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The urgent need to reduce carbon emissions in the construction sector has
driven the exploration of circular economy practices in the built environment.
Nevertheless, the implementation of circular economy principles in projects
remains limited. This research contributes to bridging this gap by introducing
a project proposal that establishes a typology of modular systems designed for
easy assembly, disassembly, and reuse. Specifically, the proposal focuses on
load-bearing wood furniture modules (FMs) as an intermediate solution between
planar and volumetric modules. These FMs expand the structural wall’s volume,
facilitating the integration of services, storage, and appliances. This addresses
scenarios where swift building deployment is required. The proposed modular
dimension enhances transportation efficiency compared to volumetric solutions
and simplifies construction by eliminating the need for temporary stabilization, as
seen in planar systems. Standardization and “separability” of each component
within the FM allows for easy integration and maintenance. Special attention is
paid to the timber connection systems within and between FMs facilitating easy
assembly, and disassembly for future reuse. The adaptability of the FM concept is
demonstrated through versatile compositions and layouts, facilitating space
reconfiguration. While the technical feasibility of the FM-based system is
demonstrated, further research is needed to address regional and cultural
variations and customize the system to different contexts. The study
emphasizes the potential of FMs as a solution for buildings aligned with
circular economy principles and highlights the importance of continued
research and development in this field.
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1 Introduction

According to UNEP (2021), building operations and construction accounted for 37% of
energy-related CO2 emissions in 2020, with 11,7 gigatons of CO2, 27% from operational
emissions–direct and indirect–and 10% from construction activities. Circular economy
(CE) practices in the built environment are some of the strategies explored by policymakers
and academia, thus providing alternatives to current linear economic models (“take-make-
use-dispose” or, in a life cycle assessment perspective, cradle-to-grave models) (Eberhardt
et al., 2022).

Circular economy is an approach based on narrowing, slowing, and closing material
flows (Eberhardt et al., 2022). In the latter process, materials are reused or recycled, so that
the loop between post-use and production is closed (cradle-to-cradle, Braungart and
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McDonough, 2003). Design strategies for slowing resource flows aim
to extend and intensify a product utilization period (Bocken et al.,
2016). Narrowing resource flows are approaches to increasing
resource efficiency, therefore using less resources per product.

Timber is widely endorsed as a promising building material to
serve CE purposes, given its relatively low environmental impact
during production (i.e., from cradle to gate) (Bergman et al., 2014),
and the suitability of close-loop strategies based on wood waste
recycling and/or reuse, as shown by CINARK’s Construction
Material Pyramid (CINARK and Vandkunsten Architects, 2019).

To further contribute to transitioning the wood construction
industry to circular economy, several slow-loop design approaches
can be implemented, namely,: (a) design for ease of maintenance
and repair, (b) design for adaptability/flexibility, (c) design for
standardization and compatibility, and (d) design for easy
assembly and disassembly (Bocken et al., 2016; Ahn et al., 2022).
These strategies address two different, complementary aspects of a
product’s life extension: material durability (i.e., ability to meet a
designed performance over time), and design flexibility (i.e., ability
to meet evolving performance criteria) (Hamida et al., 2022). One of
the key advantages of slow-loop models applied to wood
construction is the possibility to lock carbon into constructed
buildings for a longer time and without the need for additional
inputs for regeneration.

Modular construction has been identified as an enabler of
circular buildings (Minunno et al., 2020). The Circular
Construction Evaluation Framework (CCEF) proposed by Dams
et al., 2021 allocates high scores to prefabricated modular units
assembled with dry, accessible, and reversible connections. Bertram
et al., 2019 describe different scales of modular construction, from
individual elements, to panels, volumetric units and complete
structures. They also identify increasing levels of complexity of
modular construction from largely structural, to partial and full
integration of functions and fixtures (Bertram et al., 2019). The
CCEF assigns high scores to increasing scales of modularity.
However, large scale, volumetric modules may lead to increased
emissions during transportation, compared to flat-pack, compact
shipping alternatives, and increased costs (Bertram et al., 2019).
Additionally, the CCEF considers high complexity and full
integration of systems in modular construction as potential
limiting factors to circularity. This is due to the fact that
integration of systems with differing life expectancies (the so-
called shearing layers - site, structure, skin, services and stuff-
described by Brand, 1994) may hinder disassembly and
adaptability (Dams et al., 2021).

Prefabrication and modular construction have emerged as
promising solutions to meet the critical need for affordable
housing, especially in contexts where swift transportation and
rapid deployment are essential, such as in remote communities
(Roscetti et al., 2022) and post-disaster recovery situations
(Ghannad et al., 2020). In such situations, the possibility to
relocate and reuse the building or its parts brings significant benefits.

