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INTRODUCTION

The development of lightweight robotic ma-
nipulators that combine high load capacity with 
precise control has seen significant advancement 
in recent years. This progress is largely driven by 
the growing deployment of mobile robotic plat-
forms in demanding applications such as plan-
etary exploration [1], search-and-rescue missions 
[2], and competitive robotics challenges [3]. These 
scenarios require manipulators that are not only 
compact and lightweight but also robust and accu-
rate enough to perform complex tasks reliably in 
unstructured and often harsh environments. For in-
stance, the authors describe a manipulator weigh-
ing less than 10 kg that is capable of handling a 
2 kg payload. Although originally designed for 
space applications, its design characteristics align 
closely with the requirements defined for the Scor-
pio Infinity rover’s manipulator. The manipulator 
employs harmonic gearboxes coupled with frame-
less BLDC motors, enabling a repeatable posi-
tioning accuracy of 0.12 mm. Joint positions are 
monitored using absolute magnetic encoders, and 
the structure incorporates a hollow-body design to 
further reduce weight [4, 5]. The use of harmonic 

gearboxes combined with frameless BLDC mo-
tors appears to be a standard in the design of light-
weight, high-performance manipulators [4, 6, 7]. 
Harmonic drives offer compactness, high reduc-
tion ratios, and near-zero backlash, making them 
ideal for robotic joints where precise motion is 
required. In more torque-demanding joints, cy-
cloidal gearboxes are also gaining attention due to 
their robustness, efficiency, and backlash-free op-
eration under load [8, 9]. The integration of com-
pact and efficient gear-motor units is a key factor 
in enabling lightweight design without compro-
mising load capacity or precision.

One of the most effective strategies for en-
hancing manipulator positioning precision is 
the reduction of inertial forces. Numerous stud-
ies demonstrate the use of finite element method 
(FEM)-based topology optimization to refine the 
geometry of structural components. This approach 
has proven effective in decreasing part mass by 
up to 40% while preserving structural stiffness, 
thereby contributing to both reduced inertia and 
improved dynamic performance [4, 10, 11]. Addi-
tive manufacturing technologies – especially se-
lective laser sintering (SLS) and continuous fiber 
3D printing – are often used in conjunction with 
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topology optimization, enabling complex geom-
etries optimized for stiffness-to-weight ratio [10, 
12, 13]. Numerical simulation is a vital tool in the 
design and optimization of 6-DOF robotic manip-
ulators. Finite element method (FEM) analysis is 
widely used to evaluate structural stiffness and de-
formation under operational loads, ensuring that 
lightweight designs maintain necessary rigidity. 
Additionally, dynamic and kinematic simulations 
provide insights into joint behavior, actuator re-
quirements, and error propagation, which are crit-
ical for accurate motion control. Integrating these 
simulation methods facilitates a comprehensive 
assessment of manipulator performance prior to 
physical prototyping, reducing development time 
and improving design reliability [14-18].

The positioning precision of industrial ma-
nipulators is commonly assessed experimentally 
by evaluating pose accuracy and pose repeat-
ability. The ISO 9283:1998 standard outlines a 
set of performance characteristics for such mea-
surements, including the conditions under which 
they should be conducted [19]. However, it does 
not mandate specific methods for obtaining the 
end-effector’s position or establishing an accurate 
reference point. Common methods for gathering 
effectors position include digital indicators, laser 
interferometers, and laser trackers. Digital indi-
cators are cost-effective and easy to use, making 
them suitable for lab environments. Laser interfer-
ometers offer high precision but are complex and 
limited to linear paths. Laser trackers are widely 
used in industry, though their repeatability may 
not be sufficient for medium-sized robots. ISO 
9283:1998 defines one-directional measurement 
as repeatedly moving the robot to a target pose 
from the same direction and path, which helps 
isolate internal mechanical consistency. In con-
trast, multi-directional measurement involves ap-
proaching the same target pose from varied direc-
tions and paths, capturing the effects of different 
joint configurations on positioning [19–21].

