapping - - - - 

C Plunger Cutting Deburring - - - 

D Ceramic shield - - - - - 

E Heating element - - - - - 

F Hopper Cutting Deburring - - - 

G Mould Lid Cutting Milling Deburring - - 

H Mould case cover Cutting Drilling Deburring Welding - 

I Eject element Cutting Chamfering Deburring - - 

J Mould case Cutting Deburring Welding - - 

K Eject screw - - - - - 

L Mould case base Cutting Milling Drilling Deburring Welding 

 



Table 10 Standard Components of the extrusion module  

 

Table 11 Non-Standard Components of the extrusion 
module 

 

Synthesis: Determine a manufacturing or 

acquisition plan 

Manufacturing can be classified at this point 
in two axes: i) processes needed to produce the 
individual parts and ii) processes to consolidate 
and assemble the module. Both need to be 
explored in detail to determine an action plan. A 
deep insight on this will provide a baseline to 
project if in-facility manufacturing is cost-
effective for every part or if is necessary to do 
some outsourcing to reduce costs. Table 12 
summarizes the steps needed to consolidate the 
module. 

Table 12 Manufacturing processes for the extrusion 
module 

 

Some of the manufacturing processes can be 
processed on the same machine reducing 
acquisition cost, however a detailed evaluation 
needs to be done to determine the machine tools 
needed or the acquisition plan. For this brief 

example, just processes needed to produce the 
individual parts are covered and a couple of parts 
are displayed. Two approaches are covered. 

There are some available databases that help 
to determine the best process to produce certain 
pieces. It depends on data as the shape, tolerance 
and lead time to say a few (See Table 13). This 
gives a rough estimation and is not always reliable 
as it not considers subprocess needed get the 
result. In this example the motor base is analysed 
using a process selector (see Fig. 8). 

 

Fig. 8 Part A, the motor base (all dimensions are in 
mm) 

 Material: Aluminium 

 The volume of production: 100 per 
month 

 Tolerance (+-0.05) 

 Surface roughness: 0.50 um 

 Mass: 0.130 kg 

Part Model Dimensions Shape Material Supplier ID 

E Heating 

element 

 

Spiral Steel Indiamart 100wt 

K Eject screw 

 

Complex Steel BoltDepot 13358 

 

Part Model Dimensions Shape Material Supplier ID 

       

B Plunger holder 

 

Complex Plastic Custom - 

D Ceramic shield 

 

Round Ceramic Custom - 

A Motor base 

 

Prismatic Aluminium MIPSA - 

F Hopper 

 

Round Copper Nacobre - 

G Mould Lid 

 

Prismatic Steel FORTACERO - 

H Mould case 

cover 

 

Prismatic Steel FORTACERO - 

I Eject element 

 

Prismatic Steel FORTACERO - 

J Mould case 

 

Complex Steel FORTACERO - 

L Mould case 

base 

 

Prismatic Steel FORTACERO  

 

Part Name Machining Welding Finishing Assembly Inspect 

E Heating element      

K Eject screw      

D Ceramic shield      

B Plunger holder      

A Motor base      

C Plunger      

F Hopper      

G Mould Lid      

H Mould case cover      

I Eject element      

J Mould case      

L Mould case base      

 



Table 13 Projected process for part A using a process 
selector tool 

 

Is clear that best selection is a milling 
machine, but when it is considered that raw 
material is close to the size, the proper operation 
is just cutting and then drilling. This is a valuable 
tool for non-complex pieces like D, C or even F.  

OPITZ is used as another approach to 
determine the manufacturing subprocesses to 
machine the extrusion plunger (see Fig. 9). At first 
glance is evident that a lathe is the preferred 
machine to produce it however, tools can increase 
production costs as there are operation that can 
only be made using special inserts. For this, 
OPITZ serves as a great tool to determine the 
inserts that will be needed to cut the plunger (see 
Table 14). 

 

Fig. 9 Part C, the extrusion plunger (all dimensions are 
in mm) 

 Material: Steel 

 The volume of production: 100-1,000 per 
year 

 Tolerance (+-0.05) 

 Surface roughness: 0.12 um 

 Mass: 0.295 kg 

Table 14 Projected process using OPITZ classification  

 

Evaluation: Select machinery or suppliers 

At this stage is mandatory to use different 
available tools to determine a manufacturing plan. 
Specially designed tools can increase cost and 
make a bad investment if the facility means to 
produce all the parts. According to the synthesis 
phase, in Table 15 the manufacturing machine 
tools needed for the module are clearly stated. It 
also considers what parts are best suited to be 
acquired by outsourcing means. Complex parts 
need tighter tolerances and preferably must be 
manufacture by CNC although semimanual 
machining is also possible but time- consuming. 
Low volumes don’t encourage the acquisition of 
numerical machines thus, outsourcing is preferred. 
Table 16 summarizes the results obtained from 
synthesis phase the approach for manufacturing 
according to complexity and cost analysis for its 
manufacturing. 

