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ABSTRACT

Additive manufacturing, better known as ‘3D printing’ is being increasingly investigated as a method of constructing buildings.
Typically, deposition platforms involve large ground-based gantries or robotic arms. Aerial Additive manufacturing is the world’s
first project to demonstrate the feasibility of multiple self-powered untethered drones extruding material in flight to construct
multiple layers. Use of drones requires the miniaturisation of the additive manufacturing deposition process and the use of
lightweight cementitious material. Material in the fresh state needs to exhibit pseudoplastic (shear thinning) behaviour. This
involves the material possessing a reduced viscosity while under stress in the deposition system, which then increases by orders
of magnitude once deposited thereby minimising deformation due to self-weight and the weight of subsequently deposited layers.
Cellulose and xanthan gum were used as rheology modifying admixtures to promote pseudoplastic behaviour, with fly ash and
smooth-particle sand used to aid workability. The addition of fibres can improve the flexural and compressive strengths and
improve buildability but may decrease the workability of the mix. The addition of tungsten disulphide inorganic fullerene
nanoparticles was demonstrated to improve mechanical properties and the impact resistance of 3D printed material. Aerial
additive manufacturing could enable work in elevated or challenging site conditions and promote architectural freedom in design.

Keywords: Aerial additive manufacturing, cementitious materials, pseudoplastic behaviour.

1 INTRODUCTION TO ADDITIVE MANUFACTURING

Additive manufacturing methods in the construction industry typically employ deposition methods which are ground based.
These can utilise robot arms or gantries capable of moving a printing nozzle through a defined path which deposits material
in layers to form the desired structure. Compared to traditional construction techniques there are several advantages including
reduced wastage as material is only being used where it is needed. This can then lead to a reduction in labour costs, increased
productivity, and improved health and safety with less risk of accidents on site. An additional advantage is the ability to rapidly
manufacture bespoke designs without the additional costs associated with expensive moulds or of shuttering. However, there
are some important disadvantages of additive manufacturing such as difficulties associated with deployment on construction
sites due to the large size and weight of printing equipment, and constraints in the geometrical volume within which printing
can occur which is illustrated in the ground based technologies presented in fig. 1.

(b) Multiple mobile robots, ((;) Smart dynamic casting, ETH
Nangyang [2] Zurich [3]
Fig. 1. Examples of ground based 3D printing technologies including a gantry based system, robot arms and dynamic
casting technology using a robot arm manipulator.

8th-10th JULY 2024 | UNIVERSITY COLLEGE LONDON, LONDON, UNITED KINGDOM | 18



2" INTERNATIONAL CONFERENCE ON INNOVATION IN LOW-CARBON CEMENT & CONCRETE TECHNOLOGY

2 AERIAL ADDITIVE MANUFACTURING

Aerial additive manufacturing is a new transformative approach to the autonomous construction of buildings and structures
using unmanned aerial vehicles to deposit materials [4—6]. The process was developed during the EPSRC funded project
‘Aerial Additive Building Manufacturing: Distributed Unmanned Aerial Systems for in-situ manufacturing of the built
environment’. The method enables the use of multiple aerial robots enabling an autonomous printing process where each
robot’s printing task is optimised through swarm intelligence for collaborative robot-to-robot operations, dynamic task
sharing/allocation, adaptive response to context and dynamic environment content involving functions such as collision
avoidance. An illustration of how this technology may be deployed on a construction site in the future is illustrated in fig. 2(a)
and a photograph of an aerial robot printing is presented in fig. 2(b).

Untethered Unmanned Aerial
Vehicle (UAV) — Quadrotor design

; ; . Extrusion device
Extrusion of material during

rogrammed trajecto
prog ! y Stabilising delta robot

’ p e - 3 - h
i
A = i . _l —

(a) (b)
Fig. 2. Aerial additive manufacturing. (a) Image adapted from the Aerial Additive Manufacturing Project, 2023 (Yusuf
Kaya). [7] (b) Photograph of aerial platform performing printing operation [8].

