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A B S T R A C T   

As an advanced construction technology, 3D concrete printing (3DCP) has the advantage of high manufacturing 
freedom for various freeform structures. The digital design of 3D printing using topology optimization con-
tributes to obtaining the maximum performance potential from manufactured structures. However, most digi-
tally designed structures obtained by topology optimization cannot be directly manufactured using 3DCP owing 
to various manufacturing constraints that have not yet been considered in the design process. This paper presents 
an integrated design method for 3DCP by incorporating extrusion-based manufacturing characteristics into the 
topology optimization algorithm. Topological optimization is based on the solid isotropic material with penal-
ization (SIMP) method owing to its ease of adaptation to multiple constraints. During the optimization iteration, 
the manufacturing characteristics of nozzle size and path continuity are considered as the design requirements of 
3D printed structures to achieve high-quality manufacturing by using intermittent interruption of topology 
optimization to modify the design variables. Meanwhile, the anisotropic behaviors of material constraints and 
the volume and Tsai-Wu criterion of design constraints are introduced to obtain the desired mechanical per-
formance with lightweight designs. Moreover, the number of closed regions and overhang angle controls are 
incorporated to ensure the global path continuity and stable stacking of optimized 3D structures. A concrete arch 
structure is 3D printed to validate the proposed integrated method, and the removal of breakpoints and short 
paths and complete filling rate are demonstrated. The integrated method facilitates the engineering application 
of 3DCP in a high-efficiency and high-quality manner.   

1. Introduction 

3D concrete printing (3DCP), as a layer-by-layer deposition process, 
has the advantage of high manufacturing freedom for various freeform 
structures [1,2]. The promising manufacturing advantages of 3DCP for 
structural construction are validated by constructing various architec-
tural and civil structures, such as houses, bridges, and bus stations [3,4]. 
Meanwhile, new cementitious composite materials and reinforcement 
strategies compatible with 3DCP have been diversified and explored 
[5–7], which are related to the mechanical characteristics of printed 
concrete structures [8,9]. The structural performances of 3D printed 
structures still require further optimization to fully exploit the advan-
tages of 3DCP in material distribution. 

Topology optimization is an advanced design approach for obtaining 

high-performance structures, which has been successfully applied to the 
lightweight design of structures in the engineering field [10–13]. The 
design structures obtained by topology optimization are difficult to print 
owing to the lack of integration with manufacturing constraints during 
the design process. The 3D printed concrete permanent formwork 
method and hybrid fabrication using additive and subtractive 
manufacturing technologies have been explored for the manufacturing 
of topologically optimized structures [14,15]. These methods have 
unique advantages that can be exploited during a construction process 
following optimal design. However, the fabrication processes still 
require extra treatment or manual operation, and therefore, the flexi-
bility and efficiency are reduced. 

For fused deposition modeling (FDM) and metal additive 
manufacturing, certain manufacturing constraints have been explored 
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regarding the topology optimization, such as minimum size, overhang, 
connectivity, tool path continuity, and distortion constraints [16–20]. 
However, the 3D concrete printing process retains its unique 
manufacturing characteristics, such as nozzle size and path continuity, 
which are different from those of polymer and metal manufacturing. 
Thus, the available practices cannot be directly applied to 3DCP. An 
integrated design between 3DCP and topology optimization needs 
further research attention. 

It is crucial to effectively combine the digital design of topology 
optimization and the 3DCP technique to realize the maximum perfor-
mance potential of manufactured structures. The post-tensioned con-
crete girder constructed by Ghent University achieved 20 % material 
savings, as well as an effective combination of topology optimization 
and 3DCP. This was the first demonstration of how topological design 
combined with 3DCP could allow for creating efficient structures using 
less material [21]. The integrated design considering the manufacturing 
constraints of 3DCP enhances the manufacturability of the optimized 
structures without post-processing. Although Carstensen [22] and 
Fernández et al. [23] successfully considered the nozzle size constraint 
of 3DCP, the anisotropy, path-continuity constraint, and overhang angle 
constraint, which are highly relevant for material extrusion-type addi-
tive manufacturing, have not been considered. In particular, breakpoints 
are unfavorable for 3DCP, and multiple startups and shutdowns will lead 

to unstable extruded materials or worse printing quality. Moreover, the 
removal of supporting materials is very difficult, which can easily cause 
structural damage. Pastore et al. [24] proposed a Bézier‑based biased 
random‑key genetic algorithm that addressed only the nozzle size and 
path-continuity constraints. Bi et al. [25] addressed various 
manufacturing constraints of 3DCP. However, there exist many short 
zigzag paths causing to accumulate concrete materials because the 
nozzle size constraint is not considered. Previous optimization methods 
address only a few problems of manufacturing constraints for 3DCP and 
still face various challenges. Anisotropy has not been fully utilized, and 
path planning is based on optimized geometric shapes and cannot ach-
ieve collaborative optimization in the design process. 

In this study, an integrated method regarding structural design and 
manufacturing for 3D printed concrete structures is proposed by incor-
porating the manufacturing parameters of 3DCP into the design pro-
cesses of topology optimization. Both the manufacturing constraints, for 
example, nozzle size, path continuity, and overhang angle, and me-
chanical performance constraints, for example, modulus anisotropy and 
stress constraint, are considered. Global path continuity and high 
printing quality are demonstrated via designing and 3D printing a 
concrete assembled arch structure. Subsequently, the applicability of the 
proposed integrated method is validated. 

Fig. 1. Design process of G-code for 3D printing through (a) traditional separated design and (b) integrated design.  

Fig. 2. The flowchart of the proposed integration design.  
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2. Integrated design method for 3DCP 

The integrated structural design method for 3D printed concrete 
structures is based on a conventional topology optimization method that 
incorporates various manufacturing constraints of 3DCP. The addition of 
manufacturing constraints can directly obtain an optimized pattern with 
respect to the printing path, and the filling rate and printing quality can 
be ensured effectively. In the conventional approaches, the topology and 
path are designed separately and require further modification. Accord-
ingly, the final results of the G-code are not of high quality owing to the 
mismatch between design and manufacturing, as shown in Fig. 1(a). The 
proposed method can generate an optimized G-code file based on the 
one-stroke printing path directly without extra updates and modifica-
tions (Fig. 1(b)). 

