S. Chien, S. Choo, M. A. Schnabel, W. Nakapan, M. J. Kim, S. Roudavski (eds.), Living Systems and
Micro-Utopias: Towards Continuous Designing, Proceedings of the 21st International Conference of the
Association for Computer-Aided Architectural Design Research in Asia CAADRIA 2016, 105–114. © 2016,
The Association for Computer-Aided Architectural Design Research in Asia (CAADRIA), Hong Kong.

GENERATION OF WEAVING STRUCTURE ON FREEFORM SURFACE USING A REMESHING ALGORITHM
DONG YAN1, WEIXIN HUANG2 and ZHIDA SONG3
1,2
Tsinghua University, Beijing, China
yand14@mails.tsinghua.edu.cn, huangwx@mail.tsinghua.edu.cn
3
Chinese Academy of Sciences, Beijing, China
song.zhida@iphy.ac.cn

Abstract. Inspired by the study on traditional weaving handicrafts,
this paper focuses on a new weaving structure system that could be
used in construction of different organic geometries. A new and viable
remeshing algorithm is proposed that a free-form surface could be
converted into a certain mesh grid, in which the edges represent the
weaving elements, and the vertices represent their joints. The research
essentially seeks to integrate the intangible cultural heritage into the
construction technique, as well as to narrow the gap between the complex geometry with digital fabrication.
Keywords. Weaving structure; free-form surface; remeshing; complex topology.

1. Introduction
Weaving with plant fabrics is a long-existing and widely used folk technique
in Asian countries, and the traditional weaving handicrafts made by bamboo
sticks, rattan or reed are still playing a versatile role in people’s daily life. In
addition to containers such as baskets, the technique is also used in rain
coats, sun hats, mats (tatami), and even as enclosure structure for houses.
Since they are made of elastic materials, when woven together, the prestress
force inside these bended elements increases the stiffness of the whole structure, making it more efficient and adaptive. At the same time, the technique
also creates patterns that enhance the aesthetics of the handicrafts, which also become an important sort of traditional patterns in Asia (Lu, 2014). The
advantages suggest great potential in its application in architecture.
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Traditional hand-made weaving items are usually of simple forms such as
flat plate, cylinder or cone. They largely tend to be of such continuous plump
shapes because of the pre-stressed force in the sticks. Nowadays, the characteristic reveals that the weaving structure also has the potential for construction of some organic forms that are designed or generated in the realm of
contemporary digital architecture. Then in this paper, the aim is to develop a
weaving structure system that can be used in not only the ones with simple
forms, but also those with complex topology.
The weaving structure is composed of intersecting sticks that flow along
curved surfaces. This geometrical form can be conveniently represented by a
mesh model in which the edges represent the sticks and the vertices for the
joints. Hence the related remeshing algorithms are also be studied in addition
to the traditional weaving handicrafts, and then based on the mesh model the
weaving structures can be generated and optimized.
The proposed workflow for generating a weaving structure starts from a
designed organic surface. The first step is to convert the surface into a certain mesh geometry in view of material properties of the structure. Then
structural simulation and optimization are carried out. After that, the joint
detail and construction sequence are considered, and finally digital construction technique is employed in its construction. This paper mainly focuses on
the generation of the mesh geometry for the weaving structure using a new
and viable remeshing algorithm.
2. Related work
There has been considerable related work on remeshing surface as well as
employing mesh-related algorithms in the realm of digital construction.
Generally, the related work can be grouped into several categories.
The first group can be named as mesh optimisation in the view of
computer graphics. The position and connectivity of vertices are treated as
variables to optimize some global functions while preserving the original
shape. For example, Hoppe et al (1993) defined this global function as an
Energy Function. The resulted mesh grid may be irregular, and a following
operation of mesh relaxation is needed (Ohtakey et al, 2001).
When it comes to the realm of digital fabrication and construction, some
remeshing algorithms are developed for panelization, which try to subdivide
a surface into standard panels that could be prefabricated to save cost
(Eigensatz et al, 2010). Instead of one, several types of panels can even be
combined together (Zimmer et al, 2013). In the view of computer graphics,
this issue is relevant to equalizing the edge length or Area-Equalising
Remeshing (Botsch et al, 2004). These methods are designed exclusively for
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the optimization of panels, so they are not suitable to directly convert the
mesh edges they generate into the members of a weaving structure.
Besides the methods mentioned above that divide the surface into similar
panels, the geodesic line was used to cut the surface into parallel strips
(Pottmann et al, 2010), which is closely related to our work. Furthermore,
Flöry et al (2012) introduced a concept of conoidal ruled surfaces and ruled
strips are founded from the boundaries. Similarly, Sechelmann et al (2013)
proposed a quasi-isothermic mesh lay-out based on curvature directions.
These methods gave us some inspirations but they generally don’t take the
original boundary of the surface into consideration. These methods become
even more unsuitable when dealing with more complex surfaces.
To sum up, most of the related works are focused on either panelization
of free-form surfaces or geometrically dividing them into parallel strips.
These works are different from this paper that focuses on the remeshing
algorithm for converting free-form surfaces into constructable weaving
structures, based on the inspiration from the traditional weaving handicrafts.
3. A study on the traditional weaving handicrafts
Traditional handicrafts can give us a lot of inspiration in weaving structure
topology. After the study of existing woven items, it can be found that handicraft workers and artisans have employed one important strategy as follows.

