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Beyond any point in human history has the efficiency of building construction 

been more critical within the realm of architecture. The future demands sustainable 

designs that impose minimal burdens on the environment and future generations. 

Meeting this demand necessitates a reevaluation of conventional fabrication and 

assembly systems. 

 This study underscores the critical imperative of strengthening the symbiotic 

relationship between fabrication and design. Furthermore, it emphasizes the ever-

growing need to embrace subtractive manufacturing, enabling the tailoring of each 

architectural component to precise specifications, thereby enhancing overall 

adaptability and functionality within constructed spaces. This comprehensive method, 

when used in timber-based architecture, becomes quite advantageous as it combines 

the efficiency of prefabrication and assembly with the flexibility of customizing parts, 

ultimately facilitating the creation of sustainable and innovative architectural spaces. 
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Introduction  

 

In an era where the efficiency of building construction plays a pivotal role in 

architectural endeavors, the imperative for sustainable designs has never been more 

pronounced. This study recognizes the urgency of this demand and advocates for a 

thorough reassessment of conventional fabrication and assembly systems, aligning 

with the growing significance of integrated systems. At the heart of this examination 

lies the crucial symbiotic relationship between fabrication and design, a connection 

essential for preserving key elements such as the human experience, environmental 

considerations, and cost-efficiency. Emphasizing the emerging importance of 

subtractive manufacturing, the study underscores the need to tailor each architectural 

component precisely, enhancing adaptability and functionality within constructed 

spaces. 

Particularly in the context of timber-based architecture, this comprehensive 

approach proves advantageous by seamlessly combining the efficiency of 

prefabrication and assembly with the flexibility of customizing parts. The result is a 

transformative approach that facilitates the creation of sustainable and innovative 

architectural spaces, laying the groundwork for a future where construction practices 

harmonize with environmental and functional considerations. The traditional 

paradigms governing housing design and construction in the United States confront 

significant challenges in sustainability, design creativity, and accessibility. With an 

escalating demand for eco-friendly and efficient housing solutions, this thesis 

embarks on an exploration of the potential of prefabricated wood construction 
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assemblies to address these pressing concerns while simultaneously introducing 

innovative possibilities in design and construction. As the landscape of housing 

evolves, the study aims to contribute insights into how prefabrication, specifically in 

timber-based construction, can serve as a catalyst for transformative change. By 

navigating the intersection of sustainability, design, and accessibility, this research 

seeks to contribute to a future where prefabricated wood construction emerges as a 

viable solution, reshaping the traditional notions of housing and construction in the 

United States. 

Overall, the thesis explores various facets of housing design and construction, 

focusing particularly on sustainability and the potential of prefabrication. It begins by 

closely analyzing the sustainability concerns inherent in traditional housing design, 

exploring the environmental impact, resource utilization, and long-term implications 

associated with conventional construction methods. A detailed examination is also 

dedicated to understanding the limitations posed by these constraints and the intricate 

relationship between fabrication processes and design considerations in traditional 

housing. The inquiry then progresses to contemporary approaches in material 

selection for housing construction, advocating for a transition towards sustainable 

alternatives. Timber takes center stage in this discussion, evaluated for its viability in 

terms of sustainability, versatility, and aesthetic appeal. The thesis subsequently 

explores the formal and spatial possibilities that timber introduces to housing design, 

laying the groundwork for a broader exploration of prefabrication techniques. 



 

3 

 

Prefabrication is explored further, with a look into its potential to 

revolutionize the construction industry by addressing efficiency, cost-effectiveness, 

and reduced environmental impact. The examination extends to subtractive 

manufacturing processes with timber, evaluating how precision machining enhances 

the quality and efficiency of prefabricated components. A critical evaluation of the 

long-term viability of prefabrication as a sustainable solution for housing construction 

is also investigated and discussed. The thesis further delves into key design drivers in 

prefabricated assemblies, analyzing machining parameters, logistical considerations 

in transportation, and on-site assembly challenges and opportunities. Shifting focus to 

the assembled construct, it studies critical aspects such as structural integrity, thermal 

insulation, and fire resistance in prefabricated wood construction assemblies. Finally, 

the investigation extends to labor dynamics associated with prefabricated wood 

construction assemblies, exploring general labor force dynamics, the need for 

specialized labor, and the social implications of adopting prefabrication in the 

construction industry. This comprehensive exploration aims to provide nuanced 

insights into the multifaceted potential of prefabrication as a sustainable and efficient 

solution for housing across the United States. 
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Chapter 1: Conventional Housing Design Strategies 

Buildings significantly contribute to the environmental crisis, impacting both 

their construction and long-term use. Housing design, being a critical component, 

presents a unique avenue for addressing these environmental concerns in a positive 

and impactful manner. While there is an urgent need for a paradigm shift towards 

sustainable design, it is equally crucial to ensure that this transformation retains and 

incorporates creativity as an integral element. A key challenge arises in the realm of 

housing affordability in the United States, posing a formidable barrier to providing 

designs that balance creativity without compromising due to cost constraints. To 

overcome this obstacle, there is a necessity to reassess the existing gap between 

design and fabrication processes. By reevaluating and bridging this disconnect, 

architects can explore innovative solutions that not only address environmental 

concerns but also enhance the creative possibilities within affordable housing design. 

This holistic approach recognizes the interconnected nature of sustainability, 

creativity, and affordability, paving the way for a more harmonious and impactful 

future in architecture. 

