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Abstract: This paper presents a novel three-dimensional (3D) minimally actuated serial robot (MASR)
and its unique kinematic analysis. Unlike traditional robots, the 3D MASR features a passive arm
devoid of wires or motors, comprising passive rotational and prismatic joints. A single mobile
actuator (MA) traverses the arm, engages designated joints for operation, and locks them in place
with a worm gear setup. A gripper is attached to the MA, enabling object transportation along the
arm, reducing joint actuation, and optimizing task completion time. Our key contributions include
the mechanical design, and in particular the robot’s passive joints with their automated actuation
mechanism, and a novel optimization algorithm leveraging neural networks (NNs) to minimize task
completion time through advanced kinematic analysis. Experiments with a physical prototype of the
3D MASR demonstrate its major advantages: it is remarkably lightweight (2.3 kg for a 1 m long arm
and a 1 kg payload) compared to similar robots; it is highly modular (five joints R and P actuated by
a single MA); and part replacement is effortless due to the absence of wiring along the arm. These
features are visually depicted in the accompanying video.

Keywords: serial robots; minimal actuation; mechanical design; mobile actuator; inverse kinematics;
path planning

1. Introduction

Conventional serial robots typically consist of multiple rigid links interconnected
by actuated joints. Most commercially available models in three-dimensional space offer
four to seven degrees of freedom. However, these traditional robots often struggle to
perform tasks in narrow or confined areas, which limits their use in certain industries
and impacts their commercial viability. Hyper-redundant robots, also known as snake
robots, have attracted growing attention for their ability to maneuver around obstacles in
confined spaces [1]. Over the past few decades, extensive research has produced numerous
configurations and mechanisms for diverse applications, including search-and-rescue
operations [2—6], maintenance tasks, and minimally invasive medical procedures [7-10].
Their lightweight design, associated with continuum robots, also makes them potential
candidates for planetary exploration and space satellite maintenance [11-13]. Despite their
advantages, the high dimensionality of highly redundant serial robots makes controlling
and planning motion challenging.

In previous works, we introduced two innovative designs to address the complexities
associated with the kinematics, actuation and dynamic modeling of these robots. The first
was a minimally actuated reconfigurable track robot [14], which simplified kinematics and
actuation. The second was the minimally actuated serial robot (MASR) [15,16], featuring
a serial robot with a mobile actuator (MA) that traversed its links to rotate its joints.
The MASR combined the advantages of minimally actuated and hyper-redundant robots
by offering enhanced reliability, reduced weight, lower costs, increased modularity, and
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simplified modeling due to its kinematic chain properties. These robots are particularly
well-suited for applications where low weight is prioritized over high speed, such as in
space exploration and agriculture.

Despite these advances, the design of the 3D MASR presented unresolved challenges,
particularly concerning its kinematics. One key issue remained the determination of an
optimal solution for the MASR’s specific inverse kinematics (IK) problem, which involves
finding an IK solution for the desired gripper position in Euclidean space by optimizing
the MA’s movement to activate the joints and sequentially determine the final position. IK
methods are generally divided into analytical and numerical approaches. While analytical
methods offer closed-form solutions, they are often impractical for complex and redundant
robots like the 3D MASR [17]. Numerical methods, typically based on least squares
and gradient descent, apply to a broader range of kinematic chains [18], but they suffer
from inconsistent convergence rates and are highly dependent on the initial guess. Over
time, various data-driven learning methods have been investigated to tackle complex IK
challenges [19]. Notably, neural networks (NNs) can manage intricate kinematic systems
and deliver real-time predictions [20-22]. However, these data-driven IK techniques are
designed specifically for traditional manipulators. To respond to these issues, we present an
upgraded 3D MASR robot with several mechanical enhancements. The new arm supports
3D movement through a rotating work-plane joint and features a unique prismatic joint,
both of which utilize high-torque, precise worm gears. These improvements enhance the
robot’s strength, functionality, speed, reliability, and accuracy. In addition, the MA now
includes a gripper, thus allowing for seamless object translation along the links without
requiring arm rotation. The inclusion of an electronic controller and sensors enables
automated, precise control over translation and rotation, as shown in Figure 1.

Figure 1. The newly developed 3D minimally actuated serial robot, 3D MASR, has a passive serial
arm and a single mobile actuator (MA). It is configured with 4 rotational and 1 prismatic joint.

The path-planning algorithm described here incorporates an IK solver based on a NN,
which provides a joint configuration solution that moves the MA to the desired pose given
the current joint configuration, which is optimized for minimal traversal time between
configurations for both the joints and the MA. These actions are minimized using a specially
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designed regularization term tailored for every form of MASR. This approach leverages
the unique advantages of the MA by enabling it to be positioned anywhere along the arm,
thus requiring less joint actuation. Importantly, training the NN does not require extensive
data collection from an actual or simulated robot since it relies on the computation of
forward kinematics.

