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ABSTRACT

Innovation in parametric design and robotic fabrication is in reciprocal relationship with 1 The Wander Wood Pavilion, a

the investigation of new structural types that facilitate the technology. The stressed skin double-curved stressed skin
. . . . ) ) structure made from single-

structure has historically been used to create lightweight curved structures, mainly in curved wooden elements.

engineering applications such as naval vessels, aircraft and space shuttles. Stressed

skin structures were first referred to by Fairbairn in 1849. In England, the first use of

the structure was in the Mosquito night bomber of World War I1. In the USA stressed

skin structures were used at the same time, where the Wright Patterson Air Force Base
designed and fabricated the Vultee BT-15 fuselage using fiberglass-reinforced polyester as
the face material and both glass-fabric honeycomb and balsa wood core. With the renewed
interest in wood as a structural building material due to its sustainable characteristics,
new potentials for the use of stressed skin structures made from wood on building scales
are emerging. The authors present a material informed system that is characterized by

its adaptability to free form curvature on exterior surfaces. A stressed skin system can
employ thinner materials that can be bent in their elastic bending range and then fixed

into place, leading to the ability to be architecturally malleable, structurally highly efficient
as well as easily buildable. The interstitial space can also be used for services. Advanced
digital fabrication and robotic manufacturing methods further enhance this capability by
enabling precisely fabricated tolerances and embedded assembly instructions; these are
essential to fabricate complex, multi-component forms. Through a prototypical installation,
the authors demonstrate and discuss the technology of the stressed skin structure in wood
considering current digital design and fabrication technologies.
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INTRODUCTION

Innovation in parametric design and robotic fabrication
can unlock new structural types to facilitate these designs.
The stressed skin structure (Figure 2) has played a key
role in enabling the development of highly efficient light
weight vessels with free-form geometries. This structural
type consists of two thin surfaces (such as metal plate

or plywood) with an interstitial material, forming the web,
which connects the plates. In the context of aircraft or
naval vessel's complex geometry, this system requires

for each web to be unique and for its skin to be precisely
formed to match the web. While the system provides great
structural and material efficiencies, the high cost of the
custom fabrication process has limited the application of
these types of systems for building construction — where
mass standardization or expensive customization is
currently the norm. That is, with the notable example of the
structurally insulated panel (SIP) which is considered a
stressed skin structure but is primarily designed as a flat
product. This type of structure has had limited application
in buildings, aside from the structurally insulated panel, but
has great potential not only for allowing freedom in forms
but also for integrating design with building services.

2 Sectional drawing of a stressed skin structure arrangement.

Concerns about sustainability are leading to a renewed
interested in wood construction in many countries and

a new interest in innovation in wood products. Plywood,
Laminated Veneer Lumber (LVL), Glulam, and Cross
Laminated Timber (CLT) are engineered wood products that
have been developed to increase homogeneity, therefore
reliability and strength, and create dimensional stability in
otherwise anisotropic materials. Each product and each
subcategory of it, while exhibiting generally enough char-
acteristics to be used in very different types of buildings,
are made, and subsequently optimized, for a particular
structural purpose. Each has its grain oriented for a
specific structural behavior or a specific loading condi-
tion. However, academic research has been questioning
the approach toward wood design and has engaged in
new ways of thinking about how we build in wood in recent
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years. Recent work into structural variability of timber
components (Self, 2017), integrated Joinery (Robeller, 2017;
Krieg, 2013), or environmentally active shape-changing
wood systems (Reichert et al, 2015) present a new concep-
tual approach that is decidedly specific to the performance
characteristics of wood in each specific application. These
developments have only been possible through advances in
design approach, computational methods and advances in
engineering modelling of material configurations (Correa,
Krieg, and Meyboom 2019).