Sustainability Concerns 

The exponential rise in sustainability concerns has reached a critical point, 

demanding immediate attention as we project into the future. Compelling data 

underscores the urgency of addressing these issues, notably revealing that buildings 

stand as the largest emitter of greenhouse gasses, contributing a substantial 40% to 

the total energy use in the United States.1 The construction process, a prominent 

contributor to this environmental strain, is impaired by inefficient practices that cast a 
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prolonged shadow over the entire lifecycle of a structure. In-depth life cycle 

assessments of buildings have brought to light the far-reaching implications, exposing 

that inefficiencies in the construction phase extend to the operational efficiency and 

sustainability of building systems over their lifespan.2 The housing sector, a 

substantial contributor, stands as a focal point necessitating radical changes in its 

operational framework. Acknowledging the levity of environmental concerns, it 

becomes imperative to shift the approach surrounding sustainability. Sustainability 

should be relegated to a peripheral concern and should seamlessly integrate into the 

very essence of the design and construction process. This demands a fundamental 

reevaluation and reimagining of the entire design process, where sustainable practices 

cease to be optional add-ons but rather intrinsic elements guiding every decision.  

 

Accessibility of Creative Designs 

Addressing sustainability is undeniably crucial, but it is equally imperative to 

strive for the enhancement of the human experience. The inherent challenge lies in 

the fact that the creativity embedded in housing design often comes with a substantial 

cost, exacerbating the already significant issue of housing unaffordability. The 

severity of this problem is underscored by the findings of a 2014 State of the Nation 

report, revealing that approximately 41 million households were burdened by housing 

costs in 2012. This marked a concerning increase from around 32 million a decade 

prior, painting a distressing picture of the accessibility of affordable housing.3 

Creativity in design stands as a pivotal element of the human experience, demanding 

meticulous attention to ensure it is not sacrificed in the pursuit of affordability. The 

cost of housing consumes a considerable portion of individuals' incomes, affecting 
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both renters and homeowners alike. Statistics from 2015 indicate that over 35% of the 

population allocates 30% of their income towards housing.4 Given this financial 

strain, advocating for creative design becomes a challenging proposition for many, as 

the practicalities of affordability often take precedence over aesthetic and innovative 

considerations. In light of these challenges, it becomes imperative to forge a design 

methodology that harmoniously integrates sustainability and facilitates the realization 

of creatively designed, affordable housing.  

 

Figure 1: Number of cost-burdened households, 1990s and 2000s [Anthony5] 

Relationship Between Fabrication and Design  

The current landscape of architectural design in the United States reveals a 

notable disconnect between the conceptualization of designs and the subsequent 

fabrication processes. Traditionally, designs are conceived with a primary emphasis 

on spatial configurations and experiential aspects, with considerations for materials 

and fabrication methods often coming as secondary considerations to meet the 

established design needs.6 This detachment between design and fabrication is also 

evident in recent developments, especially those centered on sustainability. The 



 

7 

 

prevailing approach tends to treat fabrication merely as a means to materialize the 

envisioned designs, often overlooking its potential role in influencing and shaping the 

design itself. This separation between design and fabrication limits the realization of 

the full potential for sustainability and creativity.7 When fabrication is relegated to a 

tool for executing predetermined designs, the opportunity to leverage it as a 

generative force for shaping new design possibilities is missed. Embracing fabrication 

as an integral part of the design process could lead to breakthroughs in both 

sustainability and creativity. By viewing fabrication not just as a production tool but 

as an active participant in the creative process, architects can unlock innovative 

solutions that optimize material use, energy efficiency, and overall environmental 

impact. This shift in perspective challenges the conventional hierarchy in which 

design precedes fabrication, suggesting a more symbiotic relationship where the two 

processes inform and influence each other iteratively. This holistic approach opens up 

new avenues for exploring materials and methods that are not only sustainable but 

also push the boundaries of architectural creativity.8 Ultimately, this integrated 

approach has the potential to redefine the future of housing design by embracing 

fabrication as a co-creator of innovative, sustainable, and aesthetically compelling 

architectural solutions. 

The urgency to address the escalating sustainability concerns within 

architecture, particularly in housing design, is paramount. The data revealing 

buildings as the largest contributors to greenhouse gas emissions and the 

inefficiencies entrenched in the construction process highlight the critical need for a 

paradigm shift. Recognizing the intertwined nature of sustainability, affordability, and 
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creativity, it is imperative to reevaluate the design process. Sustainability should no 

longer be a peripheral concern but an intrinsic element guiding every decision, paving 

the way for a comprehensive revelation of design. Simultaneously, the disconnect 

between architectural design and fabrication processes underscores the missed 

opportunities for sustainability and creativity. Embracing fabrication as a generative 

force rather than a mere tool for execution holds the potential to reshape the future of 

housing design. By adopting a holistic approach that integrates sustainability into 

every aspect of the design and construction process, we can aspire to mitigate the 

environmental impact of buildings, address housing affordability, and foster 

innovative, aesthetically compelling solutions that enrich the overall human 

experience.  
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Chapter 2: Materiality 

 

The materiality of the built environment plays a pivotal role in creating 

sustainable homes that are not only effective in construction but also in their 

subsequent utilization. In the United States, the predominant focus in material 

selection has traditionally revolved around aesthetic considerations and spatial 

experiences, both of which are undeniably vital for ensuring the satisfaction of 

occupants and fostering economic development. In recent years, there has been a 

growing recognition of the importance of efficiency with regard to sustainability, 

marking a shift in priorities. With goals like the one set for 2050 by the Paris 

Agreement requires a significant transformation of the housing sector as it 

necessitates the reduction of emissions from the residential design by 80%.9 The shift 

towards sustainability has become more and more paramount and is beginning to 

influence much of design. However, this shift has often presented us with solutions 

that compromise one priority in favor of the other, giving rise to a myriad of 

challenges. In the context of the U.S. housing infrastructure, it is imperative that we 

broaden our perspective on materiality. It should not be confined merely to 

construction efficiency but should also be recognized for its substantial impact on the 

efficiency of spatial design. 