This paper is organized as follows: Section 2 presents the robot design, and Section 3
covers its control. Section 4 deals with the kinematic analysis, and Section 5 focuses on
the development of a path-planning algorithm that reduces action time. In Section 6, we
present the results of multiple experiments conducted with the robot.

2. Robot Design

The 3D MASR, illustrated in Figure 2, is an easily reconfigurable robot composed
of a passive serial arm with multiple either rotational or prismatic joints without wiring
or motors. A mobile actuator (MA) is incorporated into the robot’s design, allowing it
to move along the links and actuate the joints as necessary. In this specific design, the
MABSR has a total of five degrees of freedom (DOF) and is composed of four rotational
joints and one prismatic joint. At the zero reference position (ZRP), the first joint’s axis is
parallel to the X-axis, whereas the next three joints” axes are parallel to the Z-axis. The last
joint is prismatic. Note that other configurations are possible and that the design is easily
reconfigurable, given that there is no wiring along the links. The total length of the links is
90 cm (105 cm when the prismatic link is extended). The first three links have a length of
20 cm, the length of the fourth link is 10 cm, and the last link can extend from 20 to 35 cm.
A summary of the key specifics of the initial prototype appears in Table 1.

Z-axis rotation
joint
Tracks ‘1,
y % _x v
X-axis
rotation joint _

1 «—Gripper
‘LPrismatic Joint

Mobile actuator
Serial arm Gearbox

Figure 2. Mechanical design of the 3D MASR: a serial arm with five passive joints actuated by an MA
equipped with a gripper.

Table 1. Main parameters of the robot.

Entries Value
Serial arm length 90-105 cm
Serial arm weight 2kg
MA weight 0.3 kg
z-axis joint rotation speed 14 degrees/s
x-axis joint rotation speed 14 degrees/s
Prismatic joint speed 8cm/s
MA travel speed 10 em/s
Maximum payload 1kg

Repeatability 0.5cm
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2.1. The Serial Arm

In the current design, the serial arm consists of five links: two large links, each 20 cm
long, two small links, each 10 cm long, and a prismatic link with a variable range of 20
to 40 cm, as illustrated in Figure 3. These links are interconnected through rotational and
prismatic joints, thus making it possible to adjust the length of the arm from 90 to 105 cm. It
has a total weight of 2 kg. The arm utilizes a high-quality worm wheel gearbox and a spur
gear transmission to rotate the joints. The relative angle between two adjacent links can be
adjusted within a range of [-50°, 50°] except for the first link, which can rotate infinitely
around the x-axis.

Rotation joint
Small link Large

\1Iik

Prismatic
joint

Tracks

Figure 3. The passive arm is composed of five links that are connected by passive joints to a track on
top of the links, which enables the MA to interface with it.

Tracks are installed on both the top and bottom of the arm. The MA interfaces with
these tracks and is thus confined to moving along the arm’s length. A toothed belt is fitted
along the side of the arm to increase traction with the MA when traveling over the links,
thus eliminating the possibility of sliding. A key feature of the arm is that it comprises
passive components, including passive joints, and does not contain wiring or electronics
like sensors and motors.

2.1.1. The Passive Rotation Joints

The passive rotational joint consists of a high-quality worm wheel gearbox with a
backlash of less than 8 arc minutes and a spur gear transmission, as illustrated in Figure 4.
The joint actuation motor engages the gear transmission to initiate the rotation of a link
relative to the preceding one. This movement is transmitted to the gearbox’s drive shaft
and then transferred to the link.

Joint actuation motor

\

e Spur gear
riven shaft

¥
Drive shah/

Tooth belt

\ Drive shaﬁ’

Figure 4. The passive rotational joint mechanism is composed of a worm wheel gearbox and a spur

Gearbox

gear transmission. This transmission allows for sensitive and precise movement and the self-locking
of the joints.
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Opverall, the transmission components have a total transmission ratio of 1:720, provid-
ing high sensitivity in link rotation (0.5 degrees per motor rotation). This high gear ratio
allows the arm to be operated with a relatively small torque (see Section 3). The gearbox’s
self-locking capability ensures that the joint remains fixed at the desired angle at the end of
the actuation.

2.1.2. The Passive Prismatic Joint

The passive prismatic joint, illustrated in Figure 5, is composed of two links, a tension
wire, a pulley to wind the wire, and a spring that maintains the tension in the wire. The
system operates by threading the wire through both links, so that pulling on the wire causes
the springs to contract and the mechanism to close. The wire is attached to the pulley,
allowing the direction of pulley rotation to either shorten or lengthen the wire and hence
the mechanism itself. Similar to the other passive joints, the MA is responsible for rotating
the pulley axis. In order to reduce the torque required for operation, the same spur gear
transmission used in the rotary joint is attached to the pulley shaft. This setup serves to
adjust the length of the prismatic link from 20 to 35 cm in this design setup.