Taking this idea further, with advanced fabrication tech-
nology it is possible to see that in the future specific
engineered wood products will be custom fabricated for
individual projects. For instance, precisely curved custom
laminated wood elements with specific grain were used

in Shigeru Ban's curved elements for the Haesley Nine
Bridges Golf Course Club House (2009): the structure's
members are individually fabricated from custom lami-
nated veneers, manufactured by Blumer Lehman. Each
component was structurally designed for specific architec-
tural applications rather than a generic structural loading
condition. Research into this type of custom engineered
wood product in the form of a double curved CLT shell
structure was carried out as well with specific applications
to custom individual buildings in mind (Cheng et al. 2015).
The dedicated development of adaptive structural and
fabrication methods implemented for a specific design are
blurring the line between “engineered wood product” and
the custom structure. Generally, the ability to customize
wood's performance for its structural requirements
through fabrication techniques and material engineering,
regardless of the scale or its typology, is one of the reasons
for its large potential in the 21st century.

With the renewed interest in wood as a structural building
material due to its sustainable characteristics, there are
new potentials for use of stressed skin structures for
buildings. One of the aspects of the system which may be
of particular interest is its ability to adapt to free form
curvature on the exterior surfaces. A stressed skin system
can use thinner materials that can be bent in their elastic
bending range and then fixed into place, leading to the
ability to be architecturally malleable, structurally highly
efficient as well as easily buildable. Advanced digital fabri-
cation and robotic manufacturing methods further enhance
this capability by enabling precise fabrication tolerances
and embedded assembly instructions, these are essential
to the ability to fabricate complex, multi-component forms.

In addition to facilitating a highly expressive structure, the
stressed skin also provides an interstitial space — similar
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3 Top: Amonocoque shell consists out of a single layer of material. Middle:
A frame structure consists of main internal elements and a connecting
skin. Bottom: A semi-monocoque or stressed skin structure actively uses
the skin as part of the structure and integrally connects to the web.

to the space between joists - that can be used to integrate
services such as sprinklers, wiring and pipes or lighting
within it.

Stressed skins can also be used as a double skin approach
for buildings. This is a well-known sustainable design
approach that applies to roofs as well as walls (Zingre,
Yang, and Wan 2017). The approach uses the top roof to
shade the bottom roof and ventilation is utilized between
the roof levels to add to convective heat transfer methods.

BACKGROUND

Definition of stressed skin structures

The stressed skin structure can come in various forms — a
stressed skin (or sandwich) beam, plate or shell. They can
also have a range of cores — from insulation (as in the
structural panel) to a honeycomb core, a web core (as in
the installation shown) and the truss core (which is the
form of a truss). From a structural point of view, the essen-
tial function is that the skin is actively used as part of the
structure and integrally connected to that which makes up
the core so that the beam action of the entire depth of the
panel can be engaged. The skins on either side of the panel
act as the flanges and take the bending stresses while the
internal structure of the panel, regardless of its type, trans-
fers the shear forces. (Figure 4)

Stressed skin structures have mainly been used in

engineering applications of moving objects such as
planes, spaceships and cars, due to the requirement for
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4 The function of a stressed skin structure in bending. Top: View of a typical
bending force on a truss or roof in section. Bottom: The forces are distrib-
uted in a stressed skin similar to those in I-beams. Bending is divided into
compression and tension along the skin.

lightweight, strong and aerodynamic shapes which require
curves — all of which the stressed skin does well.

They are also referred to as sandwich construction and
double hull construction (with some distinctions) were
first referred to by Fairbairn in 1849 (Fairbairn 1849). In
England, the first use of the structure was in the Mosquito
night bomber of World War II (J. R. Vinson, n.d., 202). In the
USA stressed skin structures were used at the same time,
where Wright Patterson Air Force Base designed and fabri-
cated the Vultee BT-15 fuselage using fiberglass-reinforced
polyester as the face material and using both glass-fabric
honeycomb and balsa wood core (J. R. Vinson, n.d., 202).
The first paper regarding this type of structure was
published in 1944 by Marguerre dealing only with in-plane
bending stresses (Marguerre 1944). Further development
with regard to bending, buckling and boundary conditions
followed quickly in subsequent years (Hoff, 1948) (Libove
and Batdorf, 1948) (Flugge, 1949, 1952). In the 1960s,
more sophisticated methods were developed by Plantema
(Plantema 1966) and HG Allen (Allen 1969) which remained
the main resources for engineers until the mid-1990s.

