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Abstract

This study combined 3D printing technology to design a control system for a small
robotic arm and developed a compact and multi-degree-of-freedom robotic arm 3D
printer. Firstly, the forward kinematics and inverse kinematics of the manipulator
are solved in detail, and then the path is interpolated to realize the high-precision
trajectory planning of the manipulator. This robotic 3D printer can perform com-
plex 3D printing tasks with precision. The research focuses on optimizing the mo-
tion trajectory of the manipulator to ensure the stability of motion and the precision
of printing. The results show that the system significantly improves the dynamic
response and print quality of the printer, makes the printing attitude more flexible,
and expands the diversity of printed products. This research aims to improve the
traditional 3D printer to achieve a multi-purpose machine, improve work efficiency,

and reduce costs. Under the background of "New Engineering Course", combining
theory with practice can improve engineering practice ability and scientific research
innovative thinking.
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1. Introduction

Traditional 3D printers have evolved from basic tools to advanced manufacturing systems, leading to three main
printer architectures. The first, a gantry structure 3D printer, uses a conventional mechanical motion framework,
known as the i3 structure [1]. This printer controls the print head's position via three perpendicular axes (X, Y, Z),
stacking material to form three-dimensional objects. Its design, simple and cost-effective, is popular in personal and
low-cost markets. However, due to its simplicity, it faces limitations in print speed and stability, particularly for larger
objects.

The Delta 3D printer, inspired by Prof. Reymond Clavel's Delta-style parallel robotic arm from the Ecole Poly-
technique Fédérale de Lausanne, is designed for precision. Originally intended for fast manipulation of light objects,
it uses a series of parallelograms for precise print head positioning [2]. Unique in structure, it controls the print head
via three top-mounted motors connected by rods, enabling movement along set trajectories. While its parallel mech-
anism offers stability and speed, making it ideal for high-speed, high-precision printing, its large vertical design limits
the horizontal print area and its complexity could pose maintenance challenges [3].

The XYZ box structure 3D printer marks a significant advancement in 3D printing technology. In this design, the
X and Y axes move in a horizontal plane, while the print base on the Z-axis moves vertically. This efficient use of
space allows for a compact design with a larger print volume. Products like the Einstart series are popular among
schools, designers, and small businesses for their structural stability and print accuracy [4].
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(a) Gantry structure printer (b) Delta printer (c) XYZ box printer

Figure 1. 3D printer.

Gantry and XYZ Cartesian structure 3D printers utilize a Cartesian coordinate system for print head movement,
with X, Y, and Z motion axes perpendicular to each other. This intuitive design enables straightforward motion
control. Motor rotations are transformed into linear movements via a screw or belt, moving the print head or bed
along the specified axis. Axis travel is controlled by motor steps, with each step equating to one pulse signal, allowing
for precise position control [5].

In practical use, Cartesian coordinate system printers commonly use micro stepping for finer stepper motor control,
enabling smaller steps and smoother motion for higher printing resolution [6]. XYZ printers, with precise control
over three independent axes, generally offer higher accuracy and better surface finishes, especially for complex ge-
ometries or fine details.

Delta-style 3D printers use a polar coordinate system with a parallel mechanical structure, where three arms, typ-
ically motors and rods, control the print head's position. This design allows for fast, smooth movement in three di-
mensions, ideal for high-speed printing [7]. However, Delta printers involve complex trigonometric calculations for
coordinate transformation, requiring sophisticated control algorithms. They necessitate forward and inverse kine-
matic calculations at each print task's start, demanding high-performance microprocessors or specialized hardware
for fluid printing execution.

When printing circular arcs, Delta printers' control systems often break the arc into numerous straight segments to
approximate the path, increasing computational demands and potentially impacting print smoothness and accuracy.
The arc approximation's quality hinges on the segmentation's granularity; finer segments yield smoother arcs but
require more computational power and faster control system response [8].