MATERIALS AND METHODS

General concept

The Scorpio rover

The study focuses on the development of a 
new robotic manipulator designed for the Scor-
pio Infinity rover (Figure 1), created specifically 
for the Rover Challenge competition series. The 

rover is a four-wheeled vehicle, fitting within 
a 1.2×1.2×1.2 meter cube and weighing 37 kg 
without a manipulator. It is capable of traversing 
off-road terrain and is equipped with a rocker sus-
pension system (1) and custom 3D-printed TPU 
tires (2). It is fully remotely operated, with navi-
gation and steering enabled through a network of 
cameras. Notably, the integration of the ZED2i 
stereovision camera (3) allows for point cloud 
generation, which supports autonomous naviga-
tion and manipulation tasks. The Scorpio rover 
serves as a modular platform that accommodates 
various task-specific tools, such as a drilling mod-
ule or a Raman spectrometer. However, the most 
critical module is the robotic manipulator (4). 
Until now, the Scorpio rover series has utilized a 
manipulator designed in 2016 – referred to in this 
publication as the previous construction. This arm 
featured six degrees of freedom and incorporated 
a diverse set of gearboxes. However, the perfor-
mance of this design was significantly limited by 
several mechanical shortcomings.

The previous construction

In the base joint, gear transmissions were 
used, which introduced considerable backlash. 
The first wrist joint employed a worm gear com-
bined with a small DC motor, which proved unre-
liable and offered low maximum angular velocity 
– noticeably reducing the manipulator’s move-
ment speed. Two segments were constructed from 
carbon fiber tubes, which successfully reduced 
the overall mass while maintaining sufficient 
stiffness. Another major limitation of the previ-
ous design was encoder placement. Absolute en-
coders were not part of the original concept and 
were added post-construction. As a result, they 
were mounted indirectly via 1:1 transmission 3D-
printed gears. This setup introduced backlash that 
negatively impacted the manipulator’s precision. 
The control system relied on custom boards ca-
pable of reading encoder values and controlling 
the DC motors at each joint, theoretically allow-
ing for closed-loop control. However, the hyster-
esis resulting from indirect encoder placement 
significantly complicated the implementation of 
accurate velocity and inverse kinematics control.

The improved construction overview

This publication presents a newly developed 
manipulator that directly addresses the limitations 
of the previous design. The goal is to improve 



430

Advances in Science and Technology Research Journal 2025, 19(9), 428–441

precision, reliability, and dynamic performance 
to better support complex competition tasks and 
enable more effective autonomous manipulation. 
The primary objective is to create a high-precision 
robotic arm with six degrees of freedom (6DOF), 
tailored to meet the demanding requirements of 
these competitions. A schematic view of the de-
veloped lightweight manipulator is presented in 
Figure 2. To achieve this, a distinct set of design 
constraints were established. The most critical is 
a weight limit of 13 kilograms, dictated by the 
rover’s payload capacity. Despite this limitation, 
the manipulator must be capable of handling ob-
jects weighing up to 5 kilograms. To ensure the 
required precision, the structure was designed to 
be sufficiently stiff, with a maximum deformation 

of less than 3 millimeters under full load. Mini-
mizing backlash was a key design goal. Harmonic 
gearboxes were integrated into the first 4 joints 
- marked as (1) on Figure 2a, while custom cy-
cloidal drives were implemented in the last two 
joints (2). This combination improves positioning 
accuracy and load-handling capacity. Compatibil-
ity with inverse kinematics was also prioritized 
to enable precise trajectory control, supported by 
absolute encoders for accurate joint position and 
speed feedback. Furthermore, slip rings (3) were 
used in the joint design to allow continuous ro-
tation while avoiding cable twisting. For safety 
and reliability, the arm is capable of supporting its 
own weight plus a full 5-kilogram payload in the 
event of power loss. This new design builds upon 
earlier generations of Scorpio Infinity rover ma-
nipulators, addressing their key limitations – pri-
marily poor positioning accuracy – and resulting 
in a significantly improved and competition-ready 
system. The critical issues of the manipulator are 
joint drivers, slip rings, carbon fibre material (4), 
as well as communication and control.

