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Abstract
To remain competitive on the market with a developed product, it’s very important to analyze the
manufacturing costs and times, from the concept stage of the product. Design for manufacturing and
assembly (DFMA) is one of the engineering methods that can be applied to reduce manufacturing costs
and times, right from the design stage, without compromising product performance and reliability. The 3D
modeling of the tray was made in Solidworks, and for the analysis of it’s manufacture and assembly, the
Boothroyd and Dewhurst principle and recommendations from the DFMA software were followed. This
paper presents a case study for a subassembly called a tray, used in automatic vertical storage systems.
For the redesigned model, substantial improvements were obtained, through cost reductions of 12% and
an increase in design e�ciency from 4.86 to 12.03. Product analysis using DFMA has proven to be a key
point in the development of a product that meets engineers.

1. Introduction
The product development process is a well-known engineering activity that accompanies the product,
from it’s conception until it reaches the user. This process involves steps such as concept development,
general design planning, detailed product design and, prototyping [17, 22, 28, 44]. While the �rst stages of
the development process consist of iterative steps, which allow the designer to discover conceptual
solutions (generating ideas), the last stages of the process are characterized by more practical activities,
with recursive tasks.

Computer Aided Design (CAD) is considered the key tool of materialization in the design phase, and
today, the CAD tool combines the initial capabilities for which it was designed, to create and display the
product in a 3D visualization environment, with the bene�ts that derive from the integration of
multidisciplinary design methodologies [21, 25].

Cost e�ciency, ease of manufacture, as well as assembly/disassembly are some of the factors that
govern modern products. Design for Manufacturing and Assembly (DFMA) is a well-established system
that involves a product design technique used to minimize production and development costs from the
design stage.

The use of the DFMA technique slows down the process in the product conceptualization stage, as
additional activities for the DFMA will take place. According to Boothroyd, Dewhurst and, Knight, the extra
time spent using DFMA techniques in the conceptualization stage is offset by the time savings when
prototyping takes place [6]. DFMA is a practical design method, which allows the aspect of
manufacturing and assembly production to be taken into account in advance [36].

Manufacturability describes the degree to which a product can be manufactured e�ciently, addressing
both overall feasibility and excessive cost [10].
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DFA (Design for Assembly) is about simplifying the structure of the product because the total number of
components in an assembly is an important point of design quality; fewer components result in a more
e�cient assembled product. The quality of the design refers to the value of the design brought to the
clients' requirements. Design is the strong point of a product's quality, including systems and processes.
The quality of the design can be improved by increasing the features and functionalities that can serve
the needs and expectations of customers.

DFM (Design for Manufacturing) focuses on minimizing manufacturing complexity and exploring
individual production costs. Reducing the number of components, by joining several parts or adopting
different manufacturing processes, is a practice that can reduce assembly time [8, 11, 13, 16, 26, 30].

Implementing these two philosophies that DFMA, requires teamwork, we should participate designers,
technologies and, operating personnel, to achieve the desired results.

Another important factor that must be taken into account when realizing the concept of a product is it’s
impact on the environment. Sustainable product design is one of the most effective approaches to
achieving cleaner production, with an increased focus on the impact of products on the environment, as
cleaner production has become a recent global concern for production [2, 15, 37]. In the early stages of
sustainable design, it is a challenge to understand the requirements of each customer and to transform
from these sustainable functional requirements to design parameters.

In addition, by implementing sustainability analysis, companies can be more competent and relevant in
the contemporary market. Sustainability analysis allows the designer to develop an environmentally
friendly product [14].

In the age of Industry 4.0, digital tools applied to production and manufacturing activities are a challenge
for all manufacturing companies. Digital Twin (DT) technology is based on the integration of various
"traditional" tools and aims to increase process performance. In DT, simulation modeling allows the
construction of a digital copy of real processes, which is dynamically updated by data derived from
intelligent objects. The use of DT in production activities is constantly increasing, as DTs are applied in
different areas, from the design phase to the operational ones. Process safety and risk management
remain a signi�cant challenge for the process and production industries. Information Security (IS) aims
to turn raw security data and information into meaningful and actionable information for security
management, which can be considered an essential perspective for security management [1, 20, 41].

