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ABSTRACT:  Hexapod platforms, also known as Stewart platforms or parallel manipulators, 

represent a fundamental class of parallel kinematic mechanisms that have revolutionized 

precision motion control across multiple scientific and industrial fields. This article traces the 

evolution of hexapod technology from its mechanical origins in the mid-20th century to its 

current role as an intelligent, adaptive platform. 

 
KEY WORDS:  Hexapod platforms, Stewart platform, Parallel manipulators, Robotics. 

 

1. INTRODUCTION  
  

A hexapod platform is a parallel 

kinematic mechanism derived from the 

Stewart platform concept. It consists of a 

mobile platform (upper plate) connected to 

six actuators via universal or spherical 

joints. These actuators are arranged in a 

parallel configuration. 

 

 
Figure 1. Hexapod platforms:  

Stewart Platform (left) – commonly used to 

position and orient the top plate in 3D space; 

Hexapod Robot (right) – used for walking. 

 

With six legs, a hexapod can maintain 

static stability during motion. Research 

shows that adding more than six legs does 

not provide a speed advantage, and hexapod 

robots exhibit good robustness even in the 

event of leg faults. 

The primary challenges in multi-legged 

robots involve kinematics and dynamics 

analysis and gait planning. Unlike serial 

manipulators, where actuators are mounted 

in series, hexapods employ a parallel 

architecture that offers superior stiffness, 

accuracy, and load-bearing capacity relative 

to their workspace volume. 

The term hexapod originates from the 

Greek words for “six” (hexa) and “foot” 

(pod), reflecting its six-legged structure that 

provides six degrees of freedom (DOF): 

three translational (X, Y, Z) and three 

rotational (roll, pitch, yaw). This 

configuration allows precise control of the 

positioning and orientation of the mobile 

platform within its range, making it an 

excellent choice for applications such as 

motion simulation, high-precision 

positioning, and vibration isolation. 

All existing designs share the common 

principle that motion is generated either by 

modifying actuator lengths, repositioning 

base points, or a combination of both. This 
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work presents a systematic approach for 

designing parallel kinematic link 

mechanisms, encompassing a wide range of 

possible configurations.  
 

2. HISTORICAL ORIGINS 

  

The concept of parallel manipulators 

predates modern robotics. Early flight 

simulators in the 1920s employed 

rudimentary parallel mechanisms for pilot 

training. However, the systematic scientific 

foundation for hexapod platforms emerged 

in the mid-20th century. 

In 1965, D. Stewart published a seminal 

paper titled “A Platform with Six Degrees 

of Freedom” in the Proceedings of the 

Institution of Mechanical Engineers. 

Stewart proposed a mechanism for flight 

simulation, describing a configuration in 

which six actuators connect a moving 

platform to a fixed base. This work 

established the theoretical basis for what is 

now known as the Stewart platform. 

Interestingly, the same kinematic 

arrangement had been independently 

conceived by Klaus Cappel in 1964 for use 

in tire-testing machines, although Stewart’s 

publication gained broader recognition 

within the scientific community. 

In 1978, Hunt introduced the term 

parallel manipulator and provided rigorous 

mathematical analysis of these 

mechanisms. Subsequent contributions by 

Merlet, Gosselin, and others throughout the 

1980s and 1990s established 

comprehensive theoretical frameworks for 

analyzing hexapod kinematics, dynamics, 

and workspace characteristics.  

  

3. KEY MILESTONES IN 

DEVELOPMENT 

  

The evolution of hexapod platforms 

from theoretical concepts to practical 

systems has been driven by parallel 

advances in computation, control theory, 

and manufacturing technology. 

Understanding this chronological 

development illuminates the 

interdisciplinary nature of these 

mechanisms. 

3.1. The Pre-Digital Era: Foundations of 

Hexapod Technology (1950s–1970s) 

Before digital computers transformed 

engineering, the development of hexapod 

platforms relied on mechanical ingenuity 

and analog control systems. This formative 

period established the principles of parallel 

manipulators and demonstrated their 

potential for demanding applications. 

Origins and Early Concepts 

Parallel mechanisms emerged from mid-

20th-century aviation training needs. Flight 

simulators like the Link Trainer used 

pneumatic actuators and mechanical 

feedback for basic motions. Post-WWII jet 

aircraft drove demand for simulators 

capable of complex dynamics, paving the 

way for advanced designs. 

The Gough Platform: a tire testing 

breakthrough 

In 1954, Eric Gough introduced the first 

true hexapod for tire testing [Gough V.E., 

1956-1957]. Six hydraulic actuators 

provided full six-DOF motion with high 

stiffness and load capacity, though control 

was manual and slow. His work, presented 

in 1962, marked a turning point [Gough & 

Whitehall, 1962] 

Stewart’s theoretical framework  

In 1965, D. Stewart proposed a similar 

platform for flight simulation, offering a 

mathematical basis for hexapod kinematics 

and envisioning large motions powered by 

hydraulics and analog computing [Stewart, 

D., 1965]. 

