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Abstract: The growing demand for sustainable and efficient construction practices has
led to an increased interest in modular construction, with design for manufacture and
assembly emerging as a pivotal approach. Despite its potential, the integration of design
for manufacture and assembly in modular home construction lacks a structured methodol-
ogy, posing challenges in aligning design, manufacturing, and assembly processes. This
paper introduced a framework aimed at systematically incorporating design for manu-
facturing and assembly principles into modular home production, leveraging different
software tools in the design stage for modular design standardization and streamlined
manufacturing and assembly processes. Following a mixed-method research methodology,
a comprehensive literature review was conducted to identify research gaps. To address
these gaps, a framework was developed focusing on design, manufacturing, and assembly
considerations, and retrospective validation of the framework was conducted to confirm
its effectiveness. This study revealed the significant benefits of integrating design for
manufacturing and assembly principles utilizing advanced digital tools, through a hybrid
approach using 2D drafting software and 3D BIM software. The findings indicated that
implementing design for manufacturing and assembly principles led to a 40% reduction
in design phase duration and a 48% decrease in production errors. This paper offers a
structured guide for practitioners while providing a basis for further research in sustainable
modular construction.

Keywords: design for manufacturing and assembly (DfMA); productivity; modular home
construction; framework

1. Introduction

The construction industry is constantly evolving, with increasing demand for faster,
more economical, and environmentally sustainable building methods. Prefabrication, par-
ticularly modular construction, is becoming increasingly popular worldwide as a solution
to meet these requirements [1]. Modular construction, characterized by the prefabrication
of building components in controlled factory settings, offers significant advantages in terms
of time, cost, and quality control [2]. To fully realize the benefits of modular construction,
it is essential to adopt advanced strategies that improve efficiency throughout the entire
production process [3].

Design for manufacture and assembly (DfMA) has gained recognition as a pivotal
approach to improving the efficiency and effectiveness of the production process [4]. This
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collaborative approach reduces barriers between stakeholders, improves buildability, re-
duces errors, and increases productivity [5]. With DIMA, the focus is not solely on the
manufacturing process, but on the complete process from start to finish [6].

By focusing on the design phase to simplify manufacturing and assembly, DEMA
principles aim to minimize waste, reduce costs, and streamline construction workflows [7].
Through the DIMA, we aim to identify and implement the most efficient method of deliv-
ering a project with the smallest number of resources (labor, material, and financial); the
smallest amount of exploitation and destruction of the environment; the highest level of
quality and safety; and the greatest assurance of success [8,9]. Despite the evident benefits,
the integration of DfMA into modular home construction is fraught with challenges [10].
These include the absence of a structured methodology for implementation and the need
for cohesive alignment between design, manufacturing, and assembly processes.

This study advances the integration of DIMA into modular home construction by
developing a framework that utilizes advanced digital tools at the design stage for modular
design standardization and streamlined manufacturing and assembly processes. The
present study is one of the first attempts to demonstrate the practical application of DIMA
in the context of modular construction, whereas previous studies have focused on the
theoretical aspects [11-13]. To achieve this purpose, this paper first analyzed the design,
manufacturing, and assembly processes of an existing modular home construction factory
located in New Brunswick, Canada to identify the existing challenges and bottlenecks in the
factory. Then, we used software tools and developed a framework to address the challenges
and bottlenecks by applying DIMA methodology. In addition, through retrospective
validation, we anticipated that the designed framework reduced the duration and error
of the design and production phase, by comparing the results after implementing DIMA
with those obtained at the initial data collection stage. The proposed framework aims
to optimize the entire modular home production lifecycle, thereby enhancing efficiency,
cost-effectiveness, and quality. In addition to serving as a guide for industry practitioners,
this contribution forms the foundation for further research and development in advancing
sustainable and efficient construction practices.

2. Literature Review

Off-site construction (OSC) is a construction technique that includes producing com-
ponents away from the construction site and assembling them on-site [14]. A growing
number of companies are adopting this method for its advantages, such as shorter construc-
tion times, higher quality, better material efficiency, improved worker safety, and reduced
environmental impacts during the building process [15,16]. Modularity, recognized as a
strategy to reduce complexity [2], has the potential to enhance OSC techniques. Despite
its numerous benefits, modular construction encounters various obstacles that prevent its
widespread adoption [2,14,17,18].

Different studies have identified key challenges in modular construction, including
high initial costs [19,20], lack of skilled labor and equipment constraints [21], poor planning
and coordination [22], readiness issues and lack of knowledge [23], inadequate policies and
regulations [20,22,23], and limited technological innovation [20]. According to [6], a major
obstacle to the effective implementation of modular construction is the need for improved
integration among design, manufacturing, and assembly processes. The fragmented nature
of these stages frequently results in inefficiencies, increased costs, and the potential for
errors and rework.

