Introduction to Robotics:
From Core Principles to
Intelligent Machines

_\

D) - Covers the complete sense-think-act
loop as a system integration primer

EO - Defines a robot: a programmed
actuated mechanism with a degree of autonomy

515 - Distinguishes robots from automated
machines and pure software bots

@ - Addresses common myths about cost,
autonomy levels, and Al vs. robotics

C—T'E - Provides a learning roadmap from
o core principles to intelligent systems
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What Makes a Machine a Robot? ’ =
Core Definition and Boundaries G g

» SO 8373: A programmed actuated mechanism with a degree of
autonomy for locomotion, manipulation, or positioning

» Four essential ingredients: Sensing, decision-making, actuation,
and physical embodiment

» Robots vs. pure software bots vs. non-programmable
automated equipment

» The autonomy spectrum: From teleoperation to semi-autonomous
assistance to full autonomy

INDUSTRIAL ROBOT \ SOFTWARE BOT

THE AUTONOMY SPECTRUM
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The Sense-Think-Act Cycle: The Universal Robot Blueprint

Every robot runs a
continuous loop:
Sense — Think — Act

Sensing: raw data from
cameras, LiDAR, encoders,
and IMUs

Thinking: perception
algorithms interpret data
and decide actions

Acting: motors and
effectors execute
physical motion

Feedback connects the
loop, enabling real-time
adaptation

Perception algorithms
interpret data and
decide actions

Feedback :

connects FEEDBACK Motors and

the loop, enabling effectors execute
real-time physical motion
adaptation



Sensing: How Robots Perceive Their World and Themselves
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A2y, Proprioceptive sensors: internal
O, < state via encoders, IMUs, and
o) joint torque sensors

ﬂ * Exteroceptive sensors: external
J world via cameras, LiDAR,
D/ ultrasonic, and force/torque

e From raw sensor data to
meaningful state estimation:
turning voltages into understanding

* LiDAR costs falling below $300;
force/torque modules approaching

$500 (2025-2026)

/':ﬁ o Application criteria: LiDAR and
vision for warehouses; low-cost
l\';rl IR and IMUs for homes; force/torque
for factories
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Perception and Decision-Making: The Robot's Brain
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< ® The perception pipeline:
sensor data - feature

g
| (A
extraction - environmental

understanding

O ® Decision paradigms: reactive
;—}—é control, deliberative planning,
o0 behavior-based, hybrid
architectures

e Key concepts: SLAM for
mapping, object detection,
motion planning, world models

e Modern Al role: foundation
models and Vision-Language-
Action (VLA) models enable
reasoning (2025-2026)

® From finite-state machines to
advanced planners: building

intuition for robot intelligence




Actuation: Turning Decisions into Physical Motion

Q ANATOMY OF A ROBOT
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INDUSTRIAL HYDRAULIC ARM COMPLIANT COBOT ARM
High Power. High Payload. Safe. Flexible. Backdrivable.

® Electric motors, hydraulics,
pneumatics, and emerging
artificial muscles drive motion

QDD Actuator
(3:1-10:1 Ratio)

® Joints and degrees of freedom
(DOF) define a robot's
reachable workspace

Hydraulic
Cylinder

Low Inertia
Transmission

Integrated \ : %

Force/Torque
Sensing

® Control commands target
position, velocity, or torque
for precise movement

Heavy-Duty
Gear Train

® |Industrial arms prioritize
payload; cobots prioritize
compliance and safety __o Hydraulic

Power Unit Backdrivable

Actuation

® QDD actuators (3:1-10:1 ratio)
deliver backdrivability and
force sensitivity



The Feedback Loop:

Closing the
Sense-Think-Act Cycle

e Open-loop commands fail in
unpredictable real-world conditions

* Low-level feedback: real-time
sensor corrections for motor errors

High-level feedback: task
monitoring, failure detection,
and recovery

* Control loops enable adaptation:
balancing, obstacle avoidance,
force assembly
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Robot System Architecture: Integrating

Sensing, Planning, and Control

HARDWARE LAYER
Physical Components
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Motors / Actuators Sensors Embedded Controllers
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Sensor Plan 0. :
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Sensing Perception Planning Control :
Node Node Node Control
Signals

N
O Node (Process) - = =» Topic (Data Stream) ey Hardware Interface
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* Hardware and software layers:
from embedded controllers to
high-level autonomy

* ROS 2 as the leading
integration framework with
DDS-based communication

* Core concepts: nodes, topics,
services, and QoS-controlled
data exchange

* Real-time control requires
PREEMPT_RT, lifecycle nodes,
and explicit QoS tuning

® ROS 2 Jazzy (LTS) now
production-grade, driving rapid
industry adoption in 2025-2026



Degrees of Autonomy and the
"Collaborative Application” Concept

.

