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Featured Application: This paper strengthens the mechanical property by managing manufactur-
ing strategy in the Fused Filament Fabrication (FFF) process. Without consuming high-expense
continuous carbon fiber material, this isotropy toolpath would improve the components’ func-
tionally of the FFF process and enlarge the application area of the thermoplastic print.

Abstract: The fused filament fabrication (FFF) process deposits thermoplastic material in a layer-by-
layer manner, expanding the design space and manufacturing capability compared with traditional
manufacturing. However, the FFF process is inherently directional as the material is deposited in
a layer-wise manner. Therefore, the in-plane material cannot reach the isotropy character when
performing the tensile test. This would cause the strength of the print components to vary based
on the different process planning selections (building orientation, toolpath pattern). The existing
toolpaths, primarily used in the FFF process, are linear, zigzag, and contour toolpaths, which
always accumulate long filaments and are unidirectional. Thus, this would create difficulties in
improving the mechanical strength from the existing toolpath strategies due to the material in-plane
anisotropy. In this paper, an in-plane isotropy toolpath pattern is generated to enhance the mechanical
strength in the FFF process. The in-plane isotropy can be achieved through continuous deposition
while maintaining randomized distribution within a layer. By analyzing the tensile strength on the
specimens made by traditional in-plane anisotropy toolpath and the proposed in-plane isotropy
toolpath, our results suggest that the mechanical strength can be reinforced by at least 20% using our
proposed toolpath strategy in extrusion-based additive manufacturing.

Keywords: toolpath; isotropy; strength enhancement; randomized distribution

1. Introduction

The fused filament fabrication (FFF) process uses a heat-up nozzle to liquefy the
thermoplastic material and deposit it in a layer-wised manner. Though it is being developed
for decades and extends the manufacturability and design space compared with traditional
manufacturing, the inconsistent and unsatisfactory mechanical properties of the build still
hinder it from being accepted by major industries beyond the prototyping stage. With
the requirement of being a functional part, mechanical strength is essential but difficult to
control in the FFF process. The current workflow (Figure 1) in the FFF process generates
the build plan for a given 3D model. The build outcomes heavily rely on the manual setup
of the process variables in the process planning stage.

A large variety of process variables—hatch spacing, building orientation, and ex-
trusion rate—could control and optimize the process outcome, such as the mechanical
strength. Table 1 provides an overview of the current strategy of enhancing mechanical
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strength by mainly focusing on optimizing process parameters and hybridizing different
toolpath strategies.
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Table 1. Optimization Strategies in FFF processes.

Process Variable Adjustment Process Properties Enhancement Key Findings Reference

Parallel directional toolpath Porosity Minimizing porosity by adaptive
path width [1]

Material deposition sequence

Ultimate yield strength, flexural
strength

Minimize Airtime
Minimize travel time for lattice
Minimize extrusion-less travel

Altering deposition sequencing in
linear toolpath to minimize the

airtime, overall building time, and
strengthen the part

[2–5]

Interlayer bonding Part strength
Building orientation affects the

intra-layer and inter-layer bonding,
ultimately affect part strength

[6]

Processing
condition

The bonding strength between
layers

Adjoining polymer filaments are
investigated to strengthen the

inter-layer bonds
[7]

Adaptive slicing Part surface quality, geometric accuracy Non-uniform layer thickness can
improve the surface finish [8]

Table 1 presents the current methods to enhance process qualities in terms of build
time, surface finish, and mechanical strength by varying process parameters, such as
layer thickness, printing speed, and processing environment. However, the analysis of the
fabrication strategy for the deposition path is not being studied. All of the above-mentioned
studies mainly utilize the common linear/contour toolpath. However, these toolpath
strategies will cause long filaments to pile in a parallel manner in a plane. Ultimately, this
can cause the material to display anisotropic behavior. Thus, such in-plane anisotropy
would induce poor mechanical strength.

