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Abstract

Packing fragile heritage artefacts is a challenge almost all heritage organisations have to deal with when faced
with the task of transporting or storing the artefacts. The packaging solution requires fitting the artefact correctly
in order to ensure the protection and safety of the item; but also to be easy and cost effective to produce. Different
techniques have been traditionally used, such as double boxing, padding negative spaces and cushioning braces.
However, the introduction of 3D technologies for documenting these artefacts enables innovative uses of this data
for packaging purposes. Hence, this paper proposes the use of the generative modelling language in order to
produce unique 3D-fitted containers for packaging heritage artefacts which fit tightly the artefact, and can be
made to be reusable and more durable than traditional packaging solutions. We propose to adopt an octet lattice
as a low density internal structure to the proposed container. By combining the parametric package design, 3D
meshes acquisition and 3D printing techniques, we present a technology based solution to the traditional problem
of protecting these valuable artefacts for transportation and/or storing purposes.

Categories and Subject Descriptors (according to ACM CCS): 1.3.3 [Computer Graphics]: Picture/Image
Generation—Line and curve generation 1.3.5 [Computer Graphics]: Computational Geometry and Object
Modeling—Geometric algorithms, languages, and systems J.6 [Computer Applications]: Computer Aided

Engineering—Computer-aided design (CAD)

1. Introduction

Almost all heritage organisations are faced with the task of
planning and designing packaging solutions when they need
to store or transport artefacts to other locations. Packaging
heritage artefacts is a complex issue where one solution does
not work for all situations, due to the different physical char-
acteristics of these artefacts. However, most packaging so-
lutions need to address a basic set of requirements. These
include fitting the artefact correctly; supporting its weight
effectively; minimising the amount of handling an artefact
requires and simplifying the unpacking and repacking. Fur-
thermore, more complex shapes and fragile items require ad-
ditional protection to mitigate the effects of temperature, hu-
midity and vibration; as well as appropriate spacing of arte-
facts if they are being grouped for transportation. As such,
different techniques are commonly used by heritage tech-
nicians as described by [Bau93]. But the task is still very
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much a craft skill. Automating the creation of packing arte-
facts could both save money and time, and additionally of-
fer a solution to smaller and less skilled users, or less well
funded institutions, as well as an efficient means of creating
packing.

The increasing popularity of 3D documentation of her-
itage artefacts offers an opportunity in the packaging field.
This is because accurate 3D models of artefacts can be used
to automatically produce packaging solutions in an easier
and less time consuming manner. As such, this paper pro-
poses the use of the generative modelling technology to au-
tomatically produce unique structures which can parametri-
cally adapt to the size and the shape of a specific artefact.
Combined with 3D printing techniques, this solution repre-
sents several advantages pver more traditional methods, such
as the automation and ease of production as well as the re-
duction of material wastage.

The paper will be structured as follows. Section 2 will
describe previous work on traditional methods for packag-
ing heritage artefacts. Section 3 will describe and review the
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concept of low density structures and 3D printing. In section
4 and 5 we propose our 3D low density structure and de-
scribe its implementation, which takes advantage of genera-
tive modelling technologies. Finally, in section 6, we present
our prototype, followed by some conclusions and further
work.

2. Packaging heritage artefacts

Several solutions for packing heritage artefacts have been
proposed within museum communities. Proper packing tech-
niques are critical to ensure artefacts are stored and trans-
ported safely. In contrast, an artefact packed incorrectly can
be permanently damaged. Another complexity is that each
artefact requires a unique packaging solution. Hence, tradi-
tional methods for designing and producing packing might
require several hours or even days to complete, depending on
the specific case. In addition, different considerations need
to be made for selecting the most suitable method for pack-
aging a fragile and valuable heritage artefact. This includes
the material, weight, stiffness and the shape of the artefact.

Packing materials are diverse and can have different ef-
fects on the artefacts. For instance, fragile artefacts made
of material such as glass, charcoal or corroded metals are
vulnerable to damage from abrasion; polished metals, var-
nished woods, oriental lacquer and other smooth-surfaced
artefacts are vulnerable to imprints from plastic bubble wrap
and foams.

Different shapes, weight and stiffness pose specific chal-
lenges to the packaging solution. While the main goal is to
protect the artefact from potential damage during storage
or transportation, another important objective of this pro-
posal is to minimize the material usage, the size and the final
weight of the solution. This will have a direct impact on the
cost.

