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In conventional additive manufacturing, the layer-by-layer approach leads to mechanical weaknesses, particu-
larly in the vertical tensile strength (Z-axis) and the shear resistance between layers. The unique mechanism of
mechanical enhancement found in natural materials has served as inspiration for solving the above problems.
Here this study introduces two novel Interlaced Printing strategies for 3-axis printers inspired by nature. The
proposed strategies involve moving the deposition head in the XY plane while periodically adjusting its height
in the Z-axis, enhancing interlayer bonding and shear resistance. These strategies were closely examined to
understand their impact on toolpath width and layer thickness, considering various parameters. Both strategies
resulted in “dumbbell”-shaped toolpath geometries, a characteristic that can be lessened by reducing print
speed. Mechanical tests revealed that objects printed using these strategies significantly outperform traditional
planar toolpath methods in terms of mechanical strength, showing improvements of 31.9% and 67.5% in
interlayer shear resistance. Notably, these new strategies can be combined with each other or with conventional
methods, broadening their potential applications.

1. Introduction of these interlayer bonds is largely determined by the degree of mate-

rial diffusion at the cross-sectional interface, as explored by relevant

In the realm of additive manufacturing (AM), a technological evo-
lution has broadened its application across diverse fields such as
aerospace [1,2], automotive [3,4], military [5], and medicine [6-8].
Within this spectrum, Fused Filament Fabrication (FFF) has emerged
as a notably versatile process. Its widespread adoption is attributed
to factors like cost-efficiency, simplicity of the required equipment,
and a safer printing process, as evidenced in its applications rang-
ing from manufacturing parts [9-14] to biomedical models [15-17].
However, FFF’s predominant layer-by-layer printing approach, involv-
ing molten filament extrusion, introduces significant challenges. This
method results in limited bonding between adjacent layers, leading
to reduced structural strength and diminished shear resistance in the
build direction of the parts. These limitations present critical barriers to
the advancement and broader application of FFF technology, signaling
a need for innovation in layer bonding techniques to enhance the
structural integrity of FFF-produced components.

Enhancing FFF technology to improve the mechanical properties of
printed parts, particularly in terms of build direction strength and in-
terlayer shear resistance, is a critical area of development. The strength
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researchers [18-20]. To this end, some studies have explored actively
heating the print layer during deposition, using techniques like heated
airflow [21] or thermal radiation [22,23]. In parallel, other research
efforts have focused on post-processing techniques to strengthen inter-
layer bonds [24,25]. However, thermal operation approaches risk alter-
ing the part’s original geometry. While post-processing strategies have
been effective in enhancing mechanical properties at the interlayers,
they entail additional material requirements. This ongoing exploration
into both during- and post-printing techniques underscores the mul-
tifaceted approach needed to address the intrinsic limitations of FFF
technology, aiming to expand its application potential by improving
part strength and durability.

Only a few studies have considered utilizing the anti-deformation
properties of interlayer structures to enhance the interlayer mechani-
cal properties of 3D-printed parts. One particular study introduced a
printing method that deposits “pins” on multiple layers throughout
the interior of the part to enhance the interlayer mechanical proper-
ties [26]. Their experiments demonstrated the success of this method
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Fig. 1. Schematics of the two different toolpath schemes. a The roots of trees are deeply rooted in the ground to resist wind blowing. b Shells have excellent strength, stiffness
and toughness [39]. ¢ Beetles have tough joints and interfaces [40]. d is two schematic models of the two toolpath schemes. The green schematic model is Scheme 1 and the blue
schematic model is Scheme 2. e is a schematic model of the toolpath for different parameters m at 100% infill density. f is a schematic model of the toolpath for different infill

densities with the parameter m = 2.

in some cases, although in others, samples without this treatment
performed better. For non-planar toolpath methods, since each layer
has a certain curvature, the mechanical properties between layers can
theoretically be improved. Especially in multi-axis printers [27], due
to the higher degree of freedom of the deposition heads of this type of
printer, it is possible to print steeper toolpaths, which can effectively
improve the mechanical properties between layers. At the same time,
using the high flexibility of this printer, slicing can be performed based
on the stress field to optimize the overall mechanical properties of the
model [28]. However, considering the higher cost and not yet fully
matured characteristics of multi-axis printers, the 3-axis printers have
a lower cost and broader applications in terms of manufacturing com-
pared to them. However, most of the current research for 3-axis printers
with non-planar toolpath methods and curved layer slicing [29-31]
has focused on relieving the case effect between layers [32-35] and
support-free printing [36] to enhance the surface accuracy of the part
and reduce material costs. Only very few studies have focused on
enhancing the interlayer mechanical properties of the model such as 3D
woven deposition toolpath [37] and ZigzagZ [38]. These methods are
very effective in optimizing interlayer mechanical properties of printed
parts on non-planar paths of 3-axis printers. However, the variety of
this non-planar geometry is relatively simple, and more research may
be needed to further enrich and optimize the methods in this field.
Bionic design, which seeks to enhance man-made structures by
emulating biological ones found in nature, is an increasingly promis-
ing approach in structural engineering and materials science [41,42].
Nature offers a plethora of examples where mechanical interlocking
structures bolster mechanical properties. For example, the roots of trees
are deeply rooted in the ground to resist wind blowing (see Fig. 1a); the
mineral platelets in natural perlite have a wavy cross-section, which
leads to transverse interlocking between neighboring platelets, thus
increasing the resistance to deformation of the composite material

