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Abstract

The increasing adoption of prefabrication in the Global North reflects a re-
sponse to the urgent demand for safe and affordable housing. This demand 
is compounded by the necessity to meet contemporary standards for aesthet-
ic quality, structural safety, and energy performance, all within the context 
of the current climate and safety challenges. Prefabrication, underpinned by 
the principles of Design for Manufacturing and Assembly (DfMA), offers 
a pathway toward modernizing construction practices. Specifically, light-
weight steel profile technologies, particularly suited for low- and mid-rise 
buildings, offer an efficient solution to meet these evolving demands. How-
ever, to achieve widespread adoption, further optimization is necessary. The 
reduction of material use, fabrication waste, and production time, alongside 
cost reduction, will be critical in aligning prefabrication technologies with 
sustainable development goals. This paper presents an eight-step method-
ology in which manufacturing and assembling strategies are considered 
since product development and according to which materials and compo-
nents are selected, prototyped, and tested to optimize both mechanical and 
environmental performance. The methodology has been validated through 
an academic and industrial venture that aimed to optimize a lightweight 
cold-formed steel volumetric system for housing applications. The study 
demonstrated to achieve a system that fully met the structural requirements 
while also minimizing the use of material, waste, and production time. In 
doing so, this work contributes to a broader effort to modernize construction 
practices and address the dual imperatives of safety and climate resilience.
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1. INTRODUCTION

The recent report Modernise or Die by Farmer [1] called 
for the UK industry to increase the adoption of pre-man-
ufactured solutions in the construction industry to tackle 
the housing shortage discussed in the country for over a 
decade. The report provided evidence of a government 
incapable of delivering at the scale and speed that was 
required to respond to the request for thousands of new 

homes. The report recommended boosting collaboration 
between industry, government, and academia to improve 
the development and acquisition of prefab systems that 
could provide sustainable and more affordable systems. 
In line with that, the UK government supported indus-
trial ventures promoting knowledge transfers between 
academia and industry to develop innovative systems. 
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3.2, together with the comparison with the system com-
mercialized before the optimization. Section 4 reports the 
main conclusions, highlighting the impacts of the research 
and reflecting on the multidisciplinary methodology.

2. METHODOLOGY FOR THE 
DEVELOPMENT OF DESIGN FOR 
MANUFACTURING AND ASSEMBLY 

The methodological approach developed and validated in 
this work encompasses design informed by manufacturing 
and assembly, having prototyping and testing at its core. 

2.1. DESIGN FOR MANUFACTURING AND 
ASSEMBLY

Design for Manufacturing and Assembly (DfMA) is an 
engineering approach that simplifies product design to 
make manufacturing and assembly processes more effi-
cient, cost-effective, and reliable. It integrates design with 
production by considering the limitations and capabili-
ties of manufacturing and assembly from the very begin-
ning of the design phase. The ultimate goal is to reduce 
costs, enhance quality, and minimize production time [4, 
5]. Prefabricated systems benefit from modularity and 
standardization, but only when design and manufactur-
ing processes are tightly aligned. This integration ensures 
that design innovations are compatible with factory pro-
cesses, allowing for faster assembly and fewer errors on-
site [6, 7]. Additionally, testing at multiple stages, both in 
prototype and production, can verify the safety and per-
formance of materials and joints, further improving the 
structural integrity of prefabricated housing. 

This project focused on optimizing the structural 
system of a cold-formed steel (CFS) modular housing 
system, which was being introduced to the UK market, 
to improve factory production efficiency and reduce ma-
terial waste. In CFS construction, load-bearing walls are 
the most critical components as they directly influence 
the structural integrity of the building [8–12]. Therefore, 
accelerating wall production was vital. A key challenge 
was to develop a lateral resisting system that moved 
away from a jungle of steel elements that were difficult 
to be integrated with the insulation and finishing system 

