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Abstract. Digital models viewed in augmented reality can serve as 
guides to form and assemble parts during construction and reduce the 
need to build temporary formwork or sub structures. However, static 
digital models are often inadequate for describing the behaviour of 
material that is dynamically formed over time, leading to breakages and 
difficulty following augmented reality guides during assembly. To 
address this issue, we propose a method for fast and approximate 
simulation of material behaviour using a goal-based physics solver, 
enabling the design and fabrication of steam bent timber parts using an 
adaptable system of sparse formwork. Through the design and 
construction of a pavilion from steam bent timber we demonstrate that 
approximate simulation of material behaviour is adequate for wide 
tolerance construction by hand and eye in augmented reality, avoiding 
part breakages and accumulative error. 
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1. Introduction 

Although popularly associated with viral mobile games and face tracking filters in 
social media apps, the etymology of “augmented reality” has origins in manufacturing 
and fabrication. Augmented reality can refer to any display technology that blends 
digital content with a physical environment (Milgram & Kishino, 1994), and the term 
was first used to describe a heads-up display of complex manufacturing and assembly 
diagrams for construction of aircraft (Caudell & Mizell, 1992). Similar applications 
were developed by researchers at Columbia University to assist with assembly and 
inspection of space frame structures (Webster et al., 1996). By displaying construction 
information directly within a wearer’s field of view, augmented reality can improve 
spatial understanding and reduce the need for switching between cognitive tasks. 
However, until recently the limited precision and fidelity of available augmented reality 
displays has inhibited the development of practical large scale construction applications 
(Shin & Dunston, 2008).  
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To overcome these limitations researchers have utilized projection-based methods 
to assist with subtractive sculpture (Rivers, 2013) or guide in the deposition of 
chopsticks to form double curved structures (Yoshida et al., 2015). Computer vision 
systems have also been shown to facilitate complex masonry construction in 
augmented reality by providing visual feedback on brick placement using tracked 
markers (Fazel and Izadi, 2018) or the bricks themselves (Mitterberger et al., 2020). 
Commercially available devices such as the Microsoft HoloLens now provide 
researchers with a general-purpose hardware platform for delivering augmented reality 
applications. The HoloLens is a standalone Windows device capable of rendering 
digital models on a transparent, stereoscopic display. Digital models appear fixed in 
physical space by inferring the position of the device from the motion of feature points 
in the surrounding environment that are visible to the onboard cameras (Kress & 
Cummings, 2017). Fologram provides a general-purpose software toolkit for 
developing augmented reality applications for the HoloLens and mobile devices using 
Rhino and Grasshopper. The simplicity of developing augmented reality applications 
with Fologram has facilitated a proliferation of research (Song et al., 2020) into the use 
of augmented reality for assembly from unique parts, human-robot collaboration, 
operation of analogue tools and conventional masonry construction (Jahn et al., 2019a). 

In most of these projects, structures are assembled by aligning rigid parts with 
corresponding digital models viewed in augmented reality. Viewing construction 
information in augmented reality where it is needed tends to reduce mistakes and 
construction time, thereby enabling designs with more detailed and intricate collections 
of parts to be built than what would ordinarily be possible with 2D documentation. 
Beyond improving productivity of conventional construction, augmented reality may 
also enable new approaches to design and construction by adding digital precision to 
traditional hand crafts. Woven structures are one example where augmented reality 
allows the innate flexibility and elasticity of bamboo to form curves described by digital 
models (Goepel & Crolla, 2020).  

Building from flexible materials ordinarily requires fabricating a temporary 
structure to use as formwork with significant time, cost and design implications. 
Although working from digital models in augmented reality removes the necessity of 
sub structures to define the location and shape of parts, it is still challenging to control 
and manipulate flexible materials during assembly. Furthermore, common CAD model 
formats tend to be static representations of form without embedded material properties, 
constraints or motion and offer limited utility for describing dynamic processes of 
formation. As a result, the examples to be found in literature of free-forming surfaces 
in augmented reality are limited to sculptures made from model-making plastics that 
can be “bent to any curvature” in the same unconstrained fashion as NURBS surfaces 
(Song, 2020, p.349). 

