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Bio-inspired architec-

Inaugurated in June 2012, the Carapace at Castelbuono Estate Winery in Italy is a highly interesting

ture; example of biomorphic architecture. The structure, an artistic creation of world-renowned sculptor

Biomorphic structure;
Artistic design;
Copper
electroforming

Arnaldo Pomodoro, is reminiscent of a tortoise shell that conveys a sense of protection: the
Carapace structure guards wine barriques in the same way that the tortoise carapace protects the
animal. Zoomorphic aspects are further exhibited by symbols on the roof, which remind observers
of cuttlefish bone, a recurring element in the artistic production of Maestro Pomodoro. The roof

was constructed by assembly of single copper plates with a rough surface in accordance with the
design of the artist. Therefore, determining the appropriate production process was crucial.
Electroforming was selected as the method to achieve a challenging architectural goal.

© 2013. Higher Education Press Limited Company. Production and hosting by Elsevier B.V.
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1. Introduction

Engineering disciplines have always been based on physical
concepts, on the control of forces and the mechanical
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properties of materials, as reported in the paper “Engineering
Ecologies” (2008). Over the years, the use of materials in
consideration of their mechanical properties has been empha-
sized. The attention to natural elements has also increased.
In several frequently used applications, design and architecture
tend to take inspiration from nature. This tendency is related to
concepts such as biomimetic, bionics, biomimicry, and bio-
inspiration. Implementing the principles of design on the basis
of biology has become increasingly actual, as highlighted in a
paper written by John et al. (2005) and in “Biomimetic Patterns
in Architectural Design” (2009).

Today, using natural materials, such as bamboo or straw, is
common (“Biomimetic Patterns in Architectural Design,” 2009;
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Figure 1

Salvia et al., 2009). Another popular method is deriving ideas
from nature to use, copy, reproduce, or improve existing
natural materials with favorable characteristics.

Nature inspires the overall design of products or structures
(Cannavale et al., 2010; John et al., 2005; Nagaraja and Yao,
2007; Salvia et al., 2009; Singh et al., 2012; Zhou, 2000). In
several cases, the shape of objects and architectural structures
tend to be inspired by natural elements and zoomorphic forms
(“Engineering Ecologies,” 2008; Feuerstein, 2002; John et al.,
2005; Li et al. 2012; Menon et al., 2009; Yang et al., 2011).

Inspiration from nature is related not only to technical
factors, such as waste disposal at the end of service life.
Biomorphic and zoomorphic forms, considered as representa-
tions of shapes found in nature, have an excellent ability to
integrate into the environment (“Engineering Ecologies,”
2008). Nature-inspired products are accepted by a large
number of consumers. People are naturally attracted to
familiar forms and objects that evoke sympathy, cheerfulness,
and protectiveness (Salvia et al., 2009). A large number of
natural objects, such as animals and plants, possess charac-
teristics that elicit emotional responses among humans. Con-
sequently, people can associate the features of certain natural
entities with manufactured and architectural objects.

The Carapace at Castelbuono Estate Winery is perfectly
representative of biomorphic and zoomorphic architecture.
The winery is located in the municipality of Bevagna in Perugia,
Italy. The Carapace (Figure 1), which was inaugurated in June
2012, was designed by world-famous sculptor Arnaldo Pomodoro
(Hunter, 1995, 1997; Studio Arnaldo Pomodoro, 2013).

The shape of the structure follows the principles of bio-
inspiration and biomorphism. The coverage represents the
carapace of a tortoise, and the overall structure exhibits a
conjugation of zoomorphism with symbolic aspects.

This study presents the first architectural case in which
electroforming process has been applied to a project of
considerable dimensions, specifically the scales on the roof
of the Carapace.

2. The mind of the artist (based on an
interview with Arnaldo Pomodoro)

The tortoise concept emerged from an observation of the
undulating hills surrounding the site. A single structure was
embedded in such an environment to form only one subject.

The Carapace at Castelbuono Estate Winery upon complete construction.

The shape of the entire structure creates an organic
sense and an evocative power in the minds of observers.
A significant aspect of the work is the roof, the surface of
the Carapace, which is made of rough copper scales that do
not reflect sunlight. The organic characteristic is also
present inside the Carapace, where ribs enable observers
to link the interior to the exterior, similar to a nut between
the shell and the kernel. A central ridge appears to support
the entire structure.

In addition to the shape of the tortoise carapace, another
trace of bio-inspiration is the resemblance of the top of the
carapace to a cuttlefish bone, a recurring symbol in the
artistic production of Maestro Pomodoro. The shape of
the roof emphasizes this feature, which highlights the back
of a prehistoric animal that seems to be slowly approaching
the winery.