2. Three-Axis Serial Robotic Arm 3D Printer

This study presents a design scheme for a three-axis serial robotic arm 3D printer, as illustrated in Figure 2. Upon
setting the target coordinates, the system first calculates the position deviation (AX, AY, AZ) between the target
position (X, Y, Z) and the current position (Xo, Yo, Zo) of the robotic arm's end effector. To precisely control the
movement trajectory of the robotic arm, this positional difference is decomposed into multiple discrete micropath
segments. For each segment, the system continuously updates the current and target position coordinates and then
employs the forward and inverse kinematics algorithms of the robotic arm to calculate the corresponding joint angle
values.

To guarantee smooth motion and prevent vibrations in the robotic arm, the system uses advanced kinematic plan-
ning [9]. It adjusts acceleration and velocity curves for smooth joint movements and precisely converts joint angles
into motor pulses for accurate motion control.

During printing, the control system constantly checks the actuator's real-time position against the target position.
If the target isn't reached, it continues outputting control signals to guide the robotic arm along the set trajectory. This
closed-loop control secures path accuracy until the end effector precisely reaches the final target position [10].

Through this method, not only is the positioning accuracy during the printing process improved, but also the accu-
mulation of errors caused by dynamic responses is effectively reduced. In summary, the proposed three-axis serial
robotic arm 3D printer structure can not only precisely control the movement of the print head along a predetermined
three-dimensional path, but also significantly enhance the overall print quality and the smoothness of the robotic
arm's movement through optimized control strategies for acceleration and velocity [11]. The implementation of this
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technology provides an effective solution for the 3D printing of complex shapes and fine features.

Target Driving the Robotic
Arm movement

Linear Approxima-

. Motion Planning
tion

Forward and In-
verse kinematics
calculations

Three-axis Angle
Values

Figure 2. Technical line of research for tandem robotic arm 3D printers.
3. Forward and inverse solution calculation for a robotic arm 3D printer

As shown in Figure 3, to achieve the movement of the robotic arm to the set target coordinates, these spatial
coordinates must be converted into corresponding angle values for each joint axis of the robotic arm. This process
involves complex kinematic calculations, namely forward and inverse kinematic analysis. Initially, the target position
is defined as a point in the coordinate system, and the forward and inverse kinematics of the robotic arm translate
these points into joint angles. Forward kinematics involves calculating the spatial position of the robotic arm's end
effector based on known joint angles. Then, inverse kinematics is the reverse operation of this process, which involves
deducing the required angular configuration of the robotic arm's joints based on the desired target position.

(a) 3D Robot arm (b) Coordinates (c) Angle solution diagram

Figure 3. Forward and inverse solution calculation for robotic arms.

To solve inverse kinematics, it is first necessary to establish a geometric model of the robotic arm's joints and link
lengths. Then, by applying trigonometry and matrix operations, a set of solutions for joint angles can be obtained,
which will guide the movements of the robotic arm [12]. Based on this, path planning is also required to ensure that
the acceleration and velocity of the robotic arm during movement meet specific dynamic constraints, thus avoiding
unnecessary vibrations in joint movements [13]. The following are the specific steps needed to solve for a,  and the
angle of horizontal motion vy for the positive inverse solution:

1) Given the Cartesian coordinates (7%, 7,, %) of a target point in 3D space, the projection distance of the robotic
arm on the horizontal plane can be calculated, which then allows the computation of the horizontal motion angle y
required for the rotation of the robotic arm base.

7:arctan(Ty/TX) @)

2) Calculate the straight-line distance » from the base of the robotic arm to the target point on the horizontal
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plane:
r=\T+T} (2)
3) The vertical distance / from the base of the robotic arm to the target point is:
h=T, 3)

4) Assuming the robotic arm has two segments, with the first segment length from the shoulder to the elbow being
d; and the second segment length from the elbow to the wrist being d>, the angles of the two joints & and £ can be

calculated within the vertical plane passing through the target point:

a =arctan (h/r)+ arccos [(dl2 +R—d; )/(Zle)} 4)

ﬁzarccos[(aﬁ2 +d; - R )/(2d1d2 )] (%)

In the formula, R =+/r* +h*> represents the straight-line distance from the first joint of the robotic arm to the
target point.