Closed—”

Open _——

Figure 5. The passive prismatic joint. When the pulley is rotated, the mechanism changes the length
of the prismatic joint. The spring keeps the thread taut.

2.2. The Mobile Actuator (MA)

The MA, illustrated in Figure 6, has three distinct mechanisms: a locomotive mecha-
nism, a joint rotation mechanism, and a gripper. The MA travels along the arm’s tracks
and maintains stability using four bearings: two at the bottom and two at the top (see
Figure 6—left), ensuring high grip and low friction between the MA and the links. The MA
pauses at specified locations to activate the joints, which allows it to rotate the rotational
joints and adjust the length of the prismatic joint. The MA grips objects using the gripper,
thus facilitating object conveyance along the arm. These mechanisms enable the MA to
maneuver along the arm effectively, actuate the joints, and handle objects as needed.
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Figure 6. The MA comprises a locomotive mechanism, a joint rotation mechanism and a gripper. The
controller, batteries and sensors are integrated onboard.

2.2.1. The Locomotive Mechanism

The locomotive mechanism uses a single drive wheel to transport the MA along the
links. The wheel, mounted with a motor on a bracket with an angular degree of freedom,
is attached to the arm’s side with rubber clamps. This design allows the MA to navigate
curved joints of up to 50 degrees without losing contact with the arm’s side. The wheel’s
driving force and track reactions ensure smooth movement along the arm, even when on a
curved path. At a curvature of 50 degrees or more, the mobile actuator cannot advance.

2.2.2. The Joint Rotation Mechanism

The joint rotation mechanism is fitted with a DC motor mounted on the MA's left side.
The motor is equipped with a spur gear that engages the gear of a specific joint upon contact.
This spur gear drives and adjusts the relative angle between the adjacent links or the length
of the prismatic joint, as illustrated in Figure 6 and Video S1. The high transmission ratio of
the joints (1:720) reduces the torque needed by the actuation mechanism, enabling relatively
smooth motion.

When the MA passes a joint without activating it, the engagement between the motor’s
spur gear and the first gear transmission positioned on the link causes the transmission’s
first gear to rotate roughly one-tenth of a revolution. This rotation translates to a 1:7200
joint revolution, or 0.05 degrees. This slight rotation can be ignored since it is too small to
impact the high transmission ratio and backlash.

2.2.3. The Gripper

The MA is equipped with a commercially available (unmodified) two-finger gripper
that is actuated by a servo motor that can grasp objects measuring 2.5 cm to 10.5 cm in
width, as illustrated in Figure 6. The gripper is attached to the MA, which can move along
the arm and translate objects. Grippers with more fingers or other tools can be fitted for
more sophisticated applications. Alternatively, the gripper can be attached to the end of
the last link of the robot, as in conventional robots.

2.2.4. Manufacturing and Assembly

The robot is almost entirely 3D printed using FDM technology. Replacement is a
straightforward task since no wires run through the links. Furthermore, the robot is fast
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and easy to assemble, so that a variety of links can be adjusted to address a range of
diverse tasks.

3. Actuation and Control

The primary advantage of the 3D MASR is its innovative use of a mobile actuator (MA),
with only a few actuators that move along the robot’s arm. This design reduces the robot’s
total weight while expanding its work space. For purposes of illustration, consider creating
a serial arm with an MA but without the current joint rotation. This setup maintains the
same workspace. However, the robot’s size and weight would increase significantly if built
without this innovation. For example, a 1-m-long serial arm and five joints would require a
motor house containing one motor for each joint. Each motor weighs 82 g, and the motor
house adds roughly 50 g. If the control system is positioned at the base, around 30 cables
for power and signal transmission (2 for power and 4 for encoder power and signals for
each joint) would be needed. These cables weigh 20 g per meter, adding up to 60 g in total
for 30 cables. The design adjustments required to accommodate these cables would further
increase the size and weight, with the cable management system adding about 50 g per
link, based on a conservative estimate. Altogether, this would lead to a minimum weight
increase of 970 g for the arm, representing a 48.5% increase in weight. Without the MA
concept, the unique advantages of this robotic design would be significantly diminished.

3.1. Actuation

The robot, excluding its gripper, is actuated using two motors: a 20 mm motor to drive
the MA along the links and a 25 mm motor to actuate the joints. Both motors operate within
a voltage range of 6-9 volts, have different gear ratios, and come with a built-in encoder,
thus enabling precise control of the actuators’ movements. The 20 mm motor is equipped
with a built-in gear with a ratio of 1:488, providing a torque of 3.5 kg-cm at 24 rpm under
optimal working conditions. The 25 mm motor has a gear ratio of 1:4.4, which delivers a
torque of 0.22 kg-cm at 1800 rpm. The motors and the gear transmissions were carefully
selected to meet two primary requirements:

1.  Ensure that the MA can travel against gravity while carrying a load of 1 kg. The
system can carry a total load of 3.2 kg.

