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Abstract
Adaptive motion planning has emerged as a critical aspect of robotics,
particularly for humanoid and industrial robots operating in dynamic and
uncertain environments. Unlike conventional motion planning algorithms,
adaptive methods enable robots to modify their paths and trajectories in real-
time, responding to changing obstacles, human interactions, or task
requirements. This paper reviews recent developments in adaptive motion
planning, highlighting algorithms, sensors, control strategies, and practical
applications. The discussion includes humanoid robots’ gait and balance
adaptation, industrial manipulators’ path optimization, and learning-based
methods. Challenges such as computational complexity, real-time constraints,
and robustness in unstructured environments are also explored. Finally, future
research directions emphasize hybrid approaches combining model-based

planning, machine learning, and human-in-the-loop systems.

Keywords: Adaptive motion planning, humanoid robots, industrial robots, real-

time trajectory optimization, machine learning, dynamic environments.

INTRODUCTION

Motion planning is fundamental to robotics, allowing machines to navigate their environment
and complete tasks efficiently. Traditional motion planning algorithms, such as A*, RRT
(Rapidly-exploring Random Trees), and Dijkstra, have been widely adopted in structured

environments but often fail in dynamic or unpredictable scenarios.
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Adaptive motion planning addresses this limitation by enabling robots to adjust their
movements dynamically based on sensor feedback, environmental changes, and task
modifications. This capability is particularly essential for humanoid robots, which operate in
human-centric environments, and industrial robots, which must interact safely with humans

and machinery in modern factories.

Humanoid robots require adaptive motion planning for tasks such as walking on uneven terrain,
climbing stairs, and performing manipulation tasks in cluttered spaces. Industrial robots, on the
other hand, must optimize their paths for efficiency while avoiding collisions with moving

obstacles, humans, and other robots.

MOTION PLANNING FUNDAMENTALS

Motion planning is the process of generating feasible paths or trajectories for robots to move
from a start state to a goal state while avoiding collisions and respecting dynamic constraints.
It is a critical function for both humanoid and industrial robots, as it determines how robots
navigate complex environments, perform tasks efficiently, and interact safely with humans and
other machines. Motion planning can broadly be categorized into classical (traditional)

methods and adaptive (dynamic) methods.

Classical Motion Planning

Classical motion planning algorithms compute trajectories based on a predefined
representation of the environment, often assuming that the map is static and fully known. These
methods are widely used due to their simplicity, mathematical rigor, and ability to provide
optimal or near-optimal solutions in structured scenarios. Some commonly used classical

methods include:

A* — A* is a graph-based pathfinding algorithm that searches for the shortest path from the
start to the goal by evaluating both the cost of the path so far and a heuristic estimate of the

remaining cost.

e Advantages: Guarantees an optimal path if the heuristic is admissible.

e Limitations: The computational cost increases exponentially with the size and resolution
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of the grid map, making it less practical for very large or high-dimensional environments

such as multi-joint manipulators.

Dijkstra — Dijkstra’s algorithm finds the shortest path in weighted graphs without requiring a

heuristic. It systematically explores all nodes until the goal is reached.

e Advantages: Guarantees globally optimal solutions.

e Limitations: Computationally expensive for large maps and cannot handle dynamic

changes without recomputation.

RRT (Rapidly-exploring Random Trees) and RRT* — RRT is a sampling-based method
particularly suited for high-dimensional spaces. It incrementally builds a tree by randomly
sampling points in the configuration space and connecting them to the nearest existing node.
RRT* improves RRT by optimizing the path cost while maintaining probabilistic

completeness.

e Advantages: Handles high-dimensional robot configurations, such as robotic arms or

humanoids with multiple degrees of freedom.

e Limitations: While RRT can find feasible paths quickly, RRT* requires more computation
to converge to an optimal path. Both methods assume the environment is mostly static and

require re-planning when unexpected obstacles appear.