Table 15 Machine-process relationship 

 

Part Model Process 1 Process 2 Process 3 Process 4 Process 5 

C 

 Parting 

    

   Facing    

   

 

Shoulder 

turning 

  

    

 

Straight 

turning 

 

     

 Parting 

      

 

 

Code Process Automation Machine tool Complex/ Non-complex parts 

LC Linear Cutting No Bandsaw 0 / 7 

AC Angular Cutting Preferable Lathe 1 / 1 

DR Drilling No Drill press 1 / 2 

MI Milling Preferable Mill 1 / 1 

TA Tapping No Tap and 

wrench 

0 / 2 

CH Chamfering No Mill 0 / 1 

DE Deburring No Deburring tool 0 / 7 

WE Welding No Welder 0 / 7 

IN Inspecting No - 0 / 9 

AS Assembling No - 2 / 0 

 



Table 16 Manufacturing approach for each part 

 

3.2.6 Manufacturing Process Plan 

Previous phase helped to understand the 
processes necessary to produce each part of the 
module. This way, available information about 
machines, tools and external resources are 
summarized and an initial manufacturing process 
plan is schemed.  

Analysis: Identify time and costs for individual 

components 

On previous evaluation stage by using 
process selection and classification tools a wide 
variety of process determine an acquisition plan to 
produce the parts needed for the module. This will 
include machines, specialized cutting tools, 
cooling means, measurement devices, test 
equipment and so on (see Table 17).  It also serves 
as a solid ground to understand requirements on 
the facility, e.g. electricity, emission control, 
waste management and workforce qualifications. 
This information is necessary to create cost 
estimations but won’t be treated in this example. 

Table 17 Manufacturing machines and tools to produce 
assembly part of the extrusion module 

 

Synthesis: Evaluate necessities against offers in 

the available market 

At this point it will be of extreme importance 
the classification of suitable parts to be produce 
in-facility and the ones that are better off produce 
by outsourcing means. Some tools are expensive 
and don’t justify the acquisition, running and 
service expenses according to the production 
target profile. Beyond cost calculations a 
precedence diagram is useful to understand the 
flow from the raw material to the end customer 
(See Fig. 10). If it is noted that certain processes 
could lead to a further work or delay in the 
production due complexity, it is better to 
outsource to make a more agile process while 
reducing side-expenses and risks associated with 
off-expertise work. 

According to the diagram is possible that two 
parts that were thought to be manufacturable in 
the facility could indeed produce higher expenses 
and problems than previously thought. This was 
visible since their manufacturing plan but with 
information provided at this stage a correction 
needs to be done to reduce risk and expenses. This 
way is possible to begin a sketch of activities and 
distribution that will lead to the production of the 
desired product. This will include: material 
sources, process timing, machining stations and 
complex interactions between elements. 

 

Part Name Processes Complexity In-facility Outsorcing 

A Motor base LC / DR / TA / DE High No Yes 

B Plunger holder TA High No Yes 

C Plunger LC/AC Medium No Yes 

D Ceramic shield - Low No Yes 

E Heating element - High No Yes 

F Hopper AC / DE Low Yes No 

G Mould Lid LC / MI / DE Medium Yes No 

H Mould case cover LC / DR / DE / WE Low Yes No 

I Eject element LC / CH / DE Low Yes No 

J Mould case LC / DE / WE Low Yes No 

K Eject screw - Low No Yes 

L Mould case base LC / MI / DR /DE /WE Medium Yes No 

 

Process Machine or 

Component 

Image Cost (USD) 

Linear Cutting Bandsaw 

 

400 

 Saw 

 

20 

Angular Cutting Lathe 

 

700 

 Inserts 

 

100 

Drilling Drill press 

 

700 

 Drills 

 

150 

Milling Mill 

 

1000 

 Inserts 

 

150 

Chamfering Inserts 

 

25 

Tapping Tapping set 

 

150 

Deburring Deburrer 

 

15 

Welding Welder 

 

300 

 Electrodes 

 

20 

Inspecting Vernier 

 

300 

 Flexometer 

 

5 

Assembling Grips 

 

25 

 Bench 

 

500 

 



Start

Material request

Standard 

component

Request standalone 

components to the 

supplier

Request raw material

Cut material

Manufacture parts

Inspect material 

received

Allocate material in 

assembling stations

Test modules

Packing and storing

Send to customer

End

Complex 

subprocess

Attempt to manufacture 

parts

Suitable quality?

Yes

No

No

Yes

Yes

Find outsource provider

 

Fig. 10 Precedence diagram for the manufacturing of 
the extrusion module 

Evaluation: Define a plan to achieve volume, 

quality, cost and time 

With the information provided at this stage 
by the analysis and synthesis is possible to design 
a plan to produce the desired number of pieces in 
the projected time. At this point two branches in 
the production are clear, half of the parts can be 
manufactured in-facility while the others have to 
be purchased by outsourcing means. Value Stream 
Mapping (VSM) is a tool to consolidate and for 
clearly understand a plan to achieve the desired 
production objectives. However complex 
behaviours are not suitable for this tool so, plain 
distribution from raw material, machining 
processes, process stations and final customer 
delivery is shown in Fig. 11 and Fig. 12. 

 

Fig. 11 VSM for in-facility machined parts 

 

Fig. 12 VSM for outsourced parts 

3.2.7 Evaluation of Manufacturing Process 

Plan 
According to previous phases is possible to 

further develop the manufacturing plan. For this, a 
more complex and detailed analysis of the 
machinery and processing times is needed. 
Software solutions like Discrete Event Simulation 
(DES) programs can deal with the complexity to 
study and forecast certain scenarios. In order to 
design a simulation more detailed information is 
necessary and a process map to link all the 
activities inside the facility. 

