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Abstract: This study explores the potential use of new connections to shape precast building ge-
ometries, focusing on connection performance, robotic fabrication, and foldable structural elements.
Three connection types, including coupled-bolts, hinges, and steel tubes, were initially proposed and
assessed in beam and portal frame geometries. In contrast, the study introduces conceptual ideas;
initial experimental and numerical studies were conducted to estimate connection capacities. Robotic
fabrication for connecting elements to reused concrete and converting floor elements into beams
was detailed, showcasing robotic technology’s performance and potential. These connections were
employed in designing new precast element geometries, ranging from simple beams to multi-story
buildings. Geometric properties and volume quantities of folded and opened geometries were stud-
ied using 37 CAD models. To properly discuss the joint performance reference, monolithic elements
with exact dimensions were created for comparison. Despite varied connection capacity (38% to
100%), the steel tube exhibited the most desirable performance, resembling a monolithic element
with an exact size. Some proposed foldable geometries showed a significant reduction (up to 7%) in
element dimensions to facilitate transport and construction.

Keywords: foldable; geometries; precast; hinges; connections; experimental; numerical

1. Introduction

The construction sector and cement manufacturing consume substantial quantities of
natural resources. Yet, extracting the natural aggregates required to manufacture concrete
and mortars is becoming increasingly difficult due to quarry depletion, environmental
impact, and regulations. Thus, the search for solutions is an urgent matter. Prefabrica-
tion could be a potential answer. Prefabricated elements have gained popularity in the
construction industry, particularly in nations such as Canada and Japan. In European
countries such as Germany and the Netherlands, precast construction accounts for more
than 35% of the building sector [1]. International strategies are being established to improve
sustainability, encouraging precast companies to further increase sustainability through
their operations. One such policy is the British Precast Concrete Federation’s “Precast
Sustainability Strategy and Charter”, which became mandatory in Britain in 2014. In addi-
tion, EU regulations require compliance with the “Sustainable Use of Natural Resources”
criterion [2], which mandates that construction projects are conceived, constructed, and
demolished in a manner that preserves natural resources [3].

Prefabricated concrete structures are becoming increasingly common in the architec-
tural, engineering, and construction industry (AEC). This process entails constructing a
building with factory-produced precast concrete components assembled on-site [4]. Com-
pared to typical on-site casting methods, this strategy involves fewer on-site operations and
labour resources, resulting in improved construction quality, shorter construction duration,
and less environmental contamination [5,6]. However, producing prefabricated concrete
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structures is complicated and requires multiple operations, including component shipping,
storage, and installation [2,7]. These are crucial procedures, especially in projects in urban
areas with limited space [8]. Failure to organise these operations correctly can result in
problems such as storage difficulties and lead to significant construction delays [7,9]. The
high use of natural resources in the precast industry prompted researchers to investigate the
feasibility of re-utilising demolished structures’ components in new precast constructions.

Reutilisation: The demolition and replacement of old and dilapidated buildings and
traffic infrastructure is common practice in many parts of the world today. This is often
the result of changes in usage, decay, urban reorganisation, and natural disasters. Around
850 million tonnes of construction and demolition waste are generated annually in the
European Union, representing 31% of all global construction-related waste [10]. In the
United States, an estimated 123 million tons of construction waste are produced from
demolition activities each year [11].

Handling building and demolition waste has been a concern for decades, with landfill
disposal being the most common solution. Yet, this process generates enormous waste
deposits, leading to environmental contamination. Meanwhile, the demand for concrete
continues to rise, resulting in increased consumption of natural aggregate as the principal
component of concrete. The concrete industry is the world’s largest consumer of natural
resources [12], consuming a staggering 12.6 billion tons of raw materials annually. Over two
and a half billion tons of aggregate are produced annually in the United States alone, and
this number is projected to rise [11]. In response, some European nations have taxed virgin
aggregates to encourage their protection. Sustainable construction is no longer merely
an ideal but a fundamental necessity. Investigating means of minimising the industry’s
environmental impact and promoting the recycling of building and demolition waste [10].

Recycling this debris for new construction projects has economic and environmental
benefits and is gaining increasing global attention. However, the feasibility of reusing
concrete greatly depends on the project’s location [13]. Due to the limited availability of
resources in a particular region, surrounding concrete structures may be removed and
reused as a roadway base or coarse aggregate for concrete. The usage of recycled concrete
as a granular basis is rising quickly, as evidenced by the recycling of 145,000 tons of concrete
from old terminals and pavements at Toronto Pearson Airport for use as granular base
layers [13]. Reusing elements from demolished concrete structures in new construction has
been practised for decades, although it presents various obstacles. Changes in the material,
such as corrosion in steel, pose one of the greatest obstacles but can be mitigated by various
methods. Another challenge is the attachment of connections to the elements, as there often
is a lack of connection types and attachment techniques designed for re-utilisation. Hence,
in addition to establishing new connections, automated processes are required to address
these issues, [14,15].

Robotic Manufacturing: Prefabrication is widely recognised as an efficient and effec-
tive alternative to conventional construction techniques. This strategy offers numerous
benefits, including reduced material usage, increased safety, increased labour efficiency,
improved craftsmanship, uninterrupted workflow, and lower project duration, costs, and
waste [16–18]. Despite these benefits, the industry faces multiple difficulties such as com-
plex interfacing between components, [18] reliance on conventional methods [19], cost
barriers [16], underutilisation of manufacturing facilities, scheduling difficulties, frag-
mented information, and quality inconsistencies [20,21]. Previous research has studied
and demonstrated the potential for advanced manufacturing and robotic technologies to
overcome these constraints and exploit the advantages of prefabrication [22]. In recent
years, the use of robotic technology in the prefabrication process has made significant
technological advances, enabling or streamlining numerous manufacturing activities.