The construction of joints and links

In order to maximize precision a lot of ef-
fort was put in minimizing backlash. On Figure 
3. Exploded view of joint A is shown. Harmonic 
gearboxes (3) were the first choice due to negli-
gible backlash and good strength to weight ratio. 
It was decided to use an initial planetary gearbox 
(2) made out of polyamide parts created with ad-
ditive manufacturing methods in base, shoulder 
and elbow joints. This way the target torque was 

Figure 1. Manipulator on Scorpio infinity rover

Figure 2. (a) Side view of the manipulator, (b) photo of the rover with the manipulator
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achieved as well as assumed maximum rotation 
speed of 5 RPM while minimizing weight.

As shown in Figure 4, custom cycloidal 
drives (4) were used in the last two joints. This 
design choice was aimed to reduce weight placed 
far from the base of the manipulator. Using alu-
minum 7075 as main material enabled creation of 
a gearbox weighing less than 200 grams.

All drives except the joint E (Figure 2) have 
hollow shafts which allow passing cables in a 
safe and convenient way. Frameless BLDC mo-
tors were used both to make hollow shafts pos-
sible and to reduce weight. Hollow shaft absolute 
encoders mounted directly on the output of gear-
boxes ensures precise 18-bit position reading. 

To minimize constraints of movement slip rings 
were implemented in both wrist joints. The gold 
brush contact type was chosen due to its small 
size and electrical noise small enough to pass 
CAN bus and Ethernet through both wrists. The 
design of the manipulator uses two carbon tubes 
for connecting joints. This solution enables pos-
sibility to achieve good stiffness while remaining 
light weight and slim shape which is important 
to interrupt view from cameras as little as pos-
sible. Carbon tubes are glued in aluminum to cre-
ate strong and durable bolt connections. Using 
carbon fiber tubes is a solution tested in previous 
construction and achieved satisfactory perfor-
mance. Use of carbon fiber laminates is limited 

Figure 3. Exploded view of base joint

Figure 4. Exploded view of second wrist joint
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to two tubes due to its anisotropic properties 
which make it difficult to design parts resistant to 
high loads in many directions. 

The control system

Each joint of the manipulator is equipped 
with a custom-designed STM32-based control 
board. These boards interface directly with 18-
bit absolute encoders and dedicated BLDC motor 
drivers, and communicate with the central control 
unit via a CAN bus. Joint positions are sampled 
at 300 Hz. The control boards estimate the actual 
joint velocities in real time by applying a moving 
average filter to consecutive encoder readings, 
which significantly improves the stability and ac-
curacy of the velocity signal by reducing noise 
and short-term fluctuations. These measurements 
are used within PID controllers, supporting three 
control modes: power, velocity, and position. In 
typical operation, the system runs in velocity 
control mode. Regardless of the chosen mode, the 
control boards output motor power commands 
to the drivers. The drivers, using feedback from 
embedded Hall-effect sensors, ensure stable and 
accurate commutation of the BLDC motors. De-
sired joint velocities are computed on the central 
computer by an inverse kinematics–based trajec-
tory tracking module. Rather than solving inverse 
kinematics statically for a target pose, this mod-
ule continuously converts a desired end-effector 
trajectory into a time-parameterized sequence 
of joint velocity setpoints. This ensures that the 
manipulator follows the trajectory smoothly. The 
module is implemented within the ROS 2 frame-
work and builds upon the MoveIt2 motion plan-
ning library. Trajectories are defined and man-
aged via a custom web-based interface used to 
operate the rover.