Similar to Maestro Pomodoro's entire body of work, the
Carapace model arises from the cutting process of rough
material. The carapace structure symbolizes protection.
As the tortoise carapace protects the animal (Rhee et al.,
2009), so does the structure guard wine barriques while
conveying a sense of calm reassurance. The tortoise, with its
slow gait, is not an aggressive and dangerous animal. Similarly,
the winery architecture is amiable and comforting.

Figure 2 shows the drawings and sketches rendered by
Maestro Pomodoro during the design process.

3. Material selection

The choice of the material for the structure was not immedi-
ate. Several options were considered (Karana et al., 2008;
Wastiels and Wouters, 2012), including wood and stone, which
were traditionally associated with wine, as well as polymer
and composite materials. The final decision favored the
construction of a wooden structure and a copper roof.
Figure 3 presents an axonometric drawing of the load-
bearing roof structure. Fir-wood glued laminated beams
were used. A first layer of boards, which generated an
ellipsoidal surface, covered the main structure. A first layer
made of a waterproof membrane sealed the construction.
Production of the designed cuts involved using a second layer
made of fir-wood glued laminated beams. Then, the super-
structure that defined surface “fractures,” which were formed
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Figure 3 Axonometric drawing of the load-bearing roof struc-
ture (Courtesy Holz Albertani).

by laminated beams, was shaped on the basis of the laser
scanning of the model in scale. A second layer of waterproof
material was deposited on these structures. The surface
between the various fractures was made with another layer
of fir-wood boards. Then, a final waterproof layer was depos-
ited. Copper plates were further deposited on this surface.

Figure 4 presents the rendering of the structure, whereas
Figure 5 describes the steps in structural construction.

Copper was chosen for the roof for several reasons. First,
copper and its alloys, such as bronze, found maximum
expressiveness in the works of Maestro Pomodoro. Second,
copper exhibits excellent resistance to atmospheric corro-
sion and takes on a protective patina (de la Fuente et al.,
2008; Kraetschmer et al., 2002; Mendoza and Corvo, 2000;
Tuck et al., 2010; Wallinder and Leygraf, 2001).

Figure 4 Rendering of the roof structure (Courtesy Holz
Albertani).

Perception of materials is a fundamental aspect of architec-
ture and design. The chosen material elicits a response from
observers who perceive whether the material is hot or cold,
colored or not colored, mobile or immobile (Anderson, 2011;
Bergmann Tiest, 2010; Doerschner et al., 2011; Wastiels et al.,
2012; Wongsriruksa et al., 2012). Identifying the suitable
material is essential to give meaning to the architectural work.

The choice of copper can be associated with a sense of time
and life. The tortoise representation indicates an object that
wears well and ages wisely. This concept is realized with the
use of copper, which oxidizes and covers itself with a patina.
This material is perceived as nondegradable and rust resistant,
as well as acquires value and meaning over time (Karana
et al., 2008). The same meaning can be translated to the wine
contained in barrels beneath the barriques (Figure 6). Over
time, the wine acquires a distinct taste and personality.

Copper is chosen also because of its positively perceived
aging, which brings to mind the dawn of human life. Copper
was the first metal used by prehistoric people to produce their
tools. Copper is an ancient metal that has survived in the same
manner that the tortoise has survived the extinction of many
animal species. The perception of copper, similar to that of the
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Figure 6 Section drawing of the project.

tortoise, implies tradition and wisdom, concepts that are
applicable to the perception of wine.

4. Production process selection

A number of critical issues needed to be addressed during the
project construction. The first issue was transferring the
project design and the idea of the artist to the actual
structure. Transferring the design to every single part of the
coverage was certainly difficult. Nevertheless, the artistic
concept needed to be followed to express an organic vision.
Reproducing the texture of the actual structure on the basis of
the scale model was necessary. According to Maestro Pomo-
doro, copper sheets cannot be used because they cannot be
molded and therefore will not produce the desired effect.

A process that allowed reproducing the design of the artist
on copper was considered. One possibility was plastic deforma-
tion of the copper plates. Another was covering the panels
made by the artist with copper coating or a copper-effect layer.
Both suggestions were rejected. With regard to the first
suggestion, deforming the plate deep enough to create sharp
geometries was infeasible. The second suggestion did not
guarantee weathering resistance over time. Therefore, electro-
forming was proposed and selected as an alternative solution.