against localized strains [43,44]; the individual lamellae of seashells
exhibit a herringbone cross-interlocking structure between 30° and
40°, which renders them ultra-high strength and toughness [39] (see
Fig. 1b); and the beetle’s exoskeleton utilizes interlocking structures to
have tough joints and interfaces [40,45] (see Fig. 1c); the mineralized
microridges in the exoskeleton of sea urchins [46,47], and the toothed
interlocking mineral shells of diatoms [48], to name a few. These
similar structures play an important role in nature by helping organisms
and objects to remain stable and robust in unstable environments,
and occur frequently in nature to adapt to different environments and
survival needs.

Here, we have drawn inspiration from nature to propose two nature-
inspired interlaced printing toolpath planning schemes (see Fig. 1d).
These schemes allow the deposition head to perform not only linear
motion in the XY plane but also periodic intermittent motion in the
Z-axis direction during the deposition process. Each period can be con-
sidered as a basic unit, and these units can be repeated while printing
the model, regardless of the overall shape or size of the model. With
fixed extrusion head apertures, we set the maximum printable layer
thickness as h,,,,, the minimum printable layer thickness is defined as
h,,in» and the toolpath width is d.

In the toolpath of Scheme 1 (the green schematic model in Fig. 1d),
the filament deposition rate of each layer is shown to vary. The max-
imum layer thickness for the first and last layers is set to (3h,,,, +
h,i)/4, while the minimum layer thickness is (h,,,, + 3h,,,)/4. The
goal of this design idea is to fully utilize the range of middle layer
thicknesses to accommodate variations in printable layer thicknesses
(i.e., the maximum layer thickness for the middle layers is #,,,, and the
minimum layer thickness is 4,,,). In the toolpath of Scheme 2 (the blue
schematic model in Fig. 1d), only the filament deposition rate of the
first and last layers are shown to vary. The maximum layer thickness

for the first and last layers is set to h,,,, while the minimum layer
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Fig. 2. The pipeline of interlaced printing algorithm in this paper. a is input model. b is the bounding box of the model. ¢ is to generate the toolpaths with the same size
as the bounding box. d is the infill pattern of the model. e shows the printed object filled with our schemes.

thickness is 4,,;,. The layer thickness of the middle layer is constant as
(hmax + hmm)/2

In addition, the variant of the proposed method was developed to
analyze its effect (discussed in the following sections). The variant is
controlled by the integer parameter m. As can be seen in Fig. le, at the
same infill density p, the number of deposition head lifts in the Z-axis
direction decreases as m increases. If m = p * [/d, the infill toolpath
will change to a planar toolpath. Therefore, the effective range of the
parameter m is [1,p = [/d). Additionally, the proposed method can
select the appropriate infill density for different models, which makes
the printing process spend less time with less material consumption
while obtaining enough mechanical strength. The effective range of
the infill density p is (m = d/I,1], as shown in Fig. 1f. A movie
demonstrating the deposition sequence of the two schemes are provided
as supplementary data (supplementary Movie S1).

2. Experiments and methods
2.1. Methods pipeline

In Fig. 2, we show the pipeline of interlaced printing algorithm in
this paper. For a given 3D model (see Fig. 2a), we first generate the
axis-aligned bounding box of this model (see Fig. 2b). Then, the model
and the bounding box are sliced and a suitable scheme is selected to
generate the toolpath (see Fig. 2c). Further on, a cropping algorithm
is used to obtain the toolpaths inside the model contour (see Fig. 2d).
Finally, the model was fabricated using a 3D printer (see Fig. 2e).

2.2. Interlaced toolpath generation

The two proposed schemes are mainly based on the improvement
of traditional toolpaths. Take the interlaced one (see the upper part
of Fig. 3) as an example. First, a Zigzag-filled toolpath with a certain
infill density p and layer thickness (h,,,, + h,,,)/2 is generated in the
axis-aligned bounding box of the model, as shown in Fig. 3a. Then the
points P = {p; ;4|1 < i < Xeoyu-1 < j < Yopuus 1 £ k < Z,,,,) on the
motion trajectory of the deposition head are extracted according to the
infill density p and toolpath width d (see the red points in Fig. 3),
where Z,,,,, is the number of layers, X, and Y, are the number
of toolpath in X-axis and Y-axis directions. It is worth noting that the
interval between the trajectory points increases with toolpath width d
and decreases with infill density p. Ensure that the X-Y coordinates

of all trajectory point P remain unchanged, and reset the Z-axis

coordinates z(p; ;) according to the numbering to create a periodic
interlaced toolpath. The specific realization details are as follows:

The trajectory points are divided into three parts by the slicing
layer: the first layer trajectory points, the middle layer trajectory points,
and the last layer trajectory points. For Scheme 1, the reset Z-axis
coordinates of the first layer trajectory points z(p; ;) are:

z(P ) = (hmax + 3hmin) /4’ if (L(l - 1)/mJ + L(‘l - 1)/mJ + 1)%2 56 0
ij1) = (3Mmax + Ppin) /4. otherwise,

€y
where the number of reset trajectory points in each group can be

controlled by adjusting the parameter m. The reset Z-axis coordinates
of the middle layer trajectory points z(p; ; ;) are:

_ z2Pijk-) F Py (G = D/m] + [ = D/m] + k%2 #0
Z(Pi,j,k) =

2(P; jk—1) + Ry, Otherwise.
@

The reset Z-axis coordinates of the last layer trajectory points z(p; ; ;)
are:

Z(pi,j,k—l) + (hmax + main) /4’ if (L(’ - 1)/mJ
+[( = D/m| +K)%2 #0
20 j 1) + (3Mpax + Ppin) /4, otherwise.