Hydraulic servo technology: a game-

changer 

The 1960s saw William Moog’s servo 

valves convert electrical signals into precise 

hydraulic motion, enabling sub-millimeter 

accuracy and high-frequency response. 

Analog PD controllers and feedback 

sensors improved precision despite 

hydraulic challenges. 

Analog control and computational 

challenges 

Real-time control used analog computers 

with simplified kinematics, requiring 
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physical rewiring and climate-controlled 

environments. Automation was limited and 

costly. 

First flight simulators and hybrid control 

By the late 1960s, companies like Link-

Miles introduced commercial six-DOF 

simulators based on Stewart’s concept. 

These systems combined hydraulic 

actuation with analog motion cueing, 

revolutionizing pilot training despite 

reliability issues. 

Trajectory generation and coordination 

Motion profiles were primitive—

mechanical cams, manual joysticks, and 

later punch cards allowed offline 

programming but lacked adaptability. 

Limitations and constraints 

The pre-digital era faced fundamental 

restrictions: 

− No real-time forward kinematics or error 

compensation 

− Limited motion repertoire and poor 

accuracy 

− Minimal sensing and safety features 

− Extremely high costs and maintenance 

requirements 

Scientific contributions despite limitations 

Despite limitations, this era defined 

parallel kinematics, explored workspace 

and singularities, and advanced hydraulic 

and structural design. Applications 

expanded to tire testing, antenna 

positioning, and manufacturing concepts. 

By the mid-1970s, analog control’s limits 

were clear, and microprocessors promised 

real-time digital control—ushering in the 

modern era. 

 

3.2. The Digital Revolution: 

Transforming Hexapod Control (1970s–

1980s) 

The late 1970s marked a turning point in 

hexapod technology. The arrival of 

affordable microprocessors brought 

computational power that analog systems 

could never achieve, enabling real-time 

control and laying the foundation for 

modern robotics. 

 

Microprocessor Integration and Real-

Time Control 

By the mid-1970s, processors like the 

Intel 8080 and 8086 began appearing in 

embedded controllers. For the first time, 

hexapods could execute inverse kinematic 

calculations on the fly. Early systems 

achieved control loop frequencies of 10–

50Hz — adequate for hydraulic actuators, 

which benefited from natural damping. 

Memory was scarce, often limited to 4–64 

KB, forcing engineers to develop efficient 

algorithms and rely on lookup tables for 

trigonometric functions. 

Algorithmic Breakthroughs 

By 1980, closed-form inverse 

kinematics and optimized routines cut 

computation to milliseconds on 8 MHz 

CPUs. Forward kinematics remained 

difficult—numerical methods were slow 

(50–500 ms) and unstable near 

singularities. 

Control Theory Goes Digital 

Analog loops gave way to digital PID 

controllers with tunable gains, anti-windup, 

and noise filtering. Most systems used 

independent joint control; full dynamic 

coupling was too computationally heavy. 

State-space and Kalman filters appeared in 

research but were impractical. 

Impact and Limitations 

This era transformed hexapods from 

mechanically constrained machines into 

digitally managed systems. Real-time 

inverse kinematics became routine, and 

motion control gained precision and 

flexibility. Yet, forward kinematics and full 

dynamic compensation remained elusive, 

foreshadowing the need for more powerful 

processors and advanced algorithms in the 

decades to come. 

 

3.3. The Advanced Control Era: 

Precision and Intelligence (1990s) 

The 1990s brought major advances in 

hexapod technology, driven by faster 

processors and mature control theory. 

Computational Hardware Evolution 

The decade began with the rise of 32-bit 

processors such as the Motorola 68040 and 
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Intel 486, running at 25–100 MHz. These 

processors introduced floating-point units, 

dramatically accelerating trigonometric and 

matrix computations. Control loop rates 

jumped from tens of hertz to hundreds — 

often reaching 100–1000 Hz — making 

online calibration and even forward 

kinematics feasible for the first time. 

Specialized Digital Signal Processors, 

and Analog Devices’ SHARC chips, further 

revolutionized real-time control. Their 

single-cycle multiply-accumulate 

operations enabled advanced filtering, 

estimation, and trajectory generation 

algorithms that were previously 

impractical. 

Breakthroughs in Control Theory 

With computational barriers falling, 

researchers implemented full dynamic 

models in real time like:   

− Computed Torque Control compensated 

for inertia, Coriolis forces, and gravity, 

reducing tracking errors 3–5×. 

− Adaptive Control estimated payload and 

friction during operation (MRAC, 

Lyapunov stability). 

− Robust Control (H∞, μ-synthesis, sliding 

mode) improved resilience to modeling 

errors and disturbances. 

