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Abstract: Widely used in the making of sculptures and prefabricated building components, ferro-
cement is considered to be beneficial to environmental preservation. However, there is still little
attention paid to the making shape and design of the ferrocement in the literature. Moreover, there
are some disadvantages associated with ferrocement, such as the lengthy and complex process of
binding poles and nets together. The research question to solve in this paper is about how to study
the making shape of ferrocement when solving these disadvantages, so as to improve the charac-
teristics of ferrocement. In this research, a dialogue is conducted between concrete fabrication and
ferrocement, the focus of which is placed more on the material and craft instead of robotics as the
recent frontier of concrete fabrication. By replacing the standard wire mesh in the ferrocement with
steel, how to make the steel plate from two dimensions to three dimensions, and then assemble them
into a steel skeleton is explored. Then, the craft of casting is studied for integration of the cement
mixture into the steel skeleton and its tight attachment onto the steel surface with spraying. Apart
from that, a digital software is applied to the simulation and design accompanied by physical exper-
imentation. To sum up, the research demonstrates the potential of free-forming of the ferrocement
and its application in the (prefabricated) building technology, with questions raised for future study.

Keywords: ferrocement; shape-making; concrete fabrication; 2-D to 3-D; spraying the cement; digital
simulation; prefabricated building technology

1. Introduction

Ferrocement is defined as “a composite construction material that consists of closely
spaced single or multiple layers of steel mesh with or without skeletal steel support”. In
some cases, it refers to the thin-shell concrete [1]. As a mortar or gypsum pouring technol-
ogy intended for the metal layer, ferrocement construction technology, also known as thin
shell concrete, is applicable to produce ships, building shells, roofs, and water tanks with
thin or strong forms. Itis widely adopted for making sculptures and prefabricated building
components. Extended to some non-cement materials, the concept of ferrocement has been
commonly practiced due to advantages such as low material cost, flame retardancy, and
the ease of shaping, etc. Ferrocement is regarded as a sort of “green material” [2] because
it can be made of local resources, beneficial to environmental preservation (ferrocement
structural elements have long service life) and can be repaired with low consumption [3].
Therefore, it is worthwhile to study and improve the craft of ferrocement.

Up to now, ferrocement has been widely studied. On the Web of Science (WoS), there
are 485 papers themed with “ferrocement”. Despite this, there remains a lack of research
on its shape-making, especially the free-shaping of ferrocement. Ferrocement is disadvan-
tageous in some aspects, such as the lengthy and complex process of binding poles and
nets together, and the corrosion of reinforcement materials due to the incomplete cover-
age of metal by mortar [4]. Considering this, the research question in this paper is how
to study shape-making when these disadvantages are solved, to improve the characters
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of ferrocement. This paper establishes a dialogue between concrete fabrication and the
ferrocement to explore the potential of taking shape in the ferrocement.

As an integrative study of material, shape and craft, the research involves the follow-
ing steps: the shape-making of steel plate (and how the units can be assembled into a
furniture or a column), the craft of concrete, and the digital software used for design and
analytical simulation. Instead of using the standard wire mesh in the ferrocement, the steel
plate is laser-cut with water jet to make 3-D shapes. The three-dimensional components
are assembled to create the skeleton of architectural space and then the cement mixture is
added onto steel skeleton by spraying. The research aims to develop a creative method of
shape-making for ferrocement with the assistance of various digital tools.

The present study starts with a literature review on ferrocement. In the introduction
of this paper, the research gaps in relation to the ferrocement are indicated and addressed.
The following session will elaborate on the research methodology, including the physical
tools used to test the material and the digital software used to simulate this process. Next,
the results of research and design will be presented. This session consists of these parts.
The first one is to shape the single unit with such materials as paper, plastics, and steel plate.
The second one is to assemble the units into a chair or a column. The last one is to show
the casting results and perform the digital simulation. On this basis, the conclusion will
be drawn and a discussion will be conducted about what can be learned from the research
process, including the reference provided by the research results for real construction and
the future focus of research.