The current state of modular construction reflects a growing interest in adopting
innovative approaches that can resolve the current problems in the construction industry
to enhance efficiency and sustainability [24,25].
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DfMA as a methodology has been extensively studied and implemented across vari-
ous sectors, including construction, due to its potential to streamline production processes
and enhance overall efficiency [26]. DfMA is rooted in the philosophy of simplifying
component design to facilitate assembly and manufacturing ease, thereby reducing costs,
time, and errors [5]. According to DEMA principles, products must be considered through-
out their lifecycle, from design through assembly [27]. With DIMA in construction, key
benefits include reducing cost and time [6,8,28], enhancing quality [29,30], reducing con-
struction labor [31,32], promoting sustainability and circular economy throughout the
asset’s lifecycle [30,33], and improving waste management [34]. Despite these advantages,
the implementation of DfMA principles in construction faces challenges including resis-
tance to change, lack of standardized methodologies, and the need for better alignment
between design, manufacturing, and assembly [6].

According to [35], DIMA can be applied in three different ways: In the first approach,
general guidelines are followed, and someone (most likely designers and engineers) in-
terprets and applies them according to each case. In the second method, the design is
quantitatively evaluated. Each component of the design can be rated according to its
“assimilability”. After the numbers have been added up for the entire design, the result
can be used to evaluate its quality. In addition, negative marks are given for factors that
hinder assembly ease based on a 100-point system. The third approach, developed most
recently, involves automating the entire process. Using computer software makes it pos-
sible. According to [36], with digital tools, stakeholders can visualize and simulate how
design changes will impact manufacturing and assembly requirements, resulting in a better
alignment between design intent and requirements for manufacturing and assembling.
Through this collaborative approach, the transition to DEMA is made smoother and the
implementation process is made more effective.

Over the past decade, Singapore, the UK, Hong Kong, Australia, and Europe have
pioneered the application of DIMA in construction [37-39]. According to different sources
in the literature, several frameworks have been proposed to facilitate the integration of
DfMA principles into construction projects. These frameworks typically focus on aligning
design and construction processes with strategic project objectives, ensuring that the project
outcomes meet the client’s requirements and regulatory standards while integrating BIM
strategies and optimizing project deliverables [38].

Ref. [5] proposed one of the earliest frameworks that emphasizes design simplifi-
cation and standardization to facilitate assembly. Based on this framework, subsequent
DfMA methodologies have been developed that incorporate advanced tools and technolo-
gies [5]. RIBA’s Plan of Work 2013, developed by the Royal Institute of British Architects in
2013, lays out eight phases for architectural design and construction: strategic definition,
preparation and brief, concept design, developed design, technical design, construction,
handover, and use. During each stage, specific tasks and milestones are described to pro-
mote early planning and better collaboration and information management. As a result
of this adaptable framework, projects are designed to meet client objectives and meet
regulatory requirements [39]. The Singapore Building and Construction Authority (BCA)
promotes the integration of DEIMA principles and BIM technology to enhance construction
productivity. In this approach, components are prefabricated off-site and then assembled
efficiently on-site to streamline the construction process. Stages from project inception
to completion are outlined, emphasizing early design decisions, data extraction needs,
and desired outcomes. It improves collaboration among stakeholders, reduces waste, and
accelerates construction timelines by leveraging BIM. The initiative supports Singapore’s
vision of a highly productive and sustainable construction industry [37].



Buildings 2025, 15, 103

40f18

According to the literature review, various studies support the adoption of DIMA as a
methodology to improve overall asset performance, and several efforts have been made
to develop frameworks for integrating DfMA principles. However, typical approaches
lack a consistent work methodology and usually focus only on the design and planning
phases. This gap highlights the need for a more holistic framework that integrates design,
manufacturing, and assembly processes to optimize efficiency and sustainability in modular

home construction.

3. Research Methodology

This study used a mixed-method research approach. According to [40], by combin-
ing different methods, the research identified consistent patterns across variables while
reducing the weaknesses of relying on a single data source. Triangulation, or using multi-
ple methods together, helped strengthen the accuracy and credibility of the findings [41].
Figure 1 shows the multistage methodological approach flowchart for this research.

