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Lecture Roadmap

Five Design Thinking stages explore the frontiers of Mechanical Engineering
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Empathize Define Ideate Prototype Test
Drivers of change in 10 transformative Al - Robotics - AM - Smart Mfg - BioME - Case studies, India
ME technology domains Nanotechnology Quantum - Green context & careers

@& Outcome: Identify the 10 emerging trends reshaping ME and connect them to your degree subjects and future career
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EMPATHIZE — What Is Driving Change in ==#

ME?

Six mega-forces are fundamentally reshaping what mechanical engineers do

Climate Crisis

Net-zero 2050 mandate is forcing a complete redesign of
energy, transport, and manufacturing systems

Al & Digitalisation

Machine learning and simulation are replacing years of physical
testing — every product is designed in software first

Moore's Law & Beyond

Shrinking transistors, quantum computing, and neuromorphic
chips are transforming what computation can do

Automation Wave

Collaborative robots and autonomous systems are replacing
repetitive human work at unprecedented scale

Ageing Population

Billions of ageing humans need prosthetics, implants, and
assistive devices — biomedical ME exploding

Globalisation 4.0

Distributed manufacturing, digital twins, and on-demand
production are dissolving geographic constraints
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DEFINE — 10 Transformative Trends in ME

The technologies your generation will build, deploy, and refine

Artificial Intelligence & Generative Design Advanced Robotics & Cobots

Al designs parts, predicts failure, optimises systems Autonomous, collaborative machines reshape factories & homes

Additive Manufacturing (Next-Gen) Nanotechnology & Nano-materials

Multi-material printing, bioprinting, construction-scale AM Engineering at atomic scale for extreme material properties

Smart Materials & 4D Printing Sustainable & Circular Engineering

Materials that respond, self-heal, and shape-shift Net-zero design, green hydrogen, circular material flows

Biomedical & Biomimetic Engineering Digital Twin & Industry 5.0

Implants, exoskeletons, nature-inspired design Real-time virtual replicas + human-machine collaboration

Quantum Computing for Engineering Micro/Nano Electromechanical Systems (MEMS)

Solving optimisation problems impossible for classical computers Sensors, actuators, and machines at micron scale
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I
IDEATE — Al & Generative Design in ME

Al is not replacing engineers — it is giving them superpowers

J Generative Design (Autodesk Fusion, nTopology): Define loads,
materials, and constraints - Al generates hundreds of optimal 84%

topologies that no human would conceive

. T . . weight reduction:
J FEA-Driven Topology Optimisation: Remove material where stress is GE Aviagtion Al-designed

low = parts 40—-70% lighter with same or better strength; GE Aviation aircraft bracket
bracket: 19 parts = 1 part, 84% lighter

o ML for Predictive Maintenance: Vibration, temperature, and acoustic
sensors + LSTM neural networks - predict bearing failure 3—6 weeks in 1 OOO X

advance

q . . . faster than FEA:
J Physics-Informed Neural Networks (PINNs): Train on physics equations Byt armaalNearal

(Navier-Stokes, elasticity) not just data = solve fluid and structural Networks (PINNs)
problems 1000x faster than FEA

J Generative Al for Engineering (LLM + CAD APIs): Describe a component
in natural language - Al writes parametric CAD script; Autodesk, $4T+
Siemens NX integrating GPT-4 class models

economic value from

e  Digital Material Discovery: DeepMind AlphaFold predicted all ~200M Al in manufacturing
protein structures; materials informatics finding new alloys, polymers, by 2030 (McKinsey)
and superconductors with ML
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Advanced Robotics — Machines That S

Think and Feel

From rigid industrial arms to soft, adaptive, autonomous robots across every domain

Collaborative Robots (Cobots) Al-Driven Robot Learning

Sense human presence, stop safely — UR, FANUC CR, ABB Reinforcement learning: Boston Dynamics Spot taught to
YuMi; SME deployment without safety cages; programming navigate obstacles without programming; GPT-4 + robot arm
by demonstration = language-commanded manipulation

Soft Robotics Exoskeletons

Pneumatic elastomer actuators mimic muscle; gentle ¥ Powered suits restore mobility to paralysed patients
grasping of fragile objects; endoscopic surgical robots (ReWalk, Ekso Bionics); reduce worker fatigue in factory and
navigate body cavities construction

Swarm Robotics Space & Extreme Robotics

Hundreds of simple robots coordinate without central control NASA Perseverance rover; ISRO Pragyan; deep-sea ROVs;

