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Climate change is a designed problem that requires 
design solutions. The high turnover, refurbishment 
and replacement rates of Australia’s commercial 
office stock represents a significant and often 
overlooked component of the built environment’s 
ecological impact. An impact that continues 
throughout a building’s life cycle and one where the 
contribution made by fitout itself rises significantly 
over time. 

Workplace Plasticity explores the role that 
circularity can play in responding to the many 
environmental challenges of office fit-out churn. 
Employing a research-by-design methodology, we 
demonstrate circularity via the coupling of a robotic 
plastic extrusion technique to an encompassing 
product-as-service model.  A strategy that 
reframes material as a technical nutrient within a 
cradle-to-cradle product ecosystem. 

We demonstrate this framework through the 
materialisation of innovative, functional and 
beautiful workplace elements and furniture that 
manage emissions and waste via reutilisation. 
In adopting circularity, we address some of the 
environmental implications of fit-out churn using 
churn itself. 

In accepting consumption as the primary pre-
condition of workplace design, Workplace 
Plasticity embraces the indeterminant lifespan of 
office furnishings and highlights the positive role 
contemporary technological design practices offer 
in reshaping industry towards a more sustainable 
future.
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The Earth’s climate is changing as a consequence 
of greenhouse gas emissions (GHGe) arising 
from human activity. Increasingly volatile weather 
patterns and unprecedented natural disasters such 
as the 2019-20 Australian bushfires and the 2022 
east coast floods offer all too immediate examples 
of a ‘new’ normal shaped by yesterday’s choices and 
actions. Under the new Albanese Labor Government, 
Australia has revised its climate goals to a 43% 
reduction of our net national 2005 GHG emissions 
by 2030 while further renewing our commitment to 
achieving net-zero by 2050 (Australian Government, 
2022). However, without a clear national framework 
or specific carbon instruments, our nation’s pathway 
towards such goals remains very unclear.

The construction, refurbishment and demolition of 
buildings accounts for 39% of all global greenhouse 
gas emissions. According to the World Green 
Building Council (WGBC), decarbonising this sector 
is one of the most cost effective ways to mitigate 
the worst effects of climate breakdown (2019). 
According to the Australian Department of Climate 
Change, Energy, the Environment and Water, this 
figure drops to 25% in Australia (2016) owing to 
the extraordinary contributions of our fossil fuel 
energy, mineral resource and agriculture sectors. 
Nonetheless, transforming construction practices 
will be fundamental to realising our national targets. 
Many falsely assume that the initial construction 
of a building constitutes the vast majority of its 
environmental footprint. However, Life Cycle 
Analysis (LCA) reveals that almost half of a building’s 
emissions occur during their service life, arising 
from operational embodied energy associated 
with heating, cooling and lighting and; recurrent 
embodied energy stemming from maintenance and 
refurbishment. This is especially true for commercial 
(i.e. office) buildings when service lives of between 
30-50 years are considered (Cole and Kernan, 1996). 

In 2018-19, Australia generated 27 million tonnes of 
waste associated with construction and demolition, a 
44% share of the net national tally of which currently 
only 60% is recovered (Pickin et al., 2020). This is 
well short of the 80-90% recovery rates enjoyed 
by the UK and Germany (Kabririfar et., 2021). The 

high turnover, refurbishment and replacement of 
commercial office space is a significant and often 
overlooked component of the built environment’s 
impact. So common are such events that within 
the industry, it is colloquially referred to as churn. 
Tucker and Treloar (1994) suggest a replacement 
rate of 5.6 fit-outs over 40 years, or approximately 
one refit every 7 years. A more recent Australian 
study concluded fit-out in high rise office towers 
takes place at a rate of 46% to 71% of the total 
number of floors, over a 5 year period (Forsythe et 
al., 2015). 

Attitudes and behaviours towards fit-out churn are 
driven by many factors. The Institute for Sustainable 
Futures (ISF) suggests an intrinsic relationship 
exists to tenancy procurement, specifically leasing 
contract periods (Wilmot et al., 2014). Simply put, 
as tenants cycle, so too do fit-outs. Essentially, it is 
impractical for the incumbent to take their ceilings, 
partitions, workstations and furnishings with them, 
while the incoming tenant will consider them not fit 
for their purpose or corporate identity. Beyond lease 
cycles, other factors such as business aspiration, 
organisational change, market positioning and even 
corporate rebranding play their part. Irrespective 
of the motivation, the constant remains that fit-out 
churn results in considerable GHG emissions as 
new building materials and workplace elements are 
called upon. 