[ Research Objective ]
INPUT [ Data Collection J OUTPUT
BN N z
Previous study ! > Literature review j > Research gap !
\ { \ { )
Manual time tracking : > Design Process » Duration of each design phase |
| o '
Video Documentation i ! i > Bottleneck identification
s Production process i 3 Zzez 5
] H ! { Identifying key components
Workers Interviews : I\\ 'j >§ essential for integrating DfMA '
] @ { principles )
[ Data Analysis ]
v N v
f ! 1{ Production process i
i Design Process i o .
| Current cvele time i Bottleneck Identification 1
| ¥ } i_Detailed Task Analysis
[ Framework Development ]
! Identification of key I . I Development of 1 { validation through Case : :
| > Leveraging software tools !» A St gl i
1 components it { | implementation guidelines | ! Study i
[ Results, Discussions, Conclusions 1

Figure 1. Multistage methodological approach flowchart.

To achieve the research objective, we started by collecting data, which included a liter-
ature review, data collection on the design process, and documentation of the production
process. Key data were collected in collaboration with our industry partner, the modular
home factory. The collected data were then analyzed to identify the current cycle time,
bottlenecks, and key components necessary for integrating DEMA principles. A framework
development phase was conducted after data analysis, in which different software tools
that help implement DIMA principles were assessed, key components were identified by
interviewing factory workers, and then the software tools were integrated into the modular
home factory framework; finally, the framework was validated. During the final stage, the
results, discussions, and conclusions of the research were synthesized.



Buildings 2025, 15, 103

50f18

3.1. Data Collection

First, a review of the previous literature was conducted in Section 2, as part of the
overall multistage methodology in order to assess the integration of DEMA into modular
home construction and different methodologies for its implementation. The data collection
methodology, illustrated in Figure 1, is designed to capture essential metrics related to both
design and production cycles.

3.1.1. Design Process

Data collection for the design process involved manual time tracking to document
the duration of each design phase. This stage aimed to establish a baseline scenario by
capturing the start and end times of design tasks before the adoption of DIMA principles.

3.1.2. Production Process

Data collection for the production process was conducted in two steps: First, compre-
hensive data collection through video recordings of the entire manufacturing facility was
conducted to evaluate the cycle times of each station within the production process. The
term “station” refers to the 16 positions in the production line through which the modular
home passes. The results of the video recordings identified bottlenecks in the factory. Fol-
lowing this, a detailed task analysis was conducted using the video data to document the
total time workers spent on each task within the bottleneck stations. This provided a deeper
understanding of the tasks contributing to the bottleneck and facilitated the development
of targeted interventions to improve efficiency and streamline production processes.

Second, interviews were conducted with the factory workers to identify the key
components essential for developing the framework towards efficient OSC. Through inter-
views, data were collected with a focus on productivity issues, lean manufacturing, and
value-added versus non-value-added activities. Building on the findings from the detailed
analysis of bottleneck stations, the focus shifted to understanding the specific tasks that
contributed most to delays. This involved identifying tasks that took the longest time
to complete and assessing whether improvements could be made in the design phase to
streamline these processes. The following sections reveal how the findings from video
data and worker interviews played a significant role in understanding the issues at the
bottleneck station and relevant areas in the factory, leading to the creation of innovative
and effective solutions.

3.2. Data Analysis
3.2.1. Design Process

The analysis of the design process focused on establishing current cycle times based
on modular home types. This involved examining the average time taken for each design
phase. The ongoing data collection aims to provide insights into the efficiency of the design
process and identify areas for improvement. The utilization of a combination of tools and
methodologies is also being investigated to determine how the design process can become
efficient and provide a valuable opportunity to conduct quality control on production
drawings. A preliminary comparison between using a single design software package
versus a combination of multiple design tools suggests that the latter method significantly
reduces the design process timeline and potential for error, while also allowing for accurate
quality control.

3.2.2. Production Process

Based on video recordings from three months across the factory, the production process
analysis shows the cycle time distribution across various stations in a modular home factory
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using a box-and-whisker plot. The cameras were installed at different stations to monitor
the start and end times of activities, allowing for precise tracking of events with real-time
timestamps. There was one shift starting at 6:00 a.m. and ending at 4:30 p.m., with workers
operating Monday to Thursday, taking two 15 min breaks and a 1 h lunch. This data were
compiled into an Excel sheet to generate the plot, which is illustrated in Figure 2.

Box and Whisker Representation of Stations

1

B E2E:B{E' EE" HSE°EI0O NI @2 13 14 @15 W16

Time

X

Figure 2. Time distribution is spent at each station. Adapted from [42]. Copyright UNB Conference
Proceedings, 2023.