There are a variety of techniques that are traditionally
used. These rely mostly on using cushioning materials in or-
der to absorb shock, vibration and buffer the humidity. They
include materials such as foam products that can be used in
a variety of cushioning techniques. As described in [U.S99],
these techniques include:

e Cavity packaging: This simple technique involves plac-
ing the artefact into a cut made in polyethylene foam with
the shape of the artefact. This method is clean and easy to
use for repacking (see figure 1-a).

e Sparse layered packaging: This technique is similar
to cavity packaging, but the cushioning material is dis-
tributed sparsely around the artefact (see figure 1-b).

e Double boxing: This technique involves packing an arte-
fact using two sequential boxes in order to cushion the
artefact. For this, the artefact is cushioned inside one box.
Then, another box at least 5 cm larger on all sides is used
with further cushioning in between.

e Padding negative spaces: This technique involves pack-
aging an artefact surrounded with tissue paper and then
wrapping in successive layers of bubble wrap. The arte-
fact is placed inside a container and then tissue or some
other cushioning material is used to fill in the excess area.

e Cushioning braces: This technique involves using a
cushioning bracket to hold the artefact in place.

Figure 1: Examples of packaging techniques: (left) cav-
ity packaging and (right) sparse layered packaging.
©Fenimore Art Museum and Darla Jackson sculpture blog

These techniques demonstrate how the shape of the arte-
fact plays a critical role in the production of the packing so-
lution. Carving or designing a package around a shape is still
a laborious process mostly done manually.

The advent of 3D technologies for the routine documen-
tation of artefacts in collections (see [KREP*12]) represents
an opportunity to use this data for packaging purposes. Re-
ciprocally, the opportunity to enhance packaging techniques
may motivate the adoption of 3D technologies for document-
ing, as information on the shape of the artefact can sup-
port different kinds of applications. The digital 3D shape of
the artefact enables a completely automatic design and pro-
duction pipeline of the 3D-fitted container for the artefact.
The next section will introduce different types of structures
which might be suitable for the internal structure of the pack-
aging solution which will be 3D printed.

3. Low density structures and 3D printing

Low density structures are frequently found in nature and
are widely studied in engineering, architecture as well as
in product design. They are used as efficient structures that
serve a variety of purposes ranging from bridges and roofs
to internal structures of car seats, or toys.

One benefit of low density structures is that they reduce
the amount of construction material required. Hence, reduc-
ing costs and/or final weight of the whole structure, while
guaranteeing some mechanical properties that are desired
for the product. Today, low density structures also inspire
projects that are environmentally sustainable, since by min-
imizing material usage there is a reduction of waste. The
potential to produce more durable and reusable packaging
solutions is also an advantage.

(© The Eurographics Association 2012.
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Figure 2: Tivo low density structures can be observed in the
figure: (left) an example of a truss used in a bridge, and
(right) an example of a honeycombed structure found in the
Durvillaea antarctica alga ((©Andre-Philippe Drapeau Pi-
card)

An example of these type of structures are trusses, which
are illustrated in Figure 2-left. These are well known in ar-
chitecture and engineering [Gor(03]. In the language of struc-
tural engineering, a lattice truss or space frame is a con-
nected network of struts, pin-joined or rigidly bonded at
their connections. The purpose of such frames is to create
stiff, strong, load-bearing structures while minimizing ma-
terial usage. The mechanical properties of trusses have been
widely studied and plenty of references are available, as well
as software that deals with the calculations [CF12].

Other examples of low density structures can also be
found in nature, where efficient structures with a reduced
amount of material can be frequently observed. For exam-
ple, Figure 2-right illustrates a transversal cut of the leaf of a
alga specimen, showing the air-filled honeycomb structures
that provides its buoyancy.

Moreover, internal structures referred to as cellular mate-
rials can be found within bones as well as in honeycombs
and are famous for their exceptional mechanical properties
and for their light weight. [Chr00] provides a detailed survey
on this type of structure. Cellular materials are also known
as lattice-structured materials or cellular solids. They are
characterized by their relative density, and are a hot topic of
research nowadays because of their wide range of industrial
applications.

In product design, honeycomb inspired structures brought
innovation to aircraft design, motor vehicle technology as
well as to light-weight construction. They have also formed
the basis for the development of honeycomb structured pan-
els [Bit97, Wad06].