The objective of the research presented in this paper is to
develop a typology of modular systems that can foster circular
construction investigating novel opportunities for intermediate
modular scales (i.e., between panels and volumetric units) and
complexity (i.e., integrated functions with separable shearing
layers), particularly targeting this market segment. The

development of a design proposal and possible building layouts
are presented, with the intention of showing the building system
potential and proposing new research paths for circular, modular
construction.

2 Background

2.1 Circular economy and related design
approaches

Bocken et al. (2016) describe alternative, and potentially
complementary, circular design strategies, underpinned by
narrowing, closing, and slowing resources loops. Narrowing loops
involve optimization of resources, for instance by preferring
renewable, local resources, materials that require less energy
during production and transportation, underutilized resources, or
waste material. Closing resource loops involve either designing for a
technological cycle (for instance, by remanufacturing, or recycling)
or for a biological cycle (for instance by composting
uncontaminated, biodegradable materials). Design for slowing
resource loops entails either designing long-life products
(i.e., design for attachment and trust, design for liability and
durability) or extending a product life (i.e., ease of maintenance
and repair, upgradability and adaptability, standardization and
compatibility). As noted by Bocken et al. (2016), “design for dis-
and reassembly” fits both closing and slowing loop criteria. In fact,
by ensuring that products and parts can be separated and
reassembled easily, it is possible to more easily access and repair
damaged parts, rearrange parts, and eventually separate materials
that will enter different cycles.

The International Organization for Standardization (ISO)
published in 2020 the first version of a standard providing
guidelines for the design of disassembly and adaptability (ISO
20887:2020). Ease of access to components and services,
independence of each component, simplicity and standardization
of the parts, avoidance of unnecessary finishes and safety of
disassembly are relevant disassembly principles listed by the ISO
20887 standard.

Similar concepts, considering the product’s life cycle in the
design phase, originated in manufacturing and transferred to the
building industry. The “Design for Manufacture and Assembly”
(DfMA) emphasizes simplicity, high-quality design, and details to
minimize time, costs, skills, materials, components, techniques, and
energy (Guy and Ciarimboli, 2008; Open System Lab, 2019), when
integrated with “Design for Maintenance and Disassembly” criteria
(DfMAMD), embraces both slowing and closing loop strategies.

High-quality design incorporates construction tolerances for
component flexibility and durability during assembly/disassembly
(Guy and Ciarimboli, 2008; Open System Lab, 2019). Accessible
connections aid maintenance and deconstruction (Guy and
Ciarimboli, 2008), while error prevention is crucial during
installation (Open System Lab, 2019).

DfMAMD principles relate to the concept of shearing layers by
Duffy, further developed by Brand (1994) (Knaack et al., 2012). The
classification includes Site, Structure, Skin (building enclosure),
Space plan, Services, and Stuff (furniture) based on service life.
DfMAMD emphasizes independence of shearing layers for easier
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repair or replacement without disrupting other systems.
Independent shearing layers enhance building adaptability (Guy
and Ciarimboli, 2008; Open System Lab, 2019). Best practices
include consolidating service systems in core units (Guy and
Ciarimboli, 2008; Open System Lab, 2019).

Standardization and some levels of customizations are
potentially competing criteria (Guy and Ciarimboli, 2008; Open
System Lab, 2019). Interoperable materials, off-the-shelf products,
and compatible systems enhance a building system’s versatility.
Customization within pre-set solutions promotes customer
satisfaction, designing for “attachment and trust” in functional
and emotional durability.

Eberhardt et al. (2022) assessed circular design strategies,
identifying assembly/disassembly, material selection/substitution,
adaptability/flexibility, and modularity as the most cited. Fifteen
studies in their review of 34 papers recommend prioritizing local,
renewable, durable, reusable, recyclable, certified, and non-toxic
materials (Eberhardt et al., 2022). Wood, although theoretically
meeting these criteria, may have some limitations in recyclability
due to potential presence of preservatives, coatings, paints,
and adhesives.

Crucial to reusability is the absence or minimal presence of
damage and a performance level comparable to the original.
Depending on the age of the material and the load history,
consideration of the reusability of salvaged structural timber may
need to account for potential decreases in mechanical properties due
to load duration, as noted by Cavalli et al. (2016), and for time-
dependent deformations, such as creep. Various studies have
assessed the appropriateness of different timber connection
systems for easy disassembly. Pozzi (2019) examined the
disassembly potential of timber connections, considering
favorable factors like prefabrication level and reduced connection
and structural system complexity. The research concluded that plug-
in bracket connectors were most suitable for reuse. A comprehensive
review by Ottenhaus et al. (2023) concluded that for enabling reuse,
connections should remain within the elastic domain, tolerances
should be accounted for, and designs should allow for simple
load paths.