Unfortunately, the problems do not end there. The 
waste generated by the demolition of Australia’s 
existing fit-out stock is creating unsustainable 
volumes of landfill. According to one recent 
Australian study, approximately 6.3 tons of waste 
are generated for every 100m2 of fit-out (Fini et al., 
2020). A key conclusion of the ISF’s aforementioned 
report on attitudes and behaviours towards the 
material procurement of tenancy fit-outs was that 
it is far too easy and far too cheap to demolish and 
dispose of fit-out materials, elements and fixtures 
(Wilmot et al., 2014).

A pillar of recycling culture is the belief that the 
garbage truck isn’t a site of desecration but an 
arena for the renegotiation and transformation of 
value. It’s an economy on wheels that reminds us 
that waste can be commodified (Hawkins, 2006). 

WORKPLACE
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World Green Building Council (WGBC)

39% GLOBAL GHGe
BUILT ENVIRONMENT CONTRIBUTION

[Australian Department of Climate Change, Energy, the Environment and Water. 2020]

25% DOMESTIC GHGe
BUILT ENVIRONMENT CONTRIBUTION

[Australian Government. 2022]

43% GHGe REDUCTION
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Australia’s waste is broadly divided into three 
streams: Commercial and Industrial Waste; 
Construction and Demolition Waste; and Municipal 
Solid Waste. Fit-out waste itself spans many 
forms, from traditional construction materials 
such as concrete, timber, plasterboard, glass and 
aluminium to high-value elements such as fixtures 
and ergonomic furniture. Construction materials are 
generally sold for scrap while high-value items such 
as furniture are easy to salvage but more difficult 
to sell as market demand for second-hand furniture 
is low. Profitability remains a key challenge for 
recycling and recovery enterprises as there is little 
value-add in their businesses. Most problematically, 
many building products, such as acoustic surfaces, 
ceiling tiles and carbon-intensive vitrified bathroom 
tiles have nowhere to go but landfill.

The Oxford English Dictionary defines ‘economy’ as 
the careful management of available resources. To 
avoid valuable materials going to landfill, Australia 
needs to reconsider how we consume material 
resources while reimagining industrial ecologies 
premised on reutilisation. The National Waste Policy 
Action Plan (2019) aims at achieving an 80% average 
resource recovery rate from all waste streams by 
2030. In 2017, it was estimated that Australia’s office 
stock stood at approximately 25,000,000 m2 (Preston 
et al., 2017). Although speculative, it is alarming to 
forecast the magnitude of potential waste arising 
from churn using the metrics cited previously: a 
staggering 1,625,000 tons of landfill every 5-7 years! 

The National Waste Policy Action Plan represents 
an important step towards an increasingly circular 
Australian material economy that should yield a 
reduction in both GHG emissions and waste via 
shifting industry away from resource extraction. 
However, recovery goals are only one part of the 
puzzle. Without a clear understanding of where such 
materials might flow or policies that encourage their 
innovative uptake, what is preventing such materials 
from ending up in large, low-value stockpiles akin 
to woodchip? Thus, while increased Government 
funding for the recycling and recovery sector is 
needed, so too is a massive increase in funding for 
SMEs capable of upcycling this waste stream into 

culturally valuable products.
The above suggests that transformational change 
on multiple fronts is required. Designers are 
uniquely positioned to drive such change. Firstly, 
we can minimise the generation of GHG emissions 
through careful product selection and an increased 
commitment to recycled content. Secondly and more 
fundamentally, we should accept the reality of churn 
and employ circularity.

APPROX. 1,625,000 TONS
FITOUT WASTE EVERY 5-7 YEARS

[Pickin et al. 2020]

27 MILLION
TONS OF WASTE

[Fini et al. 2020]

6.3 TONS / M2
COMMERCIAL FITOUT WASTE

[Preston et al. 2017]

APPROX. 25,000,000 M2
COMMERCIAL FLOOR SPACE IN AUSTRALIA
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This project employs a research-by-design 
methodology and aims to demonstrate a circular-
approach specific to the challenges of object design 
and workplace churn. Our work is deeply informed 
by the principles and practices of cradle-to-cradle 
(C2C) design first published by Michael Braungart 
and William McDonough in 2002. Within design 
culture, C2C has served as an exemplary and 
design-specific forebear to more contemporary 
discourse related to the circular economy. C2C 
offers both rhetorical and practical guidance on the 
creation of socially and environmentally responsible 
artefacts that contest the traditions of cradle-to-
grave procurement. That is, where resources are 
extracted, shaped into products, sold, and eventually 
disposed of in a ‘grave’ of some kind, usually a 
landfill or incinerator (Braungart et al., 2009). 

