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Abstract: This research aims to promote the use of natural materials in construction. Its purpose is
to rediscover the interlacing of flat wooden strips. Attending to environmental criteria, it focuses
on the study of wood from a locally produced tree, the chestnut, in the north of Spain. However,
the proposed methodology can be universally replicated with local wood productions anywhere.
The interweaving of flat wooden strips is linked to traditional basketry, which is at serious risk
of disappearing in many places. A combined method based on the design of interlaced artifacts
is proposed. For this purpose, the mechanical characteristics of the specific material tested were
analyzed in advance. The elastic limit of the material was obtained, and this allowed simulating and
optimizing the maximum curvatures of the flat strips in a 3D digital model. New geometric shapes
were designed with new interlacing wefts and were built with the tested material. The digital models
used serve as a record of the artifacts built, and can be posted on web platforms so that they can be
universally replicated. This will allow for the preservation of this heritage of built artifacts using
basketry techniques, enabling the proposed objective to be achieved.

Keywords: basketry; flat strip of wood; chestnut tree; 3D models; tensile strength; curvature

1. Introduction

Construction is one of the most resource-intensive sectors. Only in Europe, buildings
represent 40% of the total energy consumed and produce 35% of all greenhouse gas
emissions [1]. In addition, construction waste accounts for 33% of the total waste generated.
Spain is the European Union country that consumes the most resources for construction [2].
It is essential to reduce the energy demand in buildings, using natural and recycled
materials with low industrialization [3].

Taking this background information into account, the final purpose of this work is
to show the usefulness of natural materials for architecture and construction. Research
focused on the use of interwoven wood is presented in order to understand and expand
its potential. Its aim is not to show an emerging material, but to rediscover a traditional
material and technique with a new approach. Its updated applications are explored in
a digital era where, at an environmental level, it is necessary to use sustainable natural
materials from the area called “Km 0” [4]. For this reason, the research starts by analyzing
the use of interlaced wood in construction at an international level, but it is defined in a
local development, associated with the use of chestnut wood in the Basque Country, in
northern Spain. As it will be verified, after studying the documentary analysis carried out,
the methods, specifically described for this material and for this area, can be replicated
worldwide. Interlaced wood has been used as a traditional construction material in many
parts of the world. Its use on facades, roofs, interior partition walls, or for decoration and
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furniture can still be appreciated. Its implementation is linked to expert artisans specialized
in traditional basketry, an ancestral technique that has been developed for thousands of
years in many different countries [5]. The problem is that the mass appearance of products
made of plastic fibers is creating a crisis for craft basketry workshops, a rural and urban
industry of great importance. It is a profession that has been passed down from generation
to generation, and there is a real risk of extinction in many places.

The main objective of this research focuses on three aspects: first, the analysis and
documentation of traditional techniques and artifacts to preserve the existing heritage;
second, the rediscovery of braiding natural fiber materials for sustainable constructions;
and third, the design, implementation, and evaluation of new frames and shapes using
3D digital models. 3D models will be produced to be able to undertake new construction
systems made with these materials. The mechanical and physical behavior of the material
will be tested after an experimental characterization. Craft constructions are developed
in most cases using the trial and error method, and lack an integral scientific basis. The
aim is to endorse traditional techniques by means of a scientifically based experiment. An
example of this are the conclusions, which state that, as the wood processing temperature
increases, there is an increase in the properties of the materials. Another important aspect is
that these 3D digital models can contain all the information about the assembly, the stresses,
the material, etc. Therefore, its preservation is guaranteed without having to depend
on the transmission from generation to generation of a specific family of artisans. The
results of the research and the method used can promote a greater use of these materials in
construction, thus preventing the disappearance of an artisan heritage in many parts of
the world.

This article has the following structure. It begins with this Introduction, where the
purpose of the work is presented. Next are two sections that strengthen the context, interest,
and possibilities of applying this research. Following these, the Materials and Methods, the
Results with the Discussion and the Conclusions are presented.

2. Reference Architectural Works Built with Interwoven Wooden Elements

One of the important challenges of primitive man was to be able to join various pieces
together, such as, for example, a stone and a piece of wood to make a hatchet. This could
be done by braiding fibers. To obtain an effective solution, this had to be based on the
nearest references from the natural environment itself. One of them could be the nests that
many birds build by interlacing vegetable fibers. To construct a shelter, many aboriginal
people use the same materials as animals, but regardless of whether the builder is human
or animal, each material has optimal structural forms [6]. Throughout history, interwoven
architecture has used the manual techniques and materials of traditional basketry in its
constructions. Countless architectural elements have been created, such as furniture,
facades, and roofs. These elements have traditionally been of simple construction with
geometric shapes controllable by the artisan (Figure 1a) [7]. Internationally, there are many
renowned architects who have built with interlaced natural materials. To reinforce this
argument, extracted from the documentary analysis of manifold architectural projects,
some key references will be shown. Some works by the Japanese architect, Shigeru Ban,
winner of the 2014 Pritzker Prize, the “Nobel Prize for Architecture”, stand out. This is
a clear example of the different uses of natural fiber interlacing with a predominance of
wooden strips. In 2014, Ban built temporary shelters in Cebu, Philippines with braided
strips made from local coconut trees, following the devastation caused by Typhoon Haiyan
in November 2013 (Figure 1b).
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Figure 1. (a) Interior partition of the Basque farmhouse “Igartubeiti” made with basketry techniques [7]; (b) Temporary 
shelters in Cebu, Philippines [8]. 

Another example of these constructions is the Spanish Pavilion for the 2010 World 
Expo in Shanghai, by the Spanish architecture studio EMBT (Figure 2a). The shapes de-
signed for the envelope were made with interwoven panels using traditional basketry 
techniques. This design links important concepts such as identity, tradition, and sustain-
ability. The Imai Hospital Daycare Center in Odate, Japan, also designed by Shigeru Ban, 
takes a basketry object as inspiration for the constructive and structural solution built with 
flat wooden strips (Figure 2b). 
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Figure 2. (a) Spanish Pavilion for the 2010 World Expo in Shanghai [9]; (b) Imai Hospital Daycare 
Center in Odate, 2001 [10]. 