Besides the effect from process parameters and working environments, the leading
causes of insufficient strength are low infill density, weak interfacial bonding, and in-plane
anisotropy of the material [9,10]. These physical phenomena are significantly influenced by
the toolpath strategy and can be optimized by altering manufacturing strategy to achieve
a desired mechanical strength. Studies reveal that higher density can lead to a stronger
component; thus, a 100% solid infill is desired in our research to enhance the mechanical
strength. In order to achieve a 100% density infill, two major toolpaths are commonly used
in today’s FFF process—the linear and contour toolpath [11]. Other existing toolpaths,
such as honeycomb, triangle, cubic, and Gyroid [12], are hard to achieve a solid infill for
any given geometry. All of the above-mentioned toolpath strategies can fulfill 100% infill.
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However, the homogeneously laminated filament bars can cause the in-plane anisotropy
material property [13].

Considering the material deposition manner, the manuscript targets to provide a
material deposition strategy to achieve the in-plane isotropy, ultimately improving the me-
chanical strength. Existing techniques in improving mechanical strength regarding altering
toolpath can be classified as bio-inspired structures and non-planar toolpaths. Bio-inspired
structures such as honeycomb [14], cross-linked [15], and Bouligand structures [16,17] have
been studied to improve mechanical properties. In addition, the other strategies by altering
the toolpath to reduce the in-plane anisotropic property caused by longitudinal filament
are shown in Figure 2. These strategies are mostly adopted in metal AM processes for
reducing the thermal distortion by evenly distributing the heat. However, the continuity of
the in-plane filament cannot be maintained through these.
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Figure 2. Existing strategies of handling anisotropy created by longitudinal filament, (a) adaptive
toolpath width [18], (b) island toolpath strategy [19], (c) hatch parallel toolpath strategy [19].

Compared with these structures, our proposed in-plane isotropy toolpath can achieve a
solid component in a more flexible filament arrangement to reduce the in-plane void region
and increase mechanical strength at the same time. Recently, several researchers [20,21]
studied the rotational angle α per layer to improve the mechanical properties; however,
the rotational angle can create voids on the 2D geometry based on the deposited filament
shape, which can further induce the unsatisfactory mechanical properties. The non-planar
toolpath [11,22] effect towards improving mechanical strength is still ambiguous; the non-
planar layer creation and modeling towards better print performance are not developed.
In this research, an isotropy in-plane material deposition strategy is provided to fulfill
the solid density with strong interfacial bonding. Our developed toolpath strategy is
targeting to achieve a randomized material distribution in one layer while maintaining the
material deposition in a continuous manner. The proposed toolpath generation workflow
is presented in Figure 3.
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The input model is first sliced into layers, and each layer will be filled with a continu-
ous toolpath. The toolpath on each layer shows a randomized pattern without intersection
and varied per layer. This character can provide:

1. Non-longitudinal filaments lie along one direction accumulate that induce structural
anisotropy.

2. A dissimilar toolpath per layer can fill up the void created by the filament (Figure 4).
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From Figure 3, we can see that the semi-sphere shape of the deposited filament creates
a unflatten top surface on each layer. This uneven surface induces the in-plane void,
which may affect the component’s mechanical properties. If using a parallel toolpath in
the adjacent layers, these in-plane voids would introduce the porosity in the final build.
Thus, different toolpath on adjacent layers can fill these voids, thus increase the mechanical
properties.

In this paper, an in-plane isotropy toolpath is proposed to increase the mechanical
strength of the thermoplastic part. Under the same printing conditions (print speed and
environment), the specimens built by the proposed toolpath are compared with traditional
in-plane anisotropy fabrication strategies (linear and contour) using uniaxial tensile tests to
validate the effectiveness of the strengthening. With this method, the tensile strength can
be improved at least 20% without additional post-processing or material treatment. This
can enhance the mechanical strength and assure the print quality by using an applicable,
low-cost strategy.

