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Abstract: Additive manufacturing has been applied in many fields, but its layer-by-layer fabrication
process leads to a weak inter-layer bond strength of printed parts, so it cannot meet the higher
requirements for mechanical properties of the industry. At present, many researchers are studying
the printing path planning method to improve the mechanical properties of printed parts. This paper
proposes a method to plan the printing path according to the actual stress of pipe parts, and introduces
the realization process of an algorithm in detail, and obtains the printing control G-code. Additionally, a
5-axis material extrusion platform was built to realize the printing of polylactic acid pipes with plane
and space skeleton curves, respectively, which verified the feasibility and applicability of the method
and the correctness of the planning path with standard material extrusion filaments. Finally, the tensile
and bending experiments prove that axial printing enhances the mechanical properties of pipe parts.

Keywords: 3D printing; mechanical properties reinforcement; pipe parts; axial printing; 5-axis printing

1. Introduction

Additive manufacturing (AM), also known as 3D printing (3DP), has many advantages, such as
complex structure construction, short shaping cycle and high material utilization rate, so it has attracted
the attention of many scholars worldwide. After decades of development, it has achieved many results
in materials, process, and equipment. It has been widely used in many fields [1-3]. However, AM
technology still has some technical limitations, mainly including layer-by-layer stacking printing process
resulting in a step effect and low surface accuracy, and insufficient adhesion between layers results in
low strength in the Z-axis direction. Taking the most common material extrusion (MEX) process, it is
necessary to produce supporting structures when printing cantilever or hollow parts, so that the printing
time and material costs are inevitably increased. For solving the above problems, researchers in various
countries have carried out a lot of research work on printing path planning methods.

Typical studies in improving the surface quality of parts produced by MEX are as follows. Jin et al. [4]
proposed a slicing procedure and corresponding algorithms to determine the extruder path for a theoretical
3-axis machine; their approach could preserve tiny features on the surface by increasing the number of
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sampling points around small features, and a B-spline was used to approximate the curved surfaces
accurately; however, no real parts were manufactured in their study. By rechecking the path and tool
orientation conditions, Isa et al. [5] proposed a 5-axis path planning method that considers the contour of a
freeform surface to prevent the effect of the staircase effects on hollow and solid components. Ding et al. [6]
proposed a method based on the medial axis transformation path, planning to generate deposition
paths for wire and arc additive manufacturing, which can improve the quality and material efficiency
of thin-walled structures. Feng et al. [7] proposed a direct slicing algorithm of the T-spline surfaces
suitable for MEX, which is precise and reliable enough for practical applications. Xie et al. [8] proposed a
practical B-spline based smoothing algorithm for removing sharp corners on the printing path, and the
experimental results showed that the method is feasible and effective.

Typical studies in reducing or avoiding the support structure are as follows. Lee et al. [9] proposed
a method for generating three-dimensional layer information using an auto-partitioning algorithm,
generated a printing path that can be used for a 5-axis platform, and used structural parts with
cantilever features as examples for verification, which can realize unsupported printing simply and
quickly. Ding et al. [10] proposed a multi-directional slicing method based on the stereolithography
(STL) format CAD model, using the decomposition-regrouping method to achieve unsupported
printing, which is shown to be efficient and straightforward on various tests parts, especially for
geometries with a large number of holes. Xu et al. [11] decomposed the model into support-free parts
directly on the cusp-height constraint, each with its unique build direction, and ultimately eliminated
the use of support by taking advantage of the 5-axis MEX platform. Wu et al. [12] proposed a five
degrees of freedom wireframe printer to print arbitrary grids, developed and applied a collision-free
algorithm for local minimum area motion on the edges, and completed the printing of arbitrary
wireframe grids, reducing the printing time and material cost of the model. Zhao et al. [13] proposed
two nonplanar slicing approaches that are a decomposition-based curved surface slicing strategy;,
and a transformation-based cylinder surface slicing method, and experimental results proved the
support structures and layers number are reduced. Xu et al. [14] proposed a curved layer-based process
planning algorithm for multi-axis printing of an arbitrary freeform dense part, which is effective and
feasible in eliminating the need for supporting structures. Dai et al. [15] proposed a five degrees of
freedom (DOF) 3D printing algorithm, which can quickly and efficiently calculate the possible material
deposition path, so that the fabrication can be performed in a support-free way. Khan et al. [16]
proposed an improved Chopper model block unsupported printing method based on the algorithm of
binary space partitioning (BSP) tree generation, which can divide large complex models into advanced
small models for block 3D printing, and finally, glued the individual components to realize the model
without support printing. Zhao et al. [17] proposed an approach of printing overhanging structures
using inclined layer printing technology, which can easily print complex models with ordinary MEX
printers, without generating supporting structures.