Analysis: Determine individual activities per 

station 
Thanks to previous activities is possible to 

understand and estimate processing times on all 
the necessary steps to produce de module. Table 
18 summarizes this data where is possible to 
isolate in-facility and outsource process. 
Manufacturing plan serves as a starting point and 
gives a general idea of the working facility, 
however, when dealing with so many events 
happenings at the same time, manual calculation 
render this work exhausting and prone to error. At 
this point it becomes necessary to apply all the 
resources so far to determine the map for the 
manufacturing plan. Individual activities will help 
to link the workflow in the next phase.  



Table 18 Individual activities chart 

 

Synthesis: Simulate different scenarios 

After the activities chart is made a sketch of 
the workflow can be made. In this case it is 
directly mounted on a DES software. Fig. 12. 
Comprises all the activities of the previous chart. 
On the left side sources from raw material that 
will be processed in-facility are declared (F, G, H, 
I, J and L). According to the process map, each 
part enters a machine to be processed. For 
instance, piece F enters the lathe and then a 
deburring station. Each box represents a process. 
The logic is based on the activities chart. Side by 
side with some process boxes there are lists that 
establish the processing times for each part that 
enters as not everything has the same schedule. 
This is made for every part that is processed in-
facility. On the other hand, outsourced material 
comes from the bottom of the screen (A, B, C, D, 
E and K). As stated in Table 19, this material is 
inspected and directly heads to the assembly 
station to join the other already processed parts. 
Last section corresponds to testing and packing. 

The chart summarizes working (green), 
waiting (grey) and blocked (yellow) times, to cite 
a few, of the processing stations. It is clear that 
there are room for improvement as the bandsaw is 
stuck almost half of the time due bottleneck in 
front processes. Milling station is the only one that 
is working almost all the time while the other 
stations are waiting for material. At this point, the 
proposed solution is perfectly capable of 
producing the desired results, however, most of 
the machinery is wasting time due poorly 
optimized plan.  

 

Fig. 13 Simulation of the manufacturing plant to 
produce Plastic Extrusion Module 

Evaluation: Optimise the manufacturing plan 

DES software is capable to provide solutions and 
analyse data to get a better solution according to 
the data provided. In this case, throughput chart 
provides a deep insight about week spots in the 
early designs. This can help to manually improve 
design or to semi automate the search for a better 
solution using tools like design of experiments 
(DoE) and genetic algorithms (GA). For the 
purpose of this example just manual improvement 
is made and different scenarios are evaluated to 
determine a better solution. The best one should 
be looked using the former optimization tools. 

According to data provided by throughput chart, 
the bandsaw has a problem as the majority of time 
is stuck (See Fig. 13). This is because processing 
time is inferior in contrast of the subsequent 
stations. This render the station stuck for a great 
amount of time. This is solved by adding buffers 
between stations to store excess material. This is 
the way to go in a facility but was not considered 
in the early designs. Buffers help to equalize 
different processing times by storing and releasing 
material. Other improvements were made to the 
lathe adjusting the process strategy and at the end 
it was noticeable that a packing station had no 
purpose as the majority of time is waiting so, last 
stations merge to better use the resources. Fig 14 
shows the results after making adjustments and 
the throughput chart clearly shows a great 
improvement to the early design. 
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A - - - - - - 1:00 

10:00 5:00 1:00 

B - - - - - - 0:30 

C - - - - - - 1:00 

D - - - - - - 0:30 

E - - - - - - 0:30 

K - - - - - - 0:10 

F - 0:05 - - 0:10 - 0:10 

G 0:10 - 2:00 - 0:10 - 0:10 

H 0:10 - - 0:30 0:10 0:30 0:10 

I 0:10 - 1:30 - 0:10 - 0:10 

J 0:30 - - - 0:25 1:30 0:20 

L 0:10 - 1:45 2:00 0:10 0:30 0:10 

           

Legend:  In-facility  Outsourcing    

           

 



 

Fig. 14 Optimization of the simulation plant 

The final simulation can be used as a baseline to 
define the final plant stations and distributions. 
This model aid in the search for time, process and 
production improvement. This way is possible to 
forecast scenarios and explore upgrades or pursue 
more ambitious production plans. This will have a 
significant impact on sustainability indexes. 

At the end is possible to compare the activities 
from Table 10 to the ones developed in the 
extrusion module case study. It is necessary to 
understand that a constant assessment was 
conducted in parallel to determine if activities 
were in fact moving the process to the objective. 
Machinery and production strategies were 
considered for the production volume whereas an 
increment in production will necessary 
accommodate more sophisticated strategies. These 
solutions are estimated to be aligned with the 
objectives set at the beginning of the case and add 
functionalities to the Multifunctional 
Micromachine, providing extrusion capabilities 
aligned with a problematic of daily life in 
different recycling scenarios. 