Existing Approach to Materiality 

Common architectural thinking often perceives materiality solely in terms of 

structural or aesthetic functions, limiting design possibilities and often resulting in 

unsustainable spaces. However, it's imperative to acknowledge that material choices 

in architecture play a crucial role in nationwide sustainability initiatives. Buildings 
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are responsible for 40% of energy consumption, with material production and 

construction accounting for 60% of life cycle energy use.10 Therefore, a reevaluation 

of material and construction strategies is essential. Furthermore, annual greenhouse 

gas (GHG) emissions in addition to energy consumption related to material 

manufacturing significantly impact the overall environmental footprint of 

architectural design. For instance, a study from the University of Toronto on North 

American life-cycle analysis reveals that the selection of construction materials can 

have substantial implications for GHG emissions and energy use, particularly in 

residential development. In low-density scenarios, certain materials including 

structural concrete, drywall as well as brick in particular, contribute significantly to 

GHG emissions at 44% and embodied energy 50%.11 To align architectural design 

with sustainability objectives, there is a need to transition towards more sustainable 

and energy-efficient materials. This shift ensures that spatial experiences are 

enhanced without compromising environmental concerns. Transitioning to 

sustainable, energy-efficient materials in residential design is essential for improved 

spatial experiences and environmental goals, countering the limitations of 

conventional aesthetic-focused approaches. 
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Figure 2: Household Energy and GHG intensity across the United States  [Norman12] 

Timber as an Alternative 

As we look towards alternatives, timber emerges as a prominent candidate that 

is suited with environmental circumstances and pushes the potential of sustainable 

design. When timber is often proposed, the initial reaction often revolves around the 

perception of timber as material scarce in availability and variability on a large scale. 

Over recent years that perception has begun to change as sustainable harvesting 

strategies have grown in prominence and have made timber more viable. Infact, 

available data on North American forest resources indicates that when evaluated 

using criteria such as forest area and production at larger scales, forest sustainability 

is generally not significantly at risk. The region has witnessed an increase in forest 

area, particularly in the USA, and the majority of forests are categorized as primary or 

naturally regenerated. Moreover, there is a notable upward trend in biomass and 

carbon stocks which presents promising prospects for the future use of timber.13 

Additionally, the implications of using timber as an alternative to conventional 
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materials are substantial as they can help towards making significant strides towards 

sustainability. Across four continents, in a total of 18 comparisons, the replacement of 

traditional materials like steel and concrete with mass timber during construction led 

to a remarkable 69% decrease in emissions. Every study included in this analysis 

consistently demonstrated reduced emissions when mass timber was utilized.14 The 

potential implications of adopting low-carbon construction methods, which involve 

incorporating mass timber instead of conventional materials in half of all new urban 

projects, are profound for the future of design. Timber's evolving perception, 

sustainable harvesting, and its ability to reduce emissions when used in construction 

make it a promising candidate for advancing sustainability in residential projects. 

 

Figure 3: Map of current carbon density of live tree aboveground biomass. [Hoover15] 
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New Spatial Possibilities   

Every building material holds a unique set of experiences of its own that 

contributes significantly to the human experience. Ideals of aesthetics and symbolism 

emerge from the qualities of the building. Whether it's the grandiose introduction of 

the Pantheon's dome or the historic introduction of the skyscraper by the Rand 

McNally building in Chicago, the building materials, concrete and steel respectively, 

made it all possible. The materiality of these structures opens the door to numerous 

spatial experiences that were once merely elements of imagination. With growing 

technological capabilities we look to evolve timber to new extents that can open the 

door to newfound experiences. A joint research study with researchers in Purdue 

University and University of Ljubljana revealed through a series of studies that 

combining engineered wood products with traditional materials offers more design 

flexibility and construction options, especially for lightweight and refurbishment 

projects. They also revealed this flexibility to be particularly advantageous due to its 

speed and efficiency in construction.16 Another group of design researchers at the 

University of Stuttgart have introduced a new subtractive technique that involves 

slotting plywood sheets to achieve variable stiffness. This process can produce 

complex curvatures across complex geometries by using less energy and creating 

significantly less waste than conventional materials.17 Material choices profoundly 

shape the human experience in architecture, and timber, coupled with innovative 

techniques, offers promising new design possibilities that enhance spatial experiences 

while minimizing waste and energy use. 

The pursuit of sustainability in residential design requires a fundamental shift 

in our approach to materiality. The conventional focus on aesthetics and spatial 
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experiences must evolve to prioritize efficiency and environmental impact. As 

highlighted by the Paris Agreement's ambitious emission reduction goals for 2050, 

the housing sector plays a crucial role in achieving sustainability targets. The 

prevailing architectural perspective often restricts materiality to structural or aesthetic 

functions, overlooking its significant contribution to energy consumption and 

greenhouse gas emissions. Timber emerges as a promising alternative, overcoming 

previous perceptions of scarcity through sustainable harvesting practices. Studies 

show that replacing traditional materials with mass timber can lead to a substantial 

decrease in emissions, making it a compelling choice for low-carbon construction. 

Moreover, innovative techniques, such as combining engineered wood with 

traditional materials and introducing subtractive methods, offer new design 

possibilities that enhance spatial experiences while minimizing waste and energy use. 

Embracing these sustainable practices in material selection and construction methods 

is essential for achieving a harmonious balance between design excellence and 

environmental responsibility in residential projects. 
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Chapter 3: Prefabricated Possibilities 

 

In a crucial time when we're facing environmental challenges and striving for 

sustainability, the future of housing in the United States hinges on blending creativity 

with efficiency. Prefabrication simplifies construction while encouraging creativity. 

It's not only about being eco-friendly but also ensures long-term sustainability, with 

studies showing reduced greenhouse gas emissions and a focus on a building's entire 

lifespan. At the same time, CNC machining with timber challenges the idea that we 

must choose between creativity and performance. It offers precision and adaptability, 

which are essential for creative design. Studies around the world demonstrate how 

using timber with CNC machining improves energy efficiency and strengthens 

structural integrity. Prefabrication, a relatively new trend in construction, is rapidly 

gaining ground due to its flexibility and the growing need for eco-friendly, cost-

effective solutions. This transformation is even reaching luxury markets, showing a 

shift in focus. Adopting large-scale manufacturing for building components is a key 

factor in this growth, promising better quality and standards. As prefabrication 

continues to gain momentum, it points to a promising future for housing design and 

construction in the United States.  

