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[bookmark: _Toc125709157]Introduction
Traditional subtractive manufacturing processes remove unwanted material from a raw material block until the final shape is attained. The excess material requires tooling to machine the unwanted waste material. 
3D printing is an Additive manufacturing process that builds the final component in layers from the bottom up, adding features that are required resulting in solid final 3D components that have unconstrained design features. There is little material waste other than support features to allow overhangs etc... over preceding layers. 3D printers were first developed in the early 1980’s and used UV light to activate special resins (Alzarrad & Elhouar, 2019)
To make 3D components they first have to be drawn as 3D models using software packages. These 3D models then must be manipulated into usable machine data, so individual layer paths, along with layer thicknesses, temperatures, speeds, extruder feed amounts are fed into the 3D printer. There are many software packages to draw and change the 3D model into information that the printers can use to produce finished 3D components. Most 3D printers have small build spaces typically in the region of 200 x 200 x 200mm volume.
First 3D printing attempt in the construction industry was in 1995 by Dr. Khoshnevis to make three-dimensional ceramic parts using two nozzles for delivering fluid materials along with trowels to improve wall surface finish of the extruded material as it passed out of the nozzles. The first use of extruded concrete was completed in 2001, again by Dr. Khoshnecis using a robotic arm. These early 3D forays into the construction sector resulted in small builds but proved the concept that 3D printing for the construction industry was viable and attractive (Alzarrad & Elhouar, 2019).












[bookmark: _Toc125709158]Principal drivers for the innovation.
Building techniques have not radically changed for centuries. The use of bricks and mortar have proved itself many times over, however this building method takes a relatively long time to produce a finished build. Traditional construction is very labour intensive and generates lots of material waste, is noisy and is unproductive when considering the number of man-hours used to complete the build, and in many countries, productivity is falling (Mechtcherine, et al., 2019). World-wide shortages of skilled labour are becoming a major obstacle for construction companies, driving up the cost of new builds, and causing the construction sector to stagnate. Health and safety on construction sites continues to be the biggest contributor to accidents in the UK workplace. The construction sector is the second least digitised sector worldwide. (ManpowerGroup, 2020).
Globally there is a housing crisis. More than 1.8 billion people around the world do not have adequate housing, and more than 150 million are homeless. This is being driven by a lack of affordable housing and wage stagnation. (McRae, 2022). Average house prices in the UK in 2022 are now nine times the average annual wage (£33k) compared to three and a half times the annual average (£16.5k) in 1997. (Labiak, 2022).
Low-income families are especially vulnerable, and increasingly are finding home ownership impossible given the rise in house costs relative to wage increases. Building cheaper houses quickly is now more important than ever. If there could be a reduction in man hours to build houses and additionally speeding up the build process would greatly increase the impact of new builds to alleviate the housing crisis.
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Fig 1. Shows new house builds for the UK by year and sponsor.
Since the advent of 3D printing the idea of its up-scaled use to build homes has been a topic of discussion for architects and construction firms for several years. Additive 3D printing in the construction industry promises to revolutionise the build process by decreasing build time and reducing costs using this additive manufacturing technology. The nature of the process allows architects greater design freedom and allows more customization and quicker responses to design changes.
[bookmark: _Toc125709159]The barriers and risks faced by the company in developing this innovation.
This is a relatively new application of the 3D Additive printing process and the difficulties of up sizing this existing process from a small bench size printer to a size that can fabricate houses quickly and accurately and be easily transportable were initially considerable.
[bookmark: _Toc125709160]Capital Investment
Due to the limited number of manufacturers of these bespoke machines there is a high cost and a lot of risk in these unproven technologies. As with all breakthrough innovations where the innovation domain is shared between different disciplines and work sectors, development can become convoluted unless the project is clearly defined and structured. Manufacturers from the construction sector have existing expertise but then need to collaborate with experts in machine design and automation to succeed with this emerging technology.
[bookmark: _Toc125709161]Printer technology.
Scaling up the available build area of the 3D Additive construction printer whilst allowing the printer to be easily dismantled, moved from finished builds and reset to the next build location was a difficult challenge, and various solutions have been developed by the companies entering this emerging market. Accuracy of the print whilst extruding the construction material along the build path was another barrier to overcome. Typically, Additive 3D construction has been highly automated using Industrial Internet of Things networks allowing minimal human supervision but potential cyber criminal attacks on these networks could be a real problem given the high level of sophistication these criminals now employ. Safety of the operators of this new equipment is another consideration especially given the potential process complexity and historical open nature of building sites. New regulations controlling use of Additive 3D construction printers will need to be developed to ensure the people using the technology are safe.
[bookmark: _Toc125709162]Construction Material.
The walls are built up using material extruded (Material Deposition Method presently the dominant method) in the desired form layer by layer, building the construction height until the final 3D model design is achieved. Constraints on this process include curing time of each layer so the preceding layer has enough mechanical strength so it can support the next layer but still adhere to each other. (Perrot, et al., 2016). If problems occur during printing the layer could cure too much reducing adhesion of the next layer. Bridging layers such as lintels need to have the structural strength and rigidity to allow above loading are challenges that must be factored into designs. Optimised material mixes have achieved compressive strengths of 107MPa, compared to large scale building concrete that has a range between 60 – 100MPa.
[bookmark: _Toc125709163]Services infrastructure.
Intervention of the 3D print must occur due to the need to incorporate services (electrical, water (potable and waste), IT networking etc..) into the fabric of the build and so must be carefully planned and designed before starting the build.
[bookmark: _Toc125709164]Lack of skills.
Historically the construction sector has been very slow to develop new skills and methods of working. The autonomous nature of Additive 3D printing requires less man hours to produce completed buildings but the complexity and technology behind the process will result in new skills needed to be learnt to keep the process productive. Architect designs will have to incorporate 3D modelling as a core skill to allow software packages to “slice” the design into layers. These layers are then given real world positioning coordinates that the 3D printing machine uses to build the design. 

