2. Literature Review
2.1. Ferrocement and Its Disadvantages

At present, reinforced concrete (RC) has been extensively used in buildings and highway
infrastructures. Around the world, the first known reinforced concrete was a ferrocement boat
in 1847 [5] (p. 14). In early 1940s, Luigi Nervi redeveloped the concept of ferrocement when
he “observed that reinforcing concrete with layers of wire mesh produced a material possess-
ing the mechanical characteristics of an approximately homogenous material and capable of
resisting high impact.” [5] (p. 15) In this respect, the thin slabs of RC are highly flexible and
strong. As argued by Kaish et al. (2018), the prior literature has focused much attention on
the advantages of ferrocement over the FRP and steel, such as its cost competitiveness in the
developing countries [6] and its higher in-plain shear strength than the Fiber Reinforced Poly-
mer (FRP) sheets [7]. Meanwhile, however, ferrocement is also disadvantageous. In the past,
it was used in thin shell structures, so its shape-making is limited. It is also a particularly
complex and lengthy process to bind poles and nets together, and the corrosion of reinforce-
ment materials may occur due to the incomplete coverage of metal by mortar without the
tight fit between them [4]. In this research, these disadvantages will also be addressed when
the research gaps of the ferrocement is emphasized.

2.2. Research Gap of Ferrocement-Taking Shape

The recent literature in relation to ferrocement focuses on behavior (76 times), perfor-
mance (42 times), concrete (34 times), strength (32 times), reinforced concrete (18 times), repair
(17 times), beam (16 times), and mechanical property (14 times) if the key words derived from
the paper of “ferrocement” in the core collection of Web of Science are counted (Figure 1). The
main subjects of highly cited papers on ferrocement include high-performance ferrocement lam-
inate [8], the bolted shear joints in industrialized ferrocement construction [9], rehabilitation of
corroded RC Columns [10], retrofitting shear-deficient RC members [11], most of which pay
close attention to the structural and material properties of the ferrocement. However, there is
lack of attention paid to discussing its “design” and “shaping”, especially the free-shaping of
ferrocement. Therefore, it is essential for the academics and practitioners to understand the po-
tential of using ferrocement in architecture, especially in digital fabrication and the construction
of streamlined architecture. Bending the rebar is a traditional way of shaping the reinforcement.
However, it is not suitable for free-forming in the process of fabrication.
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Figure 1. Co-occurrence graph of the keywords of the “ferrocement” literature, from Web of Science’s
core collection (data until Nov 2022).

2.3. Setting Up Dialogues between Concrete Fabrication and Ferrocement

Herein, the concept of “concrete fabrication” is introduced into ferrocement. Most
of the recent research on concrete fabrication pays attention to integrating advanced dig-
ital technology (such as robotics and 3D printing) with the concrete design. Hamidi and
Aslani (2019) reviewed the application of 3D printing technology in the cementitious ma-
terials and fabrication, highlighting its importance [12]. Nuh, Oval Orr and Shepherd
(2022) obtained curved concrete shells via automated robotic concrete spraying [13]. How-
ever, other than the robotic technology, one core of fabrication “craft” is neglected in the
literature. More attention should be given to developing the craft in concrete fabrication.

3. Research Methodology

The research is a systematical study of ferrocement’s fabrication. The research method-
ologies include those of shape-making of the mold/skeleton, crafting and digital technology.
There are several methodologies applied in different steps. The relationship between mate-
rials and shape-making is closely monitored, and the application of digital technology in it
is discussed.

3.1. Previous Methodology of Ferrocement

Maharashtra Engineering Research Institute [14] (p. 2) defined the basic ferrocement
methodology into three steps: “(1) Welding skeletal steel framework; (2) Tying mesh rein-
forcement tightly over its form cage; and (3) Impregnating the mesh cage with rich cement
mortar, finishing and curing”. Its common materials include “(1) skeletal steels in the form
of angles, steel bars, weld wire fabrics or pipes; (2) steel wire meshes for forming cages, and
(3) rich cement mortar, as matrix in form of micro-concrete” [14] (p. 7). In order to explore
ferrocement’s potential of shape-making, new methodologies and materials are explored.

3.2. The Starting Materials

Given the lengthy process of binding poles and nets together, there are a lot of dif-
ferent materials compared for uses as the concrete mold or the skeleton (Figure 2). An
experiment is performed to test the cuboid (with the span of 225 mm and the height of
15 mm) made of different materials (Aramid fiber, polyethylene fiber, carbon fiber and
steel net) in the gypsum (to simulate the concrete). The experimental result shows that
the fiber is difficult to tighten, and steel net produces a much better effect of enhancement
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than the fiber that could not be tightened. Among them, steel is easy to bend and becomes
stronger when it is bent. Therefore, steel is primarily chosen in this stage as the reinforced
material for the ferrocement.