— Harvard Kilobot, construction drones, agricultural micro- inspection robots inside nuclear reactors and live gas

robots pipelines
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I
Next-Generation Additive Manufacturing

Beyond prototyping — AM is now mainstream production for complex, hi

AM 1.0
(1990s-2010s)

h-value components

¢ FDM plastic prototypes e Metal DMLS/SLM parts e Multi-material printing e 4D self-assembling parts

¢ SLA resin models e Aerospace production * Continuous CFRP e Construction-scale AM
(Markforged)

¢ Proof-of-concept only * GE LEAP engine nozzle e Bioprinting tissues e In-space manufacturing

o Continuous Carbon Fibre (Markforged): Print CFRP parts in-house — 23x stronger than PLA; aerospace brackets, tooling, surgical
instruments

o Bioprinting (Organovo, Wake Forest): Human-scale ear cartilage, trachea, and skin grafts; 3D-printed corneas in clinical trials

o Construction AM: ICON 3D-printed houses in Austin (Texas) and NASA's Moon/Mars habitat concept; Larsen & Toubro 3D printing
infrastructure in India

o Wire-Arc AM (WAAM): Large-scale metal AM using robotic MIG welding; Cranfield Univ / GEFERTEC — 10x cheaper than DMLS for

large titanium parts
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Nanotechnology & Nano-Materials in ME

Engineering at 1-100 nanometre scale — where quantum effects change everything

Carbon Nanotubes (CNT): 100x stronger than steel at 1/6 the weight;
thermal conductivity 3500 W/mK (copper: 400); used in composite
reinforcement, heat sinks

Graphene: Single atom-thick carbon lattice — strongest material known
(130 GPa); transparent, flexible, electrically conductive; Tata Steel
exploring graphene-enhanced steel

Nano-composites: Nano-particle reinforced polymers and metals — 20—
30% stronger, better fatigue life; car bumpers, sports equipment,
aircraft interiors

Self-Healing Nano-Coatings: Microcapsules rupture on scratch, releasing
healing agent — autonomous repair of painted surfaces, anti-corrosion
coatings on ships

Nano-lubricants: Fullerene C60 and MoS, nano-particles in lubricating
oil — reduce friction 40-50%; engine wear virtually eliminated; ISRO
uses in satellite mechanisms

Nano-manufacturing: Atomic layer deposition (ALD), e-beam
lithography, nano-imprint lithography — critical for semiconductor
fabrication at 2 nm process nodes

Nano Scale Context

10 m — Human height
1 mm — Mechanical tolerance

1 um — Bacterium size

100 nm — Nano-material
zone V¥
1 nm — Carbon
nanotube diameter

0.1 nm —
Atom
diameter
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Smart Materials — Matter That Responds =

& Adapts

The boundary betwéen structure and mechanism is dissolving

Shape Memory Alloys (SMA)

Nitinol (NiTi): 'remembers' original shape after deformation when
heated — stents that open in body, pipe couplings that self-tighten,
morphing aircraft wings

Piezoelectric Materials

Convert mechanical strain to electricity (sensing) and voltage to
strain (actuation) — vibration energy harvesting, ultrasonic
transducers, precision positioners (PZT)

Magnetostrictive Materials

Change shape in magnetic field — Terfenol-D expands 2000 ppm;
active vibration control, sonar transducers, precision linear actuators

Electrorheological Fluids

Liquid to near-solid in milliseconds under electric field — adaptive
car shock absorbers (Lord Rheonetics), precision machine tool
damping

Self-Healing Polymers

Capsule-based or intrinsic healing: cracks trigger release of healing
monomer — aircraft coating, pipeline anti-corrosion, electronic
encapsulants

4D Printing

3D-printed structures programmed to change shape over time using
SMP/hydrogel; deployable space antenna, flat-printed medical
stents that expand in body
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PROTOTYPE — Sustainable & Circular Engineering

Engineering designed for a net-zero world — every product becomes a resource for the next

*  Green Hydrogen: Produced by electrolysis using renewable electricity Circular Economy Model
— fuel cells, industrial heat, steel-making; NTPC, ISRO, Reliance all
have H, programmes

L 4 Extract/Grow Raw material sourcing

o Carbon Capture & Utilisation (CCU): ME systems capture CO, from

atmosphere or flue gas - convert to fuels, chemicals, or building

materials lis Manufacture Design for end-of-life
. Life Cycle Engineering: Design for disassembly, remanufacturing, and

circular material flow — Caterpillar Reman, Apple recycling robots ¥ Distribute Minimal packaging
o Solid-State Batteries: No liquid electrolyte, 2x energy density, safe —