Innovating through Prefabrication 

The future of housing in the United states needs to be based around strategies 

that foster creativity while emphasizing sustainability. Prefabrication offers great 

opportunities to standardize constructional elements and open up opportunities to 

greater creativity. At the same time it facilitates strategies to make construction more 

efficient, helping towards a more sustainable future. Several studies have pointed 
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towards the advantages of prefabricated or modular construction as positive 

alternatives to conventional construction as it generally results in lower greenhouse 

gas emissions. Factors such as worker transport, equipment idling, and temporary 

heating significantly impact emissions from conventional construction. The positive 

impact and sustainability extends beyond the construction phase and extends well into 

its life. Over a 50-year lifespan, modular housing produced less construction waste 

and exhibited lower life cycle energy consumption and global warming potential 

compared to conventional housing.18 Its efficiency in construction and use are ideal 

for growing concerns regarding sustainability, at the same time it lends itself quite 

well revisioning design conventions. By standardizing performative components and 

offering opportunities for extensive customization on a large scale, it ultimately 

reduces overall expenses through the efficiencies gained from high-volume 

production.19 This provides extensive room for designers to explore new spatial and 

formal configurations. The future of US housing should blend creativity with 

sustainability, and prefabrication offers both standardized efficiency and eco-friendly 

advantages while allowing for innovative design possibilities. 

Subtractive Manufacturing with Timber 

The conventional distinction between creativity and performance often leads 

to the perception that they must be balanced through compromise. However, the 

pressing sustainability goals of the near future require both efficiency and robust 

performance. Simultaneously, the evolving future calls for an expansion of design 

possibilities to enhance the human experience. Balancing sustainability and creativity 

without compromises is crucial, and the automation embedded in the fabrication of 
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prefabricated assemblies and modules holds immense potential in enabling both. 

Subtractive manufacturing or CNC machining with timber, for instance, offer 

significant advantages. CNC machining ensures precision, while timber's malleability 

allows for flexibility. In a recent German study conducted by design researchers, they 

explored ways to improve the energy efficiency of building envelopes. They utilized 

solid timber as the primary material, leveraged the precision of CNC machining for 

all-wood joinery, and created an airtight assembly without the need for sealants. 

Additionally, the incorporation of air chambers led to an impressive over 30% 

reduction in thermal conduction. This approach not only enhanced thermal 

performance but also fortified structural integrity while reducing the necessity for 

non-wood components, aligning with eco-friendly disposal practices.20 The 

integration of CNC machining with timber paves the way for a high-performance 

assembly, promising intriguing possibilities for future creativity. In another study, a 

team of design researchers in London delved into natural distribution patterns, 

employing material computation strategies, digital analysis, and fabrication 

techniques to craft performative variable-stiffness structures. They used a subtractive 

manufacturing technique, involving slotting plywood sheets to achieve variable 

stiffness, which ultimately enabled articulated bending across complex geometries.21 

As these studies exemplify, subtractive manufacturing with timber can create a 

harmonious coexistence of sustainability and creativity, showing promising avenues 

for innovative, eco-conscious design practices. 
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Figure 4: Natural distribution patterns to craft performative structures    [Greenberg22] 

Viability of Prefabrication into the Future 

Prefabrication, which is a rapidly expanding trend in contemporary 

construction, embodies significant potential for the future of building design and 

construction. This innovative approach, although a relatively recent practice with its 

full integration emerging during the 20th century, has demonstrated remarkable 

versatility and ease of installation, fostering its continued and robust adoption.23 The 

increasing demand for quick, eco-friendly, and cost-effective design solutions has 

significantly driven the upward trend of prefabrication. This continuous momentum 

can be credited to a combination of factors, including the growing need for speedy 

and budget-friendly construction solutions, alongside the constant evolution of 

construction techniques, materials, and innovative tools. This transformative journey 

of prefabrication has also begun to extend its reach into luxury markets, marking an 
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evolution in its market focus. In light of these advancements, it is plausible to 

envision a future where prefabrication takes center stage.24 One significant aspect 

driving this progression is the increasing adoption of large-scale manufacturing 

processes for building components, promising elevated standards in construction 

materials and quality. Among the key drivers of prefabrication's widespread usage are 

its remarkable capacity to parallelize work within factory and on-site settings, deliver 

heightened quality and consistency, curtail energy consumption, provide access to 

economical labor markets through factory-based systems, ensure program certainty, 

and offer enhanced safety within factory environments.25 Prefabrication's rapid 

growth, driven by its versatility and cost-effectiveness for quick, eco-friendly 

construction, holds great potential for the future of building design and construction. 

In contemplating the future of housing in the United States, it becomes clear 

that a harmonious union of creativity and sustainability is not only possible but 

essential. Prefabrication stands as a beacon of innovation, heralding standardized 

construction elements and a realm of creative possibilities. Its significant advantages, 

highlighted through reduced greenhouse gas emissions, long-lasting sustainability, 

and cost-efficiency, extend well beyond the construction phase. In parallel, CNC 

machining with timber redefines the balance between creativity and performance. The 

precision it offers complements timber's malleability, providing fertile ground for 

creative design while enhancing energy efficiency and structural integrity. The rise of 

prefabrication is driven by the need for quick, eco-friendly, and cost-effective 

construction solutions, signaling a transformative journey extending even into luxury 

markets. The adoption of large-scale manufacturing for building components 
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promises to elevate material quality and construction standards. Prefabrication's 

growth, driven by versatility and cost-effectiveness, envisions a promising future for 

housing design and construction in the United States. Together, these innovative 

approaches promise to shape a future where homes are not merely dwellings but 

expressions of a sustainable and creative tomorrow. 
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Chapter 4: Design Drivers of Prefabricated Assemblies 

