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ARTICLE INFORMATION ABSTRACT
Article history: This study introduces a biomimetic robotic raking arm for autonomous lawn maintenance,
Published: February 2026 inspired by human forearm motion and ant mandible mechanics to enable adaptive debris
collection for unmanned ground vehicles. Constructed from ASTM A36 mild steel with a
Keywords: three-degree-of-freedom mechanism, the arm performs vertical lift, horizontal sweep, and
Biomimetic robotics rotational positioning. Lagrangian modeling estimated torque needs of 0.85 N-m
Robotic manipulator (shoulder), 042 N-m (elbow), and 0.18 N-m (wrist), while finite element analysis
Lagrangian dynamics confirmed structural integrity with a 987 safety factor and 186.5 Hz natural frequency.
Intelligent control MATLAB/Simulink simulations showed 2.3 mm RMS trajectory error using PID control,
Fuzzy logic improved to 0.8 mm with fuzzy logic. The control system integrates YOLOv5-based
Computer vision vision (94.3% accuracy), A* path planning, force feedback (15 N), and Q-learning
Reinforcement learning optimization (87% efficiency). Prototype testing validated torque predictions within 8.7%
Lawn maintenance and achieved 91.2% debris collection efficiency across Bermuda, St. Augustine, and

Zoysia grass types. The biomimetic design reduced power consumption by 34% compared
to rigid mechanisms and enhanced terrain adaptability. This research advances
autonomous lawn care by merging bio-inspired mechanics with intelligent control for
efficient, energy-saving, and terrain-responsive operation.

1. Introduction

The integration of biomimetic design principles with intelligent control systems represents a paradigm shift in autonomous robotic
manipulation, particularly for complex tasks such as lawn debris collection requiring adaptive interaction with unpredictable
environments (Smith & Johnson, 2020). Natural biological systems have evolved highly efficient mechanisms for grasping,
raking, and manipulating objects through millennia of optimization, providing inspiration for robotic system design (Zhang et al.,
2019). Human forearm motion, characterized by three primary degrees of freedom (shoulder rotation, elbow flexion, wrist
rotation), enables dexterous manipulation through coordinated multi-joint control—a capability that remains challenging for rigid
robotic systems (Anderson & Lee, 2021).

1.1 Biomimetic Inspiration and Design Philosophy

Biological raking and collection mechanisms exhibit remarkable efficiency and adaptability. Human forearm mechanics achieve
precise positioning through antagonistic muscle pairs creating compliant motion, while ant mandibles demonstrate efficient de bris
manipulation through coordinated bilateral actuation (Kumar & Singh, 2022). These natural systems share common principles: (1)
multiple degrees of freedom enabling workspace coverage, (2) compliant interaction with variable surfaces, (3) adaptive force
application based on load feedback, and (4) energy-efficient motion through optimized trajectories (Brown et al., 2018).

Figure 1: 3D Presentation of the Interactive 3-DOF Serial Manipulator
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Traditional robotic raking mechanisms employ rigid, single-axis sweeping motions lacking the adaptability of biological systems,
resulting in incomplete debris collection on uneven terrain, high power consumption during ground contact, and inability to
navigate obstacles (Williams & Thompson, 2019). Figure 1, presents a 3D biomimetic robotic manipulator designed to address the
limitations of traditional robotic raking mechanisms by incorporating multi-joint articulation enabling terrain-following motion,
compliant linkages distributing contact forces, and intelligent control systems adapting to environmental feedback (Martinez et al.,
2021).

1.2 Intelligent Control Requirements

Autonomous lawn maintenance presents unique control challenges: (1) unstructured environments with varying grass height,
debris density, and terrain topology requiring adaptive responses, (2) real-time decision making for path planning, obstacle
avoidance, and debris detection, (3) energy optimization balancing collection efficiency with power consumption, and (4) learning
capability improving performance through operational experience (Zhang et al., 2019).

Conventional PID control, while effective for position tracking under known conditions, lacks adaptability to environmental
variations and cannot optimize performance based on task outcomes (Anderson & Lee, 2021). Intelligent control systems
incorporating fuzzy logic, neural networks, and reinforcement learning enable autonomous systems to handle uncertainty, adapt to
changing conditions, and optimize behavior through experience—capabilities essential for robust lawn maintenance operations
(Kumar & Singh, 2022).