2.1. Topological optimization design based on SIMP method 

The proposed integrated design method adopts the filtering and 
projection methods and modifies the design variables in certain iteration 
steps to obtain an optimization result with the high fill rate and one- 
stroke printing path. The flowchart of the proposed integrated design 
method is shown in Fig. 2. The optimization starts from the definition of 
the design domain and parameters, such as load, support, finite element 
analysis (FEA) mesh, material parameters, solving parameters, etc. The 
design variables are filtered and projected to avoid numerical instability 
problems and obtain a black-and-white solution. The additive 
manufacturing (AM) filter is integrated in the optimization process to 
achieve the overhang angle control for 3D structures that is difficult to 
be avoided for the conventional 3D structural optimization design. After 
completing the above steps, the FEA considering the material aniso-
tropic constraints is carried out for calculating sensitivity values and to 
update the design variables. The filtering and projection methods shall 
be performed when the updated design variables do not satisfy the 
overhang angle control. 

To reduce the computation time while providing sufficient optimi-
zation steps for structural optimization, the closed region and even 
multiple control for structures are introduced at the 50th iteration and 
then introduced every 20 iterations to satisfy the nozzle size and path- 
continuity controls. The closed region control is applied before the 
even multiple control to provide the useful skeleton form for the nozzle 
size control. Then, the design variables are modified to guarantee the 
printing quality of optimized structures and the optimized result is 
checked whether meeting the output condition. If the number of itera-
tions is not equal to 50 + 20i, check the output condition directly. The 
optimization is looped and terminated until meeting the output condi-
tion. When the optimization results meet the following three conditions, 
they can be output: (1) the volume and stress constraints are satisfied; 
(2) the force transmission path of the structure before and after applying 
the manufacturing constraint is the same, that is, the number corre-
sponding to the central axis is the same; and (3) the structure has clear 
boundaries and few gray elements. Note that the volume constraint may 
not strictly meet the requirements; therefore, the results can be output 
without satisfying this specific requirement. The generation of the one- 

stroke path is performed at the end of the optimization to avoid that the 
stress concentration of the interruption and reconnection areas affect the 
accuracy of optimization results and the optimization iteration 
terminates. 

The objective of structural design is to minimize structural compli-
ance by considering material volume, stress, and manufacturing as 
constraints. The material volume and stress constraints are explicit, and 
the overhang angle is controlled by the AM filter. The nozzle size and 
path-continuity controls of manufacturing constraints are achieved by 
modifying the design variables at some number of iterations during the 
optimization process. To make full use of the anisotropy, the design 
variable of the printing angle is added based on the solid isotropic ma-
terial with penalization (SIMP) method [26]. The proposed topology 
optimization problem can be formulated as: 

find ρ = {ρ1, ρ2,… …, ρn}
T
, θ = {θ1, θ2,… …, θn}

T

min C(ρ, θ) = U(ρ, θ)TK(ρ, θ)U(ρ, θ)

V =
∑n

e=1
ρeve⩽f V0

gmax(ρ, θ)⩽1
ρmin⩽ρe⩽1

- π⩽θe⩽π, e = 1, 2,…, n  

where ρ and θ are the design variables, namely, element density and 
printing angle vectors, respectively; n is the number of elements used to 
discretize the design domain; C is the structural compliance; ρe and ve are 
the density and volume of the eth element, respectively; K and U are the 
global stiffness matrix and nodal displacement vectors, respectively; V 
and V0 are the material and design domain volumes, respectively; f is the 
prescribed volume fraction. The Tsai-Wu criterion for stress constraint is 
selected owing to anisotropy accordingly. gmax is the maximum Tsai-Wu 
value in the design domain. ρmin is the minimum allowable element 
density, which is a non-zero value to avoid singularity and is set as 10− 8 

conventionally. 
To avoid numerical instability problems such as checkerboard and 

ensure the fiber continuity, design variables are filtered by computing 
the weighted average of design variables in set Ne for each element. The 
filtered design variables are expressed as [27]: 

ρe =

∑
i∈Ne

ρiw(xi − xe)
∑

i∈Ne
w(xi − xe)

, θe =

∑
i∈Ne

θiw(xi − xe)
∑

i∈Ne
w(xi − xe)

(2)  

where Ne is the set of elements in the domain of influence of element e; xi 
is the position of element i; w(xi − xe) is a weight factor defined as: 

w(xi − xe) =

{
rmin − ||xi − x||

0
if xi ∈ Ne
otherwise (3)  

where ||xi − xe|| is the distance between the centers of the element e and 
element i; rmin is the filter radius. 

Applying the filter of density design variables leads to gray transition 
regions with intermediate densities between 0 and 1, and the threshold 
projection based on the tanh function is adopted to constrain the 
elemental design variables to reach 0 or 1 [28,29]. The projected density 

Fig. 3. Schematic of the overhang angle control for 3D structures.  
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can be written as: 

ρ̃e =
tanh(βη) + tanh(β(ρe − η) )
tanh(βη) + tanh(β(1 − η) ) (4)  

where β is the curvature of the regularization that approaches the 
Heaviside function as β approaches infinity. A continuation method is 

used such that β is initially chosen to be small and is raised in subsequent 
iterations to achieve a near 0–1 topology. Here, β is initialized at 1.0 and 
is increased by 1 if a change in the objective function has reached the set 
value, and the maximum value is 50. η is the threshold for controlling 
the projection, which is set to 0.5. 

For 2D structural optimization, since the print plane is determined in 
advance, the printed component is only the stretching of the 2D struc-
ture and does not involve the control of the overhang angle. For 3D 
structure optimization, the overhang angle control should be satisfied 
along the stacking direction to avoid components from being unprint-
able or collapsing during printing owing to high overhang angles, as 
shown in Fig. 3. 

