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5.4. The Resonik method - A new way of

measuring rigid body inertia properties
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Rigid body properties

- Mass m
- Center of gravity (¢,,¢,.¢.)

) L. svm.
- Inertia tensor L L

T

Simulation
of dynamic behaviour

heute.at
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.. Reduction of vibrations
Application examples

Control of space structures

Optimization of suspension parameters

sanamly
.
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Force/motion methods

Test object
Force sensor

/

A
Platform = ||
N \ :
“Motion sensor
“Actuator
7

Advantages: Disadvantages:

- Automation - Strong actuators

- Single setup - Accurate sensors } =>High cast
- Horizontal position - Friction bias } i Iz;icnc::}regcy
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Pendulum methods

< > Natural frequency =>1 MOI

Disadvantages:

L. sym.
6 x repositioning => | L, L,
i i

3

X=

i |
777”—-\—"777 Only MOI (mass and COG require
additional force sensors)

I

[
lll'v"l

= “\

\ |
vy

777 :
~ Low-friction bearing

Advantage:

Based on natural frequencies
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Pendulum methods: Repositioning
Purpose-made fixture Passive DOFs

-/ -

High interface
forces!

=> Automation difficult
=> Measurements labor-intensive

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

i U l.'| . I
|
- Calibration errors i .
- Excitation errors I ’ Sy
- Offset Fre ue;
- Drift | LA
- Noise ! &
; g i [
Poor signal Moderate damping :
! 1
l I
—> !
| i
T . I : 5
e | 1 Frequency
| Natural frequency
' (accuracy unchanged!)
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Pendulum methods 'ém:éﬁél

Based on natural frequencigs —_—
Low-friction bearings —_—r>
6 x positioning .
Only MOI —_r>
Force/motion methods %‘m
Automatic —_>
Horizontal position >
Strong and accurate actuators =—r>
Accurate force/motion sensors —t>

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

1x positioning

Full set of rigid body

\/ (option)

e.g. hands, gear motors, ..

e.g. cheap strain gages

Resonik method ‘%@?

Suspension in simple wires

* L No influence
on accuracy

Resonik method:
How it works

This document is provided by JAXA.
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MEASUREMENTS

N=1

2

(2) Suspension in
elastic wires

(3) Random excitation
(e.g. impact)

(4) Free vibration

signal
S]mple - (5) Natural frequency
Identification !
Mo
(6) Modification of 4
boundary condition
. -
- N sets of frequencies
Complex ~_ J .
T Properties of
™ IDENTIFICATION ALGORITHM measurement
e system

Rigid body properties

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Properties of measurement system

1) Wire attachment coordinates \
Space-fixed
7
f’:l Body-
ol fixe
| e ] - Easy to measure
& (or manufacture accurately)
g9
2) Gravity orientation (space fixed) - Measured only once
3) Wire stiffness 4|\,
4) Lengths of unloaded wires
——

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties
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Identification algorithm: Basic principle

Measured Mathematical model
natural frequencies of natural frequencies

Rigid body Rigid body properties
properties & N (platform and test object)
\ min Z Z Wij — wij) Gravity-dependent

i=1 j=1 suspension stiffness

Ne o

Nonlinear optimization

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Verification:
(a) Manual testing
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Manual testing 1: Boundary conditions

57

Attachment of dummy mass in 23 different locations

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Manual testing 1: Procedure

Excitation

| Single
. accelerometer

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties
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Manual testing 1: Identification errors

True o
Parameter | Unit | value B
m ke 15.52 0.0500 (0.32%)
I kem? | 5.301 || 0.0274 (0.51%)
Iy kgm? [ 6.462 || 0.0483 (0.74%)
I33 kem? | 11.72 [| -0.0988  (0.84%)
I1s kgm? 0] 0.0037
I3 kgm® 0 [ -0.0479
23 kgm? 0] 0.0299
f’{ Co min 850 3.1
ebla mm 750 -3.0
‘ ;‘; Co mm -50 -1.3

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Manual testing 2: Boundary conditions

Rigidification of one wire at a time

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties
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Manual testing 2: Procedure

Suspended test object Rigidification

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Manual testing 2: Identification errors

True Errors
Parameter | Unit | value
m kg [ 1552 [ -0.0402 (0.26%)
I kem” | 5.301 [ 0.0116 (0.21%)
I3 kgm® | 6.463 | 0.0033 (0.05%)
I33 kgm® | 11.72 [ -0.0631 (0.54%)
I1o kgm* 0] 0.0413
I3 kgm* 0 [ 0.0022
53 kem? 0 [ -0.0073
e; g mm | 850 0.7
esCa mi 750 0.4
r‘; (o mm -50 -2.8

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties
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Outlook: Simplest possible measurement system

Test object

(Identification in <15 min)

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Verification:

(b) Measurement robot
(first prototype)

This document is provided by JAXA.
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Resonik robot: First prototype

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Suspension mechanism (not constraining)

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties
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Resonik robot: Excitation

(2) Suspension in

alagtie wiras

A4 i e’
(3) Random excitation " i e
(e.g. impact) -
| Tiwe ivsainy ~>. Frequency domain