Typical studies in improving the mechanical properties of MEX parts are as follows.
Dickson et al. [18] solved the problem of non-interaction between layers of fiber-reinforced composite
materials, by printing a 0/90 woven structure in one layer and carried out open-hole tensile tests.
The tensile strength of the printed sample of this woven structure was 44% higher than that of the
punched specimen. Sugiyama et al. [19] used a continuous carbon fiber 3D printer to manufacture
sandwich structures with honeycomb, rhombus, rectangle, and circle core shapes as a single piece.
Three-point bending tests showed maximum load, and flexural modulus increased as the effective
density increased for all core shapes, but the rhombus core shape was the strongest. Bin et al. [20] used a
3D printer on a robot arm to realize multi-plane layered printing. Compared with the tensile specimen
produced by a traditional 3D printer, the elastic modulus, yield strength and ultimate tensile strength
of the tensile specimen in the upright printing orientation have been improved. Huang et al. [21]
proposed a curved layer adaptive slicing algorithm, combining adaptive flat layer and curved layer
slicing together. The three-point bending test for different thickness of the curved layer proves that
the thicker the curved layer is, the better the mechanical properties are. Lim et al. [22] applied the
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surface layer printing method to the 3D printing process of concrete, and compared with the existing
flat printing path; the surface strength was higher. Tam et al. [23] used a six-axis industrial robot
arm to deposit the filaments along the path derived from the principal stress line and applied 2.5D
surface geometry to improve the strength of the print. According to stress calculations from a finite
element analysis of the components, Xia et al. [24] constructed the tool path parallel to the direction
of maximum principal stress, which efficiently improves the mechanical performance of the printing
specimen, but this method was only applied to the plane layer.

It can be seen that, initially, path planning algorithms had the aim to improve the surface quality of AM
printed parts, and reduce or avoid support structures. However, path planning algorithms have started to
be used to improve the mechanical properties of 3D printing parts, mainly by changing the printing path of
flat or curved layers [18-24]. To our knowledge, no print space path method has been used to increase the
mechanical performance of printed parts. Therefore, this paper aims to enhance the mechanical properties
of equal-section pipes and studies the method of planning the printing path according to the actual stress
of the pipes. Finally, a multi-axis MEX platform was built to achieve enhanced printing along the force
direction, with standard polylactic acid (PLA) filaments. Moreover, through mechanical testing, we aim to
verify the feasibility of the method and the correctness of the planned path.

2. Printing Scheme of Pipe Parts

2.1. Stress Simulation Analysis of Pipe Parts

Pipe parts are mainly subjected to tensile and bending forces in practical applications. The
finite element analysis method can be used to simulate these loading situations. Figure 1 shows the
simulation of pipe parts subjected to tensile forces, and Figure 2 shows the simulation of pipe parts
subjected to bending forces. Using conventional MEX processes, higher stresses concentrate in the
inter-layer space, and thus, when the pipes are pulled, the printed parts are easily damaged, due to the
small bonding force between the layers. Due to the influence of the staircase effect, when the pipe
parts are under pressure, printed pipes are prone to stress concentration at the interlayer, which may
easily cause failures. Therefore, printing along the axial direction of the pipes can avoid the above
effects, thereby enhancing the mechanical properties of the printed pipe.
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Figure 1. Tension simulation analysis.
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Figure 2. Three-point bending simulation analysis.
2.2. Axial Printing Basic Scheme