2.2 Examples of wood prefabrication in
western history

Prefabrication enables DfMAMD (Shang et al., 2019), with
modularity being a widely cited construction method in circular
economy literature (Eberhardt et al., 2022). Timber prefabrication
arose from colonialism’s demand for quick construction in remote
areas (Smith, 2010). “Design for assembly” was crucial, utilizing pre-
cut members, panelized infills, and heavy timber framing. 1800s iron
advancements and dowel-type connections simplified assembly, as
seen in Australia’s Manning Portable Colonial Cottage for
Emigrants in 1830 (Smith, 2010).

In the early 20th century, standardized timber construction
processes in the USA, along with the need for quickly deployable
systems that could be easily self-assembled, led to the creation of flat-
packed, mail-ordered kits like Aladdin and Sears Modern homes.
These kits provided pre-cut lumber for balloon-framed houses
(Smith, 2010).

Acute housing shortages spurred the development of fully
prefabricated wood-based panel housing in several countries with
a tradition of wooden dwellings. Notable examples include the
Plattenhäuser produced by Deutsche Werkstätten in Dresden,
Germany, in 1921 during the hyperinflation period (Wilk, 2017).
During the Great Depression of the 1930s, the Forest Products
Laboratory (FPL) in the USA conducted research into
prefabrication. This research led to the development of a model
house utilizing wall, ceiling, or floor box girder panels measuring 4 ×
8 feet (1.22 × 2.44 m). These panels were constructed from 3-ply
sheets glued to internal lumber elements and filled with insulation
(Wilk, 2017).

Although the FPL’s model house did not embody the
conventional style of American housing, which contributed to its
limited adoption in the country, the industrial, minimalist aesthetic
of plywood still attracted modernist architects. Richard Neutra
incorporated exposed plywood for exterior cladding, interior
paneling, and flooring in several projects commissioned by the
Evans Plywood Company in 1940. The system was intended for
fully demountable and “transport-proof” houses, with panels
attached to a timber frame using aluminum-clad joints designed
for easy disassembly (Wilk, 2017). In 1942, Gropius and
Wachsmann proposed the General Panel System, an example of
“design for assembly and disassembly,” based on prefabricated
panels with timber posts, insulating boards, and plywood
enclosures. However, the system lacked standardization and
compatibility, using a non-standard module size and costly
proprietary connections (Smith, 2010; Imperiale, 2012).

Standardization and compatibility are vital for a building
system’s longevity, allowing for adaptability and upgradability
over time (Bocken et al., 2016). Design and construction quality
also impact a system’s physical and emotional durability (Haug
2018). Mass-produced wooden mobile homes in the USA exemplify
the pitfalls of excessive standardization and subpar construction.
Though intended to meet housing demands, these homes resulted in
low-value solutions with shortened lifespans, thereby contributing
to the negative perception of prefabrication in the country
(Smith, 2010).

The advancement of new materials aligns with the progress of
prefabrication systems. Multi-functional panelized products have
emerged to replace conventional wall construction methods,
consolidating various functional layers. For instance, structural
insulating panel (SIP) systems (Amran et al., 2020) combine both
structural and insulation functions. Cemesto, used extensively across
the United States during the mid-20th century, including in iconic
projects such as the Eames’ houses (Ballester et al., 2023), featured a
laminated bagasse fiberboard bonded on one or both sides to
asbestos-cement sheets using a waterproof, highly vapor-resistant
bituminous adhesive. These panels were affixed to a supporting
framing, providing sheathing, building paper, insulation, and lath
and plaster functionalities in a single product (Ballester et al., 2023).
One of the biggest limitations of these multifunctional systems is
that impossibility of decoupling shearing layers for maintenance
and upgrading.

All the examples provided are founded on 2D prefabrication,
with a growing adoption of panelized systems, facilitated by the
advancements in engineered wood products. Timber volumetric
prefabrication emerged in Central Europe by the early 1970s,

Frontiers in Built Environment frontiersin.org03

Riggio et al. 10.3389/fbuil.2024.1405500

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1405500


initially limited to single-story applications and temporary
construction. One example is the Holtmann system, which
featured 3 × 3 m (and multiples) modules using a glulam
skeleton filled with wood framing (Huss et al., 2019). The
development of multistory timber room modules began in the
1990s, using timber frames and light framing. Since the early
2000s, this has included engineered wood panels such as CLT
(Huss et al., 2019).

Huss et al. (2019) classify room modules into load-transferring
and inserted modules. A hybrid solution involves room modules
with mounted ceiling slabs. The most common example of an
inserted module is the sanitary module, which is placed on a
supporting floor. The construction strategy for these types of
modules focuses on concentrating volumetric prefabrication in
areas extensively equipped with services, while limiting
prefabrication to planar or linear elements for the structural
components. Huss et al. (2019) highlighted the high potential of
combining planar and three-dimensional elements to create new,
more effective types of prefabrication.