(4) Free vibration =
signal il

(5) Natural frequency
Identification

Hinin

» .Tlmn|s| | v.'uqmncnu.-]

Neo
(&) Modification of
boundary Fonditiun

R L OO vy ORI, ey AR H
J - N sats of fraquencies
. /i S e T
1 IDENTIFICATION ALGORITHM :
L ———————————————— G ———————————————— el
Rigid body properties
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Resonik robot: Excitation

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Resonik robot: Identification of natural frequencies

(2) Suspension in
elastic wires

(4) Free vibration
signal il

N 111 T

v i
(5) Natural frequency g Il It r%v N‘## L“
Identification L whi L LILE ]

1

=, 1

1

(5) Modification of 1
boundary Fonditinn :
1

N=N+1

; ¥

e o NCEREETINTER

i IDENTIFICATION ALGORITHM '

I— ———————————————— G ———————————————— -
Rigid body properties
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Resonik robot: Boundary conditions

(2) Suspension in
elastic wires

{3) Random excitation /'V
(e.g. impact)

",
1
!

r%m%

Tima [s] " Frequency [Hz]

-
Times domain &

(4) Free vibrati on
signal -

Spektrum [V7]

(5) Natural frequency

Iderfifa\uan =

(B) Modi flcatlon of
boundary rcm::lltu::n

N=N+1

Sensorspannung [V]

= I SH1S Of IMequenciss

1 FICATION ALGOR H
I— ———————————————— G ________________ -
Rigid body properties
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Resonik robot: Boundary conditions

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Room for improvement

Manufacturing tolerances

Nonlinearity of twisted Kevla[ wires

T

Wire arrangement - S~ w
i ;

Suspension point desigﬁ\.';‘.‘

Force [N]
L= L5 s o
—_1

Test object positioning

. e

“True” values

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties
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Resonik robot: Identification errors (results A)

Para- Plat- 1) (2) (3)
meter | Unit || form True ‘ Error True I Error True ] Error

m g 569.6 1000 | 1.354 1535 | 1.136 1535 | 0.640

I gm? 5.679 || 0.283 | 0.029 10.55 | -0.015 13.48 | -0.023
1o gm? 5.689 || 5.286 | 0.007 10.42 | 0.031 12.35 | -0.159
I3 gm? 11.12 || 5.419 | 0.101 20.66 | -0.137 24.09 | -0.259
I gm? 0.002 [ 0.000 [ 0.009 6.816 | -0.051 9.099 | -0.138
I3 gm?® |[-0.031 ][ 0.000 | 0.016 || -0.200 | -0.051 || -1.568 | -0.032

Ts | gm? || 0.022 || 0.000 | -0.026 || 0.296 | 0.003 || 1.263 | 0.049
el Cy | mm || 1644 || 165.0 | -0.014 || 175.0 | 0.093 || 167.7 | 0.117
el | mm || 152.8 || 155.0 | -0.090 || 145.7 | 0.148 || 164.4 | -0.120
elCe | mm || -11.35 || 15.30 | -1.261 || 17.04 | -2.037 || 34.01 | -1.998

g

Para- (1) (2) (3)
meter | Unit || True A True A True A
7 g 1000 | -0.718 1535 0.726 1535 0.935

T.i | gm? |[0.283 [-0.004 || 10.55 | 0.005 || 13.48 [ -0.005

T(15.286 | -0.003 || 10.42 [-0.008 || 12.35 | 0.020
I3 | gm? |[5.419 | -0.011 || 20.66 | 0.029 || 24.09 | 0.021
Iis | gm? [[0.000 | -0.000 || 6.816 | -0.003 || 9.099 | 0.006
T3 | gm? |[0.000 [ 0.000 [[-0.200 | 0.013 [[ -1.568 | 0.014
Tos | gm? || 0.000 | -0.00L || 0.296 | 0.007 || 1.263 | 0.002
e’ ¢, | mm |[155.0 | -0.009 || 175.0 | -0.013 || 157.7 | -0.129
elCe | mm || 155.0 | -0.034 || 145.7 | -0.003 || 164.4 | -0.073
el ¢, | mm |[15.30 | -0.017 || 17.04 | 0.087 || 34.01 | 0.043

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties
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Distinctive features of Resonik method 1/4

Qutstanding balance between:
- Accuracy
- Convenience

- Low-cost hardware/
simple manufacturing

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties
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Distinctive features of Resonik method 2/4

- Customization easy

(through modification of
support and platform)

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Distinctive features of Resonik method 3/4

- Lightweight/mobile

% Maximum size
_—of test object

-

=~ Disassembly
possible

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties 41
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Distinctive features of Resonik method 4/4

- Improvised Resonik method will
work for large structures

(current methods: excessive cost)

Kloepper and Okuma: Resonik Method — a new way of measuring rigid body properties

Thank you very much!

kloepper.r.aa@m.titech.ac.jp
mokuma@mech.titech.ac.jp
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Video: a complete experiment

(the video will be available at www.resonik.com)

This document is provided by JAXA.
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