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Executive Summary

South Africa as a country in the past few decades, has withessed a rapid increase in its
population; incidental to this growth are challenges and problems that require remediation.
One of these challenges is the need to provide adequate and affordable housing and
accommodation for its teeming population. Despite the best efforts of the national, provincial
and local level governments, as well as that of private, individuals and institutions, are yet to
be fully solved. One of the reasons which is responsible for this, is the high cost of construction
materials and construction methods which made it nearly impossible for the low and middle
income individuals, who constitute about 95% of the population, to afford their own housing
and accommodation needs; thus it becomes imperative to evolve solution to the costliness of
building materials and construction methods; and possibly develop viable, cheaper, alternative
materials and construction methods to meet the presidential goal on Fourth Industrial
Revolutions (4IRs) of the Republic of South Africa.

However, the increasing demand, declining reserve and heightened pressure on natural
resources have necessitated waste reduction, recycling and re-use, which will provide cost-
effective and sustainable use for three-dimensional (3D) printing additive technology for
human settlements. Also, the purchase of 3D printing technologies will in no doubt alleviate
the associated problems of conventional construction methods, such as elimination of

formwork and reduction in overhead and labor costs.

Therefore, with these views in mind, an extensive and detailed step-by-step desktop research
has been carried out to identify, both locally and internationally available 3D printing machines
suitable for use in South Africa environment. Renowned 3D printing technology companies
such as CyBe construction (Netherlands), Apis Cor (United States), COBOD (Demark) and
Rudenko (Canada) were identified and a procurement process was undertaken. Online survey
was also carried out to identify some of the locally available materials in South Africa, which
can be used as some construction materials for the construction of sustainable human
settlement. The available materials range from industrial (PET, glass, and slag), agricultural

(rice husk ash and fly ash) as well as construction and demolition (recycled masonry) wastes.

Finally, Request for Quotations (RFQ), therefore, was developed to procure a laboratory 3D
printer for research purposes. Academic staff and students involved in this project will also be

trained in the use of printer.
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1 Introduction

1.1 Background

The high growth rate in population has been accompanied by challenges, one of which is the
provision of sustainable, low-cost and durable housing for the population. In spite of the efforts
of governments, institutions and individuals, the housing challenge remains largely unsolved.
Consequently, resourcefulness is required in developing solution approach. In a bid to address
this challenge University of Johannesburg has embarked on the purchase of three-
dimensional (3D) printing technology, to solve the problems of material and construction
methods. This is necessary in order to advance the presidential goal on Fourth Industrial

Revolutions (4IRs) in the area of development of innovative construction materials.

3D printing technology, is a computer-controlled sequential layering of materials to create 3D
shapes. It is particularly useful for prototyping and for the manufacture of geometrically
complex components. It was first developed in the 1980s, but at that time, it was difficult and
expensive to operate, therefore, had few applications. It is only since 2000 that, it becomes
relatively straightforward and affordable and become viable for a wide range of uses including
product design, component and tool manufacture, consumer, electronics, plastic,
metalworking, aerospace, engineering, dental and medical applications, and footwear. The

sales of 3D printers has grown rapidly and its use has become practical.

3D printing systems developed for the construction industry are referred to as
‘construction 3D printers'. A 3D digital model of the item is created, either by computer-
aided design (CAD) or using a 3D scanner. The printer, then reads the design and lays down
successive layers of printing medium which are joined or fused to create the item. The process
can be slow, but it enables almost any shape to be created. Depending on the
technique adopted. Printing can produce multiple components simultaneously using both
conventional and recycled materials and can use multiple colours. Accuracy can be increased
by a high-resolution subtractive process that removes material from an oversized printed item.
Some techniques include the use of dissolvable materials that support overhanging features

during construction.

In the construction industry, 3D printing can be used to create structural components or to
print entire buildings. Construction is well-suited to 3D printing, in as much as the information

necessary to create an item exist based on the design process. The recent emergence
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of building information modelling (BIM) in particular may facilitate greater use of 3D printing.
Construction 3D printing, allow faster and more accurate construction of complex items as
well as lowering labour costs and producing less material wastes. It will also enable

construction to be undertaken in aggressive environment not conducive for human workforce.

