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How can distributed manufacturing and the innate 
intelligence of everyday materials be aligned to transform our 
built environments? How can increasingly accessible open-
source communi� es and aff ordable digital manufacturing 
tools help facilitate such a change [and fast!]? 

This paper posits that while accessible digital manufacturing 
technologies already allow consumers to become prosumers, 
albeit rarely taking prosump� on beyond the scale and 
complexity of a tea cup or small toy, a powerful, poten� ally 
game-changing avenue for the discipline exists in the 
prosump� on of high-performance building products or 
assemblies by the everyday ci� zen designer or ci� zen builder. 
The upcycling of embedded intelligence holds the poten� al 
to immediately impact how we prac� ce and teach, but 
also how we collec� vely frame the role and agency of the 
architect in twenty-fi rst century open-source economies. 

The author demonstrated how such an upcycling of 
embedded intelligence could occur in terms of architectural 
purpose, process, and results/impact through an exhibi� on 
of a series of architectural drawings at the Fall 2019 ACSA 
conference. The design-as-scholarship projects that were 
exhibited – two private residences designed by the author’s 
fi rm – both u� lize a wood-based wall system � tled a Timber 
SmartWall that uses open-source cut fi les for manufacture. 
The author also introduces the Radford Train Observa� on 
tower by Virginia Tech faculty and students as a case study for 
the distributed manufacturing of advanced biomaterials, the 
team having produced their own high-performance building 
material, hardwood CLT, from local wood. From schema� c 
design to fi nished building, both projects illustrate in separate 
ways how the innate intelligence of everyday materials can 
be u� lized in an open-source, distributed manner.  

INTRODUCTION
Upcycling is a term oft en used to describe creati ve reuse, 
parti cularly when the transformati on of an enti ty into an 
enti ty of higher social or economic value involves enhancing 
its environmental value as well. The “upcycling of embedded 
intelligence” in the context of this paper is intended to 
describe how expert-level design knowledge can be opti mized 
and packaged for the widespread amateur producti on of 
high-performance building products through open-source 
networks and accessible digital tools. In this context, not only 
are everyday materials upcycled into more valuable products, 
but expert knowledge, or ideas, are also upcycled, meaning 
that their social and economic value is enhanced when they 
are made available for the general public to uti lize; even if 
the general public does not understand the nuances and 
complexity of the higher-order idea/knowledge. 

The power of upcycling embedded intelligence is evident 
when, at a grassroots level, the everyday citi zen designer 
or citi zen builder can download open-source, higher-order 
knowledge that is packaged for lower-order use and can 
create meaningful products from this packaged material. 
With the right oversight, this form of prosumpti on, or self-
manufacture, by the everyday citi zen can lead to a distributed, 
mass producti on of building products that enhance the built 
environment through the way they perform. Such a distributed, 
grass-roots applicati on of higher-order thinking can create 
large scale change in a bott om-up manner, a signifi cant benefi t 
of open-source systems.  

This paper focuses on the innate intelligence of one everyday 
material, wood, and through two projects, a Timber SmartWall 
system and a design-build train tower in Virginia, both led by 
the author, explores how open-source digital technologies 
and distributed manufacturing may positi vely and negati vely 
impact its architectural uti lizati on. While open-source 
digital technologies such as open-source machining data 
hold the potenti al to increase the disseminati on of high-
level performance informati on for non-expert producti on 
by the everyday citi zen-builder, open-source technologies 
also hold legal and procedural risks via easily accessible 
data. Additi onally, the distributed manufacturing of high-
performance wood-based building products also has clear 
advantages and disadvantages. By increasing the amount of 
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producti on faciliti es for high-performance wood products 
through distributed manufacturing, a positi ve increase could 
occur in the amount of wood used for constructi on due an 
increase in the available locati ons to manufacture products 
and a potenti al decrease in cost per product. On the other 
hand, by creati ng distributed manufacturing networks for 
wood-based building products, quality control becomes a 
primary concern with signifi cant legal and safety implicati ons. 

