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Understanding >  Prediction and Action (for survival)




understand human behavior,
body sensation, intention,
understand human :

and interpret by spoken

=
behavior, body ~ /\BE o language usin
sensation, intention, ar?thr(? omorghic
and interpret by spoken : P P
language using biological equipments

anthropomorphic (ABE)

biological equipments
(ABE)



understand human behavior, body
sensation, intention, and interpret by
spoken language using anthropomorphic

understand humanoid 2. )
artificial equipments (AAE)

behavior, intention, AAE
and interpret by spoken
language using
anthropomorphic ﬁ
biological equipments
(ABE)

generate robot behaviors
so that its intention is
understood by ABE.



IROS 2009

Base Force/Torque Sensing for Position
based Cartesian Impedance Control
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IEEE ICRA2011 Video presentation

Physical Human-Robot Interaction
in Imitation Learning

Dongheui Lee (TU Munich)
Christian Ott (DLR)
Y. Nakamura (Univ. Tokyo)
Gerd Hirzinger (DLR)
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Including results of papers in ICRA2008 and 2009
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Motion Recognition and Generation
from Motion/Language Database

Implementation and Experiment on a Humanoid Robot

Nakamura and Takano Laboratory
Graduate School of Information

Science and Technology
The University of Tokyo

The University of Tokyo




Challenges on actuators toward cognitive humanoids

More power

Back drivability

Energy efficiency

High bandwidth (for human-humanoid physical interaction)

A

The University of Tokyo



Torque Encoder

Tomohiro Kawakami, Ko Ayusawa, Hiroshi Kaminaga and Yoshihiko Nakamura, High-
Fidelity Joint Drive System by Torque Feedback Control Using High Precision Linear
Encoder, ICRA 2010.

The University of Tokyo 10



Torque Encoder

1. Torgque sensing method using linear encoders
1. Features

1. Noise immunity <} Ax: Linear

coder

2. The ability to improve the resolution
without changing the stiffness of the sensor

2. Designs
1. The local concentration of stress should not be caused.
2. The nonuniform deformation should not be caused.

2. Locally-deformed torque sensor
Torsional stiffness 3.0x10° [Nm/rad]

Tape scale Read head

i 7 = [T

Measurement range 200[Nm] !f:
Resolution 10[bit] g
Safety factor 3

!

Strain guages

Material A7075




Locally-deformed Torque Sensor

1. Evaluation of noise immunity

1. Method: The input shaft was fixed and loaded with the external
torque (0.5[Nm]).

2. Results: Noise immunity was
improved.

... o strain gauges
| = encoder _

Torque[Nm]

Standard deviation
Strain gauges: 2.3 X 10-1[Nm]
Encoders: 5.5 X 102[Nm]

2. Responses under high load condition

1. Method: The input shaft was fixed and loaded slowly with the
external torque in
-160[Nm] to 160[Nm] range.

2. Results: The hysteresis was
+7[Nm].

ffjomone
5t m‘-ﬂ&t’w' *-t

fwe, ﬁ#ﬁm,%

*l&i;%

ZDG 150 100 5{] ﬂ 50 100 150 200
External torque[Nm]

-5

Measurement error[Nm]
D




Development of Globally-deformed Torque Sensor

1. Sensors

1. Incremental linear encoder C _E

(Resolution: 10[nm])

2. Absolute linear encoder

(Resolution: 60[nm])
Joint Drive System

Globally-deformed torque sensor

incremental encoder

incremental encoder

tape scale

A )l - £ (
i
lass scale™=
absolute encoder

Output Il Input

itorgue sensor
lass scale

absol

ute encoder

OutputLink TOraueENcoder
fed Torsional stiffness | 3.0x10°[Nm/rad]
I — Measurement range 200[Nm]
o | R Resolution 10[bit]
Thoed Ttk Safety factor 9
Pulley i Material A7075

{ Local concentration is prevented without the }
reduction of the torsional stiffness and resolution.




Inertial Scaling
Tm = Kt (19 — 7¢) + 7¢




Takano and Nakamura Lab.
The University of Tokyo 2009

2 Joints Operation with

Gravity Compensation




Nakamura and Takano Lab.
The University of Tokyo, 2009

High-Fidelity Rigid

Digital Torque Encoder

Y. Nakamura, H. Kaminaga, K. Ayusawa and T. Kawakami
Nov. 18, 2009

IRT Humanoid Robot Project




H. Kaminaga, K. Odanaka, T. Kawakami, and Y. Nakamura

Measurement Crosstalk Elimination of Torque Encoder Using
Selectively Compliant Suspension

IEEE ICRA 2011.