Once the bottleneck station was determined, a detailed task analysis was conducted
for Station 3 by reviewing the video recordings and entering the start and end times of each
task into an Excel sheet, from which we created Figure 3 to illustrate the average task cycle
times for Station 3 tasks. The analysis revealed that the fabrication of sidewalls is the task
that consistently takes the longest, with the production of sidewall 1 taking significantly
longer than sidewall 2. This discrepancy is attributed to the vertical fabrication of sidewall 1,
compared to the horizontal fabrication of sidewall 2 on a jig. While the average cycle times
for framing sidewalls 1 and 2 are not vastly different, the high variability and inconsistency
in the cycle time for sidewall 1 make it the overall bottleneck task. The partition table,
however, does not appear to contribute to any bottlenecks.

In addition, after creating a table listing all tasks out of the video recordings, we
filtered them by identifying non-contributory tasks, then generated a chart to visualize
time spent on contributory versus non-contributory tasks, categorizing them into more
general groups as shown in Figure 4. The majority of the time, approximately 3 h and
2 min, is spent on contributory activities, while smaller amounts of time are consumed
by non-contributory activities such as roaming (42 min), obtaining material (50 min), and
speaking with colleagues or the foreman. This highlights that while most time is devoted
to productive tasks, there is still some inefficiency due to non-contributory activities.

After distinguishing contributory versus non-contributory tasks in Station 3, we
selected components with the longest production times—specifically, the production of
top and bottom plates, Wall 1, and Wall 2. Figure 5 illustrates the value-added versus
non-value-added tasks for these components and shows the potential impact of eliminating
non-value-added activities.
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Figure 3. Station 3 task analysis (average task cycle times). Adapted from [42]. Copyright UNB

Conference Proceedings, 2023.
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Figure 4. Station 3 task analysis (contributory versus non-contributory work).
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Figure 5. Station 3 task analysis (value-added vs. non-value-added tasks).
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The analysis reveals that approximately 30 min could be saved in the fabrication of
top and bottom plates, 60 min in Wall 2 fabrication, and 50 min in Wall 1 fabrication by
eliminating non-value-added tasks or optimizing them. This highlights the potential for
further efficiency improvements in Station 3’s workflow.

4. Framework Development

To develop the DIMA implementation framework, this research focused on identifying
the key components essential for integrating DIMA principles, which were determined
through interviews with workers in the factory and is illustrated in Table 1. The workers
were shown drawings to receive their feedback, comparing and contrasting drawings,
and suggesting improvements of what information could be provided to them to make
their job easier to execute without all the “thinking” required that was observed in the
non-value-added versus value-added task analysis of station three. The workers also
provided their feedback on the manufacturing and assembly process, suggesting potential
ways to improve. The goal was to understand the challenges workers faced and how
DfMA principles can be used to improve the design, manufacturing, and assembly process.
Figure 6 illustrates steps for developing a DEIMA framework in modular home construction.
The intention of this framework is to provide a step-by-step process that can be used to
identify bottlenecks and reduce or eliminate their impact through the implementation
of DIMA.

[ Framework Development J
Objective To address the need for a structured methodology to incorporate DfMA principles into the modular home
| construction process.
A Data Collection of Overall Manufacturing Facility Analysis of Bottleneck Stations
> Assess the entire manufacturing process to identify Evaluate the identified bottleneck stations to
. bottleneck stations. determine which tasks are consuming the most time.
Preliminary research
(Data Collection 1) Feedback from Workers Design Task Cycle Times
Gather workers insights on what design information Collect data on the cycle times for each design-
would help them improve manufacturing and related task to identify potential areas for
\ assembly productivity. improvement.
@ 7 @ N
+ Standardization  Simplicity and Error Reduction
Develop design principles »  « Modularity * Material Selection i
+ Ease of Fabrication and Assembly * QC and Continuous Improvement
& _4 - 4
4 ) Soft 100! o Initial Approach Hybrid Approach
LR B R ] Single Software Utilization Combined Software Utilization
Utilize software tools = 4 r .
' Different industry-standard 3DBIM | . | 2D Drafting | 2D Drafting Software+3D BIM
L J 4 software software Software | software
- N
Create process maps and *Workflow Mappln.g: Develop detailed process maps outlinlng constructhn stages. o
o »| eSoftware Integration Results: Leverage software outputs to improve design accuracy and optimize
workflow throughout the construction process.
=
o ~ \ Reevaluation of Manufacturing Facility Reanalysis of Bottleneck Stations
» Reassess the entire manufacturing process to Reevaluate the tasks at the bottleneck stations to see
Validation through case identify any remaining or new bottleneck stations. if improvements have reduced time consumption.
study 1 Feedback from Workers (Post-Im i
-lmplementation) - = .
(Data Collection 2) Collect feedback from workers to determine if the BRI cydeATlmes [Bost Implementatlon)
3 B . . 5 Measure the cycle times for each design-related task
provided design information has improved their & S
A again to assess productivity improvements.
\ 4 productivity.
[ Optimize and Refine ’ F{ Implement a process for ongoing optimization, using data and feedback to refine the framework. ’

Figure 6. Framework development stages.
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Table 1. Key feedback and suggestions from factory workers.