To eliminate the concept of waste means to design 
things—products, packaging, and systems— with 
the understanding that waste does not exist from 
the very beginning (Ibid. 2009). To do so, C2C offers a 
biomimetic framework that assesses both products 
and their underlying production systems (Figure 
01). Specifically, C2C models human industry 
on nature’s own cyclical processes through an 
expanded understanding of materials as ‘technical’ 
nutrients circulating within continual, healthy and 
safe metabolisms. That is, if a biological nutrient 
is a material or product that is designed to return 
to the biological cycle, literally broken down by 
microorganisms and animals; a technical nutrient 
is a material or product that is designed to return 
to the industrial cycle from which it came. Waste 
becomes food (Ibid. 2009). 

C2C refocusses design culture on its own temporality 
and forces us to accept and harness the reality that 
no matter what we do, it will be gone tomorrow. 
And if not tomorrow then the week, year or decade 
thereafter. Either way, it makes little difference as 
long as the ecology of production and the objects and 
nutrients suspended within it continue to circulate.

1

2

3

4

5

6

1

2

3

4

5

6

1

2

3

4

5

6
2

Figure 01: Cradle-to-Cradle diagram 
(Image: Authors 01 + 03)

Figure 02: Workplace Plasticity C2C diagram 
(Image: Authors 01 + 03)

Our use of design as a primary mode of enquiry 
is necessary to both develop and demonstrate a 
practical example of a circular product-ecosystem. 
To do so, this project must span design, fabrication 
and reconfiguration via a product stewardship model. 
We target archetypal workplace elements that occur 
in high volume, but all too often end up in landfill: 
loose furniture such as chairs, acoustic surfaces 
(walls and ceilings), shelving and storage systems. 
Our work seeks to reveal design’s synthetic capacity 
to address industry transformation from multiple 
perspectives. Ultimately, we believe that circular-
design practices offer a practical framework 
through which to actively reshape a more efficient, 
sustainable, resilient and locally-anchored built 
environment (Figure 02).

PROJECT
METHOD
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4.1 MATERIAL CIRCULARITY

Material circularity refers to the flows of material 
within the industrial ecology that are recovered, 
reused or reconfigured. Increasing circularity 
leads to a proportionate reduction in raw material 
extraction which in turn leads to positive climate 
outcomes via a reduction of GHG emissions. Such 
benefits are only furthered once the attendant 
aspects of environmental degradation and habitat 
loss are duly considered (Figure 03). 

Damningly, the 2022 Circularity Gap Report (CGR) 
estimates that only 8.6% of materials globally are 
genuinely circular. And, while global consumption 
has reached 100 billion tonnes annually, 90% 
is wasted (Van Veldhoven et al., 2022). Beyond 
wastefulness, the CGR suggests that 70% of global 
emissions stem from resource use and handling 
and that if the global economy were to shift away 
from a linear system and toward increasingly 
circular forms, global GHG emissions could drop by 
as much as 39%. This outlook is largely shared by a 
study that explored the economic and environmental 
opportunities South Australia (SA) could attain 
through adopting circularity. The report concluded 
SA could attain a 27% reduction in emissions and 
generate some 25,700 jobs by 2030 alone (Lifecycles, 
2017). 

4.2 PLASTIC

Plastic is a cheap, lightweight, versatile and incredibly 
useful material. It is also an environmental dilemma. 
Global plastic consumption has grown exponentially 
in recent decades with no sign of abating. Australia 
consumes 3.4 mega tons of plastics and recycles 
only 12% of end-of-life plastics. 

Previously, just over 60% of what is recovered was 
exported, earning $43M in 2018, but exports for 
mixed plastics were banned in 2021 and in 2022 a 
ban on export of unprocessed single type plastics 
was introduced. To process what was previously 
exported, Australia must increase its recycling 
capacity by around 150% (CSIRO, 2021). While the 
challenge before Australia is immense, so too is the 

opportunity. If Australia can increase its recycling 
rate by only 5%, this would add an estimated $1 
billion to Australia’s GDP (Pickin et al., 2018). 

Plastic packaging constitutes around 32% of overall 
plastics consumption in Australia (O’Farrell, 2019). 
A study on packaging waste for 2017–18 found 
Australia generated 907,401 tonnes of plastic 
packaging waste. Of this, only 32% was recovered, 
which was much lower than recovery rates for other 
packaging materials; glass (50%), paper (72%) and 
metal (54%) (Madden et al., 2019). Polyethylene 
Terephthalate (PET) and High-Density Polyethylene 
(HDPE) are considered high value plastics and 
unsurprisingly their recovery rates are highest: PET 
at 21% and HDPE at 15%. PET is predominantly 
used for clear food containers and drink bottles 
while HDPE is commonly found in opaque domestic 
containers (milk, cleaning products, etc.) and piping 
(plumbing and electrical). PET and HDPE are the 
only forms of plastic we recycle domestically. 