The application of low density structures as a solution for
designing internal structures have gained prominence with
the advent of 3D printing or rapid prototyping. 3D printing
is a manufacturing approach that can theoretically build any
three-dimensional shapes and topologies by different mech-
anisms. The most popular is known as additive manufactur-
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ing, which produces a 3D shape by adding materials layer
by layer [GRS09].

The range of base materials that are used in 3D printing is
wide. The study of 3D printed object’s mechanical proper-
ties with varying materials is still a topic of research. Thus,
the structural analysis of 3D designs can suffer from the lack
of information. In this work we are not going to explore the
possibilities in varying the base materials or studying in de-
tail their structural properties.

The recent improvements in the strength and durability of
the base materials that are used in additive manufacturing
has expanded the range of its applications. Therefore, ad-
ditive manufacturing is bringing a great change to different
types of industries, including the packaging industry.

In this paper we propose a solution for printing a 3D
fitted container for packaging heritage artefacts. We argue
that the internal structure of the fitted frame should be de-
signed using low density structures to benefit from its ad-
vantages. Several projects in product design that take ad-
vantage of such internal structures along with 3D printing
techniques are being proposed [A. 12]. There is also com-
mercial software available, for instance, the Selective Space
Structures (3S) Software from Netfabb [Netl12], which is a
high-end design tool that allows the development of com-
plex unit cell structures for additive manufacturing purposes.
Several mesh generation tools are available as well. The fol-
lowing section will introduce the proposed structure before
discussing its implementation.

4. Proposed low density structure for packaging
heritage artefacts

Inspired by the evidence shown in section 3, we propose
to model the internal structure of our 3D-fitted packaging
solution as a low density structure. In order to design the
container’s internal structures, we looked for ways to fill the
space with such sparse structures that could be efficient from
the structural perspective.

In computer graphics literature, these structures - which
are widely studied - are referred to as 3D meshes. In partic-
ular, the 3D meshes adopted for the finite elements methods
(FEM) are directly related to the solution that we are looking
for. When considering the adoption of FEM 3D meshing al-
gorithms, we have to bear in mind that they are intended for
FEM calculations and are built to produce virtual meshes.
Thus, the mechanical properties of the mesh itself are not
relevant to that field of application. In our case, after gener-
ating the 3D mesh wire-frame model we will need to pro-
cess it in order to turn it into a 3D mesh surface, aiming to
achieve a 3D printable truss. That is essentially the 3D mesh
wire-frame model with thickness attributed to its edges.

There is a lot of commercial and open-source meshing
software available. A review of these methods and software
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is beyond the scope of the present paper. A survey of 3D
meshing software by Owen [Owe98], from 1998, is a review
of the fundamental algorithms then available for 3D mesh
generation. Owen’s survey classifies the 3D mesh generators
into two broad classes, that are structured and unstructured
3D meshes. The classification is made based on the crite-
ria of interior nodes element’s adjacency. Structured meshes
have an equal number of adjacent elements, while unstruc-
tured meshes relax the node valence requirement, allowing
any number of elements to meet at a single node.

More recently, FEM simulations in medicine, molecular
biology and engineering have increased the need for qual-
ity 3D meshes. For instance, Zhang et al. [ZBS05] propose
an algorithm and make an extensive comparison with other
tetrahedral extraction methods from imaging data.

We have adopted the branch of structured 3D meshes as
they are more stable from the mechanical point of view.
In [Wad06], Wadley highlights the strength of such struc-
tures within the context of industrial applications. One inter-
esting subset of structured 3D meshes are the space-filling
polyhedrons [Cox73, Cri73].

A space-filling polyhedron is a type of polyhedron which
can be used to generate a tessellation of space. The cube is
the only platonic solid possessing this property, and its tes-
sellation is widely adopted in computer graphics, the classic
Octree data structure and the Marching Cubes algorithm ex-
plore this basic tessellation of space. However, other combi-
nations of polyhedrons can also be used to fill the space.

A specific configuration of octahedron and tetrahedron
do fill the space. Figure 3 illustrates the octahedron frame
(left) and a diagram that shows an exploded view of the oc-
tahedron and tetrahedron filling-space configuration (right).
Other options of space filling structures are available in
the literature [FH99,CJT11]. Additionally, topological inter-
locking of platonic solids [DEKBP03, EDP11] are also con-
sidered to have very good mechanical properties.