The scale of roommodules typically ranges from a service cell to
a complete flat, and can extend to the combination of several open
modules to create larger spaces. In all cases of volumetric modular
construction, the interior space is defined within the modules
themselves, determining the spatial organization based on
module composition and arrangement.

Although less common, there are noteworthy examples of
furniture modules, such as Shigeru Ban’s Furniture Houses
(McQuaid, 2003). Furniture House 1, built in 1995, featured
lightweight wooden FM types: a 90 × 70 × 240 cm closet and a
90 × 45 × 240 cm bookshelf. Ban used differentmaterials in subsequent
projects: Nine-Square Grid House (1997) with hybrid plywood-steel,
China FurnitureHouse (2002) with laminated bamboo, and Sagaponac
House (2004) with improved plywood. The Nine-square Grid House
utilized steel studs for a 10.4 m span floor, creating adaptable spaces
with sliding doors. In all these cases, the FMs are used in single-story
single-family houses (McQuaid, 2003).

This brief overview of timber prefabrication precedents highlights
several key elements for success: adherence to standardized solutions
for compatibility across multiple products, use of durable materials
and quality standards for long-lasting systems and buildings, and
sufficient flexibility and customizability to adapt to different contexts
and user needs. Additionally, combining smaller, specialized, open,
volumetric modules with simpler planar elements is seen as a
promising approach to achieving both flexibility and optimization.
Only a handful of the analyzed precedents were designed for easy
disassembly and reuse, and in those cases, the connection system
played a crucial role.

In the context of a circular economy, implementing modular
solutions with extended physical and functional life cycles helps slow
resource loops. Additionally, adopting strategies for easy disassembly
and reuse of prefabricated parts at the end of a building’s life closes
resource loops, reducing waste and the environmental impact
associated with the production of new materials and components.

This design research contributes to the discourse on wood
prefabrication and circular economy for low-rise fast deployable
buildings by leveraging intermediate volumetric, open modules in
combination with planar structural elements. It explores the creation
of flexible full-height units that serve as both structural and

functional, space-defining elements, promoting slow and close
resource loops in construction.

3 The methodology: implemented
design criteria

The following sections describe the criteria used to design the
proposed solution for self-standing, load bearing, reusable and
flexible wood furniture modules. The project focuses on the
potential of integrating multiple shearing layers within a wood
furniture module while enabling the decoupling of shearing
layers under different life expectancies. This approach ensures
functional and physical longevity of the building. Table 1
provides a synthesis of the main design strategies proposed,
based on the reviewed circular economy design criteria.

3.1 Site and structure

As a prerequisite, the FM solution should adapt to site
conditions, including varying geotechnical parameters and the
nature and magnitude of external forces. Design loads are
determined based on worst-case scenarios, particularly for wind
and seismic actions, due to the lightweight nature of the system.

The proposed FMs are designed to act as load-bearing structures
for both vertical and lateral forces, and to be used in combination
with other wood-based structural systems for the floors. The FMs are
designed to receive and transfer the loads of other stacked modules
in low-rise buildings. The lateral force resisting system follows
seismic design principles, ensuring simplicity, uniformity, and
bidirectional resistance (Follesa et al., 2018).

Prefabricated or semi-prefabricated foundations are preferred
for ease of installation and compatibility. Shallow foundations
(Pujadas-Gispert et al., 2018), such as concrete plinths or screw
foundations connected by steel beams, are viable options,
considering soil impact and site recovery. Overturning prevention
measures are taken for shallow concrete blocks. Foundations keep
wood materials elevated from the ground to minimize moisture
intrusion (DIN 68800-2, 2022).

Connections between stacked FMs and adjacent FMs, as well as
with other structural systems, must effectively transfer design loads and
enable easy disassembly and module reuse. To achieve this, it is
important tominimize joints and use accessible and visible connections.

Carpentry joints, commonly used in furniture making and
timber construction, offer flexibility and may facilitate
disassembly for repair, maintenance, and reuse. However, in
structural applications, carpentry joints require additional
mechanical reinforcements to prevent unintended disconnections
under different loading conditions, including earthquakes and
strong winds. Additionally, changes in wood moisture can lead to
swelling, shrinking, or deformation over time, reducing or
preventing the reversibility of carpentry joints.

Modern connections employ metal dowel-type connections with
fasteners such as nails, bolts, dowels, screws, or specialized metal
connectors like toothed plates, ring plates, metal brackets, and angle
brackets. Bolts offer a higher level of reversibility.While nails and screws
have lower reversibility, disassembly is still possible, particularly if the
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connection has not experienced significant stress. Structural elements
can be reused by employing new fasteners and inserting them in areas
that do not overlap with the previous connections. Screws are also used
with specialized connectors for gravity load transfer. This family of
connection systems consists of two parts pre-installed on the timber
elements which are then connected on site by sliding or clamping the
two parts together, like in the case of concealed hooks. These systems
allow for high deconstructability if each connection component remains
in place during disassembly.