Determination of critical elements of the 
manipulator

The length of the segments

The length of the manipulator’s segments 
plays a crucial role in the precision of its position-
ing. Even minimal angular deviations in the joints 
lead to positioning errors that are proportional to 
the length of the segments. Furthermore, extend-
ing the manipulator’s elements increases their ten-
dency to deflect under applied loads. For this rea-
son, it is essential to carefully select the length of 
the segments to ensure the required working range 

while minimizing the risk of losing precision due 
to excessive elongation of the components.

For the selected manipulator kinematics, due 
to the relative positioning of the individual rota-
tional pairs, the lengths of segment 2 (according 
to notation shown in Figure 2A) and the sums of 
the lengths of segments 3 and 4, as well as seg-
ments 5 and 6, are crucial for the accuracy of the 
manipulator’s positioning. According to the as-
sumptions, the maximum working range of the 
manipulator has been set at 1200 mm. Addition-
ally, due to the design of the end effector and the 
need to provide sufficient space for the joints E 
and F, the total length segments 5 and 6 has been 
defined as 320 mm. It was also assumed that the 
length of segment 3 should be as small as possible, 
allowing the drive to be placed closer to the base 
of the manipulator, thus reducing the loads. Fur-
thermore, the mounting place of the manipulator 
to the rover’s frame causes the possibility of col-
lision between segment 2 and the frame in certain 
configurations. To prevent this, the axis of rotation 
of joint B was offset by 50 mm from the axis of 
rotation of joint A. Based on these constraints, the 
total length of segments 2, 3 and 4 is 830 mm. 

To determine the lengths of the segments, a 
graphical method was used by plotting the work-
ing area sections for four combinations of the 
considered segment lengths, which is shown in 
Figure 5. The following lengths were considered:
 • l2 = 455 mm; l3 + l4 = 375 mm (green area),
 • l2 = 375 mm; l3 + l4 = 455 mm (yellow area),
 • l2 = 405 mm ; l3 + l4 = 425 mm (red area),
 • l2 = 435 mm; l3 + l4 = 395 mm (blue area).

The manipulator should reach the front side 
of the rover’s frame to operate various modules, 
so the combination of the segment’s lengths that 
determine the working field of a yellow color was 
excluded from consideration. Among remaining 
configurations, the combination that provides the 
biggest reach in front and beneath the rover was 
selected, marked with red color. Based on this, 
the following segment lengths were determined:
 • length of segment 2: 405 mm,
 • the combined length of segments 3 and 4: 425 

mm.

The torques in the joint drives

Determining the torques required to move the 
manipulator joints is a key step in selecting the 
components of the drive system. Incorrect calcu-
lation of the required torques can lead to failure 
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to meet the manipulator’s load capacity param-
eters or, conversely, to the overdimensioning of 
the structure. This results in an increased weight, 
which may cause greater deflections of the ma-
nipulator’s segments.

To determine the required torques in joints 
B, C, and E, a load diagram was plotted for the 
manipulator at full extension, shown in Figure 6. 
Based on the initial assumed maximum weight 
of the manipulator, which is 13 kg, preliminary 
maximum drive masses were estimated in the in-
dividual joints. These masses were treated in the 
diagram as point forces acting on the system. Ad-
ditionally, a continuous force was applied to the 
system, simulating the masses of the manipula-
tor’s segments and equipment. A force of 50 N 
was applied to the end effector, taking into ac-
count the assumed load capacity of the manipu-
lator. Assuming the system is in equilibrium, the 
required drive torques in the joints B, C and E 
were determined:
 • TB = 106.9 Nm,
 • TC = 53.6 Nm,
 • TE = 17.3 Nm.

The torque required in joint A was deter-
mined by considering the operating conditions 
of the manipulator. The manipulator is mounted 
on a movable platform that operates under nor-
mal conditions with a tilt of up to 30°. It was as-
sumed that the drive for joint A should generate 
an adequate torque to allow the movement of the 
manipulator with 5 kg load at full extension under 
this tilt. Given these assumptions, required torque 
in joint A equals 64.3 Nm.