Another example of a woven wood panel facade is the Aspen Museum in Colorado, 
USA (Figure 3a). The interior atmosphere of the building gives the sensation of being in-
side a basketry creation. The rectangular frame of this facade has been tested and made to 
scale by the authors, with the flat chestnut wood strips analyzed in this study (Figure 3b). 
This pattern serves as the basis for other, more complex geometric shapes developed. 

Figure 1. (a) Interior partition of the Basque farmhouse “Igartubeiti” made with basketry techniques [7]; (b) Temporary
shelters in Cebu, Philippines [8].

Another example of these constructions is the Spanish Pavilion for the 2010 World
Expo in Shanghai, by the Spanish architecture studio EMBT (Figure 2a). The shapes de-
signed for the envelope were made with interwoven panels using traditional basketry
techniques. This design links important concepts such as identity, tradition, and sustain-
ability. The Imai Hospital Daycare Center in Odate, Japan, also designed by Shigeru Ban,
takes a basketry object as inspiration for the constructive and structural solution built with
flat wooden strips (Figure 2b).
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Figure 2. (a) Spanish Pavilion for the 2010 World Expo in Shanghai [9]; (b) Imai Hospital Daycare
Center in Odate, 2001 [10].

Another example of a woven wood panel facade is the Aspen Museum in Colorado,
USA (Figure 3a). The interior atmosphere of the building gives the sensation of being inside
a basketry creation. The rectangular frame of this facade has been tested and made to scale
by the authors, with the flat chestnut wood strips analyzed in this study (Figure 3b). This
pattern serves as the basis for other, more complex geometric shapes developed.
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Figure 3. (a) Envelope interweaving flat strips of wood, Aspen Museum in Colorado, Shigeru Ban, 
2014 [11]; (b) Preparation of this rectangular weft with the flat chestnut wood strips studied herein 
(source: authors). 

An example of great modernity and technical complexity is the Pompidou Center in 
Metz, France (Figure 4a). The roof is made from laminated wood, woven into hexagons, 
inspired by a bamboo-woven Chinese hat. The digital age and 3D modeling software have 
permitted the control and rediscovery of more organic forms close to nature. These digital 
models allow replicating these new ways of building using traditional natural materials 
such as the flat chestnut wood strips used in this research (Figure 4b).  
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Figure 4. (a) Structure interlacing strips of wood following the Kagome basketry pattern, Shigeru Ban, 2010 [12]; (b) This 
weft made with the flat chestnut wood strips studied herein (source: authors). 

Another important element within buildings is the construction of decorative arti-
facts and furniture. There are many examples from famous international architects who 
have designed furniture constructed by interlacing strips based on traditional basket 
weaving. This tradition can be analyzed in numerous prestigious chairs such as Armchair 
45 with cane seat by the architect Alvar Aalto (Figure 5a). New furniture designs that use 
flat chestnut wood strips can already be seen in the Basque Country (Figure 5b). The fact 
that the construction is based on the artisan’s know-how, and not on a design using 3D 
digital models, limits the result to simple shapes and to 2-strip rectangular frames.  

Figure 3. (a) Envelope interweaving flat strips of wood, Aspen Museum in Colorado, Shigeru Ban,
2014 [11]; (b) Preparation of this rectangular weft with the flat chestnut wood strips studied herein
(source: authors).

An example of great modernity and technical complexity is the Pompidou Center in
Metz, France (Figure 4a). The roof is made from laminated wood, woven into hexagons,
inspired by a bamboo-woven Chinese hat. The digital age and 3D modeling software have
permitted the control and rediscovery of more organic forms close to nature. These digital
models allow replicating these new ways of building using traditional natural materials
such as the flat chestnut wood strips used in this research (Figure 4b).
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Figure 4. (a) Structure interlacing strips of wood following the Kagome basketry pattern, Shigeru Ban, 2010 [12]; (b) This
weft made with the flat chestnut wood strips studied herein (source: authors).

Another important element within buildings is the construction of decorative artifacts
and furniture. There are many examples from famous international architects who have
designed furniture constructed by interlacing strips based on traditional basket weaving.
This tradition can be analyzed in numerous prestigious chairs such as Armchair 45 with
cane seat by the architect Alvar Aalto (Figure 5a). New furniture designs that use flat
chestnut wood strips can already be seen in the Basque Country (Figure 5b). The fact that
the construction is based on the artisan’s know-how, and not on a design using 3D digital
models, limits the result to simple shapes and to 2-strip rectangular frames.
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Figure 5. (a) Armchair 45 with cane seat, 1947, Photo: Matti Kapanen [13]; (b) New furniture and accessories designed
using interwoven flat chestnut strips in the Basque Country; Product: Zumitz, Irazoki-Lizaso [14].

3. Evolution of Traditional Basketry Wefts and Geometries with 3D Digital Modeling

Traditional basketry has limitations for several reasons. Interlacing requires defining a
pattern or weft for weaving natural fibers that must adapt to a geometric shape (Figure 6a).
This process is conditioned by the mechanical characteristics of the material that will allow
it to bend and have the necessary flexibility to adapt and maintain the desired initial shape
without nails or glue. The shapes and patterns that exist in basketry have been created
following the trial and error method, testing natural materials from the area. If the artifact
exists, it is because that material has been able to maintain the shape described by the
artisan’s hands. It did not start with a scientific test of the material properties, elastic
limits, or resilience, but rather with ancient techniques involving the immersion of the
material into water or heating it, which the artisan knows help to improve the qualities of
the material, to bend it more, and maintain its shape for longer.
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Figure 6. (a) Basket for transporting fish made by interweaving flat chestnut strips in the Basque
Country, Gipuzkoa Provincial Council collection, Registry: GFA-009047-001; (b) Schematic model of
the study of the curvatures of the basket with Rhinoceros (source: authors).

Digital 3D modeling software can be used to manage different information, such as
the curvature of each point of the weft in the designed geometric shape. If the mechanical
properties of that particular material are tested, the 3D model could simulate and optimize a
geometry that allows the material to adapt and maintain that shape even with new patterns
never before made. Software applications, such as Rhinoceros used in this research, allow
coloring the plot based on the minimum radii and maximum curvatures of the designed
geometric shape [15]. The colors range from red on the flat faces (most favorable points)
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to dark blue, which reflects the most critical points with the smallest radius of curvature.
(Figure 6b).