Although classical algorithms provide robust solutions in structured environments, they have
a major limitation: lack of adaptability. If a new obstacle appears or the environment changes
dynamically, these methods cannot react in real-time without recomputing the entire path. This
is especially problematic for humanoid robots navigating human-populated areas or industrial

robots in flexible manufacturing setups, where dynamic changes are frequent.

Adaptive Motion Planning Principles
Adaptive motion planning addresses the limitations of classical approaches by enabling robots

to modify their trajectories in real-time based on sensor feedback, environmental changes,
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or task modifications. This approach is essential for robots operating in unstructured, dynamic,
or partially known environments. Key principles of adaptive motion planning include:

1. Sensing and Perception — Robots rely on a combination of sensors to continuously perceive
their environment:

e LiDAR: Provides accurate distance measurements to obstacles and environmental features.

e RGB-D Cameras: Capture both color and depth information, useful for object recognition

and human detection.

e Inertial Measurement Units (IMUs): Measure orientation, acceleration, and angular

velocity, supporting balance control in humanoids.

e Tactile Sensors: Detect contact forces, important for safe manipulation in collaborative

settings.

By integrating these sensors, robots can create a dynamic model of the environment in real-

time, allowing immediate response to unforeseen changes.

2. Trajectory Adjustment — Adaptive planners continuously update paths to avoid collisions
and optimize task performance. Techniques include:

e Local Replanning: Short-term path adjustments in response to nearby obstacles.

¢ Global Replanning: Re-evaluation of the entire trajectory if major changes occur, such as

a moving conveyor belt in industrial settings.

e Constraint Handling: Ensures joint limits, velocity limits, and torque constraints are

respected during replanning.

3. Predictive Modeling — Robots can anticipate the motion of dynamic obstacles, including
humans and other robots, to proactively adjust their trajectories. Methods include:

e Kalman Filters or Particle Filters: Predict obstacle positions in the near future.

e Human Motion Models: Anticipate pedestrian movement using learned patterns or

statistical models.

4 Page 1-16 © MANTECH PUBLICATIONS 2021. All Rights Reserved



International Journal of Mechatronics and Manufacturing Technolo
MANIECH J W
Publications Volume 6, Issue 1, January-June 2021

Predictive modeling reduces the risk of collisions and improves efficiency by avoiding

unnecessary stops or sudden maneuvers.

4. Learning-Based Adaptation — Machine learning techniques enhance motion planning by
allowing robots to improve performance over time:
e Reinforcement Learning (RL): Enables robots to learn optimal trajectories through

trial and error, balancing safety, efficiency, and energy consumption.

e Imitation Learning: Robots learn from demonstrations, such as human operators

showing safe manipulation strategies.

e Neural Network-Based Predictive Controllers: Approximate complex dynamics to

allow fast decision-making in high-dimensional systems.

By combining classical planning, real-time feedback, predictive modeling, and learning-based
adaptation, adaptive motion planning provides a robust framework for safe, efficient, and

intelligent robot operation.

ADAPTIVE MOTION PLANNING IN HUMANOID ROBOTS
Humanoid robots present a unique challenge in motion planning because of their complex
kinematic structure, multi-contact locomotion, and operation in human-centric, unstructured

environments.

Unlike industrial robots that often operate in controlled spaces, humanoid robots must maintain
balance, adapt to uneven surfaces, and respond to dynamic obstacles while performing tasks

such as walking, climbing stairs, or manipulating objects.

Adaptive motion planning is crucial for achieving these capabilities, combining real-time
perception, predictive modeling, and learning-based strategies.

Gait and Balance Adaptation
Walking and locomotion are inherently unstable for humanoid robots, requiring continuous
adjustment of gait parameters to maintain dynamic stability. Adaptive planning ensures that a

robot can modify its steps, posture, and joint motions in response to environmental changes.
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Key Techniques:
1. Zero Moment Point (ZMP) Control

The ZMP is the point on the ground where the sum of all moments due to gravity and inertia
equals zero. By keeping the ZMP within the robot’s support polygon (area covered by the

feet), balance is maintained.

