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This paper presents the design process of a recently built, 107 m2 free-form
timber frame canopy. The structure is an irregular, funnel-shaped reciprocal
frame resting on a central concrete column, and has been fabricated using a
robot-based assembly process. The project addresses several known design and
fabrication challenges: modelling of free-form reciprocal frames, complex
interrelations between their geometry and structural behaviour, as well as
develops custom software tools to represent different models and interface design
and structural analysis environments. The performance-driven design is
exemplified by studies on the relationship between geometric parameters of the
reciprocal frame and the resulting force-flow and flexural stiffness of the
structure. The final design is obtained by differentiating geometry and stiffness to
reduce deflection and tensile stresses while observing fabrication constraints.The
project demonstrates the application of computational design to create
customized, performance-driven and robotically fabricated structures, and its
successful realization validates the methods under real-life planning and
construction conditions.
Keywords: Integrated computational design , Performance-based design ,
Reciprocal frames , Timber structures, Robotic fabrication

INTRODUCTION
The principle of a reciprocal frame, where the supporting and supported elements form a circular relationship, has been known for centuries (e.g through
the works of de Honnecourt, da Vinci, Serlio or Wallis). In the early 20th century, the Zollinger system
based on this principle was widely used in Europe
in roof structures of houses, barns and churches (Er-

ler 2013). It can also be found in a number of largescale projects (e.g. main train station in Kassel, thermal baths in Bad Sulza, Germany) built in the past
decades.
Reciprocal frames are structures that can achieve
ﬂexural stiﬀness regardless of the stiﬀness of the
joints, and can span much further than the lengths of
the individual elements. On small scales, this makes
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them interesting for pre-fabrication and robotic assembly, especially for construction of non-standard
structures (Apolinarska et al. 2016). Being aesthetically compelling, with many possible patterns and
overall forms, modelling a free-form reciprocal frame
can be challenging and has been a popular topic in
academia (Song et al. 2013; Tamke et al. 2010), and
as a pavilion motif (Melvin 2005; Evolute 2013) in recent years. The interplay of geometry and structural
behaviour in reciprocal frames is particularly interesting. Their ﬂexural stiﬀness depends on where the
supported elements lie on the supporting elements.
In reciprocal frames derived from a grid (a structure
where elements meet at polyvalent nodes) this property can be described as the node opening (also called
knot expansion, see Figure 1). Previous work by e.g.
(Kohlhammer et al. 2017; Douthe and Baverel 2009)
investigated the impact of the node opening on ﬂexural stiﬀness, but considered a uniform node opening for all nodes. In contrast to the precedent work,
in the FutureTree project this parameter is varied individually for each node to achieve areas with higher
and lower stiﬀness. The resulting diﬀerentiation of
the frame’s pattern provides both an improved structural behaviour and an intriguing visual eﬀect.

In order to study the relationships between geometry and structural behaviour, it is indispensable
to translate between design and structural models,
usually created in diﬀerent software and consist-
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ing of diﬀerent entities, data structures and semantic information. For example, frame structures are
usually calculated using an abstracted point+line (or
node+member) ﬁnite element model. Obtaining this
model from solid geometry typically used to represent the architectural design can be non-obvious and
project-speciﬁc, esp. with regard to how connections
between elements are deﬁned. Oﬀ-the-shelf interface plugins (e.g. JumpingFrog, RhinoInside) are not
designed to solve this automatically, therefore establishing such a translation requires a joint eﬀort of engineers and architects, who co-develop the necessary code based directly on the software’s APIs, as in
the presented work.

ABOUT THE FUTURETREE PROJECT
The FutureTree is a funnel-shaped canopy spanning
over a 107 m2 quadrilateral courtyard of an ofﬁce building of Basler & Hoﬀman, in Esslingen near
Zürich, Switzerland (Figure 2). The structure consist
of a reciprocal timber frame anchored to the building
on two sides, with one corner cantilevering (Figure 3,
left), and in the centre it is resting on a concrete column built with a novel Eggshell technology (Burger
et al. 2020), with its eight ribs smoothly following
the shape of the timber frame. The frame is made of
380 timber elements with cross-sections of 65 × 140
mm forming the reciprocal structure, framed by four
ring beams with cross-sections of 140 × 280 mm. All
joints in the frame are butt T-joints connected using
a pair of full-threaded screws, arranged in a V-shape.
Since the structure is permanently weather-exposed,
and the moisture can be trapped in the tight-ﬁtting
joints, all timber elements are made of acetylated radiata pine wood (Accoya). The ﬁligree structure is additionally stabilized by eight tension cables to help
reduce tensile stresses within the joints and deformation.
The timber structure has been prefabricated in
ﬁve segments to ﬁt the standard transportation size
limits (Figure 3, middle). With the exception of the
ring beams, each timber element of the reciprocal
frame was manufactured and placed just-in-time by

Figure 1
Transformation of a
grid into a
reciprocal frame
(top) by introducing
the node opening ξ
for each node n
(deﬁnition,
bottom).

