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Abstract

In order to enhance the strength of 3D printed parts made of polymer materials and
reduce the anisotropy caused by the fused filament fabrication process, this paper proposes
an inter-layer interleaved composite path planning method based on the directional partition
of the principal stress field. This method not only ensures intra-layer reinforcement under
specific working conditions but also increases the strength of the printed part by enhanc-
ing the adhesion of adjacent layers through staggered filling between layers. The mechan-
ical performance is improved by 17% compared to other conventional filling patterns such
as the zigzag filling algorithm. IICP is suitable for path planning of structures with com-
plex shapes and is easily integrated into existing general computer-aided engineering processes.

Keywords: Principal stress field, Anisotropy strength, Clustering, FFF

1 Introduction

Additive Manufacturing (AM) technology also
referred to as 3D printing is an assisted man-
ufacturing method for creating model data of

different components and complex shapes. These
model data are mainly modeled by computer-
aided design (CAD) and then converted into tri-
angle mesh for printing [1]. With the increasing
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maturity of AM technology, 3D printing tech-
nologies such as Selective Laser Sintering (SLS),
Stereo Lithography Appearance (SLA), fused fil-
ament fabrication (FFF), and Laminated Object
Manufacturing (LOM) [2] have emerged and these
techniques have important applications in techni-
cal industrial design, architecture, aerospace, and
medical fields [3, 4]. The FFF process has become
the most widely used process in AM technology
due to its inexpensive equipment, easy handling,
and low cost of production and printing materials.
This process is mainly printed by heating the print
nozzle and feeding the polymer filament through
the roller into the nozzle in cumulative layers [5, 6].
The strength and surface quality of parts fabri-
cated by the FFF process are affected by various
processing parameters and path planning factors,
such as layer thickness, nozzle diameter, filling
spacing, printing temperature, printing speed, dif-
ferent polymer materials, material extrusion rate,
filling strategy, etc. The presence of these influ-
encing factors makes it difficult to use the FFF
process directly in the manufacture of structural
and load-bearing parts. The main constraints are
the strength and surface quality of the printed
part. [7, 8]. In order to solve these problems,
some researchers have tried to greatly improve
the quality of the printed parts by the FFF pro-
cess by optimizing these parameters that affect
the printing quality and enhancing the connection
between the printed filaments and the adhesion
between the layers, which can considerably reduce
the anisotropy of the printed parts brought by the
FFF process [9–12]. Based on the different types
of implementation these methods can be broadly
divided into two parts, process parameters and
path planning.

The process parameters are mainly aimed at
enhancing the mechanical properties of the part
by strengthening the fragile connection between
adjacent filaments and reducing the porosity. The
layer thickness and nozzle diameter mainly affect
the surface quality of the molded part. Lower layer
thickness means better denseness of the molded
part, relatively smaller pores, and higher surface
quality [13, 14]. The printing temperature, mate-
rial extrusion rate, and printing speed [15–17]
affect the printing quality mainly by the flow rate
of the filament under melting. In addition, dif-
ferent polymer materials for printing can lead to

large differences in mechanical properties [18], etc.
Another way enhancing the strength of the part
is to change the printing path by different fill-
ing strategies such as direction and parallel [19],
and spiral curves [20], and Hibert curves [21],
and hybrid curves [22], and maze-like [23], con-
tour and parallel curves [24], Connected Fermat
Spiral [25]. However, when the printed part is sub-
jected to external loads, the anisotropy caused
by the printing path will lead to the weakening
of the load-bearing capacity of the component
and the occurrence of damage. Several studies
have found that when filling with different direc-
tional paths, it can not only compensate for the
porosity resulting from a single filling method
but also effectively reduce the anisotropy of the
workpiece and enhance its strength. when espe-
cially manufactured with the direction of the
force, the enhancement effect can reach its peak
[26]. So making the printing path along the load-
bearing direction of the structure has become a
key research point for path planning. But sub-
sequently, it will also pose many problems. A
single force field driving not only increases the
anisotropy within and between layers, but also
reduces the stability of the process. Inconsistent
path planning creates more porosity in the printed
part, which in turn reduces the surface quality and
mechanical strength of the fabricated part.

In this paper, we propose a new inter-layer
interleaved composite enhancement path plan-
ning method (IICP) to realize the generation of
enhanced printing paths for arbitrary working
conditions based on the partition of the princi-
pal stress direction. IICP can not only enhance
the mechanical properties of printings, but also
reduce the anisotropy of the part by inter-layer
staggered printing, which improves the practical
performance of the FFF process.

