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Space-filling and print path generation 
methods for large-area 3D concrete printing 
pavements
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Abstract 

3D concrete printing (3DCP) technology is a construction method that offers a unique combination of automation 
and customization. However, when the printing area goes large, generating the print path becomes a sophisticated 
work. That’s because the customized print path should not only be expandable but also printable, such rules are hard 
to follow as both the printing area and construction requirements increase. In this paper, the Shenzhen Baoan 3D 
Printing Park project serves as a case study to introduce space-filling and print path generation methods for three 
types of large-area concrete pavement. The space-filling methods utilize geometry-based rules to generate complex 
and expandable paving patterns, while the print path generation methods utilize construction-oriented rules to 
convert these patterns into print paths. The research provides easy-to-operate design and programming workflows 
to achieve a pavement printing area of 836 sqm, which significantly increases the construction scale of large-format 
additive manufacturing (LFAM) and shows the potential of 3D printing technology to reach non-standard results by 
using standard workflows.

Keywords 3D concrete printing, Large-format additive manufacturing, Space-filling, Print path generation, Robotic 
arms

1 Introduction
1.1  Background
3D concrete printing technology can simultaneously 
meet the needs of customized design and autonomous 
construction, and it is an important approach to solv-
ing the labor shortage problem in the current construc-
tion industry. By using a robot instead of a human to 
deposit the fast-setting concrete and complete construc-
tion tasks, 3DCP technology can improve construction 
efficiency and site safety. Additionally, benefiting from 
the flexibility and precision of the robot, 3D printing 

technology can achieve complex and unique components 
in the equal time it takes to build regular shapes, without 
requiring manual involvement to build formwork.

However, it is still challenging to apply 3DCP technol-
ogy in large-area projects, as the print path is hard to 
meet both the increasing construction size and the lim-
ited workspace of robots. Although various mobile print-
ers are now available for in-situ constructions (Huang 
et  al., 2022), they can only work on flat ground and is 
not capable of printing on complex topography. Hence, 
in large construction sites with height differences, repo-
sitioning the heavy in-situ printers can be a sophisti-
cated task. A more practical alternative is to subdivide 
the project into printable pieces for a single robot, which 
corresponds to more programming work. Moreover, 
in projects with high design complexity, it can be time-
consuming to generate the print paths for all the unique 
components. Hence, there is a high demand for efficient 

*Correspondence:
Weiguo Xu
xwg@mail.tsinghua.edu.cn
1 School of Architecture, Tsinghua University, Beijing 100084, China
2 Institute of Future Human Habitats, Shenzhen International Graduate 
School, Tsinghua University, Shenzhen 518055, China

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44223-023-00032-1&domain=pdf
https://orcid.org/0000-0001-5498-2730
http://orcid.org/0009-0004-7594-2534
https://orcid.org/0000-0002-2625-5939


Page 2 of 15Huang et al. Architectural Intelligence             (2023) 2:13 

and repeatable print path generation rules to confront 
the challenges brought by the printing size and design 
complexity.

1.2  Objective
This study investigates space-filling and print path gen-
eration methods for large-area 3D printed concrete pave-
ments based on the Shenzhen Baoan 3D Printing Park 
project. The park spans 5,523 sqm, with a pavement area 
of 836 sqm - significantly larger than the current large-
scale 3DCP projects, which typically cover less than 150 
sqm and a maximum of about 450 sqm (Huang et  al., 
2022). In this project, the particle swarm optimization 
and strange attractor algorithm are adopted to generate 
the masterplan (Ruelle & Takens, 1971; Xu et al., 2022), 
which also defines three pavement types: river pavement 
for the central square and main pathway (304 sqm), coral 
pavement for the landscape trail (487 sqm), and cloud 
pavement for the sign sculpture trail (45 sqm) (Fig. 1).

