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This study introduces a virtual prototyping framework that couples multibody
dynamics with finite-element-based modal analysis to design and numerically
assess a six-degree-of-freedom robotic manipulator for smart agricultural
applications. A CAD model was developed in SolidWorks and imported into
ADAMS to evaluate joint torques, accelerations, and compliant contact
interactions under realistic motion cycles. Nonlinear damping and Coulomb
friction were included to emulate soft-object grasping and placement.
Simulations indicated sub-millimeter positioning accuracy (<0.5 mm), a peak
base-joint torque of 15 Nem, and maximum transient accelerations of 3.2 m/s2.
Modal analysis of critical components identified natural frequencies ranging
from 638 to 5856 Hz and maximum operational displacements <0.42 mm,
providing a basis for assessing the system’s vibrational and structural behavior.
The unified multibody—modal loop addresses a gap in the literature by
integrating contact-rich dynamics with structural verification, providing a
simulation-based pathway for early-stage design that reduces reliance on costly
physical prototypes. The framework also establishes a foundation for
incorporating intelligent control, adaptive algorithms, and sensor-driven
feedback in next-generation robotic manipulators for smart agriculture and
precision automation.
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INTRODUCTION

Robotic manipulators are widely used in
transportation,  assembly, and industrial
production because of their speed, precision, and
ability to perform hazardous or repetitive tasks
(Cruz et al., 2021; Nguyen-Tuong & Peters,
2011). Their design nevertheless requires
accurate estimation of joint forces, torques, and
motion-induced loads because these quantities
directly influence performance, structural safety,
and service life (Boyer & Porez, 2015; Z. Liu et
al.,, 2023). Dynamic modeling and virtual
prototyping allow potential problems related to
stability, positioning, and mechanical response to
be identified before physical construction,
thereby reducing development time and cost
(Boyer & Porez, 2015; Cruz et al., 2021).
Agricultural robotics  further requires
manipulators to combine mechanical precision
with adaptability to variable operating conditions,
while broader  smart-farming systems
increasingly integrate robotic, Al-driven, and
sustainable-energy technologies (Mohammadi,
Nazemosadat, et al., 2026). (Li et al., 2024)
developed a CNN-MLP-based configurable
robotic arm for harvesting and crop inspection,
while (P. H. Kuo et al.,, 2024) investigated
intelligent  optimization  for  control-error
compensation and task scheduling. (Elgohr et al.,
2025) also demonstrated the effectiveness of
optimization-based path planning for collision-
free robotic motion. More broadly, recent
metaheuristic  frameworks for constrained
engineering design have demonstrated the
potential of systematic search strategies for
complex design-space exploration, providing a
possible basis for future optimization of robotic
design and control parameters (Mohammadi,
Bazargan Lari, et al., 2026). These studies
highlight the growing role of intelligent control
and optimization, whereas the present work
focuses on the mechanics-driven virtual-
prototyping stage that precedes their future
integration.

Dynamic and structural analyses are equally
important for evaluating the mechanical

reliability of robotic manipulators. (Pietru$ &
Gierlak, 2023) developed a two-link robot model
and mapped resonance frequencies across
configurations, with experiments confirming the
simulations showing that arm posture strongly
shapes low-frequency vibration (Mohammadi,
Lari, et al., 2026). Building on this idea, we move
beyond configuration-level analysis by coupling
contact-rich multibody dynamics (ADAMS) with
component-level finite-element modal
verification in a single virtual-prototyping loop
for a 6-DOF manipulator, targeting sub-
millimeter precision in unstructured tasks.
(Zhong et al., 2023) presented the design and
simulation of a seven-degree-of-freedom
hydraulic robotic arm using 7075 aluminum
alloy, evaluating its strength through multibody
dynamics and FEM-based structural analysis.