2 Related works

The current FFF path optimization method can
be divided into two major directions. The first
is the use of topology optimization to present
the main load-bearing areas of the structure by
dense filling in key areas. It not only can enhance
the mechanical properties by improving the stiff-
ness of the structure, but also effectively reduce
the weight of the structure [27]. This designing
method generally uses commercial software for
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auxiliary analysis. Firstly, it carries out modeling
through CAD, and then performs the advanced
simulation function of the software. By simulat-
ing realistic operating conditions, adding loads,
constraints and boundary conditions, and some-
times taking into account material anisotropy. An
optimized CAD model is generated by setting the
objective function. Then the model is sliced and
converted into a 2D planar model. The inward
and outward contours are filled with offsets on the
planar surface. Papapetrou et al. [28] proposed
two new topology optimization methods to achieve
variable stiffness design and optimize the mate-
rial distribution. Different filling strategies are also
given for the two different optimization methods,
linear filling and contour biasing.

The other one is based on the filling of the
principal stress field direction of the structure.
According to the actual working conditions, the
second-order Cauchy stress tensor of the node
is obtained by finite element analysis. Then the
eigenvalue and eigenvector are calculated. The
eigenvalue is the magnitude of the principal stress
at the node, and the eigenvector is the direction
of the principal stress. The load-bearing capac-
ity of the structure is enhanced by aligning the
printed filaments in the direction of the princi-
pal stress [29]. The current study found that this
filling method generally uses a two-dimensional
structure, where N seed points are first selected
randomly in the plane, and these seed points are
used as the points to be connected. The mag-
nitudes and directions of principal stress of the
seed points are calculated by using interpolation
[30]. Sales et al. [31] used the optimized princi-
pal stress line (PSL) as the printing path based
on the finite element analysis, combining CAD
and CAM for the first time, not that only con-
sidering the enhancement effect of the structure,
but also conforming to the actual machining pro-
cess. Li et al. [32] first used grayscale images to
represent irregular vector fields that can be pro-
cessed into regular print paths in sub-regions by
means of image processing. Jin et al. [33] intro-
duced a new continuous path filling scheme that
fully decreases the printer start-stop process and
reduces the process complexity. This article uses
a ”go and back” path strategy to improve the
shortcomings of the traditional Zigzag filling curve
discontinuity, achieving continuous Z-printing and
effectively reducing printing time. This approach

gives a new continuous path planning method for
force field layout, but does not have a signifi-
cant strength enhancement. These studies based
on primary stress field printing do not take into
account the practical impact of inter-layer path
enhancement on the process.

If the layers are printed along a mono stress
direction, the component may fracture weakly on
the other side in practice, which in turn can sig-
nificantly reduce the strength of the component.
The key to inter-layer reinforcement is how to
improve the matrix bonding between the layers,
which has a significant effect on enhancing the
lateral force of the printed parts. Since there is
a certain gap between the printed and unprinted
layers, the matrix of the unprinted layer can be
deposited inside the printed layer through the gap
by adjusting the printing direction of the adjacent
layers. So, when the printed matrix is solidified,
the connecting strength of the adjacent layers will
be enhanced [34]. Mclouth et al. [35] investigated
the effect of different raster angles on the perfor-
mance of printed parts. The experimental results
show that when the filling direction alternates at
−45

◦

/+45
◦

, the breaking strength is the strongest
and the fracture crack is the shortest. This article
prevents crack expansion by adjusting the con-
struction direction of the model so that the crack
expansion direction is perpendicular to the print-
ing direction when a fracture occurs in the printed
part. However, this method of enhancing fracture
strength is only applicable to particular printed
models for specific working conditions.

The above path planning methods either only
consider the enhancement effect in the plane and
do not take into account the inter-layer enhance-
ment, or they do not consider the anisotropy of the
filament printing due to the FFF process, resulting
in limited improvement of the mechanical prop-
erties of the printed parts. The IICP method
proposed in this paper uses the stress field gener-
ated under specific working conditions to perform
global path planning.

