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ABSTRACT  
Three-dimensional (3D) printing has been profoundly changing the production mode of traditional 
industries. However, this technique is usually limited to metre-scale fabrication, which prevents 
large-scale 3D printing (LS3DP) applications such as the manufacturing of buildings, aircraft, ships, 
and rockets. LS3DP faces great challenges, particularly, it not only requires confronting problems not 
yet solved by conventional 3D printing, such as the inability to print functional structures due to 
limitations by single-material manufacturing, but also needs to overcome the size effect limitation of 
large-scale printing. Here, we systematically review the state of the art in the integration of materials 
and technologies in LS3DP. We also demonstrate some disruptive engineering cases of LS3DP in the 
field of construction. The challenges and strategies for overcoming size constraints to achieve LS3DP 
of functional structures are discussed, including multifunctional 3D printing processes from nano- to 
large-scale and large-scale 4D printing processes, diverse printable materials and sustainable 
structures, horizontal and vertical size-independent printers, collaborative and intelligent control of 
the entire process, and extreme environment printing. These strategies can provide tremendous 
opportunities for the fully automated, intelligent, and unmanned production of these different 
material megastructures and internal multiscale multifunctional components such as buildings/ 
structures, aerospace vehicles, and marine equipment.

ARTICLE HISTORY
Received 29 February 2024 
Accepted 18 April 2024  

KEYWORDS  
Large-scale 3D printing; 
multifunctional processes; 
novel sustainable materials; 
size-independent printers; 
collaborative intelligent 
control

1. Introduction

Additive manufacturing (AM), or 3D printing, is a disrup
tive and sustainable digital technology that can auto
matically produce 3D complex physical objects that 
are indistinguishable from their target objects directly 
from 3D digital models, without human intervention in 
the printing process [1–3]. Herewith, AM is about to 
change the business models, design methods, pro
duction methods and industrial chains of traditional 
industries [4,5]. Compared to traditional manufacturing 
methods, the significant advantages of 3D printing can 
provide extraordinary freedom to achieve controlled 
composition, geometry, complexity and functionality 
[6]. Specifically, with its high degree of mechanisation 
and fully automated manufacturing, this technology 
improves production efficiency, safety and product 

quality, reduces resource waste [7], minimises the use 
of labour [8], and lowers production costs [9,10]. In 
addition, 3D printing offers the opportunity to digitally 
and flexibly manufacture complex structures that can 
be customised [3,11], and can be optimised to improve 
designs for better performance and functionality [12], 
while saving materials and even creating new structures 
that were previously unattainable. These advantages 
have made 3D printing a practical technology that is 
beginning to be used in many different industries [13] 
and is gradually expanding [14].

For example, this fully automated digital technology 
has already been widely used in end-use production 
for consumers (smartphone assemblies [15], wearable 
electronics [16], food [17], robot parts [18], etc.), elec
tronic information (Li-ion battery architectures [19], 
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piezoresistors [20], microelectrodes [21], capacitors [22], 
organic electronic devices [23], etc.), biomedical appli
cations (medical equipment components [24], scaffolds 
[25], tissues [26], artificial organs [27], medicines [28], 
bacterial communities [29], etc.), and chemical industry 
applications (catalysts [30], desalination spacers [31], 
etc.). Collectively, these applications of traditional 3D 
printing tend to be concentrated at the desktop scale 
[6], which has mostly been limited to the micrometer 
to decimetre scale, except for a few nanoscale 
applications.

To extend the benefits of this automated digital tech
nology beyond small-scale 3D printing, a large-scale 3D 
printing (LS3DP) for the automated AM of huge struc
tures has been developed as a solution to overcome 
manufacturing size limitations. Huge structures [2] here 
are usually larger than 1 m in size and specifically 
include buildings/structures/space bases, automobiles, 
aircraft, rockets, high-speed trains and ships. As one of 
the representative LS3DP technologies, construction 
3D printing (C3DP), has been developed for automated 
AM of buildings/structures (also infrastructure, space 
bases, etc.), aiming to change the way of production in 
the construction industry.

Several pioneers have initiated the research and 
applications of LS3DP. For example, a large format 
polymer 3D printing was pioneered by ORNL in 2013 
[32] and later commercialised by Cincinnati Incorpor
ated. Afterwards, some 3D printers with a working 
range of more than 1 m (Voxeljet [33], mobile printers 
[34], KamerMaker [35], SLA machines [3], etc.) have 
been invented. A large-format 45-degree printing has 
been introduced by Thermwood and Ingersoll Machine 
Tool as ways to make LS3DP larger. This automated 
LS3DP technology has been used to print metallic com
ponents for aircraft with lighter weight, higher perform
ance [36,37]. Furthermore, the technology has been 
used to print plastic components or metal parts for 
cars [1,38,39] and customised car bodies (e.g. the Strati 
car was printed by Local Motors), metal thrusters and 
stainless steel engine components for rockets [1,40], 
metal propellers for ships [41], stellarators and ceramic 
structures for nuclear industrial equipment [42,43], 
alloy steel core parts for high-speed trains [44], 
complex concrete components for buildings [3,45–47], 
entire houses (e.g. some bio-based houses were 
printed by University of Maine), etc. In addition, the 
development of plastic and metal large format 3D prin
ters from Ingersoll system, WIRE-ARC AM metal 3D prin
ters from AML3D, additive and subtractive hybrid 3D- 
printers from Big Metal Additive, robotic arc welding 
3D printers from Wolf Robotics and laser metal depo
sition with wire 3D-printing technology from GKN 

Aerospace offer possibilities for LS3DP applications. In 
fact, the advantages of LS3DP have been demonstrated 
in construction and nuclear industry applications. In par
ticular, LS3DP can fundamentally change the high risk, 
harsh operating environment, labour intensity, and 
environmental pollution [48,49] in these industries.

As these industries continue to benefit from LS3DP in 
terms of freedom of design and smart manufacturing 
[50,51], one potentially revolutionary step in the transition 
of LS3DP is to achieve full-size automated printing of 
mega-structures and their functions [52]. However, it is 
undeniable that this highly interdisciplinary research 
effort is still in its infancy [53,54] and that the application 
of LS3DP technology is mostly limited to the metre scale 
fabrication [2,11]. Moreover, unlike conventional 3D print
ing, LS3DP faces greater challenges due to size effects, 
notably to a necessary compromise between accuracy 
and efficiency [2]. That is, the size effects dramatically 
magnify the requirements for various processes, material 
performance, equipment configurations, and 3D spatial 
control involved in LS3DP. This would result in printed 
products that exhibit dispersion and uncertainty in 
shape, accuracy, quality and performance [2]. Even 
worse, printing large structures cannot omit challenges 
in small and conventional scale 3D printing, as printing 
at this scale still faces some limitations. Specifically, only 
a single material structure or part can usually be printed 
using the same printer [1], while most printers cannot 
print multifunctional components or structures.

Here, we systematically report current the state of the 
art in the integration of materials and technologies in 
LS3DP represented by C3DP, including feasible printing 
processes, available printing materials and their prop
erty space maps, general printing equipment, and core 
printing controls. We also demonstrate some disruptive 
cases of LS3DP represented by C3DP, such as a 6 m high 
3D printed habitable and deliverable two-story building 
and a 21.6 m long 3D printed bridge. In parallel, we 
analyze the relationship between C3DP and LS3DP. On 
this basis, we finally describe the challenges and strat
egies for overcoming size constraints to achieve LS3DP 
of functional structures.

2. LS3DP materials and technologies

2.1. 3D printing processes

Unlike traditional subtractive manufacturing, the corner
stone of 3D printing is a digital process to layer-by-layer 
fabrication, which allows manufacturing flexibility by 
optimising the process balance supply process [55,56]. 
The International Organization for Standardization Tech
nical Committee on Additive Manufacturing (ISO/TC 
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261) and the American Society for Testing and Materials 
Technical Committee on 3D Printing (ASTM/F42) have 
defined seven basic 3D printing processes (Figure 1
(A)), including binder jetting (BJT), vat photopolymeriza
tion (VPP), powder bed fusion (PBF), material extrusion 
(MEX), material jetting (MJ), sheet lamination (SHL), 
and direct energy deposition (DED) [1,57]. Each of the 
basic 3D printing processes has produced some repre
sentative commercial technologies [58], e.g. the repre
sentative processes for MEX are fused filament 
fabrication (FFF) and fused deposition modelling (FDM).

Current LS3DP processes have evolved from 7 basic 
3D printing processes based on traditional industrial 
materials. For instance, the evolutionary processes of 
material extrusion have generally been applied to 3D 
printed buildings, and the derivative processes of 
powder bed fusion, direct energy deposition and sheet 
lamination are normally used for 3D printed aerospace 
components. To meet the increasing requirements of 
printing structure functions, and make it possible to 
print large-scale structures, the LS3DP process 

represented by C3DP has been investigated. Various 
new LS3DP processes (Figure 1(B)) have been enriched 
and developed based on these original basic 3D printing 
processes. Based on our preliminary statistical work [59], 
we further estimate that 3D printing processes have 
been used by a large number of institutions or research 
groups around the world in the field of construction. We 
found that all these processes have evolved from basic 
3D printing processes and that the original basic 3D 
printing processes used were MEX, BJT, and DED, 
which accounted for 95.2%, 2.4%, and 2.4% of the 
total, respectively. Two types of LS3DP processes, 
unheated extrusion and heated extrusion, were devel
oped based on the MEX process, accounting for 83.0% 
and 12.2% of the statistics, respectively. The LS3DP pro
cesses for unheated extrusion included contour crafting 
(CC) [60,61], concrete printing (CP) [62–64], etc. The CC 
process extrudes cement-based material while smooth
ing the printed layers using a printing head with 
trowels, prints layer by layer to form a contoured 
hollow wall, places reinforcement inside the hollow 

Figure 1. Evolution of the LS3DP process and its feasible processes for LS3DP represented by C3DP. (A) Classification of 3D 
printing processes and their representative processes. (B) Feasible LS3DP processes represented by C3DP and their respective percen
tages. (3DP: 3D printing; SLA: stereolithography apparatus; DLP: digital light processing; 3SP: scan-spin-selective photocure; CLIP: con
tinuous liquid interface production; SLS: selective laser sintering; DMLS: direct metal laser sintering; SLM: selective laser melting; EBM: 
electron beam melting; SHS: selective heat sintering; MJF: multijet fusion; FFF: fused filament fabrication; FDM: fused deposition mod
elling; SCP: smooth curvature printing; MJM: multijet modelling; LOM: laminated object manufacture; SDL: selective deposition lami
nation; UAM: ultrasonic additive manufacturing; LMD: laser metal deposition; LENS: laser engineered net shaping; DMD: direct metal 
deposition; GMAW: gas metal arc welding; Respective percentages: statistical results of the use of 3D printing processes by institutions 
or research groups in the field of construction, percentage using MEX, BJT and DED) [1,57].
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structure and fills it with the same material as the printed 
structure [60,61]. The CP process forms a print layer by 
continuously extruding high-performance concrete 
(HPC) [62,63] or ultrahigh-performance concrete 
(UHPC) [64], lays a reinforcement mesh on the surface 
of the printed layer, and repeats the extrusion until the 
printing structure is complete and the reinforcement is 
implanted. The LS3DP processes for heated extrusion 
were developed mainly based on the FDM for the MEX 
process. For example, we developed a full-size 3D print
ing polymer material process based on the FDM-like 
process [52], which heats and melts the polymer 
material through the nozzle of the ultra-large 3D print
ing equipment, continuously extrudes and stacks, syn
chronously and dynamically compacts the printing 
layer, and solidifies to form a large structure. Based on 
the BJT process, LS3DP processes were developed, 
such as the D-shape process [65]. Based on the DED 
process, some LS3DP processes, such as MX3D, have 
been explored [66].