When it comes to such large-area construction pro-
jects, 3D printing’s advantages in mass customization 
can better tailor to the diverse design needs com-
pared with mass production methods (Hu, 2013). In 
mass production, since pavers are produced by identi-
cal and reusable formworks, designers have to choose 
the paver type within the given options, which limits 
the versatility of design and reduces the options for 
potentially more sustainable, material-saving solu-
tions (Anton et  al., 2021). Moreover, large-area land-
scape design usually has an undulating topography, 

so the mass-produced pavers have to be small enough 
to fit the topography perfectly, meaning more human 
involvement in the paving process. In contrast, by 
using 3D printing technology, designers can custom-
ize paving patterns to meet different landscape design 
requirements (e.g., varying the cell size of permeable 
pavements, or creating concrete patterns that can be 
filled with other materials). Robotic arms can also help 
to survey the topography and print the pavement that 
matches the ground.

In order to achieve the above benefits of mass cus-
tomization, two research questions for large-scale 3D 
printing are highlighted as follows:

(1) How to cover large pavement areas with regular but 
complex patterns?

(2) How to transform complex paving patterns into 
practical print paths?

The objective of this paper is to utilize easy-to-oper-
ate methods to generate the print path for large and 
complex paving patterns. Section  2 provides an over-
view of related studies and methods in building-scale 
LFAM. Section  3 introduces the generation method 
of space-filling curves for the park project. Section  4 
explains how these curves can be transformed into 
print paths suitable for 3DCP practices. Finally, in Sec-
tions 5 and 6, we present, discuss, and summarize the 
results of our construction efforts.

Fig. 1 The generation diagram, pavements location, and construction outcome of the Shenzhen Baoan 3D Printing Park (Sources: XWG Design 
Studio): (1) The reference curve for the masterplan, generated by the strange attractor algorithm; (2) The locations of three pavement types; (3) The 
bird’s-eye view of the park
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2  Literature review
The literature review consists of two parts. The first part 
is the research on the previous large-scale 3D printing 
methods to clarify the specialty of this project’s research 
questions. The second part introduces the methodologies 
adopted in this study to achieve mass customization of 
3DCP pavements, including various types of space-filling 
curves and print path generation rules.

2.1  Related works in LFAM
Large-format additive manufacturing refers to a 3D 
printing method in which the working area of the 
printing equipment is much larger than the size of the 
printing head. This concept was initially used to solve 
the volume limitations of desktop printers (Shen et al., 
2019) and has now been extended to the architectural 
scale. Compared to desktop 3D printing, LFAM for 
architecture and landscape projects needs to consider 
topography conditions and construction costs, which 
cannot be realized by simply increasing the number and 
volume of printers (Duty et  al., 2017; Krishnamurthy 
et al., 2022). A more practical approach is to divide the 
structure into multiple components that fit the printing 
range of the printer, and then print and transport these 
components to the construction site for installation 
(Grasser et al., 2020; Wu et al., 2022a).

A criterial research question of architectural scale 
LFAM is how to divide and convert the structure into 
transportable, printable, and easy-to-assemble compo-
nents. In projects with design complexity, it is not easy 
to meet all these requirements. Designers must effec-
tively subdivide complex geometries through practical 
approaches (Yuan et  al., 2022a) and then apply stand-
ard rules to convert each customized component into 
print paths. Besides, these print paths need to allow the 
material to just fill the entire surface of the component 
without overfitting and underfitting areas, ensuring the 
quality of the printing outcome (Bi et  al., 2022; Biegler 
et al., 2020; Wan et al., 2022).

This study is unique in its utilization of 3DCP to cre-
ate pavements that not only cover a large area but also 

integrate with the surrounding landscape. Unlike regu-
lar LFAM, the 3DCP pavement requires a print path that 
forms a porous shape within each component rather than 
attempting to fill all the available space. In other words, 
the print path itself needs to be an aesthetically pleasing 
pattern, rather than just a space filler (Fig. 2). Therefore, 
the common space-filling methods for LFAM, such as 
contour-parallel path and zigzag path, are not suitable for 
this project.