Figure 3: Octahedron tetrahedron basic unit

The octahedron tetrahedron filling-space configuration is
known in the architecture domain as the octer truss. This
structure is well described by Grosso et al. in [GG00] and
its mechanical properties have been studied by Deshpande
et al. in [DFAO1]. The authors submited a prototype of the
octet truss made of aluminium to a sequence of tests, as

well as their theoretical values which are predicted by means
of finite elements calculations. The authors concluded that
the stiffness and strength of the octet truss material com-
pares favourably with the corresponding properties of metal-
lic foams, and that its high strength-to-weight ratio, relative
ease of manufacture and potential for multi-functional appli-
cations makes it an attractive alternative to metallic foams.
Thus, we suggest that the octet truss is a good starting point
for the internal structure of our packaging solution. The im-
plementation of this solution will be described in the next
section.

5. Implementation using generative modelling

Generating an octet truss which fits tightly to the shape of
an artefact presents different challenges. The truss needs to
be easily adaptable to fit any 3D model which needs to be
packaged, despite its shape and size. In addition, two opera-
tions need to be taken into account. The first is defining the
empty space in the centre where the artefact is going to fit.
Secondly, the truss needs to be cut in half or in more pieces
if there are undercuts or recessed surfaces in the artefact, in
order to allow the artefact to be placed and released from the
structure.

Figure 4: Example mesh for producing a suitable octet truss
Jfor packaging

Before building the octet truss, it is necessary to have in-
formation on the 3D shape of the artefact. For this, a 3D
model with a low level of detail can be used as accuracy is
not a critical issue. This is especially the case if the arte-
fact still requires cloth or other wrapping to protect its sur-
face. This might be particularly useful for artefacts which are
not completely rigid or are very fragile. Hence cost effective
techniques, such as photogrammetry ( [VG06] and [Aut12])
are possible for many artefacts. For demonstration purposes,
we used a delicate artefact (shown in Figure-4) which 3D
shape data was acquired using a 3D scanner. The 3D mesh
was post-processed and simplified using the Meshlab tool
[Mes12] by using a Poisson surface reconstruction.

In order to address the challenges previously described,
we considered using a combination of a mesh generation or

(© The Eurographics Association 2012.
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grid generation tool with a modelling package for defining
the empty space. For this, different public and commercial
mesh generation tools are available. Schneiders presents a
comprehensive list of examples of these systems [Sch12].
Nevertheless, these are focused on producing mainly wire-
frames or grid structures. In addition, the use of modelling
packages introduces many complexities to the construction
of the truss and requires manual intervention each time a
new solution is created. Instead, we required an integrated
modelling solution which could produce a mesh using the
octahedron tetrahedron configuration as the basic unit. But
most importantly that produced a printable octet truss and
not only a wireframe.

We found a suitable solution by using the generative mod-
elling language (GML) [Hav05]. This tool allowed us to de-
fine the sequence of processing steps to build the octet truss
by working with a wireframe which is converted into a truss
at the end of the process. It also allowed us to parameterise
its construction. As such, a GML script was developed which
can be easily adapted and configured for different types of
objects using a set of parameters. These parameters include
the number of units which will determine the width, height
and depth of the octet truss, as well as for the cross section
the radius of the prism and the number of edges (e.g. 3 makes
a triangular prism while 20 approximates a cylinder).

The simplest approach for implementing the solution is
by building a basic octahedron tetrahedron unit in wireframe
and repeating this in a loop in order to create a box with a
specified width, length and depth. This approach was ini-
tially tested, but it proved problematic once the artefact had
to be fitted inside. This is because a further implementation
of a Boolean operation algorithm needs to be implemented
for generating the empty space where the artefact is going
to be placed. Hence, the problem with this approach is two-
fold:

e [t is difficult to decide whether the edge of a specific basic
unit is within the artefact.

e It is difficult to decide which segment of the edge is out-
side the artefact if there is an intersection.

Figure 5: Initial wireframe produced by using rays

Instead, a better approach is to consider the whole frame

(© The Eurographics Association 2012.

composed of various lines or rays, rather than the individual
basic units. Then, the 3D shape of the artefact can be used
along with the ray-casting technique in order to determine
where the rays intersect with the 3D mesh.