Figure 2
The FutureTree
(Esslingen ZH,
Switzerland)

Figure 3
Situation and
context (left).
Segmentation of
the timber structure
and other
components of the
structure (middle).
Just-in-time robotic
fabrication of parts
and assembly
(right).
an industrial robot, and manually screwed together,
as in (Thoma et al. 2019). The custom fabrication
workcell set up by the contractor (ERNE AG Holzbau)
consisted of a KUKA KR 240 robot mounted on a
linear axis (Figure 3, right) and equipped with exchangeable end-eﬀectors: a gripper, a spindle for

pre-drilling of the screw holes and a circular saw for
cutting the elements at various angles.
With the aim to transfer and validate research
in a real-life planning and construction scenario, the
project has been developed in close collaboration
between academic and industrial partners. In the
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Figure 4
Geometric
modelling of the
FutureTree
reciprocal frame: 1.
triangulated grid
(orange), its dual
(red), and the guide
surface, 2.
projected (red) and
relaxed (blue) hex
grid on guide
surface, 3.
transformation of
the hex grid (blue)
into a reciprocal
scheme (dark blue),
4. solid geometry
model, 5. detailing:
screw connections,
cables and anchors.

subsequent sections, the following aspects of the design development process are discussed: 1) the geometric modelling of the reciprocal frame structure, 2)
the structural design studies evaluating the relationship between geometry and structural performance,
as well as 3) custom software tools and interfaces.

GEOMETRIC MODELLING
To contain the complexity of the structure, the geometric modelling process is split into smaller steps,
each dedicated to a speciﬁc concern. Each of the following steps (Figure 4) produces a model that serves
as an input (setout) for the subsequent one(s):
1.

2.

Topology. First, a triangulated 2D scheme (orange) is drawn to set the resolution of the structure. Its dual graph - a hexagonal grid (red) - deﬁnes the actual topology.
3D setout. The hexagonal grid is projected onto
a funnel-shaped guide surface. The shape of
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3.

the guide surface has a higher-level impact on
the force-ﬂow in the structure, and a good initial
guess can be found early on. Next, the distribution of the edges in the grid is improved by e.g.
equalizing lengths and angles (blue).
Reciprocal frame. The improved grid is transformed into a reciprocal frame by opening the
nodes (dark blue), done by sliding each line
segment’s end points along the corresponding
neighbouring edge, as in (Apolinarska 2018) (pp.
81-89). This method is simple and fast, although
does not solve globally like e.g. (Song et al.
2013). In this iterative process, points’ coordinates are updated in small increments, until
each reaches its individually set target distance.
Here, the node opening ξ is expressed as the
proportion of this distance k to the half of the
current length L of an element (Figure 1, bottom). Note that the beams tend to get longer
with the increasing ξ. Also, on a curved surface,

4.

Figure 5
Design model (top)
and the derived
point+line model
(bottom).

5.

the connections between elements are likely to
become eccentric (centrelines not intersecting).
To keep overall shape, an additional constraint
pulls an average of the beams’ end points at
each node towards the guide surface, as well as
prevents it from moving too far away from the
original node’s position.
Solid 3D model. Cross-section dimensions and
orientations of each timber element are speciﬁed to create a solid geometry model. Each element’s z-axis is aligned to an average normal
vector of the guide surface at points closest to
the centerline’s endpoints.
Detailing. Connection details such as V-shaped
screw pairs, anchoring elements and cables are
modelled. Collisions between screws can occur in nodes with a very small ξ and in the
area close to the central column, where the timber elements are shorter. Starting with default
screw angles and lengths, any detected collisions are resolved by locally modifying these parameters within a permissible range resulting
from forces in the aﬀected connections. For fabricability, it also has to be assured that a screw
can be inserted at all, i.e. its entering point is not
obscured by another timber element, and that
there is enough room for the length of the screw
and the screwdriver. This problem can occur in
areas with a large node opening, and can be resolved by either reducing the node opening or
slight local adjustment of the aﬀected timber element.

STRUCTURAL DESIGN
Since the structural behaviour of such reciprocal
frames relies heavily on their geometry, this relationship was investigated through series of studies, including the overall shape (e.g. curvature of the guide
surface) and the node opening parameter of the reciprocal frame. The latter is discussed below in more
detail, with the following assumptions. The structure has eight rigid support points at the interface
to the column, and two anchoring each of the two

ring beams connected to the building. T-joint connections were modelled using a simpliﬁed representation of the screws (Figure 5, red lines) to directly calculate the forces transferred by the screws. This allows to take the stiﬀness of the connection into account. This approach is conservative since the stiﬀness is a function of the actual load, i.e. diﬀerent in
the case of tension or compression. The considered
load case is a self-weight (C24 timber) combined with
an applied vertical load of 10 N/m‘ of each beams’
length, corresponding to a snow load. These are simpliﬁed assumptions suﬃcient for an early design exploration to ﬁnd an approximately optimal solution.