Recent independent  studies further
demonstrate the importance of considering
manipulator dynamics, structural vibration, and
contact behavior in agricultural robotics. (S. Liu
etal., 2023) applied multibody dynamics together
with experimental testing to investigate the
kinematic characteristics of a robotic arm for
mango harvesting. (Badkoobehhezaveh et al.,
2022) combined finite-element and experimental
modal analyses to characterize the vibration
behavior of a long-reach robotic manipulator for
farm applications, while (Alshihabi et al., 2025)
integrated kinematic and dynamic analysis with
FEA, modal analysis, and topology optimization
to improve robotic-arm reliability and vibration
performance. From the end-effector perspective,
(Xie et al., 2024) explicitly considered contact
behavior in the design of adaptive grippers for
fruit-picking  robots.  Collectively, these
independent studies highlight the complementary
importance of motion, vibration, and contact-
aware analysis and support the development of an
integrated virtual-prototyping workflow for
precision agricultural manipulation.

Similarly, (Dumitru et al., 2024) conducted a
comprehensive dynamic study of a poly-
articulated robot using MSC ADAMS and
ANSYS, providing detailed kinematic and
dynamic models to optimize motion and control.



However, most works do not combine dynamic
simulation with modal structural analysis in a
unified framework particularly for precision-
oriented agricultural applications. To address this
gap, the present study integrates both approaches
within an integrated simulation architecture that
serves as a virtual autonomous environment for
robotic mechanism development. Multibody and
CAD-based simulation tools have been widely
used to predict robotic motion, joint loading, and
potential design limitations before physical
construction (Baglioni et al., 2016; Bahani et al.,
2023; Pratheep et al., 2021; Wang et al., 2024).
Complementary  kinematic and trajectory-
planning studies have further shown that accurate
motion planning can reduce mechanical loading,
energy demand, and task time (Y. L. Kuo &
Huang, 2017; Lv et al., 2020; Mateo Sanguino &
AndUjar Méarquez, 2012).

Previous studies have generally emphasized
individual  aspects of robotic  system
development. (Li et al., 2024) focused on
intelligent agricultural manipulation, (Pietru$ &
Gierlak, 2023) examined configuration-
dependent vibration behavior, (Zhong et al.,
2023) combined multibody and structural
analyses for a hydraulic manipulator, and
(Dumitru et al., 2024) investigated detailed
dynamic modeling of a poly-articulated robot. In
contrast, the present study combines contact-rich
multibody simulation of a complete pick-and-
place cycle with component-level modal and
displacement assessment within a single virtual-
prototyping workflow specifically directed
toward delicate agricultural object handling. The
novelty therefore lies not in the individual use of
ADAMS or FEM, but in their coordinated
application to simultaneously evaluate motion,
actuator loading, compliant contact behavior,
positioning performance, and structural response
of a 6-DOF agricultural manipulator. This
framework is intended as an early-stage
computational design and assessment tool, while
physical-prototype testing remains necessary for
subsequent experimental validation.

MATERIALS AND METHODS

Design and Simulation of the Robotic Arm

The six-degree-of-freedom robotic arm
analyzed in this study was designed using
SolidWorks software and transferred to the
ADAMS environment for detailed dynamic
simulation and performance evaluation. This
process aimed to assess the arm's behavior in
handling delicate agricultural packages, focusing
on joint forces, torques, motion profiles, and
contact stability under realistic working
conditions. During the design phase, carbon steel
was selected for all arm components. With a
density of 7801 kg/m3, Young’s modulus of
2.07x10'"' N/m?, and a Poisson’s ratio of 0.29, it
was chosen for its robust mechanical properties,
ensuring adequate strength and load-bearing
capability suitable for repetitive handling of
lightweight yet fragile produce.

After completion of the 3D CAD model, the
robotic arm was imported into ADAMS, where
the revolute joints, motor drivers, and contact
interfaces required for the six-degree-of-freedom
mechanism were defined. Each joint was driven
by a prescribed step-sequence actuator input. The
motion cycle consisted of two main stages: (1)
approach and lifting of the object and (2)
controlled transfer and placement on the target
platform. The actuator inputs are reported in
(Table 1), while (Figure 2) illustrates four
representative configurations of the prescribed
pick-and-place trajectory. Contact interactions
were defined between the grippers and the
manipulated object and between the object and
the supporting platforms. A compliant contact
formulation was employed with a stiffness of
1x108 N/m, a damping coefficient of 1x10% a
penetration depth of 1x10™* m, and a force
exponent of 2.2. Static and dynamic Coulomb
friction coefficients of 0.3 and 0.1, respectively,
were applied. (Figure 3) shows the resulting
multibody model, including the actuators, contact
interfaces, and environmental boundaries.
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Figure 1. Structure of a Six-Degree-of-Freedom Robotic Arm with Rotational Constraints.