[bookmark: _Toc125709165]The key determinants in the process of committing to develop the innovation.
The market growth of the sector has been forecasted and CAGR has been forecasted and expected growth over 8 years has been calculated as 99% in the US.
Companies have seen the potential for Additive 3D printing in the construction industry given the benefits of reduced waste, decreased build time, higher productivity, greater flexibility in the build design process and ease of design change. However, the knowledge needed to successfully implement this change requires skilled individuals who can use these systems to their full capabilities and be able to pass on this knowledge to the rest of the organisation to allow predicted growth to be realised. Training of external users of these complex processes will also need to be considered dependant on the company business model. Investment in these skilled workers will be key to successful growth of businesses.
Additive 3D printing is an automated process and as such can operate 24/7 with minimal human intervention, is relatively quiet in operation (COBOD’s BOD2 <70dB(A) and can be remotely operated using Industry 4.0 practices. This increased operational time further enhances productivity. (OPAWOLE, et al., 2022)
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Figure 2
Each BOD2 printer costs between $500,000 and $650,00 dependant on size and accessories and forecasted to be profitable after 1 – 2 years. Most companies who have bought the BOD2 are large multi-national entities whose size and resources enable long-term thinking and the realisation of future significant market share. “They accept they are making a long-term investment in acquiring valuable experience” (COBOD, 2023)
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Figure 3 shows COBOD’s current projection of costs using CEMEX’s D.FAB process.