In fact, the LS3DP process described above has 
proven to be capable of printing fairly large buildings 
and structural components (10 m class) [3], with great 
potential to facilitate the automated construction of 
entire structures as well as large-scale components. 
However, it should be added that there are many 
LS3DP processes that can evolve from 7 basic 3D print
ing processes, and in the evolution and development 
of LS3DP processes represented by C3DP, most of 
them chose the above three basic processes, especially 
the MEX process, which occupied an overwhelming pro
portion. The main reason for this is that researchers and 
practitioners continue to use similar construction mode 
of plain concrete and reinforced concrete in C3DP and 
that the inherent characteristics of those materials 
used limit the process choice. That is, concrete exhibits 
inhomogeneity and anisotropy, which implies that one 
will not be able to achieve rapid printing of complex 
structures if other processes are chosen [67].

Similarly, in addition to C3DP, current LS3DP processes 
continue to evolve from 7 basic 3D printing processes 
based on traditional industrial materials. For instance, 
the derivative processes of BJT, DED and SHL are normally 
used for 3D printed aerospace components. Therefore, it 
is necessary to break through the traditional production 
methods based on the characteristics and advantages 
of AM, and develop innovative processes suitable for 
LS3DP according to different needs.

2.2. 3D printing materials

In addition to the approach of print layer deposition, one 
of the most important factors in determining the type of 

LS3DP process is the ink used (i.e. the 3D printing 
material). For example, the most widely used LS3DP pro
cesses, i.e. CP, D-Shape and MX3D, use different 
materials, namely, cement-based, granular and metallic 
materials, respectively. For LS3DP, the fundamental prin
ciple that makes AM possible is the ability to selectively 
control material deposition or material phase transition 
[5]. The base material used determines the performance 
and mechanical behaviour of the printed structure and 
affects the function of the manufactured part [9], so 
materials are critical to LS3DP. Moreover, LS3DP has 
extremely high requirements for the safety of the struc
ture, and the performance of the formed structure 
obtained by printing and stacking layer by layer must 
not differ too much from those of the original base 
material, otherwise the safety of the structure will be 
compromised. Several comparative experimental 
studies of scaled printed specimens of LS3DP have 
been conducted [4,66,68–70], and microscopic obser
vations have revealed that there are differences in the 
microstructure between the 3D printed structure and 
the basic material. The printed structures using 
different materials have different levels of layered or 
long-grained microstructures, and the structures 
present a certain anisotropy. However, the mechanical 
properties and failure characteristics of the printed struc
tures were tested extensively, and the results show that 
the mechanical properties of the printed structures are 
not significantly weakened [66,68,69]. Therefore, the 
safety performance of printed structures for LS3DP still 
depends on the choice of their base printing material.

According to the physical state of the materials 
before deposition [71], 3D printing materials can be 
classified as liquid materials, powder materials, viscous 
materials, solid materials, etc., while according to the 
chemical properties of the materials, they can be 
divided into polymer-like materials, metalic materials, 
inorganic nonmetallic materials and their composite 
materials. We counted the 3D printing materials avail
able for LS3DP, and their property space map is shown 
in Figure 2. The available 3D printing materials mainly 
include cement-based materials, granular materials, 
metallic materials, wood-based materials, polymers, cer
amics, and regolith. When the Young’s modulus and 
strength values of the LS3DP available materials are 
compared with their densities of approximately 230- 
7980 kg/m3, a spatial map of material properties can 
be obtained and easily analyzed.

Cement-based materials (Cement in Figure 2) are the 
most commonly used materials for LS3DP in the field of 
construction due to their high modulus of elasticity and 
compressive strength. Specifically, cement-based 
materials have evolved from cement mortars without 
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coarse aggregates and fibre-reinforced cements [72–75] 
to normal concrete (NC) [76–78], high-performance con
crete (HPC) [79], and ultrahigh-performance concrete 
(UHPC) [64]. Importantly, the performance of cement- 
based materials can be improved by adding reinforcing 
materials, including the fibres of photopolymer, 
polymer-based resin, polyvinyl alcohol, polypropylene 
(PP), hydroxypropyl methyl, polyethylene, plant (sisal, 
bamboo), basalt, glass, steel, titanium alloy, and 
carbon. Granular materials (Granular in Figure 2) are 
also among the materials commonly used for LS3DP in 
the construction field. These materials typically consist 
of a mixture of powder and binder (Plaster in Figure 2) 
[69], sand and binder [8], geopolymer-based materials 
(Geopolymer in Figure 2) [80–82] plaster reinforced 
with high-strength fibre-reinforced polymers (FRP 
plaster in Figure 2) [83] and stone powder (Stone in 
Figure 2) [65]. These granular materials have a wide 
range of densities, Young’s modulus and compressive 
strengths depending on the powder, binder and reinfor
cing material. Metallic materials (Metallic in Figure 2) 
have high strength and high stiffness [83], so they can 
be used for manufacturing large complex structures 
using LS3DP. These structures are made of titanium 
alloys [84,85], metal matrix composites (nickel-tita
nium-aluminum, NiTi-Al) [86], stainless steel material 
(Stainless steel in Figure 2) [66,87,88], aluminum alloys 
[89,90], copper, gold, magnesium, nickel-base alloys 
[91], tungsten, metallic cellular materials (Cellular in 
Figure 2) [92], etc. Wood-based materials (Wood in 

Figure 2), as an environmentally friendly organic 
material, with better properties (e.g. low density of 
140–550 kg/m3 [93]), selectively bonded by appropriate 
binders, can be another ideal material [94,95] for LS3DP 
to manufacture large scale components of almost any 
desired shape [96]. Some binders such as polylactic acid 
(PLA) [97], polyvinyl acetate and urea–formaldehyde 
(PAUF in Figure 2) [95] as well as PP [98], were chosen 
to improve the mechanical properties of the wood 
powder (WP in Figure 2). Polymers (Polymer in Figure 
2), as one of the most widely used and mature traditional 
3D printing materials, can also be used for LS3DP (such as 
printed moulds or formworks). These polymers include 
acrylonitrile butadiene–styrene (ABS) [99–101], photopo
lymer [102,103] and PLA [104]. 3D printed cellular compo
sites (Bars epoxy and honeycombs in Figure 2) [105] yield 
polymers with low density (less than 200 kg/m3), high 
specific stiffness and tensile strength. Ceramic materials 
(Ceramic in Figure 2) have impressive properties including 
high temperature capability, environmental resistance 
and high strength, and can be used to print large core 
components [106,107]. Various ceramic compositions, 
such as SiOC [108], Ti3AlC2 [109], Si-SiC [110] and CMCs 
(ceramic matrix composites) [111], can be processed 
with 3D printing and postprocessing. In addition, the 
readily availability of basaltic regolith, its high compres
sive strength and the relatively high tensile strength for 
terrestrial basalt indicate that cast basalt may be an 
ideal material for the LS3DP of manned outposts (space 
bases) on the Moon for space exploration [65,112]. 

Figure 2. Available printing materials and their property space maps for LS3DP. (A) Young’s modulus versus density. (B) 
Strength versus density.
Note: the strength of the cement-based, granular, ceramic, regolish material and metallic, wood-based and polymer materials are the compressive strength and 
tensile strength.
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Some materials such as glass, soil and bio-based materials 
can also be used for LS3DP.

Currently, the materials used in LS3DP mimic those 
available in conventional manufacturing [2]. For 
example, 3D-printed buildings/structures usually employ 
concrete materials or wood-based materials. 3D-printed 
parts for aircraft and rockets typically use alloys or metallic 
materials. For LS3DP, on the one hand, testing by means 
of scaled-down printed specimens no longer fully reflects 
the true performance of large printed structures. On the 
other hand, the bonding between large printed layers, 
material defects (cracks, residual stresses) and various ani
sotropies can no longer be overlooked. Therefore, the 
materials developed and adopted for LS3DP not only 
have to fulfil the printable properties of the layer-by- 
layer AM process, but also need to overcome printed 
layer defects to ensure that the final printed structure 
meets the design requirements.

2.3. 3D printing equipment

The fundamental method and direct execution tool to 
build structures automatically layer by layer is 3D print
ing equipment (also known as 3D printers). This equip
ment usually consists mainly of a printing head for 
delivering material, a frame system equipped with the 
printing head and a control system, which allows the 
printing head to move at a predetermined position 
and deliver material. The 3D printing equipment 
(Figure 3(A)) of LS3DP that has been invented and com
monly used in the field of construction can be divided 
into four types according to their main structural forms 
and degrees of freedom (DOFs) of motion, namely, 
gantry [113,114], truss [65], robotic arm [66,115], and 
tower [116,117]. We analyzed these four types of equip
ment, which accounted for 36.6%, 26.8%, 31.7% and 
4.9% of the statistics, respectively, with more 

Figure 3. Classification of 3D printing equipment and their core printing actuator for LS3DP represented by C3DP. (A) 3D 
printing equipment commonly used for construction and their respective percentages (gantry, truss, robotic arm and tower, 
usually with 3, 3, 6 and 4 DOFs respectively). (B) Specific 3D printing equipment for construction (vehicle robotic arm, cable-position
ing and truss robotic arm, usually with 6, 6 and 6 DOFs respectively). (C) Classification of printing heads for the LS3DP equipment for 
construction (heating extrusion, pressure extrusion, screw extrusion and welding deposition).
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applications of truss and robotic arm equipment. The 
gantry equipment has a large self-weight and cannot 
be moved after installation. This equipment is more suit
able for indoor printing (i.e. printing components 
indoors and assembling them on site) large-scale struc
tures, with extremely high positioning accuracy due to 
its high rigidity. The robotic arm itself can be moved 
or moved by lifting, which is suitable for printing small 
structures on site or indoors, or adding rails or position
ing devices for printing large structures with high posi
tioning accuracy. The tower equipment can be moved 
by lifting, which is more suitable for on-site printing. 
However, the weight and deflection of the cantilever 
structure limits the ability to print structures that are 
too large, and the positioning accuracy is not high. 
DOF is normally important when a multi-orientation of 
material building is concerned. Positioners may be 
used to facilitate AM flexibility and create a dexterous 
workspace. This is related to the complexity of the 
printed object. Both the gantry and truss equipment 
usually have only 3 DOFs of motion, which are suitable 
for printing structures with relatively simple shapes, 
while the robotic arm and the tower equipment 
usually have 6 and 4 DOFs of motion, which are suitable 
for printing structures with relatively complex shapes. 
Based on this equipment, several more complete 
system (Figure 3(B)) with 6 DOFs of motion, such as 
vehicle robotic arms [112], cable-positioning systems 
(i.e. line-driven printers or hang printers) [118–120] and 
truss robotic arms [121,122], were developed to accom
modate the printing of more complex and larger 
structures.