2.2  Adopted methodologies
2.2.1  Space‑filling curves
Computer graphics studies offer a variety of practical and 
innovative space-filling curves that are relevant to this 
research. These methods generate constantly evolving 
patterns through simple rules, creating a space defined 
by curves rather than solids. For instance, the fractal 
algorithm can simulate natural shapes by adjusting the 
size and orientation of the basic shape (Smith, 1984) and 
can be applied to decorative patterns, porous structures, 
and virtual reality systems (Cui et al., 2011; Taylor, 2021; 
Ullah et al., 2021; Yang et al., 2008). The coral algorithm, 
inspired by the grooved surface of brain coral, can pro-
duce various porous shapes by manipulating the topology 
of Thiessen polygons (Zhai et  al., 2013). This algorithm 
has already been utilized in the pavement of a 3DCP 
bridge (Xu et  al., 2020). Besides, quad mesh generation 
is a method to subdivide a closed polygon into multiple 
well-organized quadrangles, which is considered a practi-
cal print path generation strategy (Wan et al., 2022). By 
incorporating guiding curves and attractor points inside 
the boundary, the organization of the quad mesh can be 
further modified to achieve dynamic pattern (Li et  al., 
2011; Wu et  al., 2022b). In addition, other space-filling 
algorithms, like the vector field (Ichihara & Ueda, 2022) 
and the cracks pattern (Iben & O’Brien, 2009), are also 
suitable for 3DCP pavements.

Based on the design requirements of the 3DCP 
park, this study adopts the fractal algorithm, coral 
algorithm, and quad mesh generation algorithm as 

Fig. 2 The print path generation logics: a Zigzag path; b Contour-parallel path; c The print path generation intention for this study
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space-filling methods to generate the basic pavement pat-
terns (Section 3).

2.2.2  Print path generation rules
A fundamental principle for generating print paths in 
3DCP is the continuous path (Bi et  al., 2022; Gomez 
et al., 2022). This refers to a print path that is a smooth, 
uninterrupted curve comprising the path for each print 
layer and the line segments connecting interlayer spaces. 
Specifically, there are three interlayer connection scenar-
ios to ensure the continuous path (Fig. 3):

(1) Loop path: When the print path can form a close 
loop in each layer, the end of the current layer could 
become the start of the next layer, and the connec-
tion position between layers can always occur at the 
same place (Yuan et al., 2022b).

(2) Retracing path: When the print path has two distant 
endpoints, the end of the current layer can only be 
connected vertically with the end of the next layer, 
and the next layer should be printed in the opposite 
direction (Wan et al., 2022).

(3) Alternate path: In this case, although the endpoints 
of each print path are separate, they can connect 
directly to the boundary of each layer. Thus, two 
different print paths can be designed according to 
the different positions of the endpoints, and these 
two paths should be stacked alternately to construct 
the entire print path (Biegler et al., 2020).

In addition to the above rule, it’s essential to adhere to 
specific 3DCP requirements to achieve optimal printing 
quality. Firstly, avoiding self-intersection and sharp turn-
ing points in the print path can help to prevent overfilling 
and achieve a uniform distribution of concrete inks (Wan 
et al., 2022). Secondly, it is essential to minimize printing 
errors caused by uneven topography. For in-situ print-
ing, the topography must be measured in advance so that 
the undulation of the print path can be adjusted to match 
the ground. For prefabrication, a leveling layer should be 
printed on the floor to eliminate height differences, creat-
ing a precise plane within the production area. Besides, 
to create different design scenarios, designers often 
integrate 3DCP with other construction processes (e.g., 
material-pouring, planting, assembling) and have addi-
tional requirements for the print path. In this study, these 
additional requirements are listed in Tables 2 and 3 with 
elaborations in Sections 3 and 4.

3  Space‑filling methods
This section will introduce three kinds of space-filling 
curves and their generation methods. From the subjec-
tive side, the selections of these curve generation meth-
ods need to echo the landscape design images: the river, 
the coral, and the cloud. From the objective side, these 
curves also need to meet the additional printing or con-
struction requirements brought by the corresponding 
pavement types:

Fig. 3 Print path connection scenarios to ensure continuous contour: a Loop path; b Retracing path; c Alternate path
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(1) The river pavement will be poured with terrazzo, so 
the space in-between adjacent print paths should be 
wide and continuous, ensuring a convenient pour-
ing process. If the print paths are all gathered at cer-
tain endpoints, or there are too many intersections 
among print paths, it will result in a lot of sharp 
corners which is not easy to be poured with ter-
razzo. Therefore, flow-shape patterns like the field 
lines and the strange attractors are excluded from 
the design options.