The integration of CNC machining in building design introduces both 

innovative possibilities and distinct limitations that significantly influence the scope 

and feasibility of construction elements. The bed sizing and depth constraints of CNC 

machines play a pivotal role in defining the scale of components that can be milled or 

routed. Understanding these limitations, encompassing not only machine bed 

dimensions but also the crucial parameters of speed and feed, is fundamental in 

navigating the intricate balance between design aspirations and the practical 

capabilities of CNC technology. Moreover, the impact extends beyond the workshop, 

as these constraints reverberate into transportation logistics and on-site assembly, 

affecting the creation and delivery of prefabricated modules. Addressing these 

constraints within building design and assembly processes underscores the intricate 

interplay between precision manufacturing and the practical challenges posed by 

transportation and on-site assembly. 

Machining Parameters 

CNC machining, while a remarkable technology in building design, has its 

own set of constraints that significantly influence the scope and feasibility of 

construction elements. The bed sizing and depth limits of CNC machines are pivotal 

in determining the scale of components that can be milled or routed. The bed size, 

defined by the x and y dimensions, alongside the depth or z axis, serves as the 

primary metrics for a machine's capabilities. Larger dimensions in x, y, and z axes 

usually correspond to machines that are more durable and suited for industrial-grade 

scales. These parameters constrain the maximum size of the components that can be 
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fabricated, affecting the design flexibility within the constraints of the machine's 

working envelope.26  Moreover, it is vital to grasp the significance of the speeds and 

feeds of a CNC machine. Speed represents the rate at which the cutting tool moves, 

while feed refers to the rate at which the material is fed into the cutter. Optimal speed 

and feed settings determine the machine’s capacity to handle different materials and 

densities effectively. Higher speeds might enhance productivity but can compromise 

precision, while lower speeds offer accuracy but may prolong the operation time. 

Balancing these factors is essential to achieve the desired output within a feasible 

time frame.27 The constraints of CNC machining in building design are not merely 

technical limitations but parameters that designers must navigate while creating 

designs that align with the machine's capabilities. 

 

Figure 5: Block diagram of overall CNC machining process. [Jayachandraiah28] 

Transportation to Site 

The transportation of prefabricated modules in building design is heavily 

impacted by CNC machining constraints and logistics. Similar to the limitations 

imposed by CNC machine bed sizes, the capacity of transportation vehicles such as 

trucks or semi-trucks is instrumental in determining the permissible panel sizes for 

delivery.29 The constraints related to transportation vehicle sizes directly affect the 
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number of required panels and the assembly of joints to accommodate these 

limitations.30 These constraints not only impact the dimensions of prefabricated 

components but also introduce complexity to the assembly process on-site. 

Furthermore, the vibrational forces experienced during transportation subject the 

panels to stress, potentially jeopardizing both structural integrity and the crucial 

quality of joints necessary for thermal insulation and stability. To mitigate potential 

damages during transit, it may be necessary to incorporate additional tolerances in the 

design. Striking a balance that accommodates potential damages without 

compromising the final assembly quality is essential. However, the precision sought 

in CNC machining introduces a challenge when additional tolerances are needed due 

to transportation constraints, thus complicating on-site assembly processes.31 This 

intricate relationship between CNC machining limitations and transportation logistics 

underscores the intricate interplay between manufacturing processes and the 

challenges posed by the constraints of building design. 

Onsite Assembly 

The onsite assembly of prefabricated timber modules in building design is a 

pivotal phase that seamlessly merges manufacturing and transportation. Prefabricated 

modules offer tangible advantages over traditional construction methods, significantly 

reducing construction timelines and minimizing errors. Prefabricated modules in 

general, produced in controlled factory environments, expedite onsite assembly, 

slashing construction durations by up to 30% compared to conventional building 

methods.32 This controlled manufacturing setting ensures consistent, high-quality 

construction, resulting in fewer errors and deviations from the intended design. The 
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integration of electrical and plumbing systems within prefabricated timber modules 

significantly simplifies the installation process. Clear labeling and pre-designed 

pathways within the modules streamline assembly, reducing errors and expediting 

utility installations. Successful onsite assembly of prefabricated modules necessitates 

designs that allow for tolerances to accommodate variations in site conditions. This 

adaptability is crucial for ensuring a precise fit and alignment of modules despite 

potential differences in site measurements or encountered conditions during 

installation.33 This underlines the importance of prefabricated designs incorporating 

tolerances to ensure successful and efficient assembly on-site. The strategic 

integration of prefabricated timber modules into on-site assembly not only accelerates 

construction timelines and reduces errors but also streamlines the intricate process of 

infrastructure integration. This balance between precision manufacturing and on-site 

adaptability is fundamental in transforming traditional building methodologies into a 

more efficient and streamlined construction process, enhancing the overall efficiency 

and quality of construction projects. 