4. Materials and Methods

The research was presented in the context of the global need to promote the use of
natural materials for constructions. Taking into account the objectives of the research,
a combined method was developed that analyzes both quantitative and qualitative as-
pects [16]. This section is divided into different aspects, starting with an explanation of
the method together with the objectives and techniques, then moving on to the laboratory
tests, the samples, and material used, followed by the relevant aspects of the documentary
analysis, and ending with the artifact design procedure (3D model) focused on the target.

4.1. Method

This study used design science research (DSR) as a methodological approach to design
solutions generated by means of 3D models. Within this approach, the utilized research
techniques included documentary analyses, case studies, data collection, and trials. DSR is
a research approach that focuses on the development and performance of artifacts with the
explicit intention of improving the functional performance of processes [17]. In DSR, unlike
explanatory scientific research, the objectives of academic research are more pragmatic
in nature [18]. Simon argues that DSR is concerned with the design and evaluation of
man-made artifacts with the aim of solving real-world problems [19]. DSR is used to
find practical applications to common design problems; its application should lead to
the expected results [17], and the optimization methods developed are supported by
computational tools [19]. If the problems are related to physical objects, solutions can be
represented as blueprints, 3D models, or engineering drawings. Problems related to actions
can be represented with flowcharts and software solutions [19]. Design theory can include
the other forms of design knowledge: constructs, models, methods, and instantiations that
convey knowledge [20]. Thus, it is established that design science knowledge is expressed
in the form of artifacts-constructs, models, frameworks, architectures, design principles,
methods, and/or instantiations and design theories [21]. The authors of [22] suggest that
there are two fundamental activities in design science research: constructing a solution
and evaluating the solution. The same authors explain that the construction stage is the
process of making an artifact for a specific purpose, and the evaluation stage is the process
of determining how well the artifact performs in fulfilling its purpose. This is precisely
what was done in this research in stages 3, 4, and 5 of the methodological flow described in
Figure 7. According to Hevner et al. [23], the construction process is inherently iterative
and incremental: the evaluation stage provides essential feedback to the construction phase
in terms of the quality of the development process and the solution per se. The design
science approach helps to solve the problems of application and relevance that occur in
architecture disciplines.

DSR was chosen as the research method for two reasons. First, the research problem
is practical, but it also has theoretical relevance, and second, the aim was to develop an
artifact as a result. It is also true that DSR expresses a very broad concept. If we were
to particularize it for this research, the DSR method could be materialized in a specific
denomination that could be called “structured investigative approach”. The following is a
schematic explanation of the methodology used (Figure 7).

The research comprises five key stages [24]: (i) identification of the problem, (ii) defini-
tion of the objectives, (iii) design of the solution, (iv) implementation of the solution, and (v)
evaluation of the solution. The three main objectives of this research were: to rediscover the
braiding of natural fiber materials for sustainable constructions; to document traditional
techniques and confections to preserve existing heritage; and to design, implement, and
evaluate new wefts and shapes using 3D digital models.
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4.2. Documentary Analysis. Qualitative and Quantitative Aspects

First, an intensive analysis of documents prepared on the subject of study was carried
out. Two primary sources were taken into account: first, scientific articles, and second,
ethnographic research at a local level, analyzing basketry in Spain, and more particularly in
the Basque Country. Multiple data, both qualitative and quantitative, were obtained during
this stage. In parallel, a case study was carried out that was divided into two sections: first,
international architectural and construction works were analyzed to support the interest in
the use of interwoven wood, an aspect that has been developed in Section 2; and second,
the different basketry artifacts, built with flat chestnut wood strips contained in the local
museum, were studied as samples of the basket heritage preserved in the Basque Country.

Construction with fibers or flat interwoven wooden strips is linked to traditional
basketry. In order to understand how this research can help many other places in the
world, some qualitative and qualitative findings of interest will be summarized. Weaving
techniques associated with basketry have been developed in numerous countries, such
as Madagascar, where it is an important traditional activity, providing the only monetary
income for many rural households [25]. In Egypt, two Neolithic settlements, Kom K and
Kom W, show a well-developed basketry technology [26]. In India, research on rolled
basketry is shown [27]. In Indonesia, “crazy interweaving” (anyam gila) is analyzed [28].
This is a type of basketry with a triaxial structure that will be tested in the geometries for the
new models designed in this research. In Thailand, each ethnic group has its own identity
in the production of bamboo basketry [16]. In the United States, there is recent evidence of
African-American basketry in Carolina, Georgia, Alabama, Mississippi, and Florida, whose
influence was even felt in Bermuda and the Caicos Islands [29]. Focusing on the California
area, there are multiple articles that qualitatively analyze basketry activity [30,31]. There
is also quantitative research that shows, for example, burning techniques to increase the
production of wood stalks for weaving [32]. In South America, there are references to the
indigenous society of the Venezuelan Amazon, where basketry acts as a mediator with
the westernized world [33]. In Mexico, the meanings of the basketry designs are analyzed,
and it can be shown that the flexibility tests on wood have no scientific basis [34]. In
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Ecuador, the collection, management, use, and commercialization of plants are addressed,
with special emphasis on basketry. In Europe, in addition to Spain, basketry research
can be found in numerous places such as France, Germany and Russia [5]. Furthermore,
research carried out in Scotland is of particular interest, as it states that the skills developed
in the construction of basketry improve creative thinking and spatial understanding of
a person’s environment, even improving cognition in people with memory loss or with
cerebrovascular accidents [35].

Regarding ancient data about these interlacing techniques, it has been acknowledged
that there is evidence that places the origins of these techniques more than 30,000 years
ago. Dzudzuana in the Caucasus dates from 30,000 years ago [36]. In the Czech Republic,
several findings have been dated to between 24,000 and 29,000 years ago [5]. In Israel, in
Ohalo II, the fibers were dated to more than 19,000 years ago [37]. In China, evidence has
been found that dates to more than 6000 years ago [5]. In central Sahara, the remains date
from the early and middle Holocene [38]. In Spain, there are very old references such as the
Neolithic Caves in Albuñol, Granada [39], but probably the oldest references are located in
La Draga in Girona, and in Coves del Fem in Tarragona, which are more than 7000 years
old [40,41]. In the Basque Country, archaeological discoveries in prehistoric caves would
establish the existence of basketry made with flat chestnut wood strips from more than
4000 years ago [42].