(2) The coral pattern functions as permeable grass pav-
ing. Namely, turfs need to be planted in the cells of 
the coral shape. Considering that the size of the turf 
is fixed, the hexagonal grid is adopted as the pro-
totype of the space-filling pattern to facilitate the 
planting process.

(3) The cloud pattern, inspired by the Chinese traditional 
Auspicious Clouds Motif (Sturman, 1990; Xue, 2021), 
will be filled with cold asphalt. Although the pattern 
is design-oriented, the gaps between printed paths 
should also be wide and continuous, allowing the cold 
asphalt to fully fill the space. To achieve this, a new 
space-filling pattern with the Auspicious Clouds fla-
vor is developed utilizing the fractal algorithm.

Based on the above considerations, the generation 
requirements, basic algorithms, and optimization goals 
for these space-filling curves can be introduced in Table 1.

3.1  River pattern space‑filling methods
To create the flow pattern for the river pavement, 
the quad mesh subdivision method was chosen. This 

approach subdivides a surface based on its boundaries 
and guiding curves, which is suitable for generating 
meshes that align with the provided boundaries. The 
river pavement has two predefined design elements: 
the boundary and the landscape islands in the central 
square. Hence, the goal of the space-filling process is 
to generate the organic flow by just using these ele-
ments (Fig.  4). Firstly, we connect the nearest points 
among all curve pairs and then select the shortest con-
nection for each curve. This step converted the topol-
ogy of the porous shape into multiple homogeneous 
and easy-to-subdivide geometries. Secondly, Bezier 
curves (Elber, 1992) were created based on the nor-
mal vectors of each element at the intersection point. 
Finally, the Bezier curves were used as the reference 
curve to generate quad meshes, resulting in a mesh 
with organic flowing features.

To extract the flow pattern from the meshes, a series 
of methods are employed (Fig.  5). The initial step is to 
select line segments that follow the direction of the river. 
To achieve this, the site boundary line is converted into 
three sets of continuous vectors, and the mesh segments 
are classified based on their distances to these vectors. 
As shown in Fig. 5b, mesh segments adjacent to the same 
vector are marked as one category. Next, using the vec-
tor angle formula ( θ = cos

−1[(a · b)/(|a| · |b|)] ), the 
angle between each mesh segment and its correspond-
ing boundary vector is calculated. Segments with angles 
within a specific range are then selected to form the flow 
patterns of the river. To add a dynamic trend to the flow, 
the last step involves interfering with the flow pattern 
using randomly generated attractors.

Table 1 Requirements, algorithms, and optimization goals for space-filling curves

Type Function Requirement Basic Algorithm Optimization Goal

River Terrazzo paving Wide and continuous in-between space Quad Mesh Organic flow

Coral Grass paving Controllable cell sizes for grass planting Voronoi, Hexagonal grid Irregular shape

Cloud Asphalt paving Wide and continuous in-between space Fractal Continuous curve

Fig. 4 The quad mesh generation process of the central square: a Predefined boundaries in the master plan; b Select the shortest connection 
among curve pairs; c Convert the shortest connections into Bezier curves; d Quad meshes with organic flowing features
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3.2  Coral pattern space‑filling methods
The Voronoi algorithm (Voronoi, 1908a, b) is devel-
oped to create permeable pavements that mimic the 
irregular grooved surface of brain coral. While previous 
studies have investigated brain coral’s forming mecha-
nisms for environmental restoration (Lin et al., 2023) or 
CFD-optimized design (Wits et  al., 2018), these bionic 
methods tend to be computationally intensive when 
generating large-area print paths. In contrast, this paper 
proposes a more practical approach for 3DCP (Fig.  6). 
First, the Voronoi algorithm generates irregular polygons 
that define the shape of each component over the entire 
paving area. Next, a lattice is evenly distributed in each 
component based on hexagonal grids. Then, random vec-
tors are provided to disturb the matrix and convert the 
regular hexagonal grid into an irregular one. To imitate 
the penetration and combination mechanism of the brain 
coral surface, we allow designers to input a specific length 
range when generating coral shapes. Accordingly, edges 

within this range will be removed to form a larger poly-
gon. Using this principle, porous structures of different 
sizes and topological logic can be created in each com-
ponent, serving as a reference for print path generation.