3 Method

Since the path arrangement based on the stress
field generated by the specific working condi-
tions can easily increase the anisotropy of the
printed part. Therefore, the main idea of the
IICP method is to divide the processed layers



into planar reinforced layer and processing tran-
sitional layer. The stress field driving method
is used within the enhancement layer to gener-
ate planar paths. Perpendicular paths are used
in the transitional layer for inter-layer enhance-
ment. The IICP method can be applied to general
engineering conditions and complex models. How-
ever, it should be noted that the stress field varies
drastically from element to element, so printing
along the direction of the stress field is not pos-
sible in practical applications, and printing path
completely aligned with the stress field will not
only increase the porosity of the printed part and
reduce the surface quality, but also make the FFF
process becomes complicated. The IICP method
estimates the approximate direction of the local
stress field, divides the fill plane into different
regions, and adjusts the area size by different
thresholds. This approach can reduce the diffi-
culty of process implementation while ensuring
mechanical properties.

As shown in Fig. 1, IICP is divided into
three steps: (1) pre-processing, (2) planar path
planning, and (3) global path planning.

3.1 Pre-processing

Pre-processing is used to calculate the real force
state in the physical world through CAD mod-
eling. Finite element analysis (FEA) and other
methods are deployed to generate the approxi-
mate internal force of the object in the volumetric
space. It mainly consists of two parts: (1) volumet-
ric model conversion and (2) stress field generated
by the FEA process. In the first step, the three-
dimensional model is volumized and added with
the corresponding constraints and loads based on
the requirements of the special case. And then the
stress field of the finite element model is generated
to be used for subsequent analysis.

3.2 Planar path planning

The planar path planning method is mainly to
map the stress field of a 3D finite element to the
characteristic points of a 2D plane by means of
slicing. Then the principal stress field is lined up
used for filling in the 2D plane. It mainly consists
of the following steps: slicing, partitioning, filling.

Firstly, the 3D data model is converted to the
2D plane by slicing, and then the stress character-
istic points for planar path planning are selected

on the 2D plane by the triangulation method.
Since the stress fields of the characteristic points
obtained from the finite element calculations are
scattered on the planar region and the stress fields
vary drastically between adjacent points. If the
printing is completely along the principal stress
direction of the characteristic points, it will cause
the unevenness of the printing path and there is no
way to control the density of the printing, result-
ing in high porosity and poor printing quality. So
we use a planar partitioning approach to cluster
these feature points with similar principal stress
directions into a large region, and then use this
large region as a separate filling region. This not
only separates stress-concentrated areas from less-
stressed areas, but also controls the filling rate of
the printing. Finally, we can divide the plane into
different regions according to the difference in the
direction of the plane stress field, and each region
has a printing reference direction for zigzag fill-
ing. This ensures that each area is filled in such a
way that the load is carried in the direction of the
principal stress, thus maximizing the strength of
the printed part.

3.3 Global path planning

Based on the planar path planning of the section
3.2, in order to improve the practical performance
of the process and reduce the anisotropy of the
FFF process, the layers are processed with verti-
cally staggered filling with the reinforced layers.
This strategy is mainly to increase the contact-
ing area of adjacent layers and reduce the porosity
from the single-layer directional filling method.
The vertically staggered filling of adjacent layers
allows the matrix of the unprinted layer to be
impregnated into the printed layer through the
interlaminar gap, which effectively strengthens the
interlaminar bond and increases the interlaminar
strength as shown Fig. 2.

4 Force field driven planar
path planning

From the designing principle proposed by Fang
et al.[36], it can be concluded that the strength
of the printed part of the FFF process is highly
dependent on the direction of the printing path.
For samples printed perpendicular to the tension
direction, its yield strength is 25% lower than for
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Fig. 1 Framework overview for applying IICP method in tool-path planning

Fig. 2 Schematic diagram of global path planning. (a) Planar enhancement layer filling paths. (b) Processing transitional
layer filling paths. (c) IICP. (d) Global filling paths

those printed parallel to the tension direction. As
a result, the mechanical strength of the printed
part can be significantly enhanced when printing
in the direction of the force. Therefore, this poly-
mer reinforced printing path direction is used as a
guide for the layout of the section 3.2.

4.1 Principal stress field analysis

σij=





σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33



 (1)

(σ11 − σv)v1 + σ21v2 + σ31v3 = 0
σ12v1 + (σ22 − σv)v2 + σ31v3 = 0
σ13v1 + σ23v2 + (σ33 − σv)v3 = 0

(2)



Here, σij denotes the stress tensor of a point,
and three invariants of the stress tensor can be
obtained through the expression of this matrix.