Figure 1. A study on traditional weaving handicrafts

Figure 1 shows a traditional woven container, and its construction
procedure can be perceived as this way. Firstly, circular sticks that are
parallel to the upper boundary create the framework that defines the
geometry (Figure 1, Middle). When weaving by hand, it is rather convenient
for artisans to quickly locate and set the rattan sticks because of this parallel
relation. Secondly, sticks along the other direction are arranged to bend
inwards and outwards to bind the circular sticks together.
The description of the process is simple and it can be potentially applied
to any orientable manifold surface: if the shape has one or several
boundaries, then the boundaries are offset until they fill all the surface area,
like the latitude lines of the globe; then in the other direction, the longitude
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lines bind them together. In fact, the offset step is more complex and vital so
the essay will lay more emphasis on it.
4. Offset - the latitudinal polyline family
Compared to Pottman’s (2010) methods, our algorithm does not divide the
surface into segments and on the contrary keep the boundary intact.

Figure 2. Comparison of the method (Pottman et al, 2010, left) and our proposal (right)

If the boundary is simple such as a circle (Figure 3, Left), the offset is out
of question. However, if one part of the boundary is close to the other part of
it (Figure 3, Middle), the line after the offset will have self-intersection. If
two boundaries are very close (Figure 3, Right), a mutual intersection will
occur. The two type of exceptions should be instantly caught and handled
otherwise the following result would be unexpected. If the problem happened on a surface, it would be hard to detect and not realistic to solve
(Chiang, 1991). Luckily this time the geometry being operated is mesh,
which is defined by vertices and faces instead of an equation. Thus an effective approach is found to locate the intersections as well as cope with them.

Figure 3. Three kinds of results after offsetting

4.1. FLIP INDEX ORDERS OF THE BOUNDARY VERTICES
A mesh usually has at least one boundary, except the closed mesh. But in
that case it can be divided into two parts, then each of them has a boundary.
Thus the following method will work on all orientable manifold mesh.
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It is obvious that every boundary is a closed polyline. The order of vertex
indexes in conjunction with the normal of the mesh can be used to determine
the direction of the offset using the right-hand rule. If the ascending order is
𝑐, the mesh normal is 𝑛 and then the offset direction can be calculated to be
𝑐×  𝑛 (Figure 4). Furthermore, to ensure the correct offset direction, to unify
the index orders (𝑐) is needed for the mesh with two or more boundaries.

Figure 4. Unify the index orders to calculate the offset direction

4.2. OFFSET THE VERTICES ON THE POLYLINES
To make it clear, the polyline on the mesh 𝑀! is named as 𝑆 (can be an original boundary or offset result). The polyline 𝑆 that is going to be offset is
named as the parent and the next offset result is its child. Additionally, every
polyline 𝑆 is composed of a series of vertices 𝐴! 𝐴! 𝐴! … 𝐴!!! .
As mentioned above the child polyline may have self-intersections, which
will be analysed in 4.3. Then 4.4 will discuss mutual intersections. After the
operations in 4.3&4.4, the child polyline will be regrouped into several polylines which no longer has intersections despite that some of them should be
deleted while others will be reserved continuing to be offset (as in 4.5).

Figure 5. Steps of handling an intersection

4.3. DISENTANGLE THE SELF-INTERSECTIONS
Though the intersections are addressed as intersections, they do not really
intersect in 3D space with the polyline data structure. To detect whether two
polyline intersect on the curved mesh, a projection trick is applied, reducing
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the judgement to a standard 2D plane problem. As in Figure 6 (left), the four
relevant vertices, i.e. 𝐴! , 𝐴!!!   , 𝐴! , 𝐴!!!   are projected onto a reference plane.
Then if there do be a self-intersection between segments 𝐴! 𝐴!!!   and 𝐴! 𝐴!!!   ,
the sum of four projected angles 𝐴! 𝐴!!!   , 𝐴! 𝐴!!!   + 𝐴!!! 𝐴! , 𝐴!!! 𝐴! +
𝐴! 𝐴!!!   , 𝐴! 𝐴!!!   + 𝐴!!! 𝐴! , 𝐴!!! 𝐴!   should be 2𝜋 (Figure 6, Middle). By
contrast, if there is no intersection it should be less than 2𝜋. Thus the sum is
used as a criterion of intersection. An intersection will be removed after detected by re-connecting 𝐴! to 𝐴!!!   and 𝐴! to 𝐴!!! respectively, which results
in two polyline side by side, correcting the intersection.