 

Fig. 15 Summary of the Plastic Extruder Manufacturing 
Process Development 

In Fig. 15 there is shown a summary of the 
Plastic Extruder Module manufacturing process. 
When developing this module, the participants 

were observed and interviewed before and after 
the project was completed. The comment that was 
repeated the most at the end of the module was 
that the methodology expands the perspective of 
the process to be developed and allows us to 
follow in a structured way what we already know 
how to do. The manufacturing process for the 
Plastic Extrusion module took six weeks from its 
conception as part of the applications that can be 
performed in the MMT. The learning transmitted 
after using the IPPMD as a reference is that now 
the participants can structure an idea and break it 
down into achievable tasks that allows its 
development step by step to verify its operation. 

3.3 3D Food Printer Module 

The case study presented in this article is 
related with food security, it targets to offer a 
solution around the world and cover food security. 
This case study concerns two nations of Latin 
America, Colombia and Mexico. Objectives of 
this research tend to contribute the state of the art 
in either manufacturing design and nutrition 
fields. The former is treated in this research, the 
latter would be particularised in another article. 
However, this project aim at providing solution to 
existing problems regarding nutrition. The main 
motivation for this project is related to the existing 
nutritional deficit indexes both in Colombia and in 
Mexico, during the realisation of this research, 
solutions were proposed according to resources of 
both nations.  

There is malnutrition due to food prices and 
low incomes of poor and vulnerable populations. 
In principle, this problem is attacked from food 
security and formula would be described in 
another publication. Definition of the problem, the 
first approach of this research and the 
methodology of product design development (first 
entity) is exposed in (Cortés, Rodríguez, et al., 
2018a). The purpose of this project is to help the 
causes of origin that lead to malnutrition for the 
most vulnerable people in both countries, children 
and the elderly. The implementation of the 
reference model has served as a guide for the 
development of the manufacturing process for the 
3D Food Printer machine. 

3.3.1 Challenges 

The challenges addressed in this article are 
related to the creation of a module capable of 
processing edible formula into a nutritious bar for 
those in need. The main target of this case study 
was defined as the manufacturing process that 
involves this transformation. Decomposing the 
main activities needed, identify the components 



available in the market and adapt them into a 
manufacturing system capable of being upgraded 
with their sensing, smart and sustainable 
attributes.  

During the elaboration of this project, two 
main approaches were treated: i) nutrition and the 
ii) transformation involved. Nutrition was 
addressed in previous work, but in this section is 
presented the main design of experiment to 
elaborate the nutritious formula. On the other 
hand, transformation was addressed following the 
methodology previously exposed (See Fig. 6) in 
this work. Thus, the development of the machine 
is related with the IPPMD reference model and 
particularised in the methodology proposed for the 
Manufacturing Process of the 3D Food Printer.  

The list of challenges to overcome during the 
realisation of the project is presented below: 

1. Nutritional characteristics. Edible formula 
must to be optimal for children and elderly 
people consumption.  

2. Taste characteristic. Edible formula must 
be tasty for potential customers. The 
experiment design presented in this article 
resemble this characteristic among the 
potential customers but at the same time, 
mechanical attributes of the formula are 
tested to accomplish the declination time of 
the final product. 

3. Mechanical characteristic. All the 
mechanical solutions must be standard and 
capable of processing the edible formula. 
The mechanical base is comprised of 3D 
printer components but adapted to address 
the viscosity needed. 

4. Formula. Edible formula could be 
reproduced following a preparation manual 
that includes pre-fabrication, a series of 
steps and post-fabrication treatment. 

5. Manufacturing system. Manufacturing 
process must be able to produce 
customizable products using the edible 
formula. Viscose formula is expected, 
mechanical components must be capable of 
shaping a final product. 

6. Hardware specification. Every part of the 
manufacturing system must be specified 
according to standard parts. 

7. Software specification. Manufacturing 
system should be able to process edible 
nutritious dough into desired forms using 
Computer Aided Design (CAD). 

8. Modularity. The manufacturing process 
must be designed to be adapted into 
developed technology. Thus, an innocuous 

designed must be adapted as a whole 
considering the main aspects of the 
process. 

During this case study the challenges would be 
treated, and the solutions found to overcome most 
of them when applying the methodology to create 
the 3D Food Printer manufacturing process. The 
methodology proposed was followed for the 
second entity of the IPPMD. Highlights of the 
manufacturing process development and the 
approach for the levels adopted are presented at 
the end of this section. 

3.3.2 Brief summary of the final 3D Food 

Printer Module 

The creation of the food extrusion module is 
no further explored in detail; however, a brief 
description of the final product is made in order to 
understand its process. As already explained in 
previous sections this module was developed 
using the IPPMD product engineering stages. The 
final result is shown on Fig. 16. The food 
extrusion module is an experimental design as at 
the moment, food printing systems are not widely 
used in industry nor for consumer use. Early 
adopters are designing machines that emulate 3D 
printing techniques to be adapted in the food 
industry. The purpose is to create custom-made 
food that can have either a particular nutritional 
base or simply a custom shape and flavour. The 
basic mechanism is similar to an extrusion system. 
One or several nutrition doughs are fed into a 
cylindric food-safety container. Then the mixture 
is push through a nozzle by a rotatory endless 
screw (A axis). Mechanical movements (X, Y and 
Z axes) allow the creation of different shapes 
while the material is extruded. This way, a broad 
spectrum of uses can be fulfilled.  