The electroforming technique (Rodia, 1995) is widely used in
the high-precision production of small components, such as

Figure 7 Placement of numerous copper plates on the roof.

microwave devices, EDM electrodes, and MEMS, or of molds
for plastics (Hou et al., 2007; Hsieh et al., 2008; Johansen
et al., 2000; McGeough et al., (2001); Yarlagadda et al., 2001;
Zhu et al., 2008). The metal typically used in the electroform-
ing process is nickel (Grigore, 2000; Yarlagadda et al., 2001)
because it simplifies work and enables the creation of mechani-
cally resistant thick layers. Nickel also follows the morphology
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of the substrate. Other metals used in electroforming are
copper, silver, and iron (Gillot et al., 2005; Hsu et al., 2008;
Rodia, 1995; Yarlagadda, 1999; Zhu et al., 2008). Through
electroforming, metal layers that are hundreds of micrometers
up to several millimeters thick can be generated (Rennie et al.,
2002; Rodia, 1995).

In various cases, the electroforming technique is used in
conjunction with rapid prototyping methods to produce both
parts and molds in creating polymer injection (Chan et al.,
2003, Hsu et al., 2008, Monzon et al., 2006, Rennieet al.,
2001, Yang and Le, 1999). Applying electroforming to archi-
tectural work is considered highly innovative because this
technique is frequently used to create objects with limited
dimensions. The Carapace project represents the first case in
which electroforming is used in a large-scale architectural
undertaking. The transfer action is not immediate because the
material needs to be deposited and thus pass from a few grams
to several hundreds of grams. Creating the entire roof as a
single piece was impossible. Therefore, the entire surface was
divided into 1,500 pieces (Figure 7). After production of the
components, they were mounted on the basis of a precise
layout, as shown in the figure.

Copper was selected as the material because it met the
requirements set by the artist. Furthermore, electroforming
of copper involves lower environmental impact than that of
nickel. Chemical deposition baths with the least environ-
mental impact were selected.

5. Production procedure
5.1. Production of the copper foils

Production of the copper plates was based on three aluminum
matrices created by Maestro Pomodoro. These matrices guided

the production of all models, as well as the use of chemical
deposition baths to generate the copper scales.

To create the models, a 75 cm x 140 cm aluminum plate
was deposited on a layer of a two-component polyester
resin that contained mineral fillers (called “metallic
stucco”). Approximately 30 minutes after crosslinker addi-
tion, the materials were ready for use. At this point, the
Maestro had given shape to the surface, which was the work
to be reproduced.

The large size of the sheet hindered molding by silicone
resins because sufficient rigidity during the deposition of
copper cannot be guaranteed. Therefore, a composite mate-
rial mold was produced. Then, a release agent layer was
applied to the composite surface. Thereafter, three glass fiber
layers were deposited sequentially. The first and third layers
functioned as a felt-like material with the randomly arranged
fibers. For the intermediate layer, textile was used with the
fibers arranged in 0-90-0 order. Impregnation with polyester
resin was conducted, followed by curing for 12 hours. Then,
the composite matrix was detached; it formed the substrate
for manufacturing the copper plate.

The process of copper layer production via electroform-
ing then started. Figure 8 shows the steps in making the
copper plates. Each composite sheet has five current
contact tips. All edges are shielded with nonconductive
tape. The composite surface is not conductive, which is a
necessary condition for electrodeposition. Pretreatment is
essential to produce a conductive surface.

In the literature, several methods are proposed to create a
conductive polymer surface (Yang and Leu, 1999). In this
production process, creating a surface that was as conductive
as possible for the deposition of the copper layer, which will
follow the exact shape of the composite, was necessary.
Furthermore, the plate should be removed easily from the
composite surface after deposition. Other production aspects
were also significant. Unlike the other materials used in this

Figure 8 Steps in the copper plate production process: a) composite starting surface, b) deposition of the tin ion layer, c) deposition of
the silver layer, d) plate after the deposition process, e€) detachment of the copper plate, and f) final aspect of the copper plate.
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project, the interface surface became the external surface.
Therefore, eliminating the metallization layer without dama-
ging or modifying the appearance of the copper surface was
important.

Metallizing a nonconductive surface involves depositing a
metallic flash through evaporation techniques (Kim et al.,
2006; Rodia, 1995). However, this technique was disre-
garded because of the large size of the composite sheets.
A graphite deposit was attempted (Rennie et al., 2001), but
this method was not optimal because it did not allow a
uniform deposit to be formed. Another alternative was to
use a paint loaded with particles of copper or other metals
to ensure conductivity (Chan et al., 2003; Monzon et al.,
2006). However, this solution was infeasible because obtain-
ing a perfectly conductive surface was difficult to create a
perfect replica of the composite surface.