The following paragraphs introduce the benefi ts of, and 
limitati ons to, open-source knowledge and distributed 
manufacturing while also illustrating through the 
aforementi oned projects how such an upcycling of embedded 
intelligence could occur. [This paper is supplemented by 
images of the Timber SmartWall exhibit at the 2019 ACSA Fall 
conference at Stanford University.]

TOWARDS AND OPEN-SOURCE ARCHITECTURE: 
FROM CITIZEN-CENTERED DESIGN TO OPEN-SOURCE 
DESIGN
Citi zen-centered design is but one of many societal ideas that 
gained a new-found relevance for architects following the 
advent of the “fi rst digital age” (Oxman 2016). Foundati onal 
concepts underlying citi zen-centered design are inti mately 
related to citi zen-centered policy in that peer-to-peer sharing 
and the transparency of informati on is believed to deliver 
services in a more cost-eff ecti ve way with bett er societal 
results. Such transparent, peer-to-peer systems ideally 
allow for rapid, iterati ve improvements and benefi t from the 
intelligence of the collecti ve. These paradigms and societal 
approaches to design stem from research related to societal 
parti cipati on phenomena studied at the turn of the twenti eth 
century and are conceptually framed and arti culated in the 
seminal book “Rise of the Citi zen Practi ti oner: A Phronesis-
Based Approach to Citi zen Engagement and Social Policy” 
by Dr. Basil Schaban-Maurer (Schaban-Maurer 2013). Open-
source design technologies as discussed in contemporary 
architectural practi ce are anchored on the concepts of 
citi zen-centered design research, sharing the terminology and 
ideologies most directly with the fi elds of industrial design and 
design-specifi c consultancies such as IDEO. 

In “Open Source Architecture” by Carlo Ratti   and Matt hew 
Claudel, the authors provide perhaps the most explorati ve 
framework for open-source technologies in contemporary 
architectural practi ce yet published at the ti me of this writi ng 
(Claudel and Ratti   2015). Following the solicitati on of Ratti   by 
Domus Magazine in 2011 for an editorial and issue focused 
on open-source design, the book “Open Source Architecture” 
was developed in a peer-to-peer manner – along with various 
digital resources - in a similarly free manner to the shareable, 
exchangeable architectural material that the book makes 
the case for in today’s digitally-saturated society. As multi ple 
chapters in the book illustrate, open-source technologies 
such as the Linux operati ng system can lead to excepti onally 

effi  cient and impactf ul outcomes due to what Richard Sennett  
calls “public craft ,” or a prime form of collecti ve intelligence 
through mass edits (Claudel and Ratti   2015, 65). Yet, such 
open-source technologies or open systems like Linux are 
naturally predisposed to certain types problems due to their 
structuring. These problems may include, but are not limited to 
the following: (1) damaging alterati ons to code/infrastructure 
by rogue enti ti es/organizati ons due to the accessibility of 
informati on – this being parti cularly worrisome for open-
source architecture with biomaterials as will be presented 
in the following secti on; (2) the lack of oversight control in 
certain situati ons of importance – top-down oversight being 
an effi  cient means of protecti on but directly opposed to the 
‘open’ mentality; and (3) the ‘live’ nature of the informati on 
generally, or in other words, the real possibility that the open-
source technology is developed in a directi on by the collecti ve 
that is ulti mately not the opti mum way forward. Considering 
that such risks exist and are inherent to the type of peer-to-
peer technology being discussed, how can one capitalize on 
successful aspects open-source technologies in architecture 
in a Linux-type fashion while miti gati ng the inherent problems 
of such open models?

