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Abstract 

The design and engineering of a tensile fabric skin enclosing a proposed new stadium is discussed. Using 
digital workflow the design team of architects, engineers and fabricators were able to collaborate on a unique 
project. The geometry of the steel structure needed to support a tensile skin was iteratively adjusted to 
ensure the performance of the fabric could be met while still maintaining the architectural aesthetic required 
by the design team. Key to this process was the utilization of digital workflow and tools that allowed 
engineering data to be passed to the architect to inform the design geometry, and a feed-back loop set up 
where design could react to engineering data. A key design parameter was for the tensile structure to be able 
to "breath" with the structural supporting steel structure under thermal loading. Thus the façade, secondary 
structure and primary is completely coupled stiffness wise between one another. Advanced digital work flow 
was utilized to understand this behaviour. The paper will show a successful collaboration between architect, 
engineer and fabricator was needed to deliver a structurally holistic building envelope. 
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1. Introduction

Digital workflow is the description of a working philosophy implemented by Walter P Moore (WPM) to 
describe a holistic design process of addressing complex geometry which requires a high degree of 
structural analysis to inform the design of a structure. This was carried out in a digital medium utilizing 
graphical programming languages, three dimensional surface based modelling programs and structural 
Finite Element Modelling (FEM) programs. This project had key design drivers that could only be addressed 
and satisfied by digital workflow with a collaborative architectural and engineering team 
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2. Project Scope 

The stadium presented here is a new soccer-specific stadium to be built for a brand new Major League 
Soccer (MLS) team, Minnesota United Football Club (MUFC). The owners of the franchise team proposed 
the construction of a stadium on the 35-acre St. Paul bus barn site in Minnesota, USA. The stadium will seat 
approximately 22000 spectators and will be completed by 2019. The stadium is entirely privately financed for 
a budget of $200 million (Greder, Andy, 2016). Early on, the architect Populous (POP), had a vision of a 
luminous ghostly form that would elevate the appearance of current underdeveloped site. The unique feature 
of the stadium is its ring-shaped façade composed of a homogenous luminous amoebic form. The skin of the 
stadium is composed of a polymer mesh material called PTFE (polytetrafluoroethylene). The membrane 
material was chosen for its improved tear strength and better colour and light transmission, allowing the 
grass to grow for the field’s green space. 

 

3. Performance Drivers 

The key architectural driver for the design was for a free from geometrical form composed of an undulating 
skin that had no visible break, a continuous liquid metal skin. It had to be literally a living, breathable skin 
able to expand and contract with the extremes of high and low temperatures of the harsh Minnesota 
environment. Temperatures could range from between +120 and -20 degrees Fahrenheit,  
 
Early on POP established what was called the “driver geometry” of the stadium. This composed of the free 
form undulating circumferential lines that ran around the perimeter of the stadium between which the fabric 
skin was to span. There was no symmetry or consistency in these driver lines. WPM quickly understood that 
they had to be able to provide guidance as to how to tweak the driver geometry to address the strength 
performance criteria of the fabric; that as the span between the driver tubes increase, the more stress in the 
fabric under imposed loads from wind. 
 

The required aesthetic of a continuous form required there to be no visible thermal breaks in the structural 
skin.  

 

4. Structural Narrative 

Figure 1 describes the key structural components. The structural skin enclosure consists of a pre-tensioned 
PTFE mesh architectural fabric supported upon a secondary steel structure. The fabric wall is pre-tensioned 
between structural “steel loops” – the driver tubes. The structural loops are composed of steel circular hollow 
sections. Loads normal to the surface of the fabric are resisted by the in-plane stresses by the fabric which 
deforms in a large scale manner to resist out of plane loads from wind. Vertical and horizontal components of 
the in-plane tension load are resolved along a fixed clamped extrusion edge attached to the secondary steel 
loops. In plane and out of plane loads from the extrusion tab attachments at the loop are resolved by flexure 
of the secondary steel loops. Gravity load from the self-weight of the loops and flexural loads are resisted by 
“rakers” (diagonal elements) and “struts” (horizontal elements) both again composed of structural steel 
circular hollow sections. The topmost structural “steel loop” is connected to an outrigger of a wide flange 
cross section through a bolted splice connection. These loads are then transferred to the vertical columns of 
the primary structure. The loops are composed of parent loops and child loops. Child loops are welded to 
parent loops. The parent loops are spliced together through a bolted connection. There are four additional 
moment frames providing in-plane restraint at the columns. The geometric extents of the project are 
approximately 547 ft. wide by 657 ft. long by 90 ft. tall. The wall façade has an approximate area of 88,940 
ft2. In the secondary system, the steel loop is the defining component for the entire geometry. It is therefore 
named by the design team as “driver tube”. At early design stages, the primary goal is to decide on the driver 
tube geometry to make sure the fabric works within its material capacity.  Figure XX shows the fabric 
stiffness and capacity. The allowable capacity of the material is obtained by applying a factor of safety of 4 to 
the minimum breaking strength of the fabric  
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Figure 1: Primary, Secondary and Skin Narrative Figure 2: Stadium Secondary System 