The overhang angle control is applied to the optimization process in 
the form of an AM filter [16] such that each printed density cannot be 
higher than the maximum printed density in its supporting region, 
which is expressed as follows: 

̂̃ρe = min
(

ρ̃e,
̂̃ρ

S

e

)
, ̂̃ρ

S

e = max
i∈Se

̂̃ρi (5)  

where ̂̃ρe is the printed density, ̂̃ρ
S
e is the maximum printed density in the 

supporting region Se, and ̃ρe is a blueprint density variable, which is the 
projected density. 

In Fig. 4, the blue region Se denotes the supporting region of an 
element e. When the printing material is not printed in this supporting 
region, the structure cannot be printed. Different overhang angles can be 
satisfied by changing the aspect ratio of the elements. Fig. 4(a–c) show 
different overhang angles of 26.6◦, 45◦, and 63.4◦, respectively. A more 
detailed representation can be found in a previous study [16]. 

Anisotropy is mainly reflected when calculating the rotated elastic 
matrix De, which is expressed as follows: 

De = T(θ)D0T(θ)− 1 (6)  

where θ is the rotation angle, T is the rotation matrix, and D0 is the initial 
elastic matrix before rotation, which corresponds to the orthogonal 

anisotropic elastic matrix in the 2D model and transverse isotropic 
elastic matrix in the 3D model. 

The Tsai–Wu failure criterion is adopted for the stress constraint 
owing to the anisotropy. The calculation formula of the Tsai-Wu value in 
the 2D and 3D models can be expressed as follows: 

ge = F1σ1 +F2σ2 +F11σ2
1 +F22σ2

2 + 2F12σ1σ2 +F66τ2
12 (7)   

where the coefficients Fi and Fij can be obtained in terms of compressive 
strengths Xc and Yc, tensile strengths Xt and Yt, and longitudinal and 
transverse shear strengths S12 and S23, respectively. Details regarding 
the parameter calculation can be found in the literature [30,31]. 

The sensitivity for the objective and constraint functions with respect 
to the design variables can be calculated by the chain rule. The readers 
are referred to the publications for more detailed [32]. Because the 
optimization proposed in this paper is a design problem with multiple 
design variables and multiple constraints. The method of moving as-
ymptotes (MMA) is selected to solve the optimization problem [33]. 

2.2. Adaptive nozzle size control of 3DCP 

The adaptive nozzle size control of structural features is achieved 
through the medial axis transform (MAT), which has been applied to 
precisely control the minimum/maximum length scale [34–38]. As 
shown in Fig. 5, the incorporation of the adaptive nozzle size control 
into topology optimization involves boundary extraction, medial axis 
extraction, width selection, path planning, and modification of design 
variables. 

(1) Boundary fitting. 
A contour plotting algorithm is first deployed to obtain the geometry 

boundary, which is the foundation for obtaining the medial axis. If the 
contour plotting is performed directly, the structural boundaries may 
appear jagged, which is not conducive to the extraction of the medial 
axis. Therefore, curve fitting is performed to obtain smooth boundaries 
and a B-spline curve of order p [39] is used. In this study, a B-spline 
curve of order 3 is considered. 

(2) Medial axis extraction based on MAT. 
After obtaining the structural boundaries, the main force trans-

mission path of the structure is obtained by extracting the medial axis. 
The medial axis extraction process is illustrated in Fig. 6. First, a con-
strained Delaunay triangulation of a sample of points collected on the 

Fig. 4. Definition of the AM filter with overhang angles of (a) 26.6◦, (b) 45◦ and (c) 63.4◦.  

ge = F11σ2
1 + F22

(
σ2

2 + σ2
3

)
+ (2F22 − F44)σ2σ3 + 2F12σ1(σ2 + σ3) +F1σ1 +F2(σ2 + σ3)+F44τ2

23 +F66
(
τ2

21 + τ2
31

)
(8)   
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geometry boundary is constructed, as presented in Fig. 6(a). The medial 
axis of the structural form is obtained through the locus of the center of 
the maximal disk within the polygon interior and the obtained result 
corresponds to multiple short lines. Then these short lines are connected 
to some long lines with intersections. In Fig. 6(a), the black lines denote 
the domain boundary, blue lines denote the domain triangles, and red 
lines denote the medial axis. Observe that there are some minor 
branches at the end of the structure, which are incompatible with the 
structural form. These minor branches must be removed to avoid 
misleading structural optimization. Therefore, short lines with smaller 
lengths and no connection at one end are removed to obtain the main 
branches, as shown in Fig. 6(b). If all segmented medial axes are con-
nected at both ends, the central axis can be considered as the final result. 
If there remains an unconnected section, it is necessary to extend this 
type of line to ensure that the medial axis precisely fits the structure 
form. Because one end of each central axis branch is open, the line 
segment must be extended until it intersects with the nearest boundary, 
as shown in Fig. 6(c). The final result of the medial axis extraction is 
shown in Fig. 6(d). 

(3) Adaptive width selection for each segmented central axis. 
After obtaining the final medial axis extraction result, the process to 

obtain the new structural form via offsetting the adaptive width should 
be performed, as shown in Fig. 7. In Fig. 7(a), the width of each 
segmented central axis is calculated by drawing an inner tangent circle, 
with the point on the central axis taken as the center that intersects the 
geometry boundary. The circle diameter d corresponds to the desired 
width. Because each branch of the structural form is not of the same 
width, the line segment is divided into intervals and the width of the 
segmented central axis is characterized by the diameter corresponding 
to these segmentation points. Accordingly, 50 intervals are adopted in 
this study. The geometric features of this part are efficiently obtained by 
calculating the 50 corresponding width values separately. Because the 
corresponding widths of the two ends of the central axis are relatively 
large, which is shown in Fig. 7(b) and taking the average of all values 
will lead to an inaccurate width selection. Therefore, the central axis 
width of this segment is determined by the K-medoids clustering analysis 
method, which avoids the adverse effects of outlier data on the clus-
tering results. The distribution of silhouette coefficient values is used to 

Fig. 6. The process of medial axis extraction: (a) the constrained Delaunay triangulation result, (b) the medial axis without minor branches, (c) the medial axis with 
extended branches and (d) the final result of the medial axis extraction. 