 
Fig. 16 Food extrusion module exploded view 

Each part of the module executes a 
subprocess. The core of the module relies on a 
food safety cylinder F and a low friction plunger 
E. They act as an extrusion syringe driven by A, 
an endless screw. In this case, power is provided 
by motor B, a NEMA linear stepper. This way, 
force is applied only parallel to Z axis instead of a 
normal motor that creates a rotary force that 
would not be suitable for the syringe design. To 
recharge the dough inside the cylinder a specially 
designed holding bracket C provides easy 
mounting and dismounting operation while 
maintaining a robust mechanical approach to 
withstand pressing and releasing forces. At the 
end of the syringe a special designed nozzle G 
provides shearing forces to manage non-
Newtonian fluids, this allows for an easy close to 
linear extrusion system. Food-safety plate H 
provides a wide working space where different 
shapes can be formed. Fixture elements (parts C, 
D and H) are attached to the base model to 
provide structural rigidity and mechanical power 
to the system. The result of the synergy between 
all the elements provide the functionality to 
perform a food extrusion process on the base 
model. 

3.3.3 Manufacturing Process enhancement of 

the 3D Food Printer System 

The first approach of the machine itself and 
the product development are explained in (Cortés, 
Rodríguez, et al., 2018b). Afterwards, the 3D 
Food Printer was conceived as a module of the 
MMT derived from the RuMT. This redefinition 
of the project aimed at introducing at fast paced a 
solution for a binational project between Mexico 
and Colombia. Furthermore, efforts aimed at 
developing a manufacturing process for the 3D 
Food Printer configuration. The analysis for this 
module will be applying the particular process 
manufacturing enhancement. This way the 
machine will benefit from the application of the 
methodology. 

A few considerations are taken into account. 
“beginning of the work in process” Extrusion 
system is part of a system that manufactures 
nutrimental products. The amount of edible 
formula that is going to be processed daily is near 
10Kg per day, thus 50 bars of 200g are expected 
in one labour day, reaching up to 1000 per month. 
In the production line the manufacturing process 
contemplates the premixed formula but is to be 
prepared daily, a forming process is expected to 
shape the bars and the last process in the line aims 
for packing and transported if necessary. To 
develop the Manufacturing Process, the 
challenges were discussed among the research 
team to introduce the functionalities needed. 

The manufacturing process integrated 
multidisciplinary work and skills to come with an 
optimal process with available resources in the 
market. Thus, the methodology was selected to 
guide the realisation of stages in the designing 
process. Following the methodology exposed in 
Fig. 4 aided by the toolbox presented in Table 1, 
there has been developed the Manufacturing 
Process of the 3D Food Printer. The procedure is 
the one which is stated at the end of section 2. 
Definition of entity, instantiation and deployment. 

i) Definition of Manufacturing Process 

Analysing the product specification sheet 
and the edible formula, it was defined that the 
manufacturing process could be decomposed as 
shown in Fig. 17. The sequence of steps makes 
possible to measure process, service and 
productivity variables. 



 

Fig. 17 Decomposition of the 3D Food Printer 
Manufacturing Process 

Besides, the edible formula described in 
previous work was redesigned using the following 
Design of Experiments Standard Table 19. 

Table 19 Design of Experiments for defining the 
critical components of the Edible Formula  

 

During the design of experiments, multiple 
components were analysed, some were fixed and 
measured to define the final formula to be printed 
by the system. The combination of fruits was 
selected according to available resources in both 
countries. The formula is viscous and for the 
forming system of the manufacturing process, it 
was needed to study the mechanical behaviour to 
select optimal components for the module. Final 
decision of the formula contemplated a tasty 
formula ranked from 0-10 among 100 participants, 
maximizing the flavour with the mixture of 
components and, maximizing declination time 
from a thin wall of 4 mm width (standard 3D 
printer nozzle), 5 cm length and 3 cm height. 

 

ii) Instantiation 

The sequence of activities is defined in Fig. 4, 
where engineering activities (analysis, synthesis 
and evaluation) coupled with tollgates are used to 
guide designers into the definition of the 
Manufacturing Process. 

Every activity is oriented to assure there is 
enough proof that the manufacturing process 
developed is effective and functional. During the 
3D Food Printer Module development, there were 
realised all activities proposed. Activities make 
use of the tools presented in Table 1, but there is 
no restriction of including those techniques that 
complement the area in which the manufacturing 
process is developed.  

iii) Deployment 

The third activity is oriented to characterise 
the manufacturing process which is being 
designed or upgraded. Here are selected the tools 
and techniques which are going to be carried out. 
For the 3D Food Printer Module, the particular 
model for the process development is shown in 
Table 20. Which presents the stage that was 
developed, the activities carried out and the tool 
which documented the activities proposed. 

Table 20 Manufacturing Process Development. 3D 
Food Printer Module 

 

Application of the instantiation stages and 
highlights when developing the manufacturing 
process are delved in the following subsections. 

Stage Engineering Activities – Analysis/Synthesis and Evaluation Documentation 
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Identify volume, geometry, material 

 Determine the capacity of the container. 
 Decompose the 3D Food Printer module in functions. 
 Identify similar machines in the market. 
 Define dimensions of the components of the module. 
 Define the information of the components. 
 Search for food industry standards. 

 Product data sheet 
 Benchmarking 

 

Determine availability, time and cost of components 

 Identify suppliers of the components that form the module. 
 Identify functions of the components. 
 Identify pre and post processes when printing edible doughs. 