3.3  Cloud pattern space‑filling methods
The cloud pattern is produced using an optimized fractal 
algorithm. We aim to replace the polylines of the fractal 
algorithm with irregular curves, ensuring a continuous 
and smooth cloud pattern. To achieve this, the Gosper 
Curve (Gardner, 1976) is selected as the reference (Fig. 7). 
This curve can be evenly distributed in a hexagonal grid 
with the same spacing and without self-intersection.

The optimization of the fractal algorithm needs to con-
sider two factors at the same time, vector direction and 
subdivision region. On the one hand, the vector direction 
is the guild line of the fractal process. As shown in Fig. 7, 
in fractal graphics, each basic type includes not only 
the length and position of the line segment but also the 

Fig. 5 The flow pattern extraction process: a Select the boundary of the river pavement; b Screen flow pattern according to the boundary vectors; 
c Enhance the dynamic of flow pattern by attractors

Fig. 6 Brain coral pattern generation process: a Thiessen polygons generation, a polygon example (marked blue) is selected to demonstrate the 
coral pattern generation process; b Hexagonal lattice generation; c Irregular hexagonal grid generation; d Merge adjacent hexagons by a specific 
length range; e Offset the pattern for print path generation
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overall direction of the basic pattern (vector A) and the 
specific direction of each line segment (vector  B1 to  B7). 
The fractal process can be considered as reorienting the 
basic pattern from vector A to each vector B. Therefore, 
when replacing line segments, no matter how complex 
the curve is, the endpoints and direction of the curve 
should be consistent with the original direction of each 
segment.

On the other hand, the subdivision region is defined 
to avoid the self-intersection issue of the curve after 
replacement. As shown in Fig.  8a, the hexagonal grid 
can divide the Gosper Curve into several independent 
regions (Gardner, 1976; Uher et al., 2019), in which there 
is only one basic unit within the boundary. Replacing the 

curve within the hexagonal region can ensure that the 
new pattern will not intersect itself. However, as shown 
in Fig. 8e, the boundary of the hexagonal grid is actually 
very close to segment 1 and segment 7, which means that 
there are few alternative patterns for these two segments. 
In contrast, segments 5 and 6 are far away from the 
boundary, so we consider changing the boundary of the 
hexagonal grid based on mosaic rules (Fig. 8f-g), transfer-
ring the additional space of segments 5 and 6 to segments 
1 and 7, and then applying cloud curves within the new 
subdivision region (Fig. 8h).

Notably, the goal of defining and optimizing the sub-
division region is to verify whether the final cloud curve 
will have a self-intersection issue. Hence, the cloud curve 

Fig. 7 The Gosper Curve generation mechanism: a The overall direction (Vector A) and specific directions (Vector  B1 to  B7); b Reorient the shape 
from Vector A to Vector  B1; c Fractal shape after the first iteration; d Fractal shape after the second iteration

Fig. 8 a-d The pattern-replacing process; e-h The subdivision region optimization process
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only needs to keep within the boundary of the subdivi-
sion region, while its proximity to the boundary is not a 
criterion to evaluate the resulting curve. The proximity 
requirement only plays a role in the boundary optimiza-
tion process (Fig.  8f-g), in which the subdivision region 
is changed while the Gosper curve is not. In the bound-
ary optimization process, the original Gosper curve is 
the reference to evaluate whether the optimized bound-
ary is far away enough from segment 1 and segment 7. 
If so, there are more design options available to replace 
the original curve. In Fig. 8, only (h) is the result of the 
replacement. Similar to (e), even if there are segments 
extremely close to or far away from the boundary, the 
new curve can be evenly distributed on the plane once 
the boundary is removed.

4  Print path generation methods
The purpose of this section is to convert the space-filling 
curves into printable paths suitable for 3DCP. The meth-
ods employed adhere to the interlayer connection rules 
outlined in Section  2.2.2 and address the construction 
requirements associated with the pavements (Table 2).

4.1  River print path generation
The main challenge to generate the river print path is 
to match the topography. As the only impervious pav-
ing in the master plan design, the river pavement plays 
the role of surface water diversion and therefore has a 
great height difference. Accordingly, the priority of the 
river print path generation is that the path needs to fit 
the topography as much as possible. In addition, con-
sidering that the river pavement has a unique topol-
ogy with a large central square and three long pathway 
branches (Fig. 5), we choose both in-situ printing (for 
the central square) and prefabrication (for the path-
way) to construct the pavement. So, the generation 
methods of the print path should fit these two printing 
modes respectively.