Steam bending long timber boards over sparse formwork benefits from both the 
malleability of plastic forming and the speed and adaptability of elastic bending. 
Curving timber elements can be an efficient method for producing lightweight, stiff, 
double curved shell structures capable of spanning large distances with minimal 
materials and no sub structure. Furthermore, steam bending boards into three 
dimensional splines produces no offcut waste and is a faster, simpler, and cleaner 
method of fabrication than glue lamination of lamellas or subtractive milling from 
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blocks. Historically, steam bending was used to reduce the number of fasteners 
required to form-fit boards to boat hulls, or as a cost-effective way of mass-producing 
timber furniture by companies such as Thonet around the turn of the 19th century. 
Standardisation or form fitting was required to overcome the spring of steam bent parts 
when removed from moulds, the prediction of which required extensive trial and error 
and prohibited exploration of all the formal possibilities of the technique. Variability in 
timber grain inevitably resulted in breakages, and the practice of steam bending was 
largely discontinued when plywood and steel became cheaper and more consistent 
alternatives.  

In the last decade there has been a renewed interest in steam bending to materialize 
3D splines produced with parametric design software. These include furniture by 
Mathias Pleisnig, experimental structures by Harvard GSD students (Menges, 2011), 
small pavilions at the University of Michigan (Mankouche et al., 2012), and permanent 
shelters at the Architectural Associations Hooke Park campus (Self, 2014). In each of 
these projects, the design space of parametric models is deliberately constrained to 
geometry that is deemed within the bending limits of the timber, and steam bent parts 
are confined to underlying surface geometry or small jigs.  

There are however still relatively few examples of building-scale steam bent timber 
structures. This is due to the limited design and engineering tools available for 
imagining dynamic forms (Menges, 2011), and the necessity of first-hand knowledge 
of timber properties and behaviours during fabrication. Steam bending unique parts is 
notoriously costly and difficult, typically requiring the preparation of one-off moulds 
to hold the bent part in a desired shape. Avoiding breakages during bending requires 
an intimate knowledge of timber grains, lignans, moisture content and malleability. 
Attempts have been made to replace moulds with 6 axis robotic manipulators, and to 
automate responses to spring back and other bending parameters using real time 
sensory feedback (Schwartz et al., 2014). However, these fully automated systems 
constrain part geometries to forms that can be bent by the motion of a single robotic 
arm and prevent working with large parts with multiple bends. 

2. Aims 
We demonstrate an augmented reality method for construction from double curved, 
steam-bent timber boards that builds on earlier work with steam bent structures. By 
constraining design geometry to standard lengths of dimensional timber and steel, 
double curved structures can be fabricated at low cost, with no offcut waste or machine 
time. Our system enables fabricators to work on a spectrum from fully digitally 
documented formwork positions displayed in augmented reality, to intuitive formwork 
positioning from only design models. We demonstrate our method in the design and 
construction of the Steampunk Pavilion; the winning proposal for the 2019 TAB 
Installation Competition. 

To ensure that digital models displayed in augmented reality can be formed from 
available physical materials, design tools are needed that can simulate properties of 
materials and tools to within the tolerances of manual assembly processes. We aim to 
demonstrate that these design tools can be developed by describing material and tool 
constraints (bending limitations, twists, clash detection, material distribution by 
curvature etc) as goals in the Kangaroo physics solver running in Grasshopper. We aim 
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to show that approximate modelling of material behaviour is sufficient to avoid 
unbendable geometry, enabling the physics solver to run in real-time and be used as an 
interactive design tool. Our method has been developed for working with steam bent 
timber but is equally applicable to any process of forming material by hand. 