The utilization of CNC machining in building design brings both innovation 

and restrictions to the construction landscape. The limitations imposed by CNC 

machine bed sizes, speed, and feed parameters significantly influence the design 

flexibility within the boundaries of the machine's capabilities. These constraints go 

beyond the workshop, extending into transportation logistics and on-site assembly, 

impacting the creation and delivery of prefabricated modules. Balancing the demands 

of precision manufacturing with the practical challenges of transportation and on-site 

assembly is essential for successful execution in the construction industry. The 
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interplay between CNC machining constraints and logistical challenges emphasizes 

the intricate relationship between manufacturing processes and the hurdles posed by 

transportation and on-site assembly. This integration requires a delicate equilibrium 

between precision manufacturing and adaptability on-site, ultimately improving 

traditional building methodologies into a more efficient and streamlined construction 

process, enhancing overall project efficiency and quality. Acknowledging and 

maneuvering within these constraints can lead towards the success of construction 

projects integrating CNC technology. 
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Chapter 5: Qualities of Completed Assembly 

 

Prefabricated timber modules offer a multitude of advantages, particularly 

concerning structural integrity, thermal insulation, and fire resistance. Their 

construction benefits from the precision with which they are crafted, enabling the 

implementation of robust and sealed connections that contribute significantly to the 

structural strength and insulation capabilities of the modules. This meticulous crafting 

also ensures a higher degree of reliability in the construction process, enhancing the 

overall quality of the structure. Furthermore, the ease and efficiency of assembly 

inherent in these prefabricated modules play a pivotal role in the effective integration 

of building systems. Timber, particularly mass timber, possesses inherent qualities 

that lay a strong foundation for sustainable fire resistance. The natural properties of 

timber and its compatibility with various natural treatments not only enhance its fire 

resistance but also contribute to its eco-friendly nature. Leveraging these inherent 

traits of timber construction, particularly in the context of mass timber, holds 

immense promise for more sustainable and environmentally conscious building 

practices. Through the incorporation of natural treatments and innovative construction 

techniques, prefabricated timber modules not only provide structural strength but also 

bolster thermal insulation and fire-resistant properties, aligning with the increasing 

demand for sustainable and environmentally friendly construction solutions. 

Structural Integrity 

At the forefront of any design, ensuring robust structural integrity is vital. 

Timber modules derive their strength from tightly fitted all-wood joinery and 

connections, employing techniques like groove joints. These methods create a secure, 
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interlocking fit, significantly bolstering load-bearing capacity and stability.34 The 

precision in fabricating these modules plays a vital role. Utilizing advanced 

machinery and computer-aided designs ensures consistent, uniform components, 

reducing human error.35 This accuracy eliminates potential variations that could 

compromise structural integrity, ensuring reliable and robust construction. 

Additionally, prefabricated timber modules facilitate the creation of complex 

structural assemblies due to their standardized, precisely manufactured components. 

These standardized elements minimize the need for specialized on-site construction 

skills.36 Semi-skilled labor can efficiently and accurately assemble intricate 

structures, reducing the likelihood of errors during assembly. The combination of 

precise fabrication, standardized components, and simplified assembly processes 

greatly enhances the structural integrity of buildings constructed using prefabricated 

timber modules. These advantages collectively contribute to the resilience, 

dependability, and cost-effectiveness of these construction solutions. Prefabricated 

timber modules not only offer a stronger, more reliable construction method but also 

pave the way for innovative, efficient building practices. Their impact extends 

beyond mere structural integrity, offering a pathway toward sustainable, efficient, and 

forward-thinking construction methods that are poised to define the future of 

architecture and engineering. 

Thermal Insulation 

The capacity to ensure highly efficient thermal insulation within building 

design can be improved significantly with timber modules. One of the fundamental 

advantages stems from the meticulous precision applied to the joinery and assembly 
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of these modules. These techniques create tightly fitted connections, culminating in 

sealed joints that substantially diminish heat leakage.37 This feature significantly 

enhances the overall thermal efficiency of the structure by reducing air infiltration, 

ensuring a more stable and insulated environment. Additionally, the inherent 

properties of mass timber play a pivotal role in enhancing thermal insulation. Mass 

timber, particularly cross-laminated timber (CLT), acts not only as a thermal 

capacitor but also as an additional insulator due to their composition and thickness.38 

Mass timber effectively retains heat within the building structure, contributing to a 

more consistent indoor temperature and reducing the dependence on external heating 

or cooling systems. Moreover, the advantages of prefabrication extend beyond 

airtight assembly. The design of prefabricated panels allows for the seamless 

integration of heating and cooling systems, incorporating electrical and plumbing 

systems into the modules. This streamlined integration optimizes the overall thermal 

performance of the building, decreasing energy consumption and enhancing the 

overall thermal insulation efficiency.39 The combination of meticulous joinery, the 

insulating properties of mass timber, and the efficient integration of heating and 

cooling systems in prefabricated timber modules significantly contributes to an 

improved thermal insulation strategy. This not only ensures energy efficiency but also 

establishes a more comfortable and temperature-regulated indoor environment. 
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Figure 6: Airtight and CNC routed all-wood joinery    [Bucklin40] 

Fire Resistance 

Timber as a material offers exceptional advantages in promoting fire-resistant 

building assemblies, ensuring enhanced safety and protection. The inherent 

characteristics of mass timber play a pivotal role in fortifying fire resistance. Once 

charred, mass timber maintains its structural integrity, preventing further fire spread. 

This capability is notably exemplified in cross-laminated timber (CLT). When 

exposed to fire, the outer char layer of CLT acts as a shield, protecting the inner core, 

thus maintaining the timber's strength and structure.41 This inherent fire resistance is a 

critical advantage in fire safety strategies for building design. Additionally, natural 

treatment strategies employed in timber construction significantly contribute to fire 

resistance without compromising environmental sustainability. Natural treatment 

methods, such as biopolymer treatment, provide fire resistance without relying on 
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synthetic chemicals harmful to the environment.42 This aligns with the growing 

emphasis on environmentally friendly construction practices, making timber a 

preferred choice for fire-resistant building solutions. The inherent fire-resistant 

properties of mass timber, the integration of composite materials, and the utilization 

of natural treatment strategies collectively contribute to establishing fire-resistant 

building assemblies, promoting safety, and ensuring a sustainable approach to fire 

protection in building design. 