2. Ensure that the joints can rotate even when the robot carries a 1 kg load. In the current
design, the motors can rotate the joints even when a load of 2.64 kg is applied at the
proximity of the last link.

3.2. Control

The arm is entirely passive, so that the control system is located on the MA. A micro-
controller, specifically an Arduino Nano, controls the MA’s movement, joint rotation, and
gripper. The angular displacement of the joint rotation mechanism is measured using a
magnetic encoder that provides 24 counts per motor revolution. Given the large transmis-
sion ratio, a change of one degree between a pair of links requires counting approximately
400 encoder steps, enabling precise control.

To ensure that the MA stops precisely at the correct position to engage the gears and
rotate the joints, small magnets are inserted into the centers of the joints, and a Hall effect
sensor (A1302) is mounted on the MA. Inputted into the control algorithm is the initial
configuration of the arm and a series of m actions, where each action specifies the i-th joint
number and the required angle for that joint, 6;. By using the encoder and Hall sensor, the
MA can reliably bring the arm to the desired configuration.

The series of actions for the motors is derived from the motion planning algorithm,
as presented in Figure 7. This setup allows for precise and reliable control of the robot’s
movements by ensuring the accurate positioning and actuation of the joints.
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k=1
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actuation motor rounds by the encode

= 0, Deactivate the joint
actuation motor

Figure 7. Flowchart of the robot’s control system for a series of actions.

current —

4. Kinematic Model

The robot’s structure consists of a sequence of n links, each with a length of I;, where

= (0,1,...,n —1). These links are interconnected through 7 joints where n — 1 of them
move in the same plane, and one rotates this plane. We denote the angle in the i-th joint as
8;, as illustrated in Figure 8. In addition, since the gripper can move along the links, we

need to include its position in the robot’s coordinates. We define d & {0 Y L } as the

gripper’s position along the arm. In the simple case where the gripper is attached to the tip
of the last link (LL), we reduce it to one point: d = Y/ 17;. In the second case, where the
gripper is attached to the MA, it can be positioned anywhere along the links, defined as
any link (AL). Finally, the configuration of the 3D MASR, q, is defined as follows:

T
q=(00,61,...,001,d)" = (eT, d) € R". )
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Figure 8. Schematic diagram of 3D MASR. A top/side view of the robot and definition of the
geometric parameters.

4.1. Forward Kinematics (FK)

We define the gripper’s position relative to a fixed frame as x, which represents the
set of all the point (x, y, z) coordinates in space that the gripper can reach. The forward
kinematics (FK) function maps from the configuration space q to the workspace x and is
given by x = f (q). The q space contains the joint rotation angles and the MA’s position
along the arm, as presented in Equation (1).

To define the kinematics equation, d; and dj;,; need to be extracted from d, where d;
represents the i-th link on which the gripper is located, and dj;,;x represents the gripper
position relative to the link it is on, as depicted in Figure 8. These parameters allow the FK
function to map the gripper’s position within the workspace accurately.

The position of the gripper is given by

X 1 0 0 Xp
x= |y ]| =Rx(00) xp= |0 cosfy —sinby||yp |- (2)
z 0 sinfy cosb Zp

where x, is the gripper position without rotation of the first joint, as follows:

i=1
xp pr dl—l A 1 . d,‘ . (3)
Y lisin Zo 0j+1 | + diink sin Eo 0j+1

i=1 i
0

di—1 i d;
lo+ Y licos <‘ZO 9j+1> + djink cos (ZO 9j+1>
j= j=

= J=

4.2. Actuation Time

When using a single mobile actuator (MA) to control the joints of the serial arm, each
joint can be actuated individually. The total time needed to reconfigure the joint angles and
reach a specific target is composed of the time required to travel along the links, engage
the joints, and rotate them. Assuming a constant linear velocity of the MA, denoted by d,
and a constant rotational velocity denoted by 0, the time required to reach a target can be
calculated as follows:

1.  The time, 74, required for the MA to move from its initial position, d;,;;, to the position
of the target, d, which can be calculated as shown below:

’df — dinit
ws

(4)



Appl. Sci. 2024, 14, 8204

10 of 20

2. The time, 1y, required to rotate the joints to from the initial arm angles, 6;,;, to the
desired angles, 0, which can be calculated as shown below:

‘9} “Oinit

: ©)

Ty
0

Therefore, the approximation of the total time is dependent on the configuration of
9t and gy, and is given by

T(qinit' qf) =T + Tp. (6)

4.3. Workspace

Given that the joints in the current design are limited to 50 degrees of rotation per side,
we analyzed the serial arm’s work volume in 3D space. The work volume was determined
through an exhaustive search of the total area for possible solutions using the motion
planning algorithm presented in Section 5.