The type of the main structure of the equipment 
proved to be important, but it does not determine the 
type of 3D printing process. For example, D-shape and 
CP are two different printing processes that usually use 
the same type of equipment (e.g. a truss-based equip
ment), while on the other hand all four types of equip
ment can be used for the same process (e.g. the MEX 
process). In addition, the structural performance of 
LS3DP equipment for construction needs to be signifi
cantly improved compared to traditional 3D printing. 
For example, LS3DP equipment may be heavy and 
long-range due to its increased size, which means 
stiffness is a critical factor. Vibrations may be generated 
during motion and propagate from the base to the end- 
effector, affecting manufacturing accuracy. Additionally, 
with SLM, the roller may damage the deformed part (the 
wrapping border) during interlayer time. These are 
typical equipment issues that should be addressed. 
However, this is not the main obstacle. The most critical 
part of 3D printing equipment is the core printing actua
tor, i.e. the printing head system, which needs to be 

compatible with the corresponding printing process 
and material. Depending on the principle of deposition, 
printing heads for LS3DP equipment are usually 
classified into four categories (Figure 3(C)): heating 
extrusion [123–125], pressure extrusion [123,124,126], 
screw extrusion [123,124], and welding deposition 
[127,128]. In a sense, the printing head serves to eject 
droplets of adhesive, or liquid-to-solid compounds, 
which form a layer of the rapid prototyping structure 
[55], and can even visually represent the printing 
process. For example, one printing process that carries 
a screw extrusion printing head that extrudes material 
through a compound nozzle assembly and smooths 
the printed layers by using trowels is the CC process 
[113,114]. The most significant feature of the D-shape 
process is that its printing head consists of a set of 
pressure extrusion spraying nozzles [65]. Extruding 
material through a pump-mounted screw extrusion 
printing head is one of the main features of the CP 
process [62,129]. Deposition material with one welding 
deposition printing head based on GMAW is a unique 
feature of MX3D [66,115]. Furthermore, we invented 
the polymer super LS3DP equipment that carries a 
heating extrusion printing head called SCG-FDM [52]. It 
should be noted that although the main structure of 
the 3D printing equipment does not determine the 
type of 3D printing process, the LS3DP equipment 
needs to choose the appropriate main structure accord
ing to the different printing objects and printing heads 
(type, weight, etc.). For example, gantry and tower 
equipment is usually chosen for MEX processes with a 
single heavy-duty printing head. Robotic arm equipment 
is typically used for DED printing processes with a single 
printing head. Truss equipment is usually chosen for 
printing processes with multiple printing heads (e.g. 
BJT process) or array lasers (e.g. SLM process).

2.4. 3D printing controls

Another key requirement that makes AM possible at a 
large scale is the ability to control the printing oper
ations efficiently and precisely while ensuring the 
safety of the printing process as well as the performance 
and quality of the printed structures. Taking the CC 
process of LS3DP in the construction field as an 
example, we demonstrate the core control technologies 
(Figure 4) involved in the full process of these printing 
operations. Typically, these core technologies include 
material control (M), 3D spatial control (S), printing 
control (P) and deviation control (D).

Material control, as defined here, mainly includes 
material design (e.g. setting time, and properties), 
material preparation (e.g. mixing), material conveying 
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(or pumping), early curing and hardening of the 
printed layer, and long-term hardening of the 
printed structure. This should satisfy pumpability, 
extrudability and buildability during printing [130] 
and achieve the desired mechanical properties 
(density ρ, elastic modulus E, compressive strength 
C, etc.) after printing and hardening, as well as 
satisfy long-term structural performance (cracking, 
shrinkage, durability, etc.) [129].

3D spatial control mainly includes the movement and 
rotation motion control of the printing head [5] and the 
distance control between the printing head nozzle and 
the printing layer. Specifically, the control parameters 
are the speed of movement for the printing head (V ), 
the angular speed of rotation for the printing head 
(W ) and the standoff distance (D). For efficient 3D 
spatial control, it is necessary to study reasonable path 
planning algorithms [113] to optimise the printing 
path based on simulation before printing and achieve 
effective control of the position of the printing head 
during the printing process.

Printing control, as defined here, mainly includes the 
design of the printing parameters (extrusion width w, 

layer resolution h, printing head speed of movement V, 
time gap tg, etc.), extrusion control (flow rate u, nozzle 
diameter R, extrusion temperature T, nozzle shape, 
etc.), printing deposition (i.e. geometry control of print
ing layer) [131] and curing control (curing temperature 
Tc, etc.), which aims to build the same structure as the 
designed 3D digital model and meet the shape, perform
ance and functional requirements.

Deviation control mainly includes the control of path 
deviation Δp (i.e. position deviation) and shape deviation 
Δs (i.e. geometric deviation). In the absence of monitor
ing and regulation, it consists of equipment errors and 
printing deviations. The deviation control [67] finally 
makes the deviation of the printed structure from the 
design model within the allowed error range.

Material control, 3D spatial control, and print control 
are not separate aspects but are mutually adaptive and 
coordinated, and must be considered in synergy with 
the material scale, printing path scale, and global 
shape scale [1,64] both temporally and spatially. In 
fact, for LS3DP processes (such as the CC process), 
these factors seem to be difficult to control except for 
the print path scale, and the control process requires 

Figure 4. Core control technologies and their control equations for LS3DP represented by C3DP. (X: Shape of the printed layer 
or structure; f: Printing control equation for LS3DP; P: Printing control; S: 3D Spatial control; M: Printing control; X0: Other factors 
affecting the shape of the printed layer or structure; Δ: Deviation control; H: Scale of printing structure; V: Speed of movement for 
printing head; W: Angular speed of rotation for printing head; R: Nozzle diameter; F: Extrusion pressure; v: Extrusion speed; D: 
Standoff distance; u: Flow rate; tg: Time gap; T: Extrusion temperature; TA: Ambient temperature; h: Layer resolution; w: Extrusion 
width; h0: other factors that affect the h; w0: other factors that affect the w; hs: Layer resolution set by software; ws: Extrusion 
width set by software; Vx: Speed of movement in the x direction for printing head; Vy: Speed of movement in the y direction for print
ing head; Vz: Speed of movement in the z direction for printing head; ρ: Density of the material using LS3DP; E: Elastic modulus of the 
material using LS3DP; C: Compressive strength of the material using LS3DP; Δp: Path deviation; Δs: Shape deviation).
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not only controlling the rheology of the extruded 
material but also the solidification kinetics of the 
material in interaction with the continuous printing 
path and the overall shape of the printed structure 
[64]. In addition, material control involves materials in 
a time-varying printing process, and 3D spatial control 
and printing control are the processes that control the 
dynamic forming of materials. In contrast, the extrud
ability and buildability of time-varying materials affect 
and restrict each other [130] and are affected by external 
environmental conditions such as Tc, which also brings 
challenges to the control of LS3DP. Therefore, to quanti
tatively perform LS3DP control, to obtain the desired 
shape of the printed layer or structure and to obtain 
accurate geometric dimensions (e.g. h, w), the most 
central task is to establish the printing control equation 
(Figure 4) between X and P, S and M. Specifically, the 
factors affecting the final printing geometric size 
should be identified through a series of parameter sen
sitivity tests and simulation analyses before printing, 
and the quantitative relationship between each factor 
parameter and the printing geometric size should be 
established [52]. Using the CC process as an example, 
these factor parameters typically include V, D, R, u, tg, 
E, but also dynamic yield stress σD [132], static yield 
stress σS, etc. Obviously, it is important to note that 
the printing control equations are different for 
different printing processes [128]. In the case of printing 
metallic materials using the DED process, for example, 
although the objects of control are still X, P, S and M, 
there are significant differences specifically compared 
to printing non-metallic materials (e.g. cement-based 
materials) using the CC process. In terms of material 
control, printing metallic materials does not require 
material mixing and pumping, and there is no long- 
term hardening process, so the mechanical parameters 
of the material in the print control equations are 
different. In terms of 3D spatial control, there is not 
much difference between printing metallic and non- 
metallic materials. In terms of printing control, the print
ing parameters involved vary greatly, except for w and h. 
In terms of deviation control, differences in the materials 
used can lead to changes in the core control parameters, 
e.g. printing metallic materials is more concerned with 
residual stress control.

Another challenge for the control of LS3DP is the size 
effect, i.e. the conflict between accuracy and efficiency. 
Suppose a printing scale (H ) of 100 m for a high-rise 
building needs to be constructed with LS3DP. If h and 
w are set to the mm level in pursuit of higher printing 
accuracy, then the number of printing layers is 105 (i.e. 
the ratio of printing structure scale to printing accuracy 
is equal to 105), and the printing time required (t) is 

unimaginable. If in pursuit of higher construction 
speed, h and w are increased to the dm level, and the 
number of printed layers is 103, then the printing 
efficiency is increased, but this makes the deviation 
larger; thus, the printing accuracy cannot be guaranteed. 
Suppose a component with a small scale of 0.01 m is 
printed, and the h and w are set to a higher printing 
resolution (0.1 mm) than that of the high-rise building. 
However, the ratio of printing structure scale to printing 
accuracy is only 102. The contradiction between the 
efficiency and accuracy of large-scale 3D printing [9] 
is more prominent than that of traditional small-scale 
3D printing. To improve the control of materials, geo
metry and functionality [1] of LS3DP, further research 
into control techniques is necessary to achieve an 
optimal balance of efficiency and accuracy [67]. These 
control techniques, such as path planning, are critical 
for optimising the 3D printing process, especially in 
achieving efficient and precise printing of complex 
structures. It involves volume decomposition and 
slicing techniques, path generation methods, and 
joint trajectory planning software [133]. For LS3DP, 
adaptive methods and algorithms need to be investi
gated, such as a top k% path planning method for 
multi-robot cooperative wire arc AM of large-scale 
metal parts [134], a modified genetic algorithm for 
resource-constrained scheduling of multi-robot coop
erative 3D printing [135] and an optimised scheduling 
algorithm of the multi-robot printing platform based 
on efficiency egalitarianism [136].

This means that high-precision and high-efficiency 
control of LS3DP is not impossible if the conflict 
between accuracy and efficiency is effectively resolved, 
and reasonable printing control equations are established.

