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Abstract. Strained gridshells has been one of the most efficient
structure system to cover large spans by lightweight construction.
Nevertheless, gridshells structure has been seldom used due to the
difficulties in gridshells form-finding and erection, as well as its
limitation of morphological possibilities. In this regard, this paper
aims to provide an integrated design and fabrication approach for
extending the application of strained gridshells into the field of complex
geometries. First, a form-finding method for complex gridshells
design was put forward and tested taking Enneper surface as examples;
secondly, the form-finding result was further developed into a gridshells
system consisting of continuous laths, rotatable joints and rigid edge
beams, which were optimized afterwards based on the structural
simulation result with Finite Element Analysis. Third, the construction
difficulties of this system were fully addressed in the robotic fabrication
and erection process of a full scale prototype. This research tries to
fully combine the structural characteristics of the strained gridshell with
digital fabrication technologies to extend the application of strained
gridshells into structures with more complex geometries.
Keywords.
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1. Introduction
Brought forward by Frei Otto, strained gridshell is known as one of the most
efficient structure to cover large spans with lightweight materials, which is
constructed from an equal mesh net of continuous timber laths bent into the
planned shape (Lienhard et al. 2012). Strained gridshell, as opposed to the
‘unstrained’ gridshell which is stress-free in the initial curved state (Adriaenssens
et al. 2014), gains its strength and stiffness through the bending action in its double
curvature configuration (Pone et al. 2013).
Nevertheless, strained gridshell structure has been seldom used since the
successful construction of the Multihalle Mannheim in the 1970s. The Japan
Pavilion for Expo 2000, the Weald and Downland Open Air Museum built in 2002
(Kelly et al. 2001) and the Savill Garden in Windsor Great Park built in 2006
(Harris et al. 2008) are rare practices of large-scale gridshells during the last 40
years. This situation can be attributed to the difficulties of several aspects, among
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which design method is the most important one. To address the difficulties in
gridshell design, which should simulate the bending construction process,several
researches have been conducted to improve the efficiency of the design approaches,
which include the development of Modified Dynamic Relaxation algorithm for
form-finding with DoF (degree of freedom) varying from 3 to 6 (Peloux 2015,
D’Amico,2014), the optimization of cross sections through a numerical method
(D’Amico,2015), and the employment of composite materials (Baverel 2012).
However, one challenge that still remains in the designing process is the
range of obtainable forms, which is not unlimited but strictly constrained by
materials properties and grid patterns (Pone et al. 2013). It turns out to be
almost impossible to fit a flat grid to complex geometries like Enneper minimal
surface, in the way that traditional gridshells are erected. When trying to extend
the range of obtainable forms to organic shapes or complex geometries, finding
an appropriate grid pattern that is compatible with the material properties, is the
most crucial issue. Several attempts have been made to apply the principles of
strained gridshells to free forms. The Smart Geometry 2012 gridshell (2017) was
built using only straight wood members bent along geodesic lines on a relaxed
surface(see Figure1 left). The Ongreening Pavilion designed and constructed
by Ramboll Computational Design (RCD) in 2013 (see Figure1 right) adopted a
much more complex grid pattern, which was realized by bending each individual
lath sequentially (Harding 2015). All experiments explored complex gridshells
at the cost of requiring a more complex fabrication and assembly. But the
inconvenience of a complex fabrication process was well balanced by digital
fabrication technologies.

Figure 1. The SmartGeometry 2012 gridshell (left, photo © matsysdesign) and the Ongreening
Pavilion (right, photo © Ramboll).

In this context, this paper aims to introduce another solution for the design and
optimization of the grid pattern on complex gridshells. To validate the methods
proposed, an integrated design and fabrication process of a full scale strained
timber gridshell will be presented (see Figure 2).
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Figure 2. the research project workflow.

2. Method
A minimal surface structure was required to be built for DigitalFUTURE 2017
events. Taking Enneper surface as prototype, this research mainly focused on the
design and fabrication method of Enneper surface-shape gridshells.
In this section the integrated design and fabrication method for Enneper surface
will be described in four parts. In section 2.1 and 2.2, the form-finding and
optimization method of grid patterns with grasshopper-based plug-ins Millipede
and Kangaroo is introduced. In section 2.3, structural simulation and optimization
method with grasshopper-based plug-in Karamba is described. In section
2.4, different digital fabrication approaches are introduced to process different
components of the gridshell system.
2.1. GRID PATTERN GENERATION

