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Abstract 

The coupled stiffness behavior between tensile skins and the supporting structure in enclosure/facade 

engineering is often ignored due to lack of “scope coverage” when a project is bid. Considering the 

hybrid structural behavior of the flexible and stiff components of the system can lead to beneficial design 

direction such as minimizing secondary and primary structural sizes through advantageous load 

redistribution as the tensile skin deforms and load is relived at the rigid supports. Tensile skins by their 

nature are flexible and use large scale deformations to efficiently redistribute loading. Extreme load 

events which consider the unlikely condition of a region of tensile skin failing can control the design, a 

coupled approach where load is redistributed can help reduce the load imparted on the supports. 

Historically a coupled approach of design and engineering was difficult due to the complexity of 

modeling primary/secondary and tertiary structural elements. Consequently conservative approaches of 

ignoring load distribution are common leading to “over sizing” of both secondary and primary structural 

elements. The effect of thermal loads on the expansion and contraction of supporting rigid elements can 

detrimentally affect the performance of the tensile skin as the skin can exceed capacity and extension 

and lose tension under contraction. Fatigue and movement of the tensile skin can be underestimated 

without accounting for the stiffness of the supporting structure leading to excessive wear of the skin over 

time. These two performance drivers can only be addressed through a coupled analysis approach. 

Forthcoming code provisions in both Europe and North America are requesting that that where the 

supporting stiffness reduces then these elements must be included in the analysis. The advance of digital 

workflow recently, in particular the rise of graphical programming languages such as grasshopper and 

dynamo, now allow holistic approaches to assess coupled behavior. This paper presents real project 

examples whereby coupled behavior is shown to be of a benefit to the design and essential for a 

successful project.  

Keywords: tensile structures, coupled analysis, membrane façade, computational design, digital workflow, thermal loading, 

extreme loading  

1. Introduction 

We use the terms coupled, partially coupled and fully coupled (Figure 1.) to describe the different 

engineering analysis approach used for the design of enclosure systems constructed form a pre-stressed 

tensile skin.  Such surface rely on the large scale displacement of the material to resist imposed loading 

through redistribution of tensile stress within the material. These forces are resolved at their boundaries 

to stiffer elements such as highly pre-stressed cables or flexural elements. The elements may be part of 

the primary structure or they may be additional elements called secondary elements used to transfer the 

loads from the enclosure back to the primary structure. The difference in stiffness between 

primary/secondary elements and tensile skins implies incompatibility of stiffness between these 

elements. Ignoring this behavior can produce both conservative solutions - when load redistribution 

gives less imposed load on the primary/secondary elements – and un-conservative solutions where the 

deformation of the primary/secondary elements gives a reduction in pre-stress and less stiffness in the 

skin. 
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Model Type Description Modelling Approach 

Non Coupled Ignore stiffness of supporting secondary/primary 

structural elements. 

Skin is restrained by infinitely stiff restraint connections at edges 

Partially coupled Ignore stiffness of primary structure but includes 

compatibility between tension skin and 

secondary steel 

Skin is restrained by secondary elements with stiffness modelled. 

Connection of primary to secondary modelled as infinitely stiff 

restraint connections 

Fully coupled Includes stiffness of primary/secondary/tensile 

surface. 

Skin is restrained by secondary elements with stiffness modelled. 

Secondary elements are restrained by primary elements with 

stiffness modelled. 

 

Figure 1: Analysis Types 

2. Illustrative Example 

2.1. Structural Narrative 

The model below describes an ETFE cushion system supported on a secondary steel frame of closed 

rectangular hollow steel (RHS) sections. The frame is supported by vertical RHS posts that are pinned 

for major and minor flexure in addition for torsion. (Figure 2 (a)). Two models for comparison were 

studied.  

a)

 

b)

 

c) 

 

d)

 

e) 

 

f) 

 

Figure 2 (a) Extent of Partially Coupled Model (b) Imposed Loads from Non – Coupled ETFE Analysis Applied to a Non-Coupled Steel 

Model (c) ETFE deflections for Wind Suction in Non-Coupled model (d) ETFE Deflections for Wind Suction in Partially Coupled Model (e) 

Horizontal In-Plane Bending in Partially-Coupled Model for Extreme Event (f) ETFE Deflections for Wind Suction in Partially Coupled 

Model for Extreme Event 
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First, the non-coupled model. Second the partially coupled model. The effect of the primary structure 

was deemed to be satisfactory to ignore. A wind suction load of 20 psf (1 kNm-2) and snow load of 10 

psf (0.5 kNm-2) was applied. For the non-coupled analysis a staged analysis was run; stage 1 includes 

the ETFE only restrained at infinitely stiff points along the secondary steel frame, stage 2 represents the 

analysis of the secondary steel frame only without the ETFE using the reactions obtained from stage 1 

as imposed loads (Figure 2 (b). For the partially coupled model the ETFE and steel was modelled – the 

deformed shape of the steel in the install state was obtained using a constant internal pressure in the 