The University of Tokyo 17



Basic Structure of Torque Encoder

Fixture /l\ Encoder Head
i
\ Scale '

+h'} baselin \ —:*—
:‘!/i |
I I
I (R
Harmonic '
Drive Gea ZA
Joint Axis
- ’_’]——'—E _______ ®_-._ .........
X
Preloaded /./ AXis: X, Y, z (x: 1DOF direction)
Angular i

Bearing Pair

i Kr|1 Linear Stiffness

link i+1 J Object: e=flexure, f=fixture,
* . s=suspension
to end effector

. Axis: X, Y, z (y: 1DOF direction)

r|1 Torsional Stiffness
The University of Tokyo 18



I/

y
A i h

/1

1

Thrust Load  Shear Load  Bending Load Twist Load

The University of Tokyo



Measurement Crosstalk

Crosstalk: Measurement interference between different measurement
axes

9 ‘)
] |
1DOF 1DOL:
—@ o —f —@ o—f
K 6DOF Ky 6DOF
'_/\/\/—. (=1DOF torque '—/\/\/—0
1DOF + 5DOF disturbant 1DOF
. ] K,
5DOF 5 I}’
Reference 5DO
ldeal Case Reality

The University of Tokyo 20



Solution for Crosstalk Suppression

d d
] ]
| |
6DOF 1DOF
— *— f —e! - e
Ky 6DOF K 6DOF
1DOF 1DOF
1 K2 1 K,
550F" 1}§;>/
5DOF

Pro: no additional source of disturbance Pro: no additional sensor necessary
Con: bulky, more processing necessary Con: possibility of additional disturbance

The University of ToRg friction 21



Electro-Hydrostatic Actuator

1. A class of hydraulic actuator that control
rotation of hydraulic motor by controlling
pump displacement

2. Core component: Hydrostatic
Transmission

The University of Tokyo 22
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The University of Tokyo

Rigid
Fixture

Flexure
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Measured Moment [Nm]
JJ

Experiment

Crosstalk Measurement (1=1000) Torque Measurement (1=1000)
80
_ _ 7
=002 oo, 60 [ t=0.02 .
&5, /i / /i # o0
- - ~— — - I -4 P
o :n-..._..-r* .
juspension
—SIC' —_ e 0 SIU
Appl oment Load [Nm]
NO spring 1.0
Crosstalk Test Sensitivity Test
0-01 A\ J"T I \ V= Ny | - 0-92
0.02 107.8 0.21 0.94
0.05 1684 0.15 0.91 24



3DOF Manipulator with Crosstalk-free Torque Encoders
Gravity and Friction Compensated

The University of Tokyo

25



3DOF Manipulator with Crosstalk-free Torque Encoders
Gravity and Friction Compensated and Impedance Controled

The University of Tokyo
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Electro-Hydrostatic Actuator

Hiroshi Kaminaga, Taichi Yamamoto, Junya Ono, and Yoshihiko
Nakamura,Backdrivable Miniature Hydrostatic Transmission
for Actuation of Anthropomorphic Robot Hands, IEEE Humanoid

2007.
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Miniature Electro-Hydrostatic Actuator
and Anthropomorphic Robot Hand

H. Kaminaga, T. Yamamoto, J. Ono, and Y. Nakamura,“Anthropomorphic Robot Hand with
Hydrostatic Actuators,” Proc. of 25th Annual Conf. of the Robotics Society of
Japan, 1L17 (2007).

H. Kaminaga, T. Yamamoto, J. Ono, and Y. Nakamura, “Anthropomorphic Robot Hand
With Hydrostatic Actuators”, Proc. of 7th IEEE-RAS Int’l Conf. on Humanoid
Robots (2007).

H. Kaminaga, J. Ono, T. Yamamoto, and Y. Nakamura, “New Robot Actuator Using
Hydrostatic Transmission”, Proc. of Robotics Symposia, 113-118(2008).