Narrative 

 
 

5. Feedback Loop for Design 

 
 
In the secondary system, the steel loop is the defining component for the entire geometry – the driver 
geometry. It is therefore named by the design team as “driver tube”. At early design stages, the primary goal 
is to decide on the driver tube geometry to make sure the fabric works within its material capacity.  Figure 3  
describes the fabric stiffness and capacity (reduced by a Factor of Safety of 4 under wind loading).  
 

  
 

Figure 3: Fabric Material Stiffness and Capacity 

 
The driver tube geometry determines the fabric span, which varies around the entire stadium. The undulating 
shape made it hard to describe the system as repetitive modules. It is important to create a common 
language between architects and engineer, for engineers to understand how the design impacts the 
structure, and in turn for architects, how to refine the design based on the feedback from analysis results. 
WPM call this a feedback loop between the engineer and architect. A digital workflow was set up to 
automate the transference of stress values from the structural analysis model to the common platform 
between engineer and architect of Rhino – see Figure 4. 
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Figure 4: Digital Workflow of Baking the Fabric Stress Results into Rhino Model 

 
 
The common communication language of performance versus design was set up using the graphical 
programming language Grasshopper – a plugin that runs within Rhino. After the fabric membrane was 
rationalized as mesh elements, they were analysed under the wind pressure in the analysis software, GSA. 
Grasshopper would then attain the fabric analysis result data through GSA’s application program interface 
(API) and visualize the results in Rhino. This workflow transferred the engineering data from the analysis 
software to the design software plotting it three-dimensionally. Instead of transferring numbers through excel 
or other format, the digital workflow allowed WPM to agnostically transfer stress values agnostically as a 
colour gradient embedded in the common format of a Rhino model- See Figure 4. In addition the actual 
value of the utilization ratio of eh fabric stress was embedded as an attribute in each mesh element in the 
Rhino model – see Figure 5. (Utilization is a non-dimensional measure of demand vs capacity in a structural 
element, if the utilization is less than 1 than the structural element has adequate capacity) 

 

 
 

Figure 5: Rhino Model containing Fabric Stress Result from GSA Analysis Model 

 
Colour and attribute value allowed POP to be able to massage the driver tube geometry in certain areas 
based on the Rhino model with the fabric stress results in real time by eye bases on the colour gradient of 
the stresses. The approach proved to be extremely efficient for the team to collaborate and converge on a 
solution while fulfilling the aesthetic vision from beginning of the project. Roughly 20 iterations were used to 
modify the geometry of the driver geometry so that the fabric could work within its maximum strength limit. 
Figure 6 describes hot spots where the fabric capacity is exceeded and modification is needed.  
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Figure 6  Early Stage Fabric Stress Analysis Showing the Part with Material Capacity Exceeded 

 
Figure 6 shows the fabric analysis results at the early stage and in the final design. Figure 7 shows the 
stress in the final optimized state. Figure 6 presents results filtered out for the portions with the fabric warp 
stress higher than 171 lbf/in (the material capacity in warp direction that is a utilization greater than 1). These 
areas match with the driver tube region with a longer span. After numerous design changes, the final design 
was able to have the fabric stress lower than the fabric  capacity in both windward and leeward wind 
directions (wind pressure values were obtained from a wind tunnel report from the wind consultant). 
 