None
Height:15mm
Span:225mm
Surpport:12.30kg

Aramid Fibre
Height:15mm
Span:225mm
Surpport:15.28kg

Polyethylene
Fibre
Height:15mm
Span:225mm
Surpport:12.03kg

Carbon Fibre
Height:15mm
Span:225mm
Surpport:12.03kg

Steel Net
Height:15mm
Span:225mm
Surpport:22.5+kg

Figure 2. An experimentation gypsum mixture obtained when different reinforced materials (steel
and fiber) are put into the gypsum cuboid.

3.3. The Making of Mold or Skeleton: Making Shape of the Steel

Steel fabrication (the steel sheet with 0.3 mm is chosen in the experimentation because
it is easier to bend compared with thicknesses greater than this) requires bending, welding,
water jet cutting and machining [15]. In this research, there are various patterns created
out of the steel plate by cutting, such as holes and line. Moreover, what happens when the
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steel plate is stretched, bent or rolled is observed. In this step, the patterns are obtained on
the steel plate through cutting by High-Pressure Water Jets.

Given the high cost of Water Jet’s cutting, plastic and paper sheets are used before the
cutting of steel plate to simulate the shape-making from two dimensions to three dimen-
sions in the design process. In order to bend or fixate the three-dimensional paper in a
standardized way, some wooden devices are designed with laser-cut and assembled craft
to fix the corners of the (paper, plastic, or steel) three-dimensional skeleton. The rivet is
used to assemble the components of 3-D steel skeleton if they are interconnected edge by
edge [16]. The welding has not been used here because rivet is quicker, easier and looks bet-
ter. Moreover, since most welding methods use part heating, the weldment after welding
will inevitably produce certain welding deformation and welding stress in the structure,
thus affecting the bearing capacity, processing accuracy and size stability of the structure.
If the units cannot be made in contact with each other, small-sized joint sheet can be used
to link them together.

3.4. Research on the Casting

After the design of steel skeleton, the casting process is experimented on. The tra-
ditional casting technology is to produce the mold and then the concrete is poured into
it. Our common understanding of concrete casting methods includes the following steps:
1. Preparation, 2. Mixing the ingredients, 3. Placing the concrete, 4. Curing, 5. Releasing
concrete, 6. Finishing [17], and a suitable mold is important to make the concrete take
shape. However, it is difficult to make a mold for the skeleton in this experiment. Wiping
the cement on the surface of the steel skeleton is tried but find difficult to realize, and its
thickness is hard to control. Therefore, some alternative methods are tried and finally it
is decided to spray the surface of the steel with the cement via shotcrete. The “Aflybltol”
sprayed hopper tool (the famous spray manufacturing and craftmanship) is used as re-
search tool of the casting research. Additional experiments are performed to trial different
mix ratio between the cement, water and polyvinyl alcohol (PVA) because the cement may
be hard to attach onto the surface of the steel sheet.

3.5. Digital Tools

Various digital software, such as Rhino, Grasshopper, Kangaroo and Karamba, are
also applied to analyze the mechanical structure, simulate the shaping process, work out
the design of the column and perform a further mechanical calculation for the structure.
Regarding the simulation, the basic sequence of simulation is to find logic (shape finding),
set the logic and action of a single module, find the combination mode between modules,
select modules, and combine growth. Moreover, the simulation needs to find a tool that is
close to the generation and evolution of physical form. Grasshopper itself is a deductive
plug-in based on 3-D models. Its batteries also match the stretching, connecting and turn-
ing actions in reality to ensure consistency between simulation and reality. In the process of
simulation, the possibility of multiple forms of the same model can be studied through the
selection of different force application points and the setting of different stretching scales.
The setting of different gap sizes, together with the force analysis of Karamba, can be used
to determine the stress weak points of a single unit and the reasonable deformation scale
of each unit. Through various forms of simulation, we can explore the potential of more
forms under this generation’s logic.

4. Research Result
4.1. Shape-Making of the Single Unit: Paper, Plastic, and Steel Plate

The project is part of the research project undertaken by the ferro lab team, the focus
of which is on shape-making with different materials, especially the concrete. The project
starts with an exploration into how the reinforced concrete can be made into a free form.