3. Method 

The design of the pavilion consists of 133 timber boards and 336 steel brackets 
modelled as developable surfaces that unroll to straight sections bendable from linear 
stock. Digital models of boards and brackets were initially modelled explicitly as strips 
of four-sided mesh faces to suit design intent, with no consideration of fabrication 
constraints. The vertices and topology of these meshes then defined particles and inter-
particle relationships in the Kangaroo physics solver. The physics solver modified the 
position of particles to create new strip shapes that adhered as closely as possible to 
design models while remaining within the tolerances of the steam bending process.  

Figure 1. A strip showing the centreline (dashed line), axial springs (blue lines), lateral springs (red 
lines), lateral bends (magenta arrows), axial bends (blue arrows) and anchors (green circles) 

3.1. GOAL BASED PHYSICS SOLVERS 

Particle positions were modified in Kangaroo by executing a list of explicit functions 
called goals. The relative effect of each goal on the position of a particle is determined 
by a weight value. Simulated strips followed the shape of their designed centreline by 
adhering to goals that moved particles towards the nearest point on the centreline 
during simulation. The length and width of the strip was preserved by lateral and axial 
‘spring’ goals that maintained the length of edges in the input mesh. Attachments to 
footings were modelled with anchor goals that prevented any motion of particles 
located at the strip corners. The bending stiffness of the timber was approximated with 
a goal that set the angles between axial edges of the strip to 180 degrees. Constraining 
the strip geometry to a linear length of material was achieved with a goal that 
maintained interior face angles of the input mesh to 90 degrees (Figure 1). The same 
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method was implemented to constrain bracket geometry to the mechanical limits of an 
analogue bar bender. 

3.2. EMBEDDING FABRICATION CONSTRAINTS 

The intended output of the simulation were strips that formed the same curves and 
twists that a timber board would naturally form during and after bending and reduce 
the need to elastically bend parts into shape during assembly. The resting form of each 
strip was difficult to model explicitly or parametrically due to the complex interactions 
between many competing constraints, in particular the requirement for strips to unroll 
to straight sections for fabrication from linear stock material. Constraining simulated 
strip geometry in this way eliminated offcut waste and the need for custom cut profiles, 
and increased adaptability in the workshop as any part could be changed or re-made 
from the same stock. We observed that while simulations rarely converged on solutions 
that produced unrolled parts that were perfectly straight, approximately straight boards 
were well within the tolerances of our board to bracket joints and typically could be 
derived within 100 simulation steps (Figure 2). 

Figure 2. Before (left) and after simulation, colour indicates deviation from straight profile   

3.3. INTERACTIVE DESIGN TOOLS 
A set of goal weights was found such that strips would typically unroll to close to 
straight sections with minimum deviation from the designed centreline. However, even 
small deviations tended to introduce intersections with neighbouring strips, and the 
design language of the pavilion required strips to be as close as possible to suggest a 
continuous surface. Intersection algorithms are computationally expensive and adding 
goals to the simulation to avoid collisions would prevent real-time experimentation or 
design changes. Furthermore, we wanted a high degree of control over the expression 
(twists, curves and overlaps) of the strips and these subjective design criteria are 
difficult to describe as goal functions. To overcome these limitations, strip simulations 
were batched in small groups with intersection algorithms run once after completing 
the simulation. Because there was no significant perceptual delay between changing 
the control points and seeing the simulated result and collisions, designers could 
effectively use control points to model surfaces with embedded material constraints. 
Small adjustments could be made to control points to remove intersections, create 
tightly nested strips at the footings and introduce subtle changes in curvature to 
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minimize dramatic changes in board orientation and twists across the suggested 
surface. 