QuantumScape, Toyota; ME challenge: solid-solid interface stress 5 Use/Maintain Long life, repairability

management

. o - 20/ il o )

o Perovskite Solar: 30%+ efficiency vs 20—24% silicon; printable; NREL & Collect/Sort Rees (el

certified 33.9% tandem; manufacturing scale-up is the ME challenge

] Recover/Reuse Remanufacture or recycle

India target: 500 GW renewables by 2030, 5 MT Green Hydrogen by 2030 (NGHM) - Net Zero by 2070 — all require ME innovation




Biomedical & Biomimetic ME

Learning from nature - Healing the body - Merging biology and mechanics

Medical Devices & Implants

3D-printed titanium hip implants (porous lattice matches
bone stiffness); LVAD heart pump; cochlear implants; insulin
micro-dosing pumps

Surgical Robotics

Intuitive Surgical da Vinci: 1.5M procedures/year; haptic
feedback; sub-millimetre precision; SS Innovation in India
(X25L vs X5Cr import)

Biomimetics

Lotus leaf = superhydrophobic coatings; shark skin - drag-
reducing Speedo swimsuit; bird bone - hollow-core CFRP
structures; kingfisher beak = Shinkansen nose

Neural Engineering

Brain-computer interfaces (Neuralink BCl); neuroprosthetics;
neural dust sensors implanted in nerve bundles; spinal cord
stimulators

Microfluidics & Lab-on-Chip

Channels 10-100 um wide; DNA analysis, drug testing, point-
of-care diagnostics — COVID rapid test is a microfluidic
device

o

Tissue Engineering

Biodegradable scaffolds seeded with stem cells; bioreactors
provide mechanical stretch + flow; [IT Madras's meniscus
scaffold clinical trials
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Digital Twin & Industry 5.0

From Industry 4.0's connected machines to Industry 5.0's human-machine collaboration

e  Digital Twin Level 1 — Digital Shadow: One-way data flow from Industrial Revolution Eras
physical asset to virtual model; monitor asset health in real-time

e  Digital Twin Level 2 — Digital Twin: Bidirectional: physical changes Industry 1.0
update the model AND model predictions influence the physical Steam power, mechanisation
system

. Digital Twin Level 3 — Digital Thread: Complete product lifecycle Industry 2.0
represented digitally — from requirements - design - Electricity, mass production

manufacturing - service - recycling

° Industry 5.0 (Beyond 4.0): Human-centric, resilient, sustainable; Industry 3.0
cobots amplify human skill rather than replace; mass personalisation Computers, automation
replaces mass production

o GE Digital Twin: 40,000+ jet engines monitored in real-time; Industry 4.0
algorithms predict hot section liner cracking 500 flight hours ahead; loT, cyber-physical, Al
saves $1B+ annually

o Siemens Industrial Metaverse: Complete factory twin in Nvidia
Omniverse; test process changes before implementation; reduce
factory commissioning time 30%
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Quantum Computing & ME

When classical computers hit their limits, quantum opens new doors for engineering simulation

Quantum supremacy: Google's 53-qubit Sycamore performed in 200
sec what would take the best classical supercomputer 10,000 years

Quantum simulation for materials: Simulate electron interactions in
new alloys, superconductors, and catalyst materials from first
principles — design new aerospace materials computationally

Quantum optimisation (QAOA): Solve logistics, supply chain, and
structural topology problems with exponentially more variables than
classical methods allow

Quantum-enhanced FEA: Harrow-Hassidim-Lloyd (HHL) algorithm
solves large linear systems (the core of FEA) exponentially faster —
full city-scale structural simulations possible

Quantum ML for NDT: Quantum neural networks detect micro-crack
signatures in ultrasonic data — find defects classical ML misses

Where we are now: 1000+ qubit IBM Eagle & Condor processors
exist but still noisy; fault-tolerant quantum computing (needed for
engineering tasks) estimated 5-15 years away
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Classical vs Quantum

o Bit # Qubit
Oand1
Oorl -
(superposition)
it Sequential # Parallel
One path at All paths
atime simultaneously
1t Scale # Scale
2/n states Explores all
(classical) 2/n states at once
£t Problem # Problem
NP-hard: days Minutes to hours
to months (some problems)
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MEMS — Machines at the Micron Scale

Micro/Nano Electromechanical Systems: sensors, actuators, and machines you cannot see with naked eye