 Functional decomposition 

 

Select Components and write down its specification sheet 

 Use the functions to propose different solutions. 
 Weight the characteristics and contrast them with requirements. 
 Select components with the value-added characteristics needed 
 Identify suppliers to cover the demand and generate a catalogue. 
 Write down the information to constitute the BoM 

 BoM 
 Morphological matrix 
 Solution matrix 
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Classify in the manufacture or standard parts 

 Determine standard components and their suppliers. 
 Determine manufacturing components. 
 Determine the manufacturing processes that must be carried out for 
each of the components. 

 Extended BoM 

 

Determine a manufacturing or acquisition plan 

 Select the appropriate quality parameters for outsourced components. 
 Select the pre and post processes for manufacturing components. 
 Determine the list of assemblies for outsourced components and 
integrate the information in the manufacturing line. 

 Manufacturing processes decomposition 
 List of assembles and subassemblies 
 

 

Select machinery or suppliers. 

 Select suppliers for standard components.  
 Generate the blueprints for both group of components and simulate 
the assemblies and subassemblies. 
 Select machinery and determine the dimensions of the stations for the 
manufacturing line. 

 Blueprints of manufacturing parts 
 PRIMA Matrix 
 Process Selector 
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Identify time and cost for individual components 

 Determine in-facility BoM 
 Determine outsourced components 
 Generate the datasheet for both lists 

 In-facility BoM 
 Outsourced manufacturing components list 

 

Evaluate necessities against offers in the available market 

 Create the sequence of activities for the 3D Food Printer module 
 Verify the dimensions of the stations 
 Assign operators, time and suppliers to generate a production plan. 

 Precedence diagram 
 Gantt 

 

Define a plan to achieve volume, quality, cost and time 

 Define the 3D Food Printer module volume and time lapse. 
 Determine the BoM cost 
 Structure the information of the shopfloor and warehouses needed. 
 Verify the food standard with the selection of materials. 

 Value Stream Mapping 
 Cost analysis 
 Identification of Standards 
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Determine individual activities per station 

 Use a time motion analysis for the stations. 
 Determine a supply strategy to acquire all the critical components. 
 Determine operators, shifts and buffers to accomplish the processing 

time. 

 Time and motion analysis 
 Supply strategies 

 

Simulate different scenarios 

 Represent the manufacturing system in a virtual scenario to verify 
the distribution of machines. 

 Determine the layout of the production system. 
 Simulate real distribution of the production system. 
 Simulate the manufacturing plant using DES. 

 Digital representation and layout 
 Discrete Event Simulation 

 

Optimise the manufacturing process plan 

 Verify production times 
 Verify number of operators 
 Verify station distribution 
 Optimize production system 

 DoE in DES 
 Optimization of layout 



3.3.4 Individual Component Specification 

After the particular model of the 3D Food Printer 
Module was defined, the sequence of activities 
has been carried out. To define the analysis 
activity of individual component specifications, 
the tool selected was benchmarking to understand 
how the manufacturing process for food was 
carried out at low scale. The components that the 
project demanded aimed for modularity, 
reconfigurability and due to the viscosity of the 
edible formula, there were identified that the main 
restrictions were the nozzle and plunger system. 
Thus, an extruder comparison was made to 
identify the standard components for food 
extrusion to incorporate in the 3D Food Printer 
module (See Table 21).  

Table 21 Extruder comparison of standard components 
for food extrusion 

 

Synthesis activity was determined by the 
availability and presence in the market. If the 
component could be acquired without the whole 
system, then modularity is viable to include in the 
machine developed internally. On the other hand, 
evaluation required a functional decomposition 
and comparison among multiple components that 
were tested (See Table 22). 

There was a comparison between different 
alternatives available in the market. Suppliers 
were identified with their respective cost and 
demand expected for the products. The functional 
decomposition accomplished the motives of the 
designers and provided a base for the composition 
of the manufacturing system. 

Table 22 Functional decomposition of the 3D Food 
Printer manufacturing process  

 

3.3.5 Process Selection 

Most of the components were based on three 
materials. Stainless steel for those that were in 
contact with the food (container, nozzle), 
aluminium for the structural machine and 
innocuous plastic for the plunger system. This was 
the initial classification to proceed with standard 
or manufacture components.  

Standard components required an acquisition 
plan relied on the availability, quantity, cost and 
quality of the pieces from the suppliers. An extract 
of the Bill of Materials of the machine is 
presented in Table 23. 

Table 23 Extract of Bill of Materials. 

 

Manufacture components were produced as 
part of the manufacturing process for the 3D Food 
Printer Module. Most of these manufacturing 
components correspond to structural base of the 
machine that incorporates the module. For the 
analysis of these components, the technique 
applied is the use of PRIMA Matrix as well as 



Process Selector. It is included as an example, the 
support of the extruder mounted in Z axis (See 
Fig.18).  

 

Fig. 18 Support of the extruder design (all dimensions 
are in mm) 

The material selected was aluminium, there 
was an estimation of 100-1000 pieces per year, 
tolerance is +-0.2 in the respected unit, surface 
roughness of the material was 0.12 Micro-m and 
the mass of the components rounds 0.12 kg. With 
this information of the components, an analysis 
was done using PRIMA matrices leading to Table 
24. 
Table 24 Identification of manufacturing processes to 
produce the support of the extruder  

 
Alternatively Process Selector is a viable 

alternative online (https://www.custompartnet.com/ 

process-selector) that aided designers to select in a 
more effective manner the processes with the 
components identified. For the support of the 
extruder, a conventional machining was the 
manufacturing process to produce the volume 
required per year. 