[bookmark: _Toc125709166]The processes and technologies which the company used to carry this development forward.
[bookmark: _Toc125709167]Company introduction.
[image: ]COBOD is a Danish company that started in 2015. Developed its first BOD1 printer 2016 and printed Europe’s first 3D printed house in Copenhagen in 2017. In 2018 development of the BOD2 printer started, and in 2019 the first BOD2 printers were sold to Belgium, Saudi Arabia, Germany, Denmark and the US, BOD 3 printer development started. In 2020 the first 2 and 3 storey buildings printed in Europe; printer sales doubled. In 2021 printers sold to Oman, Malaysia and Japan, printer sales tripled. In 2022 printers sold in Thailand, Canada, UK, Ireland, Australia and Guatemala (COBOD, 2023).
Figure 4
Safety of the printer operators was a major concern as this automated process could be very dangerous to unsuspecting humans when the gantry and nozzle heads move around the build path. COBOD has achieved full compliance with the EU machine and robot directive.
Achieving a printer build space big enough to allow printing of houses of several storeys is a major obstacle that COBOD solved by making the support beam support structure modular so it can be easily altered to suit the build. Light weight but rigid S355 steel trusses make the supports sturdy that will endure robust use in the Construction Industry.
COBOD recommend a four-man team, a printer operator, two materials operators and a hands-on helper. The same tam can also be trained to install (4 hours) and uninstall (4 hours) the 3D printer on-site with the help of a crane. Conventional construction involves a similar number on wall construction but may take several months to build a two-storey house whilst a COBOD could make it in three weeks.

Different wall widths and finishes requires different extruder nozzles and COBOD have designed their nozzles so they can be changed in two minutes. The material delivery system can handle aggregates up to 10mm and so can print concrete as well as mortars.
State of the art software controls the printer, and automatically maps base slabs and compensates the printer movement so the first printed layer is flat even when the base isn’t. User friendly Human Machine Interface allows control from remote locations, and the printer has two cameras to provide real time monitoring of the print.





















[bookmark: _Toc125709168]The extent to which the development relied on resources external to the company and the ways in which the deployment of these resources was managed.
COBOD has relied on carefully selected partnerships to aid the evolution of the BOD 1 & BOD 2 printers. The PERI Group is a well-established manufacturer of concrete formwork and scaffolding and have a minority stake in COBOD. Close collaboration has pushed the boundaries of 3D Construction Printing and “PERI realised the first 3D printed residential building in Germany and the biggest printed apartment building in Europe” (COBOD, 2023). PERI’s existing expertise using concrete formworks helped COBOD develop their material delivery system and mortar / concrete formulations.
[image: ]
Figure 5
Figure showing 4 PERI Group’s 3D Construction Printed apartment building.

Another partnership with HOLCIM works with making the 3D printed raw material more sustainable and circular. They have used “Urban Mining” to reuse construction and demolition waste and reintroduce back into the Construction Industry as usable raw materials. “Concrete can be infinitely recycled making it a promising long-term alternative to quarrying virgin material” (HOLCIM, 2023). HOLCIM is also a minority stake holder in COBOD.
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Figure 6
Another partnership with GE Renewable Energy sees extended partnerships with HOLCIM to co-develop “wind turbine with optimised 3D printed bases” allowing record turbine heights of 200 meters to be safely constructed, allowing higher wind speeds to be used, providing 33% more power (COBOD, 2023). Again, GE Renewable Energy is a minority stake holder in COBOD.
COBOD has recognised the importance of developing the print material to meet the demanding specifications of the Construction Industry and has partnered with CEMEX to develop the D.FAB Admixtures System to deliver concrete in a form that is easily deliverable to the extruding head and then undergoes a near instantaneous transformation into a form that is structurally stiff enough to maintain form and support following layers. Again, CEMEX is a minority stake holder in COBOD.
Figure 7[image: ]
Figure 6 showing CEMEX’s D.FAB process.

[bookmark: _Toc125709169]How management overview of the development was maintained.
The founder and general manager of COBOD Henrik Lund-Nielsen is an experienced founder and board member of various Danish companies and has been involved in the 3D print industry for close to nine years. His co-founding team of Simon Klint Bergh and Philip Lund-Nielsen have extensive engineering expertise and have between them have carefully built a team to advance the company in an ethical and responsible manner. Their recognition of the importance of circularity in the supply chain and their constant pursuit of collaborations is another indicator of their innovative approach to continue being the Additive 3D Construction printing market leader.