4.3. Samples and Material

Technological advances affect the use of basketry. The use of new materials such
as plastic, nylon, or polyester to make utensils that are easy to buy, use and clean is
condemning traditional basketry to disappearance [16]. One of the main objectives of this
research was to promote the use of this high-quality wood to make interwoven objects,
both in the form of baskets or furniture, and as construction elements in buildings (facades,
partitions, roofs). Replacing plastics and non-biodegradable materials with biodegradable
or natural materials is a worldwide objective, due to the serious damage caused by the
former to the environment. In order to continue using these natural materials, it is necessary
to preserve this knowledge and these techniques, which in many cases are transmitted
from generation to generation through the same family. Most native basket weavers today
do not explain the properties of wood in a strict scientific sense. However, they have a
sophisticated knowledge of the relationship between environmental conditions, physical
disturbances, and the physiology and morphology of their growth [43]. Although the
methodology proposed in this article can be developed with many types of wood from
anywhere in the world, here it focuses on the local study of “Km 0” production. In the
case of the Basque Country, flat chestnut wood strips are the material used to interlace
wood. However, this material is used in a broader context in other parts of the world
such as Turkey, England, or Chile. In Spain, Carlos Fontales’ book, based on ethnographic
research, makes an interesting analysis of basketry [44]. The techniques are classified by
the materials used, and the technique developed in the Basque Country is called “cracked
wood” due to the technique of obtaining and pretreating the material [44].

In the Basque Country, basketry has been used to build many parts of traditional
buildings such as partition walls, closures, and furniture, at least since the Neolithic.
Nowadays, this basketry is based mainly on the interweaving of flat chestnut strips [42].
This wood is strong and resistant, perfectly withstanding humidity. For this reason, it has
been used for posts or parts that have to be submerged. In extreme humidity conditions
this material can corrode the iron nailed into it. However, one of the big problems is that
this “know-how” is on the verge of extinction. The knowledge and techniques have been
transmitted from generation to generation, and there are not enough documentary records
to fully preserve this heritage.

From the natural state of the tree until the constructed interlaced artifact is obtained,
the artisan goes through three main phases. These phases would be (i) cutting, (ii) pro-
cessing until the flat strips are obtained, and (iii), the care and the techniques for the
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construction of the object. With regard to the waste generated by the activity, the produc-
tion process of the strips is carried out by local producers who are considered as artisans.
They are very small-scale operations that are not industrial in nature. They are carried
out in the ‘caserío’ or ‘rural house’ where the artisans who work also live. Therefore, we
are talking about a very small volume of waste that is used to light the fire in the house
itself, or to start up the oven. In most cases, the fire is not even connected to a centralized
heating or hot water production system of the actual house. Due to the small volume,
it is never used for energy production. The chestnut tree used for interlaced basketry is
cut at intervals of 6–7 years, when it is about 12–15 cm in diameter. After that, the cut
branches are submerged in a water well for about 3 years. A remarkable characteristic of
the chestnut tree that makes it especially interesting for basketry is its ability to resprout
from the stump. It can be maintained until approximately 80 years of age. Other natural
fibers, such as bamboo, should not be cut during the growing season. To obtain the flat
chestnut wood strips, the chestnut tree branches submerged in the water well are extracted
and the wood is split into different strips. To facilitate the task, the fire or heat technique is
usually applied in the same oven where bread is baked. The wood is boiled thanks to the
humidity that is given off by the steam. This phase usually lasts for between 20 and 40 min.
After that, the artisan takes out the chestnut wood strips one by one, prying them apart by
hand. Each strip is then brushed to make it perfectly smooth. In the last phase, to build the
interlaced object, it is recommended to pre-immerse the chestnut wood strips in water. In
this way, the material becomes more flexible, making it easier to handle, and helping to
maintain the imposed curvature to obtain the desired geometric shape.

As can be seen, the material seems to “work” better when heated and wet, although
this does not have a scientific basis. That is what we sought to prove in the test section. First,
the material was heated to see how its tensile mechanical properties vary. This entailed
proving that by heating the wood, it becomes stiffer and can tear more easily. Second, the
chestnut wood strips were moistened to show that the wet material is more flexible and
can thus adapt to smaller radii of curvature.

4.4. Tests

The tests were developed in two stages: a first experimental stage in the laboratory to
analyze the mechanical tensile properties; and a second stage, where flexibility, curvature,
and the ability to maintain the imposed shape were tested.

To carry out the tests, flat chestnut wood strips sourced from trees in the area were
used. The natural wood strips were made by local artisans in reduced productions. They
usually had a variable thickness and width. The working dimensions of the usual strips
in 3D models approached a width of 20 mm and a thickness of approximately 1 mm. The
length of the strip and the shape varied depending on the type of test to be performed.

There was no specific standard to test this particular material. For this reason, a
bibliographic search was carried out in the main collections of scientific articles (Web
of Science, Scopus, and Google Scholar). No article was found that met the conditions
of this research, where the mechanical properties of flat wooden strips with immersion
treatments in water and heating were analyzed. There were many articles that analyzed the
mechanical properties of wood in relation to humidity and temperature, but in most cases,
these were tests for structural elements with larger sections. There were also no articles
that analyzed the flexibility and the minimum radius of curvature of this type of sample.

4.4.1. Tensile Strength

Bearing in mind that artisans immerse the wood in water and subsequently heat the
material in an oven, an attempt was made to study the results of this combined effect. On
the one hand, analytical tests of the effect of temperature on the variation of mechanical
properties of thin-section wooden elements were considered. There were not many refer-
ences, but some preliminary considerations could be made. Lignocellulosic materials are
made up of cellulose, lignin, and hemicellulose. Cellulose is the most abundant component
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and is the structural base. The function of lignin is to bind the fibers. Hemicellulose is the
intermediate element between the cellulose and the lignin, and provides resistance. There
were also other components. A previous test had analyzed the effect of the processing
temperature on the mechanical properties of fiberboards [45]. This was not the same
problem, but it was one of the closest experiments found. Here, the effect of the processing
temperature on the mechanical properties of chipboard made from fibers originating from
the central vein of the banana leaf or coffeewood were evaluated. It was stated that, as the
processing temperature increases, there is an increase in the properties of the materials,
whereas the degradation of the fibers increases. It was determined that moisture is elimi-
nated between 50 ◦C and 100 ◦C. A first small degradation was observed between 140 ◦C
and 160 ◦C, and from 200 ◦C this degradation was already considerable. To be able to work
with the boards before maximum degradation set in, a range from 160 ◦C to 260 ◦C was
established. It was found that the increase in mechanical properties occurs just after the
initial degradation temperature, which indicates that the degradative process favors the
activation of the structural components of the fiber. However, when working at extremely
high temperatures, despite an improvement of the mechanical properties, the material
began to degrade and its appearance was affected.