Application: When a humanoid steps onto uneven terrain, sensors detect shifts in the center
of mass (CoM), and the control system adjusts step placement or foot orientation to prevent

tipping.

. Central Pattern Generators (CPG)

CPGs are neural-network-inspired oscillators that produce rhythmic locomotion patterns.
They enable robots to walk or run while adjusting step frequency, amplitude, and phase to

match terrain irregularities.

Example: On rough surfaces, the CPG can automatically increase step height or adjust leg

timing to prevent tripping.

3. Model Predictive Control (MPC)

MPC is a real-time optimization method that calculates a sequence of future joint
trajectories while considering constraints such as joint limits, stability margins, and

obstacle avoidance.

Advantage: Unlike reactive controllers, MPC anticipates future disturbances, allowing

smoother and safer locomotion.

Example: If the robot detects a slope ahead, MPC maodifies the trajectory of the CoM and

foot placements to maintain stability.

Table 1: Comparison of Gait Adaptation Techniques

Technique| Main Purpose Advantages Limitations
ZMP o Ensures stability in Less effective for highly
Maintain balance S ) ) _
Control quasi-static walking dynamic motions
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Technique| Main Purpose Advantages Limitations
PG Generate rhythmic || Flexible and adaptable to|| Requires careful tuning for
motion terrain humanoid kinematics
Predictive step Smooth, anticipatory ) )
MPC o ) Computationally demanding
optimization adaptation

Obstacle Avoidance
Humanoid robots frequently operate in environments with unpredictable obstacles, including
humans, furniture, and moving machinery. Adaptive motion planning enables these robots to

safely navigate such environments using multi-layer strategies.

1. Local Planning

Reactive, short-term planning focuses on immediate obstacle avoidance.

e Dynamic Window Approach (DWA): Evaluates feasible velocity and trajectory options

over a short horizon, selecting paths that avoid collisions while maintaining stability.

e Application: If a human suddenly crosses the robot’s path, DWA computes a modified

trajectory in milliseconds, preventing collision without stopping the robot.

2. Global Planning

Involves precomputed paths or maps of the environment, which can be updated

dynamically when new obstacles are detected.

Methods:
e Modified RRT (Rapidly-exploring Random Trees): Quickly samples feasible paths and
adapts the tree when the environment changes.

e PRM (Probabilistic Roadmaps): Builds a network of possible paths and reweights edges

in real-time based on obstacle presence.

e Application: In indoor environments, a humanoid can plan a route to deliver an object

while dynamically re-routing around moving obstacles.
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Learning-Based Motion Adaptation
Machine learning enhances humanoid robots’ ability to adapt in environments where explicit
programming is difficult or impossible. These methods allow robots to improve performance

over time by learning from experience or human demonstration.

Key Approaches:
1. Reinforcement Learning (RL)
The robot learns optimal actions (e.g., joint torques, step placement) by interacting with the

environment and receiving rewards based on stability, efficiency, or task success.

Example: RL can teach a humanoid to navigate uneven terrain without pre-defined rules,

adjusting gait patterns automatically.

N

. Imitation Learning (IL)
The robot observes human demonstrations and replicates motions, useful for tasks requiring

dexterity or complex interactions.

Example: Teaching a humanoid to open a door or pick up fragile objects by showing the

correct motion sequence.

3. Neural Network-Based Predictive Controllers
Neural networks approximate complex dynamics and predict future states, enabling rapid

adaptation without solving full physics equations.

Application: Predicting foot placement on slippery surfaces or avoiding falling when

pushed unexpectedly.

Table: 2
Method Advantage Limitation
) _ Slow convergence for high-
Q-learning Simple, model-free _ )
dimensional spaces
Deep Reinforcement || Handles high-dimensional Requires large computational
Learning inputs resources
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Method Advantage Limitation
o ] Learns from human Generalization limited to trained
Imitation Learning ] ]
demonstration scenarios

Figure 1: Adaptive humanoid walking on uneven terrain.