1.3 Research Gap and Contributions

Existing research on autonomous lawn maintenance has focused primarily on navigation and coverage planning, with limited
attention to manipulator design and intelligent control integration (Smith & Johnson, 2020). Published studies typically employ
simplified structural analysis without dynamic considerations, neglect biomimetic design principles favoring conventional
mechanisms, and implement basic control strategies lacking adaptive intelligence (Williams & Thompson, 2019). No
comprehensive framework exists integrating biomimetic mechanical design, rigorous structural and dynamic analysis, and
intelligent adaptive control for robotic raking applications.

This research addresses this gap through four primary contributions:

® Biomimetic Mechanical Design: Development of a 3-DOF robotic raking arm inspired by human forearm kinematics and ant
mandible mechanics, optimized for autonomous lawn debris collection

® Comprehensive Mathematical Modeling: Integration of structural analysis (static, modal, contact mechanics), kinematic
modeling (forward/inverse kinematics, Jacobian formulation), and dynamic simulation (Lagrangian equations, trajectory
planning) validated through multi-physics finite element analysis

o Intelligent Control Architecture: Design and implementation of layered control incorporating: (a) low-level servo control with
force feedback, (b) mid-level adaptive fuzzy logic for trajectory tracking, (c) high-level decision making through reinforcement
learning for path optimization, and (d) computer vision-based debris detection and localization

® Experimental Validation: Physical prototype development with comprehensive testing demonstrating structural integrity,
kinematic accuracy, control performance, and debris collection efficiency across varied lawn conditions

1.4 Research Objectives
The specific objectives are to:

® Develop biomimetic 3-DOF raking arm mechanism with kinematic workspace adequate for lawn debris collection

® Formulate mathematical models: structural (static, dynamic, fatigue), kinematic (DH parameters, Jacobian), and dynamic
(Lagrangian equations of motion)

® Validate structural design through multi-physics finite element analysis addressing static stress, modal response, contact
mechanics, and thermal effects

o [mplement intelligent control architecture integrating PID baseline, adaptive fuzzy logic, reinforcement learning optimizatio n,
and computer vision perception

® Conduct experimental validation measuring kinematic accuracy, force control performance, debris collection efficiency, and
power consumption

® Demonstrate superiority of biomimetic intelligent systemover conventional rigid mechanisms through comparative evaluation

The significance of this integrated approach lies in advancing autonomous robotic manipulation beyond simple position control to
adaptive, learning-based systems capable of complex interactions with unstructured environments; establishing a framework
applicable to broader agricultural and service robotics applications.

2. Materials and Methods

2.1 Biomimetic Design Philosophy and Kinematic Architecture

2.1.1 Biological Inspiration

The biomimetic robotic raking arm integrates numerical specifications for each joint to replicate human forearm kinematics and
ant mandible mechanics. The shoulder joint provides vertical lift from 0° to 90° and horizontal rotation of +45°, requiring t orque
of approximately 0.85 N-m for typical sweeping operations. The elbow joint enables extension and retraction with a flexion range
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of 0° to 150°, operating under torque demands of 0.42 N-m to sustain reach and load transfer. The wrist joint allows rake
orientation adjustment with #90° rotation, consuming torque near 0.18 N-m for fine debris manipulation. Ins pired by ant
mandibles, the arm achieves bilateral coordination for synchronized sweeping, adaptive force application with grip variation up to
+15 N, and energy-efficient curved trajectories that reduce drag, ensuring precise, low-power debris collection across uneven
terrain.

2.1.2 Mechanical Configuration

(25
30°%- 150~ ) -90°

280 mmc Ly ~ L)

Figure 2: 3-DOF Serial Manipulator Design

The robotic raking arm consists of three revolute joints designed to replicate human forearm motion while enabling efficient lawn
debris collection. Joint 1 (Shoulder/Base) provides vertical lift within a range of 0° to 90°, where 0° corresponds to the horizontal
position and 90° to the vertical, actuated by an MG996R servo motor delivering 11 kg-cm torque, with a link length of 150 mm.
Joint 2 (Elbow) allows reach adjustment through a flexion range of 30° to 150°, powered by an MG995 servo motor rated at 10
kg-cm torque, with a link length of 140 mm. Joint 3 (Wrist/Rake) enables rake orientation with a rotational range of -90° to +90°,
actuated by an MG90S servo motor providing 2.5 kg-cm torque. The rake itself has a width of 200 mm and incorporates flexible
tines to adapt to varying terrain and debris conditions, see figure 2. This configuration ensures precise motion control, ade quate
torque distribution, and adaptability for autonomous lawn maintenance tasks.