The system of linear equations for solving the
principle direction −→v is obtained from the formula
−→ν • −→σ = σν

−→ν as shown in Eq. 2
The three invariants of the stress tensor are

obtained from Eq. 1, and their values are indepen-
dent of the selection of coordinates.

I1 = σ11 + σ22 + σ33

I2 = σ11σ22 + σ22σ33 + σ33σ11 − σ2
12 − σ2

23 − σ2
31

I3 =

∣

∣

∣

∣

∣

∣

σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

∣

∣

∣

∣

∣

∣

(3)
So according to the Eq. 3,

σ(1)=σ0+
√

2τ0 cos θ

σ(2)=σ0+
√

2τ0 cos(θ + 2
3π)

σ(3)=σ0+
√

2τ0 cos(θ − 2
3π)

(4)

Where,
σ(i)(i=1,2,3) denotes the magnitude of the

principal stress in the three directions of a point.
The directions of the three principal stresses v(i)
can be calculated by the Eq. 2.

4.2 Slicing and Partitioning

The FFF process uses layer-by-layer accumula-
tion to print 3D solids. So if you want to achieve
enhanced printing of structures by means of path
planning, you need to convert the 3D model to a
2D plane by slicing. The 3D model under actual
working conditions is first created by CAD soft-
ware and converted into a triangle mesh model,
and saved with STL format. The contour of the
tangent plane is obtained by intersecting the plane
with the triangular meshes in STL. Finally, the
coordinates of the vertex are together connected
according to the counterclockwise outer and clock-
wise inner contour to form a closed outer contour
[37] as shown in Fig. 3. The purpose of partition
is mainly to realize the division of the plane and
form a combined principal stress field by merging
the scattered stress fields. This ensures that the
filling inside the partition is along the principal
stress direction, thus enabling enhanced path fill-
ing of the entire tangent plane. The algorithm for
partition consists of three main steps.

• Partition
a) Generation of the stress field for planar trian-

gular elements.
b) Clustering of triangular elements.
c) Generation of the zoning contours.

4.2.1 Generation of the stress field for

planar triangular elements

The stress field of the planar triangular element is
obtained by calculating the combined stress field
of the nodes. Firstly, you need to correspond the
position of the triangular element nodes to the cor-
responding 3D finite element. Then the stress field
of the triangular node is calculated by linear inter-
polation of the stress tensor of the finite element
node. As shown in Fig. 4(a), the point P is a node
of a triangular element located inside the tetrahe-
dron, and A, B, C, D are nodes of the tetrahedron
element. Then the volume of the four tetrahedra
formed by the point P and A,B,C,D is calculated
by the Eq. 5 as VPABC , VPABD, VPBCD, VPACD.
The volumetric sum is used by the Eq. 6 to deter-
mine whether the point P is in the tetrahedron
ABCD. If the Eq. 6 is satisfied, it means that the
point is located in the interior or at the edge of this
tetrahedron. Then the interpolating coefficients
are computed according to the following formula
λ1 = VPABC/VABCD, λ2 = VPABD/VABCD, λ3 =
VPBCD/VABCD, λ4 = VPACD/VABCD. The above
equation uses the volume coordinate system. So,
the interpolating coefficient is the shape func-
tion of the tetrahedron element and the stress at
any point inside the tetrahedron can be obtained
according to the shape function. The stress tensor
at this point P is σP = λ1 × σD + λ2 × σC + λ3 ×
σA + λ4 × σB .

VABCD =

∣

∣

∣

∣

∣

∣

∣

∣

xA yA zA 1
xB yB zB 1
xC yC zC 1
xD yD zD 1

∣

∣

∣

∣

∣

∣

∣

∣

(5)

VPABC + VPABD + VPBCD + VPACD = VABCD

(6)
The second-order stress tensor at each node is

obtained by traversing the entire triangular nodes
on the tangent plane. The next step is to cal-
culate the joint stress tensor for each triangular
element node. Fig. 4(b) shows that the point P
is surrounded by six triangles A, B, C, D, E,
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Fig. 3 Process of slicing. (a) STL model generated from CAD model. (b) Cutting plane according to specific layer height