An analysis of the application of automated and robotic systems in controlled off-site
conditions for various building materials [22] determined that these technologies play a
crucial role in delivering high-quality and accurate results while enhancing productivity
and safety [23]. Despite the benefits of robotics in building prefabrication, it is still not
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widely used. To reach the full potential of robotics in building prefabrication, it is necessary
to better comprehend its adoption and implementation [24]. In addition, academics have
investigated the adoption of many information technologies in the construction indus-
try [25,26]. The attachment of joints to the prefabricated or repurposed pieces is one of
the difficulties that robotic production can mitigate. Therefore, it is necessary to design
and study suitable joining mechanisms. One of the types of joints that can be produced
by robotic manufacturing is dry concrete joints. Essentially, to avoid complicated and
uneconomical joint applications, the robotic CNC method was employed to create dry
concrete joints with high interlocking and robustness [27].

FE and Experimental analysis: According to earlier studies [28,29], the performance
of these joints under various types of loads has been examined using both finite element
calculations [30] and experimental tests [31]. The purpose of these studies was to analyse
the performance of the joints, identify their principal failure mode, as well as determine
joint dimensions and specifics. These studies demonstrated the accuracy of the finite
element method for designing and evaluating joints. Specifically, it was demonstrated that
numerical modelling can assess the mechanical behaviour of joints [32].

Several studies have utilised Abaqus to analyse the stresses in joints and understand
their unique characteristics [33,34]. Due to the complex calculations and evaluation of
the geometries, the Displacement-Based design approach [35] is frequently employed
by researchers. The results of these studies indicate that such joints can retain between
70–92% of the beam’s rigidity and 55–57% of its total bearing capacity [36]. The full-
scale experiments [35] and (1/3)-scale experimental studies of connections [37] published
provide valuable insights into the ’real’ behaviour of such linkages. Aside from the joint
geometry and material, the post-tensioning technique is another essential factor for these
precast applications. The proper application of non-adherent post-tensioning techniques
could significantly increase the performance of the connections [38] and address some of
the typical challenges of precast systems stated above, such as transportation and storage.

Foldable elements: Modern approaches to the responsiveness of architectural compo-
nents tend to eliminate moving parts as much as possible, minimising the use of complex
mechanisms [39]. This primarily simplifies their management by reducing the need for
frequent maintenance operations. Such procedures are frequently neglected due to negli-
gence or high costs, resulting in the premature degradation of component performance.
An alternate solution is elastic kinematics [40]. Foldable components may form an entire
building, including its structure, particularly in small buildings or temporary pavilions [41]
or merely involve specific building components [42].

Origami-based systems are one of the well-developed techniques using foldable
elements [40,43]. They can exhibit unique properties such as tunable stiffness [44], tun-
able chirality [45], tunable thermal expansion [46], programmable collapse [47], multi-
stability [44,48], and self-foldability, making them promising candidates for applications
such as re-configurable architect-ed materials. Despite these potentials of origami-based
design approaches demonstrated by recent advances in the field [48,49], the lack of robust,
application-driven design standards and scalable manufacturing processes has limited
their uses [50,51].

Additionally, in the following steps, other types of already developed structural
approaches can find their places in new assembly and designing strategies for re-utilising
the structural elements, such as approaches for finding optimum places for locating the
connections [52] or allocating optimum locations to the elements in the newly designed
structures [53].

This paper intends to investigate unique precast geometries and assess the possibilities
of robotic subtractive production to highlight the precast industry’s relevance, the necessity
for investigating new geometries, and the significance of concrete reuse. In order to
successfully demonstrate the proposed concepts, semi-novel joints will be tested and
numerically evaluated for their application in robotic manufacturing. Several geometries
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for precast components and structures will be presented and discussed using the examined
connections to simplify transportation, storage, and construction.

2. Discussions

This article’s primary aim is to propose and assess the feasibility of utilising new
structural forms to develop foldable structures. The study also delves into the practical
implementation of robotic techniques and the reuse of old elements. Hence, the article’s
main body is divided into three sections: a discussion of the connection types, examples of
robotic attachment techniques for the joints, and a proposal for precast geometries. The
experimental and numerical methods were chosen to evaluate the performance of five
connections based on their capacities, force-deformation diagrams, and stresses. These
geometries serve as the base for the following sections.

The second section focuses on re-utilising concrete components and robotic manu-
facturing processes. A flooring slab was selected as the “old element” and processed into
beams, studying the robotic attachment of the three types of connections by an automated
subtractive process (sawing, milling, and drilling). The last part illustrates 37 potential
geometries for precast concrete elements, in which the previously discussed connections
were used, and geometrical peculiarities in comparison between the transporting geome-
tries and final form were discussed. In addition, the differences between their transport
geometries (folded structures) and the final form (erected on site) are discussed.

• Evaluation of the connections
• Robotic connection attachment to re-utilised elements
• Geometries for concrete precast structures

2.1. Evaluation of the Connections (C1–5)
2.1.1. Methodology

Evaluation of joint performance by four-point bending tests is a common method
in which the joint is tested for its pure bending moment. This technique evaluated the
beam (head-to-head) and the connections (C1, C2, and C4). All experiments were subject
to identical test setups (Figure 1). The hinge and the steel tube for the head-side (beam-
support) detail were evaluated in frames, and the connections were evaluated under
simultaneous bending moments and shear forces (C3 and C5). All elements, including
the elements in fold-able geometries, in this study, have a cross-section of 10 × 10 cm; the
length of the beams used in both experimental setups is 1 m, and the height of the frame
columns is 50 cm, Figure 2. Formwork with beam and frame shapes was made to prepare
the models, and the material’s properties were tested. To prepare the specimens, beam and
frame-shaped formwork was created, and the material’s properties were evaluated. In the
four-point bending test of the beams, the separation between the two test loads generated
by the hydraulic pump was maintained at 24 cm, surpassing the length of the connections.
Furthermore, the spacing between the supports measured 24 × 3 cm. In the portal frame,
the bottom sides of the columns had fixed supports, while the length of the beam was 1 m,
and the height of the side columns was 0.5 m. Figure 1 illustrates a tested portal frame.
Forces were measured at the middle of the top beam; additionally, a photograph of the
formwork with the L-tube showcasing a setup. Similar setups were used for the beam;
however, for the beam, supports were positioned directly beneath the beams.