The maximum torque acting on joint D oc-
curs when the axis of motion of joint F is hori-
zontal and perpendicular to the axis of rotation of 
joint D. Taking into account the moment result-
ing from the manipulator’s mass and the assumed 
load capacity, the required torque in joint D was 
determined to be 20 Nm.

The torque required in joint F is not dependent 
on the mass of the manipulator or the required 
load capacity. In this case, the tasks assigned to 
the manipulator were analyzed, and the required 
torque in joint F was determined to be 10 Nm.

Topology optimization by FEM

The FEM analysis allows for the verification 
of whether the designed components meet the 
strength requirements and for analyzing the dis-
placements occurring in the elements under load. 
Due to the remote control of the manipulator and 
the potential errors that may arise, increasing the 
loads, the safety factor was set to 3.

The conducted analyses allowed for the opti-
mization of the components both in terms of mass, 
which contributes to reducing the loads acting on 
the manipulator, and in terms of displacements, 
which increases the rigidity of the structure. Re-
sults of example analysis are shown in Figure 7.

Topology optimization is one of the FEM 
analysis methods that allows for precise iden-
tification of areas in the analyzed component 
where material can be removed without causing 

Figure 5. Cross-sections of the manipulator working 
area for the considered length combinations of 

segments 2, 3 and 4

Figure 6. Scheme of loads acting on the manipulator



434

Advances in Science and Technology Research Journal 2025, 19(9), 428–441

a significant loss in the stiffness or strength of 
the element. The analysis was performed on pre-
liminarily designed components, whose adequate 
strength and stiffness were confirmed through 
FEM strength analyses in the SolidWorks Simu-
lation module. After conducting the analyses, 
material was removed from the appropriate areas, 
enabling mass reduction. Following the topology 
optimization, the components were subjected to 
reanalysis for validation of the obtained results. 
Process of element’s topology optimization is 
shown on Figure 8.

The segments cross-sections

As main elements for the longest segments, 2 
and 4, carbon fiber composite tubes were used. To 
select the optimal cross-section, a review of the 
available tube cross-sections on the market was 
conducted. After an initial selection, cross-sections 

that did not meet the strength requirements were 
discarded, and the maximum outer diameters of 
the tubes were determined, resulting from the 
need to reduce the size of the mounting compo-
nents. For segment 2, the outer diameter was set at 
40 mm, and for segment 3, at 30 mm.

The key criteria for selecting the components 
were determined to be the bending stiffness and 
the mass of the tubes, which result from the cross-
sectional dimensions. For each considered cross-
section, the bending stiffness, mass per linear me-
ter, and the ratio of bending stiffness to mass were 
calculated (Table 1).

Based on the obtained results, the main ele-
ment in segment 2 was selected as a tube with a 
40 × 36 mm cross-section, which has the highest 
ratio of bending stiffness to mass. In the case of 
segment 4, tubes with 30 × 26 mm and 30 × 24 
mm cross-sections were considered. The length 

Figure 7. Example results of the FEM analysis for an element used in segment 2: (a) stress, (b) displacement

Figure 8. Scheme of component’s topology optimization process
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of the tube used in this arm is approximately 230 
mm, which results in a mass difference of about 
28.5 g in favor of the tube with the smaller wall 
thickness. However, the bending stiffness of this 
tube is approximately 25% lower. Due to the neg-
ligible mass difference, the tube with a 30×24 mm 
cross-section was chosen.

RESULTS AND DISCUSSION

Numerical analysis

During the manipulator design process, two 
key factors influencing effector’s positioning pre-
cision were analyzed: displacement of the effec-
tor’s working point from desired position caused 
by deflections of the manipulator’s segments, and 
additional displacement due to positioning errors 
of the joints. These factors were included in nu-
merical calculations. Two cases were analyzed: 
the first - a manipulator at full reach, and the sec-
ond - joints D and E are rotated 90° relative to 
full reach position, both under no-load conditions 
(Figure 9). The most pessimistic scenarios were 
considered, where positioning errors in the indi-
vidual joints lead to a displacement of the working 
point in the direction of gravitational force. In the 
first case, the overall displacement of the working 
point is the cumulative effect of the inaccuracies 
in the positioning of joints A, B, C, and E, along 
with the deflection of the links caused by the ma-
nipulator’s own weight. In this configuration, 
the expected deflection of the effector’s working 
point should be maximal, but the influence of the 
positioning error in joint D is minimal. Therefore 