1.2 Objectives

The objectives of this report are to:

¢ Identify both locally and internationally available 3D printer;
e review specifications of the 3DCP;

e review of the costs of 3DCP; and

o recommend the most appropriate available 3DCP
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2 Methodology

2.1 Research Questions

The following questions were engaged for resolution:

i) How and where can 3D printing technology be sourced locally and intentionally?
i) Does the identified 3D printer meet the required specifications?

iif) Does the price of the identified 3D printer within the allocated budget?

iv) Is the recommended 3D printer the most appropriate for our applications?

The methodology was categorised into three stages as shown in Figure 2.1. The first stage
was to critically review the literatures on the locally and internationally available 3DCP
technology in today’s market. The second stage was the data collection. These was done
through email to the identified suppliers, in other to provide detailed information such as
machine specifications and costing about the 3DCP. Thereafter, online interview via skype
was conducted to provides answers to some of the pertinent questions with respect to the

3DCP. The final stage was to combine all the data, summarize and make recommendations.

* Availability of 3DCP technology and

Literature Review suppliers

*Data collection and Analysis
*Specifications and limitation of 3DCP

Exploratory Stage

technology
*Costing
Synthesis of Research *Summary of Research Finding and
Process and Outcomes Conclusion.

Figure 2.1: Research Methodology
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2.2 Research Design

The report on the availability of 3D concrete printing technologies used qualitative methods to
answer the research questions above. The following table summarises the methods used to

answer each question:

Table 2.1: Methods used to answer research questions

Research Question Method Used to Answer Question

How and where can 3D printing technology be | This was done through critical literature review
sourced locally and internationally? and Online search

Does the identified 3D printing meet the | Brochures, company profiles and interviews
required specifications?

Does the price of the identified 3Dprinting | Brochures, company profiles and interviews
machine within the allocated budge?

Is the recommended 3D printing machine the | This was done by the application of engineering
most appropriate for our application? judgement and analysis of gathered data via
emails and interviews.

2.3 Sample

The selection of 3DCP manufactures was based on companies that have at least designed,
manufactured, commissioned and used their machines for construction projects. The selection
was also, based on the capital and employee based of the company. The selection was not
limited to the location of company but also on their previous construction works around the

world.

2.4 Data Collection

The data was collected by the searching the internet and questions were also asked via email
and interview using Skype, concerning the machine, materials and previous works.

2.5 Data Analysis

The recorded interviews and outcome of email, were analysed using both qualitative and
guantitative approach such as Microsoft excel. The qualitative analysis was done by the

application of the engineering judgement through prior knowledge/information.
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2.6 Limitations

Report on the visitations to the 3D printing manufacturer is not included because of the travel
restrictions as a result of the Coronavirus pandemic. Information on 3DCP machines is very
limited, it is generally limited to marketing brochures and websites that comes with inherent

subjectivity.
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3 Results

Details about some of the companies’ contacted and available specification about their
machines are presented below:

3.1 3DCP machines

There are basically two printing system in the market for 3D concrete printer designs. Gantry

based systems and Robotic arm systems.

One of first industrial printers that were design were gantry based systems (Khoshnevis,
2004).The Structure design is usually a standard steel profiles used to keep machining to a
minimum. The base of the gantry printer is usually a standard universal beam, flat steel base
or an isolated steel base on which a rail is welded for the horizontal movement of the printer
assembly. The printing head assembly is mounted on linear bearings to provide vertical
movement of the head assembly. The printing head hangs from gliders to provide the
horizontal movement of the printing head. The flexible hose for the printing material is also
connected to the glider system to provide easy movement as shown in Figure 3.1.