In real construction, the most widely used material of reinforcement is steel, especially
poles and wire mesh. Furthermore, there are some cases where other sorts of materials are
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used as replacement. Bending the rebar is a traditional way to shape the reinforcement.
However, its shaping is highly constrained by this method, especially for the free form.
After different reinforcement materials are tested, steel is identified as relatively more ca-
pable of self-support with malleable consistency. Moreover, it is more easily bendable.

According to this observation, if patterns are created on the wood or steel plate by
cutting, it would be easy to bend them (Figure 3). So, different patterns, such as the holes
and lines, are experimented on with the wooden or steel plate (Figures 3 and 4). After the
iron plate is cut, an attempt is made to pull it in all directions to form a spatial structural
unit. This element is treated as the basis of the column geometry. However, the sheet can
only be bent and the shape-making of it is quite limited with these patterns.

(a) (b)

Figure 3. (a,b) The holes of different forms and densities are tried on the wood because of the ease
to use the laser cutting machine. Moreover, the methods of cutting on the metal are still not devel-
oped in this stage. The shapes shown on the sheets are starkly different from each other, including
circle, square and the rectangle. Grasshopper is used to assist in creating the patterns. Through the
experiments conducted on the wooden sheet, the research team draws a preliminary conclusion that
to increase the density of holes or stitches makes it easier for the sheet to take shape.

Figure 4. After the simulation performed on the wooden sheet, the shaping experiment is carried
out on the steel with a lot of holes. It consists of two layers because it is supposed to be a possible
mound in the future study. At these stages, the members of the team dig out of the holes on the sheet
steel manually. Therefore, it is quite difficult to control the shape and density of holes in an accurate
way. This metal sheet is full of holes, which allows it to be bent effortlessly if bigger holes are formed
by cutting. In this case, the problem is how to cut the metal in a way that is suitable for shaping.
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A

A

Cut Length:3cm
Gap between cups:0.5cm

Distance between rows:0.25cm
Angle: one parallel, sharp angle

i

Inspired by Chinese traditional paper-cut ( f7{£57 482 K), a method of shape-making
is developed through repeated experiments on the relations between the shape of the sheet,
the pattern on the sheet and the three-dimensional shape that can be created out of the sheet
(Figure 5). With the different pattern and different lines, created on the paper/steel plate,
it can be stretched to some specific shapes, as shown in the Chinese paper-cut in Figure 6.

A

== |/
== H

Cut Length:3cm

Gap between cups:0.5cm
Distance between rows:0.25cm
Angle: one parallel, obtuse angle

Cut Length:3cm

Gap between cups:0.5cm
Distance between rows:0.25cm
Angle: one parallel, right angle

»

Cut Length:3cm

Gap between cups:0.5cm
Distance between rows:0.25cm

Angle: sharp angle

Cut Length:3cm

Gap between cups:0.5cm
Distance between rows:0.25cm
rotate

Cut Length:3cm

Gap between cups:0.5cm
Distance between rows:0.25cm
Angle: obtuse angle

Figure 5. The relationship between the shape and the patterns, with plastics used for experimenta-
tion. Different patterns, with different angles with the same cut length, gap between the cups and
distance between rows, are created by cutting out of the same plastic sheet.

The team makes an initial attempt to cut the pattern into a variety of singular planar
shapes such as square triangle and especially circle. The circle is stretched upwards ver-
tically or at a 45-degree angle. Used for pulling with a pattern with axial symmetry, the
45-degree unit encounters a problem, that is, some holes can be pulled to the extreme, but
other holes can be barely pulled (Figure 7), although the experiment shows that bending
significantly improves the strength of steel. Therefore, this pattern is unfit for bending. The
team also tries to create the patterns by continuously cutting the same paper sheet (with
multiple shapes). Then, the paper with serial circles is stretched into columns. However,
the 3-D column is found to be difficult to bear force upon and it stands a big spring. After
the trials with the combination of circles on a whole piece of paper, the team finds that
the circles have many limitations. At first, the circle has insufficient ways of variation on
shape-making and the structure made with circles is not strong enough; therefore, other
pattern needs to be found with these methods. The team cuts some random patterns on
the sheet steel with precise methods. Moreover, from this experiment, some conclusions
were obtained. For example, if the single shape is small enough, it is hard to pull them.
Moreover, the hexagon shape enjoys many advantages over the circles. There are several
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ways to make the shape as complex as possible for a single unit (single hexagon or multiple
hexagons) chosen from the above experiments (Figures 8 and 9). Furthermore, the team
cuts a series of patterns on one big single piece of sheet metal instead of assembling a series
of similar units. In order to obtain a small column, there are many diamonds on one paper
organized together to grow in the Y axis (Figure 10).

