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EMMAA4Drive - A typical application case and project goals

Automated Driving

M Driver is passively sitting in the car
(most of the time)

B Driver suddenly has to take control of the car
in certain “dynamic” driving situations

Project Goals

B Simulate realistic human motions of the “virtual driver”,
e.g. in such “passive to active” transitions,
during dynamic driving situations

M Driver-seat interaction: Modeling and efficient computation

B Consider increasing variability of driving situations, postures
and body sizes for ergonomic and safety-critical protection in
automated vehicle concepts
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The EMMAA4Drive project consortium

: ;i University of Stuttgart ~ Fraunhofer Izl fleX
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Institute of Engineering and ITWM
Computational Mechanics (ITM)

Model order reduction (MOR) of contact Include driver seat interaction in motion Link to the automotive industry
interaction between human and seat generation using optimal control methods Definition of software requirements
Expertise: Expertise: Expertise:
* FEM simulation of humans in crash and » Biomechanical multibody dynamics * maintenance and distribution of the
pre-crash situations modeling of humans IPS software, including IPS IMMA (a
* Model order reduction (MOR) methods * Motion generation by optimal control DHM for digital factory applications)
of muscle actuated multibody DHM * New module: IPS Virtual Driver
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EMMAA4Drive: Positioning within the automotive DHM landscape

. . ] t crash crash
- Active behavior of passenger is . 4
reIevapt in many drlymg _______ @ |\ | @\ &\ o
scenarios gr_md is crucial for the sl | ST
initial position of crash phase pinip ) O posbly {3
unsaie arca /

*  With the rise of automated
driving capabilities, the vehicle
and its occupants need to be
considered as a whole

ViVA+, GHBMC, THUMS

« Comfort and safety in automated FE-Models
vehicles needs to be evaluated
for new seating positions Madymo AHBM

N. Fahse et al.: Dynamic Human Body Models in
Vehicle Safety - An Overview,
GAMM Mitteilungen, Vol. 46 (2), Juni 2023
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The Digital Human Model EMMA
. . . Ima ontrol tor otion Generation
A biomechanical multibody system =

EMMA %{ minJ(q(t), u(t)

0=g(q(®)

0 =e(q(t), u(t)
0<c(q(®)
q-<q) <q.
u_<u(t) <uy

® EMMA is a biomechanical multibody dynamics model with a
kinematic tree structure and a system of joints and actuation

elements modeling the musculoskeletal system of the humar
body

® Different actuation mechanisms are possible: ; i@& 3
« Torque Generators (Motors) ]
«  Muscle Torque Generators (MTG) S
* Hill-type muscles

\
\&\ Rigid Multibody System
~ s, s, B/

L 3
€ b

Rigid (& Soft) Contact Modeling Muscle (Torque Generator) Modelling

® EMMA provides motion generation / prediction
using an optimal control approach

® EMMA can handle rigid contacts

® Aim of EMMAA4Drive: Soft Contact Modeling

-------
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The Digital Human Model EMMA

Muscle Torque Generators — New form of actuation

Muscle Torque Generators (MTG): Muscle H|||-type Muscle Model Mucle Torque Generator

® One MTG represents the muscular properties for the
deflection of a limb in one direction.

4

® Position- and velocity-torque relationship similar to
muscle models, but at joint angle level, with rigid

tendon.
w
¢ TMTG - afA(@)fV((U) + fPE (@) (1 - ﬁPE (,()_) 300 [ Knee Flex/Ext )\! L5 Knee Flex/Ext
max . . 5
a: MTG activation, BPE: damping term ! o
=4 H =
E 2
g 150 II 1 5;
£ -
® MTGs are available in EMMA for multiple joints. 5 g " Tt
50 /:
® The available set of MTGs is currently extended by 50 T55 1500 0 1500
Angle (degrees) Angular Velocity (degrees/s)

performing and evaluating experimental data (2
ongoing master theses at the RPTU Kaiserslautern).
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EMMA: Motion generation by discrete Lagrangian mechanics
and optimal control with constraints

The motion for the EMMA model is obtained by solving a

(multiphase) optimal control problem:

® Minimizing a cost function and fulfilling the equation of quli/lnu](CI; q,A,u) = z

motion and constraints
® Includes actuation models
® Includes contacts with the environment
® Constraints describe the outline of the motion:
O Start/End position and velocity
O Start and contact loss

O Collision avoidance

Deutsche
Forschungsgemeinschaft
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EMMA