Querying the Web of Science (WOS) database [47], globally, in the period 2000-2021, there are 952
bibliographic publications, on the subject of "design for manufacturing". Analyzing the distribution of
publications by category, we found that most publications were in the category "Engineering
Manufacturing" with 324 (34.03%) publications, followed by "Design for Manufacturing" with 275
(28.88%) publications, "Engineering Mechanical” with 183 (19.22%) publications, “Industrial Engineering”
with 121 (12.71%) publications, followed by other categories that have less than 100 publications.
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Checking the distribution of publications by year, for the analyzed period, we found that the trend of this
topic is upward, starting with 12 publications/year and reaching up to 70 publications/year, the most
productive being the year 2018 (7.35%). This shows us that the subject of "design for manufacturing" has
been addressed more broadly in recent years, emphasizing the reduction of costs and manufacturing
times, one of the requirements for maintaining a product on the market.

Of the total publications, 528 (55.46%) represent proceedings paper, 413 (43.38%) articles, and other
publications, such as magazines, editorial materials, book chapters, etc.

The most productive region, with the most publications, was the USA with 387 (40.65%) publications,
followed by China, Germany and, France.

With the help of the VOSviewer tool, software for building and viewing bibliometric networks, the WOS
database was completely downloaded and imported into the software, for the study of networks that
includes journals, researchers, or individual publications and can be built based on citations,
bibliographic links, co-citations or co-author relations [46].

Analyzing Figure 1, from the terms exposed with the greatest relevance, we found that "design for
manufacturing" is at the top. We also identi�ed new terms relevant to the analyzed �eld, such as "design",
"concurrent engineering", "dfm", "manufacturability", "DFMA", starting with 2018 the analyzed �eld being
approached to the area of "additive manufacturing", "modeling and simulation”.

This paper addresses the DFMA method for redesigning the VLM Tray assembly:

Analysis of the existing VLM Tray assembly, using DFA;

Identifying the possibilities for improvement through DFM;

Modi�cations to VLM Tray components to reduce the time and cost of manufacturing and assembly;

Validation of optimizations through DFA and DFMA.

2. Materials And Methods

2.1. The impact of DFMA analysis on products
Engineers must understand very well the advantages and disadvantages of the materials selected for a
product, the associated manufacturing process, and most importantly, the suppliers of materials,
components, and subassemblies used in a product. Such an understanding will help de�ne appropriate
policies to reduce risks and help manage expectations [34].

Design for DFMA has great potential to minimize late technical changes, which impede the development
of high-speed products and delay pro�t time. Therefore, it is often used to create technological devices
for automatic assembly. The development of recon�gurable machines has become a new design
approach, which not only includes existing approaches but should also include new design approaches.
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The success of a designed product can be measured by the capacity of the system that produces it.
When designing a product, it is essential that the organizational capabilities of the technology and
manufacturing system be considered as failing to do so, which can lead to non-manufacturable
production models. A good design system ensures fast delivery of a quality, reliable and safe product. At
the same time, making decisions about suppliers to improve production quality by reducing defects is an
important step in designing a product [19, 29, 32, 33, 39]. Staged automation of digital electronic design
and production can be a strategy for product quality assurance.

Early estimation of the costs of machined parts is di�cult because it requires detailed process
information that is not usually available during product design. Parametric methods address this issue by
estimating the processing time of products. According to the "rule of 10" in quality management,
especially in the early stages of design, decisions have a strong impact on the accuracy of the overall
result [3, 35].

Dependencies between product development and material �ow could lead to ine�cient operations and
excessive material use, both of which have a signi�cant impact on manufacturing costs and time [5, 40].

Rima et al. (2015) used only a DFA approach, to analyze and calculate the current and design e�ciency
of refrigerator components. In their case study, some parts of the refrigerator were modi�ed and
redesigned using DFA instructions. For the new design, the minimum parts of the door assembly were
reduced from 38 to 29. From 69 components of the freezing chamber were reduced to 54, and the
components of the refrigeration system from 328 to 110. The e�ciency of the design of the evaporator
unit with the fan was improved from 58–78%, and the design e�ciency of the refrigerator installation
was improved from 38–63.9% [30].

Engineers must understand very well the advantages and disadvantages of the materials selected for a
product, the associated manufacturing process, and most importantly, the suppliers of materials,
components, and subassemblies used in a product. Such an understanding will help de�ne appropriate
policies to reduce risks and help manage expectations [34].

The authors [24], propose a methodology that is validated by a redesign of a sheet metal industrial clock,
in which the impact of sustainability is calculated from a comparison between an existing product and a
new product. The implementation of the method in the case study demonstrates reductions of over 25%
of product mass, energy consumed and CO2 footprint, and over 50% of theoretical assembly time and
product complexity. The sustainability indicators of the proposed method are selected from the literature
review and taking into account the attributes of sheet metal housing devices.