3. LS3DP applications

3.1. Manufacturing/construction approaches

To overcome the limitation of printing size, there are two 
approaches to fabricate/construction large structures for 
LS3DP applications [2]. The first is a manufacturing 
method based on spatial dimension (i.e. prefabricated 
3D printing). Large structures are divided into suitable 
small components, which are printed, and these small 
printed components are then assembled by hand or 
by machine through reliable connectors. The second is 
a manufacturing method based on temporal dimension 
(i.e. overall 3D printing). Large structures are divided into 
small layers with suitable thickness and the large struc
tures are then printed layer by layer based on this thick
ness. Currently, most LS3DP application cases still use 
the prefabricated 3D printing approach.
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3.2. LS3DP statistics and disruptive cases

Due to the research and development of the above 3D 
printing technologies, LS3DP has been gradually 
applied to the field of construction worldwide, including 
printing non-load-bearing structures [137,138] such as 
decorations, landscapes, complex nodes and shaped 
formwork, printing horizontal and vertical lightweight 
load-bearing structures [139,140], and printing buildings 
and structures [141].

We statistically analyzed key quantitative indicators of 
LS3DP, as shown in Figure 5(A). LS3DP key quantitative 
indicators mainly include the largest printed structure 
VL, total printing volume VT and volumetric printing 
rate RV. VL, VT and RV reflect the maximum volume of 
the printed structure or the assembled structure of the 
printed components, the maximum printing volume of 
the 3D printing equipment, and the maximum printing 
rate, respectively (see the detailed definitions of quanti
tative indicators in the literature [142]). Statistics show 
that VL is approximately between 0.14 and 6080 m3, 
with an average of approximately 472 m3. VT is approxi
mately between 2 and 9000 m3, with an average of 
approximately 1016 m3. RV is approximately between 
0.0006 and 3.6 m3/h, with an average of approximately 
0.452 m3/h.

To further illustrate the buildability of the existing 
LS3DP technologies, we demonstrate some disruptive 
cases of LS3DP for the construction field in Figure 5. 
China’s first polymer 3D printed bridge, the Shanghai 
Putuo Bridge (Figure 5(B)), was successfully built by 
SCG and SCR in January 2019. The length, width and 
height of the 3D printed bridge are 15.3, 3.8 and 
1.2 m, respectively. The bridge was constructed using 
the construction model of indoor full-scale printing 
plus an on-site installation, and its 3D printing 
process was an FDM-like process. The 3D printing 
material used was a polymer material, namely, a 
glass fibre reinforced acrylonitrile styrene acrylate 
copolymer, with a density of 1200 kg/m3, an elastic 
modulus of approximately 5.5 GPa, and a bending 
yield strength of approximately 50 MPa. The printing 
material used in the entire printed bridge weighed 
approximately 6 tons. The equipment was an internally 
developed five-axis gantry-type ultra-large high- 
stiffness 3D printer. The length of the equipment 
was 25 m, the width was 4 m, the height was 2.5 m, 
the printing accuracy was approximately 1 mm, the 
RV was approximately 0.007 m3/h, and the time to 
print the entire bridge was approximately 4.5 weeks. 
In the same year, the Quanzhou 3D printing bridge 
(Figure 5(C)) was also built by SCG and SCR. The 
length, width and height of the 3D printed bridge 

are 17.5 m, 3.2 m and 3.2 m respectively, and the print
ing material used in the entire printed bridge weighed 
approximately 12 tons. The bridge was divided into 16 
sections, and the construction mode of printing com
ponents plus assembly was used. The components 
were printed indoors and then assembled, after 
which the whole bridge was transported to the site 
for installation. The 3D printing process, equipment 
and materials for the Quanzhou 3D printing bridge 
were the same as those for the Shanghai Putuo 3D 
printing bridge, and the RV increased to 0.008 m3/h. 
The printing of this complex special-shaped bridge 
took approximately 1 month. The world’s longest 
polymer 3D printed bridge, the Chengdu Bridge 
(Figure 5(D)) was successfully built by SCG and SCR 
in 2021 [144]. The total length of the bridge is 
66.8 m, of which the 3D printed part is 21.6 m long, 
the widest section is 8 m and the highest section is 
2.7 m. The printing material used in the entire 
printed bridge weighed approximately 12 tons. The 
bridge was divided into 16 sections, and the construc
tion mode was based on indoor printing of the com
ponents plus on-site assembly. The 3D printing 
process and materials for this bridge were the same 
as those for the Quanzhou 3D printing bridge. The 
3D printing equipment was improved to realise the 
integration of 3D printing and five-axis CNC machining, 
and the entire printing process of the bridge achieved 
7×24 h of uninterrupted printing, which took approxi
mately 35 days. This construction model of indoor 
printing components plus on-site assembly was used, 
and the largest single-story 3D printed building in 
China, named the Visitor Service Center of Nanjing 
Jiangbei New Area Civic Center (Figure 5(E)), was 
built by Nanjing Kenyo and SEU in 2020. The building 
area is 286 m2, and the height is 5.2 m. The building 
used a reinforced concrete frame structure, and the 
height range of the external wavy wall was completed 
by 3D printing technology. The entire height of the 3D 
printing wall components are in 10 separate layers, and 
the number of printed components is 96. Steel trusses 
were placed during the printing of the walls and the 
interior was filled with expanded polystyrene insulation 
after printing was completed. The 3D printing process, 
materials and equipment adopted were the CP process, 
PP fibre reinforced concrete and a frame type 3D 
printing equipment. The density of the 3D printing 
material used [141] is 2350 kg/m3, the compressive 
strength is approximately 44.6 MPa, and the flexural 
strength is approximately 7.4 MPa. The length, width 
and height of the printing equipment are 3×3×3 m. 
Based on the same construction model, a single-story 
3D printed building in China, named the 3D Daichuang 
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Activity Center of Nanjing (Figure 5(F)), was built by 
Nanjing Kenyo and SEU in 2021. The building area is 
98.5 m2, and the height is 5.6 m (from outdoor 
ground to sloped roof). The building also used a 
reinforced concrete frame structure, but a wood 

structure was chosen for the roof. The wall was com
pleted by indoor printing components plus on-site 
assembly. The 3D printing process, equipment and 
materials for the building were the same as those for 
the Visitor Service Center of Nanjing Jiangbei New 

Figure 5. Statistical analysis and disruptive cases of LS3DP for construction. (A) Statistical analysis of the construction mode of 
LS3DP and its quantitative indicators (the construction mode includes printed components + assembly and on-site printing; quanti
tative indicators include VL, VT and RV; most quantitative indicator data are not directly available, but are approximations obtained 
through estimation, which can be estimated by referring to the method in the literature [142]). (B) China’s first polymer 3D 
printed bridge, the Shanghai Putuo Bridge (the length, width and height of the 3D printed bridge are 15.3, 3.8 and 1.2 m respectively). 
(C) Quanzhou 3D printing bridge (the length, width and height of the 3D-printed bridge are 17.5, 3.2 and 3.2 m respectively). (D) 
World’s longest polymer 3D printed bridge, Chengdu Bridge (the total length of the bridge is 66.8 m, of which the 3D printed 
part is 21.6 m long, the widest section is 8 m and the highest section is 2.7 m). (E) The largest single-story 3D printed building in 
China, the Visitor Service Center of Nanjing Jiangbei New Area Civic Center (the building area is 286 m2 and the height is 5.2 m). 
(F) A single-story 3D printed building in China, the 3D Daichuang Activity Center of Nanjing (the building area is 98.5 m2 and the 
height is 5.6 m). (G, H and I) China’s first integrated 3D printed habitable and deliverable two-story building (the building area is 
52.8 m2 and the height is 6 m [143]). (Here, the data are based on the statistics of application projects, the same project can be com
pleted by multiple organisations, and the same organisation can also adopt different application modes. Projects using the first appli
cation mode can be printed as a whole and then assembled on site; projects using the second application mode are not always printed 
in whole on site; there are also partial components that are printed on-site or indoors and then assembled. CI: Cincinnati Incorporated; 
ORNL: Oak Ridge National Laboratory; TJU: Tongji University; SCG: Shanghai Construction Group; SCR: Shanghai Coin Robotics; MB: 
Mighty building; RO: ROYAL3D; TU/e: Eindhoven University of Technology; LU: Loughborough University; USC: University of Southern 
California; UGent: Ghent University; TUD: TU Dresden; ETH: ETH Zurich; Winsun: Yingchuang Building Technique; LAG: Liaoning Archi
tecture GreenPrint; NJK: Nanjing Kenyo; SEU: Southeast University; HSG: Henan Space Grey; HEBUT: Hebei University of Technology; 
CSCEC: China State Construction Engineering Corporation; JTT: Jianyanhua testing (Hangzhou) Technology; ZHA: Zaha Hadid Archi
tects; SMC: Shimizu Corporation; MIT: Massachusetts Institute of Technology; AIS: AI SpaceFactory; BHLT: Beijng Huashang Luhai Tech
nology; THU: Tsinghua University; CIIC: CIIC (Tianjin) Technology; TAM: Twente Additive Manufacturing; B3D: BUILDERA 3D; MU: 
Monolite UK/ D-shape).
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Area Civic Center, while the number of printed com
ponents was 16.

Using a construction model based on on-site printing 
and supplemented by other methods, China’s first inte
grated 3D printed habitable and deliverable two-story 
building (Figure 5(G–I), see video [143] for details) was 
successfully built by SCG, Nanjing Kenyo and SEU in 
August 2022. The building area is 52.8 m2, and the 
height is 6 m. This 3D printed building is also called 
the 3D Printing Science and Technology Demonstration 
Building Project of SCG [145]. Frame-masonry-laminated 
slab structures that meet the current Chinese standards 
were developed and adopted, which created important 
conditions for the delivery and use of the buildings. The 
3D printing process used the CP process, and the 3D 
printing materials were PP fibre-reinforced concrete 
materials with and without coarse aggregate, with 
approximate densities of 2400 kg/m3 and 2300 kg/m3, 
compressive strengths of approximately 54 MPa and 
49 MPa, respectively. A gantry-type mega in-situ 3D print
ing equipment was developed and used, with a length of 
24 m, a width of 8.5 m, a height of 6 m, and an RV of 
approximately 1.1 m3/h. The effective printing time of 
the entire building was approximately 50 h. Notably, 
these 3D printed bridges and buildings mentioned are 
typically designed to last up to 30 years and 50 years, 
respectively.

3.3 Relationship between C3DP and LS3DP

LS3DP has been applied not only in the field of construc
tion but also in other fields, for example, it was used to 
print the wing rib of the Comac C919 aircraft [37], the 
size of the printed component is 3 m, where the 3D 
printing process, material and equipment were DMD/ 
laser solid forming, titanium alloy and truss-type equip
ment, respectively. It was also used to print the 7.6-m- 
long 3Dirigo2 ship, using the FDM 3D printing process 
and polymer materials. Moreover, LS3DP was used to 
print the Relativity Space Terran 1 rocket (33.5 metres 
high), of which 85% of the rocket body was printed, 
with the 3D printing process, materials and equipment 
being DED, alloys and robotic arm plus orbital equip
ment, respectively.