ETFE so slackening in the numerical model due to shortening of the span length of the ETFE as steel 

deforms was not introduced. (This is representative of the ideal installation case). The ETFE is offset 

from the center lien of the steel frame using rigid links. In addition to the working loads, an extreme 

load event for the instance of an internal cushion failing was considered. The total depth of the cushions 

was 1.75 ft (530mm). The span of each cushion being 10 ft (3048 mm). The length of each cushion was 

52.467 ft (16000 mm) 

2.2. Performance 

Location Type Case Bay Failure Non Coupled Coupled Change 

Edge Horizontal In-Plane bending Suction N 84 kN-m 64 kN-m -24% 

Edge Horizontal In-Plane bending Snow N 58 kN-m 46 kN-m -21% 

Interior Horizontal In-Plane bending Suction Y 73 kN-m 58 kN-m -20% 

Interior Horizontal In-Plane bending Snow Y 53 kN-m 43 kN-m -18% 

Edge Vertical Out-of-Plane Bending Suction N 8 kN-m 8 kN-m 3% 

Edge Vertical Out-of-Plane Bending Snow N 22 kN-m 22 kN-m 0% 

Interior Vertical Out-of-Plane Bending Suction Y 8 kN-m 8 kN-m 3% 

Interior Vertical Out-of-Plane Bending Snow Y 22 kN-m 22 kN-m 1% 

Interior Torsion Suction Y 12 kN-m 10 kN-m -16% 

Interior Torsion Snow Y 9 kN-m 8 kN-m -14% 

 

Figure 3 Secondary Steel Demand 

Location Surface Case Bay Failure Non Coupled Coupled Change 

Edge Top Suction N 76 mm 152 mm 100% 

Edge Top Snow N 0 mm 51 mm N/A 

Interior Top Suction N 76 mm 102 mm 33% 

Interior Top Suction Y 76 mm 152 mm 100% 

Interior Top Snow N 0 mm 25 mm N/A 

Interior Top Snow Y 0 mm 46 mm N/A 

Edge Bottom Suction N 0 mm 89 mm N/A 

Edge Bottom Snow N 44 mm 127 mm 186% 

Interior Bottom Suction N 0 mm 38 mm N/A 

Interior Bottom Suction Y 0 mm 76 mm N/A 

Interior Bottom Snow N 44 mm 64 mm 43% 

Interior Bottom Snow Y 46 mm 102 mm 122% 

 

Figure 4 ETFE Deflection 

2.3. Observations 

The flexural demand in the secondary steel is reduced by roughly 25%. The flexural demand in the 

secondary steel in the vertical direction is roughly equal. There is a permanent in-plane reduction at the 
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out of balance edge framing members. The torsional demand is reduced by roughly 15%.(Figure 3). 

Deflections in the fabric are significantly increased in the partially coupled model as the span length 

between the cushion reduces as the steel deforms, and the radius reduces in size and the rise of the 

cushion increases. (Figure 4) 

3. Case Study 1. TIAA Bank Field 

3.1. Project Scope and Structural Narrative 

TIAA Bank Field is a multi-functional facility located in Downtown Jacksonville, Florida (Figure 

5 and 6). The venue is divided into two areas, the front being the practice facility for the Jaguars 

team, the rear being an enclosure for a stage and seating for an amphitheatre. It opened in May 

2017 and seats 5,500 spectators and provides a brand new 8,733 m2 (94,000 ft2) indoor football 

practice field. The structure was required to have an irregular non symmetrical form with a roof 

composed of a series of valleys and ridges that snaked their way from the front of the structure to 

the back. A pre-stressed architectural PTFE coated glass fibre fabric was used as the enclosure for 

both the roof and the wall.  

Figure 5: TIAA Bank  Rendering (Photo Credit: Populous) Figure 6: Bird Eye View of the Roof at Night   

3.2. Collapse Analysis by Coupled Model  

Unusually, PTFE for this project was installed on the underside of the trusses as the client and 

architect demanded the roof trusses to be exposed architecturally. The roof secondary structure is 

composed of “secondary transoms” to which the PTFE fabric is attached to, and a series of upstands 

to support the transoms. “Main upstands” are extensions of roof truss web members at longitudinal 

and transverse truss intersection points. Secondary transoms are supported by lower ends of the main 

upstands. Interior upstands are round HSS members providing only intermediate vertical supports for 

transverse and perimeter transoms and are attached back to lower chords of roof trusses. A partially 

coupled model was set up including both fabric and secondary steel. The top connection was 

modelled as a fully rigid connection to the primary structure. (Figure 7 and Figure 8). 