Another possibility was applying the surface activation
process with the use of an acidic solution with SnCl,,
followed by a sensitization step in an acidic solution with
PdCl,, as well as surface deposition of metallic palladium
nuclei (Grigore, 2000; Hsu, 2008). This suggestion was also
rejected because detaching the plate with good adhesion
properties guaranteed by palladium was difficult. In con-
sideration of high costs, the produced thin palladium flash
can also be covered through electroless deposition and not
directly through galvanic deposition (Grigore, 2000). After
detaching the copper plate, the palladium flash cannot be
easily removed from the copper surface because of the high
electrochemical nobility of palladium.

Finally, the selected process was the use of a sensitiza-
tion step by immersion in an acidic solution with tin ions
(SnCl, 3 g/L30%vol HCL). In this method, a deposit of Sn2*
ions was obtained. Rinsing with demineralized water was
conducted to remove the excess acidic solution. Instead of
using palladium chloride in the activation process, a solu-
tion that contains silver nitrate, ammonia, and formalde-
hyde in a sugar solution was sprayed on the composite
surface (Bertorelle, 1977). The exact composition of the
solution is confidential. In this process, the composite
surface of a thin silver layer was produced from the
oxidation product of the ions Sn?* to Sn** and the reduc-
tion of the ions Ag?* to metallic silver (Bertorelle, 1977).

After the conductive silver flash was obtained, the
electrical connection was created with the current contact
tips with the use of conductive paint. Then, the surface was
ready for copper galvanic deposition. A classic acidic copper
sulfate deposition bath (CuSO,4 75 g/L, H,SO,4 100 ml/L) was
selected (Bertorelle, 1977). This deposition bath has mini-
mal environmental effects and allows the generation of a
deposit that follows the matrix geometry with a high
deposition rate. Additives, such as brightening, wetting,
and burnproofing agents, were used to minimize stress,
prevent corrosion, and improve wetness (Ming, 2010;
Rennie, 2001; Zhu et al. 2008). The exact composition of
the deposition bath is confidential.

With the large quantity of copper to be deposited,
several anodes in the form of Cu-P blocks were located in
baskets of titanium on all walls of the bath tank. These
copper alloy components were obtained from wire rods. To
confine the high quantity of mud, the copper blocks were
inserted into filter bags, which allowed the passage of
copper ions while holding back the sludge. The deposition

temperature was 20 °C and was controlled by a water
cooling system. A current density of 3 A/dm? was applied
for 18 hours to obtain an average thickness of 0.8 mm. In
each tank, four plates were produced simultaneously.

The contact points between the current contact tips were
cut, and the plate was detached after rinsing with deminer-
alized water. The project dimensions of the plate were
determined through mechanical processing. The surface in
contact with the composite reproduced the design features
created by the artist. A 30 wt% solution of HNO3; was used to
remove the residual silver on the surface, and this process
was followed by rinsing with water jet.

The significant thickness and high formation rate of
deposits on the plate resulted in tension characterized by
a high hardness value (141 +2 HV). The presence of residual
stress prevented bending operations that were required to
assemble the plates on the roof. Thermal treatment was
necessary to reduce the residual stress. This treatment
lasted 4 hours to reach 650 °C, 5 hours to ensure perma-
nence at 650 °C, and another 4 hours to return to room
temperature. Figure 9 presents the micrographs of the plate
before and after heat treatment. After production, the
plate exhibited an extremely fine structure because of the

a

Figure 9 Metallographic optical pictures of the (a) as-deposited
plate and the (b) plate after thermal treatment.
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Figure 10 Detail of a cut on the roof.

high current density used during production, in which the
nucleation of new grains was favored respect the growing
action. After thermal annealing, the dimension of the grains
increased significantly (Figure 9b), and the hardness was
reduced to 86+6 HV. This condition enabled cold metal
deformation, which was necessary to install the copper
foils. The thermal treatment was not easy to perform
because it posed the risk of modifying the design created
by the artist.

5.2. Creation of rib cuts on the roof structure
The handworks of Maestro Pomodoro are characterized by mov-
ing surfaces of sharp edges and undercuts. The presence of cuts
moves the sculpture lines (Cora, 2008; Gualdoni, 2007; Hunter,
1995, 1997; Studio Arnaldo Pomodoro, 2013), as shown in
Figure 10. (The overall view has been presented in Figure 1).