Figure 3.1: Gantry Concrete Printer
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Typically a robotic arm system is placed on a vertical metal frame which is anchored to the
surface (Apis-cor, 2019). The robotic arm is attached to a hose which carries the concrete
from the reservoir to the nozzle. The robotic arm then moves the nozzle to the programmed

positions. Figure 3.2 shows a typical robotic arm system.

——— s

Figure 3.2: Robotic arm system

To compare the capabilities and limitations of each system, a 3D printed house was used

shown in Figure 3.3 below.

Firstly, the robotic arms printer has the advantage of being more mobile and movable due to
its generally smaller size than the gantry printers. The gantry system only has three 3- axis
movement, the robotic arm has 6-axiz movement allowing it to print certain elements that
gantry printers would have difficulties with. However, Gantry printers offers the ability to make
larger prints and even print entire buildings in one go as opposed to the more limited prints of
robotic printers due to their arm reach, this also limits the robotic arm systems to printing single
elements that need to be assembled. Gantry printers allow for continuous printing, which is
needed when printing entire buildings (Betabram, 2020).

For demonstration purposes, the building is erected using a gantry system and a Robotic
arm system shown in Figure 3.4 and Figure 3.5 respectively. The design of gantry system
requires the system to be bigger than the structure that is being built which makes the
system very big in size. This is off course not a requirement for the robotic arm system.
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A typical robot arm system can only reach 330 degrees of rotation. This results in a dead
zone where the arm cannot reach, or in other words the robot can only print a piece of
“pie” covering 330 degrees. This points is illustrated further in the following Figure 3.5. In
the images below, the yellow doughnut is the reachable or printable area. The green is
the part of the house that the robot can print, the red part is the part of the house that the
robot cannot print. One of the ways the robotic printer manufacturers try to overcome this
problem is to move the system such that it prints from multiple fixed points or by making
the robot mobile.

A robotic printer is more suitable for “expert” operators (typically the robot supplier themselves)
printing of single elements with high complexity and detail, Gantry systems are far easier to

control and does not require highly skilled programmers.
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Figure 3.3:3D Printed house
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Figure 3.5: Robotic arm system used for construction

3.2 Locally and Internationally Available Printers

The industry has grown rapidly over the over the years, Figure 3.6 shows companies and
organizations that had noteworthy projects since 1997, the dots show the number of projects
undertake each year.

10
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Figure 3.6: Number of 3DCP projects since 1997 (Buswell et al., 2018)

The following are the commercially available 3D printing machine locally and internationally.

Apparently, there are no available local printing machine.

3.2.1 BetAbram P1 Printer

BetAbram is a small Slovenian team that has been working on construction 3D printing

hardware since 2012. Their flagship home 3D printer, the BetAbram P1, is currently in its

second version and is available with optional print heads which are the basic “Orto” for

smoother layers and can also handle 90° corners, and rotating for more complex designs

(Betabram, 2020).

11
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Figure 3.2: BetAbram P1

Printer type: Gantry system

Build size: 16 x 8.2 x2.5m

Cost: R 4.5 Million

Youtube link: https://www.youtube.com/channel/UCdXUokLXIUEKMjkfTdnsJtg

3.2.2 COBOD BOD 1 printer

This COBOD 3D printer is designed and manufactured is Denmark. It is a modular printer
allowing it to be adapted in many different sizes. The machine also allows for
an interchangeable nozzle sizes to insure smooth surfaces and layer heights of 2 cm and
5 cm in width. The system also has material flexibility as there is no prescribed material
requirement. German company PERI Group which is one of the world’s leading manufacturer
of formwork and scaffolding systems acquired a minority stake in the COBOD in 2019 (3D
Printing media network, 2019) .