The arrangement of grid patterns on the designed surfaces is a key issue
concerning the design of gridshell structure. Besides the limitation by the
bending performance of materials, the obtainable form of traditional gridshells
form-finding method - simulation of the bending process - is strictly limited by
the initial flat grids. Only a limit number of surfaces can be fitted with flat
grids. Instead of using a flat grid at the first place, the form-finding method
proposed in this research is to generate a quadrilateral grid pattern directly on
the designed complex surface. The grid pattern will be optimized afterward to
meet the limitation of material performance by simulating the bending action in
the computer.
There are many ways to create a quadrilateral grid on the surface, such as
isocurves, principal curvature lines, asymptotic lines, geodesic lines, principal
stress lines. The generation methods of the grid patterns varied from one surface
type to another, and it is important to adopt the appropriate method for different
geometries. For example, extracting isocurves from designed surface is the
most common idea to create a quadrilateral pattern on the surface, but obviously
isocurves of a Enneper surface can’t be used as grid patterns as part of them are
closed curves and others are intersect at the centre point(see Figure 3).
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Figure 3. Isocurves of Enneper Surface.

In order to avoid circular curves, this research tried to use principal curvature
lines as the initial grid pattern for the Enneper surface-shape structure. The initial
form was a parameter-defined Enneper surface, which was subsequently went
through some simple operation to meet the design requirements, such as vertically
scaled and an central opening. The Principal curvature lines were generated
on the surface using Grasshopper-based plugin Millipede. A set of Surface
Reparameterization tools that is built into Millipede could create nearly conformal
maps following some input vector field that determines directionality. Firstly the
principal curvature of the designed surface was calculated in grasshopper so as to
define the parameterization field in Millipede. Then a network of curves aligned
to the field were extracted with the Reparameterization Outputs components of
Millipede. The density of the output curves can be controlled by manually
adjusting the scaling factor, which allowed designer to choose the most appropriate
curves density. After reconstructing, the resulting grid pattern was a relatively
uniform, orthogonal grid (see Figure 4).

Figure 4. the generation of the principal curvature lines on the designed surface.

2.2. GRID PATTERN OPTIMIZATION

As the resulting curves may have problems like excessive curvatures, they could
hardly be used directly as the grid pattern for gridshells and built with timber.
Further measures were taken to optimize the curves. The most important objective
of optimization was to reduce the curvature of the curves. Therefore, a hypothesis
was put forward that, the curvature and complexity can be reduced effectively if
an appropriate bending force was applied to the grid in computer.
The Live Physics engine of Kangaroo played a significant role in this stage.
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Each continuous curve was considered as one timber lath in the strained gridshell.
Starting with the unstrained curves, a certain amount of bending force was applied
to the continuous curves in kangaroo. At the same time, a few other constraints
were also applied to the curves to keep the curves on the surface throughout the
optimization. Therefore the curves were allowed to move freely on the surface
under bending action. Once the simulation was started, the curvature tended to
decrease with the increase of the bending force. The interaction between curves
will cause the whole grid to slide on the surface, so that the overall shape will be
optimized simultaneously (see Figure 5).

Figure 5. the optimization process of the grid pattern.

Since the optimization criterion was that the curvature of each curve need to
be smaller than the maximum curvature allowed by the material, the maximum
curvature of the materials that will be used to construct the large scale prototype
- plywood plate with a thickness of 5mm - was roughly measured by bending
several sample pieces of 100mm*1000mm(see figure 6). The ratio between the
height of the arch and the initial length was used to quantify the material’s ability
of bending, which is was about 0.34 in this case. This ratio was reduced from
0.416 to 0.151 after optimization. Therefore this optimization greatly reduced the
overall curvature (see figure 7), thus effectively reduce the difficulties of assembly
process.

Figure 6. manually testing of material’s bending capability.
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Figure 7. the curvature of the laths was greatly reduced.

However, as the grid pattern was optimized as curves instead of surfaces, it is
worth noting that torsion was not considered in this case. This was a simplification
on one hand, but on the other hand this approach will increase the overall stiffness
of the structure as torsion action would add more pre-stress into the structure.
2.3. STRUCTURAL OPTIMIZATION

Since this method intended to integrate gridshells and digital fabrication
techniques, each component in this structural system does not necessarily need
to have consistent cross-section. Therefore, after the detailed gridshell system
was developed, this research further optimized the cross-section of the structure to
improve utilization efficiency of materials.
Following the structural system of traditional gridshells, this structure consists
of three parts: rigid edge beam, continuous laths and rotatable joints. The edge
beam took rigid Glued-Laminated Timber as material to resist bending action of
the shell. Using 5mm plywood plate laths as the material, the laths employed
the double-layer system developed by Frei Otto. As for the joints between laths,
instead of using tradition joints, this research invented a mortise and tenon joint
system following the same principle, which was much convenient to install and
remove, and thus more suitable for this experimental project (see Figure 8).