4.3 POLYETHYLENE TEREPHTHALATE (PET)

PET is a thermoplastic and was first synthesised by 
DuPont (USA) in the mid-1940s. PET resin can be 
spun into fibre or moulded and solidified into specific 
forms. Today’s ubiquitous PET bottle employs a 
blow-stretch moulding technique that was first 
patented in 1973. PET is certified food safe as it 
does not contain bisphenol-A (BPA) or phthalates 
(plasticizers), it is resistant to microorganisms and 
does not biodegrade. These attributes in concert 
with its strength, fatigue resistance and low weight 
has resulted in its prodigious adoption by the food 
packaging industry.

PET is the most recycled form of plastic globally. A 
fact also true for Australia. Recycled PET exists in 
two forms: crystalline and amorphous. Amorphous 
PET is often pelletised and is typically obtained 
by recycling used PET bottles, through a series of 
processes that include sorting, washing, melting 
and extrusion. 

CIRCULARITY
MATERIAL

Figure 03: Plastic wastescape (Photo: Mohamed Abdulraheem // Shutterstock.com)
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Polyethylene Terephthalate Glycol (PETG) is a 
variant of PET. The inclusion of glycol  enhances 
optical clarity, durability, strength, impact resistance 
and PET’s ability to withstand higher temperatures. 
Accordingly, PETG is commonly used in medical 
grade applications, drink containers, food packaging 
and electrical insulation. Most importantly to the 
work offered here, the addition of glycol helps 
overcome several key barriers to printing parts with 
PET, those being, increased adhesion between print 
layers (beads) and part brittleness (Figure 04). 

During the course of our project work, we have 
experienced challenges to accessing amorphous 
PETG recyclates. It appears current industrial 
practices are focused on crystalline PET. We note 
that such barriers appear less evident overseas 
and are perhaps a reflection of the nascent status 
of recycling practices in Australia or a lack of SMEs 
requiring PETG. Given the complete ban on plastic 
exportation from 2022, we hope that such barriers 
may in time dissolve and that research such as 
Workplace Plasticity might awaken industry to the 
expanded potentials of their recyclates business. 
These supply issues have impacted our work to the 
extent that our prototypes utilise a mix of raw and in-
house recycled PETG. In short, we have been forced 
to initially produce virgin objects before we are able 
to reclaim and reconfigure them. 

According to the CSIRO’s Circular economy roadmap 
for plastics, glass, paper and tyres (2021), Australia is 
missing out on an estimated $419 million of value per 
annum from the recovery of PET and HDPE plastics. 
Importantly, value loss here refers to not only lost 
resource potential but also to a loss of potential new 
jobs that would accompany the emergence of new 
recycling enterprises. This lost opportunity has been 
observed by Access Economics (2009) who suggest 
around 9.2 jobs are created for every 10,000 tons of 
waste recycled versus only 2.3 when the equivalent 
material ends up in landfill. 

Workplace Plasticity suggests the potential 
economic, ecological and cultural value of PETG 
could indeed be much larger. The construction 
sector represents 9% of Australia’s GDP and employs 

roughly the same proportion of people. Participation 
in the larger economy could potentially catalyse 
further economic and employment opportunities 
spanning sectors well beyond the scope of current 
recovery and recycling enterprises. Those domains 
could include design, engineering, construction, 
sales, manufacture, supply and installation.  

4.4 LOCALISATION: EQUITY, SUSTAINABILITY 
AND RESILIENCE

66% of Australia’s plastics originate from overseas, 
generally embedded in objects most likely produced 
more cheaply than possible here. From 2022, the 
exportation of all plastic waste will be banned. Until 
now, Australians have remained largely unaware of 
where exactly their waste ends up. Out of sight has 
indeed proved out of mind however all that is about 
to change. As C2C teaches, we can only begin to 
make human systems and industries fitting when we 
recognise that all sustainability (just like politics) is 
local. We connect them to local material and energy 
flows, and to local customs, needs, and tastes, from 
the level of the molecule to the level of the region 
itself (Braungart and McDonough, 2002). 

Co-locating material recovery and reconfiguration 
within a productive and localised ecology offers 
considerable benefit. An ethos that lies at the core 
of recycling culture and C2C alike. Principally, 
colocation results in a more ethical relationship 
to the throughputs of our consumerism and the 
communities they touch. Commercially, localisation 
fosters the creation of new resource streams, 
enterprises and skill hubs. Knowledge centres that 
not only employ directly but underwrite the potential 
to spin off multiple unexpected businesses and 
industries, such as this project. Finally, localisation 
also enhances resilience to unforeseen events as 
infrastructure and labour remain in place. The 
ongoing health and geopolitical events of 2020-
2022 serve as clear examples of the catastrophic 
pressures external events are capable of exerting 
on our fragile logistical supply chains.