the second case was analyzed, in which the influ-
ence of the joint D positioning inaccuracy for the 
manipulator’s positioning trueness is maximal. 
Analyses were conducted for both the new, im-
proved manipulator and the previously used one. 
This approach provides a better assessment of the 
potential positioning precision improvement.

Deflection of manipulator segments

The deflection of the manipulator segments 
was determined through FEM analysis performed 
using the SolidWorks Simulation module. At first, 
simplified 3D models of the constructions were 
created, from which finite element models were 

Table 1. Comparison of mass, stiffness and stiffness to mass ratio for the compared tubes cross-sections
Outer diameter [mm] Inner diameter [mm] Mass [g/lm] Bending stiffness [N·m²] Stiffness to mass ratio

22 18 199 6346.02 31.89

26 20 342 14577.78 42.63

26 22 238 10932.74 45.94

30 24 402 23474.77 58.39

30 26 278 17329.03 62.33

32 28 298 21300.00 71.48

35 31 327 28328.53 86.63

37 32 428 40525.81 94.69

38 34 357 36756.63 102.96

38 35 272 28692.12 105.49

40 30 869 85902.92 98.85

40 36 377 43215.75 114.63

Figure 9. Two analyzed configurations of the 
manipulator with the indication of the applied 

coordinate system
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made. Manipulators were fixed at the mounting 
spots, and a gravity load was applied. As the sim-
plified models do not contain all the components, 
their weight was simulated as additional loads. 
Example of finished model, for first analyzed case 
of improved manipulator, is shown in Figure 10.

By performing the analysis, the deflection 
of the effector’s working point in each axis was 
determined. The example results are shown in 
Figure 11, while Table 2 collects all the displace-
ment values of the effector working point from 
the ideal position in each axis.

The influence of the joints positioning error on the 
effector working point positioning trueness

The positioning error of the joint is dependent 
on the accuracy of motor control, drive transmis-
sion and position reading by the encoder. It can 
be determined based on the relevant formula (1). 
Table 3 presents the maximum positioning errors 
for manipulator’s joints. The positioning error of 
joint F is also included in the table, although due 

to the kinematics of the manipulators in discus-
sion, its position does not affect the position of 
the effector.

  (1)

where: δm – motor positioning error, i1 – initial 
gearbox ratio, i2 – main gearbox ratio, δg1 
– initial gearbox positioning error, δg2 – 
main gearbox positioning error, δe – en-
coder positioning error.

To determine the effector’s working point 
displacement influenced by joints position errors, 
a calculation models in Adams software were cre-
ated. Then, in every joint, a movement was applied 
from the ideal position to a position with maximum 
error, according to the previously defined direc-
tions. The displacement of the effector was mea-
sured in each axis. Figure 12 presents the compu-
tational model with the adopted coordinate system.

Figurte 13 shows example results of the 
simulations, for the first case and the improved 

Figure 10. Example of FEM calculation model

Figure 11. Results of the FEM analyses of one example case, deflection: (a) X-axis, (b) Y-axis, (c) Z-axis
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Table 2. Displacement of the effector’s working point in each axis for each analyzed case, caused by segments 
deflection

Displacement [mm]

Axis
Improved manipulator Previous manipulator

Case 1 Case 2 Case 1 Case 2

X -0.01 -0.03 -0.18 0.13

Y 0.02 0.01 -1.25 -0.97

Z -2.17 -1.31 -8.88 -6.05

Table 3. Summary of maximum positioning errors of 
the joints

Joint
Positioning error of the joint [°]