Fig. 4 Schematic diagram of stress field calculating. (a) The point is inside the tetrahedron. (b) The point is surrounded
by those tetrahedrons. (c) Stress of a triangular mesh

and F. Before calculating the joint stress tensor
of the triangles, it is necessary to calculate the
stress tensor of each triangular nodes. The nodal
stress tensor averaged over the above is equal to
σA(P ) = σB(P ) = σC(P ) = σD(P ) = σE(P ) =
σF (P ) = σP /n. So, σA = σA(a)+σA(b)+σA(c). Fig.
4(c) shows that point a, b, and c are the nodes
of a triangular mesh. σA(a), σA(b), σA(c) denote
the stress tensor of the triangular nodes, and σA

denotes the joint stress tensor of the triangu-
lar element. The direction and magnitude of the
principal stresses in the triangular mesh can be
obtained from the combined stress tensor of the
triangular mesh according to the theoretical anal-
ysis in the section 4.1. The stress field of the whole
plane can be obtained by traversing the whole
triangular element.

After the initial stress is field obtained, the
principal stress field varies more drastically at the
border. This can lead to too small subdivided
contours in the clustering process. This results
in a larger number of partitions, smaller zon-
ing contour areas, longer printing empty traveling

times, and poorer printing quality. Moreover, the
IICP method uses an approximate path planning
printing along the principal stress field, so the gen-
erated stress field has some errors, and we need
to perform smoothing on the initial stress field.
First, the direction and magnitude of the principal
stress for each triangular meshes are correspond
to its geometric center, and then the approximate
nearest neighbor (ANN) method is used to search
for some triangles nearest to it. Finally, the dis-
tance from the geometric center of the nearest
neighboring triangle to the target point is used as
the dimensional scale, and the weighted calcula-
tion finally yields the optimized direction of the
stress field. As shown in Fig. 5, green point indi-
cate the target point P. The red points indicates
the geometric centroid of the triangle in the near-
est domain of point P. l indicates the distance from
point P to point A. R denotes the radius of the
circle with the point P as the center point of cir-
cle and its value is r = λ× max{PAi}. The value
of λ is mainly used to adjust the size of this cir-
cle and the weight of the principal stress direction



of the point A. The value of 1.2 ∼ 1.5 is verified
by the experiment. The stress field after optimiza-
tion is obtained from Eq. 7, where n denotes the
number of points in the point set A and αi charac-
terizes the proximity of the points in the point set
A to the target point P. τp is the direction of the
final computed stress field. The stress field after
smoothing is shown in Fig. 6(b).

s =
n
∑

i=1

r − PAi + r

αi = (r − PAi)/s

τp =
n
∑

i=1

αiτi + (1 −
n
∑

i=1

αi)τp

(7)

4.2.2 Clustering of triangular elements

After the optimization of the stress field, we can
cluster the triangular mesh according to the direc-
tion and magnitude of the planar stress field.
The principle of clustering has two aspects. The
first must ensure that the triangular meshes clus-
tered together are adjacent to each other. The
second must satisfy the Eq. 8, that is, the direction
of principal stress field of the triangles clustered
together with the reference direction of the region
within a certain range of angular difference. The
τ(e) in the Eq. 8 indicates the reference direc-
tion when clustering regions. The angular differ-
ence between the direction of principal stress and
the reference direction for each triangular meshes
must be less than α.

∣

∣τ(e) • τ(ei)
∣

∣ > α (8)
Triangular meshes clustered uses the conven-

tional k-means method, but the k-means cluster-
ing method has some defects such as its clustering
effect is greatly related to the initial selection
of the cluster centroid. To avoid this drawback,
the first step needs to find the reference direc-
tion of the initial partition before the clustering
process starts. By observing the distribution of
the stress field, we can roughly divide the plane
into N regions. Then the initial iterative reference
direction xi is obtained according to the equation
xi = i× 2π/N(i = 1, N), and νj denotes the prin-
cipal stress direction of the triangular mesh. In
the second step, the triangles are placed into the
region closest to their initial reference direction,
and it is not necessary to satisfy the principle of
clustering because this step is only looking for the
initial direction of each clustering region.