3.4. ADAPTABLE FORMWORK 

Figure 3. Setting out formwork from parametric models 

A simple formwork system was developed as a temporary scaffold that could be 
clamped to during steam bending. The formwork system consisted of framing timber 
cut to lengths of 100mm increments and with one edge docked to angles of 10-degree 
increments. The docked face of the timber was then fixed to a sheet of particle board 
that could be screw fixed to a false floor in the workspace to locate the formwork. 
Because bent boards could be clamped anywhere along the length of framing timber, 
we found there was no need for unique lengths of formwork. Similarly, because the 
geometry of each board was simulated to behave elastically, boards only needed to be 
loosely clamped to formwork and exact formwork angles were convenient but not 
essential. Formwork could also act as a stand to attach a second piece of framing timber 
at any location along the length and at any angle, enabling working at height or forming 
up exact angles where required. 

Several methods were used to locate formwork for each strip, beginning with 
working from parametric models that explicitly described the location and type of all 
formwork (Figure 3) and eventually favouring an ad-hoc approach with only the digital 
model of the strip as a guide. Parametrically generating formwork at uniform spacing 
along strips or inflection points was often either not structurally optimal (requiring very 
long pieces of framing timber), not optimal for bending (creating obstacles for the strip 
or requiring weaving between formwork during bending) or simply not available due 
to use as scaffolding for drying parts. When volunteers were inexperienced and 
required guidance, formwork locations were digitally modelled and followed 
explicitly. However, the fastest and most accurate solution to ad-hoc formwork 
placement was to work from only the strip geometry as a guide in augmented reality. 
This enabled volunteers to improvise formwork from available materials and locate 
formwork with more flexibility than was possible with the parametric model. 
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3.5. LAYUP AND STEAM BENDING 

The local curvature of each strip in the design was used to guide fabricators during 
layup of 3000x120x12 millimetre Ash boards into required lengths up to 12 meters 
long. The angles between the normals of adjacent faces in the strip were mapped to a 
colour gradient and assigned to vertex colours to create a clear visual guide to where 
each board would be under maximum stress during bending. The coloured strip was 
then unrolled to create a 2D holographic model that was used to measure the lengths 
of timber required and locate bolted lap joints, knots and grain runouts in areas of 
minimal curvature and bending stress. This enabled the use of low grade, flat sawn 
timber to form long and complex parts without frequent breakage during bending. 

Assembled boards were then steamed using polyethylene bags as a steaming 
chamber. The lightweight flexible bags allowed parts to be bent without removing 
them from the heat of the steam, allowing the work time necessary to make multiple 
bends. Parts were formed by first aligning and clamping the start of the board with the 
start of the strip as shown in augmented reality. A volunteer wearing the HoloLens 
would then direct a team as to how to proceed with bending the strip around the 
formwork. This required working from the augmented reality model to identify the 
polarity of twists, the location of inflection points and the location of the strip on each 
piece of formwork. Direction from augmented reality models required considerable 
skill and understanding of the bending process to maintain an exact adherence to the 
digital model. 

Figure 4. A sectional perspective of a typical assembly of boards and brackets 

Knots and grain alignment introduced variable spring back and tensile strength 
along the length of timber stock and volunteer fabricators needed to be trained to spot 
these and adjust application of bending force accordingly. Steam bending tight bends 
by hand required leverage that had to be provided by the unbent part, and linking 
several tight bends required planning and skill to avoid clamping over- or under-bends 
and introducing accumulative error. Formwork and clamps could easily introduce 
kinks and local stresses that caused fractures, and lap joints between boards would often 
under-bend or fracture at points of sudden changes in stiffness. Correctly bending a 
board to match a digital model therefore required carefully and rapidly balancing 
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observed material behaviour with forcing material into the desired shape. 

3.6. ASSEMBLY 

The digital design model of the pavilion was used as the sole documentation for 
assembly of completed parts on site. Viewed in augmented reality, the model was used 
to set out the location of concrete pad foundations and steel angle footings. Once fixed 
in place, the footings then became reliable reference points for locating the ends of 
boards, thereby eliminating the possibility of accumulative error in board placement. 
This was an essential design constraint as the length of boards relative to their thickness 
meant that they deformed under self-weight and would not follow the shape of the 
hologram without the induced curvature from bracket attachments (Figure 4). 