2.2 Mathematical Modeling Framework

2.2.1 Structural Analysis - Static and Dynamic

Building on comprehensive structural analysis methodology:
Cantilever Beam Model (each link):

Link deflection under load;

P
6”71.]{ = 5(2L3_ 3L2x + x3) (1)

Maximum bending stress;
M. _ PLc

B = 25 = @
For square hollow section (254 mm x 254 mm, 1.5 mm wall):
I=13,888 mm*, A = 145.8 mm?
Modal Analysis: Natural frequency (cantilever mode);
A [E

fn= 2mi2 +| pa
Material Properties (ASTM A36 Steel):
Young's modulus: E = 200 GPa
Density: p =7850 kg/m?
Yield strength: g, =250 MPa

(©)

3. Results and Discussion

3.1 Structural Analysis Results

Finite element analysis of the robotic raking arm demonstrated exceptional structural integrity under operational loading
conditions. The maximum von Mises stress of 0.2534 MPa occurred at the shoulder joint under maximum loading, representing
only 0.1% of the ASTM A36 steel yield strength of 250 MPa. This resulted in an extraordinarily high safety factor of 987,
indicating substantial over-design that presents opportunities for mass optimization. The first natural frequency was calculated at
186.5 Hz, providing a 62-fold separation from the maximum operational frequency of 3 Hz, effectively eliminating any risk of
resonance-induced vibrations during normal operation.
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Displacement analysis revealed maximum deflection of 0.087 mm at the rake end-effector under 15 N loading, well within
acceptable tolerances for lawn maintenance operations. Contact stress analysis at joint interfaces showed peak pressures of 1.2
MPa at bearing surfaces, confirming adequate bearing selection and joint design. The structural analysis validated that the 1.5 mm
wall thickness hollow square section provides more than sufficient strength, suggesting potential for 20% mass reduction to 1.2
mm thickness while maintaining adequate safety margins. However, such reduction would need to consider long -term durability
and fatigue resistance under repeated cyclic loading.

3.2 Kinematic Workspace Analysis

The biomimetic robotic raking arm design parameters are summarized in Table 1, establishing the mechanical configuration for
the 3-DOF serial manipulator system. The design incorporates link lengths of L; = 150 mm and L, = 140 mm, providing total
reach of 290 mm with rake width of 200 mm. Joint range specifications enable vertical lift through 0-90° at the shoulder joint,
reach adjustment through 30-150° at the elbow joint, and rake orientation control through -90° to 490° at the wrist joint.

Table 1: Design Parameters Summary

Parameter Symbol Value Unit
Link 1 Length | 150 mm
Link 2 Length L, 140 mm
Rake Width A\ 200 mm
Total Reach L+, 290 mm
Joint 1 Range 04 0-90 degrees
Joint 2 Range 0, 30-150 degrees
Joint 3 Range 03 -90 to +90 degrees

Forward kinematics modeling using Denavit-Hartenberg parameters (Table 2) generated a reachable workspace of 0.184 n? in the
operational plane. The DH convention provides systematic representation of the kinematic chain, with Joint 1 (shoulder) featuring
variable rotation 0, about the base with link offset L; = 150 mm and 90° twist angle, Joint 2 (elbow) with variable rotation 0, and
link offset L, = 140 mm with 0° twist, and Joint 3 (wrist) with variable rotation 03 providing rake orientation adjustment without
additional link offset or twist angle.

Table 2: Denavit-Hartenberg Parameter Table

Joint 0; d; (mm) a; (mm) ok
1 (Shoulder) 0,%* 0 L; =150 90°
2 (Elbow) 0,* 0 L, =140 0°
3 (Wrist) 03* 0 0 0°

*Variable joint angle

The workspace envelope extended from 50 mm minimum reach to 290 mm maximum reach with vertical clearance of 150 mm,
adequate for typical lawn debris collection scenarios. Singularity analysis identified two singular configurations at full extension
(62 = 150°) and maximum retraction (8, = 30°), which were programmatically avoided in trajectory planning algorithms. The
Jacobian condition number remained below 15 throughout 92% of the workspace, indicating good manipulability and control
authority for most operational positions.

Inverse kinematics solutions were validated through numerical simulation, demonstrating multiple solution sets for positions
within the central workspace region. The selected inverse kinematics algorithm prioritized elbow-up configurations to maximize
ground clearance and minimize joint singularity encounters. Computational efficiency of the inverse kinematics solver averaged
0.8 ms per solution on the Arduino Mega microcontroller, enabling real-time trajectory control at 50 Hz update rates.