Table 1. Step Sequence for Reciprocal Movements of Robotic Arm Motors.

Motor Step Sequence (Backward Movement) Step Sequence (Forward Movement)
Base Rotation Step (time, 1.1, 0, 2, 88.5d) Step (time, 0, 0, 1, -56d)
Shoulder Rotation Step (time, 1.1, 0, 2, -25d) Step (time, 0, 0, 1, 104d)
Elbow Rotation Step (time, 1.1, 0, 2, -50d) Step (time, 0, 0, 1, 90d)
Wrist Rolling - Step (time, 0, 0, 1, 10d)
Upper Arm Step (time, 1.1, 0, 2, -10d)
Gripper Rotation -

Step (time, 0, 0, 1, 4d)
Step (time, 0, 0, 1, 0d)

(a) Initial Position

(b) Above Grasping Position

(c) Grasping Position

(d) Releasing Position
Figure 2. Simulation of the Robotic Arm's Motion Path in Four Positions.
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Figure 3. Simulated Model of the Robotic Arm with Contact Constraints.

A torsional spring enhanced the gripper’s
precision during object acquisition and release.
Positioned between the two segments of the
gripper, the spring was configured with a stiffness
of 50N-m/deg and a damping coefficient of
5N-m-s/deg, delivering sufficient torque to
ensure secure handling of the object.
Additionally, a preloaded torque of -200 N-m was
applied to enhance responsiveness and
repeatability ~ during  precision  grasping
operations. Gravitational acceleration
(g=9.81 m/s?) was used in the negative Z-axis
direction to simulate realistic environmental
effects on the system. These configurations
contributed to a physically consistent simulation
environment replicating agricultural packaging
and transfer scenarios.

The dynamic simulation was executed in
ADAMS/View using the built-in simulation
controller over a total duration of 3 s with 200
simulation steps. Initial-condition reset was
disabled, and continuous graphical rendering was
used to monitor the prescribed motion and
contact transitions. The primary dynamic outputs
evaluated during the simulation included linear
and angular accelerations, joint torques, contact
forces, and final positioning. The torsional spring
and compliant contact formulations described
above were retained throughout the complete
motion cycle. These settings define the numerical

conditions under which the dynamic results
reported in (Figures 4-14) were obtained and
provide the basis for the subsequent structural
assessment.

Numerical Verification and Validation
Scope

Because the present work focuses on early-
stage virtual prototyping, a physical prototype
and experimental dataset were not available for
direct experimental validation. Accordingly, the
computational model was evaluated through
complementary numerical checks at different
levels. These included successful execution of the
prescribed  pick-and-place  motion  cycle,
continuous evaluation of joint forces, torques,
accelerations, contact responses, and final
positioning during the multibody simulation,
together with FEM-based modal and
displacement assessments of the critical
structural components. These complementary
analyses provide numerical verification of the
model behavior across the kinematic, dynamic,
contact, and structural domains; however, they
should not be interpreted as a substitute for
experimental ~ validation.  Therefore, the
quantitative results reported in this study
represent model-based predictions under the
stated assumptions, and subsequent prototype and
field testing will be required to establish
experimental agreement.



RESULTS AND DISCUSSION

Simulation Results and System
Performance Evaluation

This section presents a detailed evaluation and
interpretation of the simulation results to assess
the dynamic behavior and mechanical
performance of the six-degree-of-freedom
robotic arm, tailored explicitly for precision
agricultural product handling. Both numerical
and graphical data including linear and angular
accelerations, applied torques, contact forces, and
joint responses were examined to assess actuator
effectiveness, mechanical coordination, motion
stability, and overall design feasibility.