Algorithm 1 Generate the contour of regions

Require: triangles[1, n]
Ensure: RegionContours[1, N ]
1: RegionSegments ⇐

ConvertTrianglesToSegs(triangles)
2: Contours ⇐ [[]]
3: for each segs ∈ RegionSegments do

4: PolygonOne ⇐ map < int, int >
5: PolygonTwo ⇐ map < int, int >
6: for eachseg ∈ segs do

7: PolygonOne.push back(pair <
int, int > (seg.A, seg.B))

8: PolygonTwo.push back(pair <
int, int > (seg.B, seg.A))

9: end for

10: Contour ⇐ []
11: Contour.push back(seg[0].A)
12: Contour.push back(seg[0].B)
13: temp ⇐ seg[0].B
14: while Contour.size() = Segs.size() do

15: Iterator ⇐ PolygonOne.find(temp)
16: if Iterator then

17: temp ⇐ Iterator → second
18: Contour.push back(temp)
19: PolygonOne.erase(Iterator →

first)
20: Continue
21: else

22: Iterator ⇐
PolygonTwo.find(temp)

23: temp ⇐ Iterator → second
24: Contour.push back(temp)
25: PolygonTwo.erase(Iterator →

first)
26: end if

27: end while

28: Contours.push back(Contour)
29: end for

30: return Contours

Then, the triangles can be placed into different
partitions on the plane according to the second
rule by traversing the entire triangular meshes. In
the third step, the second step is repeated until the
angle of the reference direction does not change.
At this point, xi is used as the reference direction
of the regional clustering that is τ(e). The fourth
step divides the triangular meshes on the plane
into different regions according to the clustering
principle as shown in Fig. 7.
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Fig. 5 Schematic diagram of distance weighting

Fig. 6 Schematic diagram of stress smoothing. (a) Stress field before smoothing. (b) Stress field after smoothing

max
1≤i≤N

∣

∣yi − xi

∣

∣ < ε (9)

• The process of clustering
a) Firstly, inputing the initial partitioned iterative

reference direction xi and the direction vj of
principal stress field of the triangular meshes.

b) In accordance with the principle of similarity
of direction of principal stress field, it will put
the triangular meshes into the corresponding
partitions.

c) Recalculating the reference direction yi for each
partition.

d) If Eq. 9 is satisfied, then xi is used as the final
clustering reference direction. If not, it needs to
skip this step b) and continue to update the xi

until Eq. 9 is established.
e) The triangular meshes on the plane are divided

into different regions according to the gener-
ated reference directions and two clustering
principles.

4.2.3 Generation of the partitioned

contours

After dividing the triangular meshes into differ-
ent regions, we need to generate the outer contour
of each partition and the direction of the com-
bined principal stress field of the partition for the
generation of the filling path. From the clustering
method, it is clear that the line segments form-
ing the outer contour of the partition must appear
only once in the entire triangular meshes within
the partition. If one line segment forms two trian-
gles, then this line must not be the outer contour
of the region. So you can determine whether this
line forms the outer contour of the final parti-
tion by comparing the number of occurrences of
the edges of triangular meshes in each partition.
As shown in Fig. 9, these red line segments are
shared by two adjacent triangles, so they should
be removed from the set of line segments that
make up the outer contour. As shown in the Algo-
rithm 1, The input is a vector container which
stores the triangulated meshes information. The
output is also a vector container with the set of
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Fig. 8 Clustered contours

coordinates of points. Firstly, we adopt the func-
tion ConvertTrianglesToSegs to put each edge
of the triangle into the set of line segments of the
region and remove the duplicated line segments in
each partition. The next step is to connect the line
segments of each partition according to their adja-
cency. Here generate two map-like data structures
with opposite keys and values for the convenience
of searching for them. Finally, the line segments
can be joined into a complete outer contour by
traversing the whole partition in the order of first
and last.

4.3 Filling

After generating the outer contours of the parti-
tions, we need to use a zigzag strategy to fill them
according to the direction of the combined princi-
pal stress field of each partition. Since the matrix
expands from the nozzle to the two sides during
the printing process. So the width of each side of
the printing path is half of the nozzle diameter
equal to D/2 (D is the nozzle diameter). So, in
order to ensure the integrity of each zonal con-
tour, we need to offset the outer contour inside
each partition to avoid filling the outer boundary
repeatedly.
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Fig. 9 Schematic diagram of region merged

Fig. 10 Schematic diagram of nozzle printing. (a) Printing along the red line path. (b) Region offsetting.