N Category Workers Comments and Feedback
e  Set drywall standards and mark placement on the floor
plan.
e  Wall length on the floor plan should include drywall
1 Standardization thick ness.

e  Address minor wall and bathroom pod details.
Adding U.S. plan features, such as a snow load chart.
e Add door details information page.

2 Modularization e  Inconsistent sidewall drawings.

e Add detailed dimensions and locations of different
components to the floor plan.
e Lack of nearby materials leads to extra legwork for

Ease of workers.
3 fabricationand e  Tool organization and allocation are lacking.
assembly o Limited space is causing stocking issues.

The drywall installation process is time-consuming and
labor-intensive, particularly when leveling drywall on
the vertical stand.

e  Lack of clear indication for blocking placement within
walls, including height and specific locations for
electrical plugs and mounts.

e Outline where drywall will be installed, ensuring to
match the layout with the framing.

e  Mark the position of each sheet and any necessary cuts
for fixtures.

e Inconsistent or unclear stud placement and spacing in
wall framing.

e  Unclear placement and labeling of electrical plugs on
the floor plan.

e  Lack of detailed floor plans with clearly numbered
frames and precise measurements complicates
component placement.

e  Excessive dimensions on the plans.

Simplicity and
error reduction

Limited material accessibility near work areas.

5 Material e Disorganized material cabinets and missing essential
selection tools at workstations.
e Limited space and unclear storage areas.
e  Unclear blocking specifications on walls.
Qualit ol ® Inconsistent representation of wall details.
UAtLy CONTOL o [ ack of detailed information on block placement.
6 and continuous .- -
. e Insufficient guidance on stud or frame placement.
improvement . o .
e Ineffective communication between shop drawing and

factory workers.

4.1. Develop Design Principles

After defining the framework objective and the primary data collection, the next step
involves determining the design principles. These principles are the key components
essential for integrating the DEIMA methodology, which was recognized through interviews
with factory workers. The workers were shown design drawings to obtain their feedback,
comparing and contrasting different sets of drawings, and suggesting improvements.
According to data analysis in the production process section, the workers also provided
feedback on the manufacturing and assembly processes, suggesting ways to improve. The
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goal was to understand the challenges workers faced and how DfMA principles can be
used to improve the design, manufacturing, and assembly process.

Table 1 provides a summary of key feedback and suggestions from factory workers,
categorized according to the DIMA guidelines mentioned in the previous literature by [27].
These guidelines were organized into five categories, and based on the workers’ feedback, a
sixth category of “Quality control and continuous improvement” was added. Additionally,
the table includes the benefits mentioned by the workers regarding the comments and
feedback they provided. These benefits include assisting inexperienced or new workers,
saving time on the production line, reducing the chance of errors, aiding in quality control
(QC), and increasing overall efficiency.

4.2. Software Tools Utilized in Developing the Framework

According to [34], and as mentioned in Section 2, DIMA can be applied in three
different ways, with the third and most recent approach being the automation of the entire
process using computer software. Automated manufacturing equipment requires more
detailed and complex digital design information than what is typically needed for manual
fabrication. This design information must be translated into data that a computer numerical
control (CNC) machine can read and process to execute the work. With CNC equipment,
there is a requirement for design data to have a high level of precision, and more 3D
modeling is necessary within the modular factory to adopt an automated process.

In line with this, the analysis of the design process included evaluating software
options that support the implementation of DIMA methodology and the creation of a
suitable BIM-to-CNC digital workflow. The software review was based on (1) emails,
meetings, and demonstrations with representatives from software providers and equipment
suppliers; (2) meetings with the industry partner team; and (3) existing expertise within
the project team.

A series of software options were assessed based on their capabilities that were listed
according to the industry partners’ needs. We recommended that our industry partner use
a standalone BIM/CAD tool.

The selected 3D BIM software met more of the requirements of our design industry
partner. The 3D model developed is highly detailed and includes advanced integrations
for mechanical systems. Additionally, it offers the capability to perform structural analysis
calculations, making it even more useful for optimizing design and construction.

After the primary software assessment section, the final analysis evaluated two soft-
ware options: 3D BIM software option and 2D drafting software as the tool used by
the industry partner. First, each was evaluated independently to see how it affected the
design process. Furthermore, we explored combining two software tools to maximize
their strengths.