From these applications mentioned above, we can 
see that C3DP has learned these processes suitable 
for LS3DP from other fields (aerospace, automotive, 
rail transportation, etc.) that use 3D printing. 
However, C3DP faces greater challenges than other 
fields due to the more prominent size effects [67] of 
the time-varying concrete and reinforced multi- 
material (a habitable building encompasses the vast 
majority of materials used in almost every other 

industries) LS3DP processes. Conversely, as the more 
difficult C3DP processes are researched and developed, 
other industries can learn from the construction when 
it comes to large scale.

4. Discussion: challenges and strategies for 
overcoming size constraints

4.1. Multifunctional 3D printing processes from 
nano- to large-scale

Although there are many 3D printing processes available 
for LS3DP, in fact, 3D printing technology can only man
ufacture an object shell or render a basic shape or a part 
of an object. It is not even possible to print a truly multi
functional object using 3D printing alone. Broadly, multi
functionality [3] can be interpreted as the introduction 
of any additional functionality beyond rendering a 
basic shape (or structure) and the materials it uses. Nar
rowly, it includes basic shape functions, thermal man
agement, soundproofing, energy storage [64], sensing, 
transducing, electromagnetic, propulsion utility, etc. 
[1]. For example, smart structures based on the Internet 
of Things (IOT) could be printed with LS3DP, which 
increases the functionality of basic structures by printing 
the main structure while embedding advanced func
tional electronic and sensing systems inside [146]. This 
enables complete interaction between humans and pro
ducts through monitoring and controlling the basic 
structure [147]. To achieve multifunctionality in LS3DP, 
the current limitations implied single-scale, single- 
material and single-process 3D printing need to be 
overcome.

4.1.1. Multiscale 3D printing
To achieve multifunctionality for printing structures, 
LS3DP first requires multiscale 3D printing capabilities 
(from nano- to large-scale). One large-scale 3D printer is 
equipped with different-scale printing heads (Figure 6
(A)) [148], or multiple printers carry different scale printing 
heads for cooperative printing. In addition, this co-print
ing equipment can either manufacture an object shell 
(such as a rocket outboard) with large-scale devices or 
functional components (such as an engine) with macro
scale devices. This means that LS3DP is inseparable 
from conventional, small and nanoscale 3D printing tech
nology [149].

First, it is necessary to further study the technology of 
conventional scale 3D printing to enable the manufac
turing functional components such as generators [150]. 
Thus, research on small-scale 3D printing is needed, so 
the resolution of 3D printing can reach submillimeter 
accuracy. This technique can embed the printed sensor 
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directly into the printed structure during printing [7] or 
essentially print the entire sensor into the structure. 
These printed sensors include vibration sensors [151], 
strain sensors (rigid [152] or flexible [153]), pressure 
sensors [154], flow sensors [155], acceleration sensors, 
tactile sensors, environmental sensors, and hybrid 
sensors [156]. Furthermore, this small-scale 3D printing 
technology can realise the manufacture of magnets 
[157], capacitors [158], fuel cells [159], actuators [160], 
electrodes [161] and electronics circuits [16].

In addition, there is a need to effectively address 
nanoscale 3D printing technologies to achieve the multi
functionality of objects [162], such as chips at several 
nanometres [163]. Based on solving the above problems, 
technologies matching multiscale 3D printing processes 
should also be developed to achieve synergy between 
large-scale 3D printing and conventional, small-scale 
and nanoscale 3D printing.

4.1.2. Multimaterial 3D printing
To achieve the overall 3D printing of a complete func
tional product, multimaterial 3D printing (Figure 6(B)) 
capabilities are needed. Printing a cell phone [164] can 
be taken as an example, which includes up to 14 types 
of rigid to flexible materials such as plastic shells, metal 
and electronics and glass screens. As another example, 
printing a complex building structure requires a variety 
of materials such as metallic materials (steel bearing struc
ture), cement-based materials (reinforced concrete, build
ing envelope), granular materials (internal partitions, wall 
cladding, ceilings), wood-based materials (floors, walls, 
roofs), glass (glass curtain wall), and polymers (various 
pipes and cables integrated in the wall). Therefore, to 
achieve the multifunctionality of printing large structures, 
the second need for LS3DP is to carry out research on 

multimaterial 3D printing processes, with possible techni
cal routes including the same printing equipment with a 
single printing head adapted to serial printing of different 
materials [165]; the same printing equipment with a 
single printing head multinozzle adapted to parallel print
ing of different materials [166]; the same printing equip
ment carrying multimaterial hybrid printing head for 
printing [121,167]; the same printing equipment carrying 
multicolour material printing heads for printing [168]; the 
same printing equipment carrying different material 
printing heads [169,170] for seamless, parallel [171] or 
alternate synergistic printing [148] of different material 
structures; or different equipment carrying different 
material printing heads for collaborative printing of 
different materials. These studies are expected to realise 
the printing of multiple material functional structures 
with different properties.

4.1.3. Multiprocess 3D printing
To achieve multifunctionality for printing structures, the 
third need for LS3DP requires multiprocess or hybrid 
(Figure 6(C)) capabilities. For example, when an aircraft 
is manufactured, different printing processes, materials, 
and scales of 3D printing equipment are needed to 
realise the printing of the aircraft fuselage, engines, 
internal electronic devices and circuits. The possible 
technical routes for the research and development of 
multiprocess 3D printing include the following: the 
same printing equipment carries different printing 
process printing heads for printing [148]; different 
equipment carries different printing process printing 
heads [172] for collaborative printing; integration of 
the 3D printing process and equal-material manufactur
ing (e.g. casting [173], robocasting [174], intelligent 
dynamic slipforming processes [175], automated filling 

Figure 6. Multifunctional 3D printing processes for LS3DP. (A) Multiscale 3D printing. (B) Multimaterial 3D printing. (C) Multipro
cess (or hybrid) 3D printing.
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[176]), subtractive manufacturing [177], and comp
lementary processes [1], parallel combinations or switch
ing between them; and the research and development 
of new multiprocess 3D printing processes. The inte
gration of 3D printing and subtractive manufacturing 
here has greater potential in multiprocess 3D printing 
applications, such as the integration process of CNC 
milling with FDM [178] and arc welding units [179] and 
the integration process of CNC machining with LMD 
[180], FFF [181], and DED [182]. This is because it can 
make full use of the combined advantages of each, 
while minimising the disadvantages of each process 
applied separately. The complementary processes 
include robotic placement [1] during printing, automatic 
embedding [1,7], automatic implantation [183], simul
taneous deployment [122], automatic pick and place 
[184,185], and automated assembly [186]. The novel 
multiprocess 3D printing includes the integrated 
process of printing and electrophoretic deposition 
[187], the integrated process of printing and automatic 
weaving [188], and the 3D printing process combining 
laser-induced forward transfer and photochemical reac
tion [189]. Furthermore, multifunctional 3D printing 
allows for the fabrication of multifunctional functional 
structures [1] using a unified, tool-free and multiprocess 
printing environment to provide or improve the spatial 
control of materials, geometry, and function [1]. It is 
even possible to achieve gradient printing [64], that is, 
the ability to create a continuous gradient of material 
properties in the printed material, such as printing 
seismic dampers directly into building structures [1].

4.1.4. Large-scale 4D printing
On the basis of multiscale, multimaterial and multipro
cess 3D printing, the next generation LS3DP process 
will be further expanded toward more advanced large- 
scale 4D printing (LS4DP) to further realise the multi
functionality of printed structures. LS4DP is the process 
by which LS3DP structures using responsive material 
[190] are dynamically changed [191] in an expected 
way [192] by external stimuli [193] (or programmed 
process control [194]).

First, LS4DP requires controllable and programmable 
responsive materials (or smart materials [194]), including 
thermally responsive materials, mechanically responsive 
materials, magnetically responsive materials, light respon
sive materials, electrically responsive materials, chemically 
responsive materials, etc. [190]. The representative 
materials of LS4DP are shape memory polymers, shape 
memory alloys, shape memory hydrogels, shape 
memory composites, shape memory ceramics, magnetos
trictive materials, light-driven polymers, electroactive 
polymers, and piezoelectric materials [195]. Second, 

LS4DP requires external stimuli, including heat, light, elec
tricity, force, water, sound, magnetic fields, 
solvents, biological stimuli (e.g. pH, temperature, and bio
molecular signalling [148]) [193,196], or a combination of 
these stimuli [190]. Moreover, LS4DP requires theoretical 
models and design methods to accurately predict and 
control the expected dynamic change [190,197]. For 
LS4DP there is also a need to overcome new challenges 
of size, such as the degradation problem of self-recovery 
of the original state of the structure after multiple cyclic 
changes [198]. Dynamic changes here include changes 
in shape, properties (physical or chemical), and function 
[190,198,199]. Typical shape changes are self-bending, 
self-folding, self-twisting, and self-expansion or self- 
shrinkage [190]. LS4DP creates the conditions for more 
advanced and controllable [199] dynamic intelligent mul
tifunctional structures [148], which enable complex 3D 
structures [198] that are self-evolving [200], adaptive, 
self-assembling, memorable, multifunctional and self- 
recovering [2]. 4D printing can be used to design and fab
ricate deformable lattice structure materials [201], adap
tive metamaterials [202] and fibre-reinforced shape 
memory composites [203], create high-resolution 
complex 3D reprogrammable structures [194], custom 
shape-changing autonomous robots [204], closed-loop 
soft robots [205] and multifunctional translational 
robots (crawling, rolling, jumping, capturing) [206], and 
develop flexible wings for new unmanned aerial vehicles 
[207]. LS4DP opens up new ways to create shape self- 
changing 3D structures for high performance engineering 
[208], with potential applications in aerospace and intelli
gent architecture. For example, self-unfolding structures 
for the International Space Station, solar panels for 
space vehicles [196], self-sustaining artificial ecosystems 
in space, foldable and unfoldable antennas for space 
probes, and self-maintaining satellites [209] have great 
potential to be manufactured by LS4DP. By LS4DP 
design and construction of self-assembling building com
ponents embedded with smart elements [198], climate- 
adaptive intelligent wall structures [210], parametric ther
mally responsive self-shaping building facade skins, and 
climate-adaptive dynamic buildings [211], the shape of 
the building has a high potential to change adaptively 
in response to changes in external humidity [210], temp
erature [212] and other changes, thereby improving the 
comfort of building occupants and reducing energy con
sumption [210] and carbon emissions.

4.2. Diverse printable materials and sustainable 
structures

Although research on LS3DP materials has given us 
enough confidence, due to the scale effect, the 
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requirements for materials are more stringent than 
those for traditional scale 3D printing. To achieve multi
functionality and application for LS3DP, these material 
issues need to be addressed, including enhancing the 
performance of printable materials, expanding the 
range of printable materials and breaking through the 
differences in material and structure.