  

 

 

Figure 7: Secondary Structure Coupled Analysis Model  Figure 8: Supporting Steel in Coupled Analysis Model   
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It was crucial to design the structure to be resilient against extreme loading condition. It should 

be noted that failure of the fabric is a very extreme event and a well-engineered and constructed 

fabric structure should never fail in such a manner. Failure of the fabric panel would represent 

catastrophic tear propagation due to extreme wind borne objects cutting through the fabric in a 

hurricane event. It was not possible to laterally restrain the transoms at intermediate points to the 

primary truss bottom chord as they are weak torsionally being composed of wide flange 

sections. “Kicker elements” would have destroyed the clean internal aesthetic required by client 

and architect and provided penetrations difficult to water-proof . A non-coupled approach was 

showing significant oversizing of the “secondary transom” elements and it was not capturing the 

actual load redistribution going on for a fabric panel failing. The extreme event was captured in 

a staged analysis where the mesh of a bay was removed from analysis. Six different panel failure 

conditions were considered for the collapse analysis (Figure 9 (a)). 

3.3. Coupled Analysis Result    

The strength of fabric performance is dependent upon yarn orientation. Warp is defined as fabric’s strong 

axis and are oriented in the skin’s major load-resistance direction, while fill is in warp’s orthogonal 

direction (Figure 9 (b)). The warp of the fabric skin in Area A2 is oriented in the roof’s longitudinal 

direction spanning in between the secondary transoms running transversely. Both warp and fill direction 

had an installation stress of 3.5kN/m (20 lbf/in) to keep the fabric in tension. (The fabric direction is 

reversed in the internal bay strips A1, A3-A6) 

Under normal conditions, there are two fabric panels attached to the same interior transoms on each side. 

The fabric install stress of 3.5 kN/m (20 lbs/in) is balanced out and has no effect on the beam. Under 

extreme loading we want to ensure secondary members will not fail and cause propagation of collapse 

of fabric and also ensure we account for loss of stiffness in neighbouring fabric fields under failure of 

one field. A non-coupled model would require the secondary steel to be designed to the full theoretical 

out-of-plane 3.5 kN/m (20 lbs/in) line loads. The partially coupled results in Figure 9 (c) and (d) show 

a more realistic lower load due to load redistribution. The surrounding panels show redistribution where 

the theoretical unbalanced loading reduces from 3.5 kN/m (20 lbf/in) to a minimum of 0.7 kN/m (4 

lbf/in) 

All the secondary steel and their connections were assured to have utilisation ratios below 1 for regular 

load conditions and 1.67 for panel failure conditions (Figure 9 (e) and (f)). The coupled model prevented 

over-designing the secondary steel and helped optimising section sizes to reduce total tonnage. The 

secondary steel tonnage was kept below 4psf in the final design. Additionally the loss of pre-stress 

/stiffness in fabric was assessed for drainage and ponding issues. 

(a) 

 

(b) 

 

WARP 

DIRECTION 

IN A3 
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(c) 

 

(d) 

 

(e) 

 

(f) 

 

 

Figure 9 (a) Extreme Load Event Locations to Consider  For  Collapse Analysis (b) Fidelity of Mesh Model (c) Load Redistribution  in Warp 

Direction A2 Failure (d) Load Redistribution in Fill Direction A2 Failure (e) Beam Utilisation under C&C Wind Pressure Enveloped Case 

(DCR<1) (f) Beam Utilisation under Collapse Analysis Enveloped Case (DCR<1.67) 

4. Case Study 2. Allianz Field 

4.1. Project Scope and Structural Narrative 

 

 

Figure 10: Allianz Field Rendering (Photo Credit: Populous) 

Allianz Field is a new soccer-specific stadium to be built for a brand new Major League Soccer (MLS) 

team, Minnesota United Football Club (MUFC) located in St Paul, MN. The stadium will seat 

approximately 22000 spectators and will be completed by 2019. Early on, the architect Populous (POP) 

had a vision of a luminous ghostly form that would elevate the appearance of current underdeveloped 
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site (Figure 10). The unique feature of the stadium was its ring-shaped façade composed of a 

homogenous luminous amoebic form.  

The structural skin enclosure consists of a pre-tensioned PTFE mesh architectural fabric supported upon 

a secondary steel structure (Figure 11). The fabric wall was pre-tensioned between structural “steel 

loops” – the driver tubes. The structural loops were composed of steel circular hollow sections and 

supported by “rakers” (diagonal elements) and “struts” (horizontal elements) both again composed of 

structural steel circular hollow sections and connected to the vertical columns of the primary structure 

(Figure 12). There were four additional moment frames providing in-plane restraint at the columns. The 

geometric extents of the project were approximately 167m (547ft) wide by 200m (657ft) long by 27.5m 

(90ft) tall. The wall façade had an approximate area of 8,263 m2 ( 88,940 ft2).  

Figure 11: Primary, Secondary and Skin Narrative Figure 12: Stadium Secondary System Narrative 

3.3. Performance Driver and Design Challenge  

The key architectural driver for the design was for a free-form geometrical form composed of an 

undulating skin that had no visible break, a “continuous liquid” fabric skin. This required aesthetic of a 

continuous form to have no visible thermal breaks in the structural skin, which was extremely 

challenging since it meant no expansion joint was allowed in the supporting secondary steel behind.  

Minnesota's location in the Upper Midwest allows it to experience some of the widest variety of weather 

in the United States. Temperatures could range from between +50 and -30 °C (+120 and -20 °F) 

throughout the year. To account for the temperature difference between the steel installation time and 

any other period of the year, the design temperature loading +44, -50°C (+80, -90°F) was used for 

designing the structural system. The façade system had to be literally a living, breathable skin.  