Stiff and high-strength adhesive-type connectors and glued-in
steel rods, although creating rigid connections, lack reversibility and
limit recyclability.

This study explores mechanical connections within FMs and
between FMs and other structural components, considering
different geometrical configurations. These configurations include
parallel side by side, parallel stacked, and orthogonal at an angle.
Reversibility is prioritized, focusing on punctual, localized
connectors between stacked and adjacent modules, and linear
two-part sliding/clamping connections between modules and the
other structural elements of the gravity load bearing system.

3.2 Seal and skin

The building skin’s opaque components consist of various layers
that control heat, air, and moisture flow between the interior and
exterior. Prefabricated facade modules often span multiple floors.
Proper detailing and installation are crucial for maintaining control
layer continuity at horizontal and vertical joints between modules.
“Wet sealing” strategies, as implemented in projects like Brock

Commons, ensure joint tightness (Gasparri and Aitchison, 2019).
Gasparri and Aitchison (2019) proposed a “unitised timber
envelope” that replicates curtain wall technology, utilizing an
integrated aluminium frame with rubber gaskets and pressure
equalization to prevent air and water infiltration.

The solution proposed in this paper separates the external wall
system from the prefabricated FM to enable flexibility, adaptability to
various climate zones, and ease of maintenance and refurbishment.
The rainscreen is designed as an independent component and can be
connected to FMs when they form part of the external wall. Joints in
the exterior wall are insulated and sealed during on-site assembly.

Standardized windows and doors are incorporated to address
fenestration, enhancing design flexibility and compatibility with
different products. The choice of roof geometry and roofing system
is influenced by the context and climate, requiring adaptability to
accommodate various roof geometries (e.g., flat, and pitched roofs with
different slopes) and a range of roof assembly layups and materials.

3.3 Space, services and stuff

The proposed FM system utilizes the space between the
modules, allowing for specific functions and spatial configuration
without constraints.

The dimensions of the FMs accommodate standard furniture
components, including kitchen cabinets, appliances, bathroom
fixtures, wardrobes, and libraries, integrating various functions
into the housing units. Service shafts accommodate the routing
of service pipes and cables between vertically stacked modules,
providing easy access for mechanical, electrical and plumbing

TABLE 1 Main CE criteria and design strategies applied to shearing layers.

Shearing layer/
Criteria—design strategy

Site and structure Seal and skin Space, services and stuff

Design for Disassembly 1. Shallow, prefabricated/semi-
prefabricated foundations

1. Accessible and localized connections 1. Demountable/reconfigurable, non-
load bearing parts of the FM

2. Accessible and visible connections

3. Reversible, localized connections

Standardization/Adaptability 1. Simple structural layout 1. Separation of the external wall system
from the prefabricated FM

1. Standardized modular grid

2. Standard, off-the-shelf material 2. Customizable rainscreen 2. Standardized dimension based on
appliances

3. Standard, off-the-shelf connections 3. Adaptable roof geometry 3. Demountable/reconfigurable, non-
load bearing parts of the FM

4. Compatible with different site
conditions

4. Standard fenestration 4. Service shafts

5. Compatible with different load
conditions

5. Horizontal routing under floating
floors

Durability—Design for Maintenance 1. Accessible and visible connections 1. Separation of the external wall system
from the prefabricated FM

1. Service shafts

2. Horizontal routing under floating
floors

2. Accessible and visible connections 3. External electrical routing

2. Compatible with wood dimensional
changes and settlements

3. Compatible with wood dimensional
changes and settlements

4. Compatible with wood dimensional
changes and settlements
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(MEP) systems repair and replacement. Details consider wood
shrinkage and differential material movement at MEP lines and
shaft wall connections. Horizontal routing within a storey is mainly
resolved in the floor plane using a floating floor. Electrical conduit is
exposed on the walls of the furniture modules, and switches and
power sockets are mounted externally instead of being routed within
the walls for greater flexibility.

To enhance adaptability of the spaces to changing needs and
functions, FM systems are designed with a certain level of
demountability and reconfigurability, allowing for the removal
and rearrangement of non-critical elements while leaving
important structural elements in place.

The FMs offer versatility and adaptability to various housing
types and layouts, including single-family houses, townhouses,
duplexes, and multi-unit residential buildings. In multi-unit

buildings, flats can be arranged along a central corridor or
external arcade.