On the other hand, tests involving immersion in water prior to testing the mechanical
properties were considered [46,47]. These were once again tests on boards with natural
fibers, but they were far from our real sample. As in the test carried out on wicker pieces
for basketry, a previous 24-h immersion in water was again established [48].

Taking into account these previous tests, several 200 mm × 20 mm × 1 mm samples,
prepared with a dogbone geometry, were tested according to tensile test standards [49]. Ini-
tial humidity was measured with a Brennenstuhl hygrometer that allows the measurement
of a moisture level between 5% and 50%. With a relative humidity (RH) of the air of 45%,
and at a temperature of 21.5 ◦C, the wood of the test sample had a surface humidity of
6%. This would be the humidity of the flat strips when starting to build the real models
from the 3D models. First, the samples were tested in their natural state (6% humidity).
Second, samples submerged in water for 24 h and heated to 160 ◦C were tested. Next,
natural state samples heated to 160 ◦C were tested. The samples were heated in a Selecta
laboratory oven with a temperature range of 0 ◦C to 250 ◦C. The samples were heated for
10 min according to the previous references studied [45]. The tensile test was carried out in
an Instrom Universal Testing Machine, model 4206, which had a load cell of 100 KN at an
advance speed of 5 mm/min.

4.4.2. Flexibility and Curvature Tests

The vegetable fibers used in basketry are not totally malleable. Although all of them
have greater or lesser flexibility, they always pose resistance. They have the natural
tendency to “return to their straight state”, to the direction of organic growth. The aim
of this test was to prove that immersion of the flat chestnut wood strips in water before
constructing the woven basket artifact allows the artisan to work with a more flexible
material. This has a direct impact on the achievable radius of curvature.

As in the previous case, there were no bibliographic references in scientific publica-
tions that described a standardized procedure to measure the ability to naturally bend
the moistened material. There were tests that analyzed the curvature capacity of fab-
rics [50], and others that studied the minimum radius of curvature for bamboo strips with
different cuts [51]. There were also tests that analyzed the ability of wicker to bend [48].
Taking these articles as a reference, a test was carried out with flat chestnut wood strips.
Two types of sample were prepared. One was the same as for the previous test, i.e.,
200 mm × 20 mm × 1 mm, and the other was rectangular, 100 mm × 20 mm × 1 mm. Half
of the samples were tested naturally, and the other half were tested after being immersed in
water for 24 h. After several preliminary tests, different strips of the two types of samples
were wound on a cylinder with radius ρ = 10 mm and, on another cylinder with radius
ρ = 12 mm. First, an attempt was made to roll the strips naturally with 6% humidity,
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and then the wet strips were rolled. Those that were able to adapt to the shape without
breaking were kept for 12 and 24 h to verify their ability to maintain their shape after being
released from the cylinder. With this, it was possible to test whether the wet strips were
more flexible, as well as what type of samples better maintained the imposed shape.

4.5. 3D Model-Based Solution

The ultimate goal of the proposed methodology was to obtain artifacts with inter-
woven wooden strips to respond to the research problem, meeting the objectives set. On
the one hand, it was about being able to design, implement, and evaluate new geometric
shapes interwoven with new wefts, and on the other, to document the local basketry
heritage techniques in 3D digital models, so that these artifacts could be replicated in the
future. One must remember that nowadays, interwoven constructions cannot be replicated
if how they are built is unknown. The techniques to interweave these constructions have
been transmitted from generation to generation by imitation. There are no construction or
assembly drawings. If there are proposals for new designs, the basket makers analyze them
based on the models they have made throughout their lives. Using their family heritage,
they will try to “imitate” this new shape. The result has to be adapted to the artisan. The
aim was for the 3D digital model to enable us to test new wefts in new ways [52]. The
model would allow foreseeing if the radius of curvature of the designed geometry could
be developed with the mechanical characteristics of that material. These models, solved
using Rhinoceros software, were to be implemented in scale models. The construction
difficulty would be evaluated, and the initial model optimized so that it could be replicated
by other people. Three-dimensional digital models can be viewed and shared online on
free web platforms such as Sketchfab [53]. These models may have additional embedded
information, such as photos, assembly videos, and all kinds of documents. In addition,
they can be viewed with virtual reality eyewear.

In order to generate new designs never made before, Grasshopper can be used. This
is a plug-in that runs within the Rhinoceros software. It is a visual programming language
where artifacts are created by dragging components into the work area (Figure 8).

The Rhinoceros software permits obtaining the radius of curvature at each point in
the model. This resource enables visualization, through colors, of the critical points where
the radius of curvature will not be absorbed by the material. Red indicates areas where the
curvature is zero, and therefore any material is appropriate. The color changes to yellow,
green, light blue, and dark blue where there is maximum curvature, marking the most
critical areas for the material. Depending on the mechanical characteristics of the type of
material, this shape may or may not be executed. Conversely, if forcing the execution of
a shape is desired, the appropriate material would be chosen so that it can be bent with
those radii of curvature (Figure 9).

Our research case was more complex than that of wicker weaving. The flat strips
allowed infinite wefts with 2, 3 or more strips [54]. First, different wefts had to be parame-
terized with Grasshopper, and then an initial evaluation of the curvature of those wefts
had to be made for the chosen material (Figure 10).

The most critical part occurred when the weft had to adapt to the desired geometric
shape. With Grasshopper it was possible to limit the curvatures so that the shape adapted
to the mechanical characteristics of the material.
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5. Results and Discussion

The findings from the documentary analysis and data collection were used to complete
the information in different parts of the article. The results were divided into two sections;
one to present the test results, and the other, to present the results of the model design
oriented to the final objectives of the research. As there are several results sections, they are
discussed in the order presented.