If the pipe parts are placed horizontally, the pipe parts can also be formed along the axial direction,
adopting the traditional three-axis printing method. However, this method utilizes a lot of support
material inside the pipe parts, inevitably resulting in material waste, difficult support removal and easy
damage to the printed parts in the stripping process. To achieve both axial printing and unsupported
printing, improving the freedom of the printing platform is one of the solutions. Therefore, this paper
designs and develops a 5-axis MEX platform by adding the swing axis (A-axis) and the rotation axis
(C-axis), based on the original X/Y/Z moving axis. The schematic diagram of the platform structure is
shown in Figure 3.

Figure 3. Schematic diagram of the 5-axis material extrusion (MEX) platform structure.

The printing process, adopting the 5-axis MEX platform, is shown in Figure 4. First, the
layer-by-layer printing method is used to print a support pipe. Second, rotate A-axis of the platform by
90° so that the support is placed horizontally. Third, the printing nozzle prints the surface path along
the axis of the pipe parts. After completing one single path, the C-axis rotates for a certain angle, the
next path is printed, and so on, until the surface of the whole pipe part is entirely printed. The rotation
angle of the C-axis is related to printing accuracy. Finally, rotate A-axis by 90° in the opposite direction
to restore the initial position and remove the finalized pipe part.



Appl. Sci. 2020, 10, 4680 50f19

(N "7
-P-P-

Figure 4. The printing process for axially reinforced pipes.

3. Path Planning Method for Axial Printing

3.1. The Path Planning Algorithm Flow for Axial Printing
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The flow of the path planning algorithm along the axial printing of pipe parts is shown in Figure 5.
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Figure 5. The path planning algorithm flow for axial printing.

The specific implementation steps of the algorithm are as follows.

Input the STL file of the pipe part model, which is modeled and exported by using Solid Works
(Dassault Systémes, Vélizy-Villacoublay, France).

The skeleton point set of the model is obtained through the STL file of the model. The skeleton
point set is fitted to obtain the skeleton curve equation of the model.

The bottom point set of the model is obtained through the STL file of the model. The bottom
point set is fitted to obtain the bottom curve equation of the model.

Slice along the direction perpendicular to the tangent vector of the skeleton curve, to obtain the
tangent plane of the model, as shown in Figure 6. The coordinate points on the tangent plane of
the model are obtained by the skeleton curve equation and the bottom curve equation.

The nozzle direction corresponding to the coordinate point of the model is not along the Z-axis,
so the current nozzle direction should be rotated to the direction of the actual printing, and the
coordinate point corresponding to the nozzle rotation is the coordinate point of the actual printing.
Obtain the actual printed coordinate points and the rotation angle corresponding to the platform,
and output G-code.
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Tangent plane\

Figure 6. The slicing method of pipe parts model.

3.2. Skeleton Curve Extraction and Parameter Calculation

3.2.1. Skeleton Curve Extraction

Figure 7 shows the skeleton curve extraction process of the pipe part model.
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Figure 7. Skeleton curve extraction process: (a) Designed model, (b) Stereolithography (STL) file, (c)
Point cloud, (d) Skeleton point, (e) Skeleton curve.

First, the target model is designed (Figure 7a), and the STL format file is obtained (Figure 7b).
Secondly, the point cloud model file (Figure 7c) is extracted from the data of triangular surface in the
STL file, and the skeleton point set of the model (Figure 7d) is extracted by the mean curvature flow
(MCF) algorithm. Finally, the skeleton point set is fitted by the Bezier curve fitting method, to generate
the skeleton curve (Figure 7e). The curve equation generated by fitting is as follows.

xs(u)
S(u)= { ys(u) 0<u<l 1
zs(u)

The curve equation can be adjusted according to the value of u. When u = 0, the coordinate point
of the equation is located at the coordinate origin.

