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목 차

• 구조최적설계

• 위상최적설계
– 정식화

– 사례: 자동차 분야



Vehicle Design Optimization Topology Optimization - 2

구조최적설계: 개념

• 설계변수 (d)
– 부재크기 (두께, 단면적, 길이), 경계 (절점/조절점 좌표)

• 상태변수 (U)
– 중량, 응력, 변위, 온도, 고유진동수, 좌굴하중

– 목적함수,  제약조건

• 결정사항
– 해석 종류: 상/편 미분방정식

– 설계 공간 (설계변수)

– 목적함수 및 제약함수 (구조 거동, 구조 기하)

상태방정식
지배방정식
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구조최적설계: 설계변수

M.P.Bendsøe and O. Sigmund, Topology Optimization: Theory, Methods and Applications, Springer, 2003

치수 (Size)

- 부재크기

- 두께, 단면적, 길이

형상 (Shape)

- 경계

- 절점/조절점 좌표

위상 (Topology)

- 재료 유/무

- 요소밀도
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구조최적설계: 정식화

치수최적설계

- 항공/토목 구조물: 트러스, 빔, 프레임

- 기계구조물: 형상과 관련

형상최적설계

- 파라메트릭 기하 표현: 자동 요소망 생성 필요

- 기저형상 활용

 설계변수 : 

 목적함수 : 부피(중량) 최소화

 제약조건 : 상태방정식(해석), 
최대응력, 최대변위

 설계변수 : 

 목적함수 : 부피(중량) 최소화

 제약조건 : 상태방정식(해석), 
최대응력, 최대변위
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구조물 경량화

• 치수(size) 및 형상(shape) 최적설계
– 초기설계에 크게 의존

– 최적설계에 의한 경량화 효과 적음 (우수한 초기설계인 경우)

• 효과적인 구조물 경량화: 구조물 내 구멍 생성
– 구멍의 위치/크기/형상: 패러다임 변화 필요

– 위상(topology)최적설계 제안
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새로운 패러다임: 위상최적설계

• 형상최적설계의 문제점
– 형상변화에 따른 해석모델 재생성

– 설계변화계산의 어려움, 제한적 형상변화

• 아이디어?
– 해석모델 고정: 구조최적설계방법이 유한요소생성과 별개

– 형상을 유한요소의 밀도로 표현(pixel, voxel 개념)
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위상최적설계: 개념

• 설계변수
– 구조물의 재료분포(탄성계수)를 표현하는 값

– 균질화설계법: 다공질구조로 모델링, 복합재역학이론으로 
균질화된 물성 계산

– 밀도법: 유한요소의 밀도로 물성계산
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위상최적설계: 정적 문제

• 설계변수 ()
– 이산화한 각 유한요소의 밀도

• 문제 정식화
– 부피 최소화, 응력/변위 제약조건: 주어진 강도/강성을 

만족하는 경량화 설계

– 응력: 트러스, 빔, 프레임 구조물에서는 유한값, 
연속체에서는 국부적 물리량

– 전역적 물리량 (평균컴플라이언스) 도입: 강성 표현
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위상최적설계: 밀도법

정수(0/1) 문제

- 모든 조합? Ill-conditioned

실수(0~1) 문제

- 완화, 중간밀도?
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위상최적설계: 흐름도

M.P.Bendsøe and O. Sigmund, Topology Optimization: Theory, Methods and Applications, Springer, 2003
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Topology Optimization: Formulation
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Educational Design Tool (1)

– TOPOPT (www.topopt.dtu.dk)

• A 99 line topology optimization code written in Matlab, Struct Multidisc 
Optim 21, pp.120-127, 2001

• A web-based topology optimization program, Struct Multidisc Optim 22, 
pp.179-187, 2001

• Interactive topology optimization on hand-held devices, Struct Multidisc 
Optim 47, pp.1-6, 2013

http://www.topopt.dtu.dk/
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Educational Design Tool (2)

Single 

loading

Multiple 

loading

Multiple loading 

with void area
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99 Lines of Matlab Code (2001)

– nelx and nely: number of elements in the horizontal and vertical 
directions 

– volfrac: volume fraction 

– penal: penalization power (=3) 