5.1. Tests
5.1.1. Tensile Strength

Quantitative findings for the chestnut tree have been included in the methodological
data collection section. The Center for Innovation in Vocational Training, dependent on the
Basque Government, has characterized the chestnut tree [55]. The results are divided into
two blocks:

a. Physical properties

• Apparent density at 12% humidity: 590 kg/m3, medium light
• Volumetric contraction coefficient: 0.39%
• Hardness (Chaláis-Meudon): 2.5 semi-soft
• Tendency to curve: Small. Persistent wood.

b. Mechanical properties

• Flexural strength: 710 kg/cm2

• Resistance to compression: 460 kg/cm2

• Tensile strength: 1280 kg/cm2

• Modulus of elasticity: 100,000 kg/cm2

These values were always used as reference but could not be considered to analyze a
specific handmade material. The specific samples that were used to design and create the
artifacts or mockups in 3D needed to be tested. Focusing on the experiment carried out in
the laboratory, the three types of tests performed should be remembered: (i) the flat strip
directly without treatment, expressed with reference “NS”; (ii) immersed in water for 24 h
and later heated in an oven for 10 min at 160 ◦C, expressed with the reference “MC”; (iii)
the natural flat strip heated in an oven for 10 min at 160 ◦C, expressed with the reference



Sustainability 2021, 13, 6383 14 of 23

“NC”. The following were determined: Young’s elastic modulus E, from the slope of the
tangent line in the initial zone of the stress-strain curve; the maximum resistance, σ; and
the deformation at break, εz. In each type of test, 20 standardized wooden dogbone-shaped
test specimens of each system were tested [56], taking into account the data defined in the
methodology.

Figure 11 shows some stress-strain curves for the three systems, as an example, where
the different behaviors of the flat strips can be seen. An attempt was made to find the
representative value in each type of system. Figure 11a shows representative diagrams of
the NS specimens, Figure 11b diagrams of the NC specimens, and Figure 11c diagrams of
the MC specimens.
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In Table 1 the mean and standard deviation of key data are summarized.

Table 1. Values of E, σ, and εz of the three systems studied.

Specimens Young’s Modulus E
(MPa)

Maximum
Resistance σ (MPa)

Deformation at
Break εz (%)

NS 7096 ± 167
46.47 ± 5.85 0.73 ± 0.12
89.14 ± 7.81 2.11 ± 0.73

MC 7738 ± 605
51.20 ± 5.56 0.87 ± 0.17
79.29 ± 4.02 1.24 ± 0.15

NC 8740 ± 189
52.87 ± 5.90 1.17 ± 0.12
83.71 ± 3.19 1.66 ± 0.11

As can be seen, the rigidity was similar in both flat strips, and this behavior was
repeated in the three systems studied. However, in the maximum resistance and in the
deformation at break (marked in the diagram with arrows) tests, it is observed that one
batch of flat strips was significantly superior to the others. Thus, in Table 1, two results
are presented for σ and εz for each system. Some of the samples had given values in
one range, and others in a different range. This behavior could be attributed to the fact
that there were two types of flat chestnut wood strips. Small-scale local production and
processing techniques without standardized procedures were behind this difference. One
option was for the strips to come from two different chestnut trees. Another was that a flat
strip was more central and the other more peripheral in the 12 cm trunk of the chestnut
tree that the artisans split in the process. There have been tests carried out with bamboo
that corroborate this difference depending on where strips are located in the cut [51].
This information cannot be verified a posteriori due to the procedures of the artisanal
process. This is considered one of the limitations of the research in this section. However,
this different behavior could also be attributed to the way the specimens broke. Some
specimens appeared to have broken within, or very close to, the grip section, as can be seen
in Figure 12, which shows the way the strips broke according to the treatment. Figure 12a
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shows some NS specimens after the test, Figure 12b, some NC specimens, and Figure 12c,
some MC specimens.
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Regarding the effect of the treatments on the flat strips, it can be observed how
heating to 160 ◦C produced an increase in elastic modulus E of the strips, which was
even more noticeable when the strips had not been previously immersed in water. In the
context of data scatter, it can be said that, in the strips directly heated to 160 ◦C, the E
modulus increased by about 20%, whereas for those that had been immersed in water
for 24 h, this increase was around 10%. This behavior can be attributed to the chemical
composition of the wood, basically cellulose and lignin, hygroscopic biopolymers that
absorb a large amount of water, with the latter acting as a plasticizer. Thus, when it
dries, the water is removed, and the material becomes stiffer. On the other hand, in
terms of maximum resistance and deformation at break, a slight increase in resistance
and deformation was observed with the treatments to the strips that initially had lower
resistance and deformation. It is worth mentioning that the way the strips broke differed
according to the treatments. As can be seen in Figure 12a, the NS test specimens broke
longitudinally along their length after generating a first initial crack. This is also observed
in the diagram of Figure 11a, where the step produced after this first break is seen. On
the other hand, the NC test specimens broke transversely to their length, directly, without
intermediate pre-cracking. This can be seen in Figure 11b, where the intermediate step is
not observed. However, the MC test specimens again showed a similar behavior to the NS.
This behavior is again attributed to the presence of water in the biopolymers, which was
higher in the NS system (with initial humidity of 6%), followed by the MC system, and
much lower in the NC system.

Therefore, if the flat strips were immersed in water, they were more flexible because
the water acted as a plasticizer. If they were heated, they dried out, and therefore their
rigidity increased. This can be interesting when the artisan tears the strips from the trunk
of the chestnut tree. If heated without pre-immersion, they burn, and their appearance
makes them undesirable for modeling.