Z(Pz,j,k) =

3

For Scheme 2, the reset Z-axis coordinates of the first layer trajec-
tory points z(p; ; ;) are:

Roins
Z(pi,j,1)={ min
hmax’

Different from Scheme 1, the thickness of the middle layer for Scheme
2 is constant, so the reset Z-axis coordinates of the middle layer
trajectory point z(p; ;) are:

if (|G = D/m] + |G = D/m] + D%2 #0

otherwise.

C)

z(pi,j,k) = z(pi,j,k—l) + (hmax + hmm)/2 (5)

At the same time, when the trajectory points have the same i —
j numbering, the Z-axis increment for the last layer of trajectory
points is opposite to that of the first layer. Therefore, the reset Z-axis
coordinates of the last layer trajectory points z(p; ; ) are:



W. Xu et al.

Additive Manufacturing 89 (2024) 104276

Interlaced one

a Planar toolpath

— Vv

Deposition head trajectory

c Planar toolpath

—Vv
L2 L L]

Deposition head trajectory

Changing Z-axis
coordinates

Changing Z-axis

—— e

d Scheme 1

IR SN S
——
B o actii i i

Dij+ik
Pij-1k Pijk

Scheme 2

Fig. 3. The schematic of the two schemes generated. The upper half presents Interlaced one, where the toolpath direction alternates by 90° layer by layer. The lower half
presents Interlaced two, where the toolpath direction remains consistent without alternating layer by layer. a and c are traditional planar toolpath. b and d are the two schemes

generated after resetting the Z-axis coordinates of the trajectory points.

Fig. 4. The schematic of the extrusion parameters. The red arrow indicates the
movement of the deposition head. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

2P ke) F Py (LG = D/m] + [ = D/m| + D%2 # 0
Z(P,',j,k) =

2(p; j k—1) + hpin»  Otherwise.
©

Interlaced two (see the lower part of Fig. 3) is a printing pattern where
the toolpath direction does not alternate layer by layer. It is generated
in a similar way to Interlaced one.

2.3. Calculating the extrusion value

After obtaining the interlaced toolpath, the corresponding material
extrusion E should also be updated. This can be controlled by the ex-
trusion rate [49,50]. For the calculation of the extrusion rate, we refer
to the work of Pelzer et al. [34]. Fig. 4 shows one of the volumetric
elements in the middle layer of Scheme 1 when the deposition head

rises for printing, and the volume equation is shown below:

Ve=gdyed-(=2(m) = () +2 () +2(0s). @
where, Vg is volume of volumetric element, d,, is euclidian distance
in the XY-plane between support points p, and p;, d is the width of
the extruded toolpath, z(p.3) is Z-coordinates of points p, to p;. The
volume of material entering the printer can be calculated based on the
cylindrical formula:
D2
Vi=n- TF -E, (8)

where, V. is the volume of material consumed, Dy is diameter of
material filament, E is squeeze-in length of material. Since the volume
of material consumed V. by the printer is equal to the volume extruded
Vg, the extruded length of material E in the process of deposition head
from p, to p; can be found according to the Eq. (9).

g 2dyd

7 D2 (=2 (po) =z (p1) +2(p2) +2(p3))- 9)

It is worth noting that these calculations also apply to other scenar-
ios, such as planar printing (i.e., z(p3) — z(p1) = z(p2) — z(p0)), and these
computations were conducted in discrete steps. We further subdivided
the trajectory points with an interval of d/8 when raising and lowering
the deposition head during printing. This is done to ensure that the
correct amount of material is extruded for each calculated section. At
the same time, approximating the toolpath cross-section as a rectangle
can be a good way to bond neighboring toolpaths together.

2.4. Constraint on the slope angle

The collisions that can occur when the deposition head up and down
to print are different [51] (see Fig. 5). We simplify the deposition head
as a truncated cone (depicted in brown) to calculate the angle. As the
deposition head is up to print (left), it may collide with the printed
part. Assuming that the reference layer thickness 4 and deposition
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Fig. 5. Constraint on the slope angle of the interlaced printing toolpath.

head aperture w are constant, the height ¢ and length d,, of the up

should be controlled to avoid collisions, i.e., 8yy;0e; < 62210, Where
Oupjecr = tan™" =, 6,z = tan™! zu—h As the deposition head down to

m

print (right), it collides with the current layer, creating a “plow” effect.
This phenomenon causes the thickness of the toolpath layer to be less
than the predefined thickness. To address this issue, it is necessary to
offset the deposition head by a distance of w/2. Note that the “plow”
effect does not disappear for non-planar printing on the 3-axis printer,
but is mitigated as the slope decreases until it disappears for planar
printing.