Trajectory Planning  

Trajectory generation also advanced 

dramatically. Real-time acceleration-

controlled profiles minimized vibration; 

algorithms optimized paths within actuator 

constraints and avoided singularities. 

Redundant hexapods improved flexibility 

through resolution strategies. 

Impact of the Era 

By the end of the 1990s, hexapods had 

evolved from mechanically impressive 

machines into intelligent, high-performance 

platforms. They could adapt to changing 

payloads, reject disturbances, and execute 

complex trajectories with precision 

unimaginable in previous decades. This era 

laid the groundwork for the next frontier —

integrating advanced sensing, networking, 

and model-based predictive control in the 

21st century. 

 

3.4. The Modern Era: Intelligence, 

Integration, and Autonomy (2000–

Present) 

The 21st century transformed hexapods 

into smart, networked systems for 

aerospace, industry, and medicine. 

Computational Infrastructure 

− Multi-core CPUs and RTOS (RTAI, 

VxWorks) enabled deterministic control 

at microsecond precision. 

− FPGAs (2005) delivered ultra-low 

latency and 10 kHz control for high-

speed actuators. 

− GPUs (2010s) accelerated real-time 

visualization, simulation, and AI 

inference. 

Advanced Control Paradigms 

− Model Predictive Control (MPC) 

handled constraints and singularities at 

50–200 Hz. 

− Force/Impedance Control enabled 

delicate tasks and safe human 

interaction. 

− Machine Learning (NNs, RL, Gaussian 

Processes) provided fast kinematics, 

adaptive policies, and predictive 

maintenance. 

Sensor Fusion and State Estimation 

Modern hexapods rely on sophisticated 

sensor fusion techniques. Extended and 

Unscented Kalman Filters, particle filters, 

and nonlinear estimation methods combine 

data from encoders, IMUs, vision systems, 

and force sensors to deliver precise state 

awareness. This integration supports 

advanced applications like adaptive 

machining and surgical robotics. 

Software Ecosystem and Standardization 

The rise of robotics middleware —

notably ROS and ROS2 — standardized 

interfaces for sensors and actuators, 

enabling rapid prototyping and seamless 

integration with simulation environments 

like Gazebo and CoppeliaSim. Model-

based design tools such as 

MATLAB/Simulink introduced automatic 

code generation, hardware-in-the-loop 

testing, and continuous integration 

frameworks, accelerating development 

cycles and improving reliability. 
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Impact and Outlook 

Many researchers have contributed to the 

development of hexapod robots. In his 2021 

paper [Gîlcă G., 2021], the author 

conducted a study on hexapod robots, 

focusing on their key characteristics and 

primary gait types. Later, in [Gîlcă G., 

2023], a kinematic model for a hexapod 

robot leg was introduced, based on Denavit-

Hartenberg parameters, under the 

assumption that all legs share an identical 

structure. In his papers [Borcosi I, et al., 

2006] and [Borcosi I, et al., 2016], the 

author studied how to use hexapods for 

autonomous moving and obstacle 

avoidance. Some researchers tried to make 

advances in making systems to control the 

speed of the actuators [Grofu F., 2017]. 

Modern hexapods combine real-time 

control, predictive algorithms, sensor 

fusion, and AI adaptability. Operating at 

kilohertz rates, they execute complex 

trajectories and learn from experience—

poised for further evolution with edge AI, 

cloud computing, and collaborative 

autonomy. 
 

4. IMPACT ON APPLICATIONS 

AND FUTURE DIRECTIONS 
 

Hexapod technology has evolved from 

specialized tools to intelligent, adaptive 

systems. In the 1970s–1980s, platforms 

powered flight simulators with basic motion 

cueing. By the 1990s, precision control 

enabled roles in manufacturing and 

telescope positioning. The 2000s 

introduced medical robotics with force 

feedback and surgical automation, while the 

2010s saw collaborative robots and 

adaptive systems. Today, in the 2020s, AI-

driven optimization, digital twins, and 

autonomous operation define the cutting 

edge. 

Looking forward, several transformative 

technologies will shape the next generation 

of hexapods: 

− Quantum Computing will deliver 

exponential speedups for trajectory 

planning and optimization, with hybrid 

quantum-classical systems expected by 

the 2030s. 

− Edge AI and Embedded Machine 

Learning will enable real-time autonomy 

on low-power hardware through model 

compression, federated learning, and on-

device adaptation. 

− Digital Twin Technology will create 

high-fidelity virtual replicas for 

predictive maintenance, performance 

optimization, operator training, and 

design iteration. 

− Neuromorphic Computing introduces 

brain-inspired architectures for ultra-

efficient, event-driven control, enabling 

high-speed sensor processing and 

adaptive motor control. 