Mohammad et al. (2020), redesigned and improved a joystick, to achieve the goal of reducing the number
of parts, handling and insertion time, and improving the design e�ciency for a joystick. The result was an
increase in design time by 21%, and with a decrease in assembly time from 294.2s to 232.44s, they also
achieved an improvement in design e�ciency from 20.4–25.8% [27].



Page 6/23

Applying the DFA principle, to reduce the number of components in an entire product, a signi�cant
reduction in assembly costs and times was found. For example, Salikan achieved an improvement in
assembly time by 18.68% and an increase in design e�ciency by 8.33% for a subassembly of a
lawnmower. Effendi also achieved a reduction in assembly time from 196.86s to 69.84s, as well as an
improvement in product e�ciency by 5.2% [12, 38].

2.2. Vertical Lift Module automatic storage system
Vertical Lift Module (VLM) automatic storage systems consist of a storage column in which small items
are stored in pull-out trays. These trays are inserted and extracted by a powered device, which moves
vertically between the shelves in front of and behind the column, to make available in front of the selector,
the speci�c tray it needs to process it’s pickup line. The moving device is guided by an automatic control
system, which in some cases is also interfaced with a software system so that the correct order of the
recovery trays is set. Such VLM solutions are an interesting combination of several advantages of other
dynamic product retrieval systems, such as the use of vertical space [6, 9, 18, 23].

Before the COVID-19 pandemic, McKinsey estimated that up to 30% of jobs in the U.S. would be
automated, and “automation will drive productivity and growth, but millions of people around the world
will have to change jobs. or to update their skills” [43].

A few months after the outbreak, as COVID-19 forces an unprecedented number of workers to stay at
home, most companies have the only choice to use automation to keep their business running [7]. Due to
the acceleration triggered by COVID-19, Bain & Company estimates that the number of companies
expanding automation technologies will double in the next two years [4].

The product analyzed by the DFMA method is a tray similar to that of Figure 3, a component that is part
of an automatic vertical storage system called Vertical Lift Module (VLM). This tray has the role of
storing various products - with low or relatively high weight - in an orderly manner, respecting certain
storage and sorting criteria, de�ned in the computer of the VLM system [18].

Depending on the construction and design of the tray adopted, it can be more or less modular, so that the
user can con�gure the division of the compartments according to the products to be stored, or for the
products that will change during use. VLM system, without the need to replace this tray.

Figure 2, shows a diagram with the main elements of such a VLM system, which works based on a
computer-controlled elevator, having the role of "collecting" the trays located on the two trays, arranged in
front and behind the elevator, and brought to the working position, input and output (I/O) of the trays [31].

The purpose of the tray component analysis was to optimize it’s modular construction, reducing
manufacturing time and cost.

2.3. Methodology
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Using the DFMA software, implemented by Boothroyd and their suggestions for optimizing the tray, 3D
will be remodeled compared to the original model, the goal is to increase the DFA index, a
recommendation addressed by as many engineers as possible lately.

The DFA index is a design e�ciency that is calculated by dividing the processing time for an ideal
product by the processing time for the actual product [42]. This ratio of ideal process time to actual
process time is then expressed as a percentage using the following equation (1):

1

Where:

T1 = the ideal assembly process time for handling and inserting the �rst necessary item in the product;

T2 = the ideal assembly process time for handling and inserting each subsequent necessary item in the
product;

Nmin = the theoretical minimum item count;

Ta = the actual assembly process time for the product.

T1 and T2 differ depending on the size and weight of the product, as well as the 180° symmetry of the
part for at least one of it’s axes.

All the values mentioned above are calculated by the software based on the justi�cation of the part
entries made in the DFA software. The DFA index is calculated in the DFA software at the successful
entries.

DFA index for Existing Tray VLM assembly = 4.86

For improved product design, designers aim to maximize the DFA index.

3. Generation Of New Concept
For the 3D CAD modeling of this tray subassembly, the construction of the base of the tray was made
more e�cient, emphasizing it’s closure at both ends, by welding, so that the resistance is increased, the
manufacturing time and cost are reduced, compared to the tray. existence, which is closed at the ends by
the non-removable assembly, with pop-rivets. Also, the modeling of the channels on the side of the base
of the tray was followed, for the easy introduction of the sleepers.

DFAIndex = ,
100 ⋅ [T1 + T2 ⋅ (Nmin − 1)]

Ta
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After several 3D models made and broader multicriteria analysis, we decided to further analyze the tray
made of sheet metal, joined ends by welding, presented in Figure 4.

3.1. New model 3D CAD for tray
The modeling was done for a medium-sized tray, with a length La = 1600 mm, a width la = 600 mm, and a
height ha = 150 mm. The thickness of the base of the tray g = 2 mm. The beam was modeled with a
thickness g = 1.5 mm.