Accelerometers & Gyroscopes

Every smartphone has 3-axis MEMS accelerometer (1Imm?)
— airbag triggers, screen rotation, step counting; car IMU for
stability control

MEMS Pressure Sensors

Altimeters, barometers, tyre pressure monitors, medical
blood pressure sensors — piezoresistive diaphragm 50-500
um thick

RF MEMS

Tunable capacitors and resonators for 5G mmWave antennas
— replace bulky crystal oscillators with micron-scale
electromechanical resonators

Microfluidic Pumps & Valves

On-chip pumps move nanolitres of fluid — drug delivery
implants, inkjet printer heads, PCR machines for COVID
testing

Optical MEMS (MOEMS)

Digital Micromirror Device (DMD): Texas Instruments' DLP —
millions of 16um mirrors flip at 5000 Hz for digital cinema
projection

Nano-electromechanical (NEMS)

Single-molecule sensing, atto-gram mass measurement,
quantum electromechanics — MIT, Caltech research labs
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Hydrogen Economy & Next-Gen Energy RLE
Storage

ME engineering cMllenges at the heart of the energy transition

J Proton Exchange Membrane (PEM) Electrolyser: Splits water using
renewable electricity; 70-80% efficient; ME designs compression $2 5T
plates, membrane electrode assembly, thermal management y

o Hydrogen Storage: Compressed gas (350—700 bar Type IV CFRP global green hydrogen
cylinders), cryogenic LH, at —253°C, or metal hydride solid-state — each market by 2050 {Goldman Sachs)
a distinct ME design problem

J Fuel Cell Stack: PEM fuel cell reverses electrolysis — H, + O, >

electricity + water; bipolar plate flow field design critical for uniform H, % 1 9 744 cr
distribution ’
. Solid-State Batteries: Ceramic or glass electrolyte (no flammable India SIGHT scheme for

green hydrogen production

liquid); 2x energy density; 10-minute fast charge; Toyota Solid-State EV
prototype (2027 target)

J Gravity Storage: Abandoned mine shafts as giant gravity batteries — lift
weights when power surplus, lower when needed; Gravitricity 700 bar
(Edinburgh) concept

. Thermal Energy Storage: Molten salt (550°C) stores solar energy Hydrogen tank pressure in
hours/days; crushed rock thermal stores for industrial heat (Siemens Woraite) e i et ez

Gamesa); phase-change materials in bullnltqg)géstion to Mechanical Engineering/Emerging Trends 15




Autonomous Vehicles & Future Urban

Mobilit

Every transport mode lybeing reimagined — ME is at the core of the physical platform

SAE Autonomy Levels: LO (no automation) > L5 (full self-driving); EV Market Outlook

Tesla FSD at L2+, Waymo at L4 in defined geofenced areas; L5 still
unsolved

LiDAR & Sensor Fusion: ME designs mounting, thermal management, AR5k

and vibration isolation for LiDAR, radar, camera arrays; Velodyne,
Luminar, Innoviz

India EV 2023
EV Powertrain: Battery pack (thermal management, BMS), motor
(PMSM/IM), single-speed reducer — ME designs all mechanical
subsystems Battery cost trajectory
eVTOL (Electric Vertical Take-Off and Landing): Joby Aviation, Lilium,
Archer — urban air taxis; ME: rotor design, tilt mechanisms, battery
integration Charging infra (India)

Hyperloop: Maglev pod in low-pressure tube; ME: aerodynamic pod
design, linear motor stator, tube structural design — Virgin

Hyperloop TRL 6 ME Jobs in EV sector

Autonomous Ships: Kongsberg's ReVolt concept; Rolls-Royce
Intelligent Awareness; remote-operation centres — ME designs the

phy5|cal vessel for unmanned ops Introduction to Mechanical Engineering/Emerging Trends

14 million units (18%
of all cars)

1.5M units; Tata
Nexon EV #1

$100/kWh by 2025
(parity point)

12,000+ public
chargers; 7x by 2030

500,000+ by 2030
(India NITI target)
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TEST — India's Emerging ME Technology ==
Leaders

Indian companies and institutions at the frontier of ME innovation

Agnikul Cosmos — World's First Single-Piece 3D-Printed Rocket Engine

[IT Madras spinoff; Agnilet engine entirely 3D-printed in one piece (SLM); eliminates 100+ joints, welds, brazed connections ¢ Semi-
cryogenic propellant (LOX/Kerosene); 6 kN thrust; first flight from Sriharikota 2024 — validates AM for propulsion ¢ Demonstrates India
can lead in next-gen manufacturing; world's first fully 3D-printed semi-cryo rocket engine