In this context, o and  represent the angles that need to be reached by the shoulder and elbow joints of the robotic
arm, respectively, while the base's rotation angle is also considered. The two linkages, d; and d>, play a crucial role
in the structural design of the robotic arm as they determine the arm's spatial reach and flexibility in movement.

By integrating the application of forward and inverse kinematics solutions with dynamic planning, precise and
stable control of the robotic arm can be achieved, meeting the requirements of complex 3D printing tasks. This
method significantly improves printing accuracy, reduces printing time, and enhances the stability of the printing
process, making it vitally important for advancing the application of robotic arms in the field of 3D printing [14].

In solving the robotic arm's inverse kinematics, iterative algorithms adjust joint angles to align the end effector
with the target position. Techniques like the Jacobian inverse method use the relationship between joint and end
effector velocities to refine angles [15]. Each iteration involves calculating the actuator's position, adjusting it based
on the Jacobian matrix, and repeating until the error is minimal. This approach balances algorithm speed with com-
putational stability and accuracy [16]. A portion of the code is as follows:

import numpy as np

def forward_kinematics(joint_angles, link lengths):
# This function should calculate the position of the end effector based on joint angles and link lengths
# Returns the position of the end effector
pass

def compute jacobian(joint_angles):
# This function should calculate the Jacobian matrix
# Returns the Jacobian matrix
pass
def inverse kinematics(target position, initial joint angles, link lengths, tolerance=1e-3, max itera-
tions=1000):
joint angles = np.array(initial joint angles)

for i in range(max_iterations):
current_position = forward_kinematics(joint_angles, link lengths)
position_error = target position - current_position

# If the error is already small, we can stop iterating
if np.linalg.norm(position_error) < tolerance:
break
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# Calculate the Jacobian matrix and its inverse
J = compute jacobian(joint_angles)
J_inv = np.linalg.pinv(J) # Use pseudo-inverse in case the Jacobian is not a square matrix

# Update joint angles
joint_angles +=J inv.dot(position_error)

return joint_angles if np.linalg.norm(position_error) < tolerance else None

# Example: Assumed link lengths and initial joint angles
link lengths =[1.0, 1.0] # Can be modified according to the actual robotic arm
initial_joint angles = [0, 0]

# Target position
target position = np.array([1.5, 1.5])

# Run inverse kinematics solution
solution = inverse_kinematics(target position, initial joint angles, link lengths)
print("Solution joint angles:", solution)

if np.linalg.norm(position_error) < tolerance:
break

# Compute the Jacobian matrix and its inverse

J=compute jacobian(joint_angles)

J_inv =np.linalg.pinv(J) # Use pseudo-inverse in case the Jacobian is not a square matrix
# Update joint angles

joint_angles +=J _inv.dot(position_error)

return joint angles if np.linalg.norm(position_error) < tolerance else None

# Assumed link lengths and initial joint angles
link lengths =[1.0, 1.0] # Can be adjusted according to the actual robotic arm
initial_joint angles = [0, 0]

# Target position
target position = np.array([1.5, 1.5])

# Run inverse kinematics solution
solution = inverse_kinematics(target position, initial _joint angles, link lengths)
print("Solution joint angles:", solution)

In this code, the “inverse_kinematics® function attempts to find a set of joint angles such that the robotic arm's end
effector approaches the target position. Starting from an initial set of joint angles, it iteratively uses the inverse (or
pseudo-inverse) of the Jacobian matrix to calculate the amount by which to update the joint angles, thereby reducing
the error between the current position and the target position. This process is repeated until the position of the end
effector is within a very small threshold of the target position or the maximum number of iterations is reached.

4. Motion Interpolation for Robotic Arm 3D Printer
4.1 Motion Planning

To optimize the motion of a robotic arm along a predetermined trajectory, thereby achieving high precision and
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stability in the 3D printing process, the implementation of precise motion planning is crucial. This planning involves
two key aspects: path planning and trajectory planning. Path planning is responsible for defining a sequence of spatial
points that the robotic arm must traverse, while trajectory planning matches these spatial points with time points,
ensuring that the robotic arm moves along the path in a predetermined sequence [17].