 
Figure 7: Fabric Stress Analysis with Final Driver Tube Geometry Satisfying the Material Capacity 

 

As means of illustration of the design feedback loop between WPM and POP, Figure 8 shows an example of 
the two overlaid secondary steel geometries during one design iteration of the feedback loop. Differences of 
the driver tube span in certain locations can be noticed. POP   
 

 
 

Figure 8: Overlaying of Two Driver Tube Geometries during one of the Design Iterations  
(Blue – original geometry, Red – refined geometry) 
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6. Coupled Analysis and Digital Workflow Documentation 

Traditional approach for fabric enclosure engineering is to isolate  the fabric and steel behaviour. A non-
coupled approach relies on reactions from the fabric model would be applied on the steel model as point 
loads. The approach is still widely practiced due to design teams’ different specialty and capacity, or 
sometimes, the project contract’s requirement. However, neither the fabric nor the steel model would portrait 
the true behaviour of the entire system. The design will end up being rather conservative for fully fixing the 
nodes without including the correct stiffness into the system. The stiffness of the supporting structure on a 
pre-stressed skin has a significant effect.  
 

 
 

Figure 9: Design Recipe to set up GSA Analysis Model 

 
To truly understand the system’s behaviour and check secondary structure’s stability, a coupled model was 
setup. The process was done parametrically to coordinate with the project’s fast moving pace and constant 
changes on the driver tube geometry. WPM use the vocabulary of a recipe to define a bespoke digital work 
flow to accomplish a particular task. Figure 9 shows the recipe to set up an analysis model in GSA upon 
receiving the design model from the architect. The Rhino design model contains the driver tube geometry 
and mesh elements representing the fabric. The armatures (struts and rakers) were set up parametrically 
using an excel spreadsheet. The spreadsheet would be reused and modified each time based on the unique 
driver tube geometry. With the secondary structural geometry set up, all the elements can be named with an 
index, including the information for the category, discipline, material, and geometry location. The 
grasshopper would use the index as a key to categorize the elements, pairing them with appropriate section 
sizes, releases, orientation, etc. Elements with the structural information and naming index would then be 
written directly into GSA through its API. This upstream effort not only avoided the time-consuming process 
of rebuilding the models over and over, but also helped with data filtering and organization as the 
engineering analysis got more complicated. Figure 10 and 11 describe the coupled analysis model produced 
from the recipe in Figure 9. 
 

  
Figure 10: GSA Partially Coupled Analysis Model Figure 11: Secondary Steel in the Partially 

Coupled Model 
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Minnesota has a continental climate, with hot summers and cold winters. Minnesota's location in the Upper 
Midwest allows it to experience some of the widest variety of weather in the United States, with each of the 
four seasons having its own distinct characteristics (Matz, 2016). To account for the temperature difference 
between the steel installation time and any other period of the year, the design temperature loading +80, -
90°F was came up for designing the structural system – Figure 12 
 

 
Figure 12: Minneapolis Climate Chart 

 

7. Coupled Analysis Results 

One of the most unique processes performed in the engineering design for this project was coupling fabric 
and the entire secondary and primary structural system – Figure 13. This is not a common approach, and is 
not recommended for all projects due to the complexity of the numerical analysis. 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. Remember, a key design 
requirement was no thermal breaks. The driver tubes’ geometry made the secondary system behave like a 
rubber band, expanding and contracting with the temperature change. In the partially coupled model, where 
all the nodes are fully fixed to the primary structural columns, forces will 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.  

 
 

Figure 13: Digital Workflow which set up the fully coupled model in GSA 

 
 With careful considerations and scheduling, the façade and primary structural team of WPM reached a 
consensus of using digital workflow to extract the utilization ratios of the primary structure – designed by 
another WPM office - from SAP2000 model into the partially coupled model in GSA. Table 13 compares the 
partially coupled GSA model and primary structural SAP model. The fully coupled model was set up based 
on the existing partially coupled model, with all the information of the primary structural model brought in 
using Grasshopper from SAP2000. The design intent for the fully coupled model was to understand the 
secondary structural system’s behaviour under thermal loading. It was not for designing the whole structural 
system and the loading on the primary structural system was not mapped.  
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Table 13: Comparison between partially coupled GSA model and primary structural SAP model 

 
The steel loops’ deflection in the fully coupled model appeared to have a more global behaviour, where the 
deflection is not purely locked in among the corner bays. The façade system is able to breathe through 
expansions and contractions with the primary structural system deflecting together with it. The force within 
the steel loops was also reduced to a reasonable level. Figure 14 shows a comparison of the driver tube 
behaviour under the thermal swing in the fully and partially coupled model.  
 