3.3 Dynamic Simulation Results

3.3.1 Torque Requirements

Lagrangian dynamics formulation predicted joint torque requirements across various operational scenarios as presented in Table 3.
Under no-load horizontal positioning, Joint 1 required 0.34 N-m, Joint 2 required 0.18 N-m, and Joint 3 required 0.05 N-m to
maintain static equilibrium and compensate for gravitational effects. During typical debris contact with 10 N ground reaction
force, torque demands increased substantially to 0.85 N-m for Joint 1, 0.42 N-m for Joint 2, and 0.18 N-m for Joint 3. Maximum
reach vertical positioning further elevated requirements to 1.02 N-m, 0.51 N-m, and 0.22 N-m respectively due to increased
gravitational moments.

Table 3: Torque Under Various Conditions

Condition Joint 1 (N-m) Joint 2 (N-m) ;O&fm)
No load (horizontal) 0.34 0.18 0.05
Debris contact (10 N) 0.85 0.42 0.18
Maximum reach (vertical) 1.02 0.51 0.22
Emergency stop (max accel) 1.87 0.93 0.31
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Critical analysis of Table 3 revealed that emergency stop scenarios with maximum deceleration exceeded Joint 1 actuator
capacity, with predicted torque of 1.87 N-m surpassing the MG996R servo motor rating of 1.08 N-m. This finding necessitated
implementation of acceleration limiting in control software to prevent motor stall and potential mechanical damage. Dynamic
torque analysis under varying payload conditions showed Joint 1 experiencing 133% increase and Joint 2 experiencing 98%
increase when transitioning from no-load to full-load conditions, validating the importance of adaptive control strategies for
varying debris densities.

3.3.2 Trajectory Tracking Performance

MATLAB/Simulink simulation of cyclic raking trajectories using baseline PID control demonstrated position tracking accuracy
with RMS errors of 3.2 degrees at Joint 1, 2.8 degrees at Joint 2, and 1.7 degrees at Joint 3. Maximum tracking deviations re ached
8.4, 7.1, and 4.3 degrees respectively during rapid direction changes in the sweeping motion. Settling times ranged from 120 to
180 milliseconds across joints, with overshoot percentages between 6.8% and 12.3%. These PID tracking errors translated to en d-
effector position RMS error of 2.3 mm and maximum deviation of 6.8 mm, with cycle-to-cycle consistency of 91.2%.

3.4 Intelligent Control Performance

3.4.1 Adaptive Fuzzy Logic Results

The adaptive fuzzy logic controller, implemented with 49 inference rules covering the operational state space, demonstrated
substantial performance improvements over conventional PID control. As shown in Table 4, fuzzy logic reduced RMS tracking
error by 65% from 2.3 mm to 0.8 mm, while maximum error decreased 69% from 6.8 mm to 2.1 mm. Response dynamics
improved significantly with 47% faster settling time (180 ms reduced to 95 ms) and 72% reduction in overshoot (12.3% down to
3.4%).

Table 4: Fuzzy Control vs. PID

Metric PID Fuzzy Logic Improvement
RMS error (mm) 2.3 0.8 65% |
Max error (mm) 6.8 2.1 69% |
Settling time (ms) 180 95 47% |
Overshoot (%) 12.3 34 72% |

Load adaptation testing revealed the most dramatic performance differential between control strategies. When ground contact
force varied dynamically between 5 and 20 N during operation, PID control exhibited 187% error increase with 340 ms recovery
time, while fuzzy logic maintained performance with only 23% error increase and 85 ms recovery time. This 8-fold improvement
in adaptation speed demonstrates the fundamental advantage of rule-based adaptive control for handling environmental
uncertainties and load variations inherent in lawn maintenance operations.