4.2.1. Initial Approach: Single Software Utilization

3D BIM software: The selected 3D BIM software allows for users to create a 2D
model that automatically generates a detailed 3D model with features like stud placement,
blocking, and drywall. It offers automated framing options, as well as the ability to
produce detailed and exploded shop drawings. The software also supports snow load
simulation, making it adaptable to different geographic design requirements, providing a
comprehensive and efficient modeling solution.

2D drafting software: The industry partner has been using the 2D drafting software
for years, primarily in 2D format, making it difficult to ensure that components fit together
accurately during assembly. Interviews with factory workers revealed that the 2D drafting
software provides section views and detailed wall layouts. However, it lacks the precision
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and efficiency of fully developed 3D modeling workflows that other software can provide.
Furthermore, the software requires manual input for different framing types, adding
to inefficiencies.

4.2.2. Hybrid Approach: Combined Software Utilization

3D BIM software and 2D drafting software: Analyzing each software’s capabilities
reveals that each software has its own advantages, making them beneficial choices for
users. In a test of using both software together, it was found that this hybrid approach was
efficient and effective. This method allows users to create 2D floor plans in 2D drafting
software, which can be easily imported into 3D BIM software. In 3D BIM software, users
can quickly generate a 3D model by tracing the floor plan and adding walls, doors, and
windows automatically from a library. This significantly reduces design time, providing
both 2D floor plans for client confirmation and detailed 3D models for evaluating the final
product. This approach also enhances quality control by supplying factory workers with
precise 2D drawings and comprehensive frame details for assembly.

4.3. Presentation of the Developed Framework

The framework developed as part of this study provides a comprehensive approach
to integrating DIMA principles into modular home construction. We developed the initial
framework based on the steps provided by the RIBA plan of work 2020 [39] and the basics
of the framework developed by [10]. This framework, illustrated in Figure 7, leverages
both 3D BIM software and 2D drafting software to combine traditional and modern design
methodologies. Key components of the framework include the following:

e Advanced Design Tools: Utilizing 3D BIM software tools for standardization and
detailed 3D modeling, complemented by 2D drafting software to create clear 2D floor
plans for factory use.

e  Assembly Process Simulation: Using 3D BIM software tools to simulate assembly
processes, enabling the identification and mitigation of potential inefficiencies.

e  Real-time Collaboration: Enhancing collaboration among stakeholders through shared
digital platforms, ensuring alignment in design, manufacturing, and assembly processes.

e  Quality Control and Continuous Improvement: Implementing robust quality con-
trol measures through detailed drawings and continuous feedback loops from
factory workers.

By integrating digital tools in the design stage, we enable detailed and technical
design with a focus on the key components extracted from Table 1: standardization,
modularization, ease of fabrication and assembly, simplicity and error reduction, material
selection, and quality control. This integration not only enhances the design phase but also
positively impacts the entire construction process, from reducing errors in production to
improving efficiency in assembly and off-site manufacturing, resulting in a streamlined
and optimized workflow throughout all construction stages.

This framework not only improves the clarity and accuracy of the construction docu-
ments but also facilitates a smoother transition from design to production. The combination
of 2D and 3D visualizations ensures that all stakeholders, including designers, factory work-
ers, and quality control inspectors, have a clear understanding of the project requirements
and execution.
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Figure 7. Design for manufacturing and assembly (DfMA) framework.

4.4. Anticipated Impact of Developed Framework

Retrospective validation is applied to facilities and processes that have not been for-
mally documented through a validation process. It involves using historical data to generate
the required documentation, proving that the process is performing as expected [43,44].

In this study, to assess the anticipated impact of the developed framework, we cal-
culated the design cycle time and production cycle time after implementing the DIMA
framework and compared it with the data collected during the data collection phase. Ac-
cording to [44], the validation of a manufacturing process is possible using historical data
to provide the necessary documentary evidence that the process is performing as intended.
For our study, using this approach to assess the anticipated impact allowed us to confirm
the effectiveness of the developed DIMA framework by leveraging past performance data
for comparison.

In the design stage of the manufacturing process, we calculated the design time and
proposed potential improvements based on the application of the DIMA framework. The
main output of the framework is simplifying the design process. This DIMA implementa-
tion is expected to enhance clear communication and collaboration, standardize designs,
and reduce errors by generating comprehensive and accurate drawings. The suggestions
for the design process include minimizing repetitive tasks, eliminating unnecessary re-
view stages, and reducing the likelihood of changing orders. These enhancements not
only streamline the workflow but also contribute to improving overall productivity and
consistency in manufacturing outcomes. Table 2 presents a detailed comparison of the
results. With the suggested implementation of DIMA, certain tasks were added (*), others
were eliminated (**), and some were consolidated (***).