3.4. Coupling Façade and Primary Structure   

One of the most unique engineering design processes performed for this project was coupling fabric and 

not only the supporting secondary steel, but also the entire primary structural system. A fully coupled 

model. The reason for modelling the entire system was to better understand the secondary structural 

system’s behaviour under the thermal swing with respect to the stiffness of the primary structure to 

which it is attached. The lateral loads from secondary are resisted by the primary structure.  The driver 

tubes’ geometry made the secondary system behave like a rubber band, expanding and contracting with 

the temperature change with no thermal break was allowed to reduce this movement. In the partially 

coupled model with only fabric and secondary structure, where all the nodes were fully fixed to the 

primary structural columns, forces would be “locked in” and stresses and forces were overestimated due 

to an infinitely stiff restraint assumption between two adjacent columns. As a result, a few loop members, 

especially at the four corners, were severely overstressed. Detailing of the connection between the steel 

loops would require a very heavy, expensive and aesthetically undesirable exposed connection.  
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Figure 13: Primary, Secondary and Skin Narrative 

The fully coupled model was set up based on the existing partially coupled model in GSA. All the 

information of the primary structural model modelled in SAP2000 was brought in using custom-written 

Grasshopper component translating elements’ attributes between two different programs. The process 

was done parametrically to coordinate with the project’s fast moving pace and constant changes on the 

driver tube geometry (Figure 13).  

3.5. Coupled Analysis Result    

The steel loops’ deflection in the fully coupled model appeared to have a more global behaviour, where 

the deflection was not purely locked in among the corner bays. The façade system was able to breathe 

through expansions and contractions with the primary structural system deflecting together with it 

(Figure 14). The force within the steel loops was also reduced to a reasonable level.  

 

  

Positive 80 °F – Fully Coupled Model  Positive 80 °F – Partially Coupled Model  

  

Negative 90 °F – Fully Coupled Model Negative 90 °F – Partially Coupled Model 

Figure 14: Steel Driver Tube Deflection Comparison between Fully and Partially Coupled Models 

(Deformation Magnification: 100) 

Coupling the façade and structural system not only offered higher modelling fidelity. The merits also 

included higher accuracy in the steel sizes, therefore providing the most economical design possible. 

The steel loop sizes would have been conservative if they were designed using the partially coupled 

model’s results under thermal loads. 

A combined DCR (Demand Capacity Ratio) check was performed for designing the secondary steel 

(Figure 15.). The utilization ratio represented a quantifiable effect from a certain loading, and included 
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contribution of demand form the primary structure. By processing the DCR we were able to optimize 

the steel weight saving 53 kips of steel (Figure 16.) 

Figure 15: Visualization in Rhino of Driver Tube with 

DCR<0.5 using Size HSS18X0.500 
Figure 16: Filtering Driver Tube with DCR<0.5 using Size 

HSS18X0.500 

4. Conclusion:  

The engineer must make a decision as to the suitability of each approach based on the complexity of the 

design, the site specific environmental actions on the structure, the project fee and schedule. In terms of 

complexity and in turn size of fee, a Non-Coupled approach is the simplest and cheapest option, but 

without the right knowledge and experience of the design team, it can still produce an un-conservative   

solution with regards to the performance of the enclosure skin. The fully coupled approach is the most 

complicated and expensive and is less widely used. In some instances as shown in Case 2, a fully coupled 

model was the only way to “prove out” whether a design will work.  

The paper described and quantified the principal difference in performative behavior of a coupled vs 

non coupled model using an illustrative example. Next two actual case studies are presented where a 

partially coupled and fully coupled approach were used. To summarize: 

• Coupled models show lower demand in the secondary steel vs a non-coupled model. This can 

be used to save steel tonnage as well as to simplify member end connections. 

• Coupled models describe the significant loss of stiffness and increase in deflection of tensile 

skins. A decoupled model is un-conservative for estimating this. 

• There is an increasing level of complexity and effort required when moving from a  non-coupled 

model to a full coupled model. 

• In instances where the primary system is also flexible a fully coupled model may be necessary, 

engineering experience and knowledge is essential to determine what level of analysis is 

appropriate for a particular type and scale of project, and when it is required in the design 

process. 

• The resilience of a structure to progressive collapse due to an extreme load event of a bay failing 

can only be described by a coupled model. A decoupled approach is conservative for steel sizing 

and un-conservative for tensile skin stiffness and deflection. 

 



Proceedings of the IASS Symposium 2018 

Creativity in Structural Design 
July 16-20, 2018, MIT, Boston, USA 

Caitlin Mueller, Sigrid Adriaenssens (eds.) 
 

 

 

Copyright © 2018 by <name(s) of the author(s) as listed above> 

Published by the International Association for Shell and Spatial Structures (IASS) with permission. 