3.4.2 Reinforcement Learning Optimization

Q-learning reinforcement learning optimization progressed over 500 training episodes, demonstrating continuous performance
improvement across multiple metrics. Initial episodes (0-100) achieved only 54.3% collection efficiency with high power
consumption of 28.7 W and lengthy cycle time of 12.3 s, resulting in negative cumulative rewards of -145. Progressive learning
through episodes 101-200 improved efficiency to 67.8% while reducing power to 24.2 W and cycle time to 9.8 s. Mid-training
episodes (201-300) crossed into positive reward territory with 78.4% efficiency, 21.1 W power consumption, and 8.2 s cycle time.
Advanced training episodes (301-400) achieved 84.2% collection efficiency with 19.3 W power and 7.5 s cycles, while final
convergence episodes (401-500) reached optimal performance of 87.1% efficiency, 18.4 W power consumption, and 7.1 s cycle
time with cumulative reward of +63. The learning agent discovered non-intuitive optimal parameters including 165 mm sweep
amplitude (versus initial 150 mm), 0.65 Hz cycle frequency (versus initial 0.5 Hz), and 8.5 N contact force (versus initial 10 N).
These learned parameters resulted in 60% improvement in collection efficiency, 36% reduction in power consumption, and 42%
faster cycle completion compared to initial hand-tuned values.

Q-value convergence analysis showed stabilization after approximately 380 episodes, with the final policy executing 92% greedy
actions under adaptive epsilon-greedy exploration (¢ = 0.08). The agent explored 87% of the discretized state-action space during
training, ensuring robust policy coverage. Transfer learning validation demonstrated policy generalization, with an agent trained
on Bermuda grass achieving 87.3% immediate efficiency on St. Augustine grass (versus 78.4% without pre -training) and reaching
90.8% efficiency after only 50 adaptation episodes.

3.4.3 Computer Vision Debris Detection

YOLOvVS5s object detection model training and evaluation across three debris categories (leaves, sticks, grass clippings) yielded
strong detection performance suitable for autonomous operation. Precision metrics reached 96.2% for leaves, 91.8% for sticks,
and 93.7% for grass clippings, with overall precision of 94.3%. Recall performance measured 93.4%, 89.3%, and 90.1%
respectively, yielding Fl-scores between 90.5 and 94.8 and mean average precision at 0.5 IoU threshold (mAP@0.5) ranging from
90.2% to 95.3% across categories.

Inference performance on Raspberry Pi 4 embedded platform achieved 42 ms detection time corresponding to 23.8 frames per
second, adequate for real-time debris tracking during slow-speed lawn traversal. False positive rate of 3.2% primarily resulted
from misclassification of shadows and small rocks as debris objects. False negative rate of 8.8% occurred when debris was hidden
under grass blades or multiple objects overlapped, preventing clear feature extraction. Localization accuracy measurements
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showed mean position error of 12.7 mm with 95th percentile error of 34.2 mm, well within the 50 mm tolerance required for
successful raking arm guidance.

3.4.4 Path Planning Results

A* path planning algorithm with dynamic obstacle avoidance demonstrated scalable performance across varying complexity
scenarios. In empty lawn conditions with no obstacles, the planner generated 24.3 m path length in 85 ms planning time achiev ing
98.7% area coverage. Adding 5 obstacles increased path length to 26.8 m with 142 ms planning time while maintaining 97.2%
coverage. Scenarios with 10 obstacles required 29.4 m paths planned in 218 ms for 95.8% coverage, while 15-obstacle scenarios
extended to 32.7 m paths with 297 ms planning time achieving 94.3% coverage.

Dynamic replanning capability successfully detected and avoided 95% of unexpected obstacles encountered during execution,
with average replanning time of 67 ms enabling real-time trajectory adjustment. The path planner maintained C? continuity in
generated trajectories, ensuring smooth velocity and acceleration profiles suitable for mechanical system execution without
inducing excessive joint jerking or vibration.

3.5 Experimental Validation

3.5.1 Kinematic Accuracy - Motion Capture Validation

Physical prototype testing using OptiTrack motion capture system validated kinematic modeling accuracy across the operational
workspace. Statistical analysis of 50 randomly selected target positions revealed mean positioning error of 2.8 mm with stand ard
deviation of 0.9 mm, maximum error of 52 mm, and RMS error of 2.9 mm. Representative examples included target position
(150, 200) mm with predicted (150.2, 199.8) mm and measured (152.4, 198.3) mm yielding 2.8 mm error, and target (250, 100)
mm with predicted (250.1, 100.1) mm and measured (248.2, 102.4) mm yielding 2.9 mm error. These measurements confirmed
kinematic model accuracy within 3 mm representing £1% of total workspace dimensions, validating both forward and inverse
kinematics formulations derived from the DH parameters in Table 2 for real-world application.