For the mounting of the beam, it was adopted to make a single model, which will be mounted in the
mirror. Having �ve subassemblies of beams, you will need ten beams. For dividers, a number of six pieces
was taken into account, but depending on the needs of users, a larger number of dividers can be added
later Figure 4.

To calculate more easily and quickly in the DFMA analysis the necessary material, for each
subcomponent separately, a 2D drawing was made with their developments. Figure 5, shows the
unfolding for the tray base, having the dimensions L = 1886 mm, l = 891 mm, g = 2 mm.

After modeling each subcomponent of the tray assembly, their assembly was performed in the Assembly
module, from Solidworks and the mass properties of the assembly, necessary for DFMA analysis, were
shown, shown in Figure 6.

We found that the new product has a mass m = 25.3 kg, volume V = 3,241.3 cm3, and an area A = 3.2 m2,
in Figure 6, �nding the center of gravity and the moment of inertia.

3.2. New product analysis using the DFMA method
The 3D CAD model made in Solidworks, presented in the previous subchapter was imported into the
DFMA software, with the step extension, later verifying the product from a dimensional and geometric
point of view.

To have a sustainable impact on the construction of tools and devices necessary for the manufacture of
products, as well as the use of existing technology and equipment, but also the amortization of their
investments, we considered a batch of 50,000 trays/year. Given that a medium-sized VLM system
contains approximately 20-30 trays, signing around 1500 VLM units/year and taking into account the
fact that these trays can be replaced if defects occur during use, the batch for which the DFMA analysis
is performed is justi�ed and realistic.
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Table 1
Components for the tray assembly and the manufacturing batch
Assembly name Components Material Quantity U.M.

Tray Base tray DC02 50,000 pc

Beam DC02 500,000 pc

Divider DC02 300,000 pc

For the batch of 50,000 pieces, which will in�uence the costs of tools, devices, veri�ers (TDVs)/piece, a
semi-�nished product purchased from DC02 sheet sheets was chosen, with dimensions close to that of
the product, with low carbon content, with density ρ = 7.83g / cm3 and breaking strength σ = 330MPa,
which are found in Figure 7.

The manufacturing processes for this product were chosen from the software library, opting for cold
pressing processing. Two presses of 400 tons and 300 tons were chosen for the operations of punching,
stamping, and bending.

For the base of the tray, due to it’s relatively large dimensions, separate processing processes were
chosen, the semi-�nished product being introduced manually from one stage to another. Choosing this
type of processing, the operation of trimming the contour of the product, stamping and perforating the
side channels, were performed on the same press, having a single punch with the respective punches and
tools. In the second stage, bending the sides on another press, using another punch and mold.

To perform the welding operation, we opted for MIG welding with gas metal arc, with the help of a robot,
setting the percentage of scrap, the number of welding cordon, their total length, the radius of the cordon,
�xed costs with the robot, and related consumables.

Also, the working parameters were set for the other operations of laser marking, manual and air cleaning,
degreasing, galvanizing, operations that can be found in Figure 7.

Aspects such as the role of each component as a whole, product handling, introduction of components in
hard-to-reach places, adjustment of component placement, di�culties in viewing assembly, removal of
assembly connectors where appropriate, component analysis were analyzed. from a security point of
view, the use of TDVs for an ergonomic workstation.

For the other two products, the crossbar and the divider, similar steps were taken with those from the
manufacture of the tray base product, with a batch of 500,000 pieces for the crossbar and 300,000 pieces
for the divider, according to Table 1.

Figure 8 shows the structure of the products and operations required in the assembly stage of the product
tray. After setting the dimensional, economic parameters and the time related to the assembly
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technologies, the suggestions recommended by DFMA were analyzed, subsequently making the related
changes, so that the DFA index is as high as possible.

It was found that for the new design, in the stage of assembling the tray, the most time is lost in the
assembly of the beam subassembly, which consists of two beams, assembled in the mirror and inserted
on the side channels of the base of the welded tray.