This analysis was carried out to determine 
the type of process that should be included as part 
of the manufacturing process plan. 

3.3.6 Manufacturing Process Plan 

Standard components required the 
acquisition plan and delivery directly to the 
manufacturing lines. Nonetheless, manufacturing 
components have been identified with their 
respective manufacturing processes and 

characteristics, machinery was selected for 
accomplishing the shaping or finishing of the 
components.  

An extract from the selection of machinery, 
tooling and spare components is shown in Table 
25. Machinery was used to add value, providing 
certain quality and finishing to the components.  

Table 25 Needed material to produce manufacturing 
process of the 3D Food Printer Module 

 
Then, a precedence diagram was designed to 

follow during the creation of the manufacturing 
process of the 3D Food Printer Module. For the 
support of the extruder, the activities that must be 
followed are (See Fig. 19): 

1. Standard components are requested weekly 
(extruder and plunger system) 
a. There is an inspection of standard 

components 
b. There are allocated in the assembly 

stations 
2. There is a request for raw material of 

manufacture components that are delivered 
ever three days 

3. The raw material is cut in small plates to be 
manufactured 

4. Small plates are shaped to the geometry 
needed 

5. Small manufactured pieces are transported to 
a milling machine 

6. Pieces are transported to finishing treatments 
for smoothing the surface 

7. Finished components are allocated in 
assembly stations 

Shaping 
process 

Material Batch 
Size 

Shape Mass Thickness Tolerance Surface 
roughness 

Total 

Sand casting 1 1      2 
Die casting 1   1 1   3 
Investment 
casting 

1 1  1 1 1  5 

Low-
pressure 
casting 

1       1 

Forging 1 1  1 1   4 
Extrusion 1    1   2 
Sheet 
forming 

1   1 1 1  4 

Powder 
methods 

1   1 1   3 

Electro-
machining 

1 1 1 1 1   5 

Conventional 
machining 

1 1 1 1 1 1  6 

 

Component Image Cost (USD) 

Vertical carbide cutter 1/8 in 

 

$10.00 

Vertical carbide cutter ¼ in 

 

$13.15 

Mill cutter tool holder 22 mm 

 

$50.00 

CNC milling machine 

 

$270.00 

Micro CNC Lathe 

 

$1,000.00 

CNC tool holder 

 

$107.99 

Cutting machine 

 

$1,750.00 

 



8. Assembled components are packed 
9. Packages are sent to customers 

 

 
Fig. 19 Precedence diagram of the extruder’s support 
manufacturing process 

Sequence of activities have been designed 
for each subsystem of the manufacturing process. 
Thus, components that correspond to the container 
are grouped to proceed with the productivity plan. 
The Value Stream Mapping (VSM) technique was 
defined to allocate the processes in the 
manufacturing plant. Below is presented the VSM 
for the container and transporting subprocesses of 
the 3D Food printer module manufacturing 
process (See Fig. 20).  

 
Fig. 20 Value Stream Mapping for the Container and 
Transport Subprocesses 

Then, continuing the definition of the 
manufacturing plan, it was required a cost analysis 
of the complete module. In Fig. 21 there is 
observed a common representation of the cost 
associated to manufacturing plants. The 
percentages presented are associated with the 
name described. Thus, Direct material cost usually 
rounds 42.2 percent of the total cost of generating 
a product, direct labour cost rounds 13 percent and 
general administrative 12 percent respectively.  

 
Fig. 21 Costs associated to manufacturing expenses 

Besides, in Table 26 a cost analysis extract 
of the manufacturing process of the 3D Food 
Printer module is presented.  

Table 26 Cost analysis extract 

 

The VSM and cost analysis were used to 
define the manufacturing process plan of the 



module. Nonetheless, evaluation was required 
before continuing to production. 

3.3.7 Evaluation of Manufacturing Process Plan 

An evaluation of the manufacturing process 
plan was carried out starting from quality, times 
and movements. Quality was compared with the 
machinery selected to address the finishing 
surface of the subsystems and the suppliers 
selected to achieve certain quality before 
assemblies. On the other hand, there was run a 
time and motion study in the assembly station 
with one batch of components. In Table 27 is 
presented the study ran for the container and 
transport subprocesses of the module. 

Table 27 Time and Motion study in the assembly 
station 

 

After the initial study, there were some 
changes to adjust a better distribution of the 
operators and operations that must be done due to 
complexity of shapes. These changes have 
reduced the time of assembly operations in the 
first steps around 25 percent of the time needed 
(See Table 28). 

Table 28 Time and Motion results in the assembly 
station 

 

Time presented in this study was introduced 
in Tecnomatix Plant Simulation software by 
Siemens, to generate discrete evet simulation 
scenarios. The manufacturing process was 
evaluated and optimised with the simulation tool 
(See Fig. 22).  