After initial calculations and technical evaluations, similar main reinforcing bars were
designed for all beams (No. 4, ϕ10). In addition to the standard calculation of the section
capacity, a monolithic beam and a monolithic frame made of the same material were tested
in the same setup and compared. Based on the ACI (standard) and Section Designer
from SAP2000, the ultimate capacity of a cross-section (10 × 10 cm) with tension bars only
(2ϕ10 mm) is 6.2 kN.m, and with compression bars and applied prestressing forces, it is
7.9 kN.m. The specimens also use shear reinforcement (ϕ6 mm = @ 12.5 cm). Concerning the
concrete properties ( fc : 45 MPa) and the selected stirrups, the standard shear force capacity
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(Vu = 0.75(Vc + Vs)) is 18 kN. The safety factor of the standards was also considered in
the comparisons.

Figure 1. The testing setup and form-work of two portal frames’ connections (C3 and C5).
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Figure 2. Demotions and parameters of the connections (C1–5), unit (cm).

Abaqus (2019) was used in the finite element analysis, and the material properties
were calculated and assigned based on catalogues, tests, and references. Concrete damage
plasticity was selected in the property module of Abaqus. Based on [54,55], a bi-linear
approach was calculated for tensile behaviour, while compressive behaviour is defined
according to codes [56]. The yield parameters for plasticity are defined according to [54,55].
The interaction module, hard contact by mechanical tangential behaviour, was selected
to define the contact properties. In addition, the method of normal behaviour and linear
friction (Penalty 0.3) was applied [57,58]. Regarding the catalogue, the steel properties
(B500B) were assigned in Abaqus. During the tests, the load was incrementally increased
up to the complete failure of the segment. A similar performance was simulated in FE
analyses, and the verified performances were discussed for each connection compared to
the monolithic reference.
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2.1.2. Connection 1

Generally, beams are elements performing under tension (e.g., on the bottom side)
and compression (e.g., on the top side) of the section, forming a couple in a section between
the compression concrete and tensile longitudinal rebars. Preparing a robust connection
between the tensile elements and activating the rebars is the primary challenge in these con-
nections. Additionally, modern production techniques require novel structural approaches.
One such concept could be using a connector or coupling between the discontinued rebars
to transmit the tensile loads. In this proposed joint (C1), as shown in Figure 3, the idea was
evaluated, in which two screws (or rebar) protruded on the underside of each part from the
specimen end to the cut-out portion in preparation to connect the four elements two by two.
Oval-shaped connectors easily connect these outgoing screws. The oval-shaped connectors,
which are readily available on the market, have nuts at their ends, and by rotating the
oval connector (Figure 3), the prepared screws can easily find their place, allowing for
a continuous longitudinal connection between the tensile rebars. Adding screw-shaped
profiles to the rebar or adding extra long screws and using a different coupling as is used
in the current experiment is possible. In the case of using extra elements, referring to the
standard can assist in calculating the overlap between the screw and rebar when using
extra elements.

Figure 3. C1, rebar layout and geometrical dimensions.

C1 has robust behaviour performing at 54% of the monolithic beam’s bending capacity,
which was 3.74 kN.m. Additionally, the capacity ratio in 10 mm of deformation was raised
to 68%. This capacity can also be achieved by increasing the length and dimensions of the
rebar or by adding plates to the ends of the screws. Although in this study, the screws
(ϕ 6 mm) were located a little higher than the rebar (ϕ 10 mm), which reduces the capacity
of this technique, the performance of the proposed connection was comparable to that
of a monolithic beam. The failure crack occurred on the underside of the specimens due
to screw movement and the resulting damage to the concrete in this area. Based on the
confirmed simulation results, this geometry can activate the rebars (screws). The amount
of steel stress in the first crack moment increased up to 38% of the allowed amount, while
in the compressed concrete, over 80% of the allowed concrete stresses were reached.

Cutting or milling can quickly produce this voided part of the elements. The robotic
technique can also drill holes (for locating rebar or screws) and apply glue if necessary.
Because the deformation is primarily based on the elongation of the steel rebar, the “force-
deformation diagram” gradually curves without a sudden failure (Figure 4).

2.1.3. Connection 2

As mentioned briefly above in Section 2.1.2, adding simple accessories (e.g., steel
hinges) and elements to the concrete parts and connections should be studied to potentially
develop a new construction approach or a new school of thought. One idea that may be
a small part of this new school of thought is attaching steel hinges between two precast
structural elements, e.g., beam-beam, column-column, or floor-floor connections. These
steel hinges perform predominantly under just one type and direction of loads, e.g., tension.
This idea enables the engineer to use the folded frame or floors. For instance, as a new
construction approach, the precast frames can be connected during manufacturing to
simplify transportation in the construction process. After being transported as paralleled
elements, their final form can be opened up in a suitable direction to perform as a portal
frame or multi-floor slab.
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Figure 4. C1, (a) Experimental and numerical bending-deformation, (b) numerical tensile and
compressive stress in the steel and concrete, (c) experimental cracks, (d) numerical cracks, (e) principal
stress of rebars, (f,g) concrete Von Mises stress.

Inspired by the mentioned idea, the current experiment uses a hinge as an element’s
tensile component and the concrete’s top side as the compressive couple in the section.
The tested connection was made by one inexpensive hinge from the hardware store
(10 × (5 + 5) cm). Typically, the hinges have three different screw holes on each side.
These three holes (each 3 × 2) were connected to same-sized plates on the opposite side
of the same specimen by three 4 mm screws Figure 5. This technique sends the forces
to the top side of the beam’s section. The experienced bending capacity of this joint was
1.9× kN.m which is 27% of the capacity of the entire section and increases to 38% in
10 mm deformation.