Improved 
manipulator Previous manipulator

A 0.085 0.937

B 0.085 0.532

C 0.085 0.532

D 0.109 1.026

E 0.264 0.763

F 0.393 1.002

Figure 12. A model created in Adams software

manipulator. The graph shows the displacement 
of the effector’s working point in each axis from 
the desired position to the resulting position, de-
termined by the maximum positioning errors of 
the manipulator joints. Due to configuration of 
the manipulator in the analyzed case, the greatest 
displacement occurs in the vertical Z axis, while 
the smallest is observed in Y axis, aligned with 
the manipulator’s structure. Displacement results 
for all analyzed cases are shown in Table 4.

To fully evaluate and compare factors that 
affect positioning precision of the analyzed ma-
nipulators, displacements of the manipulator’s 
working point in each axis, caused by segments 
deflection and joints positioning errors, were 

summed. Then, a total displacement was deter-
mined. The results are included in Table 5. The 
results of the numerical analyses show potential 
significant improvement in effector’s positioning 
precision. Accounting considered factors into the 
design process reduced displacement of the effec-
tor working point from ideal position, caused by 
segments deflection and joint positioning errors, 
by more than five times in both analyzed cases

Experimental verification

To evaluate manipulator positioning precision 
it was decided to experimentally obtain estimates 
for one-directional pose accuracy and repeatabili-
ty. Chosen method is based on requirements listed 
in ISO 9283:1998 norm as its common use allows 
comparison with other studies. It was assumed 
that precision of a manipulator is a sum of pose 
accuracy and pose repeatability. Position data has 
been gathered from 4 points (P1, P2, P3, P4) in an 
imaginary cube (Figure 14). Position of the cube 
is set to measure precision characteristics in the 
area that is used the most. Location of point P0 in 
relation to the rover coordinate system is X = 700 
mm, Y = 0 mm, Z = 365 mm, where the origin 
is in the center of the rover’s chassis. The edge 
of the cube is 250 mm, measurement points are 
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equally spaced out on the cube diagonal. Precise 
evaluation of origin position proved to be diffi-
cult, the method used is based on measuring dis-
tances from small cube in effector to 3 marked 
points on the rover. Based on the known positions 
of specific points on the rover, the position of the 
effector was calculated in the rover’s coordinate 
frame. Due to the limited precision of the used 
rangefinder (resolution of 1 mm) the method can 
have significant error of about 2 mm. Future it-
erations could benefit from high-precision optical 
tracking systems, which offer sub-millimeter ac-
curacy and improved repeatability, enhancing the 
reliability of the results. Position measurements 
were taken at points P1... P4, position of each 

Figure 13. Simulation results of the first analyzed case, improved manipulator

Table 4. Displacement of the effector’s working point in each axis for each analyzed case, caused by joints 
positioning errors

Displacement [mm]

Axis
Improved manipulator Previous manipulator

Case 1 Case 2 Case 1 Case 2

X -1.76 -1.30 -19.80 -15.16

Y -0.01 -1.86 -0.41 -1.19

Z -4.17 -2.44 -22.36 -18.45

Table 5. Displacement of the effector’s working point in each axis for each analyzed case, summed up
Displacement [mm]

Axis
Improved manipulator Previous manipulator

Case 1 Case 2 Case 1 Case 2

X -1.77 -1.33 -19.98 -15.03

Y 0.01 -1.85 -1.66 -2.16

Z -6.34 -3.75 -31.24 -24.50

Total 6.85 4.39 37.12 28.82

Figure 14. Imaginary cube with plane used for pose 
testing
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Figure 15. Measurement setup

point can be seen on Figure 15. For measuring in 
point P1 the end effector moved in path P0->P1-
>P0, stopping in position P1 for measurement as 
suggested in ISO 9283:1998 norm. Other points 
were treated the same way moving in path P(i-
1)->Pi->P(i-1). Velocity during the test was set to 
25% of maximum allowed by the control system 
- about 15 mm/s. Measurements were taken after 
stabilization of the manipulator using an analogue 
indicator with resolution of 0.01 mm. During tests 
a 25 × 25 × 25 mm cube was placed in the effector 
with an additional weight of 0.5 kg which is 10% 
of rated load. Test setup is shown on Figure 15.