The linear acceleration profile (Figure 4)
demonstrated peak values of 3.2m/s%
particularly during the initial lifting and transition
phases. These rapid increases in acceleration
reflect the system’s ability to respond swiftly to
positional changes, which is essential in high-
speed agricultural tasks such as fruit sorting.
However, the initial overshoot could be
optimized using advanced control strategies like
adaptive or Al-based controllers. The minimum
acceleration (0.8 m/s?) observed during the
settling phase suggests efficient damping and
energy  dissipation  through  mechanical
constraints and actuator tuning.

Angular velocities (Figure 5), peaking at
2.5rad/s, remained consistent with minimal
fluctuation, indicating precise control without
excessive oscillations. Compared to the work by
(Li et al., 2024), which employed neural-based
motion planning for flexible arm movement, this
system achieved similar precision without
requiring learning-based feedback, relying
instead on well-defined trajectory inputs. Contact
forces recorded at 120 N and 95 N (Figures 6 and
7) were maintained within safe thresholds,
confirming the gripper’s mechanical integrity and
the softness of interactions with objects and
platforms. In contrast with (Zhong et al., 2023),
where hydraulic actuation modulated force

during high-load manipulation, this
electromechanical system achieved stable contact
using only structural tuning and impact-damping
parameters. The torque requirement of Motor 1
(Figure 8) peaked at 15 N-m, aligning well with
the theoretical design constraints. This motor is
the base actuator and sustains the bulk of the
initial inertial response.

Any excess load or oscillation at this joint
would risk destabilizing the whole kinematic
chain. Fortunately, no such instability was
observed during the simulation. Likewise, linear
forces across axes (Figure 9), peaking at 180 N on
the x-axis, reflected balanced load distribution,
indicating a well-proportioned mechanical
design. Angular acceleration (Figure 10) reached
1.8 rad/s?, with final angular velocities (Figure
11) stabilizing at 2.0 rad/s. The final positioning
error (Figure 13), which remained below 0.5 mm,
demonstrates the system’s capacity to perform
repetitive positioning tasks accurately. The
combined force/torque equilibrium (Figure 12)
and overall system dynamics (Figure 14)
confirmed synchronized performance without
signs of overstrain, backlash, or erratic motion.

From a simulation-based design assessment
perspective, these findings support the
mechanical feasibility of the robotic arm within
the modeled agricultural operation. Nevertheless,
the results should be interpreted as numerical
predictions rather than experimental validation.
The current simulation environment does not
include real-world disturbances such as external
wind, unexpected contact shifts, or sensor noise,
and real-time feedback-based adjustments are not
implemented. These limitations may influence
the system response during actual deployment.
Future work should therefore include prototype-
based measurements and field trials to
guantitatively compare simulated and measured
motion, load, contact, and structural responses.
Within the present scope, the results provide a
computational basis for further design refinement
and subsequent physical implementation.
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Figure 4. Linear acceleration of the robotic arm during different motion phases.
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Figure 6. Initial contact forces (Contact 1) between the grippers and the box.
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Figure 9. Linear forces of the robotic arm across various axes.
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Figure 10. Angular acceleration of the robotic arm's joints.
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Figure 11. Final angular velocity of the robotic arm.
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Figure 12. Combined forces and torques during motion.
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Figure 13. The final position of the robotic arm.
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Figure 14. Overall system force diagram during simulation.

Structural Modal and Displacement Analysis of
Robotic Arm Components Using Finite Element
Method

To complement the multibody dynamic
analysis, component-level FEM-based modal and
displacement assessments were performed for the
base rotation segment, shoulder joint, and wrist
rolling section. These components were selected
because of their important load-bearing and
motion-transmission roles during the complete
manipulation cycle. The first five natural
vibration modes of each component, including
bending and torsional modes, were extracted
using the FEM capabilities within the
ADAMS/View workflow. Linear tetrahedral
elements were used for discretization, and the
corresponding node and element counts are
reported in (Table 3). FEM-based static and
dynamic investigations of mechanically loaded
engineering structures have similarly