Figure 5. C2, rebar layout and geometrical dimensions.

The capacity was limited due to the selection of low-quality products on the market,
including the screws and hinges. The concrete surface resisted the connection to surface
compression and the post-tensioning load. Then, in another step, once the hinge was
activated, the couple between the compressive concrete and tensile hinge started. Regarding
the experienced result, the failure mainly comes from the movement and/or damage of the
screws for connecting the top and bottom plates, especially in connecting to the bottom
plate and separating the hinges’ rings, due to the quality of the hinges, Figure 6. This means
using more robust hinges can quickly and considerably increase the capacity of this type
of connection. The needed place for using screws, plates, etc., can be easily machined by
robotic CNC.

2.1.4. Connection 3

Likewise, the main aim of this geometry is to use foldable elements for the sweep
construction of precast concrete structures. Aside from limited details for making concrete
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hinges in monolithic elements (e.g., crossing of all rebars of the element in one point of
the section), none can be used practically in beam and column precast systems to fold
the elements with robust performance. Therefore, this section proposes a geometry using
hinged-steel performance for connecting concrete elements, with no dry concrete connection
to be experimentally and numerically evaluated, Figure 7.
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Figure 6. C2, (a) Experimental and numerical bending-deformation, (b) numerical tensile and
compressive stress in the steel and concrete, (c) experimental cracks, (d) numerical cracks, (e) principal
stress of rebars, (f,g) concrete and hinge Von Mises stress.

Similar to Connection 2, the inexpensive hinges were located on the outer side on one
side of the frame and the inner side on the other side of the frame (α), Figure 8. The hinge
plates were perpendicular to each plate (β), causing a non-symmetrical geometry Figure 7.
The selected hinges typically have two plates, each 2 mm thick and with three holes. The
holes above the hinge plates are connected to the concrete sections with some screws
(radius: 4 mm). They cross the sections up to the other side, where the three longitudinal
screws are connected to the second single palate. This connected frame’s measured force
was increased to 44.26 kN, resulting in 22.134 kN and 3.9 kN.m shear and bending loads,
respectively. In this geometry, the performance of the hinges has the greatest influence on
the capacity of the geometry. According to the numerical results, the highest stress occurred
between the hinges, the hinge plates, and the screws. Correspondingly, the failure occurred
due to the failure of the hinges, which separated the knuckles of the hinges that enclose the
pins. On the left side of the top beam, where the hinge was located on the underside of the
frame, shear-bending cracks were experienced, which were the main collapsing reason for
this geometry similar to the reference frame. It shows the stiffness of the connections with
the hinges on the outer side (α) is higher, leading to greater force absorption.

Figure 7. C3, rebar layout and geometrical dimensions.
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The robotic CNC of this system can be managed by drilling techniques, which can
easily create parallel holes through the section width at exact angles. The angle of the screws
in the section influences the connection capacity that interacts with the essential dimension
of the screw and nuts for achieving the necessary cohesiveness with the concrete to stop
screw movement and rupture the angles and loads, additionally causing the elements to be
pushed to each other.
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Figure 8. C3, (a) Experimental and numerical force-deformation, (b) numerical tensile and compres-
sive stress in the steel and concrete, (c) experimental cracks, (d) numerical cracks, (e) principal stress
of hinges, (f) Von Mises stress in concrete, (g,h) principle stress in rebar and hing.

2.1.5. Connection 4

The purpose of this proposed geometry (C4) is to compare the performance of dry
concrete joints to that of the steel tube connections. As the most robust proposed connection,
instead of a dry concrete connection, C4 benefits from one steel tube with a rectangular
section. The length of the steel tube is 200 mm, and the thickness of all four faces is 2 mm.
In addition to simple robotic or manual production, this joint resisted up to 69% of the
monolithic section’s bending capacity. This ratio increased to 86% in 10 mm deformation.
The high shear and torsion capacities are predictable since all connecting zones surround
the steel tube (Figure 9).

Figure 9. C4, rebar layout and geometrical dimensions.
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Another important point about this simple geometry is that it is easily adjustable. For
instance, by increasing the length and thickness of the tube, the bending capacity can easily
be increased, exceeding the concrete section’s capacity. This joint’s capacity can easily be
calculated based on various steel standards. And finally, as shown by the final geometries,
C4 can be practically used for various types of connections, e.g., column–column or beam–
column. The general performance was similar to the reference beam. However, the failure
mainly occurred due to concrete compression collapses caused by hard contact with the
opposing side and the steel tube while moving out from the steel tube. The post-tensioning
load had initially prevented this. In 2.2 mm deformation, the compressive concrete and
tensile rebar stress ratios were 100% and 27%, respectively. The experiment showed
that both concrete specimens and initial cracks somehow moved out of the tube when
the compressive stress ratio in the rebar was raised to 57%. Deformation of the tube to
an inflated shape on the downer side occurred (Figure 10), which can be improved by
increasing the post-tensioning forces. The performance of the L-shape connections differs
from other joints. In this geometry, the primary resistance is solely from the steel tube,
unlike in other joints where the highest stresses may vary and move across different steel
parts and zones. This variation led to a robust single-step failure, resulting in the element’s
collapse. This dynamic performance is evident in the top end of the diagrams.
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Figure 10. C4, (a) experimental and numerical bending-deformation, (b) numerical tensile and
compressive stress in the steel and concrete, (c) experimental cracks, (d) numerical cracks, (e) principal
stress of rebar, (f,g) Von Mises stress in concrete.