2.5. Implementation details

These test specimens in this paper included toolpath geometry using
a four-sided hollow box consisting of stacked monolayers. Bridge model
was used for the traditional compression test. Dogbone model was used
for the traditional tensile test. Our specially designed model was used
for shear tests, and a rectangular model was used for bonding tests. To
ensure the fairness of the tests, none of these models were generated
with the shell contour, the dimensions of which are shown in Fig. 6.

The proposed algorithm was implemented with C++. All experi-
ments were carried out on a laptop, which adopts AMD Ryzen 7 4800H
with Radeon Graphics @ 2.90 GHz + 16 GB RAM. The shell contour
toolpath is generated by the graphic processing library ClipperLib [52].
For the changing extrusion rate in non-planar layers, we refer to the
work of Pelzer et al. [34] (see Section 2.3). We designed the program
to be very simple to operate. Just import an STL or OBJ file into the
program and set a series of parameters. These parameters include the
parameter m, the filling density p, whether or not the outer contour
and support are needed, and so on. After clicking Run, the program
automatically slices and generates a G-Code file that the printer can
recognize.

2.6. Fabrication and measurement

All objects were fabricated using the CR-10S 3D printer, as shown
in Fig. 7c. Its working space is 300 mm x 300 mm x 400 mm, the
printing material was Polylactic Acid (PLA) (Creality 3D branded). For
the selection of deposition heads, it is obvious that different diameter
deposition heads can generate toolpaths with different layer thickness
intervals. A general rule of thumb is that the maximum layer thickness
should stay within [0.1w, 0.75w] where w is the deposition head
diameter. This gives from 0.04 mm to 0.3 mm for a typical 0.4 mm
deposition head [29]. In this paper, there are no restrictions on the size
of the deposition head used. However, to make the interlayer pattern
more significant, we use a 0.8 mm diameter of the deposition head and
allow layer thicknesses from 0.6 mm down to 0.2 mm (i.e., h,,, =
0.6 mm and h,,;,, = 0.2 mm). The deposition head temperature was set
to 210°C and the print bed temperature was set to 50°C. To ensure the
stability of the printer during operation, the acceleration of the XYZ-
axes was 500 mm/s?, 500 mm/s?, and 100 mm/s?, respectively, and the

maximal speed was 500 mm/s, 500 mm/s, and 10 mm/s, respectively.
We determined the dimensions of the tensile specimens (Dogbone)
according to the standards ISO 527-1:2019 and ISO 527-2:2012.

For shear and bonding tests, an electronic universal testing machine
from Changchun New Testing Machine Co., Ltd. was used, with an ex-
tension speed of 1 mm/min. For conventional tensile and compression
tests, a Handpi HSV universal electric testing machine was used, with
an extension speed of 60 mm/min. To observe the geometry features
of the toolpath and the fracture of the damaged specimens, we chose a
3D video microscope (Leica DVM6).

3. Results and discussion
3.1. Geometric features

The toolpaths performed by the two schemes were microanalyzed to
determine the effect of the proposed method on the toolpath geometry.
The test objects are two schemes with different parameters m and rated
speeds v, the toolpath width is set to 0.8 mm and the average layer
thickness is 0.4 mm. As shown in Fig. 7a, from left to right in each sub-
figure are the rising print stage, the planar print stage, and the falling
print stage, respectively. As a whole, the filament deposition process of
these two schemes resulted in a special structure with toolpaths similar
to the geometry of a “dumbbell”. Through experiments, we observe that
the deposition head moves slower in the Z-axis direction than in the
plane direction due to the printer being driven by a screw mechanism
in the Z-axis direction, as shown in Fig. 7c. It may be the main reason
for the “dumbbell” shape. At the same time, it can be seen that the
toolpath printed when the deposition head is falling is wider than when
it is rising. This is because the outer wall of the deposition head collides
with the toolpath when it is descending, thus creating a “plow” effect
on the toolpath, as can be seen in Fig. 7b. It is worth noting that
in Section 2.4 we only ensure that the layer thickness is consistent
with the preset thickness when printing downwards, but the “plow”
phenomenon cannot be avoided for non-planar printing on the 3-axis
printer. However, it can be mitigated by reducing the infill density p of
the print to slow down the slope of the deposition head as it rises and
falls, thus reducing the extent of collision between the deposition head
and the toolpath.

To further investigate the specific reasons for the “dumbbell” geom-
etry, the speed curves were statistically plotted, as shown in Fig. 7d. It
can be seen that when m = 2, the deposition head accelerates before
reaching the rated speed v to decelerate because the distance is too
short. Therefore, the speed curve is the same at two different rated
speeds, and the toolpath geometry in Fig. 7a does not change. And
when m = 4 and 6, the maximum moving speed is affected by the rated
speed v and goes through the process of acceleration, uniform speed,
deceleration, and stopping. It can be clearly seen from the toolpath
geometry and width range (PWR) that the formation of the “dumbbell”
shape can be relieved by controlling the maximum moving speed.