Figure 9B illustrates the arm’s work volume when the gripper can be positioned
anywhere on the arm (AL). Notably, when the gripper is located only at the edge (LL), the
work volume is included within the volume of AL but is significantly smaller.

ce
2D Workspace 2D W orksp2
0.75
0.50
0.25 0.75
0.50
0.00 025 -
0.00 £
-0.25 025 ™
0.50 1'8 -0.50
e ’ -0.75
+ X
-0.75 %, %0 0060.2_50_5-00.75
-02 00 02 04 06 08 1.0 —02 0 050%% (i)
(A x [m] (B) :

Figure 9. Work volume of the robot. (A) Work plane (before the rotation of the first joint). The LL
work volume is included in the AL work volume. (B) AL work volume.

To make the work volume easier to understand, we first illustrate the work plane
(before the rotation of the first joint) in Figure 9A. This plane rotates around the x-axis
using the first joint (fp), thus creating a three-dimensional workspace as described in the
kinematics equations.

5. Three-Dimensional Motion Planning Algorithm

The specific 3D MASR robot has five degrees of freedom (DOF), resulting in infinite
solutions to reach a specific point in the 3D space, excluding orientation considerations.
The inverse kinematics (IK) function maps from position space x to the configuration space
q givenby q=f"(x).

Here, the goal is to determine the final configuration q  that positions the gripper at
the desired final position x4, given the initial joint configuration q;,,;;. Simultaneously, the
aim is to minimize the positional error, ¢, and reduce the total time required to complete
the given motion task, T.

The analysis assumes that the robot consists of five links of length [;, measuring [10,
20, 20, 10, 20-40] cm, respectively. The rotational joint angles range from —50 to 50 degrees,
and the gripper position ranges from 0 to 100 cm, reflecting a specific configuration of the
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experimental robot. The workspace is assumed to be obstacle-free, allowing the arm to
move freely.

5.1. Method

The algorithm is based on minimizing a loss function £, which combines the proximity
of the robot to the target point and the total time it takes to reach it. This is typically achieved
using numerical approaches. In this approach, the loss function is minimized by training a
neural network (NN) using the Adam optimizer, an advanced version of stochastic gradient
descent. This method can find an optimal solution for the IK problem.

The advantages of using NNs for solving IK include their ability to generalize from
trained scenarios to efficiently handle new configurations and provide quick solutions
once trained through the GPU, which makes them particularly well-suited for real-time
applications. Further, unlike traditional numerical approaches, NNs are not sensitive to
initial conditions. However, the training phase can take up to 20 min, and tuning the
hyperparameters is based on expectation and trial and error.

During the training phase, we iteratively optimized the hyperparameters to balance
the tradeoff between minimizing the positional error and the total time, but ultimately
achieved sub-optimal results with relatively small errors (on the order of a few millimeters).
To further increase the accuracy of the solution, we applied a linear approximation (using
the Jacobian matrix) to reach sub-millimeter accuracy (see Section 5.2.2).

5.1.1. Architecture

The IK problem involves finding the optimal final configuration by minimizing the
following loss function:

E(xdesrﬁr T) = ||Xdes - )A(HZ +A- T(qinit' él)/ (7)

7T is calculated from Equation (1), and A is the regularization weight, which controls the
importance of minimizing time in the training process.

The NN architecture takes the input data, consisting of the initial configuration, q;,,;;,
and the desired position, x5, and outputs the estimated desired configuration § that leads
to the estimated desired position X, as illustrated in Figure 10. X is calculated using the
output of the forward kinematics, X = f(q), which is then inserted into the loss function
with the total time, as shown in Equation (4). Note that this model only needs data for the
MA positions, and the initial configurations can be randomized during training.

4— W «— Optimizer
(
Xd(l.s —, oy : e q —> FK —> ﬁ
X
e y
qim'r > - i : 3 T > E
| IK-NN T

Figure 10. The architecture consists of four components: an IK block that uses a NN, an FK block to
estimate position, a time calculation block, a loss function that defines the optimization problem, and
an optimizer that updates the NN weights to minimize the loss function.

5.1.2. Data Generation

In our IK model, both training and testing require a dataset that comprehensively
covers the robot’s workspace. We first calculated positions using forward kinematics
equations and random joint values to determine the workspace. However, given the non-
linearity of the forward kinematics, the initial dataset was not evenly distributed within
the robot’s workspace, which resulted in a significantly lower probability of reaching
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the edges of the workspace, as demonstrated in Figure 11. Consequently, the model
trained disproportionately on certain workspace areas, which negatively impacted its
generalization ability. To address this issue, we took the following steps:

1.  Determined the outer shell of the workspace using Python’s convex hull function.

2. Created an array of uniformly distributed points in a box format, with boundaries
derived from the minimum and maximum values of the outer shell.