The data suggest a potential 43% reduction in total cycle time during the design
stage, based on our proposed recommendations for implementing DfMA principles. This
projected reduction indicates the framework’s potential to streamline the design process
and enhance overall productivity.
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Table 2. Estimated Design Cycle Time Before and After Implementing DfMA (Anticipated Impact).

Design Cycle Time by Task (h/min/s)

Tasks Tasks
Before DIMA Time After DEIMA Time
Implementation Implementation
Project file creation (assign 0:05:27 Project file creation (assign 0:05:27
reference number) reference number)
Prepare sales drawing Prepare sales drawing
package and pricing for 2:51:27 package and pricing for 1:30:00
review review
Initial quote is sent to o * Prepare drawings by 3D .
builder to review with client 0:09:42 BIM software tool 3:30:00
Revise sales drawing an. Initial quote is sent to no.
package and pricing 1:00:49 builder to review with client 0:09:42
Orc.ier submitted (assign 0:08:45 Revise sales dra!\/\.lmg 1:00-49
serial number) package and pricing
. =, Order submitted (assign .
Prepare signature package 4:50:42 serial number) 0:08:45
Quote check 0:51:25 Prepare signature package 4:50:42
Revise quote/drawings 0:25:00 ** Quote check
Requesjc ShOP and electrical 1:00:00 Revise quote/drawings 0:25:00
for engineering
*%
Send to engineer 0:15:00 Request shop ;fmd .
electrical for engineering
Revise drawings 1:30:00 Send to engineer 0:30:00
Quote review 1:15:00 Revise drawings 0:30:00
Revise quote/drawings 0:27:30 ** Quote review
Signature package is sent to no. . . i
builder to review with client 0:09:05 Revise quote/drawings 0:27:30
L . Signature package is sent to no.
Revise signature package 0:36:39 builder to review with client 0:09:05
Create pre-issue 0:41:15 Revise signature package 0:36:39
Review pre-issue 1:02:30 Create pre-issue 0:15:00
Revise pre-issue 0:20:00 Review /revise pre-issue 0:30:00
Revise pre-issue 0:21:39 Design/engineering review 0:30:00
Issue for construction 0:17:34 *** Issue for construction
Shop drawings are *** Shop drawings are 0:30:00
10:00:00
completed completed
Revise drawings 0:15:00 ** Revise drawings
Final binder 0:30:00 Final binder 0:30:00
Site connection drawings 0:15:00 Site connection drawings 0:15:00
are completed are completed
Revise issues 0:10:00 Revise issues 0:10:00
Total 29:29:29 Total 16:33:39

40% Improvement
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Table 3. Estimated Station 3 Cycle Time Before and After Implementing DfMA (Anticipated Impact).

Data for “Task Cycle Time” Chart

Average Cycle Time Average Cycle Time

Task (Before DfMA (After DIMA
Implementation) Implementation)

Installing partition walls 2:24:27 1:45:00
Craning partition walls 1:45:46 0:45:00
Building lumber sidewall 1 run 0:18:11 0:08:12
Marking runs for sidewall 1 0:46:57 0:22:32
Fabricate sidewall 1 4:35:30 2:35:16
Crane sidewall 1 0:26:15 0:13:00
Install sidewall 1 0:14:59 0:06:25
Fabricate end wall 1:09:09 0:42:31
Crane end wall 0:09:15 0:02:00
Install end wall 0:04:29 0:02:30
Building lumber sidewall 2 run 0:20:55 0:08:12
Marking runs for sidewall 2 0:36:00 0:22:32
Fabricate sidewall 2 3:08:59 2:35:16
Crane sidewall 2 0:25:23 0:13:00
Install sidewall 2 0:25:14 0:06:25

Total 16:51:29 10:07:51

48% Improvement

Table 3 presents the production cycle time for Station 3. We estimated the cycle time for
each task based on our proposed implementation of the DIMA framework, using analyses
of the videos recorded during the data collection phase. It is anticipated that several tasks
could be eliminated by applying DIMA principles, which aim to reduce errors, improve
collaboration and communication, and simplify the overall production process. Based on
these suggestions, a potential 40% reduction in manufacturing time could be achieved,
highlighting the framework’s potential to enhance production efficiency.

5. Discussion

The results confirm that the integration of DIMA principles in modular home con-
struction has substantial benefits. The combination of software tools and the emphasis on
standardization and modularization, ease of fabrication and assembly, simplicity and error
reduction, material selection, quality control, and continuous improvement significantly en-
hanced the design, production, and assembly phases. The improvements in time, efficiency,
error reduction, and overall workflow demonstrate the potential of DIMA to revolutionize
the modular home construction industry. The findings of this study align with previous
research by [45-47] on the benefits of DIMA principles in reducing design, production, and
assembly times.