To make these characteristic cuts, a process similar to the
plate production was used. A plaster band 20 m wide and
0.4 m high was processed by the Maestro. When the materials
were dry, one-meter-long silicone mounds were obtained.
They were the matrices used in the subsequent production
of fiber glass with polyester resin matrix substrates. These
composite structures were placed in an aluminum template for
assembly. All of the different pieces were numbered to enable
the reconstruction of the starting rib cuts. However, in this
case, the electroformed deposit was not detached from the
substrate. Finally, the copper surface was polished mechani-
cally to produce a glossy effect. Figure 11 shows the metalli-
zation steps for the cuts.

6. Structural assembly

After the thermal treatment, the copper plates were
modeled by cuts at the assembly site, as illustrated in
Figure 12. Then, the copper plates were placed on a
waterproofing sheath (Chapter 3). Each plate was fixed on
the upper border with the use of copper belt fasteners
covering 3 cm. These belt fasteners were connected to the
copper plate by rivets and to the wainscot by nails. The
upper border of the lower plate was seamed mechanically

Figure 11
composite substrate obtained from the artistic design before
metallization, b) part after extraction from the deposition
bath, and c) polished cut.

Steps in metallizing the rib cuts: a) fiber glass

with the lower border of the upper plate. The junction was
locked by hammering. Simple seaming was also performed
between the side borders of adjacent plates.
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Once all of the copper foils and rib cuts were assembled
(Figure 13), the surface was polished mechanically. Then,
chemical treatment was conducted in accordance with the
concept of the artist to produce a uniform surface and
highlight the original design.

Several methods to treat copper surface were consid-
ered. The chosen process was surface treatment using a
solution of potassium sulfide. Subsequently, wax was depos-
ited to produce a browned and weathered effect.

7. Weathering of the copper roof

The issues encountered during the material selection for the
roof were natural weathering and corrosion resistance. The
significance of the building necessitated materials that can
guarantee good corrosion behavior for a long service life.
Under natural weathering, copper presents good behavior
because of the formation of a patina made of corrosive
products (de la Fuente at al., 2008; FitzGerald et al., 2006;
Kraetschmer et al., 2002; Marusic et al., 2009; Mendoza and
Corvo, 2000; Wallinder and Leygraf, 2001). However, in the
Carapace project, not only technical characteristics, such

e

Figure 12 Assembly of the copper foils.
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electroforming copper plates
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glulam lath 4*4/30 cm
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as corrosion behavior, were important. Aesthetic and per-
ceptive factors had to be considered also.

Natural weathering results in oxidation of the copper
surface, which is evident in color and gloss changes. During
structural design and construction, one issue encountered was
whether maintaining the original aspect of the copper plates
or allowing natural change to occur was preferable. Under
natural exposure, the corrosion rate and chemical composition
of the corrosive product are functions of the type and quantity
of pollutants in the location (Kraetschmer et al., 2002;
Wallinder and Leygraf, 2001). The color can also be changed
by environmental factors. A copper patina can form gradually
over the years (Kraetschmer et al., 2002). As previously
stated, a brownish and weathered effect of copper was
obtained after final surface treatment. During the life of a
tortoise, the age of the animal is reflected by changes in its
appearance. If this animal is considered as a symbol of
longevity, then the maodifications in its appearance can be
regarded as positive. Similarly, the color and overall appear-
ance of the copper carapace roof is expected to change over
time, a characteristic that can be considered as positive
evolution. After approximately 10 months, the copper surface
presented a brownish corrosive product layer, which is typical
for a structure located in a rural environment (FitzGerald
et al., 2006; Kraetschmer et al., 2002; Mendoza and Corvo,
2000; Wallinder and Leygraf, 2001).

8. Conclusion

The Carapace at Castelbuono Estate Winery is a highly
interesting example of biomorphic architecture. The use
of copper as roof material allows the structure to develop a
good perception effect based on the concept of the tortoise
carapace. The copper roof exhibits good natural weathering
behavior because of the formation of a patina on its surface,
which guarantees a low corrosion rate. Once the oxidation
process starts during the natural exposure time of the
structure, the color of the copper roof begins to change,
as reported in the literature and described in this paper.
Applying the electroforming process to copper plate
production demonstrates the possibility of reproducing an
artistic design from atelier scale to architectural scale and

sustaining steel blade

seaming

limb for seaming

electroforming coating on fiberglass

sculpture model

glulam plank
20 mm

Figure 13 Schema of the cut structure assembly.
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obtaining an extremely well-defined surface. This case
study has presented the first example of the application of
electrochemical production to a large-scale architectural
project.
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