12
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Figure 3.3: COBOD BOD 1 printer

Printer type: Gantry system

Build size: 6.7 x 7.5x 5.1 m

Cost: R 2.2 Million

Youtube link: https://www.youtube.com/channel/UCZbz-WkSLO79UMUwWTZ8MpLw
3.2.3 Construction-3D

Constructions-3D is a subsidiary of French 3D printer retailer Machines-3D. Their 3D
Constructor machine is mobile and fits into a 6 meters shipping container for easy transport
from one construction site to another. The machine has 4 degrees of freedom, automatic self-

levelling capability. This machine operates on a diesel engine (aniwaa, 2020).
Printer type: Robotic Arm
Build size: 13 x 13 x 3.8 m

Cost: R 9.8 Million

13
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Youtube link: https://www.youtube.com/channel/lUCxSLo3_0jh9ilSIZILESrTw/videos

Figure 3.4: Constructions-3D

3.2.4 CyBe Construction

CyBe is a Dutch manufacture of 3D Concrete printing machines. Their CyBe RC 3Dp consists
of a single robotic arm with a nozzle at its end. It is an easy-to-move house 3D printer capable
of reaching up to 2.75 meters high and requires only two people to operate it and has 7 axes.
The prescribed material for this machine is the manufacturers pre-packaged mix design (Cybe,
2020).

14
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Figure 3.5: CyBe RC 3DP printer

Printer type: Robotic Arm

Build size: 250x 500x 300cm

Cost: 3.7 Million

Youtube link: https://www.youtube.com/channel/lUCOQhUKCaLgxtH86zZhdw6PA

3.2.5 MudBots Concrete 3D Printer

MudBots is a concrete 3D printer manufacturer based in the United States that manufactures
small and large 3D printers. They offer a variety of up to six machines which only require two
man to be operated and has no limitations with regards to the material that is used for system
(Mudbots, 2019).

15
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Figure 3.6: Mudbots printer

Printer type: Robotic Arm

Build size: 1.83x1.83x 1.22 m

Cost: R 180 000 — R 900 000.00

Youtube: https://www.youtube.com/channel/lUChokNgy2TROPgK G5G8DsSQ/videos

3.2.6 Stroybot

The StroyBot, also known as the Rudenko 3D construction printer (made by Andrey
Rudenko), it is delivered as a kit to be assembled by the user and a maximum wall height of

6m. Strybot currently has four machines on offer (Totalkustom, 2019).

Figure 3.7: Stroybot 2

16
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Printer type: Gantry

Build size: 10 x 20 x 4m

Cost: R 6 Million — 19 Million

Youtube: https://www.youtube.com/channel/lUCHVoVUR_JexWkIXbRcrgFZw

3.2.7 Wasp

Wasp is an Italian 3D concrete printer manufacturer. The Crane WASP is an open source
construction printer that is modular allowing multiple crane printers to work together on one
project. The Crane wasp has a nozzle diameters ranging from 6mm — 30 mm diameter (Wasp,
2020).

Figure 3.8: Wasp

Printer type: Gantry
Build size: @ 6.3 x 3 m
Cost: R 4.5 Million

Youtube: https://www.youtube.com/user/wasprojecteam

17
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3.2.8 Apis-Cor

Apis-Cor is an America company that manufactures 3d concrete printer. They currently only
have one product offering. The machine is designed to be foldable for convenience in
transportation but has very low material flexibility as a prescibed mix design is recommended
(Apis-cor, 2019).

Printer type: Robotic arm
Build size: @5.5x3.2m
Cost: R 4.5 Million

Youtube: https://www.youtube.com/channel/UCtjcSOYk2QXngTzbB5P1p8A

Figure 3.9: Apis-Cor’s printer

3.3 Other organizations and companies

The 3D concrete printing industry had grown significantly over the years. Table 3.1 shows
companies and organizations that are also involved in the development of 3DCP technology.
The table also provides a comprehensive list of small to large scale projects that have
executed over the years (Buswell, R. A. Leal de Silva, W. R. Jones, S. Z. Dirrenberger, J

2018). At the time of the research, there was no pricing available for their printers.