In addition, during the filament deposition process, there is a delay
between the material extruded by the extrusion wheel and the extrusion
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Fig. 6. Specimens for mechanical property testing (unit: mm). a Specimens we designed for shear testing. b Specimens for interlayer bonding tests. ¢ Specimens for conventional

compression testing. d Specimens for conventional tensile testing.

head, which also has an effect on the toolpath geometry [53]. From
the perspective of the toolpath geometries of the two schemes (see
Fig. 7a), the “dumbbell” shape in the toolpath geometry of Scheme 1
is more significant compared to Scheme 2 because the extrusion rate
of Scheme 1 in the middle layer is constantly changing (the interlayer
gap is also affected in the same way, as shown in Fig. 8). It is also
for this reason that it is difficult to relieve the “dumbbell” shape by
dynamically adjusting the extrusion rate. While this particular structure
will have some impact on fabrication time and model accuracy, it may
provide some mechanical property benefits to the interlayer region.
This feature helps to increase the cross-sectional area, thus improving
the bonding between layers.

3.2. Enhancement of shear properties

In this section, we performed a comparison of the mechanical
properties of the two schemes and the conventional planar toolpath.
In this comparison, we set all configurations to 100% infill density, the
average layer thickness is 0.4 mm, and the toolpath width is 0.8 mm,
the rated print speed is kept at 40 mm/s.

A specimen was designed with the building orientation shown in
Fig. 9a. This specimen can simulate a shear test by simply fixing
the bottom and sides and pressurizing the top. This design allows
us to perform the shear performance test on a conventional pressure
tester. Meanwhile, to deeply analyze the performance of the proposed

method under different parameters m, we designed three groups of 11
specimens each, covering the toolpaths of m =2, m =4, m =6, m = 8,
m = 10 under the two schemes, and the conventional planar toolpath.
The printed specimens of the two proposed schemes under different
parameters m are shown in Fig. 9b.

The force-strain curves of the printed specimen are shown in Fig. 9c,
which is divided into three stages. In the first stage, the deformation of
the specimen is proportional to the force when the force is less than
the material’s elastic limit. The specimen exhibits elastic deformation
in this stage, i.e., it can be restored to its original state after the
force is removed. In the second stage, the strain increases significantly,
breaking the original linear relationship between the force and strain,
which is mainly affected by the bonding force between layers. When a
certain force value is reached, the bond fails and the specimen printed
by the planar toolpath method reaches the maximum load-bearing
capacity before failure. However, the proposed method introduces a
third stage, as clearly demonstrated in the force-strain curve, where
the specimen’s performance is significantly enhanced. In contrast, the
planar toolpath algorithm does not exhibit such a phase change.

The reason for this phenomenon is that when a force is applied to
the specimen printed by the proposed method, the strain resistance of
the structure comes into play, in addition to the effect of the bonding
forces between the layers. This can be likened to the “protrusions”
between the layers, which share the forces to a certain extent. At the
same time, as m decreases, the number of “protrusions” increases, and
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Fig. 7. Effect of the proposed method on resulting specimen geometry. a is the toolpath geometry of the two schemes, from left to right in each subfigure are the rising print
stage, the planar print stage, and the falling print stage, respectively. Also, the path width range (PWR) is given below each subfigure. b Comparison of rising print (left) and
falling print (right) of the deposition head during deposition. ¢ is a common FFF 3D printer. The transmission device of the Z-axis is usually a screw, while that of the XY-axis
is usually a synchronous belt. d is the print speed curves of the deposition head running at different schemes and rated speed v.

thus the share of force increases. As shown in the third stage of the
force-strain curve, the specimen’s stiffness and maximum load-bearing
capacity gradually increase as m decreases.

The histograms of each property are shown in Fig. 9d. It can be
seen that the two proposed schemes have higher mechanical properties
than the planar toolpath method. Among them, the strength (breaking
force) and fabrication time decrease with increasing m, which may be
related to the number of “protrusions”. Ductility (fracture strain) and
toughness exhibit a normal distribution. These performance metrics
peak when m = 6. In addition, Scheme 1 is lower than Scheme 2 in
all properties, which may have much to do with the printer delay, as
described in Section 3.1.

In summary, although the two proposed schemes have longer fab-
rication times than conventional planar toolpaths in shear tests, they

significantly improve several performance metrics, such as the spec-
imens’ strength, toughness, and ductility. Among them, Scheme 2
demonstrates significant improvements, with strength, toughness, and
ductility increasing by 67.5%, 92.2%, and 47.1%, respectively. In con-
trast, Scheme 1 exhibits corresponding improvements of 31.9%, 89.9%,
and 47.5%.