Fig. 7. The calculation of the final width for a certain central axis: (a) the width calculation of the central axis, (b) inner tangent circles at the end of the central axis 
and (c) the final structural form of the certain central axis. 

Fig. 5. The incorporation of the adaptive nozzle size control.  
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evaluate the quality of the clusters. If most values in both clusters have a 
large silhouette value, namely, greater than 0.8, this indicates that those 
values are well separated from the neighboring clusters. The final width 
dnew of the segmented central axis can be selected, and the offset of the 
segmented medial axis is performed according to the final width setting 
values to obtain the new structural form, as shown in Fig. 7(c). The 
nozzle size control for each branch can be expressed as follows: 

dnew,i = dp,i, i = 1, 2, ..., n⃒
⃒dp,i − dk,i

⃒
⃒ = min

j=1,2,...,m

⃒
⃒dj − dk,i

⃒
⃒ (9)  

where dnew,i is the width of ith branch and n is the total number of 
branches; dj is the jth candidate of the discrete width values of different 
multiples out of m candidates; dk,i is a value that represents the ith 

branch’s width, which is a clustered value of the current branch’s width. 
The MATLAB function for K-medoids clustering is adopted to obtain the 
dk,i value. In this paper, the values are divided into two clusters, and the 
cluster with more numerical distribution is the final width result. 

(4) Offset path planning of the obtained structural form. 
After the adaptive width selection of all segmented central axis, a 

new structural form that meets the nozzle size is obtained. Because the 
design variables for the printing angle are based on the elements and are 
not combined with the real printing path, the optimized results can only 
roughly represent the printing direction. To effectively combine the path 
planning results, offset path planning is performed on the obtained 
structural form to correct the printing angles. 

(5) Modification of design variables after incorporating the nozzle 

size control. 
Finally, the corresponding results are incorporated into the iterative 

process, and the design variables are modified. Because the design 
variable of printing angle is based on elements, the angles characterizing 
the printed strip from the current printing point to the next point are 
different. However, the angles in the actual printing are fixed. To better 
fit the actual printing process, the printing angle in the printed strip is 
varied with respect to the slope corresponding to the tool-path, as 
illustrated in Fig. 8. To avoid the oscillation of the optimization iteration 
caused by the 0–1 change in the element density, the initial element 
density is averaged with respect to the element density obtained by the 
medial axis offset and serves as the initial value of the next optimization 
iteration. 

Through the above steps, the nozzle size control can be successfully 
introduced into the optimization iteration process. The final optimiza-
tion results can be obtained after repeated iterations. 

2.3. Path-continuity control of 3DCP 

To simplify the structural geometrical features, the central axis di-
vides the complex structure into multiple small branches. If the corre-
sponding width of each sub-branch is an even multiple of the nozzle 
diameter, multiple closed-loop subregions can be generated through the 
offset path and the paths of subregions are connected by one stroke, 
corresponding to the “go and back” strategy presented by Jin et al. [40]. 
The generation of a global continuous path must interrupt the offset path 
first and then connect based on the weighted undirected graph 

Fig. 8. The process of assigning the printing angle.  

Fig. 9. The flowchart of path-continuity control.  
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combined with minimum spanning tree and closest point principle. The 
corresponding flowchart is shown in Fig. 9. 

Breaking and reconnecting at any position is possible for a small 
number of segmented closed paths. However, in the case of multiple 
closed and connection paths, there are various schemes for interrupting 
and reconnecting owing to the complexity of the connection between 
segmented paths. To choose the interrupted position of closed paths 

more reasonably and ensure the continuity of the path planning in the 
designed structural components, the one-stroke printing connection 
method is proposed. A weighted undirected graph combined with the 
minimum spanning tree of the graph is used. The weight is related to the 
length of the two adjacent paths. The specific selection process is illus-
trated in Fig. 10. First, multiple closed sub-paths are generated through 
the offset path and numbered for path planning, as shown in Fig. 10(a). 

Fig. 10. Construction of the path connection order: (a) the distribution and number of sub-paths, (b) the adjacent graph of sub-paths and (c) the final connection 
diagram of sub-paths. 

Fig. 11. The flow chart of global path connection: (a) path connection order, (b) path classification, (c) path connection points and (d) one-stroke path.  
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Then, the adjacency relationship of sub-paths and alternative path 
connection schemes is obtained by drawing the undirected graph, as 
shown in Fig. 10(b). It can be seen that there are many connection 
schemes, and it is very important to choose the most effective one. 
Therefore, the path connection order is determined via the weighted 
undirected graph combined with the minimum spanning tree of the 
graph, as shown in Fig. 10(c), where the solid lines represent the con-
nected order. 

The flow chart of the path connection is shown in Fig. 11. After 
obtaining the path connection order (Fig. 11(a)), further classification, 
including the main and branch paths, is performed according to the 
degree of the numbered nodes. The main path is obtained through these 
connections such that the node degree is greater than two. The dark blue 
lines represent the main path, while the light blue lines represent the 
branch path, as shown in Fig. 11(b). Then, the interrupted points based 

on the main and branch paths are obtained in order. The interrupted 
points between every two paths adopt the closest-point principle and 
then are offset to both sides to obtain two lines. The intersections of the 
four lines denote the interrupted points. The orange points in Fig. 11(c) 
are the interrupted and reconnected positions. Finally, the one-stroke 
path form is obtained by the interruption and reconnection of the sub- 
paths, as shown in Fig. 11(d). 