Nt . i‘% -
¢(q,q,1,u)dt |
i=0 L
; ) o |
a .y 0 0 N [ T . — 1
5 L@@ = 5:5:L(0,9) - Gi(@) A+ flg qu)=0 | g
9(q) =0

hi(q, C'[,A,U) >0

ei(q,q,A,u) =0, i=0,..,N
qg-<q9=q+, 9=<q=4q4,
u_<u<su,, A_<A< A,
............. _
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Optimal Control for Motion Generation

min J(q(t), u(t))

0=4q(t) — f(q(®), q(®), u(t), A())
0=g(q(®)

0 =e(q(t), u(®)

0 < c(q(t)

q-<qt)<q,

u_ <u(t) <uy

Optimal Control
DMOCC (discrete mechanics and optimal control for constrained systems)

® Direct method
® Variational integrator to solve the constrained equation of

Lagrange —-d‘Alembert principle:

motions in time 5JL(q, q) +9(q) - Adt + jF(q, q,u)-6qdt =0
® Discretization is already applied to the Lagrange- Discretizing [t,, t] in intervals
d'Alembert principle, and the variation is applied to the with fixed step size h = tf;"
discrete equations t+1 L
. L 2 ~ +1
®  Structure preserving L (@@t~ La(q,q™™)

® Advan - big step sizes are possible, no numerical drift fi1 h

dva taggs big . o . P a SR - f g(q) - Adt ~ E(g(ql),ll_l_g(qu).AHl)

® The resulting NLP is solved with the Interior Discretizing objective ¢ /&

i i and constraints ti+1

Point Method provided by IPOPT . C f F(q,4,u) - 8qde ~ Fr(q', g™+, ul, ul*1) - 8q!

t

min z ba(qh, gL ul ulth) ! +FF (gL, gt ub, ultt) - 5qi+t
=0

azLd(ql_l;qZ) + alLd(ql;ql+1) + Fd—(ql’ql+1’ul,ul+1) + F;(ql’ql+1,ul’ul+1) _ hGT(ql)/'ll — 0’ | = 0' .., N— 1
g(ql) =0, l=0,..,.N [ Leyendecker et al. Optim. control

co<c(qhu, ) <c, Appl. Methods, 31(6), 505-528, 2010]
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Motion generation without MoCap by Discrete Mechanics & Optimal Control
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Simulation of a breaking manoeuvre with the EMMA model

Medel:

B Each arm:

III-
PO

29 Hill-type muscles

7 degrees of freedom

B85 555 %5858

B Hip, knees, knuckles, lower
back, neck controlled by joint
torques ‘ ;

B Buttocks fixed to seat

B Hands fixed to steering wheel
M Feet fixed to pedals p
Optimal Control Setup: -
® Constantly accelerated to 5m/s

B Sudden break to 0 m/s

. R e St t O r e S-t Solve OC (Return)Solve OC 35 IK (Shift)+(Retuzn)
T

® Minimize Control

¢ University of Stuttgart
Institute of Engineering and
Computational Mechanics (ITM)
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THUMS Model Transfer
THUMS-based RMBS Model

= Export of the skeleton segments

= Setup of the model using the coordinate systems proposed
by the EU-project ,,Piper”

= Definition of the joints based on the old model
= |mplementation of new joints in EMMA

= Read-in of the LSDyna-output of the THUMS occupant
model in the , neutral” state: mass, CoM, inertia tensors

= Manual assignment of each FE object to the segments of
the RMBS model EMMA

= Automatic Transfer of the dynamic parameters to the
EMMA model including merging of all FE objects that
belong to one segment

The occupant version as EMMA model. The position of the red spheres

http:/ipiper-eu.piper-project.org/ represents the position of the FE objects’ center of masses.

\
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EMMAA4Drive: Simulation of a steering wheel takeover

Simulation of a steering wheel takeover

Activation [-]

® Initial Position: “Zero Gravity”

" Final Position: Hands on the steering wheel

®  Two simulation scenarios: with and without a
powered seat

® Back and seat are coupled by 2 linear springs

" The driver is rigidly connected at the lower limb

|

The motion is predicted by minimi

combination of

O Control & control change effort
O Duration
O Kinetic Energy

UF
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Scenario 1 - "static seat”

1 [ T A L LN Hip
- - LowerBack
L-wol ArmMuscles
05 o B
0 C — .
0 0.2 04 0.6 08 1 1.2 14 1.6
Time[s]

Solve OC (Return)Solve OC a5 TK (Shifty+{Retun)

Soultionfinal_passive
Tirne:0 000000
Slorno:1.000000

Frarne 0 (LEFT/RIGHT}
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Activation [-]

Scenario 2 - " active seat”