Figure 6. Detect an intersection and regroup the polyline

4.4. DISENTANGLE THE MUTUAL INTERSECTIONS
If the polyline 𝑆 intersects with another polyline 𝑆 ! , specifically, 𝐴! 𝐴!!! in 𝑆
!
intersects with   𝐴!! 𝐴!!!
in 𝑆 ! , similarly the solution is to break them and
!
connect 𝐴! 𝐴!!!
, 𝐴!! 𝐴!!! . Then these two polylines will be joined into a new
one, which may still possess self-intersections (Figure 7, Middle). There
seems to be a dead loop, however, it is actually not, since the overall result is
that intersections are removed one by one in each step until vanish in the
end.

Figure 7. Reduce intersections one by one
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4.5. FILTER THE CHILD POLYLINES TO CONITINUE THE OFFSET
The combination of 4.3 and 4.4 results in several child polylines that are free
from intersections as shown in Figure 8 (left). Apparently some should be
removed while the others should continue to move forward. To judge if a
child polyline should be deleted, it is offset one more time to get grandchild
polylines. Their intersection with parent polylines (if it happens, Figure 8,
Right) will indicate that the corresponding polylines have filled all possible
vacuum space nearby, beginning to go back to encounter their ancestors.

Figure 8. Detect if the child polyline should be deleted

4.6. TEST WITH COMPLEX MODELS
Repeat the procedures in 4.3~4.5, and the surface will be totally covered
with the closed polylines named as the latitudinal polyline family. This part
has been implemented in Grasshopper using C# and tested on complex
shapes, such as surfaces with narrow neck (solving self-intersections, Figure
9, Top Left), a 6-way-joint (solving mutual intersections, Figure 9, Bottom
Left) and a trimmed minimal surface (Figure 9, Right), which is even hard to
understand by naked eyes but our module tells that there’s only two borders
and 80 polylines are used to cover this mesh. From here, we can see the
algorithm performs excellently even for complex shapes.

Figure 9. Test models and results
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5. Division and Connection – the longitudinal polyline family
Given the latitudinal polyline family, apparently more than half of weaving
elements have already been finished now. The remaining work is comparatively easy – another one or two directions of weaving elements can be used
to bind them together, freely designed such as hexagonal, triangular etc. at
least using algorithms summarized in EvoluteTools Primer (Hammerberg,
2012) (Figure 10, Left), since the latitudinal elements have essentially ensured its shape.

Figure 10. Generation of the longitudinal polyline family

Specifically, we take the triangular grid as an example and it is also an
experimental model in the next section since it can endow the structure with
the maximum stability. Given the latitudinal polyline family, they can be
generally divided by almost equal length despite in some special zones.
Then, the generation of longitudinal polylines can be divide into two
steps. In the first step all child latitudinal polylines are connected to their
parents via longitudinal polylines. (The offset part of this algorithm has previously stored the parent-child information in the polyline data structure).
The first step will cover most area but however with some exceptions. The
second step is to handle these exceptions by detecting non-co-plane
polygons enclosed by indivisible areas and then dividing them into several
triangles. For example as in Figure 10 (right), a child polyline may connect
to the other part of itself. Similar situation may happen frequently in the case
where two parallel polylines meet and result in a sharp corner. This might be
the special part of the weaving structure and additional elements can be used
to strengthen it. Due to the page limit, here we do not give more details.
6. Construction experiment
The weaving structure makes use of the prestress force inside the bended
elements, thus the material with high strength and stiffness should be given
priority. From bamboo strips to plastic sticks, eventually the glass fibre
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reinforced plastics (FRP) are chosen. Using nylon cable ties as joints, we
first made a small model, about 60cm long and wide (Figure 11, Left).
In the experiment, we discovered the joints can be almost immovable due
to the strong friction. As a result, the structure would deform little after the
construction. To confirm the validity of this structural system, we then built
another complex model, which is 2.4m wide, 1.6m high (Figure 11, Right).

Figure 11. Experimental models for the weaving structure

7. Conclusion
In the present research, based on a detailed study on a variety of traditional
handicrafts such as bamboo hats, rattan basket, etc., a remeshing algorithm is
developed in order to create the lattice of a weaving structure system that
could be used in construction of free-form surface geometries.
In this algorithm, latitudinal edges are created by offsetting the naked
border(s) on the original surface, and certain methods are invented to deal
with the self-intersections and mutual intersections of the offset boundaries,
creating an evenly distributed, well organized lattice system.
Compared to the geodesic line methods, our method ensure that the
original borders remain intact and the whole surface is treated as a whole.
Compared to the panelization or mesh optimization methods, this method
takes in to consideration the weaving logic and material properties of the
woven sticks. In addition, faces of the mesh are almost of similar size and
similar edge length.
To sum up, this method results in a type of weaving structure that has two
distinct types of members, the longitudinal and the latitudinal, which are
suitable for the weaving technique.
Endnotes
1. All pictures in the article are drawn or taken by the authors.
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