3.3. Mechanical analysis of interlayer bonding

The proposed method produces a special “dumbbell” geometry
which may increase the interlayer bonding. To verify this conjecture, a
rectangular specimen with a length and width of 10 mm and a height
of 80 mm will be used in this section (see Figs. 10a and 6b). Due to the
small diameter of the specimen, each test is divided into three groups,
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Fig. 8. The toolpath thickness geometries of the two schemes with different parameters.
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Fig. 9. The shear properties of the specimen printed by the proposed method. a We have designed a specimen that can be tested for shear performance on a normal pressure
tester by simply fixing the sides. b Some of the specimens printed by the proposed method. ¢ The shear force-strain curves of printed specimens. d Histogram of the different

properties of printed specimens.

and each group consists of the toolpath of m = 2, m = 4, m = 6
under the two schemes, and the planar toolpath. Fig. 10b illustrates
the histogram of the test data. It can be seen that the strength of both
specimens is higher than that of the conventional planar toolpath and
shows a normal distribution with different m. However, the ductility
and toughness performance of Scheme 2 is significantly weaker. This
may be due to the deposition head’s downward movement during the
printing of each layer’s toolpath, resulting in a compression effect of
the current layer’s toolpath on the previous layer’s toolpath, which

enhances the interlayer bonding but also reduces the toughness and
ductility of the specimen. This phenomenon is confirmed by the trend
of increasing toughness and ductility with increasing m. Furthermore,
Scheme 1 has a gap between layers due to the changing extrusion rate.
Thus, the performance improvement is not significant.

In summary, in the interlayer bonding test, the proposed method
has a stronger bonding than the planar toolpath, which can enhance
the strength and stiffness of the specimen. However, the corresponding
ductility and toughness are reduced.
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3.4. Mechanical analysis of planar compression and tension

To evaluate whether the toolpaths generated by the proposed method
have an impact on conventional compression and tensile performance.
We used the Bridge model and the Dogbone model (see Fig. 11a and
Fig. 12a) for the compression and tensile experiments, respectively (the
building direction along the Z-axis for both models). The toolpath is
planned using an alternating Zigzag 0° and Zigzag 90° pattern, the
infill density of all samples is 100%, the toolpath width is 0.8 mm,
the average layer thickness is 0.4 mm, and the rated travel speed of
the deposition head is 40 mm/s.

The average effective strength, fracture strain, stiffness, and tough-
ness of all specimens are shown in Figs. 11b and Fig. 12b, and the
corresponding statistics are listed in the Tables 1 and 2. Compared with
the conventional planar toolpath specimens, the average maximum
effective strength increased by 6.0% and 16.7%, the fracture strain
increased by 17.1% and 12.5%, the stiffness increased by 29.6% and
15.7%, and the toughness increased by 47.7% and 44.9% for Scheme
1 and 2, respectively, under compression environment. In the tensile
environment, the average maximum effective strength increased by
27.1% and 57.6%, fracture strain increased by 21.1% and 43.1%,
stiffness increased by 22.7% and 35.4%, and toughness increased by
74.8% and 151% for Scheme 1 and 2, respectively.

As mentioned above, in both experimental environments, the me-
chanical properties of our two proposed schemes show significant
improvement compared to the planar toolpath approach, especially in
terms of toughness. This is due to the fact that the wave-like shaped
toolpaths are able to uniformly disperse the stress and absorb the
energy when subjected to a force, thus improving the toughness and
fracture resistance of the model. In addition, this phenomenon is more
significant in the tensile test because the direction of the load is aligned
with the direction of the toolpath. Considering that the magnitude
of the up and down of the toolpath is greater in Scheme 2 than in
Scheme 1, and that Scheme 1 is affected by printing delays, Scheme 2
almost always outperforms Scheme 1 in terms of mechanical property
enhancement. At the same time, since the deposition head moves
slower in the Z-direction, this results in longer print times and possible
extrusion of excess material, see Tables 1 and 2. As seen in the result,
the fabrication time of Scheme 2 is longer than that of Scheme 1, while
the fabrication time of both schemes tends to decrease with the increase
of m. However, both longer the planar toolpath algorithm regarding
fabrication time. The material consumption is similar.

In summary, these results show that our two proposed schemes
perform more prominently in terms of mechanical properties compared
to the conventional planar toolpath, but require more printing time and
material.



W. Xu et al.

a
L
X
V4
b [ Scheme 1

m=6
Parameter

m=2 m=4 m=8 m=10

m=6
Parameter

m=4

m=2

m=8 m=10

I Scheme 2
15

Additive Manufacturing 89 (2024) 104276

Z-axis as the direction of building

= Planar toolpaths

Fracture strain (mm)

m=2 m=4 m=6 m=8 m=10
Parameter
1200+
1000
€
E 800
Z -—:=—711.6
« 600+
(%]
2
£ 400 4
? 200-
0.
m=2 m=4 m=6 m=8 m=10
Parameter

Fig. 12. The tension properties of the specimens printed by the proposed method. a The dogbone model for stretching testing, and the direction of building is Z-axis. b

Histogram of the different properties of printed specimens.