This paper presents an iterative methodology for improv-
ing the manufacturing and assembly of prefab systems 
based on structural and manufacturing optimization. This 
methodology has been applied and validated within the 
research project “Optimization of cold-formed steel sys-
tems for large scale manufacturing of modular housing”, 
which aimed to develop a modular housing system for 
two-story single-family houses to be delivered across the 
UK and be characterized by having a high mechanical ca-
pacity, low embodied carbon and short production time. 
The system is based on the use of thin profiles, which 
are made of Cold-Formed Steel (CFS) profiles which are 
manufactured by bending thin sheets of galvanized steel 
into various shapes, providing high strength-to-weight 
ratios while being lightweight. The research project 
aimed to optimize the system by moving away from an 
“all-steel” design approach [2] that accounted only for 
the steel members for carrying the vertical and horizon-
tal loads and, instead, develop a sheathing-braced design 
approach that can consider the bracing contribution pro-
vided by sheathing panels, when properly connected to 
the steel members. This methodology, which is codified in 
the USA [3], is still not codified for application in Europe 
and therefore requires experimental testing to be applied. 
The work aimed to shift the structural design of these CFS 
modular homes from the all-steel design to the sheath-
ing-braced design to reduce the amount of material, fa-
cilitate manufacturing, and reduce embodied carbon. The 
iterative methodology for optimizing both the system and 
the manufacturing process had parametric design, proto-
typing, and experimental testing at its core. The interrela-
tion between design, testing, and manufacturing process 
is of paramount importance for the development of af-
fordable and safe construction systems. Indeed, several 
studies have emphasized the importance of the close inte-
gration of design, testing, and manufacturing processes in 
developing affordable and safe prefabricated housing sys-
tems. In the following section, the developed methodolo-
gy for optimizing Manufacturing and Assembly (DfMA) 
is discussed in Section 2.1, with the results in terms of 
the manufacturing process discussed in Section 3.1. The 
experimental testing methodology and results carried out 
to evaluate the mechanical behavior of the newly devel-
oped optimized system are discussed in Sections 2.2 and 
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2.2. EXPERIMENTAL CAMPAIGN

Experimental testing was adopted to mechanically char-
acterize the main structural components of the proposed 
composite system, in which CFS profiles collaborate 
with both oriented strand board (OSB) panels and ce-
ment panels (CP) to withstand both vertical and horizon-
tal loads. Indeed, the mechanical performance of CFS 
structures sheathed with boards is influenced by the re-
sponse of the shear walls under horizontal loads. Vari-
ous factors directly influence the behavior of CFS shear 
panels, including the type and thickness of the sheathing 
board [8–13], its placement (on one or both sides), the 
thickness of the CFS sections, loading conditions, aspect 
ratio [14], opening size [15], fastener type, and the spac-
ing between the fasteners [2, 11, 13]. 

To assess the lateral response of CFS shear walls 
under in-plane loading, an extensive experimental cam-
paign was articulated in three phases [16, 17]. The first 
phase included 32 tensile strength tests for the steel ma-
terial, 20 lap-shear tests on screws, and 27 shear tests 
to determine the shear strength of connections between 
steel profiles and either oriented strand boards or ce-
ment board panels. The second phase was devoted to 
full-scale wall tests on fully sheathed wall panels, and 
the third phase looked at the lateral behavior of walls 
with openings and allowed a comparison between the 
newly proposed system and the previous one having 
X-steel bracing. Specifically, in the second phase, four 
walls with a length of 2400 mm and fully sheathed on 
one side of the CFS frame were tested under in-plane 
shear loading. The third phase, instead, aimed to evalu-
ate the effect of openings on the shear response of CFS 
walls with a wall length of 4800 mm. In particular, three 
wall typologies with opening configurations were test-
ed; representative of a ground floor rear wall (GF-RW) 
with a large opening, a ground floor front wall (GF-
FW) with a door and a window opening, and a typical 
first floor (FF) with openings. These wall typologies 
were selected to represent the worst-case scenarios in 
terms of opening ratio among those to be manufactured 
by the housing provider, and they had a sheathing area 
ratio between 0.53 and 0.77. Moreover, two tests were 
performed on walls having the same geometrical con-