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

(Deformation Magnification: 100) 
 
Coupling the façade and structural system not only offers higher modelling fidelity. The merits also include 
higher accuracy in the steel sizes, therefore providing the most economical design possible. As described 
earlier, the steel loop sizes would have been highly conservative if they were designed using the partially 
coupled model’s results under thermal loads. Meanwhile, considering the different models and the different 
loads applied in them, a combined DCR (Demand Capacity Ratio) check was performed on the secondary 
steel. The utilization ratio represents a quantifiable effect from a certain loading on the secondary steel. The 
spreadsheet then combined the ratios by matching the element index with certain factors for the 
corresponding load combinations. Table 15 shows the DCR from different analysis models and the combined 
ratios from Excel. In this way, the effect from the loading on the primary structural frame (e.g. the snow 
loading on the primary structural roof, wind pressure on the structural canopies, etc.) was also accounted for 
in the secondary steel’s design.  
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Table 15: Summary for Secondary Structural Steel DCR 

Note:  
 The secondary steel are sized using (Allowable Stress Design) ASD level load combinations.  
 The ASD load combinations in SAP2000 model are only to provide Demand Capacity Ratio (DCR) 

for the combined DCR check. The primary structural steel is designed at Load and Resistance 
Factor Design (LRFD) level.  

 Torsion stands for the torsional effect due to the fabric eccentricity on the driver tube.  
 Load case H(2) to L(2) represents steel DCR from the cases where one fabric panel is failed and the 

steel loop is subject to the unbalanced load from the fabric. These are the extreme circumstances 
and the DCR is intended to be smaller than 1.67, indicating the steel is not failing (yielding allowed).  

 
The final utilization ratio for each secondary steel member enveloped the DCRs from the GSA partially 
coupled model (under wind pressure), GSA fully coupled model (under thermal loading and its combination 
with wind load), SAP primary structural model (under loading applied on the primary structure), Excel with 
combined DCR covering the load combinations not modelled in the analysis models.  
 
 

 

 

Figure 16: Visualization in Rhino of Driver 
Tube with DCR<0.5 using Size 

HSS18X0.500 

Figure 17: Filtering Driver Tube with DCR<0.5 using Size 
HSS18X0.500 

 
With the enveloped DCR, the driver tubes sizes could be refined for the sizing optimization. All the driver 
tubes were initially assigned to HSS18x0.500. By processing the enveloped DCR in Grasshopper, the 
members with lower DCR can be filtered out. The members with DCR smaller than 0.5 were downsized to 
HSS18x0.375 (keeping the outer diameter constant). Figure 16 shows the portion of the members with 
DCR<0.5, which have a total length of 4976.80 ft (as shown in Figure 17). These accounted for 53.5% of the 
total length (~9303ft), equivalent to a reduction of 53.4 kips in the steel tonnage.  
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8. Summary of Coupled Model Levels 

 

 
 

Figure 18: Three Levels of Modelling with Increasing Accuracy as well as Complexity 

 

The three levels of modelling is a unique process carried out throughout the project. By using the Stage 
Analysis feature in GSA (Suite Version), groups of elements can be turned on and off for different stages, 
allowing for multiple levels of modelling in one single model. From fabric-only model to models including 
secondary system and whole structural system, higher fidelity was reached. However, the increasing 
complexity meant a slower turnaround. Regarding the various accuracies and modelling difficulties, the three 
levels of models can be summarized in Figure 18 
 

9. Conclusion 

The key conclusions can be summarized as: 
 

 Digital workflow allows for good collaboration between the engineer and architect allowing the 
engineer to provide real time performative engineering as a feedback loop allowing the architect to 
modify the design based on the structural limitations of the material. 

 Considering compatibility between enclosure, secondary steel and primary steel adds complexity to 
the analysis but gives greater accuracy 

 In this particular project, the only way to achieve the required design where thermal load was the 
main driver was to consider a fully coupled model between fabric, secondary steel and primary steel 
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