5.1.2. Flexibility and Curvature Tests

In order to carry out the final flexibility and curvature tests on the flat chestnut
wood strips, preliminary tests were carried out to determine the critical radii at which
the material could be bent. For this purpose, two aluminum cylinders were prepared, so
that the humidity of the strips would not affect them. The radii of the cylinders finally
chosen were 1 cm and 1.2 cm. The flat chestnut strips were rolled by hand, as carried out
by artisans. The strips that could be rolled without breaking were kept on the cylinder
with transparent adhesive tape. This adhesive tape was removed after 12 h in some
cases and after 24 h in others. As mentioned, two types of flat strips were used. Type
1 was 200 mm × 20 mm × 1 mm, the same as for the tensile test, and type 2 had a
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100 mm × 20 mm × 1 mm rectangular shape, so the fibers were shorter and more difficult
to roll. First, an attempt was made to wind the untreated type 1 flat strip at 45◦ onto a 1 cm
radius cylinder. It was found that it could not be adapted to the surface. The same type
of strip, untreated, could be wound onto a 1.2 cm radius cylinder, but it broke. It was not
fixed to the cylinder, but the curved shape that it instantly adopted was largely maintained
from the very first moment. After 24 h, it maintained practically the same shape because
its humidity content had not changed (Figure 13a). The same type of strip immersed in
water for 24 h adapted to the curvature of the 1 cm radius cylinder, but it also broke. It was
not fixed to the cylinder either, but when wet, it practically recovered its original state in
seconds. When wet, it was more flexible but recovered its shape sooner (Figure 13b).
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Figure 13. Tests of: (a) Winding natural strip type 1 onto the 1.2 cm radius cylinder without fixing; (b) Winding wet strip
type 1 for 24 h onto the 1.2 cm radius cylinder without fixing.

The type 1 strip, pre-immersed in water for 24 h, could be wound onto the 1.2 cm
radius cylinder without breaking. It remained fixed for 24 h. When released, it maintained
a spiral shape, although with a larger curvature than the radius of the cylinder to which it
was attached (Figure 14a). Using type 2 strips, the wet strip was adapted and attached to
the 1 cm radius cylinder. It was decided to release it after 12 h, observing that it lost the
1 cm radius of curvature, but maintained a pronounced curvature. After 24 h, it maintained
the same shape as after 12 h (Figure 14b). The type 2 untreated strip wound onto the 1 cm
cylinder did not adapt well, breaking in the center and on the side of one end. When
removed after 24 h, it initially lost its shape but maintained a greater curvature than the
one previously immersed in water (Figure 14c).

Finally, an 80 cm strip was immersed for 24 h and wound onto a 1 cm radius cylinder.
It was fixed until it was completely dry (reaching the initial humidity of the untreated
strips). In this case, the flat strip acquired the shape of the cylinder practically 100%,
maintaining it over time (Figure 15).

With this test, it could be proved that when a flat chestnut wood strip is immersed in
water, it is more flexible and adapts to smaller radii of curvature, and can easily be wound
onto a 1 cm radius. However, when released from the cylinder, if it had not lost all the
humidity added by immersing it in water, and would recover its original shape to a greater
or lesser extent. If the flat strips were untreated, it was difficult for them to adapt to a 1 cm
radius of curvature, and they broke in all cases. When wound onto a 1.2 cm radius cylinder
they did not usually break, although it was difficult to adapt them to the shape. However,
when released, they maintained their acquired curvature better. If a flat strip was wound
onto a 1 cm radius cylinder and left to dry, it would practically keep the wound shape,
even when peeled off.
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Figure 14. Tests of: (a) Winding type 1 strip immersed for 24 h onto a 1.2 cm radius cylinder for 24 h;
(b) Winding type 2 strip immersed for 24 h onto a 1 cm radius cylinder, fixed for 12 h. (c) Winding
type 2 untreated strip onto a 1 cm radius cylinder, fixed for 24 h.
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5.2. 3D Models

Considering the mechanical characteristics of the material, the final result aimed at
by the objective of the research was obtained. The aim was to obtain artifacts with flat
interlaced strips of wood by designing, implementing, and evaluating new geometric
shapes with new wefts by means of 3D digital models. Young’s modulus and the roll up
test made it possible to set the minimum radius of curvature to which this material can be
subjected. New wefts were created through parametrization, which were implemented in
new geometric shapes that traditional basketry has not yet explored, and an evaluation of
the radius of curvature of each flat strip was carried out to check if the artifact could be
built. After that, the mockup was made and the final digital model optimized. Initially, new
wefts were created with 2 and 3 flat strips. The possibilities are endless with Grasshopper
(Figure 16).

Once the wefts had been designed and rendered in a flat development, the new
geometric shape was designed. The weft, which had not been used by local artisans, had
to be adapted to new shapes never before constructed in local basketry. In many cases,
these were simple geometric shapes, but ones that the artisans had not been able to create
because they did not have previous models to imitate. Perfectly designed, evaluated, and
optimized 3D digital models can serve as a basis for the artisan to try to imitate that digital
artifact with real natural material. The cone is one of the most relevant figures in basketry.
Through the union of multiple cones, many new shapes can be explored. The ability of the
3D digital model to detect conflictive points where the natural material will be exposed
to a radius of curvature that it will not be able to absorb, is presented. It begins with a
simple weft, raising a cone with a rectangular weft interlacing strips in two directions. The
software colors the surface based on the curvature. The red surfaces are the least critical
(strip in a flat state), and the dark blue ones (near the vertex) are the ones with the smallest
radius of curvature (Figure 17).
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By isolating one of the most critical strips of the model, the radius of curvature at each
point of the central line of the flat strip to be curved can be obtained (Figure 18).
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Figure 18. Flat strips with more conflicting radii of curvature. Curvatures reflected with lines
perpendicular to the center line of the flat strip. The most critical part shows a dark blue color.

If the procedure is understood, the result can become more complex. Another example
made by means of the Kagome weft composed of 3 flat strips is presented. Different
cones are designed, which will serve as the basis for completing a compound geometry
(Figure 19).
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Figure 19. Kagome interweaving, applied to different cone designs.

With different cones, complex geometric shapes can be created, such as the octahedron
with Kagome weft. First of all, the geometric shape was designed with three strips that are
represented by different colors (white, red, and light blue). After that, the curvatures of the
flat strips can be evaluated, to detect if any chestnut strip would not be able to bend with
that radius. The most favorable points appear in red and the most conflictive in dark blue
(Figure 20).
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Figure 20. Octahedron Kagome design, and evaluation of curvatures for geometry optimization.