[bookmark: _Toc125709170]The extent to which you feel this innovation process represents best practice.
The issues of using Additive 3D printing in the Construction are well known with regards to scalability, modular design to make the process easily moved and assembled, but the domain to solve the innovation problems covered multiple disciplines and using Satell’s Innovation Matrix this is classed as a Breakthrough Innovation  (Satell, 2017). The thorough understanding of the issues upscaling the pre-existing 3D print technology whilst making the system modular and relatively easy to dismantle and reassemble. The need for different build finishes and size requires different extrusion nozzles and COBOD’s solution uses a quick-change nozzle that minimises time lost during the change. COBOD’s close partnerships to develop build materials to solve the difficult issues of easy extrusion, strength after extrusion to support subsequent layers and solving the safety issues of using this new technology in a sector whose historical safety record isn’t stellar is excellent.
Additive 3D printing in the Construction Industry is built on pre-existing technology using cartesian positioning of the extrusion nozzle, and upscaling this wasn’t the real point of difference of the innovation, however, the way in which they solved the build material side of things was. Their collaborative approach in developing material whose window of manufacture was sufficiently large to account for differences in geographical use (hot, cold, wet, humid and dry) was a real point of difference compared with other companies developing material in-house without understanding the real problems. Trott classes this type of innovation as Open Innovation (Trott, 2017). The way COBOD has brought in these external partners and allowed them to become stake holders has in effect made them the first users of this external knowledge and material development. The adopted approach of local sourcing of sand, aggregate and cement (99%) reduces the carbon footprint, and only the specialised additives need be sourced from CEMEX (1%). additionally, the cement ratio in the mix is reduced due to the additive (COBOD, 2023).



[bookmark: _Toc125709171]My personal take on COBOD’s innovative approach to introducing a viable 3D Construction printer to the market.
Before founding the company Herik Lund-Nielsen conducted a major study on the sector on behalf of the Danish government (COBOD, 2023) and used the findings to formulate the makeup of the management team so each member could bring crucial knowledge to the company. I find it fascinating that he was paid to carry out this study, then used it’s findings to start up a business. I appreciate his entrepreneurship, but struggle with the ethical implications and Trott discuses an aspect of this regarding patents arising from public funded scientific study (Trott, 2017).
COBOD’s collaborative approach to solving the material problems indicates their willingness to use outside knowledge reducing development time, costs and risks to the business (Tidd & Bessant, 2018). CEMEX recognised this partnership and became a minority stake holder in COBOD further strengthening the partnership and long term commitment to COBOD. This in turn will give COBOD a competitive advantage over its rival printer manufacturers in the short term which could prove to be crucial in this emerging market. I believe that the partnership with CEMEX and the use of the D. FAB process gives COBOD a huge initial advantage over their rivals.
Another partnership with the PERI group could I believe open additional use of the BOD2 printer. They manufacture formworks to produce concrete walls / bases tailored to customer designs. Production of these shuttered formworks take a lot of time and may only be used on one occasion. Due to the design freedom of the Additive 3D printing process these bespoke products could be completed using the BOD 2 printer, and multiple products being printed during the same build. Currently, PERI use several BOD2 solely for printing houses and I can find no evidence that PERI have used the BOD2 to produce any freeform concrete structures that their formwork division do.
Overall, I believe that COBOD has had an excellent start in the Additive 3D Construction sector with market leading sales and distribution of the BOD2 printer. As long as complacency does not affect the management group’s approach to allow  its “core competencies to “become core rigidities and block the organization from seeing or acting on urgent signals for change” (Tidd & Bessant, 2018) then COBOD will continue to grow in the emerging Additive 3D Construction printing sector.
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