The system’s flexibility is achieved through a standardized grid
used for all building types. Within this grid, core areas containing
functions like bathrooms and kitchens are organized alongside open
spaces that can accommodate living rooms and bedrooms. Different
combinations of core and open spaces allow formultiple compositions.

4 The project

This proposal focuses on the development of individual FMs,
their utilization within residential units, and the arrangement of
these units in a settlement proposal. These sections encompass both
architectural design and structural analysis.

FIGURE 1
FM kit-of-parts.
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4.1 Design of the furniture modules

DfMA emphasizes the use of standardized components, and
this proposal follows this principle. The basic modular unit

consists of three standard wood products, which are selected
based on their functional and structural roles: thick panels for
vertical upright supports, thin panels for shelves and bracing, and
linear elements for horizontal framing In this paper, the

FIGURE 2
Structural connections (dimensions in the captions in mm).
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emphasis is placed on a specific solution that utilizes cross-
laminated timber (CLT) for the upright panels, plywood for
shelves and bracing panels, and lumber for framing
elements (Figure 1).

The dimensions of the base module take into consideration
standard sizes for most wood-based sheet materials, which are
manufactured in 300 mm increments, as well as the typical sizes
of furniture and appliances, which are usually multiples of 600 mm

FIGURE 3
FM dimensions (in cm) and types, with integration of services and stuff.
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(Canepa, 2017). Additionally, the dimensions are designed to
accommodate structural and service components. A 750 ×
750 mm base dimension was chosen to accommodate both
furniture and service components, while utilizing halves of
1,500 mm wide sheets. To account for tolerances, the design
includes a 15 mm gap for connecting with the floor panels.
Along the perimeter, the intermodular connections allow for
adjustment to dimensional variations.

Considering the types of elements involved, the necessary intra-
modular connections consist of butt connections between thick
panels and linear elements, resolved with reversible clamping
connection, (detail A in Figure 1), and butt connections between
thick panels and thin panels, utilizing nails (detail B in Figure 1).
Furthermore, intermodular connections between FM units
encompass stacking connections (detail C in Figure 1) and side-
by-side connections (detail D in Figure 1).

Steel threaded rod connections inserted in pre-drilled holes in
the CLT panels and tightened with nuts are employed for stacking
FM units on different floors (Figure 1 Detail D, and Figure 2 Detail
A), ensuring alignment and accommodating tolerances. Rounded
panel slots expedite assembly. In high seismicity contexts, the
connection system can be adapted with post-tensioning and
hyperelastic elastomeric bearings (Asgari et al., 2021) or steel
springs (Gesh et al., 2023) to prevent tension losses over time.
Similar steel threaded rod connections are used to secure the FM to

the foundation (Figure 2- Detail C). For horizontal connections
between FMs on the same floor, a steel plate tightened with a nut is
used (Figure 1- Detail B). The connection accommodates assembly
tolerances, including a 3 mm total diameter tolerance for the timber
element holes. For seismic events or horizontal loads, a 7 mm
tolerance allows for sliding between FMs.

Concealed hooks are pre-assembled on FMs and CLT floor
panels, enabling immediate floor installation after FM positioning
(Figure 2- Detail B). This streamlines the construction process, but
also enables disassembly for future reuse of the FMs as well as of the
CLT floor panels. For pitched roofs, a ridge beam is placed on top of
the upright panels and secured using steel threaded rods through the
intermodular connection.

The FMs in this study are categorized based on the number of
squares they occupy (FM2 for two squares, FM3 for three squares)
(Figure 3). The designed FMs can accommodate various types of
furniture and services, depending on the intended function. Figure 3
showcases examples of the studied FMs, including three kitchen
types, two bathrooms, one accessible bathroom, and four closets.
These furniture modules encompass a range of options adopted for
housing solutions.

The FMs are designed with transportation convenience in mind.
The dimensions are influenced by the ability to transport them on a
standard European truck. An FM3 module has a width of 2.25 m,
fitting within the standard truck width. The modules also have a

FIGURE 4
Prefabricated Timber Panels for services (dimensions in the captions in cm).
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height of 3.1 m, allowing for transportation of 3 or 4modules.With a
length of 13.5 m, the modules maximize truck capacity and ensure
efficient transportation.

The design considers the spatial requirements of other systems
to ensure accessibility, independence between shearing layers and
enhance reversibility. The intra-modular connections are placed
55 cm away from the ends for accessibility. Floor connections are
accessed from the bottom, while thick panel connections are
accessed from inside the module. Thin interior panels remain
visible, allowing easy access for maintenance and replacement.
Additionally, the upwind lumber placed on the base is elevated
by 5 cm to allow the passage of plumbing and electrical systems
underneath. Moreover, the FMs designed for bathrooms are
specifically engineered to accommodate plumbing and electrical
shafts, enabling them to pass through the entire height, from
floor to floor. Prefab service components integrate control
cabinet, thermostat, and distribution manifold in furniture
modules for radiant heating. Plumbing and electrical connections
are housed in accessible shafts for maintenance. Visible wiring
enhances accessibility during maintenance. Detailed illustrations
with the additional non-structural prefabricated elements to
accommodate services can be found in Figure 4.