4.2.1. Material and structure enhancements
The functional requirements of 3D printed products 
mainly depend on the properties of the hardened 
printing-material and the effective mechanical proper
ties of the structural geometry [3]. Since the principle 
of the 3D printing process is a layer-by-layer stacking 
process without formwork and vibration, the spatial 
layout and morphology of the interfaces between 
the combined layers have an impact on the quality, 
early and long-term performance, and overall proper
ties of the printed structure [64]. For LS3DP, this 
impact can no longer be overlooked. Additionally, 
there are differences in the performance of structures 
obtained by 3D printing and conventional manufactur
ing methods in the case of using the same material. 
Moreover, the strength of 3D printed single materials 
is often not guaranteed, and taking 3D printed con
crete structures as an example, because the tensile 
strength of the structure without steel reinforcement 
is not sufficient, several printable materials and 

structural enhancement techniques (Figure 7(A)) that 
need to be researched are as follows.

(i) For the microstructure of printable materials, it is 
necessary to further study the differences in the struc
tures obtained by 3D printing and traditional manufac
turing methods to achieve quantifiable differences. It is 
necessary to optimise the particle size, shape, and struc
ture of raw materials, and precisely control the selective 
deposition or phase change in materials, which enables 
the quantification of instantaneous and long-term 
strength of materials [121]. (ii) In order to reduce the 
influence of layer-by-layer texture on the surface of the 
printed structure, it is necessary to study the modifi
cation of printable materials. For example, physical pol
ishing, 3D chemical treatment, polishing and painting 
treatment [86,90], dry powder treatment [213], subtrac
tive manufacturing [4,99] and texture-compatible path 
planning can be used to improve the surface flatness 
of the printed structure. Through heat treatment 
[76,87,108] and ultrasonic strengthening [214] of 3D 
printed metal structures, fibre-reinforced, self-compact
ing (self-healing) 3D printing cement-based materials 
can be developed, where various anomalies of 3D 
printed structures [148] are expected to improve. By 
ultraviolet irradiation of 3D printed ceramic structures 
[108] and adding additive inoculants [215] to 3D 
printed alloy materials, problems such as cracks in 
printed structures are expected to be solved. According 
to the size, shape, distribution, location and formation 

Figure 7. Multiscale multifunctional ink and sustainable materials for LS3DP. (A) Directions for material and structure enhance
ments. (B) Routes to expanding the printable materials space. (C) Methods for integrated design and printing of materials and struc
tures. (D) Pathways for the development of sustainable materials and structures.
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mechanism of various printing defects, the correspond
ing defect control methods need to be studied and 
adopted [216]. (iii) For 3D printing interlayer interfaces 
[77] of new and old printing materials as well as 
different materials, it is necessary to carry out research 
on interlayer bonding and structural enhancement. For 
example, with the injection of reinforcing materials 
[217] into 3D printed metallic materials, various material 
anomalies are reduced. Multimaterial printing is rec
ommended, including simultaneous printing of com
pressive and tensile materials, printing of materials 
with different strengths, and synchronous printing of 
primary materials and bonding layers. Taking cement- 
based, granular, wood, and polymer materials as 
examples, printing ceramic materials at the location of 
compressive members to increase compressive proper
ties, and printing metal materials at the location of 
tensile members to increase tensile strength, material 
interface properties are improved, and mechanical prop
erties of the structure [1,148] are enhanced. When multi
process printing is adopted, including 3D printing 
synchronised with automatic compaction [183], external 
printing of formwork and internal pouring of concrete 
[176], external vibration while printing [76], printing con
crete while weaving metal wire [7,122,218] or carbon 
fibre wire [188], and printing and then inserting or 
laying reinforcing structures [183], the enhancement of 
the 3D printed structure is achieved. Printed structure 
enhancement can also be achieved by path planning 
[219]. (iv) It is necessary to further conduct research on 
materials theory, and on the performance of 3D printing 
structures, related to durability, corrosion resistance, 
chemical properties [68,73], fatigue resistance [215] 
and their monitoring [68,73], to support the design, 
automated preparation and optimisation of a variety of 
different materials.

4.2.2. Expanding the printable material space
To realise the different scales and functionalities of the 
LS3DP, it was necessary to investigate expanding the 
range of materials suitable for automatic printing. The 
main technical routes (Figure 7(B)) include: (i) research 
on new printable materials [64] and the automated 
preparation and delivery technologies that meet the 
requirements of 3D printing work and structural proper
ties, which helps to realise the diversity of available 
printing materials; (ii) research on new additives [118] 
or preparation processes [220] to meet printability cri
teria (the rheology, the wetting behaviour, etc.), which 
promote the transformation of nonprintable materials 
to printable materials; (iii) research and design of 
flexible, thermally conductive and electrically conduc
tive 3D printing functional materials [1], which 

promote the production of multifunctional materials; 
(iv) research on material preparation techniques suitable 
for in-situ 3D printing, which realise the utilisation of in- 
situ materials, e.g. clay [221] and slurries [222]; v) 
research on technologies for the preparation of renew
able and recyclable 3D printing materials [236], which 
achieves sustainable use of materials; research on inno
vative 3D printing materials that exhibit good combi
nations of properties of existing basic materials, e.g. 
metamaterials [15,224] and smart materials [194,225]; 
and (vi) research on 3D printing materials and technol
ogies based on the AM synthesis, e.g. creating macro– 
micro model-driven material design methods and AM 
processing to produce materials with properties that 
cannot be achieved with conventional material prep
aration [226], synthesising established performance 
printable materials by nanoscale 3D printing [227], pre
paring functional heterogeneous materials with exqui
site microstructural characteristics by multimaterial 
magnetic-assisted 3D printing [228], and creating func
tional gradient materials and even materials that 
cannot be achieved in nature through 3D printing 
[229]. This opens up new paths for the preparation of 
new 3D printing materials.

4.2.3. Breaking the boundaries between materials 
and structures
3D printing will gradually enable the manufacturing of 
multiscale complex materials [223] and structures, and 
the essential distinction between materials and struc
tures, design and construction will eventually disappear 
[64]. This provides a whole new way of thinking for 
engineering design and optimisation.

It is necessary to study the integrated design technol
ogy of 3D printing materials and structures (Figure 7(C)), 
change the traditional design concept, and carry out the 
design of material structures at multiple scales based on 
the free design of material microstructure (Figure 7(D)) 
by making full use of them. Thus, this provides structural 
effects at the material level. The macrostructure [78] is 
improved [13]. The weight reduction of the structure 
and the maximisation of the utilisation of material 
resources are realised. This provides a new way to 
highly optimise the composition, strength, stiffness 
and toughness of LS3DP structures. Some representative 
microstructures include honeycomb [108,230], triangu
lar honeycomb [6], square honeycomb [6,231], hexago
nal honeycomb [6,231] and triangular honeycomb 
combination structures (also named hierarchical honey
comb) [232]; cellular structures with variable stiffness 
[233], topology cellular structures [31,234], and multima
terial 3D periodic cellular structures [235]; tetrahedral 
structures [11], sandwich structures [13], microlattices 
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[108,237], microtrusses [103], lattice structures [13], 
lattice truss core structures, square collinear lattices 
[11], 3D Kagome lattices [13] and graded lattices [238]; 
porous structures [239], porous carbon structures [240], 
and 3D graphene structures [241]; and biomimetic struc
tures [242], spider web structures [243], and reproduc
tion structures inspired by natural materials [227]. 
Some of the representative macrostructures are the 
Voronoi structure for the lunar habitat [244], the closed 
foam topology structures of building components for 
the lunar outpost [65], and the mesopore structure of 
artificial photosynthesis for CO2 photoreduction [245].

It is necessary to study material-structure-perform
ance integrated 3D printing technology [246], which 
creates conditions for the fabrication of high-perform
ance and multifunctional structures in extremely harsh 
service environments. Furthermore, it is important to 
study digital design methods and computational optim
isation tools (e.g. topology optimisation) suitable for 
multiscale 3D printing materials and structures, and 
study the equipment and technologies that integrate 
the design and construction of 3D printing structures, 
so that the structuring of matter can be realised from 
the microstructural scale to the structural element 
scale [64]. In addition, it is necessary to investigate the 
standard system for the integration of 3D printing 
materials, structural design and construction. Taking 
C3DP as an example, it is essential to study the printing 
materials and structural design concepts and methods 
that break the traditional steel plus concrete and steel 
structures [59], and carry out research on new building 
structures and standard systems suitable for 3D printing 
of low-rise, multistory, high-rise and super high-rise 
buildings.

4.2.4. Sustainable materials and structures
Large structures consume huge amounts of materials 
and resources due to their size, which is much higher 
than traditional scale structures. Moreover, these large 
structures consume large amounts of energy in their 
use. Therefore, we must consider the sustainability of 
materials and structures for LS3DP. This requires a shift 
in the traditional concept of material design and prep
aration, with the main line of development being the 
integrated design and printing of materials and struc
tures based on multiscale 3D printing. The specific path
ways (Figure 7(D)) are [2]: (i) research on material 
preparation technologies for transforming various 
types of solid wastes into printable materials; (ii) 
research on reusable 3D printing materials and auto
mated preparation technologies from the perspective 
of the entire life cycle of materials; and (iii) research 
and development of design and printing technologies 

for optimised and efficient structures on both micro- 
and macro-scales. The development of these technol
ogies could reduce the use of materials for large struc
tures and lower carbon emissions.

4.3. Printing equipment for breaking size 
constraints

The development of LS3DP equipment (Figure 8) first 
needs to meet the basic conditions of matching 3D 
printing processes (multiscale, multimaterial, multipro
cess) and compatibility with 3D printing materials, thus 
enabling multifunctional printing. Second, unlike small- 
scale 3D printing, one of the greatest challenges of 
LS3DP is that the equipment requires greater flexibility 
and scalability while still meeting the safety, stiffness, 
and stability requirements. Finally, in complete contrast 
to small-scale printing, the equipment needs to be 
adapted to the scale and shape of the large-scale struc
ture to be printed to break through the limitations of the 
printing size.