2.4. Printing angle and closed-region control of 3DCP 

First, the print plane needs to be determined because 3DCP operates 
in a layer-by-layer manner. The printing angle θ denotes the angle be-
tween the printing path and positive direction of the x-axis, which 
changes only within the print plane, as shown in Fig. 12(a). Then, owing 
to the degrees of freedom in the 3D structure design, it is easy to obtain 
multiple disconnected closed areas in the printing layer, denoted as the 
island problem, which should be addressed. There is no island phe-
nomenon in the optimization problem of a 2D structure to conform to 
the force transmission. However, when slicing 3D optimized compo-
nents to realize path planning, the island problem is prone to occur in 
the print plane, which is presented in Fig. 12(b). It can be seen that there 
are some independent regions of the 15th and 30th layers leading to 
many breakpoints in the printing process. Therefore, connectivity 

Fig. 12. Schematic of: (a) printing angle control and (b) closed region control in the print plane for 3D structures.  

Table 1 
Fiber reinforced concrete material properties.  

E1 E2 G12 v12 Xt 

43.2 GPa 30.7 GPa 14.6 GPa 0.2 8 MPa 
Xc Yt Yc S12 S23 

144.2 MPa 4 MPa 90.4 MPa 12 MPa 12 MPa  

Fig. 13. The process of imposing nozzle size: (a) initial form of design variables, (b) contour plotting results for different density values, (c) medial axis of structural 
form, (d) new structural form, (e) path planning result, (f) final form and (g) the convergence history. 
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should be ensured in the print plane to ensure one-stroke printing. The 
closed region control states that the number of closed regions of each 
printing layer is one. 

The printing angle control can be achieved by changing the angle in a 
specific print plane. The addition of this control affects the solution of 
the elastic matrix obtained by calculating the rotation matrix T and 
changes the design variables during the optimization iteration by 
affecting the sensitivity values. The addition of closed region control is 
presented in detail in the research published by Bi et al. [25]. Some 
closed regions are connected to generate an enclosed 2D geometry in 
each layer. This study mainly realizes the application of connectivity 
control through MATLAB functions, such as bwconncomp, labelmatrix, 
label2rgb, and bwdist, and the shortest path finding algorithm used for 
achieving a one-stroke path planning on a certain printing layer. 

3. Validation of the proposed integration method 

Numerical examples are provided in this section to confirm the 
applicability of the proposed integrated design method regarding the 
topology and printing path. Each section illustrates the manner in which 
different controls are reflected in the optimized design. For all examples, 
the material properties of fiber-reinforced concrete are listed in Table 1. 
To avoid the change process of element density from the intermediate 
density to 1 in the regions where materials need to be laid, the initial 
design variables of the element density and printing angle were set to 1 
and 0, respectively. Moreover, move limits were adopted to restrict the 

maximum amplitude of change for a design variable to avoid oscillation 
of objective values during the iterative process. The move limit pa-
rameters were set to 0.1 and π/9, respectively. 

3.1. Validation of nozzle size control 

The nozzle size control should not be introduced prematurely in the 
optimization process for two reasons. On the one hand, the boundary 
form cannot effectively represent the structural force if there are too 
many intermediate-density elements. On the other hand, the modified 
design variables based on path planning will mislead the subsequent 
optimization iteration. Note that after introducing the size control, the 
printing angle filtering during the optimization iteration should elimi-
nate the part with a large difference from its value; otherwise, it will 
affect the continuity of the angle, and the optimization result cannot 
converge. For the extraction and offsetting of the central axis near the 
design domain boundary, the boundary corresponding to the central 
axis should be selected for the offsetting to ensure that the resulting 
result is contained within the design domain. 

As shown in Fig. 13, a beam case under three-point bending is used to 
describe the process of imposing a nozzle size control for topology 
optimization. At the 50th iteration, the nozzle size control is introduced. 
The initial element printing angle and density distribution are shown in 
Fig. 13(a). Observe that the material distribution is generally deter-
mined, and the printing angle lies mostly along the force transfer path, 
meeting the criteria for introducing the nozzle size control. Then, a 

Fig. 14. Accuracy evaluation of clustering results: (a) clustering results of width values and (b) the silhouette coefficient values.  

Fig. 15. Topological design of a four-point bending beam: (a) boundary/load conditions, (b) optimized structural configuration and (c) planned path without nozzle 
size control; (d) optimized structural configuration and (e) planned path with nozzle size control. 
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contour plotting algorithm is executed, as shown in Fig. 13(b), where 
different types of lines denote the contour plotting results for different 
density values. The red solid, black solid, and blue dotted lines denote 
the contour for a density value of 0.7, 0.5, and 0.3, respectively. In this 
case, a value of 0.5 is applied to determine the contour boundary 
because it is closer to the material distribution pattern. Note that it is 
also feasible to set the threshold at 0.3 or 0.7. The obtained structural 
forms exhibit the same force transmission path. There is only a small 
difference in the width of some local positions, and the optimization 
iteration time is longer. Then, the medial axis of the structural form is 
extracted (Fig. 13(c)). The width of each segmented central axis is ob-
tained using the K-means clustering algorithm; the obtained structural 
form is shown in Fig. 13(d). Then, the contour-parallel offset path form 
is generated to obtain the new printing angle, which is presented in 
Fig. 13(e). When the number of optimization iterations is 130, the final 
integrated design obtained after applying the nozzle size control is 
shown in Fig. 13(f). The convergence history is shown in Fig. 13(g). 
Notice that the objective function will increase significantly before and 
after the nozzle size control is applied, which is due to the large change 
in element density. Because subsequent optimization will be conducted, 
it will not significantly affect the final result. Meanwhile, the introduc-
tion of the nozzle size control accelerates the change in element density 
and the final result can be obtained with fewer optimization iteration 
steps. 