Using this strategy, the frame is first constructed in GML
by using rays that travel from each face on the frame bound-
ing box to its interior. Each face contains a list of vertices
that define a tetrahedron. These rays need to travel in the
directions of the edges connected to that vertex. These rays
will always be outside the artefact and attached to the edge of
the bounding frame. This approach also optimizes the frame
structure as it minimizes the number of lines and therefore
minimizes the number of intersection tests that need to be
done. Once this frame is created, this must be translated and
scaled to enclose the artefact that is being intersected against
it. The resulting frame in this step is shown in figure 5.

Figure 6: Wireframe intersected with the 3D shape

The next step is to convert the rays into a set of lines that
are truncated to fit within the frame bounding box. These
lines are then checked for intersection with the artefact. If
there is an intersection the line is split in two leaving a gap
where the artefact will fit tightly within the frame. Hence,
the line is replaced by a line from its start point to the first
point of intersection and a line from its end point to the last
point of intersection (see figure 6-top). Additionally, the im-
plementation erodes the lines that intersect the artefact so
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that there is enough space to place the physical artefact in-
side the frame once this is printed (see figure 6-bottom).

Finally, the frame is cut in half so that this can be opened
and closed to place and release the artefact inside. For this,
the lines are intersected against a plane that goes through the
middle of the frame to produce two sets of lines. The final
step is to convert all lines into prisms along the length of the
line and create the 3D model which represents the octet truss
for the two surface models (base and summit). These are the
3D models which will be printed as the final solution.

The final octet truss is shown in figure 7. As illustrated in
the figure, this approach allows for fitting a shell case to pro-
tect further the artefact if this was required. This shell case
can easily be developed in a modelling package by scaling
the artefact, cutting it in half and shelling each side. Hence,
the object has a double casing to further protect the heritage
artefact during transportation.

Figure 7: Final octet truss ready for printing

In order to verify the suitability of the approach and the
script, we tested the script with a mixture of 3D shapes of
fragile artefacts. These have been acquired with a variety of
3D acquisition technologies. Nevertheless, the steps to pro-
duce the octet truss are the same producing promising results
so far. These results are illustrated in figure 8. The octet truss
is feasible for different types of objects; although we did not
tested undercuts.

6. 3D Printing the structure

As a proof of concept, we are in the process of finding the
adequate density and thickness dimensions for printing the
octet truss for a test artefact. We are experimenting with a
Zcorp 510 machine using a plaster based powder (ZP150)
to generate the structure layer by layer. This machine has
several advantages to other 3D printing technologies. For in-
stance, internal supports can be generated that are separate
to the structure itself and so can be easily removed upon ex-
cavation of the structure; or that the porous powder can be
infiltrated with epoxy resin to significantly increase the ma-
terial strength.

Figure 8: Examples of different 3D shapes tested to produce
an octet truss for packaging

For an initial test, we have generated five different ver-
sions of the octet truss which are illustrated in figure 9. All
of these were produced as a cube of 5 cm edge, with a thick-
ness or diameter which varies 0.5 mm starting from 1 mm to
3 mm. By using the parametric implementation for the octet
truss mesh generation, the density and the thickness varia-
tion is straightforward. The main objective of this test was to
determine the optimal thickness which made the truss fea-
sible to print in the Zcorp 510 technology. This was mainly
motivated by a failed print which we previously attempted
for an octet truss for a test object with a 1 mm thickness.

The test verified that using a 1 mm thickness is not fea-
sible as it makes it difficult to remove the structure from
the machine. This is illustrated by the broken edges on the
thinner structure in figure 9. Nevertheless, structures with a
thickness of 1.5 mm thickness seem to hold together and are
feasible for printing as shown in figure 10.

(© The Eurographics Association 2012.
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Figure 9: 3D printed octet truss with thickness varying from
1 mmto 3 mm

Figure 10: 3D printed prototype with 1.5 mm thickness in
detail

However, we still require of further testing to determine
the optimal thickness so that the structure is not too fragile
when placing the artefact inside it. For this, we have planned
performing experiments involving testing the load capacity
of the structures supporting a small fragile object. This will
include both a compression load test case and a drop load
test case.

Looking at practical issues, we observed that producing
these structures took approximately 3 hours to print all of
them in a batch. In addition, it took around 1 hour to exca-
vate them and get them ready for infiltration. The time spent
on infiltration might vary depending on the amount of epoxy
resin which needs to be applied. Moreover, we made an anal-

(© The Eurographics Association 2012.