TATA Technologies / L&T Technology — Al-Driven Engineering Design

TATA Technologies Optimus platform: generative Al for automotive component design; reduces design-to-prototype cycle 60% ¢ L&T
Technology Services: Al-powered predictive maintenance for Airbus A320 fleet; vibration analysis + LSTM = 4-week failure forecast ¢ India
now provides Al-enhanced engineering services to Boeing, Airbus, JLR, and 300+ global OEMs from Pune, Bengaluru, Chennai

ISRO / lIT Collaborations — Quantum & Nano for Space

ISRO + IIT Bombay: nano-satellite propulsion using green propellant MEMS thrusters — 200 mN thrust from 2cm? chip ¢ C-DAC's quantum
computing programme (NQM): 1000-qubit target by 2031; first Indian superconducting qubit demonstrated at TIFR ¢ National Quantum
Mission %6,003 crore: direct funding for quantum-enhanced engineering simulation and materials discovery

H
H
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Global Frontiers — World-Class Emerging-

ME

The most ambitious engineering projects happening right now

Boston Dynamics Spot + Al (USA)

4-legged robot learns to navigate any terrain autonomously using reinforcement learning; deployed in oil rigs, nuclear plants,
construction sites globally

Organovo / Wake Forest Institute (USA)

3D-bioprinted human liver tissue for drug testing; functional tubular constructs; clinical trials of bioprinted cartilage — ME +
biology convergence

QuantumScape Solid-State Battery (USA/DE)

Ceramic-electrolyte battery: 15-minute fast charge, 80% higher energy density vs Li-ion; Volkswagen joint venture; ME
challenge: ceramic-anode interface stress

Equinor Hywind Tampen Floating Wind (NO)

11 x 8.6 MW turbines on Spar-Buoy float foundations, 260m water depth; ME: mooring cable fatigue, floating structure
¢ Bislsoshybapicss O M PYsRRYp ME expertise — from ceramics processing to hydrodynamics to soft robotics to tissue mechanics
18
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Preparing for the ME of 2035 — Skills

You Need

The T-shaped engineer: deep in one domain, conversant across all emergin

o Thermodynamics, Fluid Mechanics, Solid Mechanics, o
Materials Science — these never become obsolete; they
are the physics layer beneath every trend

o Machine Design, Manufacturing Processes, Metrology —
physical product engineering fundamentals

Dynamics, Control Systems, Vibration — essential for
robotics, MEMS, autonomous vehicles

jelds

Python / MATLAB + ML libraries (scikit-learn, PyTorch):
Al-driven design, PINNs, predictive maintenance models

CAD + Simulation: CATIA/SolidWorks + ANSYS/Fluent;
Generative Design tools (nTopology, Autodesk Fusion)

Additive Manufacturing: Design for AM (lattice
structures, support minimisation); DMLS/SLM process
SEICINE G

Sustainability LCA: Life Cycle Assessment, carbon
accounting, circular design principles




Al/ML Engineer — ME Applications Robotics & Automation Engineer

l.| GE Digital / Siemens / TATA Tech / L&T l.! ABB/FANUC / TAL Mfg / Systemantics
& X12-35LPA & X10-28 LPA

’ ‘ EV / Green Energy Systems ME
L.! Agnikul / Wipro 3D / Intech DMLS / GE l.! Ola Electric/ Tata EV / NTPC Green H,
& 9-25 LPA & 10-30LPA
Biomedical Device Engineer
L. SS Innovation / Stryker India / Medtronic L.! IT/lISc spinoff - IITM Pravartak - SINE
& 9-22 LPA & 38-50 LPA+

& lIT/NIT GATE > Research fellowship - PhD -> deep-tech startup is emerging as a high-impact high-reward career path for ME graduates
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MIND MAP — Emerging Trends in Mechanical Engineering b

. Agnikul
Circ TATA Tech

Solid-State QuantumScape

Ind. 5.0 g

Gen. Design
ENGINEERING GLOBAL

Green H, Floating Wind

Cobots

DIGITAL Al &
FUTURE ROBCTICS

Quantum

Nano-composites

1
Microfluidics’
1
]

- ADVANCES
Digital Twin BI>-ME P Soft Robots

Biomimetics Smart Mats

1
1
H N, ’
1
1

Bioprinting —— nt

Introduction to Mechanical Engineering/Emerging Trends 21




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21