CIRCULARITY
MATERIAL

Figure 04d: Recycled PETG extruded object sample (Washed and dried)
(Photo: Author 02)

Figure 04b: PETG extruded object sample 
(Photo: Author 02)

Figure 04c: Regrind PETG pellets (Unwashed and dried)
(Photo: Author 01)

Figure 04a: Raw PETG pellets 
(Photo: Author 01)
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5.1 ROBOTIC ADDITIVE MANUFACTURE:  
PRIOR ART

This project contributes to a growing community 
of designers and researchers exploring additive 
manufacturing techniques in concert with robotics. 
The Association for Robots in Architecture has been 
a central pillar of this community (Sigrid Brell-
Cokcan & Braumann. 2010). Additive manufacture 
is commonly defined as the precise placement of 
a phase change material—e.g. thermoplastics, 
clay, concrete—in layers in accordance with a 
digital design. Current research in the field is 
predominantly focused on scaling-up the promise 
of commercial desktop 3D printing technologies 
and applications with a view to bringing them to 
the construction site. A key attribute of additive 
manufacture is the deposition of material only when 
and where it is required. This differs greatly from 
traditional processes which operate predominantly 
via a paradigm of waste; where pieces of material 
are removed from a larger but more generic stock 
until the desired shape or form remains (Pye, 1976). 

Contour Crafting represents one of the earliest 
attempts at large format and formwork-free robotic 
concrete printing (Khoshnevis et al., 2006) while the 
ETH’s Gramazio Kohler Research Group has been 
a consistent, innovative and significant proponent 
of robotics and additive manufacturing more 
broadly. Key contributions include: Mesh Mould 
(Hack et al., 2014) that initially explored the use 
of plastic extrusion techniques to create complex 
concrete formwork; Iridescent Print (Helm et al., 
2015), a technique for the automated production 
of large lightweight structures; Ultra-thin 3D 
printed formwork (Gebhard et al., 2022), which 
explores the use of plastic extrusion techniques 
to efficiently fabricate complexly shaped concrete 
beams. Domestically, David Pigram (University 
of Technology Sydney) and Roland Snooks (Royal 
Melbourne Institute of Technology) have long 
demonstrated academic and creative engagement in 
the use of robotics in design and fabrication. Today, 
few universities in Australia remain that do not offer 
students of design, architecture or construction an 
opportunity to explore robotic fabrication techniques 
in their chosen discipline.

Robotic additive manufacturing is also no longer the 
pipe-dream of academic researchers. Every year, 
the number of commercial applications continues 
to rise with enterprises such as Branch Technology 
(USA), FibR Gmbh (Germany) and Nagami (UK) 
offering products, systems and build services 
while others such as UK-based AI-Build, now offer 
dedicated robot printing toolpathing solutions to 
startups and SMEs alike.

5.2 DESIGNING OBJECTS FOR ROBOTICALLY 
EXTRUDED THERMOPLASTICS 

The Workplace Plasticity product catalogue (Section 
7.0) demonstrates a coherent and consistent formal 
response across a suite of functionally differentiated 
objects. Each object negotiates its utility while 
celebrating the aesthetic and technical constraints 
of an evolving material and fabrication process. A 
limitation of our fabrication method to date is the 
inability to continuously and synchronously stop and 
start the extrusion process mid-build. While this is 
an obvious area for future work, we nevertheless see 
much formal potential in the continuous extrusion 
path and tube-esque object vocabulary entailed 
(Figure 05). We suggest our designs celebrate 
the possibilities of such constraints, wherein, 
articulation and modulation are undertaken in order 
to enhance each object’s performance. In some 
instances, frequent and intense curvature changes 
are made to diffuse sound, enhance stiffness 
or increase spanning capacity, while in others, 
geometric changes are slowed in order to afford 
greater transparency, permit flex, or even allow for 
shape deformation in the service of user comfort.

5.3 DIGITAL DESIGN: PARAMETRIC MODELLING 
AND TOOL PATHING 

Our design pipeline incorporates advanced 
parametric surface modelling using two powerful 
industry software: Creo and Rhino3D. The use of 
multiple 3D modelling environments is a natural 
extension of our interdisciplinary team and their 
individual expertise and preferences. Ultimately, 
both platforms permit the description of associative 
surface models capable of change in response to 
aesthetic, performance and fabrication feedback. 

CIRCULARITY
FABRICATION

Figure 05: Tube morphologies 
(Image: Author 01)
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The use of flexible digital models is very important 
to many of the forms presented here as offsets, 
corrugation intervals and radii are indexed to each 
element’s overall dimensions and the bead width 
of the extrusion nozzle intended to fabricate it. 
That is, altering the overall dimensions of an object 
or swapping out the extrusion nozzle for another 
size will result in geometric change across all 
parameters (Figure 06).