ADAPTIVE MOTION PLANNING IN INDUSTRIAL ROBOTS

Industrial robots

highly structured

have traditionally been designed for repetitive, pre-programmed tasks in

environments. However, modern manufacturing is evolving toward flexible

and human-centric setups, where robots must operate alongside humans, adapt to dynamic

obstacles, and optimize performance for efficiency, safety, and energy consumption. Adaptive

motion planning

in industrial robots addresses these requirements by combining predictive

modeling, optimization algorithms, and real-time feedback from sensors.

Path Optimization

Path optimization in industrial robots is the process of computing trajectories that minimize

cost functions such as time, energy, or wear-and-tear while ensuring collision avoidance and

task completion.

information from

Adaptive motion planners continuously update paths based on real-time

the robot’s environment.
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Key Techniques:
Dynamic RRT (Rapidly-exploring Random Trees)
o Extends the classical RRT method by allowing online modifications of the path when

unexpected obstacles, such as moving humans or forklifts, appear.

o Example: A robotic arm in an assembly line can adjust its trajectory if a human worker

temporarily steps into its workspace, ensuring safety while maintaining task efficiency.

e Advantages: Probabilistic completeness, works well in high-dimensional manipulator

configuration spaces.

Gradient-Based Optimization
o Uses mathematical optimization techniques to minimize a cost function, such as total joint

torque, travel time, or energy consumption.

e Approach: The robot computes the gradient of the cost function with respect to joint

positions or velocities and iteratively adjusts its path to reduce the cost.

o Example: An industrial manipulator picking items from a conveyor can find energy-

efficient trajectories while avoiding collisions with nearby machinery.

Hybrid Approaches
e Combining sampling-based methods (e.g., RRT) with gradient-based optimization allows
rapid initial path generation with subsequent smoothing and optimization for efficiency.

o Benefit: Balances computational speed with optimality, which is critical for real-time

industrial applications.

Table 3: Path Optimization Techniques for Industrial Robots

Technique Key Objective Advantages Limitations
Handles high-
) Feasible path dimensional spaces, May produce jerky paths
Dynamic RRT ) ] ) ] )
generation adaptive to dynamic without smoothing
obstacles
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Technique Key Objective Advantages Limitations

] o Computationally intensive,
Gradient-Based | Minimize cost |Produces smooth, energy- _
may get stuck in local

Optimization functions efficient trajectories o
minima
_ Fast feasible path _ o
Hybrid RRT + o Combines speed and Complexity in
) + optimized ) )
Gradient ) smoothness implementation
refinement

Human-Robot Collaboration
Collaborative robots, or cobots, are increasingly deployed in industrial settings where humans
and robots share the workspace. Adaptive motion planning ensures both safety and efficiency

in these human-robot interactions.

Predictive Avoidance
e Uses sensors such as RGB-D cameras, LIDAR, or wearable motion trackers to predict

human movement trajectories.

o Application: A cobot delivering parts along a production line can slow down or change
direction in anticipation of a worker stepping into its path.

e Technique: Algorithms like Kalman filtering or Gaussian process regression can predict

short-term human motion to avoid collisions.

Compliance Control

o Adaptive controllers adjust robot stiffness and speed based on interaction forces.

o Example: When a worker manually guides a cobot arm to align a component, the robot
reduces joint stiffness to allow smooth motion without resisting human input.

« Implementation: Force/torque sensors provide feedback, and MPC or impedance control

algorithms adjust motion in real-time.

Safety Considerations
e ISO/TS 15066 specifies collaborative robot safety limits for speed, force, and stopping

distances.
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Adaptive motion planning ensures these safety constraints are dynamically respected

during task execution.

Real-Time Replanning

Real-time replanning is critical for industrial robots operating in unpredictable environments.

Adaptive motion planners must quickly compute new paths when:

Unexpected obstacles appear (humans, machinery, pallets).
The robot’s payload or task changes dynamically.
Safety limits or efficiency requirements are updated.

Key Approaches:

1

N

3

. Receding Horizon Planning (RHP)
Computes short-term trajectories over a limited horizon, continuously updating as new
sensor data arrives.