3.2.2. Calculate the Coordinates of the Cross-Section Points and Their Tangent Vectors

The cross-section point is the intersection point between the tangent plane and the skeleton curve.
The model slicing method is to slice along the direction perpendicular to the tangent vector of the
skeleton curve. The skeleton curve is segmented, on average, to simplify the calculation. The arc
length of the skeleton curve between the tangent planes is the same, and when the number of the
tangent planes is more, the accuracy of the printing route is higher. According to the actual accuracy
requirements, the arc length of each section is set to Sm. According to the integral formula of the arc
length, the total arc length S is as follows.

1
S = f \/x’s(u)2 + ]/’s(u)2 +2/¢(u)du )
0
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In this paper, the arc length S is calculated by a numerical integration method, then the number of
slice layers is LayerNums = 1+ S/S;;, and the number of layers is rounded, then the new arc length
value is S, = S/ (LayerNums — 1).

From the starting point of the skeleton curve to the i segment, the total arc length value is:

S(u;) = fo ’ () 4y () + 2o () = i X S, @)

The value of u; can be obtained from Equation (3), so the coordinate of the cross-section
point is P(u;) = (xs(u;),ys(u;),zs(u;)), so the tangent vector of this point is 7; = P(u;) =
(xs/(ui)/ys/(ui)rzs/(ui))-

3.3. Bottom Curve Extraction and Parameter Calculation

3.3.1. Bottom Curve Extraction

Figure 8 shows the extraction process of the bottom curve of the pipe part model.

(@) ® ©

(d) () M
Figure 8. Bottom curve extraction process: (a) Designed model, (b) STL import, (c) Position adjustment,
(d) Model slice, (e) Bottom points, (f) Bottom curve

Import the STL file into the Repetier-Host software (Hot-World GmbH & Co. KG, Willich, Germany),
make the end face of the model coincide with the bottom of the receiving platform by adjusting the
position of the model, and obtain the coordinate point set of the contour outside the first layer of the
model through the traditional slicing method. By fitting these point sets with MATLAB (The MathWorks,
Inc., Natick, MA, USA), the equation of the outer contour of the first layer is obtained, which is called the
bottom curve equation. The equation of the bottom curve generated by fitting is as follows.

xc(t)
L(t) =13 ye(t) 0<t<2m 4)

z:(t)

The bottom curve equation is adjusted, so that the center point of the image displayed by the
equation is at the origin of coordinates.

Where z.(t) = 0, and the point Q(0) = (x.(0),y.(0),0) is the starting point coordinate of
the equation.
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3.3.2. Calculate the Coordinates of the Bottom Curve Equation

The position of the coordinate point of the bottom curve equation is the starting point of each
path when printing. When printing, the width of each path is the same, denoted by L,;, according to
the arc length integral formula, the arc length L of the bottom curve equation is:

271
— ’ 2 ’ 2
L= [ eyt ©)

Then, the number of printed paths is PathNums = L/L;,, and by rounding the number of paths,
the new arc length value is L, = L/PathNums. The total arc length value from the starting point of the

equation to the j segment is:
g 2 2 ,
L(t;) = f NFe (D 4y (02t = jx Ly (6)
0

The value of t; can be obtained from Equation (6), so the coordinate of the j+ 1 point is

Q(tj) = (xe(tj) ve(t;),0)-

Where, t; is the angle between point Q(0) and point Q(t j) to the origin, as shown in Figure 9.

Y

/' 20
N 70

Figure 9. Angle position.

3.4. Tangent Plane Coordinates Acquisition

In the case of obtaining the coordinates of the section points of the skeleton curve and its tangent
vectors and the coordinates of the bottom curve equation, the coordinate point set on any tangent
plane can be obtained by utilizing the coordinate system transformation.