4.3.1. Flexible and scalable 3D printing
The limited size of existing LS3DP equipment dictates 
that the structure to be printed cannot exceed its oper
ating range, which makes it difficult to completely break 
the size constraints of LS3DP. This requires the next gen
eration of LS3DP equipment to be more flexible and 
scalable in the print range. (i) Development of more 
flexible mounting systems and printing heads. For 
example, through the combination of several existing 
pieces of equipment, a gantry-mounted robotic arm 
3D printing robot equipment (Figure 8(A)) is developed, 
and a 6-axis robotic arm support system [142] is fabri
cated. The mounting systems are equipped with 
curved rotatable printing heads, and the printing 
heads are even equipped with printing and synchronous 
vibration devices (Figure 8(K)) and printing and synchro
nous compaction devices (Figure 8(L)), which achieve 
more flexible printing. (ii) Development of modular 3- 
axis adaptive scalable mobile 3D printing equipment 
(Figure 8(B)) [59] or rail plus lift structure plus robotic 
arm 3D printing equipment [248], which enables 
extended printing in horizontal and vertical directions. 
(iii) Development of foldable self-assembling 3D printing 
equipment [249], modular self-replicating hybrid 3D 
printing equipment [177,250], and programmable intel
ligent 3D printing equipment [193], which realises a high 
adaptation of equipment to environmental printing. (iv) 
Development of mobile 3D printing equipment. For 
example, vehicle-mounted 3D printing equipment 
[118] and mobile robot 3D printing equipment [251] 
were developed to solve the limitation of the printing 

VIRTUAL AND PHYSICAL PROTOTYPING 17



size being larger than the equipment [142]. (v) Develop
ment of a containerised on-site 3D printing mobile 
factory (Figure 8(I)) [58] carrying a printing and layout 
steel bar integrated system (Figure 8(J)), which is suit
able for printing in complex and difficult working field 
environments. (vi) Development of 3D printing equip
ment for multirobot collaborative operation (Figure 8
(C)). The larger the equipment is, the lower the printing 
accuracy [252], which determines that the equipment 
can not be infinitely large. To solve this problem, 
swarms of 3D printing mobile robots [247] (similar to 
termite or bee colonies performing tasks [253]) for 
large complex structures are proposed to enable the 
printing of objects larger than the equipment itself [1]. 
For example, a team of mobile robots [34] was 

developed to print large-scale concrete structures, and 
LS3DP equipment called BAAM [247] was proposed to 
manufacture aerospace components with a 30 m 
length. However, the future development of such equip
ment needs to address core technology issues such as 
environmental sensing and positioning, collaborative 
operation and material delivery.

4.3.2. 3D printing of horizontal structures
In the absence of a support skeleton or formwork at the 
bottom, it is not easy for LS3DP to complete the printing 
of horizontal structures (In fact, is relatively easy to fabri
cate horizontal structures in small-scale 3D printing appli
cations). In particular, it is difficult for C3DP using concrete 
material to break through the limits of their own gravity in 

Figure 8. LS3DP equipment for breaking size constraints. (A, B, C and I) Flexible and scalable 3D printing equipment (gantry 
equipped with robotic arm 3D printing equipment, modular 3-axis adaptive scalable mobile 3D printing equipment [59], mobile 
swarm [247] collaborative 3D printing robot, and containerised on-site 3D printing mobile factory [59]). (D and E) Horizontal structure 
3D printing equipment (horizontal structure multimaterial 3D printing equipment and horizontal structure 3D printing equipment 
based on printing with follower support via collaborative formwork). (F, G and H) High-rise structure 3D printing equipment 
(high-rise structure 3D printing equipment with alternate climbing attached to printed structures [59], self-climbing high-rise struc
ture 3D printing equipment [59] and multiple unmanned aerial vehicles carrying cable drive aerial 3D printing robots). (J, K and L) 
Flexible and multifunctional printing head (the printing head for printing and simultaneous laying of steel reinforcement, the printing 
head for printing and simultaneous vibrations, and the printing head for printing and external simultaneous compaction).
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suspended or cantilevered horizontal structures, so it is 
impractical to achieve the overall 3D printing of horizontal 
structures. To solve this problem, possible development 
routes for the next generation of 3D printing equipment 
include the following: (i) Development of construction 
equipment for 3D printing components plus assembly. 
At present, the most widely used horizontal structure 
for C3DP is the process of 3D printing components plus 
manual assembly [52]. For example, through the process 
of topology design, 3D printing components, nonauto
mated assembly and prestressed tensioning, several 
large horizontal bridges [139,254,255] were printed and 
built. However, this late manual assembly mode has a 
low degree of automation and poor customisability. 
Therefore, future equipment will be developed toward 
3D printing modular components [256], robotic auto
mated assembly [186], and automated tensioning. (ii) 
Research and design of self-supporting horizontal struc
tures matched with 3D printing equipment. For instance, 
inspired by the AM of masonry, horizontal structures with 
self-supporting capabilities and their printing paths were 
designed to enable the printing of horizontal structures 
[257]. (iii) Development of multimaterial horizontal struc
ture 3D printing equipment (Figure 8(D)). For example, 
easily removable supports are printed with one printing 
head, and horizontal structures are printed on top of 
the support by another printing head [258]. Alternatively, 
horizontal support rails can be printed via a printing head. 
The equipment traverses the printed support rails, and 
the horizontal structures are printed with another printing 
head. (iv) Development of horizontal structure 3D printing 
equipment based on printing via collaborative formwork 
(Figure 8(E)). That is, the support rails are printed by the 
support 3D printing system, the printing equipment tra
verses the printed support rails, the horizontal main struc
ture is printed by using the horizontal structure 3D 
printing system, and the collaborative formwork that 
follows along with the printing provides support for print
ing the horizontal structure [2].

4.3.3 3D printing of high-rise structures
The existing LS3DP equipment is hardly applicable to 
the construction of high-rise structures such as skyscra
pers, bridge towers and rockets, so it is necessary to 
carry out research on 3D printing equipment for high- 
rise structures. Taking 3D printing equipment for high- 
rise and super high-rise buildings as an example, poss
ible technical routes include: (i) integration of a 3D 
printer with existing building construction equipment 
[59], such as integration of a 3D printing head with a 
concrete pump truck extension boom [259], integration 
of a 3D printing head with a self-climbing tower crane 
boom, and integration of existing 3D printing 

equipment with a climbing or floor-mounted high-rise 
building machine. (ii) Development of 3D printing for 
crawling robots [2], i.e. 3D printing head crawling 
robots climbing and printing on printed layers 
[251,260]. (iii) Development of 3D printing equipment 
for high-rise structures with an alternate climbing 
system attached to printed structures (Figure 8(F)); i.e. 
frame system carrying printing heads can automatically 
climb along the printed structure, and the climbing 
system is similar to that of the high-rise building 
machine [261]. (iv) Development of self-climbing high- 
rise structure 3D printing equipment (Figure 8(G)) [59], 
which can climb along the vertical direction to extend 
printing by adding standard sections of the frame 
system of the printing equipment. (v) Development of 
aerial 3D printing equipment (Figure 8(H)), by a single 
[262], multiple [263] unmanned aerial vehicle 3D print
ing robots, or by multiple unmanned aerial vehicles car
rying cable drive aerial 3D printing robots, which 
overcomes printing height limitations. (vi) Development 
of integrated 3D printing equipment, which can achieve 
the integrated 3D printing construction of super high- 
rise structures and their underground structures [264].

4.4. Co-printing and feedback control

The core task of LS3DP control (Figure 9) is to establish 
printing control equations matched with different 3D 
printing processes (multiscale, multimaterial, multipro
cess) [2], various materials and various equipment, as 
well as to solve the contradiction between accuracy 
and efficiency. On this basis, LS3DP control needs to 
achieve collaborative control in the whole life cycle of 
printing, virtual printing and accurate simulation predic
tion before printing, as well as monitoring, detection 
and dynamic adjustment control of the whole printing 
process.

4.4.1. 3D printing remote collaboration control
The next generation of LS3DP control requires remote 
collaborative management and control of the whole 
life cycle of printing. The key to development of the 
control is to develop a reliable and fault-tolerant [265] 
3D printing digital twin control cloud platform around 
the concept of internet-based design and IoT-based 
printing construction. 3D printing service providers 
have service capabilities such as cloud manufacturing 
services, cloud computing services, equipment services, 
internet services and logistics services [266]. The 
business model through this platform is as follows: 

(i) Consumers communicate with 3D printing service 
providers through an online internet cloud platform 
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to design and build a digital twin model of the cus
tomised product.

(ii) 3D printing service providers remotely process and 
control (process 3D printing models, transfer pro
cessed files to cloud terminals, set parameters and 
control printing remotely) flexible intelligent equip
ment or factories at the consumer’s location to the 
product through the online Internet platform [2].

(iii) Consumers receive on-demand customised complex 
functional products at a relatively low cost.

The novel cloud 3D printing service business model 
[267] enables mass customisation, design [268], remote 
printing, and multitask management [269]. With the 
development of next-generation artificial intelligence 
(AI) technologies [270], this business model is expected 
to transform and develop into a global digital cloud 
[271] 3D printing business model.

4.4.2. Virtual printing and accurate simulation 
forecasting
The next generation of LS3DP control needs to realise 
virtual printing before actual printing and accurate 

simulation predictions of the whole printing process, 
the core of which is to study the basic theory of LS3DP 
control, establish the digital twin model of LS3DP [272] 
and the intelligent algorithm of path optimisation, as 
well as break through the corresponding printing 
control equations and motion and printing control 
algorithms. Through generative AI design and para
metric modelling, pre-printing and multiscale [64], multi
material [274] and multiprocess virtual printing, changes 
in large-scale printing structures and equipment are 
adapted, which achieves the optimisation of printing 
parameters and paths [119].

For accurate simulation prediction, LS3DP control 
requires the following studies: establish an LS3DP full 
process [273] dynamic action control model and mech
anical behaviour quantitative prediction method [275] 
considering the influences of the external environment, 
multiphysics, size effect, printing parameters (time inter
val, etc.); study the numerical simulation method of the 
LS3DP structure based on inversion analysis; study the 
multiscale printing structure simulation prediction 
method based on microscopic test results [38]; and 
study the simulation and prediction method of the 

Figure 9. Co-printing and feedback control for LS3DP. The core task of LS3DP control is to break through the challenges faced by 
conventional scale 3D printing and solve the size effect limitations that come with large scale printing. Specifically, it includes the 
establishment of printing control equations matched with different 3D printing processes, various materials and various equipment, 
solving the contradiction between accuracy and efficiency, the study of remote collaborative control technology in the whole life cycle 
of printing, the study of virtual printing and accurate simulation prediction before printing, and the study of monitoring, detection 
and intelligent control of the whole printing process. With the resolution of these technologies, LS3DP’s business model is expected to 
transform into a global digital cloud 3D printing model, achieving high-precision, high-quality, safe, remote, and fully automated 
printing.
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printing equipment operation state based on machine 
learning [276] and intelligent algorithms [277]. Another 
reason to conduct these studies is to optimise the print
ing structure design [276], pre-evaluate the printing 
equipment status [278], and accurately predict and 
control the printing process [277] deviations and print
ing forming structure [279] deviations. This lays the 
theoretical foundation for the design, construction and 
engineering applications of LS3DP intelligent construc
tion. The deviations include dimensional deviations, per
formance deviations [64] and state deviations [280] of 
materials and structures.