Figure 1: Exhibit Board 1. Stanford Exhibiti on, Fall 2019 
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Figure 2:  Exhibit Board 2. Stanford Exhibiti on, Fall 2019 
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NON-EXPERT PRODUCTION IN PRACTICE
“The central issue with the current mode of neoliberal 
producti on is that it is at once too narrow in its sancti oned 
scope and impercepti bly large in its unconsidered ecological 
eff ects. The consti tuti ve materials and energy fl ows att ached 
to building are so large, and of such confounding complexity, 
that few architects comprehend or act on them, nor are they 
trained to do so,” states Jacob Mans in his arti cle “Scaling 
for Non-expert Producti on” (Mans 2017, 82). The writi ng 
appropriately questi ons the tangible societal impact of the 
architect, the relevant scales of architectural design, and the 
role of non-expert forms of feedback in an age of “wicked 
problems,” namely human-induced climate change (Boyer 
and Cook 2013, 142). Mans conti nues by stati ng, “to operate 
at appropriate scales of building requires a post-professional, 
non-expert dispositi on. In short, a building can no longer be 
the sole scale of response to the questi on of building” (Mans 
2017, 82). This is demonstrated by Mans through the design 
and producti on of the Litt leton Trials, a series of wooden huts 
built in the U.S. state of Massachusett s. The arti cle effi  ciently 
questi ons how architects can best respond to the global 
challenges that society faces in a top-down neoliberal global 
society. While Mans does not directly state the similarity 
between his positi ons and the core concepts underlying 
the open-source movement, Mans proposes a practi ce of 
architecture that “repositi ons the architect as a non-expert” 
so as to more eff ecti vely collaborate with other disciplines to 
solve larger, more diverse questi ons about architecture at an 
environmental scale than the architect could do alone. 

TIMBER SMARTWALL
In alignment with Mans’ non-expert perspective on 
architectural practi ce, the author of this arti cle launched 
a design project in June 2018 in an att empt to miti gate 
numerous negati ve impacts of the oft en poorly designed 
American housing stock. Termed the Timber SmartWall, the 
project att empts to maximize the hygrothermal benefi ts of 
wood as a means to reduce residenti al energy usage, improve 
indoor comfort levels, and also provide mental health benefi ts 
to inhabitants. The premise of the project is as follows: 
(1) the U.S. housing stock generally exhibits poor thermal 
performance and oft en employs the use of carbon-intensive 
gypsum board as interior ceiling and wall sheathing; (2) wood 
naturally stores heat energy via the water that is absorbed 
by the hygroscopic material and this stored heat energy can 
be used producti vely; and (3) the calibrated manipulati on of 
wood can increase the producti ve hygrothermal benefi ts of 
the material and assist in the moderati on of indoor comfort 
levels through the re-release of energy stored as heat in 
moisture. By replacing carbon-intensive gypsum board with an 
enhanced wood-panel system, less energy is needed to heat 
the home due to wood’s hygrothermal benefi ts, less carbon-
intensive gypsum is needed per house, and indoor comfort 
levels can be improved due to wood’s natural hygroscopic and 
biophilic properti es. Research by Treteknisk, the Norwegian 

Insti tute of Wood Technology, and the collaborati ve European 
Wood2New project underpins this design work (Nore 2015). 

The author’s exhibit at the 2019 ACSA Fall Conference at 
Stanford University illustrated how the SmartWall could 
be integrated into two ongoing residenti al design projects 
by the author’s fi rm. The exhibit introduced the reader 
to foundational concepts relating to the SmartWall’s 
hygrothermal performance and then graphically illustrated 
how the SmartWall’s applicati on could be both performati ve 
and aestheti cally engaging. 

The Timber SmartWall project clearly separates itself from 
past research through its explorati on of potenti al avenues 
for large scale fabricati on and its aestheti c strategies for the 
pubic adopti on of both wall and ceiling elements. Unlike the 
studies by the Wood2New project, the Timber SmartWall 
system focuses on how to combine performance-enhancing 
manipulati ons to wood with att racti ve aestheti cs to increase 
the public demand for such a product. The SmartWall product 
would be opti mally placed near areas of the home that contain 
higher than average moisture levels, thereby providing a 
greater possibility of latent heat sorpti on. These areas include 
kitchens, parti cularly on the walls and ceilings surrounding 
stove tops, the dishwasher, and sink, as well as bathroom 
areas. Treteknisk’s research on the hygrothermal potenti al 
of bathroom spaces showed a relati vely signifi cant nati onal 
energy reducti on in Norway if the common Norwegian 
home had even a basic uncoated wooden ceiling; this being 
compared to the typical gypsum, fi berboard, or plasti c-based 
composite ceilings typically used (Nore 2015). Warm water 
vapor from hot showers would provide excellent latent heat 
energy to be stored in the panels with the panels naturally 
functi oning to improve indoor comfort as the wood moves 
closer to an equilibrium moisture content.