In order to solve the above problems, we propose 
two positioning methods: robotic arms position-
ing and extreme points positioning. In in-situ print-
ing, the robotic arms positioning method is adopted 
to ensure a good match between the print path and 
the concrete blinding. The concrete blinding is a 
pre-poured concrete base, which provides a stable 
working surface to support both the in-situ robots 
and 3DCP components. We installed and positioned 
the robotic arms in the central square, and then let 
the print head randomly touch multiple positions on 
the surface of blinding. Recorded by Euler angles, 
the robot poses of each touch were input into the 
KUKA|prc (Braumann & Brell-Cokcan, 2011), a 

grasshopper plugin, to recover these points in the 
digital model. Subsequently, an actual topography 
of the blinding was generated based on these points. 
Then the river print path was projected onto the digi-
tal blinding surface, realizing a good match between 
the virtual and real world.

The extreme points positioning method is utilized in 
the prefabrication works. Since the workspace is flat in 
the prefabrication shed, three-dimensional curves can-
not be printed without the formwork or a preprinted 
curve base, which can make the prefabrication process 
time- and material-consuming. Therefore, the print 
path for prefabrication is better to have a flat bottom 
(Yuan et al., 2022a). Specifically, we extract the extreme 
points of each prefabrication component and construct 
a vector by these points. Then both the reference plane 
and projection direction can be constructed based 
on the cross-product of the provided vector and the 
X-axis. Subsequently, by projecting the river print path 
along the projection direction onto the reference plane, 
a flat print path close to the three-dimensional model 
can be generated (Fig. 9).

Besides the positioning issue, the river pavement still 
needs to meet various design and construction require-
ments, including pouring, transportation, and curb 
generation (Fig.  10). Based on the landscape design, 
the river pavement should be filled with terrazzo. To 
ensure that the printed river shape can better withstand 
the side thrust brought by the pouring process, the bot-
tom of the river shape is strengthened by parallel print 
paths. Moreover, to make the component suitable for 
transportation and assembly, horizontal trusses are also 
integrated into the bottom river shape. The print path 
continues after the river shape is completed, forming 
the curb between the landscape and pavement. Cor-
respondingly, the start point of the river print path 
should locate within the projection region of curbs, so 
as to ensure the continuity of the print path.

Table 2 Interlayer connection rules and requirements for print 
paths

Type Interlayer Connection Requirement

River Loop Path Match the uneven topography

Meet assembly requirements

Coral Alternate path Generate continuous path for porous 
shapes

Avoid stack bond and vertical crack

Cloud Retracing path Subdivide complex continuous curve

Component size control
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4.2  Coral print path generation
The coral print path generation methods aim to meet 
the continuous path requirement and avoid the stack 
bond issue. On the one hand, we need to outline all the 
irregularly distributed porous shapes by a continuous 
curve without self-intersection. On the other hand, in 
order to improve the structural integrity of each com-
ponent, it is necessary to avoid the stack bond in the 
component to eliminate the potential vertical crack 
during transportation and usage. The stack bond issue 
happens in the position where short print paths are 
used to bridge two adjacent shapes (Fig. 11), since the 
“bridge” exists in the same position on each layer, that 
can result in a weak bond similar to the stack bond 

issue of the brick wall. To avoid such situations, we 
hope the “bridges” of adjacent layers exist in different 
positions, which requires that at least two print path 
scenarios should be generated for each component.

The adjacent points random retrieval method is uti-
lized to solve the above generation challenges (Fig. 12). 
We first randomly select a polygon  (H0) in the porous 
shape and retrieve one random point  (P1) from the line 
segments closest to  H0.  H0 can then be connected with 
the other polygon where P1 is located  (H1). A similar 
connection logic can be operated several times until 
all polygons can be connected as a whole, which is a 
continuous curve without self-intersection. Since the 
selections of the initial polygon and closest point can 

Fig. 9 Extreme points positioning method: a A three-dimensional component for the river pattern; b Find and connect extreme points; c Generate 
the reference plane and projection direction; d Project the river pattern onto the reference plane

Fig. 10 River print path generation process
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be different and random, the connection results are 
diverse. Two different schemes can be selected among 
the results, and they can be weaved together to form 
the print path that doesn’t have the stack bond issue.