To evaluate the accuracy of the clustering results, a branch is selected 
for statistics and data analysis, as shown in Fig. 14. The geometric fea-
tures of this branch obtained by calculating the 50 corresponding width 
values separately. The width values are divided into two clusters, and 
the centroids of each cluster are located at 88.34 mm and 64.95 mm, 
respectively, as shown in Fig. 14(a). To evaluate the quality of the 
clusters, the distribution of silhouette coefficient values was used, as 
shown in Fig. 14(b). Notice that most silhouette coefficient values are 
greater than 0.8, ensuring the accuracy of clustering and indicating that 
those values are well-separated from neighboring clusters. The clus-
tering results are reliable and can be used for the nozzle size control to 
provide relevant directions for the change in design variables in the 
optimization iteration. 

A four-point bending beam example is adopted to validate the effect 

of the nozzle size control on the topology optimization design. The di-
mensions and boundary/load conditions are shown in Fig. 15(a), where 
L = 2200 mm, b = 400 mm, d = 80 mm, and F = 30 kN. The design 
domain is discretized using four-node square elements with a side length 
of 5 mm. The nozzle size is set to 30 mm. A non-design domain with a 
width of 2 × nozzle width is set to facilitate the actual application. The 
volume fraction is set to 40 % of the design domain. 

For the optimized results without the nozzle size control, the 
branches have different widths ranging from 16 to 86 mm, and some 
widths are less than the manufacturing precision, that is, the size of the 
nozzle (30 mm), as shown in Fig. 15(b). Fig. 15(c) shows the path of the 
optimized design without the nozzle size control. Here, the filling rate is 
53.84 %, indicating poor printing quality. 

On the contrary, for the optimized results with nozzle size control, 
each branch width satisfies an even multiple of the nozzle diameter, and 
all areas can meet the manufacturing requirement, as shown in Fig. 15 
(d). Thus, the design result is relatively simple and suitable for 3DCP. 
Fig. 15(e) shows the path of the optimized design with the nozzle size 
control. The filling rate is 99.37 %, which is 85 % higher than that 
without considering the nozzle size control. Comparing the results with 
and without size control, notice that the main regions of material dis-
tribution are similar, but tiny branches are removed through the nozzle 
size control. Path planning can ensure a high filling rate and achieve 
consistency in the design and manufacturing results. Compliance values 
are also compared. The value without considering the manufacturing 
constraints is 22,532 N⋅mm and the value considering the 
manufacturing constraint is 26,509 N⋅mm, implying an increase of 
approximately 17.65 %. 

Four cases are selected to verify the applicability of the proposed 
method, as shown in Fig. 16. The ratio of the real printed area to the 
design model area is the filling rate and the filling rates of the four cases 
are 99.73 %, 99.20 %, 99.44 %, and 99.34 %, respectively. Observe that 
this method can realize integer multiple control of optimization design 
results under single and multiple loading conditions, realizing a high 
filling rate of the printed components. 

Fig. 16. Different cases for the nozzle size validation.  
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3.2. Validation of path-continuity control 

In Section 3.1, the design result obtained considering the nozzle size 
control is presented. However, the offset path contains breakpoints that 
require multiple startups and shutdowns, which is not suitable for 3DCP 
structures reinforced by continuous micro-cables [41]. Meanwhile, the 
breakpoints are weak areas prone to structural damage. 

For optimized components with obvious tension and compression 
areas, the breakpoint positions should be distributed at the ends of each 
member as much as possible to ensure that the breakpoints do not 
appear in the tension area. The criterion for assessing the tension areas is 
that the sum of the first and third principal stresses is greater than 0. In 
contrast, the remaining part corresponds to the compression area. 
Fig. 17(a) shows the optimized three-point bending component, and 
Fig. 17(b) shows the distribution of the tension and compression areas. 
The red part represents the tension area, while the blue part represents 
the compression area. The distribution of breakpoint positions is shown 
in Fig. 17(c), and the final one-stroke path that ensures the continuity of 

the force transmission path within the structure is shown in Fig. 17(d). 
The paths with and without the path-continuity control are shown in 

Fig. 18. The offset path without the path-continuity control is shown in 
Fig. 18(a). The size of the design domains is the same as Fig. 15. The red 
dots indicate the positions of startups and shutdowns for each sub-path. 
The number of sub-paths is 13, which hinders to the performance of the 
structural component. Breakpoints can be avoided by incorporating the 
path-continuity control. Because the optimized four-point bending beam 
has clear tension and compression areas, the reconnection positions are 
selected at the end of each member and do not appear in the tension 
area. The one-stroke path with the path-continuity control is presented 
in Fig. 18(b) and the start point of the path can be selected randomly. 
The filling rate is 99.79 %, approximately 100 %, achieving a high filling 
of printed components. The printing quality of the component is 
significantly improved owing to the one-stroke path, and the number of 
printing defects is reduced. Meanwhile, the path planning results are 
consistent with the optimal force transfer path obtained by topology 
optimization, which is beneficial for obtaining higher structural 

Fig. 17. The flow chart of path connection according to the stress distribution: (a) component form, (b) the distribution of stresses, (c) the distribution of breakpoint 
positions and (d) the final one-stroke path. 

Fig. 18. The paths without and with the path-continuity control: (a) offset path without the path-continuity control and (b) one-stroke path with the path-continuity 
control. The distributions of (c) printing angles and (d) Tsai-Wu values for the printed beam. 

Fig. 19. Different cases for the path-continuity validation.  
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performance. 
To evaluate the strength of the printed components, the distributions 

of the printing angle obtained by the one-stroke path are presented in 
Fig. 18(c). The corresponding Tsai-Wu values based on the printing 
orientations are shown in Fig. 18(d). According to these results, the Tsai- 
Wu values are less than 1. This indicates that there is a problem with 
stress concentration at the printing corner, mainly owing to the poor 
continuity of printing angles in these regions, which can easily cause 
structural damage. However, in the actual printing process, the areas 
located at the corner can be strengthened through the accumulation of 
materials and may be protected against potential damage during the 
practical application process. 