A wide variety of commercially available wood products 
off er diverse opportuniti es for use in SmartWall applicati ons. 
Whereas layered, thinly sliced wood veneers would provide a 
lightweight and high-surface-area soluti on for ceilings, wood 
products with greater impact resistance such as hardwood 
lamellae could be used for wall coverings. Hardwood cross-
laminated ti mber provides a hitherto unexplored SmartWall 
medium and work has just begun by the author to incorporate 
CLT into the collection of other SmartWall products 
under development. .

EXPEDITING RESEARCH TO APPLICATION 
Innovati ve biomaterial products like a CLT SmartWall system 
that could have positi ve societal benefi ts should ideally be able 
to reach the market quickly. The faster the product reaches 
the commercial market, the faster its energy and carbon-
reducti on benefi ts could be realized. Unfortunately a number 
of hurdles stand in the way of market rollout due to the nature 
of neoliberal, top-down commercial practi ces. These include, 
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Figure 3:   Exhibit Board 3. Stanford Exhibiti on, Fall 2019 
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Figure 4:   Exhibit Board 4. Stanford Exhibiti on, Fall 2019 
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Figure 5:   Exhibit Board 5. Stanford Exhibiti on, Fall 2019 
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but are not limited to, one, market studies needed to prove 
market potenti al – this takes ti me to test and demonstrate 
– and two, outdated percepti ons and long-standing cultural 
norms that may cause the novel product to be viewed as too 
risky for investment. Relati ve to the aforementi oned hurdles, 
the CLT Timber SmartWall system raises a number of important 
points about the market rollout of innovati ve biomaterial 
systems in general. How can such building products overcome 
market hurdles in order to be introduced to markets quickly? 
How can such products be distributed on a mass scale without 
signifi cant industry backing, a process that normally requires 
ti me and a concerted investment eff ort? And lastly, once 
introduced to the market, how can the products adapt most 
rapidly to changing aestheti c preferences while sti ll retaining 
opti mum performance levels - levels that require higher-order 
knowledge of wood science to achieve? Such market questi ons 
relate to nearly every new product to some degree including 
the bio-based materials that are most important to addressing 
pressing global issues like climate change. Bioplasti cs can be 
seen as risky in a relati ve sense to fossil-fuel-based plasti cs 
due the to decades of experience that society has with plasti c 
made from non-renewable sources. CLT can also be seen 
as risky due to a general lack of demonstrated successes 
as compared to the pervasive use of concrete and steel in 

constructi on, for example. In common terminology, ‘if it 
isn’t broken why fi x it,’ the challenge being to illustrate to the 
general public that in fact there are serious consequences to 
standard plasti cs and energy-intensive constructi on methods, 
for example. They are in-fact ‘broken.’ The risks of common 
practi ce may be far greater than the perceived risks associated 
with new material soluti ons. Based upon this perspecti ve, how 
novel bio-based products reach markets quickly and at a scale 
that is meaningful?

OPEN-SOURCE TECHNOLOGIES TO OVERCOME 
MARKET HURDLES
The SmartWall project is being designed by the author to 
maximize the benefi ts of open-source technologies as a means 
to overcome the market hurdles listed above. As related to 
the multi -faceted aff ordances and limitati ons of open-source 
technologies illustrated by the Linux operati ng system, the 
use of open-source technologies as a means to fabricate and 
also distribute SmartWall panels including those made of CLT 
off ers a number of advantages. Low-cost machines such as a 
Maslow CNC can be used to manipulate the surface of CLT to 
enhance hygrothermal performance. Maslow CNC machines 
can be purchased for less than 1,000 USD and link to common 
soft ware packages for a variety of design-to-producti on 