Figure 8. the double layer laths system and joints design.

The gridshell was optimized afterwards based on FEA (Finite Element
Analysis). An analysis model was built in Karamba (see Figure 9). Taking digital
model and material properties of different components as input, the analysis model
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could simulate the structural performance of the gridshell system under different
loads and boundary conditions, and at the same time, output the performance
parameter values corresponding to the geometric model, which can used to guide
the geometric optimization. Both the cross-sections of laths and edge beam were
optimized according to the material utilization efficiency. As the bending action
could hardly be simulated directly in Karamba, bending action was considered to
as pretension stress applied to the laths beforehand.

Figure 9. Structural simulation and optimization process with Karamba.

Besides gradient graphs,the simulation results were also output in the form
of parameter values correspondence with the geometric components one-to-one.
The efficiency of material utilization was used as the parameter to determine
the cross-sections. Larger cross-sections were used where material utilization
efficiency was high and smaller cross-sections where efficiency was low. The
initial cross section of edge beam was 80mm*100mm, while the width of laths
was 70mm. After the optimization, the cross-sectional dimensions varied with
material utilization efficiency, which of edge beam varied between 60mm*90mm
and 90mm*120mm, and that of laths varied between 40mm and 90mm. The
optimization process enhanced the structure performance of gridshell by creating
a direct connection between form and inner forces(see figure 10).

Figure 10. the Gridshell system after optimization: Edge beam (left); Laths (middle); the
Gridshell Structure (right).
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2.4. DIGITAL FABRICATION AND ASSEMBLY

The resulting complexities of the gridshell were fully addressed in the fabrication
and erection process of a large scale gridshell structure. Different digital
fabrication methods were explored in the fabrication of different parts.
The laths were straightened onto a plane with all the information retained,
such as the location of joints and the width of the laths. Then the straight laths
were subdivided into segments which can easily fit into the plywood boards of
1220mm*2440mm, and milled with CNC (see Figure11). The milling of 38
plywood boards were completed in 2 days.

Figure 11. the laths were straightened on to the plywood boards and milled by CNC.

The fabrication of spatial curved edge beam which was made of GLT (Glue
Laminated Timber) was the main challenge of this stage. Currently, while
plane curved GLT could be easily produced in the factory, there were still no
efficient solutions for spatial curved GLT production. Robotic timber wire-cutting
technique, whose capacity was tested in the previous research project(Yuan and
Chai 2017),was employed in this project to deal with the spatial curved edge beam.
A modified 14-inch bandsaw was mounted on a robust Kuka R2700 robot, to
cut the beam segments out from prefabricated simple ones. The edge beam was
divided into 12 segments according to the machine range. Each segment was cut
from the planar one through 6 cuts with the robotic bandsaw (see Figure 12). The
speed of the cutting process was about 3-6m per hour. The entire cutting process
took about 10 days in total. The perfect matching between segments proved the
accuracy of this technique.
As the edge beams and laths are all fully informed, the on-site assembly
process of the large scale structure was quite simple and efficient. First of all
12 edge beam segment were connected with bolts and erected in place. Then
laths were assembled one by one in a similar way of weaving. As long as
the double-layer laths were placed in the correct order, ordinary workers could
assemble the structure. The entire assembly work was done in a joint effort of one
designer and four workers, which took less than 20 hours (see Figure 13).
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Figure 12. the edge beams were cutted from planner beams with robotic bandsaw.

Figure 13. the assemble process.

3. Results and discussion
With a height up to 6m, the large scale structure demonstrates the feasibility
and efficiency of the design and fabrication methods proposed in this paper (see
Figure14).

Figure 14. the large scale research pavilion.

Although some advantages of gridshells are lost in this method, the most
important merit of gridshells–the form-resistant mechanism imparted by the
bending of the timbers is retained. Not only the complexities can be balanced
by the novel robotic technology, more importantly, this method demonstrates its
potential to extend strained gridshell into structures of complex geometries. As
an experimental project, there are some shortcomings in this research that worth
pointing out. As the thin plywood used in this project is quite different from the
laths used in practices, the feasibility of the method needs to be further tested with
larger materials. In the meantime, the structural simulation also need to be further
studied to avoid simplifications mentioned before.
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4. Conclusion
This paper presents an integrated method of complex gridshell design and
fabrication through the experimental construction of a large scale prototype.
Form-finding, structural optimization, digital fabrication and assembly process are
described in detail to demonstrate the feasibility of the methods. By taking full
advantages of digital fabrication technologies, this method opens up new outlooks
for complex strained gridshells.
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