The study focuses on forces and displacement
at the joints (as opposed to forces in the timber elements), as these are the critical parts of the structure, i.e. the dimensioning of the structure (crosssection sizes) are predominantly driven by the requirements of the connections. It is known that the
stiﬀness of the reciprocal frame of this type increases
with the node opening. This is readily exempliﬁed in
Figure 6, showing that the displacement of the cantilevering corner is much smaller at ξ=100% than at
ξ=40%. Unfortunately, stiﬀer structures often experience stress peaks locally. Here, the major concern are
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Figure 6
Impact of node
opening ξ on
normal forces and
displacement at the
joints.
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joints with excessive tension (Fx<0, blue) - a pulling
force that is diﬃcult to take up by screws. To negotiate the two conﬂicting objectives, the node opening is diﬀerentiated throughout the structure. The
winning solution (bottom row) presents a good compromise, with a gradual transition between the maximum node opening at the cantilevering corner and
the minimum at the opposite corner.

IMPLEMENTATION & INTEGRATION
The generation and evaluation of many design variations described above was facilitated by custommade tools written in Python, using SDK of Rhino as
the backbone for 3D modelling, Grasshopper as the
main user interface, and API of Autodesk Robot Structural Analysis (RSA) to streamline structural calculations (Figure 7). The overall workﬂow is as follows:
1.
2.
Figure 7
Interface between
Rhino/Grasshopper
and Autodesk
Robot Structural
Analysis.

3.
4.

Generate the design model based on given parameters
Derive an abstracted structural (point+line)
model
Build and calculate the structure in RSA
Retrieve, evaluate and visualize the results

As such, this workﬂow is directional, i.e. with no conditional loops, and the satisfactory solution is obtained through search by explicitly varying parameters at diﬀerent stages of the process (e.g. of the
global funnel shape, or of the node opening for all
or individual elements).
The geometric design is built using custom object classes to represent diﬀerent elements (beams,
joints, assembly) of the reciprocal frame and the connectivity between them, following the approach described in (Apolinarska 2018, pp. 75-81). For example, the Beam class objects are deﬁned by the centreline, the cross-section (its z-direction, width and
height) as well as by the elements to which it connects to (incl. which side) and from which the cutting
planes at the ends are derived and thus always up-todate. It combines abstract and solid geometry models, semantic information and other metadata and is
designed to store or generate every distinct piece of

information only once where possible. Semantically,
in the discussed reciprocal frames, the connectivity
relationships form a circular graph, i.e. they lack hierarchy, which is a relatively unique setting in structures.
Next, the abstract point+line model is derived,
i.e. each centreline (blue line in Figure 5) is subdivided into line segments as members. New members
are created to represent connections (red lines: screw
members, orange: rigid links) and new nodes are
added at the ends or intersections of members. Additional structural setup data (e.g. support points and
releases, material properties, loads) is added. This
generic model can be used as a basis input for multiple FEA software (e.g. RSA, RSTAB, Soﬁstik). In terms
of implementation, it was suﬃcient and lightweight
to use Python dictionaries to structure the data of
nodes and members (instead of instances of custom
classes), which are additionally linked to the corresponding objects in the design model.

Since every analysis software uses their own data
structures and object classes, exposed via its API, the
next step is to build the actual structural model for
calculation from the abstract one. Some project settings (e.g. cross-section deﬁnitions, object groups,
load case combinations) are pre-deﬁned in an RSA
ﬁle used as a template and assigned correspondingly
in the abstract model. In the presented work, a COM
interface controlled directly from a Python component in Grasshopper was created to start the RSA app,
build the model, set up and trigger the calculation, as
well as retrieve the results to make them available in
the Grasshopper UI. The raw results (e.g. stresses in
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bars, forces and displacement in the nodes) are then
relinked with the design model, evaluated (e.g. compared with maximum allowed values) and displayed
as a visual feedback to the user.

CONCLUSIONS & OUTLOOK
The FutureTree demonstrates that computational
and performance-driven design methods, still often
considered experimental and academic, can be readily applied in an industrial setting, given an early and
intense cross-disciplinary collaboration. The practice
of pair or side-by-side programming between the authors - an architect and an engineer - signiﬁcantly
helped to establish the right strategy, data structures, coordinate the inputs and outputs between
discipline-speciﬁc modules, and boosted mutual understanding of the problems and objectives. As a
consequence, the project development process that
conventionally would be based on separation of disciplines and responsibilities naturally evolved into a
deeply integrated process. Looking forward, such
workﬂows would be signiﬁcantly easier to practice if
an open standard for the abstracted structural model
would be available that could be used as a universal
input model for structural analysis.
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