Fig. 10(a) shows the nozzle printing process,
where the red line is the printing path and the
white area is the printed area. Fig. 10(b) shows
the schematic diagram of the paralleled contour
with offsets. The two dashed rectangles are the
outer contour without offsetting and the rectan-
gles in the blue region are the contour of the region
after the offsetting. When the offset has been com-
pleted, the theoretical filling spacing between the
outer contours of the region should be equal to
the diameter of the nozzle. However, as verified by
experimental printing, when the theoretical values
are used for printing, large porosity appears at the
intersection of the partition contours caused by
the zigzag filling pattern. To eliminate this effect,
our actual offsetting value should be less than D/2.
This enhances the bonding of area boundaries
during the printing process, allowing for tighter
connections between areas. After the offset has
been finished, we use zigzag pattern to fill regions
inside each partition according to its combined
principal stress direction. Fig. 11 shows the dif-
ferent filling offsetting distances respectively. Fig.
11(b) has been used for experiments to avoid poor
filling quality.

5 Global path planning

Global path planning mainly uses inter-layer stag-
gered filling to generate printing paths for pro-
cessing transitional layers. It mainly includes three
aspects, the generation of printing path of transi-
tional layers, compatibility between double layers,
and connection in layer to layer.

5.1 Processing transitional layers

filling

The processing transitional layer is mainly using
a hybrid filling strategy with zigzag and contour-
parallel filling patterns. First of all, in order to
ensure the integrity of the entire filled area, it need
to print the outer boundary of the area using the
contour-parallel methods. Then it uses the outer
contour after offsetting as the outer boundary of
the partition. The main methods include the gen-
eration of offsetting paths, partitioning, and filling
of regions.

As shown in Fig. 12, the red line is the offset-
ting printing path, and the black line is the outer
boundary of the inner filling. The offsetting dis-
tance of the red line segment is D (diameter of
the nozzle), while the black offsetting distance is



Fig. 11 Schematic diagram of offsetting. (a) Offset distance is equal to D/2. (b) Offset distance is equal to D/4. (c) Offset
distance is equal to D/6. (d) Offset distance is equal to D/8.

Fig. 12 Schematic diagram of contour offset

3D/4. This is because after the region splitting it
is still necessary to offset D/4 inwards to ensure
the tightness of the region connecting after the
region splitting such as Fig. 11. The main method
of filling the transitional layer is first to divide the
area according to the direction of its minimum
principal stress field. Then it is to cluster these
triangular meshes into a large region based on the
process of the section 4.2 to generate filling paths
with zigzag patterns. Fig. 13 shows that Fig (a)
and (b) are the paths of filling regions with differ-
ent distances of offsetting respectively. According

to the experimental verification, the filling poros-
ity due to the complex regional boundary contour
can be reduced when using Fig (b) filling methods.

5.2 Compatibility between double

layers

In this paper, the hybrid filling mode is used as a
transitional layer to enhance the practical perfor-
mance of the process. On the one hand, the hybrid
filling mode can ensure the integrity of the outer
contour boundary and increase the density of the
filling, on the other hand, it can be perpendicu-
lar to the printing path of the reinforced layer,
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Fig. 13 Schematic diagram of transition layer offset filling. (a) Offset distance is equal to D/2. (b) Offset distance is equal
to D/4

which can compensate for the porosity brought by
the filling after partitioning, and also can further
improve the bearing capacity through the mutual
impregnation through the porosity.

Transitional layers can also be filled with other
filling strategies such as contour-parallel, Fermat’s
spiral curves, etc. However, if using other filling
modes, for one hand, it does not largely weaken
the anisotropy of the FFF process due to the
force field arrangement, and on the other hand,
the strength may be further reduced due to the
greater porosity. As shown in Fig.14, fig 14 (a)
is filled with mixed vertical staggered filling, and
Fig. 14(b) is filled with continuous Fermat’s spi-
ral curves. Since the Fermat’s spiral curve cannot
control its filling rate when used as a polymer
filling. The filling space is large and the printed
parts have significant voids. Therefore, Fermat’s
spiral curves are generally not used as filling
curves of polymers printing. However, the Fer-
mat’s spiral curve can be used as a transitional
layer for global continuous filling printing for the
continuous fiber-reinforced printing.