As shown in Fig. 19, four cases in which the design domain is dis-
cretized by four square node elements with a side length of 5 mm are 
selected to validate the path-continuity and the nozzle size is set to 10 
mm, which can realize the printing of optimized components with high 
filling rates and a one-stroke path to improve the performance of printed 
components. 

To further verify the robustness and potential drawbacks of the 
proposed method, a discussion of the parameter sensitivity on the 
number of iterations for the first time and different intervals for intro-
ducing modifications of the nozzle size and path-continuity controls is 
implemented. Firstly, the optimization results for introducing design 
variable modifications at different iterations, including 0 and 20, are 
carried out, which is shown in Fig. 20. In the first case, the optimization 
is terminated at the 160th iteration, and the modifications are made 9 
times in total. The final objective function value is 25,702 N⋅mm. In the 
second case, the optimization is terminated at the 140th iteration, and 
the modifications are made 7 times in total. The final objective function 
value is 25,612 N⋅mm. Through the comparison, it can be seen that the 
premature introduction of modifications will make the calculation time 
longer, but the final optimized results are basically the same, and the 

objective values are similar. Therefore, introducing design variable 
modifications for the first time at different iterations can obtain satis-
factory optimization results. 

Then the optimization results with different intervals for introducing 
the nozzle size and path-continuity controls are carried out, including 10 
and 30. The first case is terminated at the 80th iteration and the final 
objective function value is 25,903 N⋅mm. In the second case, the opti-
mization is terminated at the 140th iteration and the final objective 
function value is 25,931 N⋅mm. Four modifications of the design vari-
ables are made in both cases. Fig. 21 shows the optimized results for 
both cases. It can be seen that the final optimization results and the 
structural force transmission paths are basically the same, and there are 
only differences in local positions. It is worth noting that the final result 
cannot be obtained by modifying the design variables at every iteration. 
This is because when the element density is changed once, the corre-
sponding structural central axis is basically unchanged and it is impos-
sible to modify the design variables. At the same time, it is not 
recommended to have too many iterations occur between the inter-
ruption. This is because the structure is too clear, and it is easy to cause 
too much material to be reserved after introducing design variable 
modifications, which is not conducive to the satisfaction of volume 
constraint. 

3.3. Validation of manufacturing constraints for 3D structures 

This section describes the effect of manufacturing constraints for 3D 
structures on topology optimization design. First, the effect of imposing 
the closed region control is shown in Fig. 22. The middle layer result of 
the topology optimization plate considering the overhang control is 
presented in Fig. 22(a). The different colors in Fig. 22(a) represent 
different blocks, and serious island problems are illustrated. If this 
structure is printed, there will be a large number of breakpoints, which 

Fig. 20. The optimized result at different iterations for introducing the nozzle size and path-continuity controls for the first time: (a) 0 and (b) 20.  

Fig. 21. The optimized result with different intervals for introducing the nozzle size and path-continuity controls: (a) 10 and (b) 30.  

Fig. 22. Effect of imposing closed region control: (a) result with island problems and (b) result with closed region control.  
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shows that the overhang and closed region controls are the basis for 
realizing the one-stroke forming of the printing layer. First, we deter-
mine the two blocks with the shortest connected distance, then connect 
them to form a new block, and repeat the process until there is only one 
closed region. The final result obtained with the closed region control is 
shown in Fig. 22(b). By comparing the two graphs, we determined that 
the disappearance of the island problem after adding the closed region 
control could guarantee a one-stroke path within the printing layer. 

Then, the optimized example of a 3D plate structure with a uniform 
load is used to prove the necessity of introducing manufacturing con-
straints (e.g., nozzle size, path continuity, close-region, and overhang 
controls) for the 3D structure. The dimensions and boundary/load 
conditions are shown in Fig. 23, where L = 900 mm, t = 100 mm, d = 60 
mm, and F = 15 kN/mm2. The nozzle size was 30 mm, and the printing 
layer thickness was 20 mm. The design domain was discretized by eight- 
node hexahedral elements with an element size of 10 mm × 20 mm × 10 
mm. The volume fraction was set to 50 % of the design domain. 

The traditional design and manufacturing results for the 3D opti-
mized plate are shown in Fig. 24. The topology optimization design and 
path planning for each layer of the 3D plate structure are presented in 
Fig. 24(a) and (b), respectively. Observe from Fig. 24(b) that there is an 
island problem with a disconnected region in a layer. The unfilled and 

overfilled areas cause structural defects because each branch varies in 
width. Because of the design pattern of layer 5, there are many sup-
porting areas, and the supporting materials cannot be effectively 
removed. Notice that the print quality of the optimized components 
cannot be guaranteed. Therefore, a design without manufacturing con-
straints is not suitable for 3D printing. 

Considering the structural geometry and force characteristics, the x-z 
coordinate plane is taken as the print plane of layer extrusion and 
negative y-direction as the build direction. Because this is a multi- 
constraint control problem, there is a sequence problem. The aniso-
tropic behavior and overhang control are applied at each iteration. After 
a certain step of the optimization iteration, the closed region control is 
first applied, then the nozzle size control is applied and design result 
with path planning is obtained by multiple optimization iterations. The 
final results of the 3D optimized plate obtained by the proposed method 
are shown in Fig. 25. The convergence history is shown in Fig. 25(a), 
which shows that the application of the overhang control significantly 
changed the structure form, which determined the force transmission 
path earlier, and other manufacturing constraints only altered the 
optimization results. The 3D design pattern is shown in Fig. 25(b). Un-
like conventional optimized design, there is no island phenomenon to 
ensure the continuity of printing. The one-stroke path presentation 
forms of each layer are shown in Fig. 25(c). Observe that the optimi-
zation results of each layer are integer multiples of the nozzle diameter 
and there is no supporting material, which effectively satisfies the design 
requirements. Fig. 25(d) shows the corresponding distribution of the 
Tsai-Wu values for each printing layer. It is shown that structural 
damage does not occur, and the bottom of the plate is more prone to 
damage, which is consistent with the actual situation. 