to streamline instead a more optimized system in which 
steel and finishing could be integrated. Therefore, the 
DfMA process (Fig. 1) started by identifying standard-
ized components that could be readily found in the mar-
ket. Then, an assembly strategy of sub-components and 
complete modules was identified. The interrelation be-
tween those two brought to the selection of the most ap-
propriate materials and components. Specifically, in or-
der to improve the time-consuming process of attaching 
CFS profiles to sheathing panels, which also needed to 
ensure safe movement along the production line, it was 
essential to optimize screw and sheathing patterns while 
still maintaining the necessary mechanical performance. 
Given that previous studies have shown a direct relation-
ship between a CFS wall’s shear capacity and the num-
ber of connections between the steel frame and sheathing 
[3, 9, 11, 13], this research explored, through prototyping 
and testing, how variations in screw spacing could im-
pact structural performance. The aim was to automate 
the placing of the connection by enabling the use of a 
high-speed paneling system in wall assembly. To enable 
that, a larger flexibility in screw patterns was necessary. 
Therefore, an experimental investigation was conducted 
to evaluate the impact of different connection distances 
and patterns on mechanical performance, with the find-
ings directly informing adjustments to the production 
process (discussed in Sections 2.2 and 3). The defined 
system and production process were assessed through 
environmental impact analysis, and when this was sat-
isfactory, the system became ready for lean production. 

Fig. 1. Design for Manufacturing and Assembly methodology.
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were installed in the central section of the wall to serve 
as the primary shear-resisting elements. Additionally, 
OSB panel strips were placed near the top of the wall, in-
tended for later assembly in the production line. This al-
lows flexibility when moving and lifting the wall during 
the module assembly process. Self-tapping screws were 
used to fasten the sheathing panels to the CFS members, 
with spacing ranging from 75 mm in the central part of 
the GF-RW to 300 mm for the OSB strips at the top of 
the walls (Fig. 4). These variations were selected to meet 
the necessary shear capacity while enabling the use of 
high-speed paneling systems in the central areas. Fewer 
screws were used in areas where manual fastening with 
a hand screwdriver was required. In accordance with 
the perforated design method requirements, Simpson 
Strong-Tie HTT22E hold-downs were installed at the 
bottom corners of the walls during testing. The entire ge-
ometry of the tested walls with openings can be found in 
Kechidi & Iuorio, 2022 [17]. Additionally, ledger beams 

figurations of GF-RW and FF but which represented the 
“Standard” system designed by the industry before the 
beginning of the research project led by the Author, and 
they used steel bracing to achieve the required shear 
capacity. These last two tests were performed to under-
stand the changes in terms of wall shear strength and 
stiffness due to moving from a steel bracing to a sheath-
ing braced approach. Figures 2 show the experimental 
campaign tests.

Each wall was constructed using studs, tracks, and 
blocking profiles made from C profiles (C100-41-1.6) 
with a steel thickness of 1.6 mm and a nominal grade of 
450 MPa. The studs were spaced 600 mm apart. Three 
rows of blocking were installed: 610 mm from the bot-
tom, at the mid-height of the wall, and 213 mm from 
the top. The lower blocking was positioned to accom-
modate cement panels (CP) at the bottom portion of 
the wall, helping to prevent humidity buildup (Fig. 3). 
Full-height 15mm oriented strand board (OSB3) panels 

Fig. 2. The overall experimental campaign, with Phase I to study the tensile strength of steel members, shear capacity of screws, and shear behav-
ior of connections; Phase II to characterize the shear behavior of walls fully sheathed with OSB and CP; and Phase III to study the shear behavior 
of walls with openings and compare them with previously commercialized systems having steel bracings.
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lab, where they were positioned vertically on a compos-
ite rectangular hollow base beam made from two weld-
ed U-sections and secured to the lab floor. A U-shaped 
spreader beam was placed on top of the walls to distrib-
ute the horizontal load evenly (Fig. 5). Vertical and hori-
zontal displacements were recorded using Linear Voltage 
Displacement Transducers (LVDTs). The test results are 
discussed in Section 3.

were placed at both the top and bottom of the wall, on the 
interior side, to simulate the presence of floors (Fig. 3). 
The tests were conducted using displacement-controlled 
quasi-static loading, following BS EN 594 (1996) [18], 
the standard currently used in the UK for testing walls 
of both wooden and CFS frames. This standard specifies 
the specimen setup and the loading protocol. The walls 
were pre-assembled in the factory and transported to the 

Fig. 3. Geometry of the fully sheathed tested walls.