A critical component in both path and trajectory planning is motion interpolation. It involves generating additional
intermediate points between the defined path points to achieve continuous and smooth motion of the robotic arm [18].
The choice of interpolation strategy directly impacts the avoidance of vibrations caused by frequent starts and stops
of the robotic arm during the printing process, thus being vital for the surface quality of the final product, mechanical
stability of the printer, and its long-term durability.

In this solution, velocity planning is implemented using a trapezoidal acceleration and deceleration strategy [19].
This strategy linearly increases or decreases the speed to avoid sudden changes in velocity, as shown in Figure 4.
This model consists of three stages: acceleration, constant speed, and deceleration. During the acceleration phase, the
speed linearly increases from zero to a set maximum value; in the constant speed phase, this speed is maintained; and
finally, in the deceleration phase, the speed gradually decreases until it stops. This trapezoidal acceleration and de-
celeration curve not only helps to reduce mechanical shocks and vibrations but also enhances the accuracy and re-
peatability of the printing process.

v 4

(a) Motion Curve Trajectory (b) Interpolation Points Diagram

Figure 4. Trapezoidal Acceleration-Deceleration Graph.

As shown in Figure 4(a), a trapezoidal acceleration curve is used for velocity curve planning. The acceleration vy
is the rate required for the robotic arm to reach its maximum speed from a stationary state, the initial velocity vy is
the speed at which the robotic arm starts moving (usually 0), the final velocity v, is the speed before the robotic arm
stops (ideally also 0), the intermediate running speed v, is the speed during the uniform motion phase of the robotic
arm, and the total distance S is the overall distance the robotic arm needs to cover during the entire motion cycle.

Acceleration Distance:

S =(V§ —vé)/(2a) (6)
Deceleration Distance:
85y = (vf -v; )/(2a) (7)

Constant Speed Distance:
S, =S§-8 -5, ®)
If 5,>0, the robotic arm has a uniform motion segment, and the total distance of the acceleration and constant
speed segments is.s, =5, +.5, .

When s, <0, the robotic arm needs to decelerate immediately after acceleration, and there is no constant speed

segment, as shown in Figure 4(b). Assuming the speed at the intersection of the acceleration and deceleration seg-
ments is Vi, the relationship is:

s =(v§1 —vé)/(2a) ©)]
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S, =(v2 -vf)/(Za)zvfn =(2as+v§ +vt2)/2:s1 =(2as—v§ +vt2)/(4as) (10)

§=S5, +8, 1n

In practical applications, such dynamic speed adjustment allows for the implementation of different velocity strat-
egies in various printing segments. For instance, reducing speed while printing complex details enhances fineness
and accuracy. This type of velocity planning is crucial for 3D printing robotic arms, as it ensures smooth motion of
the arm during the printing process, prevents vibrations caused by sudden speed changes, and thus enhances the
quality of printing and the reliability of the robotic arm [20].

4.2 Motion Interpolation

To ensure precise curvilinear motion of the robotic arm during the 3D printing process, advanced motion planning
is indispensable. The planning in this solution employs the Linear Approximation method, as shown in Figure 5. It
calculates interpolation points between the start point pi(x1, y1, z1) and endpoint p, (xn, ¥n, zn), facilitating the smooth
motion of the robotic arm along the trajectory. This strategy implements a trapezoidal velocity profile plan on each
micro-segment path.

Y

O

P28
P14 P27
P14 P28 P13
P16
(a) Motion Trajectory (b) Interpolation Points (c) Local Interpolation Points Diagram

Figure 5. Motion Interpolation Diagram.

1) First, calculate the differences X, , »,, and between the target coordinates and the current position coordi-

nates to determine the movement requirements of the robotic arm on each coordinate axis.
X Coordinate:

Xdiff = Xdestination ~ Feurrent (12)
Y Coordinate:

Yiitt = Vdestination ~ Veurrent (13)
Z Coordinate:

Z4iff = Zdestination ~ Zcurrent (14)

In the formula: x4 ... 1S the X-value of the target point, x is the x-coordinate value of the current point.

current
The same applies to the other coordinates.
2) Calculate the Euclidean Distance D, between two points.