The transformation of the three-dimensional coordinate system, which is essentially the
transformation of the origin and the orthogonal basis vectors, is represented by translation and
rotation in space. According to the computer graphics theory, two graphs with different positions and
the same shape in space can reach the position of another graph through the transformation of the
coordinate system. As shown in Figure 10, shape A reaches the position of shape B through rotation,
and then the position of shape C is obtained through translation.

R 8

B
Figure 10. Shape transformation.

The transformation of the position between two shapes can be viewed as the transformation
between vectors that are perpendicular to the shape. Figure 11 shows that the vector T1 parallel to the
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Z-axis can be converted into a vector T4 through the transformation of the coordinate system. First,
rotate the vector T1 counterclockwise by 6 around the Y-axis to obtain the vector T2. Next, rotate the
vector T2 counterclockwise by 6 around the Z-axis to obtain the vector T3. Finally, the vector T3 is
moved from the origin O to the point P, to obtain the vector T4.

Simultaneously, with the vector transformation on the shape, the coordinates of the points on the
shape also change correspondingly. Knowing the coordinates of the shape A, the coordinates on the
shape C can be obtained after the coordinate system transformation. Therefore, when the coordinates
of the bottom surface are known, the coordinate value of the point set on any tangent plane of the pipe
part can be obtained by the method of coordinate system transformation.

Figure 11. Vector transformation: (a) Y-axis rotation, (b) Z-axis rotation, (c) Translation.

The transformation of the coordinate axis is realized by matrix transformation.
The rotation matrix around the Y-axis is:

cosu 0 -—sinu
RotY(u) = 0 1 0 (7)
sinu 0 cosu

The rotation matrix around the Z-axis is:

cosu sinu 0
RotZ(u) =| —sinu cosu 0 8)
0 0 1

The moving distance is the distance from the point on the skeleton curve to the origin:
T(u) = 0 1 0 )

where, 0 and 6 are calculated as follows.
The tangent vector of the cross-section points on the skeleton curve is:

P(u)) = (s (), i (), 2 s (7)) (10)

The modulus of the tangent vector at the cross-section point is:

P(uy) |= s () + v () + 2's(a)? a1

The following can be obtained from the geometric relationship:

z's(u;
0; = arccos s(11)

(12)

’

|P(u;)
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"o (ui)
s (ui)
The coordinates of the bottom curve are Q(t]-) = (xc(t]-), yc(t]-), zc(tj)) and are represented as a

matrixas Q(tj) = | x(t) we(t) =(t) |

Then, the coordinate value of any point on any tangent plane can be expressed in the matrix form

<

0; = arctan (13)

=

as:
Qi,j = Q(tj) x RotY(6;) x RotZ(5;) x T(u;) (14)

where, Q; ; is the matrix form of the coordinate value of the point on the j+ 1 path on the i +1
tangent plane.

3.5. Print Coordinates Acquisition

Through the transformation of the three-dimensional coordinate system, the coordinate points on
any tangent plane are obtained. The direction of the nozzle corresponding to these coordinate points is
parallel to the direction of O — Q(t j), as shown in Figure 12. Where the point O is the center point on

the bottom curve, and the point Q(t j) is the coordinate point on the bottom curve. Simultaneously, the
direction of the nozzle is not parallel to the direction of the Z-axis, so the direction of the current nozzle
should be rotated to the direction parallel to the Z-axis.

Nozzle :
Q(t)
Figure 12. Nozzle direction.

The rotation of the model coordinate points causes the nozzle to rotate. First, rotate the model
in Figure 12 clockwise by 90° around the Y-axis, to obtain the position in Figure 13. Then, rotate the
model ¢; clockwise around the Z-axis, so that the nozzle direction is parallel to the Z-axis. Finally, the
entire model is shifted from the position of point O to the position of point H. Where point H is the
position where the printing support is located, and point H is on the rotation center of C-axis.