 

Figure 7: Charring depth for CLT panels with different layer thicknesses      [Wong43] 

Prefabricated timber modules offer significant advantages in bolstering 

structural integrity, thermal insulation, and fire resistance. Crafted with precision, 

these modules fortify connections, substantially reinforcing load-bearing capacity and 

stability. The nature of their fabrication ensures minimal human error, avoiding 

compromises to construction quality. Their streamlined assembly and standardized 

elements facilitate complex structural creation, minimizing the need for specialized 

on-site skills, thus enhancing reliability and cost-effectiveness. Additionally, timber 

modules significantly advance thermal insulation through tightly fitted connections, 
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the insulating properties of mass timber, and the seamless integration of heating and 

cooling systems, ensuring an energy-efficient indoor environment. Furthermore, their 

innate fire-resistant qualities, coupled with eco-friendly treatment strategies, promote 

safety and sustainability in building assemblies. Ultimately, prefabricated timber 

modules stand as a cornerstone for sustainable, efficient, and safety-focused 

construction practices. 
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Chapter 6: Labor 

 

The integration of prefabrication stands as a transformative force set to 

reshape the labor dynamics within the construction industry. By minimizing the 

dependence on specialized onsite labor and emphasizing efficient offsite construction, 

prefabrication introduces a paradigm shift that demands a nuanced understanding of 

the evolving industry landscape.44 Establishing a comprehensive framework becomes 

crucial not only to comprehend the ongoing changes but also to cultivate an 

environment conducive to unlocking the full potential of prefabrication. Embracing 

this technological advancement requires a concerted effort to adapt and drive 

industry-wide changes that leverage the efficiencies offered by prefabrication. The 

incorporation of this construction method prompts a reevaluation of traditional labor 

structures, urging stakeholders to actively engage with and optimize the 

transformative capabilities inherent in prefabrication.  

Labor Force Dynamics 

The current limitations in the labor force for prefabrication are primarily 

attributed to its confined application within specific aspects of design. Although full-

scale prefabrication remains less prevalent, an increasing number of contractors are 

embracing prefabrication to execute various components of their designs. This shift is 

propelled by a dual force: the escalating scarcity of skilled craft labor and the 

subsequent surge in labor costs. As conventional design witnesses a rise in the 

expense of craft labor, the allure of prefabrication's efficiency, leading to reduced 

construction time, is diverting labor away from traditional methods. According to a 

recent study on U.S. construction contractors, a staggering 90% incorporate some 
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form of prefabrication into their projects, with 92% citing the shortage of skilled labor 

and enhanced productivity as driving factors.45 This trend has proven advantageous 

for contractors nationwide, with 85% experiencing a return on investment within 

three years and a minimum 4% reduction in costs for prefabricated projects.46 The 

economic viability of prefabrication is evident, prompting a closer examination of the 

need for specialized labor as the inevitable large-scale transition to this innovative 

approach gains momentum. These changes necessitate a comprehensive exploration 

of strategies to develop and deploy a specialized labor force adept at maximizing the 

potential of prefabrication in the evolving landscape of construction practices. 

Specialized Labor 

Specialized labor stands as a fundamental element in upholding construction 

standards and driving advancements in design efficiency and aesthetics. In this 

context, prefabrication emerges as a transformative approach, not merely streamlining 

processes but also redefining the role of specialized labor in the construction industry. 

The traditional global construction sector, marked by a meager 1% annual growth 

over the past two decades, grapples with inherent inefficiencies exacerbated by the 

spiraling costs and prolonged construction timelines associated with the demand for 

specialized skills.47 In response to these challenges, some contractors reluctantly turn 

to unskilled labor, a compromise that invariably raises concerns about potential 

dilutions in building quality. Prefabrication, however, stands as a promising solution. 

By shifting a significant portion of the initial work to computer-aided design and 

Building Information Modeling (BIM) software, the prefabrication process 

establishes a seamless link between digital input and manufacturing, enabling a more 
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streamlined approach executed by a smaller, specialized labor force.48 As 

prefabrication meticulously organizes essential components, the subsequent on-site 

assembly requires significantly fewer specialized skills. This not only preserves the 

integrity of design but also enhances overall efficiency. Thus, beyond the immediate 

benefits of cost reduction and accelerated construction timelines, prefabrication 

emerges as a strategic response to the inefficiencies entrenched in conventional 

construction methods, offering a path forward that ensures both quality and efficiency 

in the ever-evolving landscape of construction practices.  

Social Implications 

The transformative shift from conventional design and construction to full-

scale prefabrication is poised to yield profound social implications, with the pace of 

this transition varying across different parts of the world. Notably, the United States 

has the potential to follow suit, aligning itself with countries like Japan, China, 

Singapore, Hong Kong, and the UK, where prefabricated construction has gained 

prominence, fueled by governmental initiatives and a burgeoning interest in the 

residential market.49 The increasing global adoption of prefabrication extends beyond 

a mere change in construction methodologies; it has the potential to redefine 

conventional construction norms on both national and global scales. As technological 

capacities in prefabrication align with or even surpass conventional methods, a 

paradigm shift ensues, presenting the opportunity to craft unique and innovative 

construction experiences. Realizing this potential requires a concerted effort to 

enhance research endeavors exploring the full scope of prefabrication, as highlighted 

by an international study spanning Europe, Asia, and the Americas, where 93% of 
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contractors and professionals identify the lack of academic research as a barrier to 

expanding the industry's market share.50 Achieving the full potential of prefabrication 

demands a concentrated focus on refining the integration of modeling and fabrication 

within design pedagogy, fostering a holistic approach to education that aligns with the 

evolving landscape of construction practices. 