Table 1
The statistics of all physical tests for Scheme 1 (averaged across three trials).
Project Infill pattern Breaking force Fracture strain Stiffness Toughness Filament Fabrication
N) (mm) (N/mm) (J/mm?) consumption (g) time (sec.)

m=2 4591.7 2.8 - 6191.8 16.8 5077
m=4 4660.9 3.2 - 7613.2 16.3 3660

Shear m=6 4388.0 3.4 - 8577.2 16.4 3080
m=8 4414.8 3.2 - 7848.2 16.4 2791
m=10 3541.3 2.9 - 6316.2 16.2 2507
Planar toolpaths 3532.9 2.3 - 4517.5 16.5 1956
m=2 1222.1 12.7 95.9 7056.5 7.9 2345

Bonding m=4 1314.8 13.7 95.1 8426.8 7.8 1607
m=6 1287.0 14.8 87.3 9132.7 7.7 1282
Planar toolpaths 1165.5 13.3 102.3 8718.7 8.0 943
m=2 457.7 4.8 149.8 1023.9 19.8 5456
m=4 405.7 4.0 133.8 809.2 19.8 3885

Compression m=6 416.8 3.9 136.3 830.3 19.7 3219
m=8 404.7 3.7 125.7 803.5 19.5 2888
m=10 371.0 3.4 103.2 670.6 19.6 2529
Planar toolpaths 431.6 4.1 115.6 693.0 19.8 1790
m=2 677.3 1.2 872.7 348.2 7.8 2294
m=4 466.3 0.9 704.9 180.7 7.6 1821

. m=6 523.3 1.0 735.8 224.5 7.6 1661

Tensile
m=8 484.0 1.0 722.6 198.6 7.6 1603
m=10 501.0 0.9 696.8 204.3 7.6 1525
Planar toolpaths 532.7 1.0 711.6 199.1 8.3 1363

3.5. Fractographic analysis

The fracture surfaces of the specimens were observed using a 3D
video microscope, as shown in Fig. 13. For the shear test (see Fig. 13a),
the planar toolpaths of the fabricated samples showed flat fracture
surfaces and tiny gaps between adjacent toolpaths could be observed.
Only the edges of the cross-section show some fracture marks, which
is due to the slowing down of the deposition head during the turn,
resulting in the extrusion of excess material, and making the end
portions of the neighboring toolpaths tighter. The two schemes we
propose have an equal number of bulges for the same parameters m.

10

However, since the bulges are more prominent in Scheme 2, it has a
stronger resistance to shear, which can be seen from the roughness
of both sections. On the other hand, the destruction of the structure
requires additional energy to be driven, which requires the application
of higher loads compared to the planar toolpath approach that only
destroys the interlayer bond. This is the reason why both of our schemes
can provide stronger mechanical properties.

In the bonding test (see Fig. 13b), due to the principle of additive
manufacturing layer-by-layer stacking, the mechanical properties are
mainly affected by the interlayer bonding force. The magnitude of the
interlayer bonding force is related to the tightness and contact area of
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Table 2
The statistics of all physical tests for Scheme 2 (averaged across three trials).
Project Infill pattern Breaking force Fracture strain Stiffness Toughness Filament Fabrication
N) (mm) (N/mm) (J/mm?) consumption (g) time (sec.)

m=2 5917.0 3.0 - 8279.1 17.5 6136
m=4 5177.1 3.2 - 8265.6 17.0 4194

Shear m=6 4832.4 3.4 - 9226.0 16.8 3434
m=8 4828.0 3.3 - 8683.2 16.6 3034
m=10 4666.9 3.2 - 8059.2 16.5 2677
Planar toolpaths 3532.9 2.3 - 4517.5 16.5 1956
m=2 1292.1 9.6 129.6 5519.5 8.1 2831

Bonding m=4 1362.6 10.3 127.7 6557.5 8.0 1799
m=6 1319.3 11.2 108.9 6845.8 7.7 1375
Planar toolpaths 1165.5 13.3 102.3 8718.7 8.0 943
m=2 503.1 4.6 133.7 1004.2 21.5 6335
m=4 454.9 4.1 124.9 764.8 20.7 4433

Compression m=6 408.1 4.1 123.3 727.6 20.5 3570
m=8 461.8 3.9 128.2 778.6 20.4 3134
m=10 449.1 3.7 129.0 764.0 20.0 2677
Planar toolpaths 431.6 4.1 115.6 693.0 19.8 1790
m=2 839.3 1.3 963.2 501.0 9.2 2816
m=4 776.7 1.3 846.2 465.7 8.8 2086

. m=6 744.7 1.4 809.4 466.8 8.6 1839

Tensile
m=8 751.0 1.3 772.6 489.9 8.6 1749
m=10 486.7 0.9 690.9 191.0 8.6 1627
Planar toolpaths 532.7 1.0 711.6 199.1 8.3 1363

Fracture specimens S;:r::rzn)e 1 Sz:g:rzn)e 2 Planar toolpath

Shear test
1mm/min

Bonding test
1mm/min

Compression test
60mm/min

Tensile test
60mm/min

Fig. 13. 3D video microscope images of the surfaces of the four test pieces after fracture. a The Shear test at 1 mm/min. b The Bonding test at 1 mm/min. ¢ The compression

test at 60 mm/min. d The tensile test at 60 mm/min.

the toolpath between two layers. The two schemes we propose have un-
dulating toolpaths up and down, and when the deposition head prints
downward, it has the effect of “plowing”, which produces extrusion
on the toolpath of the lower layer. At the same time, the undulating
toolpath has a larger contact area. In cross-section, our scheme shows

11

a rougher surface, precisely because the layers are closer together.
In contrast, the interlayer contact of the planar toolpath is not tight
enough, and although the perimeter of the section has excess material
that is extruded, resulting in good bonding around the perimeter, the
overall bonding is not as strong as that of our proposed scheme.
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legend, the reader is referred to the web version of this article.)