Figure 13. Get print coordinates.

The coordinate value of point H is determined by the structure of the printing platform and the
support length. The matrix form of the coordinate value of point H is H = [ XH YH ZH ]
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The translation matrix of the model is:

1 0 0
Tw=| 0 1 0 (15)
XH YH ZH

Therefore, the matrix form of the coordinate value of the point on the printed path can be
expressed as:
s
Fij= Qi X RotY(E) X RotZ(tj) x Ty (16)
where, F; j is the matrix form of the coordinate value of the point at which the j + 1 path is located on
the i + 1 tangent plane.

The points Fo j, F1,j, ... , Fy,j are connected to form a printing path. Where, 0 < j < PathNums, and
n is the number of slice layers. For each printed path, rotate the C-axis by ¢; — ;1.

3.6. Path Simulation Results

Based on the above algorithm, Python was used to write programs and output G-codes. The
simulation results of Repetier-Host software were shown in Figure 14.

Gip =

(al) (b1)
iy -
(a2) (b2)
e
(33) (b3)
\
(a4) (bd)

Figure 14. Print path simulation results: (al) Before rotation, circular section and plane single segment
curve, (a2) Before rotation, elliptic section and plane single segment curve, (a3) Before rotation, circular
section and plane multi-segment curve, (a4) Before rotation, circular section and space curve, (b1) After
rotation, circular section and plane single segment curve, (b2) After rotation, elliptic section and plane
single segment curve, (b3) After rotation, circular section and plane multi-segment curve, (b4) After
rotation, circular section and space curve.

Figure 14 shows the simulation results of the print path. Figure 14a shows the simulation results
before the nozzle is rotated, and Figure 14b shows the simulation results after the nozzle is rotated,
that is, the nozzle’s moving path during the actual printing.

The first group of pictures (Figure 14(al,b1)) represents the simulation results of the circular section
shape of the pipe parts, and the skeleton curve of the plane single segment curve. The second group of
pictures (Figure 14(a2,b2)) represents the simulation results of the pipe parts with an elliptic section,
and a skeleton curve with a plane single segment curve. The third group of pictures (Figure 14(a3,b3))
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represents the simulation results of the circular section shape of the pipe parts and the skeleton
curve of the plane multi-segment curve. The fourth group of pictures (Figure 14(a4,b4)) represents
the simulation results of the circular section shape of the pipe parts and the skeleton curve of the
space curve.

The simulation results show that the algorithm in this study is not only applicable to the pipe
parts whose skeleton curve is a plane curve, but also applicable to the pipe parts whose skeleton curve
is spatial. The algorithm of this study has some generality to realize the axial printing along the pipe.

4. Five-axis 3D Printing Platform Development and Test Verification

4.1. Development of a 5-axis 3D Printing Platform

This paper describes a self-developed 5-axis MEX platform utilized for the printing verification of
the algorithm, as shown in Figure 15. The rotation range of A-axis is +90°, and the C-axis is equipped
with a conductive slip ring, which can be rotated at any angle. The platform adopts ATMEGA 2560 as
the main control chip of the lower computer to control the five motion axes and the extruder motor,
and uses Marlin Rumba series firmware to communicate with the computer, to realize the multi-axis
motion control.

Figure 15. 5-axis 3D printing platform.

The material used for the validation of the algorithm and the developed 5-axis platform was
standard PLA filaments from (Rambo Printing Consumables Co., Ltd., Ningbo, China). Three colors
(green, red and yellow) were selected, but all of them had similar specifications and processing
recommendations, as given by the manufacturer (Table 1).

Table 1. Material specifications and processing recommendations for polylactic acid (PLA)
filaments used.