The shape can be made more complex by applying a more or less simple weft
(Figure 21). In any case, the software allows the evaluation of curvatures. If the mate-
rial was not able to bend at any point due to its mechanical properties, there was a choice
of two solutions. The first, carried out with Grasshopper, showed where the maximum cur-
vature could be limited to a radius of 1 cm, taking into account the results of Section 5.1.2.
This implies that the initially designed shape would adapt to that condition. The second
would be to scale the designed artifact, so that the radius of curvature increases. It would
also be possible to implement it or build it with another type of wood, which, although
not the objective of this research, is common practice in real constructions. Future lines of
research can tackle these aspects.

Sustainability 2021, 13, x FOR PEER REVIEW 21 of 24 
 

 
Figure 21. Complex shape built with 2 mm thick medium density flat wooden strips. 

6. Conclusions 
The aim of this research was to promote the use of materials for construction. It fo-

cused on constructions made by interlacing flat strips of wood, influencing aspects such 
as sustainability and environmental improvement. It was specific for the study of locally 
produced chestnut trees in the Basque Country, in northern Spain. However, the pro-
posed methodology can be replicated anywhere in the world, adapting it to locally pro-
duced wood in each area. Traditional basketry techniques must be mastered to build flat 
strips of wood by interweaving. The problem is that in many parts of the world, these 
techniques are transmitted from generation to generation within very specific families, 
and this knowledge is being lost. The production and handling procedures have no scien-
tific basis and are difficult to replicate. Constructed artifacts are built by imitation, seeing 
how other previous models are built. The design options are becoming fewer and far be-
tween, and no new shapes are being created. Given these problems, this research will al-
low us to benefit from the following advances or advantages: On the one hand, the pro-
posed methodology has made it possible to test, by means of digital 3D modeling soft-
ware, new models that local artisans had not been able to design or manufacture with 
existing ancestral techniques. On the other hand, all the information on the production 
process of the material and the making of the interwoven objects, which is currently stored 
in the minds of the artisans, will no longer be at risk of extinction. This is possible because 
3D digital models have the capacity to include both existing information and the advances 
developed in this research, making them a perfect medium for storing knowledge, evolv-
ing and improving it, passing it on to future generations, and thus preserving this im-
portant heritage. Furthermore, this type of research, which scientifically and empirically 
analyzes the improvements or disadvantages of wetting and/or heating wood with spe-
cific characteristics, will provide artisans with objective data on the characteristics of their 
production. It is significant, for instance, that in the same batch of supplied material, the 
existence of two very marked groups, with very different resistant characteristics, was 
detected by means of traction tests. This could lead to suppliers of the material having 
their products more closely controlled.  

With the methodology proposed in this research, it is possible to create new artifacts 
with new geometries using new interweaving patterns, based on scientific analyses that 
identify the mechanical properties of the material. Digital software, such as Rhinoceros, 
was used, facilitating the design, implementation, and preliminary evaluation of the re-
sults so that the material will be capable of bending at all points within its calculated elas-
tic limit. These 3D models help to keep records of the constructed artifacts and allow them 

Figure 21. Complex shape built with 2 mm thick medium density flat wooden strips.

6. Conclusions

The aim of this research was to promote the use of materials for construction. It
focused on constructions made by interlacing flat strips of wood, influencing aspects such
as sustainability and environmental improvement. It was specific for the study of locally
produced chestnut trees in the Basque Country, in northern Spain. However, the proposed
methodology can be replicated anywhere in the world, adapting it to locally produced
wood in each area. Traditional basketry techniques must be mastered to build flat strips of
wood by interweaving. The problem is that in many parts of the world, these techniques are
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transmitted from generation to generation within very specific families, and this knowledge
is being lost. The production and handling procedures have no scientific basis and are
difficult to replicate. Constructed artifacts are built by imitation, seeing how other previous
models are built. The design options are becoming fewer and far between, and no new
shapes are being created. Given these problems, this research will allow us to benefit from
the following advances or advantages: On the one hand, the proposed methodology has
made it possible to test, by means of digital 3D modeling software, new models that local
artisans had not been able to design or manufacture with existing ancestral techniques.
On the other hand, all the information on the production process of the material and the
making of the interwoven objects, which is currently stored in the minds of the artisans,
will no longer be at risk of extinction. This is possible because 3D digital models have the
capacity to include both existing information and the advances developed in this research,
making them a perfect medium for storing knowledge, evolving and improving it, passing
it on to future generations, and thus preserving this important heritage. Furthermore,
this type of research, which scientifically and empirically analyzes the improvements or
disadvantages of wetting and/or heating wood with specific characteristics, will provide
artisans with objective data on the characteristics of their production. It is significant, for
instance, that in the same batch of supplied material, the existence of two very marked
groups, with very different resistant characteristics, was detected by means of traction tests.
This could lead to suppliers of the material having their products more closely controlled.

With the methodology proposed in this research, it is possible to create new artifacts
with new geometries using new interweaving patterns, based on scientific analyses that
identify the mechanical properties of the material. Digital software, such as Rhinoceros,
was used, facilitating the design, implementation, and preliminary evaluation of the results
so that the material will be capable of bending at all points within its calculated elastic limit.
These 3D models help to keep records of the constructed artifacts and allow them to be
replicated without the necessity of learning by observing the artisan constructing a given
model. All existing models can be registered digitally in the local museum’s documentary
bases, and new models can be created with new wefts. All of these 3D digital models can
be embedded with additional information such as quantitative and qualitative data from
previous ethnographic research, or videos of the assembly of the artifacts. Models can
be posted on free web platforms so that they can be universally replicated. In this way,
these ancestral traditional techniques can be preserved, and the use of natural materials in
construction, such as the interweaving of flat wooden strips, will be promoted. Aso for the
impact of this study in terms of sustainability, this research clearly had a twofold objective.
One aim was to preserve and promote a local tradition that has been managing local “Km
0” productions of high quality wood in the forests of northern Spain (although this fact
can be considered at a local level in many places in the world where the maintenance of
autochthonous forests is an unequivocal source of environmental improvement). Another
was to foster the substitution of polluting or non-recyclable materials such as plastic, both in
the production of baskets and furniture, and in the building construction market. It should
be borne in mind that construction is one of the highest resource-intensive sectors. Its high
percentage of total energy consumed and high generation of greenhouse gas emissions
require the substitution of non-recyclable and highly polluting materials such as plastics
and concrete.
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