2. Literature Review
2.1. Toolpath for FDM

Currently, linear and contour toolpath strategies (See Figure 5) are the most widely
adopted for FFF processes. Both toolpaths share the paralleling character, which creates
the accumulation of parallel longitudinal filaments. The other toolpath for minimizing
building time and maximizing continuous motion is discussed as follows.
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Papacharalampopoulos et al. [23] proposed a Hilbert curve as the path pattern for
continuous printing that ensures a single motion. In addition, Zhai and Chen [24] intro-
duced a porous path planning strategy for the porous structures in the FFF process. It
can optimize the fabrication time for porous structures. With a similar goal, Jin et al. [25]
developed a non-printing strategy that avoids retraction in the FFF process. Thus, traveling
without material extrusion can be saved. In parallel, a combined heuristic path planning
method was proposed by Volpato et al. [26] to reduce the overall traveling distance, thus
minimizing total building time.

Weidong [27] presents a genetic algorithm on C paths, while Wah et al. [28] use
the same strategy to optimize the deposition sequence locally. In addition, idling time
optimization is another research topic in the FFF process [4,29]. Dreifus et al. [4] proposed a
graph-theoretical approach to minimize the overall traveling time on the building platform.
Lensgraf [29] decompose the layers into local islands and minimizing the traveling time
among the islands using the greedy method.

2.2. Strategies for Enhancing Mechanical Strength

To date, several studies have investigated the process parameters’ impacts on mechan-
ical strength, such as building orientation, rotational angle per layer, filament deposition
direction [30–36]. The common conclusion is to obtain a maximum strength is to keep
the filament deposition orientation along the pulling direction. In addition, effects from
extrusion rate and layer thickness are commonly studied [37–41]. However, the layer
thickness is still a controversial parameter which varied results are concluded. In the
meantime, increasing the feed rate could decrease the tensile strength [40,41]. There are
limitations of the strategies mentioned above to improve the build quality as listed:

1. Process parameters (building orientation, layer thickness, extrusion rate, hatch spac-
ing . . . ) are highly correlated. The individual adjustment on a single parameter
would cause an unexpected quality change

2. Lack of quantitative relationship between process parameters and process outcomes
(mechanical properties), the modification of the process parameters becomes more
challenging

Unlike any of the previous approaches mentioned, the method introduced by Panda [42]
involves the study of organic material as it aims to optimize the FDM process. This method
is referred to as the Bacterial Foraging Optimization Algorithm (BFOA) and operates on
the social and symbiotic relationships found in nature between organisms. Rodriguez [43]
make the argument that utilization of computational tools and algorithms allows for a
better comprehension of the strengths of the layers and fibers of the part. The magnitude
of this strength can be significantly altered by the orientation of the build for each part.
Thus, the utilization of computational algorithms to find this desired orientation is crucial
to the FDM process. Besides, Avdeev et al. [44] create a cylinder inside any given geometry
and deposit a spiral toolpath upon the cylinder surface to increase the strength of the
build. Some other studies on optimization on the deposition toolpath improve the product
qualities [27,28].

Other methods, such as adding nanoparticles [45] or additional post-processing [46],
can also improve mechanical properties. For example, Deng et al. [47] used a new polymer
such as PEEK to strengthen the 3D printed parts of physical and chemical properties.
Duty et al. [48] also presented extruding the same material (Z-pinning) in the structure to
reinforce the element. Some other toolpaths are planar/non-planar to improve mechanical
strength [22,23,49]. Akkum et al. [49] proposed a ZigZagZ toolpath that creates a zigzag
pattern across the layers to increase the Z-axis strength. In addition, Xiao [22,50] utilized
the multi-axis slicing and curved layers to improve the part strength in a support-less
manner. Altering the manufacturing strategy can enhance the mechanical strength, but
using continuous carbon fiber [51] can also increase the print mechanical properties. How-
ever, the equipment and the material are relatively expensive compared with PLA or other
thermoplastic materials.
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3. Materials and Methods

The proposed in-plane isotropy toolpath strategy will be introduced in this section,
along with the experiment set up for testing the tensile strength. The dogbone-shaped
specimens were chosen for all pieces, and the tensile strength was evaluated for all prints
to prove the effectiveness of the proposed toolpath strategy.