Specification Value
Density 1.25 + 0.05 g/em?®
Melt flow index (190 °C 2.16 kg) 5-7 g/10 min

Water absorption 0.5%

Maximum tensile stress >60 MPa

Bending modulus >60 MPa
Elongation at break >3.0%

Filament diameter 1.75 mm
Printing temperature 195°C

Hotbed temperature 50 °C
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4.2. Experimental Results and Analysis

4.2.1. Print Result Analysis

First, the inner surface of the part to be printed is extracted, and the pipe support is printed using
the traditional 3D printing method according to the conventional slicing. It should be noted that the
support should be in the center of rotation of the platform. Then, rotate A-axis by 90° to place the pipe
support horizontally, import G-code outputted by Python, and print it axially. The printing results of a
typical sample are shown in Figure 16.

(c) (d)

Figure 16. Typical print sample: (a) Circular section and plane single segment curve, (b) Elliptic section
and plane single segment curve, (c) Circular section and plane multi-segment curve, (d) Circular section
and space curve.

It can be seen from the printing results in Figure 16 that the G-code outputted by this algorithm
can realize the axial printing of pipe parts. This algorithm can realize the printing of pipe parts whose
skeleton curve is a plane curve (as shown in Figure 16a—c), as well as the printing of pipe parts whose
skeleton curve is a space curve (as shown in Figure 16d). The cross-section of pipe parts can be
arbitrarily closed biaxial symmetric graph. In this paper, the cross-section shape of printed pipe parts
is circular and elliptic, for example. It should be noted that the curvature of the skeleton curve of pipe
parts should not be too large; otherwise, it is easy to cause the collision between the nozzle and the
print piece.

4.2.2. Mechanical Properties Test

Test Samples and Experimental Design

Mechanical tests were carried out to verify the effect of axial printing on the mechanical properties
of pipe parts. Since there is no standard for the direct testing of pipe parts, the test samples were
generated by simulating the axial printing path of pipe parts, and the mechanical testing experiments
were conducted by using the plastic tensile property testing standard GB/T 1040.2-2006/ISO 527-2:1993,
and the plastic bending property testing standard GB/T 9341-2008/ISO 178:2001. The printing material
was PLA with the characteristics given in Table 1, and the testing machine was TY8000 series material
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testing machine (Tianyuan Test Equipment Co., Ltd., Yangzhou, China). The size of the test sample is

shown in Figure 17.
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Figure 17. Test sample size: (a) Tensile sample, (b) Three-point bending sample.

Figure 17a is the standard sample for the tensile test, with a standard spacing of 80 mm, and
Figure 17b is the standard sample for the three-point bending test, with a span of 50 mm.

The thickness of the sample is 4 mm, and the thickness of the layer is 0.2 mm, which makes a total
of 20 layers. To study the influence of axial printing on the mechanical properties of printed specimens,
the number of layers printed along the radial path of the sample was determined according to the
thickness of the actual supporting pipe, and the number of layers printed along the axial path of the
sample was determined according to the thickness of the axial strengthening printing, as shown in
Figure 18.

Axial path ~
e
\ Radial path

Figure 18. The path direction.

To study the enhancement rule of the axial path on the mechanical properties, the radial path is
gradually replaced with an axial path, and a set of samples is printed for every five layers replaced, that
is, the number of axial path layers is 0, 5, 10, 15, 20 layers respectively, with five samples for each group.
The samples with an axial path of zero layers were used as the control group, while the remaining
samples were used as the experimental group. Figure 19 shows a localized view of a printed specimen.
The lower part is the radial path of 10 layers, and the upper part is the axial path of 10 layers.

Axial layers
-

Radial layers

Figure 19. Local diagram of the experimental sample.

The Tensile Test

The standard sample was tensile tested at a rate of 2 mm/min, as shown in Figure 20.
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Figure 20. The tensile test.

The stress-strain curve of the tensile test is shown in Figure 21.
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Figure 21. Tensile test stress-strain curve.

The average maximum tensile stress of the same set of samples, shown in Table 2. Standard
deviation is depicted in brackets.

Table 2. Tensile test the maximum stress of each group.