By 1966 there were over 250 publications on sandwich
structures (J. Vinson and Shore 1965). Sandwich shells -
wherein the shell structure is a sandwich structure -is a
field in which NASA has done considerable research.

Stressed skin structures are increasingly used in aircraft,
satellites and spaceships. The Boeing 707 utilized a sand-
wich structure for 8% of its fuselage, whereas the 757/767
utilized a sandwich structure for 46% of its surface. The
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5 Robotic fabrication and modular assembly process. Each piece was cut in a 5-axis CNC process using an extended 7-axis robotic setup. Afterwards,
the elements were assembled into 5 separate modules small enough to be transported across campus. The assembly took place in the workshop under
controlled conditions. The modules were then assembled on site into the final demonstrator.

747's fuselage is primarily honeycomb sandwich, and the
floors, side-panels, overhead bins, and ceiling are also of
sandwich construction. A major portion of the American
Space Shuttles are honeycomb sandwich panels and almost
all satellites use sandwich construction (Bitzer 1997 J. R.
Vinson, n.d.). Further, this type of structure is in widespread
use in naval vessels and high-speed rail cars. Sailboats,
racing craft, and auto race cars also all use sandwich
construction and it can also be used for snow skis, water
skis, kayaks, and canoes.

There has historically been some research in stressed
skin panels in wood — particularly structurally insu-

lated panels which are a form of stressed skin. Research
on stressed skin panels was performed initially by the

U.S. Forest Product Laboratory in 1935 and in 1960, the
Douglas-Fir Plywood Association (now American Plywood
Association (APA)) started a research project to improve
the use of stressed skin panels and to also design stan-
dards (Drawsky 1960). In Germany, design research was
carried out at FPL by Mohler et al (Mohler, Abdel-Sayed,
and Ehlbeck 1963). The APA published its first Plywood
Design Specification - Supplement 3 for SSP design in 1970
which is currently in use in the U.S. with some amend-
ments. Further research has been carried out and Europe
has their code the EN 1995-1-1 standard which includes a
stressed skin panel design procedure (glued thin-flanged
beams). Luengo and al. have more recently completed a
study using CLT stressed skin panels which offers a prom-
ising new approach for larger spans (Luengo et al. 2017).
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RESULTS AND DISCUSSION: DEMONSTRATOR

The Wander Wood Pavilion (Figure 5-9) relies on a stressed
skin structural approach in order to provide complex free
form geometry, thorough the elastic bending behavior

of plywood, while maintaining structural stability as an
extremely light-weight structure. These three character-
istics are critical for the success of the project. Much like

a plane, the definition of the shape via a thin skin reduces
weight and material use, while the coupling of skin and
webs allow for the transfer of load across the entire
structure. For the purpose of a temporary architectural
pavilion these two characteristics are essential to reducing
material and manufacturing costs while it simultaneously
facilitates assembly and installation requirements on site.
The demonstration project is composed of 100 overlapping
skin elements made from %" plywood and 50 ribs fabricated
with %" plywood. Dimensional accuracy of each component
as well as embedded assembly information, in the form of
pre-drilled fastening guides, are implemented through the
robotic fabrication process.

Making use of the 6 degrees of freedom of the manipulator,
plus the extended reach of the linear track (7 axis), allows
for extended machining into each sheet of stock material.
The robustness of this system allows for local differentia-
tion in geometric, structural and functional performance.
For instance, the system was locally adapted to provide a
much stiffer sitting area in one end while having a lighter,
light modulating screen, on the opposite end. Geometrically,
the system also seamlessly integrates double curvature
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6 View of the installation from east. From this perspective the bench is 7 Detail of the connections between elements. The stressed skin is formed
gradually extruding out of the structure to form an interior seating area by vertical plywood strips that connect to each other with flaps, making it
and providing a space for students to rest. possible to bend in a direction other than the strips themselves.