10

demonstrated the usefulness of modal response
and displacement fields for identifying
structurally critical regions and supporting
subsequent design refinement (Mohammadi et
al., 2024; Nazemosadat et al., 2025). The modal
analysis was used to characterize the natural
frequencies and associated mode shapes, whereas
the displacement analysis was used to assess
deformation under the modeled operational
loading condition. Independent robotic-arm
studies support the use of modal analysis as an
early-stage  structural ~ assessment  tool.
(Badkoobehhezaveh et al.,, 2022) combined
finite-element analysis with experimental modal
analysis for a farm manipulator, while (Alshihabi
et al., 2025) incorporated modal analysis and
topology optimization to improve vibration
behavior and structural reliability. These studies
support modal characterization as a useful basis



for identifying vibration-sensitive components
and guiding subsequent structural refinement.
Related multiphysics investigations have also
shown that integrating FEM-based modal
assessment with complementary simulation
domains can reveal structural and performance
limitations that may remain less evident in single-
domain analyses (Mohammadi et al., 2025).
Additionally, a displacement contour under
operational loading conditions was generated.
The results of this analysis (Figure 18) show that
the overall deformation of the system is minimal,
with maximum displacement not exceeding 0.42
mm. This low level of deformation supports the

\

structural adequacy of the design under the
modeled working loads, an essential factor for
maintaining precision in the handling of
agricultural products. The combination of modal
and displacement analyses indicates favorable
structural stability within the modeled conditions
and, through the identification of low-frequency
modes, provides a suitable basis for future
vibration and damping optimization. These
results support the expected structural suitability
of the robotic arm for sensitive and repetitive
agricultural applications under the modeled
conditions.

(a) Mode 1 — Bending, 1050.96 Hz

(c) Mode 3 — Coupled Bending—Torsional, 2918.39 Hz

(b) Mode 2 — Torsional, 1934.20 Hz

(d) Mode 4 — Higher-Order Bending, 3805.80 Hz

(e) Mode 5 — Higher-Order Torsional, 4726.27 Hz
Figure 15. First five vibration mode shapes of the wrist component; the corresponding mode type and natural
frequency are indicated in each subfigure.



Table 2. Natural frequencies (Hz) of the first five vibration modes for each robotic arm component.

Component Mode 1 (Hz) Mode 2 (Hz) Mode 3 (Hz) Mode 4 (Hz) Mode 5 (Hz)
Wrist Y.o.,4% VaY¥E, Y. YAa1A,T4 YA O, AN LYY, YV
Shoulder YA, Ve YYAY,YA Y04 Yy YALA,TY vrod, ¢t
Base Y119 ,A8 Y.v,qv ¥yeo,vd £rVY,ov oAST, VA
Because the prescribed ADAMS STEP natural frequency is 638.15 Hz; therefore, even

commands are transient rather than periodic, they
do not define a single exact excitation frequency.
Therefore, a characteristic operational excitation
frequency was estimated from the inverse of the
transition time, f.nqr = 1/At. For the forward
commands, A4t =1.0s, corresponding to
approximately 1.00 Hz, whereas the return
commands have At = 0.9 s, corresponding to
approximately 1.11 Hz. The lowest calculated

1

(a) Mode 1 — Bending, 638.15 Hz

(c) Mode 3 — Coupled Bending—Torsional, 1654.23 Hz

relative to the highest characteristic step-motion
frequency, the frequency-separation ratio is
approximately 574. This substantial separation
indicates that direct resonance with the primary
step-motion timescale is unlikely under the
modeled operating sequence. A detailed spectral
assessment of transient load harmonics would
require a dedicated FFT-based analysis and is
therefore reserved for future investigation.

(b) Mode 2 — Torsional, 1181.78 Hz

A
A

(d) Mode 4 — Higher-Order Bending, 1848.67 Hz

(e) Mode 5 — Higher-Order Torsional, 3359.46 Hz

Figure 16. First five vibration mode shapes of the shoulder component; the corresponding mode type and natural
frequency are indicated in each subfigure.
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Table 3. Mesh specifications of robotic arm components (using linear tetrahedral elements).