3.5.2 Torque Validation - Current Sensing

Motor current sensing during operational testing enabled indirect torque measurement and validation of dynamic models. Table 5
presents comparison between predicted and measured torques across loading conditions, showing average deviation of 8.7%
across all joints and scenarios. The systematic positive bias in measured torques resulted from unmodeled friction effects in
bearings (contributing approximately 15% torque increase), servo motor mechanical inefficiency (approximately 5%), and minor
link mass estimation errors (approximately 3%). Despite these factors, the dynamic model demonstrated adequate predictive
accuracy within 10% deviation, validating its utility for motor selection and control system design.

Table 5: Torque Validation

Joint Predicted (N-m) Measured (N-m) Deviation (%)
1 (10 N load) 0.85 0.92 +8.2

2 (10 N load) 0.42 0.46 +9.5

3 (10 N load) 0.18 0.19 +5.6

1 (no load) 0.34 0.37 +8.8

2 (no load) 0.18 0.20 +11.1

The torque validation results in Table 5 confirm that the predicted values from Table 3 provide reliable estimates for actuator
sizing and control design, with deviations remaining within acceptable engineering tolerances for embedded robotic systems.

3.5.3 Debris Collection Efficiency

Standardized testing protocols executed across three common grass types (Bermuda, St. Augustine, Zoysia) demonstrated
consistent high-performance debris collection. Bermuda grass trials achieved 93.5% leaf collection and 87.2% stick collection for
91.8% overall efficiency requiring average 3.2 raking cycles. St. Augustine grass testing yielded 91.8% leaf collection and 85.7%
stick collection totaling 90.3% overall efficiency with 3.5 cycles required. Zoysia grass results showed 92.4% leaf collection and
88.9% stick collection averaging 91.2% overall efficiency in 3.3 cycles. Cross-grass-type average performance reached 92.6% leaf
collection, 87.3% stick collection, and 91.1% overall efficiency.

Analysis of missed debris revealed primary failure modes: 4.7% of debris hidden under grass blades remained undetected by
vision system, 2.8% of debris exceeded tine strength capacity (heavy branches), and 1.4% fell outside optimized sweep pattern s
due to path planning gaps. Power consumption measurements showed average 19.2 W during Q-learning optimized operation with
peak power of 34.7 W during high debris density encounters. Battery runtime testing with 2200 mAh 11.1V lithium polymer pack
demonstrated 68 minutes continuous operation time adequate for residential lawn maintenance applications.

3.5.4 Control System Comparison

Comprehensive experimental comparison of all three control approaches on the physical prototype quantified incremental benefits
of intelligent control strategies. Table 6 demonstrates that fuzzy logic control alone provided 67% tracking error reduction
compared to PID (2.7 mm reduced to 0.9 mm), 73% faster load adaptation (380 ms reduced to 102 ms), 11% power reduction
(243 W to 21.7 W), and 9% efficiency improvement (78.4% to 85.2%). Integration of Q-learning reinforcement optimization
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added further 11% power reduction (21.7 W to 19.2 W) and 7% efficiency improvement (85.2% to 91.1%), while enabling
automatic adaptation to different grass types without manual controller retuning.

Table 6: Experimental Control Performance

Controller Tracking Error (mm) Load Adaptation (ms) Power (W) Collection Efficiency (%)
PID 2.7 380 24.3 78.4
Fuzzy Logic 0.9 102 21.7 85.2
Fuzzy + Q-Learning 0.8 95 19.2 91.1

3.5.5 Learning Curve Validation

Real-world learning performance validation tracked Q-learning agent progression on the physical system across 500 episodes
divided into five phases. Initial exploration episodes (1-100) achieved 56.8 + 8.3% collection efficiency with 27.4 + 3.2 W power
consumption and high performance variability. Learning phase episodes (101-200) improved to 71.2 + 5.7% efficiency with 23.8
+ 2.1 W power as the agent discovered effective strategies. Optimization phase episodes (201-300) reached 82.4 + 3.4% efficiency
with 20.9 + 1.5 W power and reduced variability indicating policy refinement. Convergence phase episodes (301-400) achieved
88.7 = 2.1% efficiency with 19.7 + 1.2 W power approaching optimal performance. Final converged episodes (401-500) stabilized
at 91.1 * 1.3% efficiency with 19.2 + 0.9 W power consumption demonstrating consistent high-performance operation with
minimal variance.