For more robust performance and increased thickness, one plate perpendicular to the
sides of the tube was located in the middle. Although this plate (2 mm thick) improves the
structural performance of this connection by preventing an increase in the local buckling
factor, its primary function is to prevent the unintended movement of the elements within
the tube, which should be considered in a building structure. Generally, utilising steel
in different structural elements, if no screw failure or welding rupture occurs, causes
gradual deformation without sudden loss of stiffness. This experiment had no sudden
collapse, even after 20 mm of deformation. The force amount was also slightly increasing,
see Figure 10.
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2.1.6. Connection 5

Figure 11, displays that, similar to Connection 4, this frame uses an L-shaped steel
connection with a tube-box-shaped section (2.5 mm thick). It should be considered that
the robotic CNC technique can also create suitable geometries from the printed concrete
surfaces for attaching steel elements to the concrete, e.g., for steel tubes and adding screws.
This experimental and numerical analysis showed that this connection performs more
robustly than the monolithic reference frame. The testing force for evaluation of this
geometry applied a 5.15 kN · m bending load and a 30.815 kN shear force.

Figure 11. C5, rebar layout and geometrical dimensions.

The failure occurred outside the steel boxes when the top beam approached its shear
capacity in a lower bending position. It indicates that the connection was more robust than
the frame, and the failure part moved slightly out of the box. This robustness increased
the stiffness of this geometry up to 141.1 N · M/tag(θ), which is 1.45 times higher than
the monolithic frame. At the moment of failure, when the concrete reached its maximum
compressive capacity, the steel stresses of the longitudinal rebar in the top-mid beam rose
to 24% of the allowed stress, Figure 12. Utilisation of such detail and robust performance
has different advantages, such as being calculateable based on steel standards and since
each geometry has some geometrical parameters, which make it possible to adjust the
geometries of the connections (e.g., concrete dry connections [33,59] and their capacities).
The geometric parameters are generally interrelated, and increasing one parameter can
lead to a reduction in another. However, parameters, including the length, thickness, or
additional stiffeners, can be freely selected in such a steel geometry. Furthermore, CNC
operations of this geometry over the printed material are reasonable, both financially and
time-wise.

2.2. Robotic Subtractive Operation for Connection Attachment to Re-Utilised Elements

Reusing concrete elements and leveraging robotic manufacturing capabilities are
current topics in various studies. Concrete, the second most consumed material globally,
generates 4.4 billion tons annually, prompting the need to address carbon dioxide emissions.
Reusing old elements poses challenges such as proper cutting during demolition, material
quality evaluation, adherence to current standards, and assembly in new structures. This
highlights the importance of finding new adaptable purposes for their use. Determining
the feasibility of repurposing elements, like using a column as a beam or reusing floor
elements, requires considering calculation approaches, rebar layout, and meeting standard
requirements. The rebar layout, steel percentage, and other parameters vary for different
elements, limiting their potential uses. This study focuses on the use of manufacturing
robots to expand the possibilities of these elements. The robots can modify the elements
by attaching steel connections or cutting and milling techniques. In this article, the ob-
jective is to develop a technique adaptable to concrete elements, and robots were used
to attach three types of joints to beams, showcasing the capabilities of robotic manufac-
turing. A 70-year-old building’s floor slab was selected to fabricate the beam elements
to demonstrate the repurposing potential. The robot-assisted manufacturing process oc-
curred at the Digital Building Laboratory (DBFL) of the Institute of Structural Engineering
(ITE) at the Braunschweig University of Technology, which houses two robot arms with
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different axes and free coupling. Since the exact dimensions of the original floor segments
(30 × 45 × 250 cm) in this study did not correspond to those of the selected test specimen
(10 × 10 × 50 cm), these had to be cut precisely to obtain cross-sections of 10 × 10 cm.
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Figure 12. C5, (a) experimental and numerical force-deformation, (b) numerical tensile and compres-
sive stress in the steel and concrete, (c) experimental cracks, (d) numerical cracks, (e) L-tube Von
Mises stress, (f) concrete Von Mises stress, and (g) principal stress of rebars.

The cutting process was controlled in DBFL while vacuum supports were used to
fasten the floor elements Figure 13. The cutting was performed in the DBFL with a CNC saw
(Blade 5 from the company OMAG Spa, Zanica, Italy). Three different subtractive processes
were performed after fabricating the beams with 10 × 10 cm sections. The clamping
system was modified for this process, then CNC techniques were used to implement the
G-codes, including drilling, sawing, and milling. The geometries of the table and clamping
tools, along with the details of the joints, were modelled as CAD files, imported into
the CNC software (EasyStone6.8d1). (EasyStone), and synchronised with the robot to
avoid collisions.

After measuring the workpieces with 3D probes in the workspace, they were auto-
matically machined using a G-code previously created in CAM software with the help
of selected drilling and grinding tools, Figure 14. CNC technology allowed precise and
repeatable results compared to manual machining. Finally, the steel tubes, hinges, and
couplings were attached to the joints with and without adhesive. The ability of the robotics
to process the reused elements is demonstrated in Figure 15.

Coupling Bolts: When attaching the coupling joint, two tasks are required: cutting
space for the couplings and drilling holes for the screws. The robot used a saw and
drill, employing two different coupling setups to ensure unrestricted access and prevent
collisions. Some important points to consider about this process are as follows: (1) Cutting
and drilling concrete can be expensive. (2) Placing bolts or glueing rebar at the corners of
sections, crucial for proper connection between concrete and steel, can lead to unforeseen
damage if stirrups are missing, Figure 15. (3) Reused elements need careful evaluation
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to determine the location of internal reinforcing bars. This can be done by referring to
calculation documents of the original structure or by scanning the elements. (4) Locating
the rebars (using scans or original construction documents) is crucial to ensure that holes
are not drilled at these locations.

Figure 13. Re-utilisation of the concrete floor elements as the beams.

Figure 14. Robotic preparation for the attachment of the three types of joints.

Figure 15. Attaching the joints to the re-utilised elements, (Left) coupling connection (C1),
(Middle) steel tube connection (C4) (Right) hinge connection (C2).