Figure 6: Radford Train Observati on Tower, project co-led by author
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possibiliti es. Due to their low cost and high-performance 
advantages, Maslow CNCs can be purchased by a signifi cant 
percentage of society allowing the individual to produce their 
own high-performance CLT SmartWall panels at home. If this 
is infeasible due to a variety of conditi on-specifi c situati ons, 
like urban inhabitants living in micro homes without the 
space to fabricate, low-cost digital tools such as the Maslow 
support the development of ‘maker cultures’ or Fab Labs that 
operate as independent businesses with small overhead costs 
to service this need. Wood-science and design experts can 
create custom cut fi les per type of wood product and upload 
the data to open-source networks. Everyday citi zens then have 
the opportunity to download the cut fi les, perhaps paying a 
small royalty, and fabricate high-performance SmartWall 
products in a distributed manner. This design for non-expert 
producti on through the concept of embedded intelligence 
allows a grassroots form of distributed manufacturing to occur 
and allows the SmartWall product to be iterati vely prototyped 
by the general public. If the SmartWall product is att racti ve 
aestheti cally and can lower a household’s energy bills, then 
the cost of a Maslow CNC, the stock product to be cut, and the 
free or low-cost embedded-intelligence data are collecti vely 
positi oned to help the design product overcome some of the 
most challenging market hurdles. 

OPEN-SOURCE DISTRIBUTED MANUFACTURING IN 
CONTEXT
It is important to note that the SmartWall project previously 
menti oned is but one of a plethora of open-source projects 
intended for distributed manufacturing by the architecture 
and design industries. The project is unique in that it is both an 
architectural building product and an infrastructural concept 
of how  to product the product. The process of producti on 
and the questi ons that arise from it are part of a much larger 
open-source design movement. “Digital Property: Open-
source Architecture” edited by Antoine Picon and Wendy 
Fok curates emerging discourses and practi ces of the open-
source movement and raises criti cal questi ons in regard to 
ownership, collaborati on, and safety. Speaking about the 
open-source movement, Picon and Fok state that the way this 
noti on has become a “key theme for so many contemporary 
design practi ces is truly striking” (Fok and Picon 2015, 11) 
“While the design process has been accelerated, the results, 
generally in digital format, can be indefi nitely circulated. In 
theory, its physical translati ons, from prefabricated parts to 
enti re buildings,can now be replicated with great fi delity or 
customized at will to adapt to specifi c needs,” the authors 
state (Fok and Picon 2015, 7). 

Certain dilemmas that emerge from such networked design 
and manufacturing processes include the issues of ownership 
and control. What is a fair method of retributi on when objects 
and systems are designed and/or produced by a multi plying 
conglomerati on of contributors? How can additi onal authors 
be added to the chain and who gets credit for producti on 

(Fok and Picon 2015, 11). If the SmartWall is fabricated at 
home, does the original designer get credit or the fabricator 
who actually produced the project with their machine? 
Francis Bitonti  directly addresses the potenti al for distributed 
manufacturing to lower carbon emissions and advocates 
for the idea of “social manufacturing” were users acti vely 
parti cipate in design (Bitonti  2016, 105). This perspecti ve is 
parti cularly apt for the CLT SmartWall project where everyday 
users of the open-source data could collecti vely contribute to 
the aff ecti ve qualiti es of the elements while the wood-science 
experts select and test which aestheti c opti ons can maintain 
the product’s high-performance metrics. Such an ecosystem 
could easily spur the development of use metrics, social 
media ranking systems, and need for oversight to remove 
underperforming design opti ons.  

ARCHITECTURAL PRODUCT CERTIFICATION
For the constructi on industry specifi cally, new methods to 
facilitate oversight may require an altering of the disciplinary 
roles of building-product certi fi cati on boards, one example 
being ANSI that certi fi es CLT products for use at a nati onal 
level. If CLT is being produced at a local level and manipulated 
at a local level, the certi fi cati on and approval processes could 
respond by becoming more distributed, providing technical 
certi fi cati on training or other supporti ng informati on to 
localiti es that oversee building code compliance and other 
constructi on approval processes. No matt er what type of 
constructi on material is produced through open-source data 
and distributed fabricati on technologies, local authoriti es could 
screen products before constructi on is allowed to commence. 