circle 1 circle 2 circle 3 triangle circle 4 square

circle 5 circle 6 circle 7 Hexagon Hexagon 3

Img2.6 Pattern test

(@)

(b)

Figure 6. (a) Different single shapes as simulated with paper; (b) the experimentation: pulling the
pattern at the angle of 45 degree, as simulated using paper. A series of trials are obtained to find out
which pattern is easy to bend; the test aims mainly to find out the relationship between the shape,
cutting length and bending length.
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Figure 7. The equipment designed to pull the steel garland at the angle of 45 degrees. The device is
designed similarly to a book, which allows the steel sheet to be pulled as accurately as possible.

Figure 8. The pulling of the single hexagon shape on the steel plate.
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Figure 9. The unit made of three hexagons. Three hexagons are combined and pulled in two differ-
ent directions, for comparison with the shapes obtained by pulling from one direction before. The
advantage of this method is that the shape is strong. This is a prototyping unit to be developed as
a column.

Figure 10. Different columns/units which are made of one piece of paper (for the simulation). There
are multiple hexagons on one paper. The lines are drawn on the paper via laser cutting.

4.2. Assembling the Units

Based on the different patterns and different direction units, the connection between
them in order to make a group is to open up more possibilities of (same) unit combination.
One bending component cannot easily keep its shape, and if two bending components
are designed to connect, the whole shape can be generated by itself. This kind of self-
shaping way allows the shape to be more stable. The group can be assembled to constitute a
large-scale skeleton. It has the potential to evolve into an architectural element (Figure 11).
The units of serial circle are made into the shape of a chair and rivet connection is used
here to connect the units while improving the strength of the whole structure (Figure 12).
Therefore, it can withstand a higher pressure. However, its shape making is highly limited.

In the next step, the hexagon shapes are integrated into columns. The photograph
shows the folded paper model as one of the prototypes produced for the steel skeleton
of two steel sheets (Figure 13). Then, a model is made from several piece of paper with
multiple hexagons folded and rolled in a particular order, into a column of around 2 m
(Figure 14). The whole steel column takes 3 days to complete for the research team.
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@) (b)

Figure 11. Different means of assembling the same units (in the circle shape): (a) the diagram on
the left shows a column comprised of eight units; (b) the diagram in the middle shows a chair com-
posed of these units via simulation in the Rhino; (c) the picture on the right shows one possible steel
structure which was assembled by the circular units.

Figure 13. A steel column as assembled by two steel sheets. These two steel plates are of multiple
hexagon shapes on them and connected by the rivet. The column continues to develop five rows
of hexagons, pulled from positive and negative directions, rolled as a medium column. After sim-
ulation with paper, we find that the column will fall down in one direction. A small component is
added to balance the force coming from the main part.
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Figure 14. A column consisting of three pieces of multiple hexagon steel plates.

4.3. Casting

After the discussion about how to shape the skeleton for the reinforcement, the next
step is taken, that is, casting. There are two primary ideas put into practice in this step. The
research team considers putting elastic mesh material on the steel and pulling the steel
plate into three dimensions. This idea is practiced through a simulation assisted by the
software (Figure 15). The team also comes up with another idea, which is to put balloons
into the three-dimensional steel structure, blow up the balloon, integrate it (closely) into
the metal structure, and then pour the cement mixture into the balloon (Figure 16). Both
ideas are found to be infeasible, and the team cannot pour casting material into the units
according to the form of each unit. It is a waste of casting material, and the advantages of
the unit pattern cannot be demonstrated.

Finally, the spraying craft is trialed (namely shotcrete) [18]. This column is produced
by folding the interconnected laser-cut sheets of metal for gradual spraying, layer upon
layer, with a mixture of the cement and water, which process is similar to that of ferroce-
ment. Before adding PVA, only cement is sprayed, but it is not strong enough. Due to the
difficulty in connecting concrete with the steel material, PVA is considered for addition into
the concrete. After adding PVA, it shows a better performance. Before the cement mixture
is sprayed, the ratio of cement, water, PVA is experimented on (Figure 17). The plaster is
also experimented but found to be unfit for spraying together with cement, because plaster
takes shorter time to dry, and it will block the spray tool.