3.1. Path Design

This section presents a detailed explanation of constructing the in-plane isotropy tool-
path by randomizing the XY-plane vector toolpath. In the meantime, the in-plane toolpath
maintains a continuous deposition path that avoids the filament’s potential discontinuity
that causes the low strength. In addition, each layer generates a different toolpath pattern,
which reduces the possibility of creating porosity. Finally, the proposed toolpath perfor-
mance is compared with linear, linear with rotational angle, contour toolpath strategies
printed under the same layer thickness.

Algorithm 1 presents the in-plane isotropy toolpath generation by randomizing the
vector toolpath and avoiding the intersection. Since continuous and randomized deposition
is the desired in-plane manufacturing strategy, the toolpath generation should follow
the prerequisites. The toolpath for randomized deposition can be easily determined;
however, such randomized path planning can create collision and intersection of these
paths. Algorithm 1 first determines a straight path with n nodes that allows being expanded
later. These n nodes can be allocated with a random vector to re-allocate their position,
the connection between connecting nodes will be updated. These updated paths will keep
expanding until the whole area of the 2D sliced geometry is fulfilled.

Algorithm 1: Generation of in-plane isotropy toolpath.

Input: Any given 3D model, Building Orientation, Layer thickness, loading direction
Output: Series of layer-wised toolpath
1. 3D model = ∑ slicei(i = 1, 2, . . . , #layers in the geometry)
2. AB = max_length (slicei) along with tensile test loading direction
3. Initialize n particles on AB, allow norm (ABn−1, ABn) = length(AB)/n
4. spheren = radius

(
ABn, r

)
5. spheren−1 ∩ spheren = ∅
6. max = boundary(slicei)

7. Initialize n particles with randomized vector
→
kn

8. new(ABn) = ABn +
→
kn ∗U

9. Update spheren
10. End until boundary (∑ spheren) = max

For any given 2D geometry, the toolpath satisfies the following condition:

1. pointi = pointi−1 +
→
n , pointi, pointi−1 are on the toolpath,

→
n is random

2.
−−−−−−−−−−→
pointi−1, pointi ∩

−−−−−−−−−−→
pointp−1, pointp = ∅, i&p are random

Since the toolpath width is not uniform in the proposed the vectorized toolpath from
Algorithm 1, the extrusion rate for the process input is necessary. Algorithm 2 shows the
deposition volume along the path, and the deposition volume can then be converted to the
extrusion rate.

The extrusion rate, which varies with traveling time to maintain the minimum pores
for the proposed toolpath is introduced in Algorithm 2. We can easily calculate the path
volume between connecting nodes on the continuous path based on the desired path width,
distance, and layer height. However, this path volume is not a constant value for the
proposed continuous isotropy toolpath. Thus, the extrusion rate needs to be varied for such
traveling to maintain the least amount of pores that the path planning could potentially
introduce.



Appl. Sci. 2021, 11, 6100 7 of 14

Algorithm 2: Generation of Process Parameters.

Input: Output from Algorithm 1, Printing velocity (v), layer thickness (LH)
Output: Extrusion Rate
1. Vectorize in-plane toolpath to {[x1, y1], [x2, y2], . . . , [xn, yn]}
2. traveli = norm([xi, yi], [xi+1, yi+1])/v
3. ci = ( xi+xi+1

2 , yi+yi+1
2 )

4. Construct Lk = ⊥(ci, {([xi, yi], [xi+1, yi+1]})
5. L = min(Lk)
6. Vi = LH ∗ L ∗ norm([xi, yi], [xi+1, yi+1])/2
7. Ei = Vi/traveli

3.2. Experiments

In this work, all specimens are printed with a uniform layer thickness at a printing
speed = 30 mm/s. Different specimens choose varied layer thickness with traditional
(linear and contour) and proposed isotropy toolpath strategies. The process parameters
of traditional toolpaths for comparison with the proposed toolpath are shown in Table 2,
and these parameters stay constant during the build. The printed specimen dimension is
shown in Figure 6 with a total thickness = 3.302 mm. Five specimens are printed using each
printing strategy; the average ultimate tensile test results with the standard deviations are
shown in Section 4.

Table 2. Process Parameters that are used in experiments.