 

Toward an Automated Robotic Fabrication Workflow for 
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Abstract  

The United Nations estimates that the global demand for wood and wood products will double in the 
next 15 years. In Architecture Engineering and Construction (AEC) industries, sawn wood and wood 
panels will reach a cumulative annual production of over 1 Bn m3 (35 Bn ft3) by 2030 [1]. Globally, 
emerging building codes and technologies are providing new opportunities for the use of wood while 
increased concerns over supply chains and lifecycle costs are bringing about a renewed call for the use 
of local materials and methods. Within this context, this paper proposes a structural performance 
optimization and material selection-to-automated robotic fabrication workflow for the construction of 
long-span and light-weight complex wooden network shells. A form optimization process is used to 
obtain network forms whereby bending forces are minimized thereby reducing material depth 
requirements and consequently structural self-weight and material usage. The iterative computational 
workflow results in an optimized network allowing the axial compressive capacity of to be assessed.  

Increased network complexity results in high degrees of variation in axial compression for each strut. 
Retaining constant cross-sectional dimension, gradient forces are used to derive wood species selection 
resulting in a proposed multi-species optimized network shell based on the local structural demand of 
the members in the grid shell [2]. During this process, wood members are selected such that their axial 
buckling compressive capacity exceeds the demand. Once an optimized structural form is achieved, a 
second automated process is used to create a cutting schedule where every member may have a unique 
length [3]. This workflow was tested through multiple prototypes that were constructed demonstrating 
both multi-species optimization and robotic fabrication. This integrated and automated approach allows 
for the creation of structural forms based on the limits of locally available material and maximizing the 
use of softer, low-cost, and more readily available soft wood while only utilizing high-cost, slow 
growing, rare hardwoods for specialized instances. This approach shows the potential of minimizing the 
impact of transportation and degradation of forest resources as demand for wooden structures increases.  

Keywords: Timber, grid shells, optimization, non-linear analysis, multi-species, fabrication, design robotics.  

1. Introduction 

1.1 Material optimization in structural engineering 

In the engineering design of steel spatial structures, a common approach is to select individual structural 
members such that each member of the system meets the required load capacity determined by 
engineering analysis, while adding the least amount possible to the overall system self-weight. In many 
cases the design of individual members is completed irrespective of location thus allowing for full 
customization of the cross sectional geometry. The resulting system is a combination of cross sections 
whose geometric variations are resolved through added complexity in the node. 
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1.1.1 Stock section selection: section volume prioritization over weight 

An economical and widely utilized methodology for optimizing self-weight while meeting requirements 
is to combine various stock structural steel sections that are selected based on cross-sectional size and 
geometry. A common result from this process is visual variation in an exposed system (Figure 1).  

1.1.2 Custom section fabrication: weight prioritization over section volume 

In some cases, design intent drives the cross sectional selection, often leading requiring the structure to 
maintain a consistent external cross section (Figure 2, 3). A common external dimension allows for 
simplified assembly of components—cladding, glazing, nodes, etc.—but often requires the production 
of a custom or series of custom extrusions with varied wall thickness.   

      

Figure 1: (Left) structurally optimized exo-skeleton. CCTV Building by Office for Metropolitan Architecture 
with Ove Arup and Partners, Beijing, China. Completed 2012. [Image credit Colin Manuel] (Right) Structurally 
optimized steel roof. Central bus station in Hannover, Germany by Werner Sobek. Completed in 2014. [Image 

credit Werner Sobek] 

1.1.3 Material variation: weight and volume combined 

Lastly, structural steel comes in different yield strengths (e.g. 36/50/65 ksi and so forth) and could in 
theory be fabricated across a seamless range of strengths. However the financial implications on 
fabrication and installation processes  are not insignificant [4], leading to this usually being avoided 
where either 1.1.1 or 1.1.2 are at all feasible alternatives. Similarly, with typical concrete design, higher 
strength concrete does exist (e.g. Ultra-High Performance Concrete, UHPC) but this is rarely used in 
combination with regular strength concrete. Recent research by Sundermann et al. [5] suggests “a 
method of deformation reduction through material redistribution (MVM)” whereby among other 
techniques the local varying of concrete’s porosity according to localized load bearing demands is 
discussed. It requires a higher level of engineering analysis such as Evolutionary Structural Optimization 
(ESO) as well as more advanced fabrication techniques but is nonetheless promising.  

Issues of gradient material properties for use in structural applications is also a common research topic 
in areas related to additive manufacturing in construction, often with a goal of maintaining a certain 
external geometry while reducing internal weight. (ibid.) 

2. Thoughts on wood 

2.1 Technology and Informed Codification  

A confluence of emerging technologies and trends present an opportune time to revisit analysis and 
fabrication methods of complex structures in wood. Wood is one of the oldest construction materials 
and wood products have been used globally for the construction of buildings for centuries with examples 
of primarily wooden structures dating from the early Neolithic period. Today, the use of dimensional 
lumber and engineered sheet goods is prolific across sectors regions and building typology. Beyond 
dimensional lumber we have seen an increase in the interest in wood products that has arisen from and 
contributed expanded availability of engineered wood products like Nail Laminated Timber (NLT), 
Cross Laminated Timber (CLT), Glue Laminated Timber (GLT), etc. The utilization of engineered 
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timber products presents interesting opportunities to expand applications and utilize advanced 
fabrication tooling to create novel building systems, complex form, and in many cases reduce site 
assembly time through partial factory-based prefabrication.  