3.6 Biomimetic Design Validation

3.6.1 Comparison with Conventional Rigid Raking

Direct experimental comparison between the biomimetic 3-DOF articulated design and conventional rigid bar raking mechanism
quantified substantial performance advantages across all evaluated metrics. Table 7 shows the biomimetic system achieved 26%
higher collection efficiency (91.1% versus 72.3%), 34% lower power consumption (19.2 W versus 29.1 W), and 52% reduction in
missed coverage spots (8.9% versus 18.4%). Qualitative assessment revealed dramatically superior terrain adaptability and
autonomous obstacle navigation capabilities impossible with rigid mechanisms .

Table 7: Biomimetic vs. Conventional Mechanism

Metric Conventional (Rigid Bar) Biomimetic (3-DOF Arm) Improvement
Collection Efficiency (%) 723 91.1 +26%

Power Consumption (W) 29.1 19.2 -34%

Terrain Adaptability Poor Excellent Qualitative
Obstacle Navigation None Autonomous Qualitative
Missed Spots (%) 18.4 8.9 -52%

Multi-joint articulation enabled following terrain contours across +15° slope variations while maintaining consistent rake -ground
contact force, reducing power consumption during upward motion through gravity-assisted return strokes. Compliant interaction
through flexible tines distributed contact forces preventing grass damage from excessive pressure while adapting automatically to
debris size variation. Intelligent trajectory optimization discovered that biomimetic sweeping patterns using curved paths reduced
drag forces by 28% compared to straight-line rigid sweeping, while human-inspired "lift-sweep-drop" motion cycles maximized
debris capture efficiency.

3.6.2 Energy Efficiency Analysis

Detailed power consumption breakdown across system components revealed Joint 1 motor consuming 8.4 W (43.8% of total),
Joint 2 motor consuming 5.7 W (29.7%), Joint 3 motor consuming 2.1 W (10.9%), and electronics consuming 3.0 W (15.6%),
totaling 19.2 W average system power. Biomimetic efficiency factors contributing to low power operation included gravity -
assisted return strokes reducing upward motion power by 40% compared to forward sweeping strokes through passive
gravitational energy recovery.

Optimized joint coordination discovered through Q-learning enabled dynamic balancing between simultaneous motion
(minimizing time) and sequential motion (minimizing instantaneous torque), resulting in 23% energy reduction compared to naive
constant-velocity coordination strategies. Adaptive force control varying ground contact force between 5 N and 15 N based on
real-time debris density sensing achieved optimal average contact force of 8.5 N corresponding to 19.2 W power, compared to 12
W for light debris (5 N contact) and 26 W for dense debris (15 N contact).

3.7 System Integration Performance

3.7.1 Complete Autonomous Operation

End-to-end system integration testing spanning complete perception-planning-control-collection pipeline evaluated real-world
autonomous lawn maintenance performance. Testing across 4 m? area containing 350 debris pieces resulted in successful
collection of 319 pieces (91.1% efficiency) in 8.4 minutes total time, corresponding to coverage speed of 0.48 m?/min with
average power consumption of 19.2 W and energy intensity of 3.36 Wh/n®. The system successfully detected and avoided all 7
unexpected obstacles (100% success rate) with vision false positive rate of 2.1% and 3 dynamic path replanning events execute d
during operation.
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Analysis of 31 missed debris items revealed failure mode distribution: vision system false negatives accounted for 12 pieces
(38.7%), path planning coverage gaps caused 8 misses (25.8%), mechanical collection failures contributed 7 pieces (22.6%), and
debris blown away during approach accounted for 4 pieces (12.9%). These results identify vision detection reliability as the
primary limiting factor for further efficiency improvement, suggesting multi-modal sensing integration as the most impactful
future enhancement.

3.7.2 Computational Performance

Real-time computational performance analysis across embedded hardware platforms confirmed adequate processing capacity for
autonomous operation. Table 8 details the distributed processing architecture with servo control and fuzzy logic executing on
Arduino Mega microcontroller at 50 Hz and 20 Hz respectively, while computer vision, path planning, and reinforcement learnin g
inference execute on Raspberry Pi 4 single-board computer. Total perception-to-action system latency measured 119 ms
(summing vision processing, path planning, and control execution), while core control loop maintained 20 ms update period (50
Hz servo control rate). These latencies prove adequate for lawn maintenance applications characterized by slow platform
velocities and quasi-static operational requirements.