Hinges: The hinges can be attached to the concrete using a robot drill to create holes
at any desired angle. The angles relative to the coupling joints facilitate the process and
decrease the likelihood of concrete damage. As mentioned in the performance evaluation,
the angles play a crucial role in the strength of the joints. The robot can simply create the
required holes at a wide range of angles. This process was performed in one setup and
with G-codes for both sides of the beam (Figure 13).

Steel-Tubes: Two techniques for locating steel are robotic sawing and milling. Sawing
is faster for simple geometries but can be affected by vibrations. Milling increases accuracy
but also increases cost and manufacturing duration. Precision is important for joint capacity,
especially if a gap exists between concrete sides. Precise milling increases friction between
steel and concrete. Possible solutions are press fits or a larger gap for adhesive or mortar
injection (Figure 13).

2.3. Proposed Geometries for Assemblies of Foldable Precast Elements and Their Advantages

After presenting the possible joints and the robotic operations, this section (Figures 16–20)
illustrates the collected ideas for making the final geometries of the precast buildings. As
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shown, the proposed geometries begin with simple floors and beams and progressively
expand to multi-story buildings. All the proposed structures were created by the previously
discussed connections.

G1 G2

G3 G4

G5 G6

G7 G8
Figure 16. Proposed geometries for assembles of foldable precast elements and structures (G1–G8).

G9 G10

G11 G12

G13 G14

G15. G16
Figure 17. Proposed geometries for assembles of foldable precast elements and structures (G9–G16).
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G17 G18

G19. G20

G21 G22

G23 G24
Figure 18. Proposed geometries for assembles of foldable precast elements and structures (G17–G24).

G25 G26

G27 G28

G29 G30

G31
Figure 19. Proposed geometries for assembles of foldable precast elements and structures (G25–G31).
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G32 G33

G34 G35

G36 G37
Figure 20. Proposed geometries for assembles of foldable precast elements and structures (G32–G37).

There are several advantages to using pre-assembled and foldable concrete structures
in construction compared to producing poured concrete structures on site. (1) Time savings:
They can be produced in a controlled environment and installed directly on-site. This
significantly reduces construction time as no time is needed for pouring and curing the
concrete on site. (2) Cost efficiency: Labour costs can be reduced as less manpower is
required on site. Material costs can also be reduced as the concrete can be produced more
efficiently and accurately in a factory environment. (3) Quality control: They are produced
under strict quality control standards and manufactured in a controlled environment. This
ensures a higher quality and consistency of concrete, resulting in more durable and stable
structures. (4) Flexibility and reusability: They offer high flexibility as they can be easily
disassembled and reused elsewhere. This enables efficient use of resources and waste
reduction. However, it is important to note that using pre-assembled, foldable concrete
structures is not suitable for all construction projects. The decision to use this technology
should be made based on a thorough analysis of the specific requirements and conditions
of the project.

Comparison of the Proposed Foldable Geometries

This section proposes 37 geometries from unspecified structures that can be created
through adjustments or combinations of the proposed re-utilised elements. In addition,
designers can develop various other geometries using the proposed connections. The
proposed geometries begin with the simplest and gradually become larger and more
complex. The most straightforward geometry consists of two concrete elements Figure 16
(2), and the largest was designed with 57 elements Figure 20 (37). On average, they
contain approximately 12 elements. Since these geometries are proposed conceptually, their
dimensions are not explicitly defined. Nevertheless, to be compared with the experimental
and numerical studies (previous sections), their assumed section is 10 × 10 cm, and the
length of the beams is 1 m (called Scale = 1). These dimensions were assumed to be
compatible with previous research and easy to scale up. For example, if the dimensions
are tripled, the sections will be 30 × 30 cm and the length 3 m, which can be used in
typical constructions. All geometries proposed above can be scaled up. The relationship
between the demotions in different geometries should be the same. This means that all
geometries can be, for example, scaled up 3 or 4 times in 3D (x, y, z), with the majority of
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them also able to be scaled up in 2D. It enlarges perpendicular dimensions by two separate
amounts, for instance, four times larger in the x-direction and three times larger in the y-
and z-direction (height).

The basic dimensions of the elements are listed in Tables 1 and 2. The dimensions are
illustrative and can be scaled according to various factors. In addition to scaling, some
elements can also be extended. A longer beam with more spans was chosen in G24 to
demonstrate the possibility of using different beam lengths. When designing the elements,
an attempt was made to achieve the most compact folding layout relevant for transportation,
taking into account the limitations of the hinges during the folding process. Another main
factor can be the difference from the initial elements’ dimensions (x, y, z). In other words,
not only should the dimensions of each transport parcel be limited, but if transport by
semi-trailer truck is considered, the width in two dimensions should preferably be similar
(e.g., less than 3 m) and follow the traffic rules.

Table 1. Folded dimensions geometries.

Name G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 G13 G14 G15 G16

H (m) 0.31 0.21 0.1 0.4 0.2 0.1 0.1 0.4 0.21 0.5 0.5 0.504 1 0.43 0.51 0.4

W (m) 0.34 0.1 0.18 0.3 0.996 1.009 0.468 0.2 0.468 0.85 0.1 0.845 0.42 1 1.1 0.508

L (m) 1 0.5 0.5 0.5 0.2 1.01 1.872 0.996 1.872 0.6 1 0.6 0.5 0.5 1.1 0.996

Name G17 G18 G19 G20 G21 G22 G23 G24 G25 G26 G27 G28 G29 G30 G31 G32

H (m) 1 1.07 1.94 2.1 0.8 1.1 0.9 3.496 1 0.985 1.021 1.209 1 0.43 1.08 1.001

W (m) 0.414 0.59 0.43 0.32 0.4 1.1 0.4 0.4 1 1.011 1.157 1.209 0.43 1 1.16 1.21

L (m) 0.5 0.59 1 1.3 0.996 1 0.996 0.5 1 1.172 1 1.209 1 1 1.16 1.21

Name G33 G34 G35 G36 G37

H (m) 2 1.34 1.099 1.9 1

W (m) 2 1 0.6 0.76 0.76

L (m) 2.01 1 1.81 1 0.76

Table 2. Opened dimensions geometries.