Fig. 4. Geometry of the wall with opening (typology GF_RW).
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sembly time while maintaining accuracy and quality. In-
deed, a typical CFS wall segment of, for instance, 2400 
mm length x 2700 mm height, sheathed on one side, 
when designed to resist high lateral loads, can require 
having screws spaced at 100 mm on the edge and 300 
mm in the center, having as such as 180 screws. Locat-
ing them at a precise distance from the edge of the panel 
is essential to avoid local failure of the panel. Therefore, 
their manual placing can take several minutes. Instead, 
the particular configuration of sheathing boards and the 

3. RESULTS

3.1. DESIGN FOR MANUFACTURING AND 
ASSEMBLING

A high-speed panelizing system (Fig. 6a) was introduced 
to automate the process of attaching sheathing boards 
(the outer layer of the wall) to the CFS wall frame. This 
is typically a highly repetitive process, usually done 
by hand with a screwdriver, but by automating it, the 
DfMA-driven production line drastically reduced as-

Fig. 5. Test rig of the walls with openings: (a) ground floor with 2 openings (GF-FW); (b) ground floor with one large door (GF-RW); (c) first floor 
(FF-FW) with two openings.

Fig. 6. Production line of the developed modular system showing: (a) ground floor assembly; (b) high-speed panelizing system for connecting the 
sheathing boards to the wall steel frame; (c) line production of the walls; (d) assemblage of the floor and wall system; (e) line production of the 
volumetric modules; (f ) modules ready to be transported on-site for assembly.
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tral panels. In particular, the central sheathing panels un-
derwent more significant rotation. This was true for both 
walls without and with openings. This demonstrated that 
small screw spacing was necessary in the central parts of 
the walls, as they were the most subjected to deforma-
tion, while larger spacing could have been adopted in the 
top and bottom strips. The following subsections discuss 
results for the second and third phases in detail. 

3.2.1. TEST RESULTS FOR FULLY SHEATHED WALLS

Test results indicated that wall collapse was primarily 
dictated by the sheathing-to-frame connections in all GF 
specimens. At the global level, the steel frame deformed 
into a parallelogram, causing a rigid rotation of the 
sheathing panels. This led to the tilting and pull-through 
of the screws, followed by cracking in the CP panels and 
the breaking of the panel corners at the edges. Table 1 
summarizes the results, showing that the GF walls had an 
average maximum strength of 41.79 kN and an average 
stiffness of 2.32 kN/mm, while the FF walls demonstrat-
ed an average strength of 62.48 kN and stiffness of 2.04 
kN/mm. This indicates that walls with only OSB panels 
have at least 1.5 times the shear strength compared to 
similar walls with CP panels at the bottom.

3.2.2. TEST RESULTS FOR WALLS WITH OPENINGS

In terms of failure mode, in the case of the walls with 
two openings (GF-FW and FF-FW), the first cracks ap-
peared in the top right and bottom left corners of the 
opening farthest from the applied horizontal load (de-
tails G and M in Fig. 7), followed by cracks at the oth-
er corners. In these walls, the bottom sheathing panels 
showed no significant deformation. The GF-RW walls 

screw pattern, defined based on the results of the exper-
imental campaign on connection systems (phase I) and 
wall systems (phases II and III), allowed to place 600 
screws per minute. This system allows for the wall pan-
els to be produced at a faster rate, improving production 
efficiency. The walls were then flipped vertically to be 
completed in a line-based manner, similar to an automo-
tive assembly line. Each station in the line is designed 
to add a specific component, such as insulation, water-
proofing, vapor barrier, and applying exterior finishes 
(Fig. 6c). Then walls and floor systems were connect-
ed, and all the services were integrated, up to realizing 
complete volumetric units, corresponding to the ground 
floor and first floor of the house systems to be deliv-
ered on-site. The design ensured that the components fit 
together seamlessly, reducing the need for adjustments 
or rework during assembly. The DfMA approach en-
sured that all connections between floors and walls were 
simplified for fast and secure attachment, allowing the 
modules to come together in an efficient workflow. The 
result was a modular volumetric housing system with 
consistent quality that could be produced quickly, up to 
six full volumetric units per week.