Figure 5A shows FM units making the external walls. In this
case, a vapor-permeable water barrier and a primary layer of mineral
fiber insulation are pre-installed off-site. The rainscreen can be then
completed on site, incorporating a secondary thermal insulation

layer to meet various thermal performance requirements. This
approach provides a high degree of adaptability to various
contexts within a standardized system. Additionally, decoupling
the external parts of the rainscreen from the FM allows for easier
management of shearing layers with different life expectancies.
Figure 5B illustrates the window connection to an external wall
module. Figure 5C depicts details for fire and acoustic separation
between stacked modules and between two adjacent apartments. In
the latter scenario, a prefabricated inter-module wall, meeting the
necessary sound transmission class and fire resistance rating, is
utilized. This wall, along with additional panels shown in Figure 4
for accommodating services, forms part of the non-structural kit-of-
parts, facilitating customization of the basic module.

4.2 Housing and settlement proposal

The research aims to demonstrate the feasibility and versatility
of the proposed FM concept and architecture plans. This is achieved
by studying housing solutions for different users and designing a
small housing development. The design proposals align with the
circular economy criteria of “Design for attachment and trust” and
the principle of designing long-life products, which are often
overlooked in prefabrication.

The 75 by 75 cm grid of the FM system is also applied to the
building designs. Within the proposed grid, specific “core” areas

FIGURE 5
FM facade details.
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are designated for concentrated functions such as bathrooms
and kitchens, while “open space” areas are designed to
accommodate living rooms and bedrooms. This allows
flexibility in accommodating different housing typologies. By
manipulating the arrangement of these core and open spaces, a
diverse array of compositions can be created, providing
versatility and adaptability in the design. The arrangement of
the housing solutions is derived from three main spatial
combinations.

The first combination features a side core adjacent to an open
space. This design provides access to windows for functions in the
side core while ensuring privacy. It is well-suited for duplexes or
small studio apartments where separation between the bedroom and
living room is unnecessary.

The second combination involves a central core with open
spaces on both sides. Although functions in this configuration do
not have window access, natural light can reach the living rooms
and bedrooms. It is suitable for small flats, and by extending the
open spaces on the sides, it can accommodate small shops
and workshops.

The third combination introduces a “rail” system where
functions are positioned on the sides, creating an open central
space. This building typology prioritizes access to natural light.

Examples of different floor layouts, employing the side core and
open space, central core and open spaces on the sides, and rail
system, can be observed in Figure 6.

Figure 7 presents seven housing solutions, including a small flat
for one person, a flat for three people, a small flat accessible to
people with disabilities, two options for a flat for two people, a
proposal for a courtyard house for two people, and a duplex for
two people.

4.3 Structural analysis

This section examines the viability of the proposed structural
system, which utilizes FMs, and provides support through a
structural analysis of an exemplary 2-story residential building
(Figure 8). Given the limited dimensions of the building, and its
structural simplicity, the standards allow a simplified linear static
analysis (EN, 1998-1, 2004).

The structural analysis is conducted in accordance with
European Standards, specifically EN 1995-1-1:2004 A2, 2014; EN
1998-1, 2004. The FM system is designed to withstand both gravity
loads and lateral loads. Due to the advantageous ratio between the
self-weight and strength of wood, the design is primarily governed

FIGURE 6
Floor plan layouts for different housing units (dimensions in the captions in cm).
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by horizontal actions. The analysis considers worst-case wind and
seismic load scenarios. For this purpose, two specific locations in
Italy were selected to verify the design under high-demand
conditions: Trieste and Ferla. Details of the structural analysis are
reported in (Supplementary Appendix SA).

The design loads were determined using the EN 1991-1-
1 standard, Italian NDP (Nationally Determined Parameters),
and the relevant European Technical Assessment (ETA)
documents for the building products.

For the seismic and wind actions, the resulting horizontal forces
were distributed based on a linear static analysis, considering a 2-
floor model with weak floor bands, which behaves like a simple
1 degree of freedom oscillator. The adopted combinations for
seismic actions follow the life safety limit state (LLS), and for
wind loads ULS (EN, 1991-1, 2002).

Results of the structural analysis show that the seismic
horizontal action necessitated varying dimensions for the inter-
modular connection and the thickness of the panels. In Trieste, it is
feasible to utilize 100 mm-thick panels for the upright panel and a
diameter of 120 mm for the inter-modular connection, employing
an M18 8.8 steel rod. However, in Ferla, due to the higher seismic
demand, it is necessary to increase the thickness of the panels to
158 mm and the diameter of the steel rods to 130 mm, employing
an M24 8.8.