Two columns are sprayed with different mixtures, as shown in Figure 18. The column
in the foreground is sprayed with the cement mixed with water and PVA (its volume ratio
is 5:2:1). The cement is sprayed on the steel and allowed to dry naturally (for around half
an hour). Then, the cement is sprayed again (Figure 19) until the steel is totally surrounded
by the cement mixture. The column at the back is sprayed without PVA. It illustrates the
evolving relations of the two columns in terms of form and material (Figure 18). The col-
umn is made for around seven days (Figure 20).
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Figure 15. The simulation process (1-9) assisted by software: one possible method of casting with
this shaping method.

Figure 16. A possible method of casting: putting the balloon into the steel structure and then pouring
the cement mixture into it.
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(b)

Figure 17. The experiment conducted on the ratio between the water: (a) PVA:cement =2:1:5 (volume

ratio); (b) plaster:plaster polymer:water:cement = 3:1:4:3 (volume ratio).

7 - “ % R = e S

Figure 18. Two columns sprayed with different mixtures: the front one is sprayed with PVA and the
back is not.
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Figure 19. The process of spraying the cement (layer by layer) onto the steel skeleton, and the gran-
ular texture is shown on the surface of the cement mixture.

Figure 20. Photo of the ferrocement column.
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There are three advantages in spraying the steel structure with cement mixture. The
first one is that the mechanical properties of the steel structure can be strengthened with
layers of cement on it. The steel column is supported by the wooden frame for fixing while
maintaining elasticity to some extent. When the cement is sprayed on it, it is fully fixed.
Moreover, some points that are mechanically weak are sprayed with more of the cement
mixed with PVA. This joint point is strengthened by the cement-PVA mixture.

The second one is that due to the relatively limited thermal resistance and corrosion
resistance of the steel structure, the sprayed cement could protect the steel structure from
damage caused by fire and water.

The third and last one is that the sprayed cement forms a textured surface on the
ferrocement which is full of pellet, which reminds people of the Brutalism such as the Unit
d’Habitation, Marseille, France, or the Barbican, United Kingdom. It is a “visual aspect”
of the structure, enabling the aesthetic expression of ferrocement [19].

4.4. Design with the Digital Simulation

Regarding digital fabrication, digital tools are applied to export the shape directly
through parameter analysis. In this research, digital simulation contributes significantly
to shape design. It follows the fabrication processes, from the flat cutting pattern to the
folding and spraying of cement mixture. As supported by the digital software of Rhino
and Grasshopper, the process of shaping the single unit (including the form comparison)
can be rapidly simulated. In addition, the force analysis of the designed structure can be
simulated with Karamba, a plugin of the Grasshopper. The units are assembled into a
furniture or an architectural element via Rhino. Through digital simulation, the spraying
of cement mixtures is illustrated. It can be performed before physical experimentation,
which prevents the errors in the direction for the shape-making research. With the assis-
tance of this digital software, it is easy and fast to simulate the craft or real construction
on the material (Figure 21). Moreover, the cost of experimentation is lowered significantly.
The digital simulation can also be carried out after the research and shows the potential of
using this fabrication into the architectural and urban design. For example, the scaling-up
process of the units could be assembled via Rhino into such architectural elements as an
urban furniture (via digital simulation).

(a) (b)

Figure 21. (a) The simulation of steel plate: the process of making shape with grasshopper. (b) This

is the simulation of the spraying cement on the surface of the unit. It can be set as different thickness
and different level of the texture of the spraying material. It is convenient to show that how it will
look after spraying. The pictures show a quarter part of the simple column with cement on.

5. Discussion and Conclusions

In the present study, traditional material construction technology, such as ferrocement,
is treated as a benchmark for the exploration into craft, not just for the development of novel
designs. Through the potential of enhancement process, there are more possibilities opened
up for this craft process. Different from the previous method of applying control on the shape
through standard grid structure, the water jet laser cutting machine is used to create the de-
signed pattern on the metal plate. Then, the metal plate is formed by pulling, folding, rolling
and other methods, with cement reinforcement performed. The aim of this study is to explore
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the possibility of architectural “shape” from various perspectives such as form, material, and
craft. The following is the most important findings of the research.

1. This research shows the potential of ferrocement on shape-making and fabrication.
The steel sheet can become different 3-D architectural elements by cutting different patterns
on it and assembling them in various modes.

2. The physical experimentation proved that this fabrication method has the potential
to provide a strong way of structure, at least the three meters column can stand still. More-
over, in the column’s project, the cement mixture is attached tightly to the steel surface,
which strengthens the mechanical characteristics of the steel skeleton to prevent the steel
material from corrosion.