Dy =\[Xoy + Yoy + 20 (15)
3) Given the number of segments 7 of the line segment, calculate the length L, ”

Ligngin x = Xayr / n (16)

Llengthj = ydzﬁ" /n (17)

, of each segment.

DOI: 10.26855/acc.2023.12.004 369 Advances in Computer and Communications



Hailu Xu, Xinping Rong

Llengthj = Zdiﬁ' /l’l (1 8)

In the formula: Liengtn x» Liengtny and Liengen , represent the distance that the robotic arm should cover in
each micro-movement, corresponding to the projection lengths on the XYZ axes, respectively.

4) For each segment of the path, calculate the inverse kinematics of the robotic arm to determine the angles for the
three axes. These angles will then be converted into corresponding electric motor pulse counts to achieve precise
control of the robotic arm.

As shown in Figure 6, solving the inverse kinematics for segment L, yields the angles for the three axes, and
similarly, solving for segment L, provides another set of three-axis angles. The pulse counts for the X, Y, and Z
directions between points p14 and p15 correspond to the pulse counts for the respective three-axis movement angles.
By using this method, fine control over the path and speed of the robotic arm can be achieved, significantly enhancing
the quality of 3D printing operations. However, increasing the number of subdivisions directly affects the computa-
tion time of the algorithm, thereby impacting the speed of 3D printing. Therefore, a balance between accuracy and
printing efficiency needs to be found.

pl4 pl5s pl6 p28

L

L2

L3

La

Figure 6. Interpolation Point Calculation Diagram.
5. Experimental Results

In this study, the experimental platform is configured with a Windows 10 x64 operating system, a high-perfor-
mance computing environment equipped with 16GB RAM, and an Intel(R) Core (TM) 17-6500U CPU @2.5GHz.
The development environment is based on the Visual Studio 2013 x64 Integrated Development Environment (IDE).
The control algorithm used in the experiments was compiled and uploaded into the Arduino MEGA2560 microcon-
troller unit (MCU).

In the initial experimental phase, a robotic arm was used for basic shape drawing to verify the accuracy of circular
trajectory planning. The experiments showed high precision in drawing circles. Subsequent writing experiments
demonstrated the robotic arm's ability to mimic human writing, with the program execution and results illustrated in
Figure 7, highlighting its potential for complex tasks.

Figure 7. Diagram of the Robotic Arm Writing and its Operating Program.

In the final experiment phase, we focused on applying a robotic arm in 3D printing. The arm was used to print
precise mechanical parts like gear waterwheels, showcased in Figure 8. Throughout the printing process, the arm
demonstrated impressive stability and accuracy, producing high-quality prints with detailed features and precise
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dimensions. This validated our control algorithm's effectiveness and the hardware's efficiency, also indicating the
robotic arm's potential in broader manufacturing applications.

Figure 8. Robotic Arm-Based 3D Printer and Printed Models.
6. Conclusion

This research project successfully developed and integrated an advanced control system for a multi-degree-of-
freedom robotic arm, greatly enhancing its 3D printing capabilities. By conducting detailed forward and inverse
kinematics analyses, along with intricate path interpolation calculations, the project team was able to significantly
enhance the robotic arm's motion stability and printing accuracy. These improvements were pivotal in elevating the
performance of the arm in complex 3D printing tasks. The trajectory planning strategies implemented were not only
efficient but also adaptable, allowing the robotic arm to execute precise movements and intricate designs, which is a
critical requirement in high-quality 3D printing.

Moreover, the project innovatively enhanced traditional 3D printing mechanisms, which enabled the robotic arm
to perform multiple functions. This multi-functionality has proven to be a game-changer, effectively increasing work
efficiency and reducing operational costs. This breakthrough is particularly relevant in the realm of "New Engineering
Courses" where the blend of theoretical knowledge and practical application is paramount. The study sets a remark-
able precedent in engineering practice, demonstrating how theoretical concepts can be applied to develop innovative
solutions. Additionally, it fosters research innovation thinking, encouraging exploration and creativity in solving
engineering challenges, and thus contributing significantly to the advancement of modern engineering solutions.
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