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Motivation of Lightweighting Design

 Lightweighting design of high-end equipment is highlighted in ‘Made in China 

2025’.

 Passenger cars in China weigh 8%~10% higher than cars of the same class in 

Europe. Business cars weigh 10%~15% higher[1].

 When the car weight reduces by 10%, fuel consumption decreases by 8% and the 

emission reduces by 4%[1].

 Internal combustion engine occupies 12% of the total weight of passenger cars[1].

Fig. 1 Global Manmade Greenhouse 

Gas Emissions by Sector[2]

Fig. 2 Relationship between the car weight 

and fuel consumption

Fig. 3 Lightweighting performances of passenger cars 

from different countries
Fig. 4 Potentials of different techniques 

on energy saving[3]



Fig. 7 FEV “LeiMot” efficiency boosting lightweight 

engine (21% weight reduction, cylinder head 2.1kg,

crankcase 5.1kg)

Fig. 8 Lightweighting through structural optimization[6]

Fig. 6 Lightweight material for the car body[5]Fig. 5 Lightweighting through internal high 

pressure forming[4]

(1) New materials: High strength 

steel, aluminium, magnesium alloys, 

and other non-metallic composites.

(2) Structural optimization: 

Generative design through topology 

optimization.

(3) Advance manufacturing

technology

Approaches for Lightweighting Design



Topology optimization is an algorithmic

process that reveals the most efficient design based

on a set of constraints or characteristics, often by

removing material from the design.

Improve strength-to-weight ratios by removing

excess material that is not necessary for the

design’s performance requirements.

Fig. 16 Building structure 

topology optimization[12]

Fig. 9 Comparative illustration of the different optimization strategies[7]

Fig. 10 Compliance minimization of the MBB problem[8]
Fig. 11 Stress-constrained multi-material 

topology optimization[9]

Fig. 13 Lattice topology optimization
Fig. 15 Wing structure 

topology optimization[11]

Fig. 14 Topology optimization 

of the aero-bracket[10]

Topology Optimization

Fig. 12 Multi-scale topology 

optimization



Fig. 21 Titanium additive 

manufactured automotive piston 

(23.5% weight reduction) [17]

Fig. 20 Additive manufactured pistons run in 

Porsche GT2 RS (20% weight reduction)[16]

Fig. 19 Topologically optimized Euro 6 DTI5 rocker arm for 

Renault Trucks[15]

Fig. 17 Topology optimization of the engine block[13] Fig. 18 Topologically optimized piston rod[14]
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Challenges in Topology Optimization: Manufacturability Issue

• Unmanufacturable undercuts and interior voids

• Directional material removal
Casting

• Cutting tool accessibility

• Multi-directional multi-layer density filtering

• Accessibility constraint for level set method

CNC 

machining

• Large-scale computing for thin walled structures

• Shape/Topography optimization 

• Mesh-free topology optimization

Stamping 

metal 

forming



• Motivation: 

Existing topology optimization methods are 
inefficient and even ineffective in super lightweight 
structure design since both computational cost and 
minimum member size are strongly dependent on scale 
of the background mesh.

• Basic idea
Starting from a set of arbitrarily placed shells 

within the design domain, perform concurrent 
optimization on the shell layout and in-shell material 
distribution. 

• Characteristics:

(1) Eliminates the 3D background mesh by a set of 
shell elements and thus the numerical optimization 
is significantly accelerated, especially compared to 
the recently popular moving plate approaches.

(2) The target material volume fraction can be 
extremely small, like below 1%, and very 
importantly, the mesh size is non-sensitive to the 
target material volume fraction.

ALTO (Accelerated super-Lightweight TopOpt)
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Challenges in Topology Optimization: Software Aspect

Non-trivial pre and post-processing effort

Model simplification (poor support to large scale computing); Regeneration of frozen CAD 
models

Limited support to manufacturing constraints

A limited number of manufacturing constraint options, e.g., unidirectional casting constraint

Shortage in optimization problem setup

Poor support to multi-objective topology optimization problem with hybrid constraints



Brief Introduction to Additive Manufacturing

• Join materials to make objects from 3D CAD models

• Main techniques
• Direct energy deposition: LENS

• Powder bed fusion: EBM, DMLS

• Binder jetting: ExOne

• Photopolymerization: SLA

• Material extrusion: FDM

• Material jetting: Connex Polyjet

• Applications

• Prototype and part manufacture

• Biomedical usage

• Part repairing 
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Fig. 22 Urbee Hybrid：
the world’s first 3D 

printed car [18]

Fig. 24 In 2014, the world’s first 

3D-printed electric car :“Strati”[20]

Fig. 23 LightCocoon’s cover is 

flexible and can weight as little 

as 19 grams per square meter [19]

Fig. 25 Renault Trucks DTI5 Euro 6 

engine, 841 parts; Right: Same 

engine, designed with 3D metal 

printing 4-Cylinder Engine by using 

25% less components[21]

Fig. 26 The expected revenues of automotive parts associated with AM[22]
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Lattice structure TopOpt SLM manufacturing of the lattice structures

Multiscale TopOpt

Multiscale TopOpt for DLP 3D printing
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Self-Support Design

Unconstrained Design

Self-Support Interior Design

Support Structure

Self-Support Threshold Condition Test

Self-Support Topology Optimization

Fig. 27 Sacrificial supports in metal additive 

manufacturing[23,24]



DMLS printing process
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two-layer detailed simulation

Residual Stress and Distortion

Fig. 28 Crack defect of metallic additive 

manufacturing parts

Fig. 29 Distortion defect of metallic additive 

manufacturing parts



Detailed 

process 

simulation
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Fig. 31 Laser scanning path optimizationFig. 30 Residual stress-constrained TopOpt[25]

Maximum residual stress reduced by 26%!

Residual stress distribution

Optimal Control of Residual Stress and Distortion

Validating experiment setup
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MBB example

Boundary condition for the MBB beam

with self-support but without residual stress constraint

with self-support and with residual stress constraint

umax =
0.375mm

umax =
0.496 mm

L = 240mm and H = 40mm

The material adopted in this work is Ti6Al4V, which 

has Young’s modulus of 110 GPa, Poisson’s ratio of 

0.3, and yield strength of 1160 MPa. In this work, the 

inherent strain value is set as ϵx
ihs = ϵy

ihs = −0.002.



Research Vision

45

• More challenges to address than already solved issues.
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• Hybrid additive-subtractive manufacturing 

(HASM) indicates the combination of 

additive manufacturing (AM) and 

subtractive manufacturing (SM) techniques 

to form a new manufacturing strategy that 

makes up the individual’s shortcomings.

Hybrid Additive-Subtractive Manufacturing

Fig. 32 DMG LASERTECH 65 3D Hybrid

Fig. 33 LATEC LOM-3000
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Process planning for Hybrid Additive-Subtractive Manufacturing

Fig. 34 Hybrid AM-SM process plan of a topologically optimized part
Fig. 35 A turbine case manufactured through 

LASERTECH 65 3D hybrid[26]



21

TopOpt for Hybrid Additive-Subtractive Manufacturing

Fig. 36 Topology optimization for hybrid additive-subtractive manufacturing
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Conclusion and Future Perspectives

Lightweight Design

Large-scale TopOpt

Multidisciplinary TopOpt

TopOpt for Manufacturing

TopOpt Software Tools

Advanced Manufacturing

Additive Manufacturing

Simulation for AM

Process Optimization

Hybrid Manufacturing

Process planning for HM



Thank you！
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