4. Results And Discussion
Following the analysis of the two products, the existing tray assembled by pop-rivets and the new design
assembled by welding, following the procedure and recommendations of the DFMA software for their
redesign, an improvement was made on the design, time, process, and manufacturing cost, for the batch
of 500,000 pieces, Table 2, as follows:

Reducing the cost of the manufacturing process by 4%;

Reducing the cost of the assembly process by 57%;

Decreasing the investment of TDVs by 44%;

Elimination of assembly operations by 64%;

Reduction of the total assembly time by 60%;

Increase of the DFA index, according to the equation (1), by 147%, from 4.86 to 12.03;
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Table 2
Analysis Totals for Design for Assembly (DFA)

Entries including repeats Baseline - Old Product New Product Difference

Parts meet minimum part criteria 4 4 0 0%

Parts are candidates for elimination 33 13 -20 -61%

Analyzed subassemblies 5 5 0 0%

Separate assembly operations 48 10 -38 -79%

Total entries 90 32 -58 -64%

Assembly labor time, s

Parts meet minimum part criteria 77 77 0 0%

Parts are candidates for elimination 520 188 -332 -64%

Insertion of analyzed subassemblies 70 70 0 0%

Separate assembly operations 459 120 -339 -74%

Total assembly labor time 1125 454.78 -670.6 -60%

Design e�ciency

DFA Index 4.86 12.03 7 147%

(a) (b)

Figure 9. Assembly time and cost of manufacturing: (a) total time of assembly/product; (b) total cost of
manufacturing/product, including the cost of tools, manufacturing, and assembly.

Analyzing the two diagrams, from Figure 9, we found that the assembly time was improved by
eliminating pop-rivet assembly operations and related manipulations, but also separate operations of
rivet assembly, which required di�culties in inserting pop-rivets into the holes, as well as the positioning
of the riveting tools. Thus, the assembly time was optimized by approximately 50%, which for a batch of
50,000 trays means an e�ciency of approximately 9305h. Of course, for the manufacture and assembly
of the trays, there are several similar lines, for which time will be divided by the number of lines, results
obtained in Table 2.

Also, the total costs/product for the manufacturing and assembly process were reduced by
approximately 12%, by 21.75 €/product, so that for the batch of analyzed products, it means a cost
saving of 1,087,349 €/year, results obtained in Table 3.
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Table 3
Analysis Totals for Design for Manufacture and Assembly (DFMA)

Per product costs, € Baseline - Old Product New Product Difference

Assembly process 15.8 6.78 -9.03 -57%

Manufacturing piece part 146.67 141.08 -5.59 -4%

Total cost without tooling 162.47 147.86 -14.61 -9%

Total tooling cost 16.29 9.16 -7.14 -44%

Total cost 178.77 157.02 -21.75 -12%

Total tooling investment, €

Assembly tools and �xtures 20 20 0 0%

Manufacturing tooling 814672 457885 -356787 -44%

Total investment 814692 457905 -356787 -44%

Production life data and weight

Life volume 50000 50000 0 0%

Total production life cost, € 8938297 7850948 -1087349 -12%

Total weight, kg 42.97 43.32 0.35 1%

5. Conclusions
Considering the increasing requirements for automated systems, due to the social distance, given that a
medium-sized VLM system contains approximately 20-30 trays, meaning around 1500 VLM units/year,
and taking into account the fact that these trays can be replaced if defects occur during use, the analyzed
batch of 50,000 trays/year is justi�ed, realistic, having a sustainable impact and a quick depreciation
investment.

The DFMA study was analyzed and successfully applied to the VLM Tray assembly, addressing both the
aspects related to the assembly design and the assembly of this product. The basic issues of production
and technology have been taken into account since the design stage.

The result of replacing the manufacturing process for the tray base, from the assembly with pop-rivets, to
the assembly of the two ends by welding them, proved to be an optimized process, which reduced both
the manufacturing and assembly cost and the execution times.

Manufacturing costs have been reduced, from 178.77 €/product to 157.02 €/product, which means
improving the e�ciency of the product by 12%. There was a reduction in assembly costs of 57% and a
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decrease in assembly process time by 60%. The design e�ciency of the assembly was improved by
147%, after a successful analysis with DFMA.

The implementation of the DFMA concept, by using software for such an analysis, in the case of new
product development (NPD), can be an added value brought to the newly developed product. The results
of the DFMA have proven to truly support competing engineering.
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Figure 1

Map view descriptors for "design for manufacturing" use VOSviewer
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Figure 2

Structural diagram for a Vertical Lift Module system by Modula

Figure 3
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Existing tray assembled with pop-rivets

Figure 4

3D CAD model for the new product and components from Solidworks
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Figure 5

2D development for the tray base from Solidworks

Figure 6

Mass properties of new product tray from Solidworks
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Figure 7

Setting up the manufacturing process for the base tray
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Figure 8

Assembled structure diagram of the new product

Figure 9
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Assembly time and cost of manufacturing: (a) total time of assembly/product; (b) total cost of
manufacturing/product, including the cost of tools, manufacturing, and assembly.