Note that the research and test cases for the present study refers to lumber which is cut directly out of 
the tree’s trunk into a specific length and cross section. This is as opposed to pre-engineered timber 
products mentioned above. There exists however so far as the authors are aware no fundamental obstacle 
to applying the principles outlined in the present study to also engineered mass timber products. 

Increased demand for wood products has also led to the need for modifications to local and international 
building codes to allow applications for wood in greater density and taller programs. The International 
Code Council (ICC) recently formed a working group to address limitations in the application of timber 
structures [6]. Demand for new ways of conceiving of, analyzing, and constructing timber structures is 
also driven by design. For example, the partial timber node below is a prototype for the 80 story ‘River 
Beach Tower’ proposed by Architects at Perkins + Will for a site in Chicago. 

          

Figure 1: Partially completed structural node prototype created by a team from Perkins + Will in the Autodesk 
BUILD Space to serve as a proof of concept for the structural system for the proposed River Beach Tower. 

Ultimately the central steel node would be cast into a hexagonal concrete element.   

2.2 Environmental sensitivity  

Wood, when compared to alternative primary structural materials, is more renewable and can be 
produced with less embodied carbon dioxide emissions. Generally, wood is considered renewable and 
in the context of cement and steel, resources can be replenished at a much faster rate. [7]. While the 
purpose of this paper is not to address fully the environmental considerations of wood and timber 
products it is important to note that the species selection can have impact on the ‘sustainability’ of the 
material. For example, old growth Mahogany harvested in Congolese forests will have different 
environmental impact that a Southern White Pine harvested using sustainable forestry practices.  
 

2.3 Natural performance variation across wood species  

Wood, in contrast to other building materials, has a wide variety of mechanical properties depending on 
species and how it is processed [8], [9]. . At the molecular level all wood is made up of the same 
polysaccharide chain, forming cellulose. At the supra-molecular level, however, things changed quite 
drastically; depending on a number of factors such as species, growth rate and age, the cellulose 
aggregates first into a porous structure (10-50 um) and at the next level above (100-200 um)  into what 
is known as microfibrils. This is the scale level at which, according to most research [8], [9], the biggest 
impact on the macro scale mechanical properties is seen.  

In practical terms, “softwood“ (e.g. Spruce, Pine, Fir, etc) and a “hardwood“ (e.g. Oak, Mahogany, Ash, 
etc.) growing in the same climate zone can exhibit as much as 3:1 difference in tensile strength and 
bending stiffness. If the geographic material source is extended across multiple climatic conditions this 
quota grows even greater. While self-weight does not have a direct linear correlation with mechanical 
properties, generally a ‘stronger’ wood species is typically denser and therefore also heavier by volume 
than a ‘more feeble’ species.  
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2.4 Detailing  

The joint detail that connects discrete wood members is often the weakest link in a wooden spatial 
structure. In practice, to ensure continuity of load transfer between wood members the connection detail, 
joints are often oversized resulting in increased structural self-weight and ultimately reducing the 
efficiency of the structural assembly. By introducing automation into the design and fabrication of joint 
components this research attempts to increase the efficiency of load transfer while reducing the 
complexity of individualized node fabrication.  

3. Methodology 

The following methodology describes a series of experiments intended to contribute to the creation of 
an automated structural optimization-to-robotic fabrication workflow for use in multi-species wooden 
network shells.  A series of milestone projects were developed to test aspects of the workflow, some 
focusing on full integration while others testing aspects of analysis or fabrication. Those efforts are 
discussed in the context of the following section and used as examples throughout.  

3.1 Structural parts and components 

For the purposes of this study a grid shell was chosen for several reasons.  

• Grid shells require a free form geometry to be rationalized to discrete linear elements connected 
to one another at node points. Because of this discretization, lengths can increased or shortened 
based on axial buckling capacity of members during surface optimization. 

• Grid shells rely on a minimizing weight while maximizing volume for stiffness. 
• Grid shells have by nature, axial only load bearing elements – if designed correctly – and thus 

satisfy the dominate load path requirements of wood and additionally requiring less section 
volumetric depth for flexural capacity required by other structural forms. 

3.2 Structural Design 

3.2.1 Mechanical Behavior 

Wood is a light and versatile construction material. Its physical properties vary greatly depending on the 
growth environment, moisture content, and tree species (figure 4). Wood has an anisotropic 
characteristic and mechanical properties differ according to the fibrous tissues, radius and grain direction 
thus resulting in performance variability across species.  