– rmin: filter size(divided by element size)

>>top(60,20,0.5,3.0,1.5)
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Alternative ‘88 line Matlab code’ (2011)
New 99 line Matlab code (2020)
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topopt.mek.dtu.dk

• conv → imfilter: image process toolbox
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정적 문제: 예제

고체역학 검증: 하중 경로
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위상최적설계: 개념 설계에 활용

굽힘 비틀림

굽힘 + 비틀림
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위상최적설계: 차체구조설계 사례
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Chassis: Ferrari F458 Italia

설계 목적

경량화 

성능 요구조건

global bending stiffness

global torsional stiffness

Local stiffness of the suspensions, engine and 
gearbox

Modal response

Crash linearization

설계 변수 (cascade)

Topology optimization: 밀도

Topometry optimization : 절점 높이

Size optimization : 쉘 두께
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Chassis: 하중조건

bending stiffness (1 FEA) torsional stiffness (1 FEA)
local stiffness with 
clamped sills (32 FEA)

local stiffness with 
inertia relief (32 FEA)

crash linearization (1 FEA)
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Chassis: 최적설계

Topology optimization(설계변수: ≈106) Topometry optimization

Size optimization(설계변수: ≈330)

Solid cross-sections of
the truss-like structures

Thin-walled
cross-sections
(shell)

CAD
interpretation
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Load Path Analysis Sequence
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Concept Stage of Vehicle Development
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Automotive Chassis

• Comparison Between Spider and Coupe Designs
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Results (1)

Case 1 Case 2 Case 3

Case 4 Case 5 Case 6
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Results (2)

Case 5 Case 6
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설계프로세스에 적용

ULSAB

UltraLight Steel Auto Body

ULSAS

UltraLight

Steel 

Auto 

Suspensions

ULSAB-AVC

Advanced 

Vehicle

Concepts

ULSAC

UltraLight Steel 

Auto Closures
Nature’s Way to Mobility
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FSV Design Methodology

T1

T6

T5

T4

T3

T2
Linear-Static

Topology

Optimization 

Gauge

Optimization

Final Design

Confirmation

Phase1

Technology Assessment

Packaging

Non-Linear Dynamic  

Topology Optimization

(LF3G)
Sub-System

Topography

Optimization 

Detail Design

Styling & 

aerodynamic

Design

Confirmation

Phase 2

Report
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495.0

1065.0 850.0

300.0

328.0

780.0

2524.0

390.0

Minimum Vision & Obscuration Requirements

16° Approach Angle 25° Departure Angle
13° Ramp Breakover Angle

Minimum Angles & Clearances

150 mm Ground Clearance

FSV BEV Packaging
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T1T1

T6

T5

T4

T3

T2
Linear-Static

Topology

Optimization 

Gauge

Optimization

Final Design

Confirmation

Phase1

Technology Assessment

Packaging

Non-Linear Dynamic  

Topology Optimization

(LF3G)
Sub-System

3G Optimization 
Detail Design

Styling & 

Aerodynamic

Design

Confirmation

Phase 2

Report

T1

Aerodynamics & Styling
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T1

T6

T5

T4

T3

T2
Linear-Static

Topology

Optimization 

Gauge

Optimization

Final Design

Confirmation

Phase1

Technology Assessment

Packaging

Non-Linear Dynamic  

Topology Optimization

(LF3G)
Sub-System

Topography

Optimization 

Detail Design

Styling & 

aerodynamic

Design

Confirmation

Phase 2

Report

T2

Topology Optimization Load Cases
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T1

T6

T5

T4

T3

T2
Linear-Static

Topology

Optimization 

Gauge

Optimization

Final Design

Confirmation

Phase1

Technology Assessment

Packaging

Non-Linear Dynamic  

Topology Optimization

(LF3G)
Sub-System

Topography

Optimization 

Detail Design

Styling & 

Aerodynamic

Design

Confirmation

Phase 2

Report

T2

Linear-Static Topology Optimization
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T2: Topology Optimization

– geometry developed by the topology optimization was 
manually interpreted into a CAD (Computer Aided Design) 
model using engineering judgment
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T1