3.  Filtered the points within the box, retaining only those inside the shell.

0.751
0.501
0.251
0.001
—0.251
—0.501
—0.751

0.75 1
0.50-
0.251 HHE
0.00{ SERAE
—0.251 yEuE

-0.50-
~0.75

-02 00 02 04 06 08 10 -02 00 02 04 06 0.8

Figure 11. A section view of the data generation process. (A) The workspace points with a non-
uniform distribution (fewer points were drawn at the edge). (B) Generating numerous points to
ensure comprehensive coverage within the workspace and finding the workspace shell. (C) Creating
a box with a uniform distribution within the boundaries of the shell. (D) Filtering the points within
the box, retaining only those located inside the shell.

This method led to a balanced dataset featuring a uniform distribution, giving all
points in the workspace an equal opportunity. This dataset was partitioned into 450,000 ex-
amples for training and validation and another 50,000 for evaluation. This strategy signifi-
cantly boosted the model’s ability to generalize across the entire workspace and helped
prevent overfitting to specific areas.

5.1.3. Target Positional Error
The Euclidian distance, denoted as e, between the estimated position of the MA, %,
and the desired position, x4, is expressed as

e= \/(xdes - 2)2 + (ydes_]?)z + (Zdes_ﬁ)z' 8)

This distance served as the metric for evaluating the IK models, and is referred to as
the positional error.

5.2. Results

This section describes the performance of two IK models using a uniform dataset
generation approach. The first model, Model I, only minimizes the distance to the target
(A = 0). The second model, Model II, minimizes both distance and time (A # 0). Our
examination emphasizes the trade-off between precision and time efficiency, showcasing
the effectiveness of the time-minimizing model.
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5.2.1. Training

We trained two distinct IK models over 1300 epochs—one minimizing only distance
and the other minimizing both accuracy and time actuation, termed Model I and Model II,
respectively.

We employed an iterative approach to hyperparameter tuning to select the optimal
hyperparameters for each model. Initial values were selected based on standard practice
and prior experience. We then systematically varied these hyperparameters to identify
combinations that improved the model’s performance on our validation set. As expected,
the accuracy-alone model achieved a more accurate result and decreased the error by 48%
but increased time by 40% compared to the time and accuracy model (see Figure 12). The

network architecture, hyperparameters, and main results for each model are detailed in
Table 2.
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Figure 12. The learning curves for the two models: the error and time taken to execute a task
(A,B) for Model I without a time constraint and (C,D) for Model II with a time constraint.

Table 2. Network architecture, hyperparameters, and main results.

Model I Model II
Network (#neurons) [256, 128, 64, 32] [256, 128, 64, 32]
Learning rate 0.001 0.002
Batch size 3000 3000
Regularization weight A 0 0.01
Mean error € (mm) 54 2.8
Mean time T (s) 7.3 10.2

This comparison highlights the tradeoff between distance, accuracy, and time efficiency,
and demonstrates the importance of tailoring the model to specific task requirements and
desired performance metrics.

5.2.2. Fine Tuning Using Jacobian Linear Approximation

Consistent with the training results, we observed a test error of 5.5 mm for the distance
and time accuracy model (Model II) and 2.8 mm for the distance accuracy model (Model I),
with average times of 7.3 s and 10.2 s, respectively, to achieve the goal.

Proximity to the target enabled a first-order approximation, and minor output adjust-
ments significantly enhanced accuracy with minimal added time (less than 1%). The linear
transformation (approximation) between the 3D cartesian coordinates to the robots’ joints
implemented a Jacobian matrix. To ensure the Jacobian matrix’s invertibility, we performed
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the transformation on 3 DOF (the minimum needed for a spatial solution). Changes were
made to angle 6y, which rotates the robot’s working plane, d;, the mobile actuator’s (MA's)
position along the arm, and 6, the joint moving the link where the mobile motor resides.
The following equation illustrates these small output changes:

1

AQO ax/aeo ax/BGdi ax/adl B Ax
A0y | = |0y/080 dy/d6s dy/odi| | Ay | =T (X—Xaes)- )
Ad; 0z/90p 0z/90,4, 9z/9d; Az

This approach had a negligible influence on the loss function goal, since it was con-
ducted near the target and only led to minor changes in the joint angles.

5.2.3. Testing and Examples

In this section, we present statistical results for 50,000 cases examining the model’s
performance, accompanied by visual examples that illustrate the differences in accuracy
and time efficiency between the two models. The results presented in Table 3 demonstrate
the effectiveness of incorporating the Jacobian method as a complementary step subsequent
to the network’s output. This method reduced the average error across 50,000 examples
without significantly impacting task execution time. This approach has several notable
advantages. The first is that by terminating the network training relatively early, we can
prevent overfitting of the data while still achieving a low error rate.

Table 3. Testing the results of 50,000 unseen examples.