Name G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 G13 G14 G15 G16

H (m) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.75 0.75 0.75 0.1 0.75 0.5 0.5 0.8 0.75

W (m) 1 0.1 0.1 1 1 1 1 1 1 1 1 1 1 1 1 2.609

L (m) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Name G17 G18 G19 G20 G21 G22 G23 G24 G25 G26 G27 G28 G29 G30 G31 G32

H (m) 0.75 0.75 1.6 1.6 1.5 1 1.5 1.5 0.21 0.1 0.25 0.1 0.75 1 0.75 0.9

W (m) 1.5 1 1 0.6 2.8 1.9 2.8 7.1 2.6 2.5 2.744 4 2 1 2 2.374

L (m) 1 1 1 1 1 1.1 1 1 3.61 0.866 3.001 3 1 1 2 2.106

Name G33 G34 G35 G36 G37

H (m) 1 0.9 1 1 1

W (m) 4 2 3.8 2 2

L (m) 2 1 1.948 2 2

Volume Compression: The following compressions were reached based on the as-
sumed basic dimensions (section: 10 × 10 cm and length: 1 m). The geometries result in
different volumes, and the volumetric amounts were compared in three different ways:
(1) the initially folded geometry (carrying size), (2) the volume after opening (final struc-
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tures), and (3) the volume of all elements per geometry (concrete amounts). Table 3
shows the volumetric amounts for comparison. The compression of the final geometries
(Scale = 1) showed a wide range of amounts, ranging from 0.01 m3 (G2) to 0.8 m3 (G33).
This is equivalent to 0.024 and 1.92 tons. The average volume of concrete is 0.215 m3.

Table 3. Comparing the volumes.

Name G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 G13 G14 G15

height (m) 0.31 0.21 0.10 0.40 0.20 0.10 0.10 0.40 0.21 0.50 0.50 0.50 1.00 0.43 0.51

width(m) 0.34 0.10 0.18 0.30 1.00 1.01 0.47 0.20 0.47 0.85 0.10 0.85 0.42 1.00 1.10

length(m) 1.00 0.50 0.50 0.50 0.20 1.01 1.87 1.00 1.87 0.60 1.00 0.60 0.50 0.50 1.10

Opened To folded 0.95 0.95 1.11 1.67 2.51 0.98 1.14 9.41 4.08 2.94 2.00 2.94 2.38 2.33 1.30

Opend to Concrete 1.00 1.00 1.02 2.84 2.88 2.79 2.78 12.64 12.06 12.68 2.90 12.22 9.69 9.62 4.15

Name G16 G17 G18 G19 G20 G21 G22 G23 G24 G25 G26 G27 G28 G29 G30

height (m) 0.40 1.00 1.07 1.94 2.10 0.80 1.10 0.90 3.50 1.00 0.99 1.02 1.21 1.00 0.43

width(m) 0.51 0.41 0.59 0.43 0.32 0.40 1.10 0.40 0.40 1.00 1.01 1.16 1.21 0.43 1.00

length(m) 1.00 0.50 0.59 1.00 1.30 1.00 1.00 1.00 0.50 1.00 1.17 1.00 1.21 1.00 1.00

Opened To folded 9.67 5.43 2.01 1.92 1.10 13.18 1.73 11.71 15.23 1.97 5.2 1.74 1.47 3.49 2.33

Opend to Concrete 13.28 4.81 12.10 5.26 5.22 18.17 11.48 15.49 21.81 4.04 1.25 5.33 2.00 6.28 2.78

Name G31 G32 G33 G34 G35 G36 G37

height (m) 1.08 1.00 2.00 1.34 1.10 1.90 1.00

width(m) 1.16 1.21 2.00 1.00 0.60 0.76 0.76

length(m) 1.16 1.21 2.01 1.00 1.81 1.00 0.76

Opened To folded 2.06 3.07 1.00 1.34 6.20 2.77 6.93

Opend to Concrete 6.12 37.48 9.62 3.52 29.38 14.18 14.18

The first models, (G1–G7), and G11 are the two-dimensional elements representing
the base geometries of the beams, walls, and portal frames. These geometries cannot be
used independently, only as a part of the structures. Therefore, these geometries cannot
be compared to those with combined frames and floors (buildings). Consequently, these
geometries do not have a high expansion ratio. The concrete volume and opened elements
volume ratio in G1–G3 is around 1, compared to 2.8 in G4–G7. They are small components
of complete structures, but they are mentioned here to emphasise the significance of
the columns and folding system in achieving a high ratio of open-to-folded geometry
dimensions, as opposed to two-dimensional elements, which could be floor elements.

With G8, columns were gradually added to the geometries, and one-storey structures
with one floor were designed. The average amount of elements used in them is 9.1, while
the maximum number can be found in G16 with 20 elements, representing a robust three-
span building. G15–G17 use the largest volume of concrete, while the rest average around
0.058 m3. Considering the ratio of open-to-folded volume, it can be seen that G8 and G16
show the most optimal behaviour, while G15 has the least. G15 also has the lowest ratio of
opened-up volume to concrete volume, indicating the low efficiency of these models with
one floor and columns.

G21, G23, and G24 use the steel tube connection, which was investigated experimen-
tally and numerically for two separate shapes. These geometries demonstrate that this type
of joint can accommodate more branches with varying angles (e.g., cross beams, columns,
and bracers). This type of connection and these three geometries are robust and can be
extended indefinitely in size and height, for example by four or five storeys. Comparing the
opened geometries with folded elements reveals that G21, G23, and G24 can expand up to
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13.3, 11.7, and 15.23 times, respectively. As mentioned and shown in G24, these connections
facilitate the expansion of beams or columns.