5 Conclusion

The research presented in this paper aimed to develop a typology
of modular systems for rapidly deployable buildings that foster
circular construction and explore opportunities for intermediate
modular scales. The main objective was to propose a building system
suitable for low-rise multi-story construction, based on load-bearing
furniture modules (FMs) adhering to circular economy principles.

The research demonstrates the technical feasibility of the
proposed FM-based building system, showcasing its potential for
integrating vertical load bearing systems with other shearing layers,
while allowing flexibility and maintenance of each of them.

The proposed solution aligns with circular economy principles
by narrowing, slowing and closing resource loops. These three goals
are achieved, respectively by optimizing materials, extending the
service life of the construction, and enabling deconstruction and
reuse of the modules at the end of the building’s service life.
Resources optimization is achieved by combining different
strategies: 1. Utilizing prefabrication and dimensioning FM to use
halves of standard panel sizes allows for waste reduction 2. The FM
design allows reducing the overall quantity of materials required by
providing efficient use of space 3. Finally, the free-standing nature of
the FMs eliminates the need for temporary work, and, with the easily
assembled connections, reduces on-site skills, time, and costs.

FIGURE 7
Masterplan First, Second, and Third floors.
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Multiple strategies have been implemented to prolong the service
life of the building and its components: 1) The FM system integrates
easily accessible connections and replaceable parts, ensuring
simplified maintenance and long-term durability; 2) Maintenance
provisions encompass all shearing layers, including the structure, seal,
skin, and services; 3) The system’s extended functionality is achieved
through the versatility of compositions and layouts and its
adaptability, allowing for space reconfiguration; 4) The furniture
modules are based on dimensions that easily accommodate most
furniture sizes, enabling the integration of standardized products into
the project and facilitating replacement at the end of their service life.

Finally, the system is designed with a closed loop approach in
mind. The FM design prioritizes ease of assembly and disassembly.
The connections between adjacent and stacked FMs, as well as those
between FMs and floor panels, are fully reversible. This design allows
for the reuse of FMs at the end of the building’s service life. While the
FMs can be reused without modifications for the same type of

application, minimal adaptations will be required to add or remove
non-structural components to assign the basic module a new
function in a different building.

Considering the site-specific aspects, the research emphasizes
the potential to design light, removable foundations, enabling the
restoration of the land to its previous state. The research
demonstrates the technical feasibility of adapting FM-based
buildings to various contexts, including different environmental
conditions and acting loads. The flexibility of the FM concept in
adapting to local contexts is evident in the ability to use varying
thicknesses for the upright panels. This adaptability is made possible
by the 75 × 75 cm base module, which provides an additional 15 cm
of space within each FM to accommodate the structural
components. However, it should be noted that the FM design
primarily aligns with European and North American standards.
Further research is needed to develop FMs suitable for other regions
and to customize the system according to different cultural contexts,

FIGURE 8
Schematic plan and vertical section of the case study analyzed.

Frontiers in Built Environment frontiersin.org13

Riggio et al. 10.3389/fbuil.2024.1405500

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1405500


which may influence aspects such as grid dimensions and product
choices. Additionally, normative contexts and related design
requirements should be considered in the adaptation process.

The proposed kit-of-parts encompasses non-structural components
designed to address diverse needs, such as accommodating services or
providing acoustic and fire separation. Further customization might be
necessary to align with specific occupancy requirements and local
standards. To further improve the kit, future exploration could focus
on incorporating customizable prefabricated elements for the exterior
skin. While the research has primarily focused on housing typologies,
the inclusion of small shop designs in the master plan illustrates the
versatility of FMs for various uses. This indicates the potential for
expanding the application of FMs to address different housing types and
destinations. While the proposed system is demonstrated within a
specific locale in an open lot, its potential applicability in alternative
contexts such as interstitial plots or high-density zones appears
promising. However, further demonstration is required to confirm
its viability in these settings. Future research should explore the
boundaries of the proposed FM design and develop additional
modules to cater to diverse requirements.

Another avenue worth exploring in future research is the
integration of FMs within other construction systems or even
existing buildings, thereby broadening the horizons for hybrid
wood construction and adaptive reuse.

To enhance the integration of fabrication and design, future
research can investigate design-driven parametric systems that
incorporate FMs and evaluate their suitability compared to other
available building systems. This would facilitate the development of
optimized FM designs for specific contexts.

While the research has successfully addressed the technical feasibility
of FMs, other aspects that require further investigation include the
economic feasibility of implementing such a system, social and cultural
acceptance, and environmental benefits over multiple life cycles.
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