8 View of the installation from west. What is considered the outside of the structure mainly forms a concave surface that invites visitors to walk around and
be drawn into the other side. From this side the gradient of opening is more pronounced and shows the versatility of the aesthetic expression.
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(a)

(C) (80} ®1 (d)

9 Computational Design tools indicating global geometry (a), stressed-skin structural system detail from above (b) and system components connection and
assembly (c & d). Including the flange (1), web (2) and the rivets positions (3). In a parametric model the individual elements are generated based on their
single curvature. They are then unrolled and generated as flat elements that can be manufactured using CNC techniques.

changes across the length of the demonstrator from
synclastic (Fig.8 - taller end) to anticlastic (Fig. 8 - near the
lower section of the design).

The modularity of a stress skin system, where each section
of webs has certain structural autonomy, allows for the
overall structure to be assembled in sections prior to
installation on site. This is an assembly principle widely
used in naval and aeronautical architecture where the
scale of the build is not suitable to the assembly line
process — a similar challenge that is directly shared with
building construction. Moreover, the interstitial “cavity”
space resulting from this optimized approach combined
with its assembly modularity provides unique technical
opportunities to integrate additional mechanical and
electrical services within the system itself. Aeronautics
has made well use of this advantage to enable fuselage
systems that can be easily customized to specific uses
without compromising access for mechanical maintenance.
Therefore, paying homage to this aeronautical legacy and
with a keen interest in the fastening advantages of rivets
over nuts and bolts, the pavilion’s skin is fastened using
over 2200 aluminum rivets — similar to those used in
airplane fuselage. Each rivet location is designed through
a form-finding method during the computational design
process, to ensure final form, while its location is prede-
termined and pre-drilled into all the plywood skin elements
during the robotic fabrication process (figure 5&9). During
the assembly, these pre-drilled orifices self-align the struc-
ture over multiple components and therefore guarantee the
overall geometry accuracy of the intended design.
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Unlike a conventional approach to form definition, where

a subtractive milling process (like CNC) is applied to

large solid component(s) and shear mass or a secondary
structure is used for structure stability, the presented
method builds on the optimization lessons borrowed from
aeronautics to integrate form definition and structural
intelligence into one single materialization process. Rather
than having discrete methodologies for form definition,
structure, mechanics and assembly — a separation that

is typically reflected in disciplinary expertise (designer,
engineer, builder/fabricator), the Wander Wood Pavilion
applies a multi-level approach to integration, where form
and structure, performance and assembly - and ultimately
design and materialization - emerge as a direct dialog. This
concept of integrative design requires a set of fundamental
shifts in disciplinary thinking, practice and production
economy. This project is a humble materialization of this
methodology put into practice.

CONCLUSION

The demonstration project testifies to the stressed skin
structure's ability to create double curved structures

that are structurally robust and materially efficient.
Demonstrated by its extensive use in aeronautics, the
potential of this structural and material informed approach
using wood lies in its ability to be implemented at multiple
scales while addressing complex geometries and divergent
performance requirements, ranging from a large
enclosure to a wall system. The stressed skin typology,
while demonstrated here as a double curved structure,
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can be used as a flat plate, folded plate, or single curved
structure. The advantage of using a folded plate or curved
structure is that some structural efficiencies can be gained
from the geometry of the global structure as well as the
stressed skin structure itself. In a context of integrated
design-to-fabrication, this scaled-up capacity can create
highly informed building-scale structures in wood that are
structurally optimized for both material use and building
integration. Its modularity, as well as the potential to use
the interstitial space of the double skin structures, can
facilitate integration of additional mechanical or electrical
services - a level of integration that has been long awaited
in building construction. Advanced computational design
and fabrication processes are instrumental to take
advantage of these more challenging global structural
shapes, which is why the discussion is relevant at this time
of advancing parametric and fabrication sophistication.
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