 

Fig. 22 3D Food Printer Module – Extruder Simulation 
and Layout 

All in all, the 3D Food Printer Module was 
first designed using NX for CAD, then, some 
components were acquired to test the edible 
formula under different parameters mounted in the 
system and currently, some adaptions are done to 
adapt the final components of the machine (See 
Fig. 23). 

 

Fig. 23 Evolution of the 3D Food Printer Module 

A summary is presented in Fig.25 about the 
steps involved to develop the 3D Food Printer 
Module following the Manufacturing Process 
methodology. 

The module complements the development 
of the MMT. It was developed to achieve a 
feasible solution for a binational project.  



 

Fig. 24 Summary of the 3D Food Printer Module 
Manufacturing Process Development 

In Fig. 24 there is shown a summary of the 
3D Food Printer Module manufacturing process. 
The participants’ learning focuses on 
understanding the manufacturing process that they 
want to develop, analysing the final product of 
that manufacturing process to make decisions 
about the components to be produced and 
acquired, and understanding that the module is 
part of a manufacturing system for the MMT. The 
participants were observed before and after the 
project was completed. They had previous 
knowledge in diverse areas, however, the key 
moment that allowed the development of the 
module in seven weeks, occurred when 
decomposing the manufacturing process and 
observing it as tasks, following the IPPMD 
scheme for a particular case in the development of 
the 3D Food Printer.  

4 Conclusions 

The IPPMD aims at being a general 
procedure that could be adapted not only to any 
type of manufacturing system, but also to provide 
an integral perception to stakeholders to enhance 
the current state of the manufacturing system. 
During the case studies presented in the article, 
designers have been generating documentation 
which complements the product development 
entity to produce a robust manufacturing system. 
This information is useful when pursuing growth 
in the manufacturing firm. But at the same time 
the reference framework is enriched with the 
comprehension of the system to allocate the 
current state to be upgraded, if needed, with the 
adoption of technology or innovative techniques. 
The versatility of the methodology is where the 
contribution points out, as it offers guidelines for 
novel designers but contemplates a systematic 
revision for the experts.  

The engineering activities and toolbox 
provided must be then, used to establish the path 
to follow along the instantiation of the 
methodology. This structure is sturdy to detect 

failures at tollgates, providing feedback before 
continuing with the development, thus, an 
optimised manufacturing process is expected at 
the end of the four design stages.  

For the case studies, there was an analysis of 
one hundred and fifty participants that learned the 
IPPMD reference framework and applied it to 
different cases. Thus, during the implementation 
of the case studies:  

i) For the Multifunctional Micromachine, 
designers determined that the goal of this 
technology is to aid in a variety of tasks. It could 
be used to teach, put in practice principles and 
create manufacturing products for MSMEs and 
entrepreneurs. Furthermore, the process was 
structured with engineering activities and tools or 
technique recommended, following the 
methodology with the four design stages of the 
product, manufacturing process and 
manufacturing system entities to upgrade existing 
technology and lead into modularity and 
flexibility offered by the Multifunctional 
Micromachine.  

ii) For the Plastic Extruder Module 
development, it adds functionalities to the 
machine regarding plastic waste. The participants 
were aware of the MMT, they analysed 
megatrends, the numbers of plastic that is not 
recyclable and came up with the idea of a Module 
that could attack that existing problem. The idea 
was accepted and used as a multidisciplinary 
project for industrial and mechatronics 
engineering undergraduates. The future of this 
project is to incorporate it as a module of the 
Micromachine Tool and recycle plastic or adapt 
moulds for rapid prototyping.  

iii) For the 3D Food Printer Module 
development, as part of a binational project, the 
main goal of this module is to offer to the most in 
need, a viable alternative to produce nutritious 
ailments that could be prepared in situ or 
transported to rural communities, the objective of 
this module is to pack the machine and produce 
nutritious enriched bars that contain the vitamins 
needed. The case study is presented and 
emphasises the manufacturing process 
development, as it would produce the edible bars. 
It is a module that could be easily adaptable to the 
Multifunctional Micromachine, and the future 
goal of this technology is to connect nutritionists 
with patients to produce their own customizable 
food for individual requirements. 

The MMT is a technology developed at 
Tecnologico de Monterrey, under the patent 
Reconfigurable Micromachine Tool. The two 
modules exposed during this work complemented 



the CNC functionalities offered in the machine 
thus, enriching its capacity to be used for 
academic, rapid prototyping or industrial (low-
scale) purposes. The Plastic Extruder Module 
arose as a feasible solution to process collected 
PET at the institution, whilst the 3D Food Printer 
Module seeks to offer a viable alternative to 
process a mixture of vitamins at rural places. 
Besides, as the technology is affordable, there is 
an opportunity area to offer customised solutions 
at home. 

There are ongoing projects to test this 
methodology at i) industrial engineering courses, 
ii) research stays to learn rapid product 
development with their respective manufacturing 
process and iii) bootcamps to teach entrepreneurs 
the model to provide them with tools to create 
their own businesses. Short-termed future work 
would be centred in adding modules to the MMT 
to teach an integral methodology which 
incorporates the vision of a complete 
manufacturing system and enterprise. Further 
development is expected in the manufacturing 
system entity as its complexity poses a challenge 
for documenting and structuring into the IPPMD. 
Furthermore the proposed methodology will aim 
at include sensing, smartness and sustainable 
characteristics that aid in the development 
process. 
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