3. The research results have contributed to a prefabricated building method that fa-
cilitates assembly and prefabrication. All of the units of the steel skeleton are standard-
ized and produced in advance via water jet laser-cutting machines. After the patterns are
created out of the steel plate by cutting, even the students without any knowledge about
construction can also learn how to bend them easily and assemble them into a skeleton
quickly. The time cost is lowered compared with the wire mesh and it is easy to learn.
This is the starting point for exploring the efficient construction of ferrocement.

4. In reinforced concrete, the reinforcement skeleton and the mold are different in our
common understanding. The reinforcement skeleton is embedded into the concrete and
the mold is at the periphery of the concrete. Moreover, the mold will be dismantled after
the concrete is taking shape. In this research, the skeleton is used as both the reinforcement
skeleton and the mold of cement, and it will be kept after the cement solidifies. This method
could potentially avoid the consumption of mold and, in turn, save materials.

5. The research also demonstrates the effectiveness of digital simulation in improving,
designing, and pre-controlling the fabrication, which provides an important perspective
on “digital technology” in fabrication. With the assistance of initial computer simulation,
the relationship between the pattern on the steel sheet and the final form is manipulated,
and the conception of the structure is demonstrated, which may become important steps
in the future prefabricated building technology.

6. This research result has a massive potential of application in architecture (Figure 22).
Through digitally simulated rendering, it is demonstrated how the columns can be assembled
spatially into a small pavilion (Figure 23). For the bigger size of the pavilion, the top and the
bottom part can be bigger, and the numbers and the arrangement of columns suit the form
that is needed. By this logic, the structure can extend easily, and the shape of the top surface
still can be changed by different heights of the column. The column as a whole illustrates the
transformation from bud to flower, showing the potential of change from a 2-D plane to 3-D
structure, and the ceiling of the floor is generated naturally from the top and the bottom. This
craft is applicable to the creation of an urban public space or a real building. This research
indicates one possible solution to the shaping of the ferrocement, which marks the starting
point of study on the relationship between shaping and cement mixture.

Figure 22. The possibilities of the different steel columns as assembled with the designed units, and
the effects produced after they are sprayed with the cement mixture.
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(b)

Figure 23. (a,b) are both of the simulation of a possible architectural/urban space created under this
ferrocement strategy.

6. Research Limitation and Future Research Directions

There are several future research directions in the present study. (1) Although our
physical construction shows that the column could stand still, the cement on the steels has
improved the strength of the whole structure, and some simulation on the force distribu-
tion has been performed via Karamba of the circular steel unit (Figure 24). However, more
rigorous tests are required on its mechanical property, and how to optimize the mechan-
ical characters of this fabrication should be explored. The nature of this process would
allow for topological optimization given the structural demands. Furthermore, a further
improvement should be made on the software such as the Karamba on the simulation of
the mechanical properties of concrete cement. (2) The research column is moved to another
place for exhibition after the research. We find that most of the cement used on the struc-
ture is intact, but the cement mixture at the bottom part falls. This shows the weakness
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of the bottom part of the column and maybe it is because of the lack of bond. So, a future
work suggestion would be the use of polymer materials as a partial addition to the mix.
The use of polymers such as latex could promote the bonding to the steel skeleton. More-
over, more materials can be tested other than the cement mixture which could be sprayed
onto the surface of the steel skeleton, to find out which mixture can be attached to the steel
surface tightly.

Compressionarea  Tension area

Figure 24. Force analysis on pulling process via Karamba. From the Karamba analysis, we could
see that the garland on the column is useful to enhance the structure. As this rolling trunk is a
symmetrical shape, it is stable. This is only a piece of sheet steel. After stretching and rolling the
sheet, it changed to a column. When adding 200 kg weight on top of it, it will only shrink around
3.10 mm.

(3) A final direction is the tendency to assemble larger shapes with single units of simi-
lar type and different modulus. Supported by this assembly and prefabricated technology,
customers could design and assemble anything they want under the guidance of open re-
sources shared online. So, in this research, this trend is conformed, and the similar unit is
designed, which allows customers to design and assemble them together as reinforcement
on different scales, such as a chair or a column. From the perspective of materials, craft,
assembling, form, structure and manufacture, some examples and key technologies are
used to show how this method could be applied in the assembly by customers.
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