NN NN + Jacobian
Model I Model I1 Model I Model II
Mean error € (mm) 2.8 55 0.66 0.28
Mean time T (s) 10.2 7.3 10.6 791
e <1 mm (%) 80 73 98 95

Moreover, in scenarios where time constraints are crucial, the network brings us closer
to the target points, and the subsequent application of the Jacobian method fine-tunes the
angles to attain maximum accuracy with minimal impact on the overall task completion
time. By using this approach, we reduced the average error to 0.28 mm (a reduction of 95%)
for the model without time constraints, and to an average of 0.66 mm for the model with
time constraints (a reduction of 77%). We observed that the modifications to the angles
had a minimal impact (an increase of 0.82%) on the time required to perform the task,
making this a robust solution. This combined strategy ensured improved accuracy without
compromising efficiency.

Figure 13 depicts the algorithm’s successful attainment of an arbitrary target point
from a non-zero initial configuration. In this example, the robot’s initial joint angles were
[—15.5,7.5,34.7, 46.8] degrees, and the gripper was positioned 37 cm from the first joint.
The target was located at coordinates (55, 0, 50) cm. These parameters were entered
into the algorithm. The resultant solution demonstrates the advantage of this type of
optimization. For the model focusing solely on accuracy (Model I), the final joint angles
were [93.2, —27.2, 36.4, 11] degrees, and the gripper’s position was 72 cm along the arm
(Figure 13A). The actuator made significant adjustments to three out of the four joints,
reaching the target with an error of only 0.0052 mm in 6.9 s. While this error is by far
smaller than the accuracy of the robot, it demonstrates the efficiency of the algorithm. On
the other hand, for the model that optimizes for both precision and time (Model II), the final
joint angles were [93.2, 7.5, 34.7, 45.1] degrees, and the gripper’s position was 85 cm along
the arm (Figure 13B). In this scenario, the MA operated efficiently, and only significantly
made a change in the first joint, and it reached the target with an accuracy of 0.06 mm in a
single second. This resulted in a notable time-save of approximately 5 s.
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Figure 13. Starting with the non-zero initial configuration, the model with the time constraint only
made a significant change in the first joint (B), whereas the model without time constraints made
changes in all the joints (A). As a result, there was a substantial time-save of approximately 5 s.

5.2.4. Comparison to Inverse Kinematics (IK) Solver

We tested Model II against the Newton—Raphson (NR) solver from the Robotics-
Toolbox [23] on 5000 trials, moving from random initial configurations q;,,;; to desired MA
positions x;.5. These random configurations and positions were uniformly sampled from
the 50,000 samples that were used to test the NN.

For each IK query, m solutions were generated using the NR. These m solutions were
grouped into five sets, each solving for an arm with the first five k joints (k= 1,... 5) and an
additional prismatic joint simulating the MA at the final link, as illustrated in Figure 14.
The solution with the minimum MA actuation time, 7, according to Equation (3), was
selected from the m solutions. In addition to the positional error over the training and test
data, Table 4 presents the mean runtime of the computer to generate the data presented in
Table 3.

2l p k=1
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7

Prismatic

Lo

Revolute

RP (k =2)

@ b & L ﬁ[o:lz] RP (k =3)

J
ly oy U o b e [OL]
@ . L _8 — RRRP

Ly [y L, L5 — [0, Ly]
)

RRRP (k =5) — The original 3D MASR

Figure 14. Illustration of the configurations for different arm setups (k = 1,... 5). Each configuration
shows the prismatic joint in red, simulating the MA at the last link for solving IK queries. These
configurations were used to select the solution with the minimum actuation time from the NR solver’s

generated solutions.
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Table 4. Comparison of the NN IK model to the Newton-Raphson solver.

Model 11 Newton-Raphson
NN NN + Jacobian m = 1000 m = 10,000
Mean error € (mm) 5.5 0.29 2.2 24
Mean time T (s) 7.3 791 8.5 8.2
e<1mm 73 95 92 91
Computer runtime (s) 6x1074 1x 1073 0.75 3.2

The NR-based IK was evaluated with m = 1000 and m = 10,000. The results for the
numerical IK showed that the positional errors were higher than for the NN, but that the
action time was not adequately minimized. In addition, the runtime for an IK query was
at least two orders of magnitude longer than for the NN, leading to an excessively long
planning time, which is not suitable for real-time applications.

6. Experiments and Results

This section presents some of the experiments conducted using a 3D-printed robotic
prototype. The robot’s comprehensive functionality was tested in numerous experiments,
encompassing activities such as reaching distinct points within a 3D space, utilizing the
mobile actuator (MA) to grasp objects, transporting them along the links, and depositing
them at designated target points. The following experiments exemplify the robot’s advan-
tages for pick-and-place tasks, where their processes were pre-planned offline and executed
automatically by the robot, as demonstrated in Video S1.