5.3 Inter-layer connection

Between the layers, we use the approximate near-
est neighbor to find the two nearest points between
the enhancement layer and the transitional layer
as the starting and ending position of the inter-
layer connection, which can effectively reduce the
printing time and empty traveling distance. How-
ever, since each printed line segment initially
consists of two endpoints of the line segment, this
is not favorable for finding the upper and lower
adjacent points. So we interpolate the initial print-
ing path equally so that the distribution of points

on the line becomes dense. Fig. 15(a) shows that
the points A, B, C, D on the blue line are the initial
printing path points, and the points a, b, c, d, e, f,
g, h on the red line segment are the printing points
after equivalent interpolation. The interpolated
distance d is equal to (lAB + lBC + lCD)/N , where
N is the total number of printing line segment.
After equivalent interpolation of the path points,
we can use the two points close to each other as
the starting and ending points of the inter-layer
connection according to the closest distance prin-
ciple, thus forming a double-layer connection of
the enhancement layer and the processing tran-
sitional layer. As Fig. 15(b) shown, the entire
three-dimensional space is filled by the double-
layer continuous accumulation. This method is
also suitable for continuous fibers as transitional
layers to avoid repeated filling of fibers.

6 Experiment and Discussion

The model dimensions and working conditions are
shown in Fig. 16. The unit is millimeter and the
thickness of the panel is two millimeters. Tetra-
hedral elements are used to divide the mesh,
and their size is 0.5 mm. The loaded material is
PLA with the mechanical properties of density
ρ = 1.28g/cm3, Young’s modulus E = 4000MPa,
Poisson’s ratio ν = 0.35, and yield strength of 50
MPa. The side along the X-negative direction is
a fixed constraint, and the side in the X-positive
direction is loaded with a pressure of P = 60MPa
. Four samples are used for the comparative tests
as shown in Fig. 17. The experiment was per-
formed with a microcomputer-controlled material
testing machine for the tensile test (2kN capacity,
Shanghai songdun Manufacturing Co., Ltd). The



Fig. 14 Different transitional layer paths. (a) Transitional layer with vertical staggered filling. (b) Transitional layer with
Fermat’s spiral curve.

Fig. 15 Schematic diagram of inter-layer connections. (a) Interpolation for printing path. (b) IICP double-layer structure.

loading speed is 5mm/min, and all results are the
average of five sets of repeated tests. Fig. 18 shows
a sample of the tensile test. The testing results are
shown in Fig. 19 and Table 1. The strength of the
part printed by the IICP method is clearly higher
than the other filling methods. According to the
location of the fracture in Fig 18(b), it can be seen
that the part is most delicate at the four cham-
fered positions, which is mainly due to the small
cross-sectional area and weak load-bearing capac-
ity here. But, we succeeded in separating these
concentrated stress and more fragile areas by using
a filling along the principal stress direction of their
areas by means of the IICP method. In this way,
the axial direction of the filament printed in these
areas along the load direction, in turn, makes the
entire load capacity of the area stronger.

7 Conclusion

This paper proposes an IICP planning method
for the FFF process, which achieves targeted
enhanced strength of printed parts through the
printing path arrangement based on the partition
of the direction of the principal stress field. It
enhances the practical performance of the FFF
process by reducing its anisotropy through verti-
cally staggered filling between layers. Compared
to traditional filling methods such as the zigzag
filling strategy, the strength of the printed part is
increased by 17%. Since all the methods used in
this paper are generalized, such as finite element
analysis, zigzag filling strategy, etc., this makes
the IICP method in this paper not only applicable
to the analysis under arbitrary working condi-
tions, but can also be integrated into general CAE
analysis software.

Due to the reinforced layer filling path used
in this paper is not a continuous filling curve,
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Fig. 16 Schematic diagram of model size and working conditions

0° 90°

0°/90°

Fig. 17 IICP and three types of path filling forms. (a) Filling paths used for Zigzag model with a filling angle of 0 degrees.
(b) Filling paths used for Zigzag model with a filling angle of 90 degrees. (c) Filling paths used for Zigzag model staggered
filling with 0 and 90 degrees. (d) IICP.

it cannot be applied to the continuous fiber-
reinforced printing. These issues still need further
optimization and improvement. If the continu-
ous reinforced fiber printing path is required, the
transitional layer can be filled not only with a
continuous zigzag curve, but also with a Fermat’s
spiral curve, or even with a mixture of continuous
zigzag and Fermat’s spiral curves. Therefore, the
IICP planning method proposed in this paper is

not only easy to apply in existing polymer print-
ing processes but also can be extended to apply to
continuous fiber-reinforced manufacturing.
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