4. Discussion 

Attaching boards to brackets therefore became an exercise not only in assembly but 
also in re-forming boards into the geometry described by the design model. By 
strategically installing a sparse distribution of brackets along the length of the board as 
described by the design model in augmented reality, the board could be pulled into the 
correct shape after bolting to footings and existing boards in the structure. Deciding 
where and when to add brackets or boards to the structure became a complex planning 
exercise as existing structure would limit accessibility and occasionally introduce the 
need to ‘weave’ boards or brackets through the structure in such a fashion that was 
beyond the elastic bending capacity of the timber or steel. However, frequently 
checking the holographic model to plan bracket placement also provided constant 
quality assurance and made it obvious when boards had been attached to the incorrect 
side or joint on a bracket - mistakes that were frequently and easily made. 

Figure 5. Steampunk Pavilion (Photo: Peter Bennetts) 

198



    AUGMENTED REALITY FOR CONSTRUCTION FROM 
STEAM-BENT TIMBER 

 

Assembling parts that move after placement or forming parts that take different 
shapes to those described by digital models results in the augmented reality guide no 
longer serving as a reliable, single source of truth to design intent. In this case, incorrect 
placement of a single part would increase the difficulty of correctly placing subsequent 
parts or cause existing parts to move out of alignment. In some cases, incorrect 
alignment was due to drift in the position of the digital model relative to the physical 
environment. More often alignment was unavoidable due to the static digital model 
lacking the ability to describe changing forms over time resulting in the incorrect 
inference of 3D position of parts. Developing models that are capable of matching as 
built conditions of flexible structures during construction was beyond the scope of this 
project but presents opportunities for future research and development. 

5. Conclusion 

Our approach to the design and fabrication of the Steampunk Pavilion illustrates that 
fast and approximate simulations of material behaviour are well suited to the equally 
fast and approximate method of forming timber and steel by hand and eye in 
augmented reality. Augmented reality models eliminate the need for building the 
pavilion twice as sub-structure or formwork composed most likely of CNC cut waffle 
structures; a convenient cost saving and expediency. Furthermore, the lack of sub 
structure forces a departure from typical examples of steam-bending in which bent 
planks ‘form up’ existing hulls or surface models. By allowing parts to deform freely 
in space following augmented reality guides, the pavilion can introduce twisting 
elements that weave in and out of any explicit surface, playing with notions of inside 
and outside, surface and poche (Figure 5). Likewise, the capacity to easily position 
formwork in augmented reality during fabrication of individual parts eliminates the 
marginal cost of producing parts of different shapes. Constant variation negates the 
legibility of individual parts in favour of a woven continuity of form, and the 
dissolution of part-to-whole relationships critiques the necessity of explicitly defined 
and discrete parts in favour of elements that are formed during assembly from physical 
forces and constraints. 

The design of the Steampunk Pavilion prioritizes nuance, craft, resilience and 
flexibility over precision, repeatability, and efficiency. The design language arising 
from a system of forming and assembling flexible parts from linear stock material is 
intimately tied to the capacities and constraints of hand fabrication in augmented 
reality. For this reason, it is not reasonable to make comparisons between traditional 
approaches to constructing the design and the augmented reality approach, as the 
former would be impossible and thus the design would be significantly different. We 
therefore argue that the act of construction in augmented reality enables new design 
languages to emerge that occupy territory somewhere between the precision of digital 
models and the imprecision of analogue craft. By introducing imperfection and wide 
tolerance into both digital design tools and fabrication practices we suggest an 
alternative set of heuristics, norms and gestures to the prevailing approaches to 
computer-aided design and manufacturing. 
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