− Distributed and Networked Control will 

allow fleets of hexapods to collaborate 

on large-scale tasks, supported by 5G/6G 

connectivity and edge-cloud 

architectures. 

− Advanced Materials and Actuation will 

revolutionize design with shape memory 

alloys, piezoelectric actuators, 

electroactive polymers, and soft robotics 

for safe human interaction. 

− Human-Machine Collaboration will 

leverage natural language interfaces, AR 

guidance, haptic feedback, and shared 

autonomy to make hexapods intuitive 

partners rather than isolated tools. 

− Sustainability and Green Technology 

will drive energy-efficient designs, 

regenerative systems, recyclable 

materials, and lifecycle optimization to 

minimize environmental impact. 

The convergence of quantum 

computing, edge AI, neuromorphic 

hardware, advanced connectivity, novel 

materials, and human-centered design will 

create hexapod systems that are: 

− Highly autonomous while ensuring safe 

collaboration\ 

− Energy-efficient and sustainable 

− Self-optimizing and self-maintaining 

− Fully integrated within digital 

ecosystems 
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− Capable of tasks unimaginable with 

current technology 

From Stewart’s 1965 vision to future 

cyber-physical systems, hexapods are on a 

trajectory toward becoming adaptive, 

networked, and intelligent platforms —

expanding applications into domains not yet 

conceived. 

 

3. CONCLUSION 
 

Hexapod platforms represent a mature 

yet continually evolving technology that 

combines elegant mechanical design with 

sophisticated mathematical analysis – they 

evolved from mechanically constrained 

systems into intelligent, networked 

platforms capable of executing complex 

tasks with high precision. Their parallel 

architecture provides unique advantages in 

applications demanding high precision, 

stiffness, and dynamic performance within 

constrained workspaces. 

The core principles of forward and 

inverse kinematics, dynamic modeling, and 

control strategies are well established, 

whereas current research focuses on 

overcoming challenges such as singularity 

avoidance, improving accuracy through 

calibration, and exploring new applications. 

As actuator technology advances, 

computational power increases, and new 

materials become available, hexapod 

platforms will continue to find novel 

applications, particularly in fields requiring 

exceptional positioning accuracy and load-

bearing capacity. The integration of 

artificial intelligence and adaptive control 

will further enhance performance and 

broaden their application scope, with future 

developments likely emphasizing edge AI, 

cloud-based control, collaborative 

autonomy, and advanced safety for human-

robot interaction. 

 

REFERENCES 
[1] Bonev I. A., The True Origins of 

Parallel Robots, ParalleMIC, 2003. 

[2] Borcosi I., Cercel C., Runceanu A., 

Grofu F., The optimized command of a 

mobile robot, 16th International 

Multidisciplinary Scientific 

GeoConference SGEM 2016, June-

July, 2016, Informatics, 

Geoinformatics and Remote Sensing 

Conference proc. Vol 1, pg. 469-474, 

ISBN:978-619-7105-58-2, ISSN: 

1314-2704, WOS:000395499400059. 

[3] Borcoşi I., Olaru O., Runceanu A., 

Robots with syncronized moves, 

International Conference on 

Manufacturing Systems ICMaS, 

Bucureşti, 26-27 Oct. 2006, ISSN 

1842-3183, pag.163-166. 

[4] Gîlcă G., Mathematical modeling of the 

walking hexapod robot using Denavit-

Hartenberg parameters, Annals of the 

„Constantin Brancusi” University of 

Targu Jiu, Engineering Series, No. 

1/2021, pp 64-69. 

[5] Gîlcă G., State of the art in hexapod 

robots, Fiability&Durability   No. 

2/2023, Editura “Academica 

Brâncuşi”, Târgu Jiu, ISSN 1844 – 

640X, pp 78-83. 

[6] Gough V.E., Contribution to 

discussion of papers on research in 

automobile stability, control and tire 

performance, Proc. Auto Div. Inst. 

Mech. Eng., 1956-1957.  

[7] Gough, V.E., Whitehall, S.G., 

Universal Tire Test Machine, Proc. 9th 

Int. Tech Congress FISITA, May 1962.  

[8] Grofu F., Speed Control System a 

Concrete, Annals of the „Constantin 

Brâncuşi” University from Tg. Jiu, 

No.4/2017, ISSN 1842-4856, p. 91-96 

[9] Merlet, J.-P., Parallel Robots (2nd ed.), 

Springer, 2006. 

[10] Stewart D., A platform with 6 degrees 

of freedom, Proc. Inst. Mech. Eng., 

1965. 

[11] You B., Fan. Y., Liu D., Fault-tolerant 

motion planning for a hexapod robot 

with single-leg failure using a foot 

force control method, International 

Journal of Advanced Robotic Systems, 

Sept.-Oct. 2022: 1–11, DOI: 

10.1177/17298806221121070 