To further verify the advantages of considering manufacturing con-
straints in the topology optimization of 3D structures, Table 2 lists the 
filling rate and breakpoint number values of the different printing layers 
of Figs. 24 and 25. Comparing the filling rates, the result obtained with 
constraints are greater than those without constraints. Breakpoints 
disappear owing to the addition of the path-continuity control, which 
achieves the one-stroke path. The problems of traditional topology 
optimization design and manufacturing results are successfully resolved, 
such as poor fill rate, breakpoints, and supporting materials. The pro-
posed method can successfully integrate the design and construction, 
and directly obtain an optimized pattern with a one-stroke path. 

Fig. 23. Dimensions and boundary/load conditions of a 3D plate structure.  

Fig. 24. The traditional design and manufacturing process for 3D optimized plate: (a) topology optimization design and (b) path planning of each layer.  
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4. Applicability of the integration design method 

To verify the applicability of the proposed design method, the design 
and manufacturing of an assembled arch in sections are investigated. 
Considering the assembly problem when printing large components, the 
optimal design is obtained when the assembly scheme is determined. 
The experiment proves that V-type printed specimens are recommended 
to be used as the preferred interface connection form at the joints of 
concrete segmental arch members [42]. 

The dimensions and boundary/load conditions are presented in 
Fig. 26, where L1 = 5000 mm, L2 = 4100 mm, b1 = 1000 mm, b2 = 600 
mm, d1 = 80 mm, and F = 10 kN. Seven concentrated loads are simul-
taneously applied to the arch case under a single loading condition. 
Considering that a small element size will increase the calculation time 
and a nozzle size with a smaller diameter will reduce the printing effi-
ciency, the design domain is discretized by four-node square elements 
with a side length of 10 mm and nozzle size of 40 mm. Considering the 

practical application problems, a width of 2 × nozzle width is set as the 
non-design domain. The volume fraction is 30 % of the remaining 
domain. The design domain is discretized using four-node square 
elements. 

Fig. 27 shows the optimized results of the single loading condition. 
The interface connection form was regarded as the non-design domain 
over the entire optimization process, and path planning was conducted 
based on different segments in the printing platform. The filling rate of 
the optimized pattern was 99.56 %, which ensured a high filling rate 
while realizing a one-stroke path. The distributions of Tsai-Wu values 
are presented in Fig. 28. All Tsai-Wu values are less than 1, which in-
dicates that the optimized structure has not been damaged under the 
loading condition. The maximum Tsai-Wu value is 0.78, which is located 
in the middle of the arch, indicating that the damage will occur first in 
this region. 

To further demonstrate the manufacturability of the optimization 

Fig. 25. The results of proposed method for 3D optimized plate: (a) the convergence history, (b) integrated design result, (c) path planning and (d) Tsai-Wu value 
distribution of each layer. 

Table 2 
The filling rate and breakpoints number of different printing layers.  

Different printing layers Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 

Fill rate value 
without constraints 

99.64% 92.32% 87.07% 90.15% 95.26% 

Fill rate value 
with constraints 

99.68% 99.49% 99.49% 99.50% 99.54% 

Breakpoints number 
without constraints 

15 20 22 29 21 

Breakpoints number with 
constraints 

0 0 0 0 0  
Fig. 26. Dimensions and boundary/load conditions of an arch assembled 
in sections. 
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results obtained by the proposed method, the construction of an arch 
assembled in sections owing to the size limitation of the printing plat-
form is conducted, as shown in Fig. 29. The optimized arch is printed 
using a 3D concrete printer, as shown in Fig. 29(a). The printing speed is 
50 mm/s, printing layer thickness is 10 mm, and nozzle size is 40 mm. 
The printing results of the three segments are shown in Fig. 29(b). 
Subsequently, the three segments are assembled to obtain the entire 
arch, as presented in Fig. 29(c). 

Through the construction and assembly of the integrated design, 
observe that the optimized results obtained by the proposed method 
have good constructability, which can not only ensure the lightweight 
design of concrete structures but also avoid the problems of poor quality 
of printed components due to breakpoints and low filling rates in the 
manufacturing process. The proposed method can successfully integrate 
the topology optimization design and construction. Meanwhile, the arch 
case demonstrates that the segmented position and assembling form can 

be preset in advance when large-scale components cannot be printed 
simultaneously. Then, the design and construction are carried out and 
segmented assembly is realized. 

5. Conclusions 

This study proposed an integrated design method for the topology 
and print path of 3D concrete printing to facilitate the application of 
3DCP. The optimized components of the 2D and 3D structures were 
investigated to validate the effectiveness of the proposed integrated 
approach. The following conclusions can be drawn: 

(i) Compared with the conventional topology optimization design 
without manufacturing constraints, the proposed method, which 
ensured the manufacturability of topology optimization designs, 
demonstrated better consistency in design and manufacturing. 

(ii) The one-stroke path avoided the existence of interruption points 
in the printing process and effectively improved the printing quality. A 
high fill rate of the printed components could be achieved by intro-
ducing manufacturing constraints. 

(iii) The proposed method obtained design patterns that satisfied the 
requirements in both 2D and 3D cases, and the construction of the 
optimized arch further proved the constructability of the design. 

In future research, the current method will be extended to structures 
with multi-objective optimization. Beyond that, next-step research will 

Fig. 27. The optimized results of an arch assembled in sections.  

Fig. 28. The distributions of Tsai-Wu values for the arch assembled in sections.  

Fig. 29. The construction of an arched case assembled in sections: (a) the 3D concrete printer, (b) printing results of the three segments and (c) the assembled arch.  
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also focus on experimental validation to verify the proposed method and 
to prove the addition of manufacturing constraints into the topology 
optimization framework is promising. Changing the control of even 
times of nozzle size into integral times with Euler loops should be ach-
ieved to decrease the loss of objective values owing to the addition of 
manufacturing constraints. Meanwhile, it is also necessary to introduce 
manufacturing constraints for 3DCP in the topology optimization design 
of reinforced-concrete structures. 
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