Irrespective of which software is used to create the 
fabrication surface, all toolpathing is undertaken 
by a custom Rhino3D Grasshopper definition. 
Toolpathing itself is conceptually straightforward 
and requires the description of a single spiral-path 
of tool planes (TCPs) extrapolated from contour 
intervals indexed to the bead height of the selected 
extrusion nozzle. Pose simulation of our robot 
within Rhino3D is streamlined by the adoption of 
the Robots plugin (Soler, 2016) however owing to 
program output limitations, we ultimately send 
instruction code to the robot via a suite of custom 
python script routines that sandwich RoboDK, an 
offline programming software for industrial robot 
control. Given the known nature of the work and 
fabrication processes, pose simulation in both 
contexts is rather superfluous, albeit useful for 
error trapping, teaching purposes and stakeholder 
engagement (Figure 07).

Robotic extrusion processes notoriously generate 
large robot programs resulting from the vast 
number of motion waypoints required. For us, this 
dilemma was compounded by our cobot-style robot 
(refer 5.4) which is unable to process even moderate 
program sizes (>20,000 waypoints). Drip feeding 
larger job files is also complicated by a hand-shake 
communication protocol when sending external 
scripts via ethernet to our robot controller directly. 
The latter results in a start-stop motion between 
waypoints which is far from ideal for extrusion 
applications. To overcome these limitations, we 
focused on tool path optimisation, specifically, 
eliminating waypoints within designated deviation 
thresholds. As a result, the size of fabrication-viable 
objects increased dramatically while program load 
and production times dropped. If truth be told, 

we wasted a lot of time trying to solve hard robot 
communication problems (for designers) when we 
should have been asking easier questions: how best 
to use those 20,000 waypoints!

5.4 ROBOTIC FABRICATION WORKCELL

Our robotic workcell consists of three key 
components (Figure 09):

5.4.1 UR10e Robotic Manipulator

The UR10e is a collaborative-style robot (cobot) 
with a maximum payload of 12.5 kg and a reach of 
1300mm. Collaborative robots are essentially plug-
and-play and despite severe torque limitations on 
their joints (a key safety feature) continue to prove 
capable of modest fabrication applications such as 
extruding, lightweight pick and place, hot wire cutting 
and hot carving. Six-axis robotic arms have changed 
little ‘mechanically’ since they first appeared on the 
General Motors production line some 60 years ago. 
It is the uptake and engagement with programming 
by computationally-literate designers that is driving 
their contemporary adoption in design.

5.4.2 End effector: Bespoke single-screw 
thermoplastic barrel extruder 

Designed and machined in-house, our extruder 
makes use of a proprietary pellet screw driven by a 
24 NEMA closed loop stepper motor coupled to a 20:1 
reduction gearbox (Figure 08). The barrel features 3 
independently controllable clamp-on band heaters. 
Temperature and extrusion rates are metered and 
controlled independently via an external head unit 
located adjacent to our robot control pendant. 

Temperature control and specification of the pellet 
screw are important to ensure consistent extrusion 
outcomes exhibiting optical clarity. The minimisation 
of air bubbles is dependent on such factors in 
concert with the appropriate handling and storage 
of the raw PETG material, which suffers from very 
high hygroscopicity.

CIRCULARITY
FABRICATION

Figure 07: Robotic Toolpath Simulation 
(Image: Author 01)

Figure 06: Creo parametric CAD model 
(Image: Author 02)
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5.4.3 Custom heated build-bed

Our heated build-bed consists of a single piece 
of 10mm toughened glass salvaged from landfill, 
backed by two individually metered and controllable 
400mm x 400mm 600W silicon heating mats 
running at 220V. This arrangement has proven 
more than capable of heating and maintaining the 
glass plate at a desired 80 degrees celsius. We 
have also experimented with interchangeable  3mm 
aluminium build plates for high volume repetitive 
job runs. 

The use of a heated build-bed is typical in plastic 
printing and extruding applications. They serve two 
principal purposes; ensure parts remain in contact 
with the build bed and to reduce part warpage. 
Both aspects result from stresses within the 
extrusion layers as they cool differentially. Without 
a heated build-bed, it is not possible to fabricate 
parts consistently at the scale presented here.  
Maintaining consistent build-bed temperature is key. 
If the temperature drops below 75 degrees celsius, 
parts will separate from the bed during fabrication 
leading to extremely undesirable distortions. 
Similarly, should the build-bed exceed 85 degrees 
celsius, parts will exhibit ‘elephant footing’ as they 
compress under self-weight. 