The indicator can measure distance in only 
one direction, therefore 3 independent test series 
were conducted for each axis. Each series consist-
ed of 20 cycles. The same set of measurements 
were repeated for the old manipulator construc-
tion. Results of one-directional pose repeatability 
can be seen in Table 6. Data suggests that previ-
ous construction of manipulator have values 2.4 
times higher. In Table 7 the pose accuracy is pre-
sented. The obtained data shows that improved 
manipulator has better accuracy performance.

In this study, positioning precision is as-
sumed to correspond to pose accuracy, while pose 

Table 6. Summary calculated pose repeatability

Point of 
measurement

Pose Repeatability [mm]
Improved 

manipulator
Previous 

manipulator
P1 3.828 12.611

P2 4.997 9.126

P3 3.486 7.912

P4 3.760 9.297

Table 7. Summary calculated pose accuracy

Point of 
measurement

Pose Accuracy [mm]

Improved manipulator Previous manipulator

X Y Z Total X Y Z Total

P1 7.357 4.512 -2.767 9.063 4.726 -4.385 12.987 14.499

P2 3.359 -2.844 -9.103 10.111 13.519 -3.325 6.819 15.502

P3 -0.374 2.481 6.242 6.728 9.034 -2.736 19.209 21.402

P4 1.974 0.196 2.183 2.949 9.682 -7.697 7.130 14.276

Table 8. Summary calculated positioning precision

Point of 
measurement

Positioning precision [mm]
Improved 

manipulator
Previous 

manipulator
P1 9.063 ± 3.828 14.499 ± 12.611

P2 10.111 ± 4.997 15.502 ± 9.126

P3 6.728 ± 3.486 21.402 ± 7.912

P4 2.949 ± 3.760 14.276 ± 9.297
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repeatability is treated as the error associated with 
that value. The results are presented in Table 8.

Table 9 presents a comparison of positioning 
precision. The data should be treated as indica-
tive only, as a direct comparison is difficult due 
to differing methods used to assess precision. The 
intention is to provide contextual reference, even 
though the manipulators serve different purposes. 
If the positioning precision is given in multiple 
points, the worst case is presented. Some manipu-
lators have only pose repeatability (PR) measure-
ments provided.

CONCLUSIONS

The primary goal of this work was to enhance 
the positioning precision of a robotic manipula-
tor mounted on a mobile platform. Numerical 
methods, primarily FEM and kinematic simula-
tions, were used during the design phase to pre-
dict and minimize the effects of segment deflec-
tions and joint positioning errors. The improved 
manipulator design, informed by these numerical 
analyses, significantly reduced expected displace-
ments of the end-effector compared to the previ-
ous version—by more than five times in critical 
configurations (e.g., reducing total displacement 
from around 37 mm to below 7 mm). Subsequent 
experimental tests confirmed the effectiveness 
of the design improvements. The results, sum-
marized in Table 8, show that the improved ma-
nipulator achieved positioning precision values 
ranging from approximately 2.95 mm ± 3.76 mm 
at point P4 up to 10.11 mm ± 4.99 mm at point 
P2. In contrast, the previous manipulator showed 
significantly higher positioning precision er-
rors, ranging from about 14.28 mm ± 9.30 mm 
at point P4 to 21.40 mm ± 7.91 mm at point P3. 
These results indicate that the improved manipu-
lator consistently outperforms the older design, 
reducing positioning errors by roughly a factor 
of 3 to 7 depending on the measurement point. 

In conclusion, incorporating numerical analysis 
during the design process allowed identification 
and mitigation of key factors affecting position-
ing precision. This approach led to a marked im-
provement in manipulator accuracy and reliabil-
ity, crucial for demanding applications on mobile 
robotic systems.
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