4.4.3. 3D printing monitoring inspection and 
intelligent control
The long-term process of the LS3DP must be reliable, 
stable and repeatable, otherwise failures and quality 
problems may occur. Therefore, the next generation of 
LS3DP control also needs to realise the monitoring, 
detection and intelligent control of the whole printing 
process. The basis for the development of LS3DP 
control is the research and development of IoT monitor
ing hardware and feedback control platform systems 
suitable for LS3DP state sensing and quality detection, 
and a breakthrough in deviation quantitative identifi
cation and precise control technology. Real-time moni
toring of the operation status and printing path of 3D 
printing equipment [136] needs to be conducted 
through sensors [281] and visual recording devices 
installed in the body of the equipment. Real-time moni
toring of printing extrusion and dynamic forming pro
cesses must be conducted by optical and thermal 
imaging [4], high-speed cameras [282], and deep learn
ing image recognition [283]. Anomalies in the printing 
process also need to be detected [284] or monitored 
using machine learning [285] and deep neural networks 
[286]. To introduce nondestructive ultrasonic methods 
[287], wireless monitoring and sensing [261] and other 
technologies, real-time monitoring devices and 
systems for early maintenance [288] and long-term hard
ening [289] processes of printed forming structures need 
to be developed. The surface quality of printed struc
tures should be inspected and evaluated by 3D 
imaging, optical/laser imaging, laser Doppler velocime
try (LDV) and particle image velocimetry (PIV) [290], 
computer vision [291] and other technologies. Contact 
measurement, 3D laser scanning [52], a mass measure
ment programme [292] and 3D CT [293] can be used 
to detect the geometric deviation of the printed struc
ture. Based on these detection data, methods such as 
machine learning can be introduced to analyze and 
predict the quality of printed structures [294]. The 
LS3DP process feedback control [1,281] system and big 

data management and control cloud platform need to 
be developed based on IOT real-time online monitoring 
[295], self-diagnosis, self-detection and deviation analy
sis [186]. By conducting these studies, it is hoped that 
high-precision, high-quality [13], safe, and remotely 
unmanned 3D printing can be achieved. With the appli
cation of a large number of printing projects and the 
accumulation of big data, 3D printing control is 
expected to achieve the development of self-learning, 
self-adaptive, self-processing, self-organising, self-coor
dinating, and intelligent control [296].

4.5. LS3DP for specific conditions or extreme 
environments

LS3DP has more urgent application needs and better 
application prospects under specific conditions or 
extreme environments because of its high degree of 
automation and can be combined with AI [297] and 
robotics. Specific conditions or extreme environments 
mean very challenging, dangerous [263] or very 
difficult work locations, requiring few or no people. For 
example, those working on construction sites face high 
temperatures, rainfall and other weather conditions. In 
the future, the construction site may not require high- 
intensity workers, so the use of in-situ monolithic 3D 
printing can free the high-intensity workers from 
working in extreme environments and can reduce the 
cost of prefabricated construction and transportation 
[248] while saving human resources for on-site assem
bly. Furthermore, on-site 3D printing equipment 
should be further investigated to ensure that it is 
unaffected by weather conditions. On the other hand, 
since underground engineering construction faces 
high risks, it is necessary to develop multiprocess 3D 
printing equipment and technology for exploration, 
excavation and printing suitable for foundation pit 
construction [264]. In addition, 3D printing equipment 
and technology for tunnel construction that combines 
additive and subtractive manufacturing [298] should 
be established. The demolition and renovation con
struction of super high-rise structures faces high risk, 
so it is necessary to develop equipment and technol
ogy suitable for super high-rise demolition and 3D 
printing construction. Marine, near-coast and other 
underwater engineering construction face high risks 
and challenges, so it is critical to develop 3D printing 
equipment and technology suitable for underwater 
construction [299] and materials to meet underwater 
construction requirements. Also, post-disaster con
ditions face great uncertainty and danger [300]; thus, 
the development of 3D printing equipment and tech
nology for rapid reconstruction after disasters 

VIRTUAL AND PHYSICAL PROTOTYPING 21



[262,268] is crucial. Nuclear power plants and other 
nuclear engineering construction, especially repair, 
face high risk, so it is necessary to develop the corre
sponding construction and repair 3D printing equip
ment and technology. Finally, regarding the 
construction of space bases on the Moon and Mars, 
this objective is difficult for humans to attain. But 
also the construction materials are difficult to obtain 
[301] and the environment is very extreme (extreme 
weather temperature and humidity, microgravity, 
high radiation), so remote, unmanned, in situ construc
tion is required. Therefore, it is necessary to develop 
LS3DP technology suitable for this extreme environ
ment, including building structures suitable for living 
in extreme environments [302], in situ material extrac
tion [303] and material preparation technologies [301], 
lightweight in-situ construction equipment [303], and 
remote construction processes [304]. Furthermore, it 
needs to be compatible with the energy and power 
required for the continuous operation of each piece 
of construction equipment. For example, the energy 
required to implement printing for the robots can 
choose microwave, laser or concentrated sunlight, 
and the energy needs for other equipment are met 
by solar arrays or photovoltaic power systems.

In summary, there are three key requirements for 
adapting the LS3DP to extreme environments. The first 
is to enable remote or autonomous unmanned control 
of the entire process of the 3D printer. This requires 
remote or unmanned operation for ‘transferring pro
cessed files to printer terminals’, ‘setting parameters 
and controlling printing’ and ‘monitoring and control
ling the printing process’. The second is develop 3D 

printers that are adapted to the field environment. The 
third is the development of materials and structures 
adapted to the extreme environment. The development 
of these 3D printing technologies can help humans 
explore other planets in the future.

4.6. The future of LS3DP and implications for 
industries

The digital control concept of LS3DP is fundamentally 
different from traditional production methods. Materials, 
processes and equipment are closely linked in the form 
of digital flow through the control or programming, and 
the 3D digital model is automatically transformed into a 
physical object through a printer. This control mode of 
LS3DP determines that we can no longer separate 
material, process, equipment and structural perform
ance. The manufacturing mode of LS3DP will move 
toward the integration of material and structure, 
design and construction, and software and hardware. 
On the basis of the digital optimisation design of 
material-structure-equipment-process-performance 
integration from microscopic to macroscopic, on- 
demand printing [2] (according to different locations, 
independently selecting appropriate processes, scales 
and materials for printing) is realised through the inte
grated hardware and software equipment (equipment 
that carries the material, and printing according to a 
certain process through the control software). We 
believe that for a long time to come, many industries 
will develop this digital and intelligent manufacturing 
mode similar to LS3DP (Figure 10) from digital models 
(input) to integrated hardware and software equipment 

Figure 10. Overall direction of LS3DP. LS3DP can no longer separate material, process, equipment and structural performance, and 
will develop toward the integration of material and structure, design and construction, and software and hardware.
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and then to physical objects (output), and realise the 
transformation and upgrading of industries.

LS3DP is a highly interdisciplinary [64] and multire
search field integrated [305] technology that will 
undoubtedly become a link between various disciplines. 
It includes common core technologies involving disci
plines such as materials science [306], mechanical engin
eering, computer science and electrical engineering, and 
electronic communication engineering [54] as well as 
special supplementary disciplines of the printing 
process. These complementary disciplines may include 
civil engineering, traffic transportation engineering, 
ocean engineering (or marine engineering), nuclear 
engineering, aerospace engineering, etc. LS3DP is 
expected to break the boundaries of disciplines and 
industries, and it is not difficult to imagine that in the 
future, the technology presented in this paper can be 
used to produce not only buildings (or structures), but 
also customised cars, aircraft, rockets, high-speed 
trains, ships and marine equipment, submarine 
tunnels, nuclear industry equipment, space bases, etc., 
with the help of 3D printing robots.

5. Conclusions

With the continuous development and enhancement of 
3D printing, it is expected to revolutionise the production 
model of traditional industries, which can completely lib
erate people from labour-intensive, dangerous and 
difficult jobs, and hazardous environments, with unlim
ited possibilities. However, LS3DP must not only over
come the challenges faced by conventional scale 3D 
printing, which usually cannot achieve multifunctional 
structure printing and other problems, but also address 
the limitations of size effects that come with large-scale 
printing. We systematically reviewed the current state of 
the LS3DP and applications in terms of printing processes, 
materials, equipment, and controls. We also illustrated a 
number of disruptive cases and quantitative indicators 
of LS3DP in the construction field. Finally, we discussed 
the challenges and strategies for overcoming size limit
ations to achieve full-scale printing of large-scale func
tional structures, mainly as follows: 

(1) LS3DP is a technology for the automated AM of 
huge structures (typically larger than 1 m in scale) 
such as buildings, aircraft and rockets, where it is 
necessary to print not only the body of the giant 
structure, but also the internal functional com
ponents. Therefore, the process requires the devel
opment of multifunctional 3D printing processes 
(multi-process, multi-scale, multi-material 3D print
ing processes) from nano to large scales.

(2) To achieve multifunctionality and application for 
LS3DP, these material issues need to be addressed, 
including enhancing the performance of printable 
materials, expanding the range of printable 
materials and breaking the boundaries between 
materials and structures. Moreover, large-scale 3D 
printed structures consume a lot of materials and 
resources due to their large size, which requires sus
tainable materials and structures, with the develop
ment of integrated design and printing of materials 
and structures based on multi-scale 3D printing.

(3) To break through the limitations of the printing size, 
LS3DP equipment needs to fulfil the basic conditions 
of matching printing processes (multiscale, multima
terial, multiprocess) and compatibility with materials. 
It also needs to be more flexibility and scalability 
while meeting the safety, stiffness and stability 
requirements. More importantly, there is a need to 
develop 3D printers for horizontal and high-rise 
structures.

(4) The control mode of LS3DP determines that we can 
no longer separate material, process, equipment and 
structural performance. The core task of LS3DP 
control is to establish printing control equations 
matched with different 3D printing processes, 
various materials and various equipment, as well as 
to solve the contradiction between accuracy and 
efficiency. On this basis, LS3DP control needs to 
achieve collaborative control in the whole life cycle 
of printing, virtual printing and accurate simulation 
prediction before printing, as well as monitoring, 
detection and dynamic adjustment control of the 
whole printing process.

By reinventing the new design and construction 
mode of ‘digital twin model - smart equipment – multi
functional products’, the next generation of LS3DP is 
expected to overcome the challenges faced by conven
tional scale 3D printing and break through size limit
ations. Our proposed strategies can provide 
tremendous opportunities for the automated, intelli
gent, and unmanned production of different material 
megastructures and internal multiscale multifunctional 
components. Specifically, it will be able not only realize 
the fully automated construction of the arbitrarily 
shaped giant structure body, but also achieve the full- 
scale automatic printing of its internal functional com
ponents and electrical circuits with the help of 3D print
ing robots on the same equipment and provide 
previously impossible functions and performance, 
which are smarter, greener and more sustainable.

The research insights presented in this paper can be 
used as a reference for automated, intelligent, and 
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unmanned 3D printing construction of complex, person
alised, green, and large-scale buildings (or structures), 
vehicles, aerospace vehicles, ships and marine equip
ment, nuclear industry equipment, and space bases.
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