Teleoperation Semi-Autonomous Assistance Full Autonomy

Monit_ored Power &
Standstill Guiding Separation Force
= Monitoring Limiting

e Autonomy spectrum: from teleoperation to semi-autonomous
assistance to full autonomy

e |SO 10218:2025 shifts from "collaborative robot" to
"collaborative application”

® Four collaborative techniques: Monitored Standstill, Hand Guiding,
Speed & Separation Monitoring, Power & Force Limiting

e Entire application—robot, tool, task, environment—must
be validated safe

e New Class | (<10 kg, <50 N, <250 mm/s) and
Class Il robot classifications




e Industrial arms deliver
precision, repeatability,
and heavy payload
handling.

e AMRs transform
warehouses: Locus at
Maersk, Proteus at
Amazon, Carter at
ShipLab.

* Collaborative robots
9=
"Co follow, fetch, and assist
pickers in dynamic
workflows.

» RaaS models enable RaaS (Robots-as-a-Service)
Cm) rapid deployment,
@ flexible scaling, and + + -
proven ROI.
o




(Real-WorId Applications: Service, Field, and Medical Robotit;

Service robots:
cleaning, delivery,

and assistance in

. dynamic human spaces

Field robots:
agriculture, inspection,
and search & rescue

_in unstructured terrain
SR sl ams o |

Medical robots:
high-precision surgery
and rehabilitation with
*._direct human impact

R ]

s
Sensing dominates in the field; precision actuation rules in the operating room >
e/

- s |
Case studies in each sector show the full sense-think—act feedback loop />
N\ -




Key Challenges: Uncertainty,
Safety, and Real-World Robustness

e Sensor noise, environmental variability,
and imperfect models create
persistent uncertainty.

e |SO 10218:2025 now governs
collaborative applications with ‘
mandatory cybersecurity requirements.

® The “last 20%” problem: robust
long-term autonomy remains far
harder than any lab demo.

® Robots can fail in the real world
despite perfect simulations due
to brittleness.



The Modern Al Revolution:

Vision-Language-Action Models and Foundation Models

Robotic Foundation Models (RFMs)
replace task-specific code with
adaptable, multi-task policies.

Vision-Language-Action (VLA) models
see, reason, and act within a single
unified architecture.

Models like Xiaomi-Robotics-1,
OneVLA, and 0.7 enable zero-shot
cross-embodiment generalization.

The 2026 state-of-the-art: mastering
simple tasks with emergent
improvisation and recovery behaviors.

Unsolved challenges: latency, physical
grounding, reliability under distribution
shift, and safety alignment.
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% Plan and execute \I
actions in the world.




The Data and Simulation Flywheel: How Robots Learn at Scale .

Omo
=,

Real-World
Trial

| e Physical robot data is
expensive and slow to collect,
unlike internet text.

o Scale data via teleoperation,
wearables, autonomous
exploration, and simulation.

Sim-to-Real

—* Digital twins enable sim-to-real
Transfer

transfer: train in simulation,
deploy in reality.

@ Open X-Embodiment dataset
| fuses 100+ robot types for
| cross-embodiment

Simulation generalization.

_ Training _ B T Ve L
. e Economic trajectory moves

| : from massive data investment
to a self-sustaining flywheel.



The Future of Robotics:

2026-2030 and Beyond
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ﬁ ' THE FUTURE: GENERAL-PURPOSE AGENTS

2026 2027 2028 2029 2030

THE SENSE-THINK-ACT TRIAD -

® Safety, ethics, and public policy must advance : I \

alongside autonomy SENSE THINK ACT

® Real progress requires separating hype from hard Perceive the world Understand and reason Take actions that matter
problems like long-tail reliability

® Foundation models drive shift from single-task bots
to general-purpose agents

® |ndustrial maturity is uneven: high benchmarks, but
limited real-world robustness

® Humanoid pilots in factories, scalable home robots,
and profitable logistics fleets emerge




Your Learning Roadmap: Next Steps in Robotics

® ) N s

» Build systems thinking, Python, ROS 2,
and electromechanical skills

» Start in simulators (Gazebo, Isaac Sim)
with affordable starter kits

» Leverage open-source projects, ROSCon,
and robotics communities

» Follow a phased, project-based path
from beginner to builder

» You don't need a PhD—start with
curiosity and persistence
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