The hybrid software approach also led to a reduction in design errors, particularly
in areas involving complex geometries and structural details. The detailed 3D models
provided by 3D BIM software tool allowed for more thorough quality control checks,
ensuring that the final design met all required specifications. This improvement was further
supported by the enhanced ability to simulate load conditions and visualize assembly
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processes, which helped in identifying potential issues early in the design phase. However,
unlike other studies that focused solely on one design software package [48,49], this study
highlights the advantages of a hybrid approach combining 2D drafting software and 3D
BIM software tool. This combination has not been extensively explored in prior literature,
making this study a valuable contribution to the field.

Furthermore, this study addresses key gaps identified in the recent literature regarding
the integration of advanced digital technologies into DEMA practices. For instance, as high-
lighted by [2,18,27,50], there is a need for advanced digital construction and engineering
capabilities to facilitate the adoption of DIMA. This study contributes to filling this gap by
demonstrating how combining different software tools can leverage digital construction
capabilities to optimize the design and production processes in modular home construction.

By adding 3D BIM software tool to the design phase, there are some changes to the
overall process that occurs. This is summarized and described in Figure 8.

Quote sent
for review
==3

Project file Prepare sales
creation E

Prepare
signature
package

Order
submitted

Quote sent
for review

I 1
] 1
1| Request shop

1| andElectrical |7
1 1

Signature
package send
to builder

Builder
review and

Quote review

1

Create pre Review pre
issue

1

Issue for Production Completed Order :
construction schedule drawings material ;
1

Design and
engineering
review

Revise pre-
issue

Completed Prefiminary
shop
drawings

Site
connection
drawings

Change order

- Steps to be deleted after using software.
- Steps to be merged by using software.
- Step to be added by using software.

Revise issue

Figure 8. Design Phase Process Map (Current State and Anticipated Future State).

The practical application of the developed framework demonstrates significant po-
tential for improving efficiency and quality in the modular home construction industry.
Companies adopting this framework can expect to see a reduction in production errors and
overall project timelines. The framework’s scalability also suggests potential applications
in larger-scale projects and different types of construction.

Despite the positive results, there are some limitations to this study. First, the DIMA
framework was applied to a specific modular home construction setting, which may limit
its applicability to other types of construction projects. Moreover, while hybrid software
was effective in this study, integration with other design tools and workflows common to
certain factories may be challenging.

Future research could explore the application of this framework in different modular
construction contexts, including commercial buildings and large-scale residential projects.
Further studies could also investigate the integration of emerging technologies, such as
artificial intelligence and augmented reality, to enhance the design and assembly processes.
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6. Conclusions

This study demonstrates the significant benefits of integrating DIMA principles with
advanced digital tools, particularly through a hybrid approach using 2D drafting software
and 3D BIM software tool. Incorporating digital tools into the design process helps visualize
and simulate how design changes will impact manufacturing and assembly requirements.
The findings reveal that this approach reduces design and production times, minimizes
errors, and enhances quality control in modular home construction.

This study contributes to the growing body of knowledge on DfMA in construction,
offering practical insights into the application of digital technologies. It provides a unique
perspective by combining two software tools, addressing a gap in the existing literature.
This research underscores the importance of leveraging advanced digital construction capa-
bilities to optimize workflows and improve the overall efficiency of construction projects.

The developed framework offers practical applications for industry professionals,
providing a comprehensive approach to streamline design and production processes. This
study’s findings can guide architects, engineers, and construction managers in imple-
menting DIMA principles, resulting in cost savings, improved quality, and accelerated
project timelines. The integration of detailed 3D models with traditional 2D plans en-
hances communication and clarity among stakeholders, reducing the likelihood of errors
and rework.

Future research should explore the integration of cutting-edge technologies such as
Al, blockchain, and IoT in DfMA practices. These technologies hold promise for further
enhancing efficiency, precision, and connectivity in the construction process. Additionally,
investigating the application of digital fabrication techniques across various construction
contexts can provide deeper insights into their benefits and limitations. Further studies
could also focus on the long-term sustainability impacts of adopting DfMA principles and
digital technologies in construction, contributing to a more environmentally friendly and
cost-effective industry.

The successful implementation of the proposed framework demonstrates a significant
advancement in modular home construction. By bridging the gap between traditional
practices and modern digital technologies, this study paves the way for more efficient,
accurate, and sustainable construction processes. The findings and recommendations
outlined in this study offer valuable guidance for the construction industry, highlighting
the transformative potential of integrating DIMA principles with advanced digital tools.
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