 

Figure 4. Strength properties of commercially important wood species grown in the US  @ 12% moisture content 

It is apparent from Figure 4 that material and site specific control parameters will strongly influence the 
design and engineering of a structure. In order to optimize and construct based on the variability in 
species-specific characteristics an iterative integrated design to fabrication workflow is needed. To 
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simplify detailing of connections between wooden members, the cross section of the material is kept 
constant – that is to say the volume of all sections is a constant. To minimize weight and the consequent 
internal axial forces that wood members need to resist, the approach must choose the optimum load 
bearing capacity of member that can resist axial load. An approach that satisfies all these constraints will 
provide the most optimum structural solution that responds adaptively to the locally sourced availability 
of wood species. The high degree of variability in the range of possible selections of species requires an 
automated way of selection. Furthermore, in order for the system to accommodate a range of surface 
geometry the system must allow for strategic customization within the node.  

3.2.2 Structural Analysis 

In the initial proposal, a linear static analysis is used to assess the load bearing capacity of individual 
wood members idealized as discrete linear elements between common node connection points. The node 
connection point assumes no rotational rigidity and as such all linear wood elements are only able to 
carry axial tensile and compression loads. Flexural capacity of elements is ignored. The lack of rotational 
rigidity at nodes requires that for a single layer of structure, the structural form and geometry must be 
stable and of a geometry able to resist loads through purely axial loads. That is an arch, dome or other 
synclastically curved geometry such as a grid shell. Based on a specified design load, and a rationalized 
3D model of linear elements, the capacity of every member is assessed. In general axial compression 
will control which is limited by the Euler buckling load of the member based on its length between node 
points. As cross sectional volume is kept to a constant, and for the member length between nodes to be 
kept to a constant, the only way to improve load bearing capacity is to choose a member with a higher 
compressive stress capacity from the locally sourced material 

It is proposed that subsequent refinements to a linear structural analysis will look at four key 
modifications 

• Light weight structures with low stiffness undergo large scale displacement which internally 
changes their stiffness as their geometry deforms under loading. Thus a structure idealized in a 
linear analysis may in reality have amplified internal forces and deflections that are much higher 
than that in the linear structural analysis. The refined analysis requires a non-linear iterative 
solution 

• Single layer structures with poor form that have a geometry where a clear axial load path under 
gravity loads is not existing are susceptible to failure through snap through buckling as the form 
begins to require a double layer to resist flexural loads. For a given program foot print the overall 
geometry can be changed or form-found to achieve a beneficial internal load path. 

• The global resistance of a structure to buckling needs to be assessed as in reality members will 
not be infinitely restrained at node points by neighboring members. In reality the stiffness 
afforded at these nodes is only as stiff as the axial stiffness of the members.  

• Adaptive discretization of a form so that the node to node distance is automatically increased or 
reduced based on the axial capacity of the member species will allow for efficiency 

3.3 Prototypical computational optimization  

A prototypical multi-species hybrid structure has been built and studied during a 3-day workshop at the 
ACADIA conference 2016 with the goal of finding the boundaries of the analysis framework. The visual 
programming software DynamoTM allows users to construct their own generative tools per their own 
specifications and is used to determine the overall rationalized geometry [10].  Rationalized geometry 
refers to the process of converting a surface to a network of linear segments that are used by the analysis 
software to represent the wood members. (Figure 5 (b)) 
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(a) (b) 

 

(c) 

 

(d) 

Figure 5. (a) Real time feedback loop between Dynamo and GSA (b) Rationalized Geometry in Dynamo (c) Plot 
of displacements in GSA (d) Plot of axial stress in GSA[Image by authors] 

Wood members are connected by an individualized node (Figure 5). A data set of wood species with a 
constant cross sectional volume but with varying mechanical properties is defined. Initially a uniform 
cross section is assigned to all members and an amplified gravity load is assigned to assess the demand 
capacity (Figure 5 (c) and (d)).  The digital workflow between geometric form to rationalization to 
analysis allows the designer and engineer to explore geometric optimization of form and geometry. The 
structure is sensitive to its own shape and the stiffness of wood members. The custom Dynamo graph is 
used as a form-finding mechanism, rather than a modeling tool. Once the overall geometry is stable, the 
geometry is transported into the analysis program. Within the context of workshop time-frame, structural 
analysis of this prototype is a collocation between two platforms, GSA and Dynamo (Figure 5 (a)). (The 
authors developed bespoke computational nodes within Dynamo to link dynamo directly to the analysis 
program using Application Program Interfaces such that data is shared in memory without any 
intermediate creation and steaming of data from external data files). Compressive and flexural stresses 
are assessed in GSA and axial buckling check is simplified and performed in Dynamo following Euler’s 
equation. Stresses are plotted for the envelope of all load cases. The criteria is that the compressive and 
flexural stress of each member should not exceed the capacities based on its own species. For instance, 
initial oak members which are highlighted red in figure 6 have the compressive stresses equal to 10 ksi 
and are greater than their capacities, which is 7440 psi. Members are continuously pulled from the data 
set within an analysis loop set up between GSA and Dynamo. Replacing these overstressed members 
with new species with stronger structural properties, the structure is deemed to have sufficient capacity. 
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The limit of the existing approach is that the stiffness at a node is deemed to be infinitely stiff when in 
reality the stiffness is a product of the sum of member stiffness framing into the node and the overall 
global stiffness of the structure. As a future improvement, global and local buckling checks should be 
integrated into the GSA analysis to form an all-encompassing feedback loop. Automatic topology 
rationalization could also be used to look at adding density of members where stresses are high, or 
removing density of members where stresses are low. Non-linear geometric behavior which takes 
account of changes in geometry for the stiffening or weakening of a structure is also a recommended 
future development.  