Allows fast reactions to dynamic obstacles while maintaining overall task objectives.

. Multi-Objective Optimization
Considers trade-offs between conflicting objectives such as speed, energy efficiency, and
safety.
Adaptive planners can weigh these objectives differently depending on current task

priorities or environmental constraints.

. Integration with Industrial 10T (l110T)
Real-time data from connected sensors and devices enables the robot to predict potential
obstacles or adjust trajectories proactively.
Example: A robotic arm can slow down if a nearby autonomous guided vehicle (AGV) is

detected approaching its workspace.

Adaptive control frameworks enable industrial robots to replan trajectories within

milliseconds.
Table: 4
Robot Type Environment Adaptation Requirement
6-DOF Arm Assembly line Obstacle avoidance, path efficiency
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Robot Type Environment Adaptation Requirement

Mobile Manipulator Warehouse Dynamic navigation with human presence

SCARA Robot Pick-and-place Minor trajectory adjustments for precision
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Figure 2: Industrial robot re-routing in presence of a moving human.

ALGORITHMS AND TECHNIQUES
Sampling-Based Methods

RRT-Connect: Fast tree expansion and replanning for high-dimensional robots.
e« RRT*: Optimizes path cost while maintaining adaptability.

Optimization-Based Methods

Model Predictive Control (MPC): Solves constrained optimization for trajectory in
real-time.

CHOMP (Covariant Hamiltonian Optimization for Motion Planning): Gradient-
based smoothing of trajectories.

Learning-Based Methods

Reinforcement Learning: Enables robots to improve performance from trial and error.

Imitation Learning: Replicates human trajectories to reduce planning complexity.
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Table 5: Comparison of Adaptive Planning Techniques

Technique| Environment Suitability Pros Cons
MPC Dynamic, predictable High accuracy Computationally heavy
RRT* High-dimensional Probabilistic completeness||May be slow in real-time
RL Unstructured Learns complex behaviors || Needs extensive training

SENSORS AND FEEDBACK SYSTEMS
Adaptive motion planning relies heavily on sensor inputs:
e LIiDAR and RGB-D Cameras — For mapping and obstacle detection.
e IMUs — Measure orientation, acceleration, and support balance in humanoids.
e Force/Torque Sensors — Critical for compliant interactions in industrial robots.
e Vision-Based Tracking — Human detection and motion prediction for safe

collaboration.

CHALLENGES IN ADAPTIVE MOTION PLANNING
Despite advances, several challenges remain:
o Computational Complexity: High-dimensional robots require significant resources
for real-time replanning.
e Uncertainty: Sensors may be noisy, and human motion unpredictable.
e Robustness: Ensuring safe operation in all scenarios, especially in collaborative
settings.
e Integration: Combining multiple planning strategies (model-based + learning-based)

remains complex.

APPLICATIONS
« Humanoid Robots: Rescue missions, domestic assistance, healthcare support.
e Industrial Robots: Flexible manufacturing, warehouse automation, human-robot
collaboration.

e Service Robots: Delivery robots, airport guides, and retail assistants.

FUTURE RESEARCH DIRECTIONS
e Hybrid Planning Approaches — Combining classical planning, optimization, and

learning-based adaptation.
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Human-in-the-Loop Systems — Allowing real-time human guidance and correction.
Energy-Efficient Motion — Adaptive planning that minimizes energy consumption.
Swarm Robotics — Multi-robot adaptive planning for coordinated tasks.

Explainable Al in Robotics — Transparent adaptation decisions for trust in industrial

environments.

CONCLUSION
Adaptive motion planning has transformed the capabilities of humanoid and industrial robots.

By enabling real-time responses to environmental changes, obstacles, and human presence,

robots are now safer, more efficient, and versatile.

While challenges such as computational demands, robustness, and integration of learning-

based strategies remain, ongoing research is paving the way for intelligent robots that can

operate autonomously in dynamic, unstructured environments.

Future work should focus on hybrid methods, human-robot collaboration, and energy-efficient

adaptive strategies.
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