Thickness | Percentage of = Mass  Material cost
volume filled
1.0 mm 4.3% 77¢g £1.28
1.5 mm 9.7% 156¢ £2.59
2.0 mm 17.3% 256¢g £4.25
2.5 mm 27.1% 378 ¢ £6.28
3.0 mm 39.0% 51.8¢g £8.61

Table 1: Values for the printed 5x5x5cm cube with differ-
ent thickness: percentage of the total volume that is actually
filled by the structure, as well as the respective mass and
calculated costs for the given mass

ysis of the material usage and the cost of producing this type
of solution. For this, table 6 provides information on the
amount of material used and the costs associated with the
material used for each printed structure. In addition, labour
costs will require to be added in order to produce an overall
cost.

7. Conclusions

The movement of heritage artefacts is a process most her-
itage organisations need to undertake. Packaging artefacts
correctly is critical because artefacts are at their most vul-
nerable when transported. Hence, this paper has introduced
an innovative approach for packaging such artefacts based
on 3D technology. The proposed solution makes use of an
octet truss. This is produced using a generative modelling
approach so that it can parametrically produce structures that
will fit any artefact. The resulting structure provides a num-
ber of advantages:

e A bespoke packaging solution that is tailored to specific
artefacts.

e An easier and more automatic process than traditional
methods.

e Requires the 3D documentation of the artefact, which in
turn can be used for different purposes (e.g. conservation,
condition assessment).

Although, such a packaging solution might incur a higher
cost to produce when compared to traditional methods, we
estimate that this is balanced by the fact that less time needs
to be spent producing the packaging.

Further work, beside the on-going printing and testing
work, involves improving the proposed octet truss achieved
so far. This can be achieved in different ways. One is to con-
sider the production of a protective case for the object to be
place in between the object and the octet truss. To do so, a
possible approach would be to 3D print the protective case
by means of off-setting the object mesh as proposed by Liu
in [LW11], and then fit the protective case to the octet truss.
Other issues include exploring the use of alternatives trusses,
dynamically determining the cutting plane (to support un-
dercuts) and considering the artefact weight to dynamically
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adapt the structure. The final goal is to minimize material
needs, while guaranteeing that the package frame protects
the artefact in transportation, and potentially storage, condi-
tions.

In addition, further printing experiment with different ma-
terials may provide a strong and sturdy support for the ob-
ject. Ideally the material in immediate contact with the ob-
ject will be softer and more forgiving to the surface of the
object and this can be achieved by either using a multiple
density 3D printing machine (e.g. Objet Connex 500) or by
manipulating the structural density surrounding the object
such that thinner walled, less stiff structures can be used
to surround the object. Similarly the overall density of the
structure needs to be considered to optimise the weight of
the structure whilst providing sufficient strength and stiff-
ness to withstand load cases that are typical for stacking and
transit. Although we could not explore the wide range of
possibilities regarding the production of a prototype, we are
convinced that the proposed structure is feasible and a rigor-
ous exploration of the range of possibilities and technology
limitations is left as future work.

8. Acknowledgements

We would like to acknowledge CAPES (the Coordenacio
de Aperfeicoamento de Pessoal de Nivel Superior) Brazil
for supporting this research. We would also like to thank
the 3D-COFORM project, which has received funding from
the European Community’s Seventh Framework Programme
(FP7/2007 2013) under grant agreement No. 231809, for
making available technology and 3D models for this re-
search.

References

[A.12] A. KAWAMOTO ET. AL: Prototyping lightweight car seat
structures using topology optimization and additive manufactur-
ing. Additive Manufacturing Conference Proceedings (2012). 3

[Autl2] AUTODESK LABS: 123d catch, 2012. http:http://
www.123dapp.com/catch. 4

[Bau93] BAUER E.: Packing museum objects for shipment. Con-
serve 0 Gram 17,1 (July 1993), 1-4. 1

[Bit97] BITZER T.: Honeycomb Technology: Materials, Design,
Manufacturing, Applications and Testing. Chapman & Hall,
1997. 3

[CF12] CONNOR J., FARAII S.: Fundamentals of Structural En-
gineering. Springer, 2012. 3

[Chr00] CHRISTENSEN R.: Mechanics of cellular and other low-
density materials. International Journal of Solids and Structures
37, 1aAS2 (2000), 93 — 104. 3