T6

T5

T4

T3

T2
Linear-Static

Topology

Optimization 

Gauge

Optimization

Final Design

Confirmation

Phase1

Technology Assessment

Packaging

Non-Linear Dynamic  

Topology Optimization

(LF3G)
Sub-System

Topography

Optimization 

Detail Design

Styling & 

aerodynamic

Design

Confirmation

Phase 2

Report

T3

LF3G Load Path and 3G Optimization
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Low Fidelity 3G (Geometry, Gauge & Grade) 
Optimization

T3
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T3

T1

T6

T5

T4

T2
Linear-Static

Topology

Optimization 

Gauge

Optimization

Final Design

Confirmation

Phase1

Technology Assessment

Packaging

Non-Linear Dynamic  

Topology Optimization

(LF3G)
Sub-System

Topography

Optimization 

Detail Design

Styling & 

aerodynamic

Design

Confirmation

Phase 2

Report

T4

Sub-Systems 3G Optimization
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T4 Load Path Mapping

Selected Sub-Systems

• Front Rail

• Shot Gun

• Rocker

• B-Pillar

• Rear Rail

• Roof Rail

• Tunnel 

Reinforcement
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Move together for flat 

mating condition

Independent Control Points

Rocker otr

Rocker reinf

Floor side inr

Hold seal flange

Design Space (common)

S2
S1

S3
S4

S5

T4

Body Structure – Sub-System 3G Optimization
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History of WorldAutoSteel Projects
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Engineering Approach

• advanced CAD and CAE tools, coupled with the 
latest Advanced High-Strength Steel grades to 
produce an innovative vehicle architecture that 
meets the future Mobility as a Service needs
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Key Innovations

– Autonomous vehicle AHSS body structure

• front occupants are positioned rear facing towards the front of the vehicle

• B pillars are housed within the door structure

• passenger side doors have a “scissor” type motion

• seating position and door configuration enable a more open, spacious 
feeling interior

• competitive weight and stiffness performance

– AHSS Passenger Protection Zone

– Short Front Crash Zone structure

– Small Overlap Front Crash Glance Beam

– (Rocker) Hex beam energy absorbers

– Hydroformed in-door B-Pillar

– Integrated Battery Carrier Frame

– Semi-glazed lattice roof structure
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Technical Approach, Phase 0

– Powertrain sizing and specification study

– Chassis system selection and sizing

– Vehicle package study

– Topology Loadpath Optimisation Simulation

– Competitor Vehicle Benchmarking

– Exterior Styling Study

– Vehicle curb weight verification and system weight budget allocation

SEM1 SEM2

Number of passengers 4 6

Battery (kWh) 75 96

Motor front front/rear

Curb weight (kg) 1512 1873

Gross weight (kg) 2012 2548
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Occupant seating position/configuration
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Topology Loadpath Optimisation Simulation

• define the major structural loadpaths in the body 
given a set of loads that represent the typical 
conditions that the vehicle may experience during 
its lifetime, including crashworthiness loads
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Technical Approach, Phase 1
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Vehicle Weight
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Features for Weight, Stiffness and 
NVH performance

– BIW weight

– Body Structure Stiffness

– Gauge thickness for weight, 
stiffness and strength

– BIW Joining Methods

– Lightweight design coefficient

– Static vertical bending stiffness

– NVH performance
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정리: 위상최적설계

구조물 설계에 있어서 CAE 주도 설계: 위상최적설계 가 최적격이자 필수

초기설계 없이도 구조물 최적설계 가능

- 개념설계단계에서 효과적

- 선행(Up-Front) CAE에 적합

- 구조물 경량화에 큰 공헌: 혁신설계

설계자에게 사용 가능한 도구로 발전하기 위한 주안점

위상최적설계 결과 (역학적으로 최적인 구조)위상최적설계 결과 (역학적으로 최적인 구조)

설계자가 사용할 수 있는 CAD 모델로 쉽게 변환설계자가 사용할 수 있는 CAD 모델로 쉽게 변환

설계자가 수정한 CAD 모델로 자동 재해석: 검증 완료설계자가 수정한 CAD 모델로 자동 재해석: 검증 완료
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