3 CARRYABILITY, WORKABILITY, BUILDABILITY AND STRENGTH

The material requirements for aerial additive manufacturing processes differ greatly to those for ground-based printing
operations. Ground based printers can be connected to a mains power supply, enable material to be pumped from a large
reservoir on site, and employ heavy duty wear resistant metal components in the extruder assembly where weight is of minor
concern. In comparison, the power to an untethered aerial robot must be supplied from a battery with finite capacity, and
lightweight printing material and miniaturised extruder components translate to reduced energy requirements and longer flight
times. These factors require very specific rheological properties for aerial additive manufacturing compared to it ground based
counterparts, in addition to incorporating lower density mixes. There are four key factors which define the aerial additive
manufacturing performance and quality of the printed components, namely; “carryability”, “workability”, “buildability” and
“opentime”, which are described in fig. 3. Workability is defined by the ease at which material can flow through the deposition
device, tube and nozzle prior to being deposited onto the substrate. Buildability can be defined as the ability of extruded
material to resist deformation under self-weight, or the weight of subsequently printed layers. When specifying a material for
printing there is often a trade-off between workability and buildability which can be addressed by a mix design which exhibits
non-Newtonian shear thinning behaviour. Such materials have a low viscosity when subjected to high shear rates which then
increases dramatically once the material is at rest. Carryability relates to the attributes of the mix which are influenced by the
characteristics of the aerial robot and deposition device. The fourth parameter is ‘open time’ which defines the time during
which the material remains in a printable state prior to setting. This must be sufficiently long to allow mixing, loading, printing
and then cleaning of the deposition device. Once these stages have been completed rapid hardening is advantageous to
ensure stability of the printed structure.

Mechanical
strength o)

(Aerial additive’, }.?
| manufacturing :;
(aam) o &

oF Lg

Fig. 3. Four main factors - “carryability”, “workability”, “buildability” and “open-time” proposed by the authors that must be
optimized to enable AAM.
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4 CEMENTITIOUS MATERIAL MIX DESIGNS AND PROPERTIES
4.1 Binders, aggregates and admixtures

Fig. 4. summarises the key information relating to four mix designs evaluated for their rheological and mechanical properties
to reveal relative performance during aerial additive printing operations. As described previously, buildability and workability
are important parameters which must be engineered appropriately to create a printable mix design. The constituents used in
the mix design and the concentration to which they are used will determine the material properties. When designing a mix
for aerial additive manufacturing a combination of CEM1, pulverised fuel ash, hemc (hydroxyethyl methyl cellulose), and
Xanthan gum provide a base mix that can be adjusted by varying the mix proportions and through including additional
components. Materials such as silica flour, silica fume, angular sand and egg albumen contribute to a buildable mix which
provides stability once printed and prevents sagging and deformation under load. The small particle size of silica flour and
silica fume can occupy the spaces between cement particles helping to densify the mix and prevent movement. Rough edges
of angular sand particles will lock together in a wet mix increasing the stress required to initiate flow and providing stability
until setting. High surface area and reactivity of silica fume can also enhance the long term strength by reacting with cement
clinker under the high pH conditions to produce additional C-S-H (calcium silicate hydrate) phases. However, these
constituents proved to be unsuitable for aerial additive manufacturing; to print a component successfully, additional
components such as smooth sand, foam and plasticisers are often necessary to enable sufficient workability of the mix so
that it can be transferred successfully from the extrusion device, through a tube and nozzle. Smooth sand particles have a
low coefficient of friction and promote flow, whilst liquid components may act as surfactants imparting a similar effect. These
can influence the water-to-binder ratio required having a large influence on rheology. Parts b and c of the figure show how
subtle differences in the mix design influence the shear thinning behaviour. At rest the viscosity ranges between 10° and 107
Pa.s, however, as the shear rate is increased from 10+ to 102 s™, a drop in viscosity of several orders of magnitude to between
10 and 102 Pa.s is observed. Part d of the figure presents some of the key material parameters which summarise the
properties including, phase angle & (o), complex modulus G*,28-day compressive strength fzsc, 28-day flexural strength foss
(all MPa) and the force required to process the material through the deposition device and tubing (N), the N value shown on
the figure being the true value divided by a factor of 10. Typical material properties were a cured compressive strength of 25
MPa, a complex modulus of 4-9 MPa within a two-hour open time, a yield stress of 1.1 KPa and material densities of
approximately 1650 kg/m?3. Material extrusion during autonomous flight was demonstrated with a printed 28-layer object [9].
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Fig. 4. Cementitious mixes evaluated for their performance for aerial additive manufacturing. [8]
4.2 Fibres