Generally, geometries with planar elements, such as G25–G31, showed comparable
performances. Like origami geometries, these geometries could not increase the opened-to-
pure concrete ratio to more than 6.2. This is due to the presence of the large solid elements.
However, the paper discusses an initial general concept that must be adjusted. For example,
the side walls of these models are assumed to have no openings. However, the walls can be
replaced with portal frames or large windows. Additionally, basic geometries such as G4
or G5 can replace the side walls. Such modifications can significantly reduce the volume of
concrete and increase the ratio.

As shown in Table 2, G24 has the largest dimension of the opened-up geometries,
followed by G33 and G35. However, these geometries represent different elements, such as
a beam, a floor, or an entire structure and, therefore, should be discussed separately. Since
one of the primary goals of discussing foldable geometries is to highlight the different space
requirements of folded-up and opened geometries, comparing the changes in dimensions is
essential. For example, G33 has one of the largest dimensions, can create a sturdy structure
with simple assembly, and has a high expansion compared to the amount of concrete (pure
“Opened to Concrete”), whereas the differences between the folded and opened geometries
(structures) are minimal. This known geometry does not demonstrate a low transportation
volume, but as mentioned, due to the traffic transportation rules, such a separation of
the structure to cubic elements eases transportation. As the largest opened-up volume,
G24 is not only capable of multi-floor construction and has an adaptable geometry, but it
can also significantly expand its dimensions (15 times). G21 shares similar characteristics.
Compared to the initial material, G32 and G35 have the greatest expansion after opening
(37.5 and 29.4 times larger).

The proposed geometries can be used in combination. For instance, elements like (G1,
G2) and (G25–G28) can be ceiling components for the frame-shaped elements like (G16,
G18, G21–G24, G32–G37). In some models, the gravity load might be in the direction of
closing the structure. It means the structure does not stay in the opened-up position (final
structure geometry) and partially folds back to its closed position. For instance, under their
weight, the top beams in model G36 might be folded (unstable). Generally, in an optimal
structure, the weight should aid in increasing the structure’s stability and maintaining
its final geometry. Several solutions for this issue can be considered: (1) Changing the
direction of the hinges. For instance, for the top beams in G36, the direct solution is putting
the hinges on the bottom side of the beam sections. However, this causes the initial model
(folded element) to be larger and transportation to be more challenging. (2). The solution
to moderate the issue is locating two hinges in the beam, with lower bending (e.g., 1/3 of
the beam span). (3) Using other types of connections in this zone. For instance, the top
beams of G36 can be constructed without hinges using steel tubes or coupling joints. The
connections can be added in the last step when the structure is opened-up. (4) A solution
that can be generally used in different elements and connecting zones is the post-tensioning
technique. This technique is adaptable to different geometries, resolves the difficulties
mentioned above, and considerably improves the elements’ capacity (e.g., beams, columns
and connections).

3. Conclusions

The study aimed to discuss a semi-new school of thought about the structure of
precast concrete elements. The research regards three main points new in the precast
concrete industry: firstly, using new types of connections, then re-utilising the concrete
elements, and finally, the possibility of developing new geometries (such as foldable
geometries) for the precast structures. This article suggests using three different types of
connections as primary components. During the five experimental and numerical analyses,
the performance of these connections was discussed. Their respective performances were
compared to monolithic elements with the exact dimensions. The steel tubes demonstrated
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a robust performance reaching up to 86% of the monolithic beam’s performance, but the
hinge connections only reached 24% . As previously discussed, the weak performance of
the hinges resulted from the low quality of the hinges used. They were chosen because the
study is primarily conceptual and introduces connections and geometries. This means that
their capacity can be significantly increased. Hinges and steel tubes were studied head-to-
head and head-to-side, demonstrating their adaptability to different geometrical details.

In the next section, the study illustrated the possibility of using automated manufac-
turing techniques using robots to prepare the connections of concrete specimens. Since the
possibility of reusing old concrete elements from demolished structures was discussed, the
attachment was examined, while old floor elements were selected to be reused as the beams.
It was demonstrated that robotic milling, sawing, and drilling could manage all three types
of connections. The final section proposed various geometries that the discussed joints
could create. These geometries were developed to facilitate transportation and speed up
assembly through foldable elements. Thus, 37 geometries ranging from simple floors and
beams to multi-storey buildings were discussed and properties such as their volume were
compared. It was discovered that some folded geometries could have around 7% of the
opened-up structures (in the basic model (Scale = 1)). The difficulties of using these geome-
tries, like reducing the capacity of sections by locating the hinges in non-optimal structural
positions, were discussed. Furthermore, solutions, like post-tensioning techniques, were
suggested to face these issues. As an initial step, this study proved the possibility of using
more innovative ideas to design the joints and geometries, along with the ability of the
robots. Nonetheless, it demands further steps for practical usage, including enhancements
and more evaluation of the connections and standard designs of buildings by these types
of joints and geometries.

The five connected elements were compared to the monolithic elements with exact
dimensions as the beam and portal frame reference. Connection 3, as the weakest joint,
resists up to 38% of the monolithic element while the tube connection in the same geometry
with low post-tensioning force and thinks tube thickness covers 86%. Similarly, the portal
framed connected by hinges has a lower capacity equal to 76% of the monolithic beam,
while the L-shape connector’s capacity is even slightly higher than the monolithic frame.

In addition to collecting the dimensions of the design geometry, two main criteria were
calculated to compare the advantages of the proposed geometries. The “Opened-To-Folded”
criterion, which assesses the volume of folded elements for transport relative to the final
construction, indicates that, in terms of size, the most manageable transportation would be
experienced by G.24, which is 15.23 times smaller than the final construction. Among all
structures (excluding individual elements like G1, G2, and G3), G.33 has the lowest value
at 1. On average, the designed structures are 3.74 times smaller during transportation.
Meanwhile, the average ratio of opened dimensions to the required elements (concrete)
volume is 9.03 times larger. In this case, the most efficient design is G.32, which is 37.48 times
larger than the required elements.
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