Table 8: Computational Requirements

Module Platform Update Rate (Hz) CPU Usage (%) Latency (ms)
Servo Control Arduino Mega 50 23 2

Fuzzy Logic Arduino Mega 20 31 8

Vision (YOLO) Raspberry Pi 4 23 78 42

Path Planning Raspberry Pi 4 5 15 67
Q-Learning Inference Raspberry Pi 4 5 8 12

3.8 Comparative Analysis with Related Work

Table 9 positions this research within the context of existing autonomous lawn maintenance systems, demonstrating clear
performance leadership across multiple dimensions. The biomimetic 3-DOF system achieved highest collection efficiency (91.1%
versus 72-84% for prior art) while simultaneously achieving lowest power consumption (19.2 W versus 25-43 W for competing
approaches). This work represents the only system implementing intelligent adaptive control combining fuzzy logic and
reinforcement learning, the only system with full computer vision integration using modern deep learning object detection, an d the
only systemdemonstrating superior terrain adaptability through biomimetic multi-joint articulation.

Table 9: Comparison with Existing Systems

System Type DOF Control Vision Efficiency (%) Power (W)
This work Biomimetic 3-DOF 3 Fuzzy + RL YOLOv5 91.1 19.2
Smith et al. (2020) Rigid rake 1 PID None 72.3 29.1
Zhang et al. (2019) 2-DOF arm 2 PID Template 78.4 25.7
Kumar et al. (2022) Vacuum 0 On/Off None 84.2 42.8
Anderson et al. (2021) Brush roller 1 PID None 76.8 314

3.9 Design Insights and Lessons Learned

3.9.1 Biomimetic Design Principles Validated

Multi-joint articulation proved essential, with 3-DOF providing optimal workspace coverage and terrain adaptation versus
insufficient 2-DOF configurations, while additional degrees-of-freedom added complexity without benefit. Compliant end-
effectors with flexible rake tines (optimal 0.8 N/mm stiffness) reduced power consumption threefold compared to rigid designs by
absorbing impact and preventing grass damage. Current-sensing force feedback (£5% accuracy) enabled cost-effective terrain-
following across +30mm grass height variations, eliminating expensive dedicated force sensors while maintaining adaptive
performance critical for autonomous operation.

3.9.2 Intelligent Control Insights

Experimental results validate the integrated control architecture for autonomous lawn maintenance, with fuzzy logic achieving
67% error reduction over PID control (Table 4) through adaptive rule-based responses to load variations, while Q-learning
reinforcement optimization delivered 36% power reduction by discovering non-intuitive parameter coordination and enabling
transfer learning across grass types. Vision-based navigation achieved 94.3% detection accuracy sufficient for operation, though
8.8% false negatives suggest future multi-modal sensing integration with LIDAR. The hierarchical control structure
(servo/trajectory/planning layers) documented in Table 8 proved scalable through modular separation enabling distributed
computational loads and independent testing. Structural analysis revealed safety factors exceeding requirements (minimum FOS =
987 with 1.5mm thickness), indicating potential 20% mass reduction to 1.2mm while maintaining adequate margins, though
modal analysis showed excellent 62x separation from operating frequencies eliminating resonance concerns. Critical wear
analysis identified joint bearings as a key maintenance factor, where initial plastic bushings failed at 50 hours while 608ZZ ball
bearings with 100-hour lubrication intervals extended service life tenfold, validating the mechanical design for sustained
autonomous operation.
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4. Conclusion

The research demonstrates successful development and validation of a biomimetic 3-DOF robotic raking arm achieving 91.1%
debris collection efficiency with 34% lower power consumption (19.2W) compared to conventional rigid mechanisms. The
integrated intelligent control architecture combining fuzzy logic (67% error reduction over PID), Q-learning reinforcement
optimization (36% power savings), and YOLOv5 computer vision (94.3% detection accuracy) demonstrates superior autonomous
lawn maintenance performance. Mathematical modeling predicts torque requirements within 8.7% of experimental measurements,
validating the Lagrangian dynamics formulation. Structural analysis confirms design integrity with safety factor of 987 and 62x
modal separation from operating frequencies. The biomimetic design principles —multi-joint articulation, compliant end-effectors,
and force feedback—prove essential for terrain adaptation and energy efficiency. The study validates that bio-inspired mechanical
design combined with adaptive intelligent control significantly advances autonomous manipulation capabilities for unstructure d
outdoor environments. Future work should address vision system false negatives through multi-modal sensing integration and
explore mass optimization opportunities while maintaining structural durability for extended autonomous operation. This
integrated approach establishes a framework applicable to broader agricultural and service robotics applications requiring adaptive
interaction with variable environmental conditions.
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