0.6 Seat
...... H|p
- - LowerBack
0.4 ArmMuscles
0.2 el
0 e
0 0.2 04 0.6 0.8 1 1.2 14 1.6
Time[s]

Solve OC {Retuus)Solve OC a3 IK (Shiftha{Retuzn)
Soultion:final DATA FoA

Time:0.000000

Slorno:1.000000

Frarne 0 {LEFT/RIGHT }
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Simulation of safe optimal braking in a shuttle bus
THUMS-based RMBS Model (Industry project with ZF Friedrichshafen)

Simulation Scenario

= A passenger is standing in an autonomous-driven bus,

= may hold or not hold onto a vertical handrail,

= has to balance a sudden braking maneuver:
Piecewise linear acceleration profile
Acceleration profile is prescribed or optimized

Project Goal

= Comfort and safety studies: What is an optimal brake profile for the bus so that
The bus comes to a stop quickly
The Passenger’s risk of injury is low

I I Emergency Brake: 30 kTm - OkTm I

Seite 13
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Starting Pose | ResPons Occupant reacts Ends with
. € body at rest
& Actuation i
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EMMAA4Drive: Simulation of safe optimal braking in a shuttle bus

—10 LA e
OO0~ 10N BN i b D

[0 - M T R P )
Lrntr ettt T

DR R 03 P (3 Ik N i Pt 03 S e Lo Fis

3 oL
CTmaOshEDRE D

Ehfu U3 R

Ei

B33 RS R
i =)

=
b4

b
th

6

thin

_-.
B EE S R R o

L3 L L
'
t

20 Dy

BERR T T OTRTTORST ORCR eSS Amy | ST l"l.-.“IIIIIIIIIIIIIIIIIII
SRR AR RS S R R

0 O DD thn
A R R i e D 8 ik Ot o e B Sl

8561.21

b}
=
2

~3-1

Einetic energy Joint coordinates
. . o558y

-17.19 Solwe OC (RetueniSolve OC as [ {Cteli+{ Return
Soultion:ShottleWertical Bar_const_4 new
‘Ticae:0.000000

Slorno:1.000000

Frarne:0 {(LEFT/RIGHT}

Show single fraroes 1 {Einfg)

Savwe data {5)

Savwe wrideo {v)

1602.11

e
0.00

University of Stuttgart ?
Institute of Engineering and X fl ex i Fraunhofer

Computational Mechanics (ITM) structures WM

DF Deutsche
Seite 14 03.05.2024 Forschungsgemeinschaft

© Fraunhofer ITWM



Simulation of safe optimal braking in a shuttle bus

Shuttle Passenger Simulation

i
H
1 |
Kinetic energy Toint coodinates Controls Kinetic energy Toint coodinates Controls

Solve OC {Retn)alve OC a5 TK (Ctely+{Retuen) 26694 91 1467 058 Solve OC {Retn)alve OC a5 TK (Ctely+{Retuen) Al s dl, 1035 145
Soultion Stusttle_profileOpt fromlnit_resporse _Ssec jointuransto Soul tion ShusttleVerticalBar_profileOpt,_fzomlnit,_sesponse_Isec
Tirme:0.000000 Tite:0 0000
Slotmo:1 000000 Slotmo:1 000000
Fasrae 0 (LEFT/RIGHT) Fasrae 0 (LEFT/RIGHT)
Showr single frares 1 (infz) soo B —— . Showr single frares 1 (infz) oy s .
Save data (5) AU o 251 oo EE3S Save data (5} ) 250 000 2507 o0 230
Save widen (v)

Savewiden (1)

Brake profile optimization of a
passenger standing in driving direction
without handrail support.

Brake profile optimization of a
passenger standing in driving direction
with handrail support.
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MOR: Efficient simulation of driver-seat interaction by surrogate models

_ Offline! Online

f_.—
\ ML Intl(cllra((jl:tllon ) Kinematics

' éf e Generation of Interaction Force

2§ : \ Dataset
Goals: i

: « High fidelity & long runnin
= (Capable of adequately representing the (complex) FEI%/I Simulaﬁions E ¢
contact situation « Parameter variations

= Runtime-efficient

= Able to represent closing and opening of contact f
= Applicable in the optimal control setup: sufficiently
smooth and automatically differentiable
Method:
-

Surrogate
Model

= FE simulations provide realistic contact forces that are
used to train NNs which can be included in EMMA

Focus on head and headrest to develop a robust and
general method to obtain such contact models

DF Deutsche University of Stuttgart
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Optimal Control with Driver-
Seat Interaction

MBS simulations

Evaluate ergonomics
Simulate long scenarios
Simulate active controlled
movements
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Contact Simulation (between head and headrest)