4.3  Cloud print path generation
The difficulty in generating the cloud print path lies in 
how to cut the continuous fractal curve within a given 
boundary and how to subdivide the curve into compo-
nents with appropriate dimensions. If a fixed bound-
ary is used to cut the cloud curve without following its 

topology, it can result in lots of curve segments. To avoid 
this problem, the midpoints of the Gosper curve are uti-
lized as the index to define which part of the cloud curve 
should be selected (Fig. 13). Specifically, a rough bound-
ary is drawn in the Gosper curve, then the line segments 
with their midpoints inside the boundary are selected. 
Subsequently, these line segments are replaced by the 
corresponding cloud curves, forming the cloud pavement 
with a blur and organic boundary.

The cloud print path generation method follows 
the process of “join-subdivision-reorientation”, which 

Fig. 11 a-b Two different connection scenarios for porous shape (red lines are the short print path to bridge adjacent polygons); c Section of the 
3DCP shape with the stack bond issue (using just one connection scenario); d Section of an ideal 3DCP shape (stacking two different connection 
scenarios)

Fig. 12 The adjacent points random retrieval method: a Randomly retrieve a polygon and an adjacent point; b Bridge adjacent polygons; c The 
second iteration of the same retrieval process; d The third iteration; e The generation result; f Another result generated by a different initial polygon
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ensures that the sizes of the components are all within 
a suitable range including 3–9 cloud units (Figs. 13 and 
14). Firstly, all the cloud curves are joined to form as 
large a component as possible (each component still 
consists of only one continuous curve). Secondly, these 
large components are subdivided by the mosaic pattern 
generated in Section 3.3, so that the size of each com-
ponent does not exceed 7 cloud units. Thirdly, the small 

components containing only 1 or 2 cloud units are 
reoriented and joined with other components (Fig. 14).

5  Results
5.1  Construction outcome
The construction consisted of two parts, the in-situ print-
ing of the central square and the prefabrication of other 
components in a temporary shed located beside the site. 

Fig. 13 Cloud print path generation process: a Screen available segments by the location of their midpoints; b Generate and join the cloud curves; 
c Subdivide the cloud curves into transportable sizes

Fig. 14 Reorientation process: a Examples of small components with only 1 or 2 cloud units; b Reorient a single unit or the entire component to 
incorporate the adjacent curve; c Print path generation results
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Starting from the in-situ works, we used four KUKA 
robotic arms to print the central square river pavement 
simultaneously. Then the robotic arms were relocated to 
the shed to accomplish independent tasks.

Different construction workflows were assigned to 
these pavements according to the landscape design 
requirements. After the river pavement was assem-
bled on the concrete blinding, coarse aggregate con-
crete was poured in between the concrete strips. Then 
we smoothed the entire surface after the concrete was 
cured, presenting the texture of terrazzo. Coral pave-
ments were used as the permeable pavement of the park, 
which are assembled above a soil blinding. The porous 
shapes of the coral pattern were then filled with the 
greensward to achieve a cohesive presentation with the 
surrounding landscape. The cloud pavement was also 
constructed on the grass to guide visitors to an iconic 
sign sculpture of the park. Therefore, we use cold asphalt 
as a filler to achieve a flat surface with high accessibility. 

The construction results of all types of pavement are pre-
sented in Fig. 15.