5.5 HYPER-LOCALISED AND MOBILE 
MANUFACTURING

The future of manufacturing is distributed, hyper-
local and mobile. We have observed the ecological 
footprint of a product’s life spans four key phases: 
Initial embodied energy, operational embodied 
energy, recurrent embodied energy and demolition. 
Within this chain, transport often occurs between 
each step and frequently at a global scale. The 
more industrially refined a product is, more often 
than not the greater transport’s share is likely to 
be. Workplace Plasticity attempts to reduce the 
transportation of objects through digital design 
and fabrication practices: ship the idea, not the 
product! Where the idea is expressed in the form 
of CAD models and robot instruction code and the 
production occurs locally using CNC and robotics in 
an increasingly agile or on-demand manner.

Figure 09: Robotic workcell 
(Photo: Nick Burrows)

Figure 08: Bespoke PETG extruder 
(Photo: Nick Burrows)
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6.1 PRODUCT STEWARDSHIP VERSUS 
OWNERSHIP

Circularity radically reimagines object culture. 
Objects can no longer be viewed as one-off 
consumables, bought, owned and disposed of, but 
as products-of-service (Braungart & McDonough, 
2009). This novel matter-object relationship 
suggests an object’s form is merely a temporal yet 
functional reservoir of material that continues to 
accrue value -- cultural and economic -- through 
successive acts of reconfiguration.

We suggest a characteristic of current recycling 
enterprises is the lack of value-add. The same holds 
true for product suppliers as few remain engaged 
beyond the point-of-sale. They are linear economies. 
In contrast, circularity creates ongoing economic 
opportunity. The concept of product stewardship is 
nominated in the 2019 National Waste Policy Action 
Plan as a tool to manage waste. Stewardship schemes 
oblige manufacturers to take responsibility for the 
entire lifecycle of their products generally via take-
back mechanisms. E-Waste resulting from batteries 
and high-turnover electronic devices (computers, 
phones, tablets, etc) in particular are areas where 
stewardship is being actively explored by policy 
makers. In Europe, automakers are legislated to 
take back their vehicles at end-of-life. Such policies 
ensure increased recovery, reuse and recycling. 
In Germany for example, vehicle recovery rates 
exceed more than 90%. Far from punitive, they also 
create new economic opportunities. Moreover, they 
encourage end-of-life processing to be considered 
at the point of design: design-for-disassembly.

A relevant product stewardship example within 
the commercial fit-out industry is carpet tiles 
where several international brands offer such 
programmes. Here, consumers essentially rent 
the product while maintenance (repair and/or 
replacement) and end-of-use recovery are built into 
the stewardship model. Workplace Plasticity adopts 
such an approach whereby at end-of-life, be that as 
a result of damage, lease expiry or other, WP objects 
are recovered, ground-up, and re-manufactured into 
new, high-value objects (Figure 10). 
Although similar, Workplace Plasticity differs from 

traditional recovery enterprises that predominantly 
produce low-value material stockpiles as well 
as prevailing product stewardship schemes as 
they generally  consider the recovered and the 
reconfigured as one and the same product, say 
carpet tiles. Here, reconfiguration can take multiple 
forms across a potentially vast catalogue of 
functional objects.

6.2 MONO-MATERIALISM 

A typical barrier to reconfiguration is the so-called 
intractability of designed objects. Intractability refers 
to the inability to disassemble an object due to its 
composition. A common example given is the keep-
cup made from a composite of biological-resins and 
organic matter such as coffee grinds. Individually, 
each material is compostable or biodegradable, 
however, once combined these once inert materials 
become inseparable in a lifeform that cannot break 
down. 

European automakers have long been involved in 
take-back programs and as a result, modularity and 
design-for-disassembly have become pillars of their 
industry. Avoiding intractability is key to the efficiency 
and profitability of their recovery operations. To that 
end, the diversity of material types, -- predominantly 
plastics and metals -- is restricted while detailing 
simplifies disassembly. 

In contrast to the culture of parts that typifies 
most workplace objects and furnishing, Workplace 
Plasticity offers an alternate model. We suggest that 
form, ornamentation and detailing can be negotiated 
through a single material processing technique. This 
mono-material approach is expressive, practical 
and performative and most importantly, entirely 
eliminates issues of intractability and resolves 
disassembly as a barrier to reconfiguration. 