18
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Table 3.1: Organizations involved in 3D concrete printing

Projects Date of Project | Company Location
Counter Crafting 2003/2004 Professor Behrokh | USA
Khoshnevis/ University of
Southern California
Upstate New York 2014 D-Shape Enterprises and | USA
House NYC architect Adam
Kushner
Apartment Building in 2014 Winsun Province Jiangsu,
China China
XtreeE Lab’s 2015 XtreeE France
Office Building - UAE 2016 Gensler, structural work | Dubai, United Arab
by Thornton Tomasetti | Emirates.
and Syska Hennessy
TU Eindhoven 2016 TU Eindhoven University | Netherlands
Pavilion
MIT's Digital 2017 MIT America
Construction Platform
Pedestrian Bridge in 2017 Institute of Advanced | Madrid, Spain
Madrid Architecture of Catalonia
ICON and New Story 2017 ICON and New Story El Salvador
Gaia, a 3D printed 2018 Alberto Chiusoli, WASP Italy

house with earth

19
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4 Summary of Findings and Discussion

Table 4.1 is the summary of available 3DCP in the market. The list is sorted from the least
expensive to the most expensive machines available in the market based on the dollar to rand
exchange rate on the 1% of May 2020 including VAT. It also important to note that the machines
are only manufactured once the deposit is paid. For uniform comparison and analysis, cost
per cubic meter calculations was made to measure “value for money” in this research. The
most value for money is the Strybot 2 and COBOD’s BOD 1 printer at R 7 875 and R 8 594
Rands per cubic meter respectively. Although the Strybot 2 provides the most value, the price
difference is R 4.1 million at only R 719 Rands per square volume more compared to the
COBOD BOD 1 machine.

Cybe, Betabraham 1 and the construction 3D machines fall between 10 000 and 20 000 rands
per cubic meter at R 16 472, R 13 720 and R 15 265 per cubic meter respectively. The
Construction 3D machines has a substantially larger print volume at 642 m?but costs more
than both the Cybe and BetAbraham P1 combined.

The outlier is the Mudbots machine which amounts to R 225 000 rands per cubic meter and

by the far the least expensive of all the printers in the market.

20
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Table 3.2: Overall summary of results

Build Cost Per Estimated Country/City
Company Cost (R) Volume Cubic dehvgry Type Of
(m3) Meter duration System
(R/m?3) (Months)
Mudbots R900000 |4md R225000 |4 Gantry USA
L | s 256 m* | R 8594 3 Gantry Denmark
R 3,7 3 4 Robotic Netherlands
CyBe Million 221 m R 16 742 Arm
) R 4,5 3 4 Robotic Russia
Apis Cor Million 105.9 m R 42 450 arm
BetAtF))rfham I\Rniﬁi,gn 328 m? R 13 720 4 Gantry Slovenia
wasp | S 131m* |R34351 |4 Gantry Italy
Strybot 2 I\R/Iiﬁi.c?n 800 m? R 7875 4 Gantry Canada
Construction | R 9.8 3 4 Robotic France
-3D Million 6422 m R 15265 Arm

21
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5 Conclusion and Recommendations

This report presents commercially available 3D Concrete Printing Technologies in the market
today. A critical review of literatures on the available 3DCP technology today was undertaken.
It was then followed by data collection of the specifications and costing of 3DCP. Section 3.2
covered 3DCP machines that had information of the manufacturer, general specifications and
costing. Section 3.3 covered machines that were involved in projects that do not have general
specifications and costing. However, the companies were involved in 3DCP and had

noteworthy projects.

Many companies have joined the race in the development of 3D concrete printing technologies
over the years. Both gantry based systems and robotic based system have been optimized
to provide faster and cost effective solutions for the construction industry. These systems have
displayed advantages and disadvantages. The choice of the system is circumstantial and

dependent on the objective of the end user.

A total of 8 commercially available machines were considered from section 3.2 and a
comparison analysis was undertaken. The Mudbots is by the least expensive machine with
the smallest volume offering. The most value for money is the Strybot 2 and COBOD’s BOD
1 printer, these machines are relatively inexpensive and have a relatively big build volume

compared to other machines listed.

Dependent on objective and purposes, the current industry offering has a large variety of

option for 3DCP solutions.
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