HARDWOOD CROSS-LAMINATED TIMBER CASE 
STUDY
The need for such oversight can be demonstrated by the 
Radford Train Observati on Tower project designed by the 
author and collaborati ng faculty and students at Virginia Tech. 
The design-build project uti lized custom fabricated hardwood 
CLT due to the lack of locally-available soft wood CLT and the 
availability of low-cost, locally-sourced Yellow Poplar wood. 
As hardwood CLT is not ANSI-APA PRG-320 certi fi ed, the team 
used hardwood CLT performance research developed by 
Virginia Tech and pursued a non-standard building code path 
for building permit and constructi on approval. The hardwood 
CLT was used in two structural building enclosure elements, 
one of which was built a factory setti  ng, shipped to the site, 
and craned into place. Constructi on for the full structure was 
completed in September 2019. 

The CLT was produced with low-cost plywood pressing tech-
nology that could be replicated across the United States 
or Europe in a distributed manner. By using low-cost tools 
with higher-order producti on informati on, this example of 
custom-fabricated CLT illustrates that grass-roots eff orts to 
fabricate high-performance biomaterials can be achieved in 
a cost-competi ti ve manner. The CLT producti on occurred in a 



295 Upcycling Embedded Intelligence: Purpose, Process, and [Immediate] Results

historic warehouse operated by the Southern Virginia Higher 
Educati on Center. The former tobacco processing facility had 
been repurposed with digital fabricati on tools and the process 
of producti on provided unique market benefi ts due to low-
overhead costs. While the hardwood CLT produced for this 
project meets and exceeded ANSI performance standards, 
there is currently no system in place in the United States to 
comprehensively verify performance data of structural build-
ing products produced in a distributed manner. Verifi cati on 
is criti cal to maintain public health and safety, and perhaps 
a precedent-based building approval process in the United 
States could be more benefi cial for such grassroots producti on 
methods. This case study illustrates how an innovati ve maker 
culture for open-source building products could stem from the 
pairing of low-cost tools and low-overhead faciliti es. Such full-
scale, real-world projects that upcycle embedded intelligence 
for the distributed manufacturing of high-performance build-
ing products provides valuable insight into the benefi ts and 
limitati ons of such systems. Further demonstrati on of such 
open-source systems would be useful. 

ANALYSIS AND DISCUSSION
The included case study projects illustrate how open-source 
technologies and distributed manufacturing networks can 
alter the landscape of top-down design-to-producti on 
processes and raise a number of provocati ve disciplinary 
questions relative to the embedment of higher-order 
knowledge in open-source producti on. In regard to advanced 
biomaterials such as CLT, the example projects assist in the 
explorati on of the positi ve and negati ve impacts open-source 
technologies provide for its architectural uti lizati on. Large-
scale studies that att empt to introduce newfound biomaterial 
constructi on systems to industry through an open-source, 
distributed process would be of parti cular uti lity. The issues 
of oversight, control, and quality that have been previously 
introduced could be tested in a quanti tati ve manner and 
may provide valuable data for future open-source projects. 
Grass-roots eff orts to produce smart materials and iterati vely 
develop their performance following a Linux-based model also 
hold promise. The research is ti mely due to the pressing need 
to reduce energy use in buildings and carbon emissions from 
building constructi on and uti lizati on. Emerging technologies 
off er newfound benefi ts and avenues for practi ce beyond 
traditi onal processes, yet the current impact of such open-
source technologies is relati vely nascent on global markets. 
If architects follow the lead of other professions in adopti ng 
open-source technologies for non-expert producti on and 
networked manufacturing on a large scale, how will this 
impact the uti lizati on of intelligent everyday materials such 
as wood, and ulti mately how will this alter the design of 
architectural space?

Figure 7: Radford Train Observati on Tower, project co-led by author
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