Component Element Type Nodes Elements
Base Linear Tetrahedral 4237 17609
Shoulder Linear Tetrahedral 2262 8243
Wrist Linear Tetrahedral 2857 10474

(a) Mode 1 — Bending, 1661.89 Hz (b) Mode 2 — Torsional, 2402.97 Hz

(c) Mode 3 — Coupled Bending-Torsional, 3155.39 Hz  (d) Mode 4 — Higher-Order Bending, 4313.53 Hz

(e) Mode 5 — Higher-Order Torsional, 5856.79 Hz

Figure 17. First five vibration mode shapes of the base rotation component; the corresponding mode type and
natural frequency are indicated in each subfigure.
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Figure 18. Displacement contour of the complete robotic arm under the modeled operational loading
condition; the color scale represents total deformation in meters.

Comparative Evaluation of Applied Simulation
Methods

To enhance the clarity of the methodology and
findings presented in this study, a comparative
table (Table 4) has been included to summarize
the  characteristics, numerical  outcomes,
advantages, and limitations of the primary

simulation methods employed. This table
emphasizes the significance of integrating
dynamic analysis with structural evaluation and
provides a comprehensive understanding of the
system’s mechanical performance in agricultural
applications.

Table 4. Comparative summary of this study's simulation and analysis methods, including quantitative results, advantages,

and known limitations.

Method / Tool Type of Analysis Key Numerical Results ~ Advantages Limitations
ADAMS (Dynamic  Multibody - Max linear acceleration:  High-fidelity motion It does not account for
Simulation) dynamic analysis (3.2 m/s?) modeling, actuator and structural deformation
of motion, torques, - Max torque: constraint interaction, and no fatigue/stress
accelerations (15 N-m) precise trajectory  analysis.
- Positioning accuracy: simulation
(<0.5 mm)
FEM (Modal & Modal analysis, - Max displacement: Identifies  deformation  No time-based actuation
Displacement static displacement (0.42 mm) and modal behavior; large  response lacks real-time
Analysis) evaluation - Natural frequencies: separation from the dynamics.
638-5856 Hz; characteristic step-motion
characteristic STEP- frequency
motion frequency: 1.00—
111 Hz
Integrated Hybrid  dynamic- - Complementary Combines motion-level No physical-prototype
ADAMS + FEM structural assessment across motion and structural analyses or experimental
framework and structural domains within a unified virtual- validation;
- Large frequency prototyping workflow. environmental
separation, low variability is excluded.

displacement
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CONCLUSION

This study presents a simulation-based virtual-
prototyping framework that links contact-rich
multibody dynamics with component-level
modal and displacement assessment for a 6-DOF
manipulator intended for precision agricultural
handling. Rather than treating motion
performance and structural behavior as separate
design problems, the proposed workflow enables
actuator loading, contact interaction, positioning
behavior, and vibration-sensitive structural
response to be considered within a common
computational ~ framework before physical
prototyping.

The broader scientific implication of this
approach is that precision manipulation of
delicate agricultural products depends not only on
kinematic performance but also on the interaction
between transient loading, contact mechanics,
and structural dynamics. Coupling these domains
at the design stage provides a more physically
informed basis for identifying critical joints and
components, evaluating design trade-offs, and
prioritizing structural or control modifications.
Although developed for an agricultural
manipulation scenario, the workflow can also be
extended to other robotic systems in which
contact sensitivity, positioning performance, and
structural ~ vibration ~must be  assessed
simultaneously.

The present study remains computational and
should therefore be interpreted within the
assumptions of the multibody and finite-element
models. Physical-prototype validation,
environmental disturbances, sensor uncertainty,
material variability, and closed-loop feedback
were not included in the present framework.
These limitations establish a clear path for
subsequent experimental and control-oriented
development.

Future work should prioritize prototype-based
dynamic and modal measurements, field trials
under realistic agricultural conditions, sensitivity
and uncertainty analyses of contact and material
parameters, and the integration of vision, tactile
sensing, and adaptive control. Extending the
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framework toward fatigue, stress, and detailed
excitation-spectrum (FFT) analyses would
further support the development of robust
manipulators for smart agriculture and other
high-precision automation tasks.
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