The addition of fibres to cementitious mixes provides additional strength leading to enhanced performance particularly under
flexural loading [10]. Although this can bring benefits relating to the buildability of the material once it has been deposited,
the presence of fibres can decrease the workability. The high aspect ratio of fibres results in even a small concentration
having a dramatic effect on the rheological properties of the mix. Fibres can be prone to aggregation leading to non-uniform
dispersion and increased frictional forces within the extrusion device, tubes and nozzle. Key fibre properties include the fibre
length, diameter, stiffness and surface characteristics (friction/wettability/roughness). Synthetic PVA, aramid and kevlar fibres
along with natural fibres from the banana plant were investigated to evaluate their contributions to the workability, buildability,
and mechanical strength. Light and electron microscopy images showing the different morphologies of the fibres are shown
in fig. 5. The addition of fibres to a cementitious matrix augmented by synthetic hydrocolloids results in compressive and
flexural strength increases and transforms the method of failure from brittle to ductile. Increases in compressive strength at
28 days from ~18 MPa to ~25 MPa and flexural strength increases from ~3.5 MPa to ~5 MPa were observed between mix
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designs with no fibres and the highest strength mix with fibres. Results suggest PVA and kevlar fibres are suitable for a
composite cementitious material with optimised rheology specifically designed for aerial additive manufacturing.

Fig. 5.. Macro (left) and SEM (centre) micro images, printed material (right). Top to bottom: PVA, Aramid, kevlar and
Banana. Fibre images are 43x magnification (within matrices, centre) and 1000x (right). Adapted from [10].

3.3 Addition of WS, nanopatrticles for improved shock-absorbing properties

The addition of nanomaterials to cementitious mix designs has been proven to improve a range of properties in civil
engineering applications. Different nanoparticles can enhance mechanical properties, sustainability and multifunctionality.
Examples include carbon nanotubes [11], graphene oxide [12], and nano-TiO2. There is little research in the field of cement-
based composites incorporating WSz nanoparticles with a fullerene cage structure. The unique structure of these particles
enables them to provide superior shock absorbing properties. WS2 naturally forms sheets comprising of a layer of tungsten
atoms sandwiched between two layers of sulphur atoms. These sheets then stack upon each other in weakly bonded layers.
WS: with the novel inorganic fullerene structures are manufactured using well-established methods based on the sulfidation
of tungsten oxide [13]. Under these conditions, the sheets adopt a curved shape forming a series of concentric shells similar
to an onion [14]. Under dynamic load this unique structure can deform without breaking, while absorbing dissipating energy
effectively [15,16]. When incorporated into a cementitious composite the alkaline environment promotes a reaction between
the surface layers in the WS2 and cement phases. A theory proposed by Chen et. al. suggests that Ca?* and OH- ions in the
pore water solution disrupt the interlayer bonding causing a peeling effect and exposing a greater proportion of the sheet
edges. The sulphur atoms are oxidised to sulphate releasing tungsten ions which react with calcium ions and oxygen forming
calcium tungstate (CaWOQs4). This forms an interfacial layer between the cement matrix and WSz nanoparticles. WS:
nanoparticles were incorporated into a specially designed cementitious mix for 3D printing which was then used to
manufacture a series of test specimens to evaluate the mechanical properties.
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Fig. 6. (a) Flexural strength obtained from 3-point bending tests for each group of components at day-28 with a standard
deviation of 0.4 MPa, 0.6 MPa, 0.9 MPa, and 0.7 MPa for 3D printed CEM1, 0.1WS2-CEM, 1WS2-CEM, and 5WS2-CEM,
respectively, and 1.2 MPa for casted 1WS2-CEM, (b) the comparison of flexural strength improvement between this study
and literature. [17]

Fig. 6 (a) illustrates how the flexural strength of cementitious composites is increased by the addition of up to 1 weight %
WS:2. Interestingly there is little improvement between 1 wt % and 5 wt %, however, this was attributed to aggregation of the
particles leading to poor dispersion within the matrix. No significant difference between the flexural strength of 3D printed or
cast 1 wt % WS2 composites was observed, indicating that the rheological modifiers added to produce a mix capable of being
3D printed did not have a detrimental effect on the performance. Fig 6(b) is a comparison of 3D printed (using a WASP 40100
printer) and cast designs from various research projects investigating a range of nanoparticles. 3D printed nano-graphite and
IF-WS:2 provide the highest % increase in strength.

4 CONCLUSIONS

This paper provided an overview of the key properties (workability, buildability, carryability, and open time) required for a
cementitious material capable of being printed using an aerial additive manufacturing platform. Important differences between
ground based and aerial additive manufacturing systems were described, such as mix density considerations, the
microstructure of constituents and rheological properties. A range of constituents and additives were described in the context
of how they can be used to modify the key properties and engineer a suitable mix. An overview of synthetic and natural fibres
and how these effect properties was given. Finally, the use of inorganic fullerene tungsten disulphide nanoparticles for
improving the impact resistance and mechanical properties of 3D printed material was described.
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