Process Parameter Value

Layer Thickness 0.1, 0.2 mm

Toolpath strategies Linear, Contour, Proposed Toolpath

Rotational angle (only for linear) 0◦, 45◦, 90◦

Printing speed 30 mm/s

Nozzle Temperature 200 °C

Bed Temperature 60 °C

Infill Density (linear & contour) 100%
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Figure 6. Test specimen (ASTM D638 IV) and test setup for tensile stress.

All of the test specimens (dog bone samples) were printed (Figure 6, left) using Ender
Pro 3 using polylactic acid (PLA) material (by HATCHBOX with 1.75 mm diameter) and
are tested on Instron (Figure 6 right) with the indicated setup. It is conducted under the
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standard temperature around 23 ± 2 ◦C (73.4 ± 3.6 ◦F), and also maintains the relative
humidity at 50 ± 5%. The rate of grip separation operates at 50 mm/min.

4. Results

In this section, fractured specimens (layer thickness = 0.2mm) are presented in Figure 7,
with the geometry of each fracture surface. Compared among these printed specimens, the
proposed toolpath specimen has a shear crack that behaves better.
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Figure 7. Fractured dogbone specimens at layer thickness = 0.2mm.

From Figure 7, we can see that all PLA specimens by using traditional linear toolpath
crack under the tensile test. The contour toolpath specimen did not crack, but each path
has necking. The bonding between each parallel path is weak, thus resulting in the failure.
However, the specimen which is fabricated using the proposed toolpath has a shear crack.
This implies the specimen developed tangential displacement, thus resulting in a better
ultimate tensile strength. The load extension graphs of all printed specimens are shown in
Figures 8 and 9. In general, specimens with proposed in-plane isotropy toolpaths present
better tensile strength than all traditional paths. The ultimate tensile strength of all printed
specimens is shown in Table 3.

Table 3. Tensile strength test results of printed specimens (each print of the same strategy repeats five times).

#
Layer

Thickness
(mm)

Toolpath Strategy Rotational
Angle (◦)

Tensile
Strength (MPa)

Young’s
Modulus (MPa)

Relative
Density

1 0.1 Linear 0 37.35 1580.19 0.81
2 0.1 Linear 45 46.74 1394.81 0.88
3 0.1 Linear 90 42.04 1515.09 0.86
4 0.1 Contour N/A 55.90 1331.97 0.92
5 0.1 Proposed Toolpath N/A 66.79 2154.88 0.98
6 0.2 Linear 0 33.93 1393.36 0.80
7 0.2 Linear 45 44.48 1243.31 0.86
8 0.2 Linear 90 42.17 1388.26 0.85
9 0.2 Contour N/A 54.94 1449.40 0.90
10 0.2 Proposed Toolpath N/A 65.89 1911.11 0.97
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Figures 8 and 9 indicate the proposed toolpath strategy can successfully increase the
tensile strength compared with the same layer thickness specimens. The ultimate tensile
strength can be improved by at least 19% compared to the traditional contour toolpath.
In the meantime, the proposed toolpath would lead to a minimum extension before the
fracture.

Table 3 shows the average of ultimate tensile strength for all printed specimens at
each printing strategy; the proposed toolpath shows a 20% increase in the tensile strength
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compared with the other specimens under the same layer thickness condition. From
Table 3, we can see that the Young’s Modulus for the proposed toolpath specimen yields
at least 1.3 times than the other traditional toolpath specimen. Therefore, the proposed
toolpath can result in a higher modulus and a denser component. The higher ductility of
the proposed manufactured components also indicates the lower voids fraction than the
traditionally manufactured specimens. The relative density of each specimen is obtained.
This also indicates the tensile strength is correlated with relative density. The proposed
toolpath generates a higher density component, thus creating a strengthened geometry.

Figure 10 presents all print specimens with each printing strategy with their average
ultimate tensile strengths and associated standard error bars. From this figure, we can
see that the 0.1-mm layer thickness can strengthen the part of the 0.2-mm layer thickness.
However, such layer thickness effect is not significant on the printed specimens using the
proposed toolpath. This further proves the proposed toolpath can create a stronger tensile
property, disregards the layer thickness.
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To verifying the significance level of each variable to the tensile strength, an ANOVA
analysis of variance (Table 4) is conducted for “layer thickness” and “toolpath strategy”
factor with “tensile strength” as the response. The “rotational angle” is not included in
this study because the contour and proposed toolpath do not have any rotational angle
value. From Table 4, the P-value for toolpath strategy is 0.001<0.005, which means that
the toolpath strategy is a significant factor for the tensile strength in the Fused Filament
Fabrication process.