No. of Axial Layers Maximum Tensile Stress (MPa)

0 34.1 (3.8)
5 39.0 (2.6)
10 42.4(1.0)
15 47.2 (2.8)
20 51.6 (1.5)

The data in Table 2 are represented by a graph, as shown in Figure 22. The horizontal axis
represents the number of layers printed in the axial direction, and the vertical axis represents the
maximum stress value of the tensile experiment. Increasing the axial layers and the decreasing radial
layers, the tensile stress of the print increases by an average of 2.6% for each additional layer of axial
layers, which proves that the axial printing does have an enhancement effect, and the enhancement
effect is also improved with the increase of the number of reinforcement layers.
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Figure 22. Tensile test the maximum stress of each group.

It is essential to point out that, even when all the layers are in the axial direction, the maximum
tensile stress given in the material specifications (Table 1) is not reached. These low tensile properties
indicate the presence of voids between the deposited layers. The current algorithm does not solve this
issue, but this should be investigated in future studies.

Three-Point Bending Test

In the three-point bending experiment, the downward part of the printed piece is stretched, and
the upward part is compressed. When the downward part of the printed piece is stretched, stress
concentration is likely to occur. The purpose of this experiment is to verify that the axial path reduces
the influence of stress concentration, thus enhancing the mechanical properties of the printed piece.
Therefore, in the three-point bending experiment, the axial path of the sample piece is downward,
while the radial path is upward.

Three-point bending test was performed on standard specimens (Figure 17b), and the compression
speed was 2 mm/min. The experimental set up is shown in Figure 23.

Figure 23. Three-point bending test.

The stress-strain curve of the three-point bending test is shown in Figure 24.
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Figure 24. Representative three-point bending test stress-strain curve.

The average maximum bending stress of the same set of samples are shown in Table 3. Standard
deviation is depicted in brackets.

The data in Table 3 are represented by a graph, as shown in Figure 25. It can be seen from the
experimental results that the strength of the printed pieces with 5 axial layers is 38.5% higher than that
with 0 axial layers. However, as the number of axial layers continues to increase, the strength of the
printed pieces does not increase significantly. Therefore, axial printing can reduce the impact of stress
concentration on the printed piece, thus enhancing the mechanical properties of the printed samples.

Table 3. Three-point bending tests the maximum stress of each group.

No. of Axial Layers =~ Maximum Bending Stress (MPa)

0 64.4 (2.5)
5 89.2(1.7)
10 95.9 (1.3)
15 95.1 (1.4)
20 102.0 (1.8)
105
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Number of layers printed along the axis
Figure 25. Three-point bending test of the maximum stress of each group.
By simulating the path of axial printing to carry out the mechanical test; although it cannot wholly

reflect the real situation of the force on pipe parts, it can show to some extent that axial printing can
improve the mechanical properties of the printed parts.
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5. Conclusions

Given the weak mechanical properties of MEX parts along the Z-axis, this paper proposes the
method of axial printing along pipe parts to enhance their mechanical properties. The neutral skeleton
curve equation and the bottom curve equation of the model are obtained through the STL file derived
from the model. The coordinates on any tangent plane are obtained through the transformation of the
coordinate axis, and the coordinate points on each tangent plane are connected, that is the printing
path. The axial printing algorithm is implemented through a self-developed 5-axis printing platform.
It is shown that axial printing can improve the mechanical properties of PLA printed specimens by
tensile and three-point bending tests.

The algorithm proposed in this paper is adequate for pipe parts whose section shape is biaxially
symmetric, but it is not applicable for those whose section shape axisymmetric. For pipe parts with a
more pronounced skeleton curvature, a collision between the nozzle and the print may occur during
the fabrication process. This paper does not put forward the judgment condition of collision. In the
process of multi-layer printing, there are gaps between layers, and this algorithm does not implement
gap filling, that can substantially improve the mechanical properties of the printed parts. Future work
should revolve around these questions.
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