6.1. Joint Operation

The first experiment with this robot demonstrates the actuation of the joints using the
MA. The experiment also measured the rotational and linear speeds of the joint actuation
and the MA's travel parameters, as recorded in Video S1 (see Figure 15). In step (A), the
arm, starting from its initial position, was rotated by —90 degrees. In step (B), the robot is
shown after the MA rotated the first joint around the x-axis by 90 degrees at 14 degrees per
second. Note that the first joint can be rotated indefinitely since there is no wiring along the
links. In step (C), the MA travelled along the arm’s length using the locomotive mechanism
at 8 cm per second until it reached the third joint. In step (D), the MA rotated the third
joint around the z-axis to an angle of 45 degrees at a speed of 14 degrees per second. In
step (E), the third joint was returned to its original position, and the MA began advancing
toward the prismatic joint, leading to the situation depicted in step (F). In step (G), the MA
activated the prismatic joint, and shortened it by 10 cm at a speed of 8 cm per second. In
step (H), the MA moved to the end of the arm and closed the gripper, as shown in Video S1.

This experiment highlights the robot’s ability to precisely control joint movements and
the MA’s capability to traverse the arm and manipulate various joints effectively.

6.2. Simulation of Fruit Picking

This experiment mimicked picking fruit from a tree and placing it in a basket, as
an example of one of the robot’s applications (see Figure 16). In (A), the arm is at the
zero reference position in the initial condition. In (B), the MA rotates the first joint (x-axis
rotation joint) by 35 degrees. The MA then moves toward the third and fourth joints (z-axis
rotation joint) and rotates them to angles of 28 and 22 degrees, respectively, as seen in
parts (C) through (E). In (F), the MA moves toward the end of the fifth link and closes the
gripper on the hanging ball. In parts (G) and (H), while still gripping the ball, the MA
moves backward to rotate the fourth and third joints to angles of —24 and —20 degrees,
respectively. Finally, in (I), the MA reaches its target and releases the ball into the basket
(see Video S1). The interest of this fruit-picking task lies in the fact that fruits usually grow
in clusters, and thus require fewer joint actuations than conventional arms, and hence lower
energy consumption.
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Figure 15. Stills of the joint operation of the 3D MASR. Starting in (A), the MA rotates the first joint
(B), then advances to the center of the arm (C), rotates the joint (D), rotates it back (E), advances
further (F), elongates the prismatic joint (G) and finally advances along the prismatic joint (H).

Figure 16. The 3D MASR picks a ball hanging above it, changes its configuration, and drops it into a
basket. Starting in (A), the MA rotates the first joint (B), then advances along the arm (C), rotates the
first joint (D), continues to advance along the arm (E), until it reaches its tip (F) and grabs a flexible
ball, the MA returns (G), rotates the arm (H) and drops the ball in a bin (I).
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6.3. Translating an Object along the Links

The next experiment (Figure 17) demonstrates the robot’s ability to convey the trav-
elling object along the arm from the arm’s base to the last link without bending the arm,
unlike in conventional arms. The movement begins at step (A). At this point, the mobile
actuator closes its gripper on a ball suspended above it. Once the gripper grasps the ball,
the mobile actuator moves to the third joint. It rotates this joint by 26 degrees, as shown in
step (B). Next, in step (C), the mobile actuator moves to the last link to drop the ball into
the target bowl. After the ball has been successfully dropped, the mobile actuator resets the
arm to its initial position (D), as shown in Video S1.

Figure 17. The 3D MASR picks a ball, translates it along the links, and drops it into a bowl. Starting
in (A) while carrying a blue plastic ball, the MA advances to the center of the arm and rotates a joint
(B), then continues towards a bowl (C), then it drops it and returns back to original position after
rotating back the center joint (D).

7. Conclusions

This work introduced the 3D MASR, an innovative 3D minimally actuated serial robot
designed for a variety of applications. This robot features a passive arm with passive
joints and a mobile actuator (MA) with unique capabilities. The key highlights include
the following:

An MA that enables object manipulation and rapid translation along the arm.
Enhanced reliability, reduced weight, and a simplified structure.

Easy replacement and modification of links to cater to specific task requirements.
Support for multiple MAs for increased flexibility.

To enable autonomous operation, we developed a smart control system that utilizes
an encoder and magnetic sensor for automatic execution. Our design incorporates a direct
kinematics model and a locomotion algorithm based on a time-based function optimized
by a neural network. The primary goal is to minimize operation time and location error.
Importantly, the use of the Jacobian matrix yielded a more accurate solution without
significantly increasing operation time.

Our experimental prototype demonstrated proficiency in automatically performing
pre-planned tasks, in particular when relocating objects with minimal operation time.
While our 3D-printed version exhibited minor deformations due to flexibility and joint
backlash, this can be mitigated by using composite materials.
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However, it is essential to note that this robot operates more slowly than fully actuated
serial arms, thus making it suitable for applications where high speed is not critical, such
as space operations, agriculture, maintenance, painting, and search-and-rescue missions.

Our future work will focus on utilizing multiple MAs, enhancing the design, and
developing advanced motion planning algorithms to handle obstacles and increase speed.
We also intend to explore the collaborative utilization of multiple mobile robots to enhance
overall performance and task efficiency.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app14188204/s1, Video S1: 3D MASR Minimally Actuated Se-
rial Robot.
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