4. Automated robotic fabrication 

During development of an automation production strategy two node-based typologies were tested. The 
first, developed for a pavilion structure—the Lo-Fab Pavilion designed and fabricated by students at 
Virginia Tech in collaboration with MASS Design Group in 2015—was constructed using a series of 
steel nodes that joined custom structural members made from a singular species –White Oak [3]. Here, 
a doubly curved grid shell was fabricated using a relatively simple robotic positioning whereby a custom 
end effector was developed to grasp a cylindrical steel part. In this example there were a total of 376 
nodes composed of 1880 steel elements—of these only the central cylinder was consistent across all 
parts. [ibid.] To simply fabrication of the custom nodes each node flange was designed such that the 
bottom of the flange was perpendicular to the cylinder. Additional geometric parameters were introduced 
to enable fabrication including a valence limitation of four, meaning that each node had a maximum 
number of four flanges—to ensure enough room for the weld and eliminating most intersecting struts.  

 

(a) 

 

(b) (c) 

Figure 6. (a) Dual undermounted robotic work-cell used for the fabrication of the 376 welded steel nodes in the 
Lo-Fab Pavilion (b) Robotic positioning system allows the welder to repeat the same action no matter the node 

ygeometr (c) Final assembled pavilion on the Rose Kennedy Greenway in Boston 

Programmatic requirements (ie: climbing) led to the determination of structural section and the worst 
case governed the cross section across the entire pavilion. Having a singular cross section drastically 
simplified fabrication issues but left the majority of the structure overbuilt—a concern that may be 
resolved through multispecies specification.  

A second typology was developed that serves as the framework on which the optimization workflow 
above was developed.  In this case a series of prototypes were created of varying complexity in order to 
arrive at transferrable and scalable robotic fabrication strategy. In this series of examples, the robotic 
manipulation of the node was exampled to deploy all six degrees of freedom allowing the robot to engage 
a static cutting tool—in this case a milling spindle—from nearly any angle. Here, a wooden cube is 
mounted to the robotic arm using a mechanical three-jaw chuck. Each node is fabricated using a standard 
stock material that can be drilled to achieve a wide range of geometries. For the sake of process 
development this system is based on a .25” wooden dowel which allowed the research to continue using 
several small robotic work cells—in most cases an ABB IRB 120. It is important to note that the process 
geometry is scalable.  
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(a) (b) 

Figure 7. (a) Robotic drilling operation (b) Prototypical structure at the 2016 RobArch workshop 
“Dyanmo BUILD” hosted by the authors 

For the purpose of generating robot-control code for fabrication, the geometry of the design model could 
be simplified to points, representing nodes, and lines, representing struts. This greatly decreased the 
computational expense of generating robot-control code and validating a design model while 
prototyping, especially in cases where part count is high. For each node in the design could be quickly 
determined the valence of each node – or quantity of intersecting struts at each node –, the identity of 
any intersecting struts and, most importantly, the orientation in which those struts would interface it. 
Given the nominal dimensions of materials used, the orientation could be used to determine the physical 
constraints of fabrication, such as the maximum strut insertion depth, the minimum angle between struts, 
and the adjusted length of each strut. With respect to these constraints could each node in the design 
model be validated. Note that the second constraint was most commonly violated and, for nodes with 
high valence, often required that subordinate structural chords be displaced from the centroid of a node. 
After this validation process, the orientation noted above was used to generate a short, ordered list of 
coordinate frames (robot targets) at which to perform a generalized robotic fabrication routine, keeping 
the robot-control code clear and readable by varying only a few critical parameters. 

5. Conclusions and Summary 

1. Digital workflow using parametric design tools integrated with structural analysis tools allows 
for dynamic exploration and optimization of structures based on optimizing selection of wood 
species members based on where strength is needed and where it is not.   

2. The existing structural analysis approach can be enhanced in future though including effects of 
global buckling, effect of actual stiffness at nodes and geometric non-linear behavior.  

3. Having an optimization approach to use locally sourced material has several benefits. Using 
locally sourced material saves energy in transportation from far away resource where stronger 
material or better quality material exists. In instances where the locally sourced material is non-
sustainable and scarce, the approach can consider selecting and maximizing use of locally 
sustainable material and minimizing non sustainable material. Where stronger non sustainable 
material is needed. It is selectively chosen and applied, it is not wasted. 

4. Having an automated approach to fabrication ensures that the irregularity of construction to 
achieve optimization can be achieved efficiently and accurately. Material is not wasted. Material 
is fabricated precisely based on the amount and location needed to satisfy the structural 
performance.  
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