3.2. EXPERIMENTAL TEST RESULTS

Observations from the wall tests revealed that the CFS 
frame tended to deform into a parallelogram shape, while 
the sheathing boards tended to rotate. However, due to 
the presence of ledger beams at the top and bottom of the 
walls, along with the specific sheathing configuration – 
full-height panels in the center and shorter panels at the 
top and bottom – the central section of the walls experi-
enced greater deformation. This determined pull-through 
of the screws predominantly around the edge of the cen-

Tab. 1. Test results for fully sheathed walls in terms of shear strength and stiffness.
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(2011), are reported in Table 2 for walls with openings 
(labeled as GF-FW, GF-RW, and FF-FW) and the two 
walls with opening and steel bracing (labeled as GF-K, 
and FF-K). 

exhibited significant diagonal cracks at each corner, 
with extensive propagation in both the OSB and bot-
tom CP panels (Fig. 8). The results in terms of shear 
strength at Fmax and stiffness, as defined by BS EN 594 

Fig. 7. GF-FW wall before and after testing, with wall failure details of the: balcony right corner (B), bottom left corner (C), bottom right corner (D), 
door top corner (E), relative displacement between top and central panel (S).

Fig. 8. GF-RW wall after testing, with wall failure details of each opening corner.
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tegrating testing throughout the design and production 
phases can identify and address potential issues such as 
structural performance, thermal efficiency, and durabili-
ty early, leading to more reliable outcomes. Automated 
production systems, guided by digitally integrated de-
signs, can lead to precision in assembly, reduced labor 
costs, and minimized rework. When combined with rig-
orous testing protocols, these processes ensure that hous-
ing systems meet safety standards and maintain afford-
ability. This paper presented an iterative methodology, 
which was developed and validated to optimize a prefab 
system, which leverages the composite action between 
CFS profiles and sheathing panels while simplifying the 
manufacturing and assembly process. At its core, the 
methodology involves prototyping and testing, and it 
is informed by the challenges to be overcome to speed 
up the manufacturing process. For this specific case, the 
main challenge was to automate screwing connections 
while providing the required lateral capacity to the sys-
tem. The experimental testing demonstrated the achieve-
ment of a system that fully met the structural require-
ments while also minimizing the use of material, waste, 
and production time. In particular, in terms of minimiz-
ing material, moving from a steel-braced approach to a 
sheathing-braced approach, allowed to reduce the use of 
steel by 12%. This had a significant impact not only in 
terms of manufacturing efficiency but, in particular, in 
terms of environmental impacts, with the new system 
achieving an embodied carbon (EC) of 254 kgCO2e/m², 
compared to 290 kgCO2e/m² obtained for the standard 

Notably, GF-FW and FF-FW displayed similar shear 
strengths, around 59.5 kN, though GF-FW was stiffer. 
GF-RW, despite having a large opening and a 75mm 
screw spacing in the central area, showed a higher shear 
strength of 62.4 kN but lower stiffness (1.82 kN/mm) 
due to the large opening.

When comparing the results obtained in Phase II and 
III, it appears evident that the opening mostly influenc-
es the stiffness of the walls. Indeed, when comparing the 
FF-FW with opening, with a similar without opening 
(from phase II), the stiffness decreased by about 6.4%. It 
is also evident that reducing the screw spacing has a more 
significant contribution to the shear strength of the walls.

Comparing walls with openings braced only by 
sheathing panels to those with steel bracing reveals that 
steel bracing slightly increases shear strength. However, 
in terms of stiffness, GF-FW exhibits greater stiffness 
than GF-K. Despite this, these wall systems are rarely 
used to their total shear capacity in low-rise buildings 
up to two stories. Walls without steel bracing fully meet 
the required capacity, even with large openings. Since 
unbraced walls reduce material waste, lower embodied 
carbon, and speed up construction, they were the pre-
ferred option.

4. CONCLUSIONS

Early-stage collaboration between designers and man-
ufacturers can significantly reduce material waste, im-
prove construction speed, and lower overall costs. In-

Tab. 2. Wall tests results.
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