[CJT11] CONWAY J. H., JIAO Y., TORQUATO S.: New family
of tilings of three-dimensional euclidean space by tetrahedra and
octahedra. Proc Natl Acad Sci U S A 108, 27 (2011), 11009-12.
4

[Cox73] COXETER H.: Regular Polytopes. Dover books on ad-
vanced mathematics. Dover Publications, 1973. 4

[Cri73] CRITCHLOW K.: Order in Space: A Design Source Book.
Thames and Hudson, 1973. 4

[DEKBP0O3] DYSKIN A., ESTRIN Y., KANEL-BELOV A,
PASTERNAK E.: Topological interlocking of platonic solids: a
way to new materials and structures. Philosophical Magazine
Letters, vol 83, issue 3 (2003). 4

[DFAO1] DESHPANDE V., FLECK N., ASHBY M.: Effective
properties of the octet-truss lattice material. Journal of the Me-
chanics and Physics of Solids 49, 8 (2001), 1747 — 1769. 4

[EDP11] ESTRIN J., DYSKIN A., PASTERNAK E.: Topological
interlocking as a material design concept. Materials Science and
Engineering C: Biomimetic and Supramolecular Systems, vol 31,
issue 6 (2011). 4

[FH99] FRIEDRICHS O. D., HUSON D. H.: Tiling space by pla-
tonic solids, i. Discrete & Computational Geometry 21,2 (1999),
299-315. 4

[GGO0] GREINER G., GROSSO R.: Hierarchical tetrahedral-
octahedral subdivision for volume visualization. The Visual Com-
puter 16 (2000), 357-369. 4

[Gor03] GORDON J.:  Structures: Or Why Things Don’t Fall
Down. Da Capo Press, 2003. 3

[GRS09] GIBSON 1., ROSEN D., STUCKER B.: Additive Man-
ufacturing Technologies: Rapid Prototyping to Direct Digital
Manufacturing. Springer, 2009. 3

[Hav05] HAVEMANN S.: Generative Mesh Modeling. PhD thesis.
Institute of Computer Graphics, Braunschweig Technical Univer-
sity, 2005. 5

[KREP*12] KAMINSKI J., RODRIGUEZ ECHAVARRIA K.,
PALMA G., SCOPIGNO R., STEVENSON J., PROESMANS M.,
ARNOLD D.: Insourcing, outsourcing and crowdsourcing 3d
collection formation: perspectives for cultural heritage sites. In
VAST: The 13th International Symposium on Virtual Reality,
Archaeology and Intelligent Cultural Heritage. (Brighton, UK,
2012). 2

[LWI11] Liu S., WANG C. C. L.: Fast intersection-free offset
surface generation from freeform models with triangular meshes.
1IEEE T. Automation Science and Engineering 8, 2 (2011), 347—
360. 7

[Mes12] MESHLAB: http://meshlab.sourceforge.net/, 2012.
http:http://meshlab.sourceforge.net/. 4

[Netl2] NETFABB: http://www.netfabb.com/structure.php, 2012.
http:http://www.netfabb.com/structure.php. 3

[Owe98] OWEN S. J.: A survey of unstructured mesh generation
technology. In IMR (1998), pp. 239-267. 4

[Sch12] SCHNEIDERS R.: Mesh generators.
http://www.robertschneiders.de/meshgeneration/software.html,
2012. 5

[U.S99] U.S. NATIONAL PARK SERVICE: Chapter 6: Handling,
packing, and shipping. NPS Museum Handbook, Part I: Museum
Collections (1999). 2

[VG06] VERGAUWEN M., GooL L. V.: Web-based 3d recon-
struction service. Mach. Vision Appl. 17, 6 (2006), 411-426. 4

[Wad06] WADLEY H.: Multifunctional periodic cellular metals.
Philos Transact A Math Phys Eng Sci 364, 1838 (2006), 31-68.
3,4

[ZBS05] ZHANG Y., BAJAT C., SOHN B.-S.: 3d finite element
meshing from imaging data. Computer Methods in Applied Me-
chanics and Engineering 194, 48 49 (2005), 5083 — 5106. 4

(© The Eurographics Association 2012.


http:http://www.123dapp.com/catch
http:http://meshlab.sourceforge.net/
http:http://www.netfabb.com/structure.php