CIRCULARITY
PRODUCT

Figure 10: Recovery and reconfiguration 
(Photo: Nick Burrows)
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Figure 11: Visualisation of acoustic wall system 
(Image: Author 01)
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Figure 13: Fabricating an acoustic wall module 
(Photo: Nick Burrows)

Figure 12: Acoustic wall module toolpathing 
(Image: Author 01)
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Figure 14: Visualisation of modular suspended shelving system
(Image: Author 02)
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Figure 16: Fabricated shelving module 
(Photo: Author 02)

Figure 15: Modular shelving system toolpathing 
(Image: Author 01)
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Figure 17: Fabricated shelving modules A + B
(Image: Author 02)
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Figure 18: Discarded Marcel Breuer B32 chair 
(Photo: Nick Burrows)

Figure 19: Marcel Breuer B32 chair digitally remastered 
(Photo: Nick Burrows)
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8.1 FUTURE WORK

Workplace Plasticity is concerned with industry 
transformation via the adoption of circular modes 
of practice. Fundamental to operating towards 
that objective has been an equal focus on two 
distinct design tasks; firstly, the ground-up design 
of a technical production ecology, and secondly, the 
design of exciting yet functional workplace elements 
and furnishings that leverage that system. 

From a material perspective, we have already 
observed industry barriers to sourcing PETG 
recyclates. The initial aspiration of this project was 
to tap into existing industrial recycling streams. 
Recycling PETG for extrusion applications offered 
here would require a degree of infrastructure 
beyond that we possess. At present we do not have 
a practical and scalable method for washing and 
drying the resulting grind of reclaimed objects. 
Drying in particular is critical in order to overcome 
the hygroscopic nature of PETG which without 
attention will result in significant air bubbling and 
undesirable visual outcomes. Although commercial 
systems are available, they remain beyond our 
current financial capacity. 

From a technical perspective, several shortcomings 
of our current fabrication approach present obvious 
areas for development. Firstly, we do not currently 
make use of a programmable logic controller (PLC) 
or similar to calibrate extrusion speeds in real time 
to the speed of the robot. Instead, we manually 
calibrate these variables via short test prints of 
equivalent geometric conditions. For the most 
part this has proven sufficient however for highly 
intricate or articulated parts, the ability to slow 
extrusion rates would contribute to objects with 
enhanced shape control and visual quality. Secondly, 
we do not possess the ability to continuously and 
synchronously stop and start the extrusion process. 
As a result, we generally constrain ourselves to 
objects that express a single toolpath logic or what 
more commonly could be typified as tube-like 
forms. Addressing these shortcomings collectively 
would open up new object shape possibilities and 
production efficiencies. 

From an object design perspective, we are keen to 
expand the nature and complexity of object types 
that our prototype catalogue currently nominates. 
We are currently developing several table designs 
(coffee and meeting), suspended luminaires 
(pendant and batten) and an acoustic meeting pod. 
These objects and those presented here will be 
exhibited in Canberra in early 2023.

To date, our work offers a possible sketch model 
of what a highly localised and circular product 
approach might look like. In order to scale and apply 
our technical methods, we will require industry 
partners and support. Principally, we would like 
to engage with an Australian plastic recycling 
enterprise. Our work already demonstrates the 
viability of reconfiguration within a circular paradigm 
and establishing an industrial material pipeline 
seems attainable. Secondly, we seek a partner on 
the product distribution side willing to explore the 
commercial dimensions of a product stewardship 
scheme that enfolds design and production. 

8.2 CONCLUSION 

Through an interdisciplinary and design-led 
approach, Workplace Plasticity demonstrates 
the potential circularity can play in responding to 
the often overlooked environmental impacts of 
workplace churn. In combining design, material and 
production, we offer a consolidated, albeit nascent 
approach to the production of unique, beautiful and 
highly functional workplace objects and elements 
that reduce emissions and waste in multiple ways. 
In leveraging the principles of cradle-to-cradle 
design, our work highlights the benefit circular 
design approaches can offer in not only reducing 
the footprint of our products but also towards the 
creation of value-add opportunities within Australia’s 
recycling, recovery and construction economies. 
While not ubiquitous, the robotic fabrication 
technology presented is neither exclusionary nor 
beyond the capabilities of existing local industry. 
Finally and perhaps most significantly, we suggest 
that Workplace Plasticity affirms the central and 
positive role designers can play in the reshaping 
of a more efficient, local, resilient and sustainable 
future.
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The high turnover of Australia’s commercial office 
space represents an often overlooked component of 
the built environment’s ecological footprint. Drawing 
upon circular-design strategies, Workplace Plasticity 
offers an approach to the design and fabrication 
of common workplace elements using recyclable 
Polyethylene Terephthalate Glycol (PETG) plastic. 

Through the materialisation of innovative and 
functional prototypes, we demonstrate a design-
fabrication-ecology that responds to the specific 
environmental challenges of office fit-out churn, 
manages embodied carbon and significantly reduces 
waste via the reutilisation of technical nutrients (i.e. 
recyclable material). 

Our research suggests that circularity offers designers 
a transformative lens through which to embrace and 
harness the indeterminant lifespan of workplace 
furnishings whilst championing a materially-
responsible future.
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