Table 4. ANOVA Analysis on the Layer Thickness and Toolpath Strategy.

Source DF Adj SS Adj MS F-Value p-Value

Layer Thickness (mm) 1 8.94 8.943 0.47 0.521
Toolpath Strategy 2 1107.40 553.699 28.82 0.001

Error 6 115.26 19.210
Lack-of-fit 2 1.56 0.778 0.03 0.973
Pure Error 4 113.70 28.426

Total 9 1231.60

Table 3 and Figure 10 show that the specimens printed with contour toolpath strategy
at 0.1 mm and 0.2 mm show a better tensile strength and a higher density component
compared with other specimens printed with the traditional linear toolpath even with a
rotational angle. However, the specimen with the proposed toolpath that is printed with
a 0.1-mm layer thickness behaves a 19.49% larger tensile strength than the 0.1-mm layer
thickness specimen with a contour toolpath. The tensile test of the specimen with the
proposed toolpath that is printed at a 0.2-mm layer thickness performs similarly.
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Fracture surfaces of the tested specimens are obtained by an optical microscope (Leica
DM2700 M) under the operating temperature around 23 ± 2 ◦C (73.4 ± 3.6 ◦F), and
maintain the relative humidity at 50 ± 5%. The morphologies of the specimens with a
6&10 fracture are shown in Figure 11. The morphology of the finished surface on the
specimens is presented as well. From Figure 11 (left), there is a clear cut at each path
on the specimen. This is because the ultimate tensile strength happens at the maximum
loading that such longitudinal filament can bear. Compared with Figure 11 right, which
is fabricated through our proposed toolpath, there is no clear cut at the fracture surface,
and the morphology of the finished surface shows no clear traveled paths. The traditional
toolpath can be represented as the longitudinal filament bonded in parallel, and the
fracture will happen at the perpendicular cross-section of these filament laying directions.
As a result, the displacement develops collinearly to the filament deposition direction.
However, the proposed toolpath does not have such longitudinal filament bonding issues,
and the morphology shows the fracture appears not at the perpendicular cross-section of
the filament laying direction. Thus, the target for minimizing the longitudinal filament
accumulation is achieved.
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5. Conclusions and Discussion

In this paper, an in-plane isotropy toolpath is developed for the extrusion-based
FFF process. The path is designed to minimize longitudinal filament accumulation, thus
reducing the in-plane anisotropy that unbalances the strength in the XY plane. Tensile
tests with varied layer thicknesses confirm the increase of the tensile strength. This result
indicates that the rotational angle can optimize the tensile strength using a traditional
linear toolpath, while the contour toolpath can achieve the maximum tensile strength for
the build. Compared with those specimens with traditional toolpath strategies, the tensile
strength can be improved by at least 20%. Furthermore, the proposed toolpath behaves
with a stronger mechanical strength and with a higher modulus; the better ductile property
also indicates the specimens with the proposed toolpath have lower voids fraction ratios.

This paper presents a toolpath that minimizes the anisotropy material distribution
in the XY plane and can improve the mechanical strength of the build by randomized
the material distribution in the planar layer while maintaining the continuous deposition
manner. The effectiveness of the proposed fabrication strategy is shown by analyzing the
tensile strength of different toolpaths under the same printing condition. However, the
layer-by-layer material deposition manner still introduces the bonding between the layers,
which may cause anisotropy material property in the 3D space. Therefore, the toolpath
strategy in the 3D space that can minimize the bonding effects needs to be discussed in
the future to create a part with isotropic material property throughout the whole geometry.
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In addition, the impact from the process parameters, such as printing speed and layer
thickness, will be considered in discussing the isotropy toolpath in the future.
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