 

Figure 8: Global survey of contractors and professionals on the lack of academic research 

into prefabrication                              [Salama51] 

 The contemporary challenges in the labor force associated with prefabrication 

stem from its limited application within specific design realms. Despite its growing 

acceptance among contractors aiming to address the scarcity of skilled craft labor and 

rising labor costs, full-scale prefabrication remains relatively uncommon. This shift is 

driven by the efficiency of prefabrication, reducing construction time and diverting 

labor from traditional methods. With a substantial percentage of U.S. construction 

contractors incorporating prefabrication, the trend proves economically advantageous, 

showcasing a return on investment within three years and reduced costs for 

prefabricated projects. This evolving landscape necessitates a closer examination of 
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specialized labor's role in maximizing prefabrication's potential. Specialized labor, 

crucial for maintaining construction standards and advancing design efficiency, 

undergoes a transformative role with prefabrication, reshaping conventional 

construction practices and offering strategic responses to inherent inefficiencies. The 

adoption of prefabrication on a global scale signifies a broader societal shift with 

profound implications. As the construction industry leans towards prefabrication, 

there is a need for increased research efforts and a concentrated focus on integrating 

modeling and fabrication into design education to fully realize the transformative 

potential of this innovative construction approach. 
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Chapter 7: Design Solution  

 

The thesis represents an approach to residential design, firmly rooted in 

innovative prefabrication techniques. At its core, this approach embodies a steadfast 

commitment to reimagining traditional design strategies in response to the ever-

growing need for efficient, sustainable, and thoughtfully designed living spaces. This 

project focuses on harnessing sustainable natural resources and embracing emerging 

technologies to create spaces that not only meet the demands of contemporary living 

but also enrich the lives of their inhabitants without compromising efficiency. 

Contextual Considerations  

 

Among the forefront of sustainable construction practices lies the seamless 

integration of wood connectors and lamella profiles. These elements, ranging from 

traditional wooden dowels to screw systems, offer a sustainable alternative to 

synthetic sealants and adhesives, thereby minimizing environmental impact. 

Complemented by the utilization of smaller strips of wood assembled with precision 

joints, lamella profiles contribute to the creation of robust timber assemblies 

characterized by structural resilience and efficiency. Central to this integration is the 

role of CNC technology, which facilitates the creation of high-friction openings 

necessary for precise joinery and enduring stability. 
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These strategies align with the climate zone 4 guidelines, serving as guiding 

principles in sustainable design endeavors. Adhering to prescribed climate zone 

guidelines ensures structures are optimized for energy efficiency and thermal 

comfort. Loblolly pine, renowned for its minimal air leakage properties, emerges as 

an ideal material for mass timber construction, aligning with sustainability objectives. 

Adhering to the required R-values for walls, roofs, and floors enhances thermal 

performance, creating homes that can thrive within this climate zone. 
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Design Considerations 

 

Timber assemblies are a testament to thoughtful design, balancing form and 

function with environmental responsibility. Wall panels, crafted from 5-ply cross-

stack dowel laminated timber modules for load-bearing walls, and single-stacked 

DLT panels with horizontal bracing for partition walls exemplify this ethos, offering 

versatility in size and transportability without compromising structural integrity. 

Meticulous testing and evaluation inform the selection of optimal wall-to-wall 

connections, with single spline joints emerging as the preferred choice based on 

rigorous performance criteria. Moreover, variations in panel dimensions ensure 

adaptability to diverse architectural typologies and transportation needs. 
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Floor and roof panel assemblies represent the convergence of structural 

integrity and functional performance. Floor panels, fortified with 5-ply cross-stack 

DLT configurations, prioritize load-bearing capacity and durability, while roof panels 

leverage 3-ply cross-stacked DLT configurations to minimize material usage and 

optimize thermal performance. Strategic deployment of surface and internal splines, 

coupled with partially threaded screws, ensures steadfast anchorage and enduring 

stability, contributing to the longevity of timber structures. 
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The integration of insulation materials and weather-resistant barriers plays a 

pivotal role in the creation of energy-efficient building envelopes, ensuring optimal 

thermal performance and indoor comfort. Among these, cork insulation, derived from 

the bark of the cork oak tree, stands out for its exceptional properties. Beyond its 

impressive thermal insulation capabilities, cork insulation boasts sustainability 
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credentials, as its harvesting does not harm the tree and it is fully biodegradable at the 

end of its lifespan. 

 Additionally, Gram vapor barriers, made up of bio-polyethylene membranes, 

offer further enhancements to the environmental sustainability of building structures. 

By reducing energy loss and preventing moisture infiltration, these barriers contribute 

to the overall energy efficiency of buildings while maintaining indoor air quality and 

comfort levels. The utilization of bio-polyethylene, derived from renewable sources 

such as sugarcane and corn, underscores a commitment to reducing reliance on fossil 

fuels and mitigating environmental impacts associated with traditional petroleum-

based materials. 

However, despite advancements in sustainable building materials, challenges 

persist in finding suitable alternatives for certain components like ice and water 

shields. While these shields are critical for protecting buildings against moisture 

intrusion and ice dam formation, their petroleum-based compositions present 

environmental concerns. Nevertheless, ongoing research and development efforts are 

underway to explore sustainable alternatives, such as bio-based polymers and 

recycled materials, which hold promise for addressing these challenges in the future. 



 

44 

 

 
Wall Assembly  

 

 

 

 

 

 
Floor Assembly  
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Roof Assembly  

 

 

Customization and Scalability 

The modular nature of timber assemblies affords architects and builders 

unparalleled flexibility in tailoring structures to suit diverse spatial requirements and 

typologies. From single-family residences to multi-unit townhomes, the versatility of 

timber components enables seamless adaptation to varying site constraints. By 

leveraging the inherent strength and adaptability of timber panels, designers can 

explore endless possibilities for sustainable homes and communities, laying the 

groundwork for a greener future.  

The integration of timber and subtractive manufacturing techniques represents 

a pivotal advancement in sustainable construction practices. By harnessing the 

potential of wood connectors and lamella profiles, facilitated by CNC technology, 

architects and builders can create structures that not only endure but also thrive within 

their environmental context. As we continue to navigate the complexities of climate 
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change and resource scarcity, timber emerges as a beacon of sustainability, paving the 

way for a more resilient and environmentally conscious built environment. 
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