Active Learning Loop

Niklas Fahse
University of Stuttgart

o Interaction
- &=z 7 |
o v Train @
Preliminary Data Data Pool model L )
Append to
data pool mmmmmmmmmn oo
! Evaluate
i error

FE Simulation

®
& |32
-
-
' =

Task Definition

Jse trajector

MBS Simulation
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Contact Simulation (between head and headrest)
EMMA Simulation vs. FE Simulation

Niklas Fahse
University of Stuttgart

Current contact model is applied in EMMA
EMMA simulation is performed
The model’s kinematics of the EMMA simulation is transferred to FE

The contact forces of the FE simulation is evaluated and included in the training data

Joint coordinate
0.1f
o
s
= 0071
e
[=)]
c
<
-0.1
107
0.0 0.2 0.4 0.6 0.8 1.0 100
Joint actuation 0l ol
2 0.00 0.25 050 0.75 1.00 0.00 0.25 0.50 0.75 1.00
€ time [s]
E 1 I:Z [N]
(]
T ot 50 1
(S —— FE simulation
_1 L
0.0 02 0.4 06 08 1.0 0+ : : . .
Time [s] 0.00 0.25 050 0.75 1.00
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Contact Simulation (between head and headrest)
EMMA Simulation vs. FE Simulation

= Train MLP Regressor to learn interaction forces/torques from relative kinematics
= Split data pool into 70% training and 30% test data

= Evaluate training on test data:

200t
Epoch: 1, R?: -0.54 —— Actual
—— Predicted
1507
: |
o 1007
2
o
L
507
L] L, ]|
WA |\ |\WAWAS
0 —ZA =~ — — AT\ 2 =/
Simulations
Deutsche % University of Stuttgart
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Contact Simulation (between head and headrest) B'n'j'va‘;;?;ff Stuttgar
Convergence Evaluation and next steps

e 2 |
Compare contact forces/torques between the current 00 cycles
contact model and FE simulations:  Calculation time on a standard laptop:
- _ ~6 days
" Deviation of contact forces/torques is reduced
L , —— Force RMSE [N] Moment RMSE [Nm]
" Lower reduction in the forces than in the moment
because of non-ideal preliminary data
1014
S
“1001
0 50 100 150 200
Cycle number [-]
Deutsch : B i _—
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The RODOS driving simulator @ ITWM

Deutsche University of Stuttgart
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Experiments
for validation / additional data for Emmad4Drive simulations

= Movement recordings during different driving maneuvers, positions and
level of alertness of the driver

= Level of comfort, savety, and trust in the systems are rated by the subjects

® Robot based driving simulator RODOS (@ ITWM) " Driver in the loop simulator/seat tilting device (ITM)
Deutsche Uni itv of Stuttqgart —
Seite 22 03.05.2024 DF Forschungsgemeinschaft In';[‘i”z:?el) Z:Engiuneg?ing and D Irlusué % FraunholiT:ﬁ;
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Transfer of RODOS maneuvers to EMMA

Overview IMU Data
Goal: e i
" Transfer the movement of the cabin during Rodos experiments to EMMA

e ACCK e AcCY

" Predict driver movements with EMMA
% Compare EMMA movements with those of the subjects

Method:

" Actuator was implemented that allows for a direct control of the
accerleration of a body

" Read-In and including an LSQ term for the IMU-Data

\

DF Deutsche
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Transfer of RODOS maneuvers to EMMA

First Simulation results

Simulation:

" EMMA Manikin based on THUMS skeleton was placed in the seat

" 2-Phase approach:

® 1. Phase: no change in manikin actuation was allowed during the

response time

® 2. Phase: Manikin reacts to the maneuver of the car

Next steps:
" Compare movement with video data
" Adjust objective function

" Test simulation with NMPC approach

DF Deutsche
Seite 24 03.05.2024 Forschungsgemeinschaft
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EMMAA4Drive — A dynamic human model supporting research and early phases
in development for passenger safety concepts in autonomously driving vehicles

Goals of the EMMAA4Drive project:

B Simulate realistic human motions of the “virtual driver”,
e.g. in such “passive to active” transitions,
during dynamic driving situations

physical limit

B Driver-seat interaction: Modeling and efficient computation 3 — _ —)— — y _ -
B Consider increasing variability of driving situations, postures and body B {:j
sizes for ergonomic and safety-critical protection in automated vehicle

concepts

Outcomes of the EMMAA4Drive project:

M A box of software tools that support the development process of
passenger safety concepts already in early phases ...

®m ... and fill a gap in the current DHM landscape for applications in
automotive engineering

W |PS Virtual Dynamic Driver: A new IPS software module for engineers
in automotive industry
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