5.2  Discussion
The design-to-construction process of these pavements 
also reveals topics that are worth further discussion. 
Such as the size control issue of the 3DCP component. 
Since the space-filling curves emphasize design com-
plexity rather than structure performance, a large and 
flat component could be fragile in the transportation 
and assembly process, which sometimes needs to be 
reprinted. Based on the actual assembly experience, small 
3DCP pavement components (with the longest diameter 
smaller than 1.5 m) present better structural stability in 
the assembly process than larger ones. That’s because the 
assembly process involves several steps of tiny movement 
to precisely position each component, while large-size 
components, with larger weight as well as lower flex-
ibility, have a higher risk of being over-moved and being 

Fig. 15 Construction process and outcome of the Shenzhen Baoan 3D printing park (Sources: XWG Design Studio): a The river pavement; b The 
coral pavement; c The cloud pavement
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cracked by the collision with other objects (e.g., hard sur-
face, assembled component, concrete blinding). Besides 
controlling the size of all components, other practical 
solutions are to increase the print width or print path 
density at the edge of the large component, making it 
stronger to withstand unexpected collision, or reduce 
the weight of the component by topological optimization 
(Xia et al., 2023), making it lighter to lower the chance of 
being over-moved.

In addition, the construction process of river pave-
ment proves that the construction efficiency of in-situ 
printing is much higher than that of prefabrication. The 
in-situ printing of the central square took only 1 day, 
while it took nearly 1 week for the rest of the river pave-
ment to be printed and installed. Most of the time was 
spent on the positioning and assembling process. It is 
worth mentioning that, in this project, the in-situ print-
ing and the prefabrication have nearly equal time costs in 
terms of robot set-up, because the in-situ printing works 
of the central square can be printed in one go without 
repositioning the robots. However, if the entire project 
is constructed by in-situ printing, additional site survey 
and repositioning steps will be involved. Therefore, the 
in-situ printing method based on fixed robotic arms is 
more suitable for the pavement with a large and concen-
trated area like the central square. For the narrow trails 
in the park, the cost of repositioning the robot arm will 
significantly exceed the benefits brought by in-situ print-
ing. Therefore, despite the longer production and assem-
bly duration, prefabrication becomes the only choice for 
trail pavements. In the future, small and mobile 3D print-
ing devices, such as drones (Zhang et al., 2022) and grip 
robots (Jokic et al., 2014), will be more efficient options 
for large-format 3D printing projects as they have better 

movability and flexibility to tackle different construction 
conditions.

Finally, the design-to-construction processes of these 
pavements all follow the workflow of “space-filling, print-
ing, assembly”. Correspondingly, the challenges and solu-
tions in this 3DCP pavement study can be summarized in 
Table 3.

6  Conclusion
Pavement design emphasizes the use of simple rules to 
generate logical but constantly changing patterns, which 
provides an approach to combining math with aesthet-
ics. Utilizing 3DCP as a construction method, this study 
proves the feasibility of various pavement generation 
methods in large-scale landscape design. The value of 
this study can be summarized as follows:

(1) Provide practical space-filling and print path gener-
ation methods, which have the potential to improve 
the programming efficiency for complex 3DCP 
geometries and can be applied to other projects.

(2) Adopt and optimize classical curve pattern genera-
tion algorithms to achieve a 3D printing area signif-
icantly larger than that of current LFAM practices.

(3) Summarize the problems that may occur in design-
ing and constructing 3DCP pavements, and put for-
ward feasible solutions;

(4) Present the design options of combining 3DCP 
with different landscape elements and construction 
materials;

(5) Introduce a standard print path generation work-
flow for each pavement type to realize non-stand-
ard outcomes, promoting the benefits of 3DCP in 
combining automation and customization.

Table 3 The challenges and solutions in this study

Type Workflow Challenges Solutions

River Space-filling Generate dynamic flow pattern (1) Generate quad mesh based on boundaries’ normal vectors
(2) Extract mesh segments based on boundaries’ tangent vectors

Printing Match print path with uneven topography (1) For in-situ printing: Survey the topography by robots
(2) For prefabrication: Apply the extreme points positioning method

Assembly Enhance component base For prefabrication:
(1) Generate parallel print paths
(2) Add horizontal trusses

Coral Space-filling Generate irregular porous shape (1) Generate hexagonal Voronoi diagram
(2) Combine hexagons based on their edge lengths

Printing Ensure continuous print path Apply the “adjacent points random retrieval method”

Assembly Address stack bond issue Provide two print path schemes using different initial hexagons

Cloud Space-filling Define the pavement boundary Screen available Gosper curve segments by their midpoints’ location

Printing Avoid self-intersection Optimize the subdivision region based on the mosaic rule

Assembly Control component size Follow the “Join-subdivision-reorientation” workflow
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