In both compression and tension experiments, the fracture surfaces
showed two main damage modes because the main load direction
was vertical to the model construction direction. One is that the load
direction is vertical to the toolpath direction, resulting in cracking
between two adjacent toolpaths. This affects the performance of the
specimen due to the relatively weak connection between the toolpaths.
The other is that the load direction is parallel to the toolpath direction,
when the structure of the toolpath itself is mainly damaged, and thus
the fracture surface exhibits a rough character. All the specimens we
used were printed in a layer-by-layer staggered manner. Therefore,
from the fracture surface, it can be observed that half of the layers
are cracked at the connection of neighboring toolpaths, and the other
half of the layers are the destruction of the structure of the toolpath
itself. However, as can be seen in Fig. 13a and b, the connection
between the two neighboring toolpaths in our proposed scheme is much
tighter, unlike the planar toolpath approach where gaps between the
toolpaths. This advantage is attributed to the fact that the toolpaths
have a “dumbbell” shape. As a result, it can be observed in Fig. 13c and
d that the cracked section at the toolpath connection is rougher than
the planar toolpath section in the layer where the toolpath direction is
vertical to the loading direction, so more load is required to damage
the specimen fabricated by our scheme.

4. Future perspectives

In this study, we designed two interlaced printing toolpath schemes
for a conventional FFF 3-axis printer. Compared to the traditional
planar toolpath method, these schemes not only have better in-plane
mechanical properties but also greatly enhance interlayer shear resis-
tance and bonding force. Compared to the non-planar toolpath methods
in other studies, the proposed schemes are highly adaptable. For ex-
ample, since they consist of numerous single toolpaths with periodic
undulations. There can be many variants and infill structures with
different infill densities for complex models of various sizes. Moreover,
these schemes can effectively enhance the mechanical properties of the
layers as shown in Section 3.2.

The interlaced printing toolpath method developed in this study
can be further improved to degrade and selectively print models. For
example, since the average thickness of each layer of the proposed
schemes is (k. + h,;,)/2, the different toolpath schemes can be
used for different regions of the same model, as shown in Fig. 14a.
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From bottom to top, the deposition toolpaths are the planar toolpaths,
Scheme 2, Scheme 1, the hybrid for Scheme 2 and the planar toolpaths,
the hybrid for Scheme 1 and the planar toolpaths, and the hybrid for
Scheme 1 and 2, respectively. If further combined with the shear stress
field after finite element analysis (FEA) or partitioning algorithms, the
mechanical properties can be guaranteed while saving printing time,
an example model is shown in Fig. 14b. Similarly, the use of external
contours is crucial for aesthetic reasons. Our approach can generate
external contours of a certain thickness on the outside and employ a
planar toolpath approach at the first and last layers to enhance the
surface accuracy of the model (see Fig. 14d and e).

Furthermore, we propose the method to make an intermittent un-
dulating motion of the deposition head in the Z-axis direction at a
specific position for each toolpath. Thus, it is not limited to a Zigzag-
like toolpath in the infill structure, as demonstrated in this paper. It
can also be Contour-like, Hilbert-like, Fermat spiral-like, and other
toolpaths. Therefore, our proposed interlaced printing infill structure
can be used as a complete or partial replacement for the conventional
planar infill structure. It can be applied to many models, from high-
precision models with thin-walled structures to large models with infill
structures. Moreover, it can be integrated with concrete printing to
enhance the mechanical properties of buildings (see Fig. 14c).

The proposed strategy has some limitations. For example, the Z-
axis of most 3D printers uses a screw drive, which may reduce the
molding efficiency of our method. In addition, the dynamically adjusted
extrusion rate is subject to errors due to the delay in extruding the
material by the printer. Although we minimized the loss by reducing
the rated print speed, it was not fully resolved. If further improvements
can be made to the hardware, such as trying to change the Z-axis
of the printer to a synchronous belt drive or reducing the distance
from the extrusion wheel to the extrusion head. In terms of algorithms,
machine learning can be introduced to optimize the actual printing
error [54,55]. These methods may be possible to better demonstrate
the advantages of the proposed strategy.

5. Conclusion
In this paper, we present a nature-inspired interlaced printing strat-

egy aimed at enhancing the mechanical properties of the model and
demonstrating its effectiveness experimentally. First, the effect of the
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strategy on the geometry of filaments is analyzed in depth at the micro-
scopic level. Then, we compared it with conventional planar toolpaths
in mechanical experiments, and the results showed that the method
achieved significant results in improving the mechanical properties
of the model, especially in the interlayer mechanical properties. We
further analyzed the reasons for the improved mechanical properties of
the method by observing the sample fracture in different experimental
environments. In addition, since the geometries used in the study were
formed by combinations of periodic toolpaths, the method applies to a
wide range of features, including infill structures, outer walls, etc., and
has the potential for a wide range of applications in a variety of fields,
such as construction, biomedical, and industrial.

In future research, we plan to extend the method to other infill algo-
rithms such as Contour [56], Fermat spiral [57], and even stress-based
toolpath algorithms [49]. At the same time, we consider modifying the
hardware or introducing machine learning techniques to reduce errors
in the additive manufacturing process. This body of work will further
advance the development of interlaced printing strategies to make them
more comprehensive and innovative.
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