Reqguirements on Miniature EHA

1. Backdrivable structure

2. Large output torque
(large displacement ratio)

3. Mechanically Simple
(esp. for robot hand)

4. Rotary Output

Trochoid Pump | + | Vane Motor

The University of Tokyo
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Vane Motors

V2

Trochoid Pump Head

The University of Tokyo 31



Experiment: Backdrivability

Experiment Setup Measure vane

rotation

Vane Motor

Pulley

Pump
/

Magnetic Potentio-
Encoder meter

Z
Stainless Steel Wire ,

Measure pump -
rotation and induced Apply external torque

pressure I LOAD

The University of Tokyo 32



T. Yamamoto, “Anthropomorphic Robot Hand with
Valveless Hydraulic Actuation,” Master Thesis of The

University of Tokyo, 2007.
The mversﬂyof’]'okyo

180.5

DIP

PIP

Weight
3,000g
(Forearm)
20
DOF

(16 independent)

Hydraulic Oll

Silicon Qil 33




Forefinger PIP
Angle [deg]

Time [sec]

Forefinger MP 1
Angle [deg]

Time [sec]

Thumb MP
Angle [deg]

Time [sec]

none — — —thin + == = thick - - -ref|

The University of Tokyo 34



Hiroshi Kaminaga, Junya Ono, Yuto Shimoyama,
Tomoya Amari, Yukihiro Katayama, and Yoshihiko Nakamura

Anthropomorphic Robot Hand with Hydrostatic Cluster
Actuator and Detachable Passive Wire Mechanism

IEEE Humanoid 2009.

The University of Tokyo 35



Vane Motor with

Hydraulic Parts
/:L‘Z Vane Hole Plugs

Enhanced

Viachining Precision and Rigidity

Aluminium Alloy Housing

’/A Vane
1 O n

| r[ Output Axis

5] e o [

ﬂ |\ "“ B "\ Oil Seal

Ball Bearings

-Metal casing with built-in channel Description Value
-Support of vane axis both ends by ball Inner Radius (r,,) 4.5 (mm)
bearings with preloading Outer Radius (r,,) 12 (mm)
-O-Ring seal to prevent external leakage Vane Width (b™) 10 (mm)
J. Ono, H. Kaminaga, and Y. Nakamura, “HST with Anti- Vane Thickness (w™) | 4 (mm)
Cavitation Mechanism for Miniature Robot Actuator. In Proc. of Motion Range 120 (deg)

Robomec 2008, volume DVD-ROM, pages 1A1-B23, 2008. in
Japanese.

36



Cluster EHA (0no 2009)

Hydraulic Circuit
for Mortor Cooling

\8 Commeon Charge Line
Radiator <> @

. (;’ .
IS -

& [ OAD

v “I:F'i f
> l Actuator Output

A |
to Common Drain Reservoir

Accumulator @—

Charge Pump

|

Accumulator
and Radiator 37




Vane Motor

Charge
And
Relief Valves

_ Backlashless
Trochoid Pump Belt Pre-Reducer Coupling

Rear View Front View

The University of Tokyo 38



Detached State and Functionality Division

Cluster EHA + Sensors

Wire Transmissions

Attached State

e

-h::: e :
18 )|

-u‘.: «
-ﬁigl

Detached State

ENC & i ME|} Q: ENC i[% Coupling to Palm

Motor T ) Division Plane

Cooler a

)

And Charging Pump

The University of Tokyo Radiator (Central) 39
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Nakamura Lab. 2009
The University of Tokyo

Wire Hand with
Cluster HST

Point to Point Position
Servo Test




Hiroshi Kaminaga, Junya Ono, Yusuke Nakashima, and
Yoshihiko Nakamura

Development of Backdrivable Hydraulic Joint Mechanism
for Knee Joint of Humanoid Robots

IEEE ICRA2009.

The University of Tokyo
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Mass Property of the Robot
Used for Specification Calculation

1. UT-02 [Yamamoto et al. 2003] 4

Task Requirement:

Forward walk with step
length of 300(mm) with
period 0.8(sec)
calculated with
boundary condition

relaxation [Sugihara and
Nakamura 2005]

The University of Tokyo

Yaw

..‘Eiz.‘_\Pitch

Shoulder

Elbow

Pitch ™,

\ Knee

Ankle
s
Roll Piich

DOF 20

Height 1500(mm)
Weight 45(kg)

Joint Drive DC Motor +
Mehcanism Harmonic Drives

43




The University of Tokyo

Metal Tube
Connection

Vane Motor

44



1. AXIS
symmetric
architecture

2. Flange
output

3. Tubular axis

Inner Radius (r,,)

Outer Radius (ry)

Vane Width (b™)

Rotor Vane

Vane Thickness (w™M)

Motion Range 120(deg)

The University of Tokyo 45



Lower Extremity Exoskeleton

1. Improvement of QOL of elderly by
providing means of locomotion

2. Objective

—  Quantitative methodology to decide
necessary performance

- Force sensitive and backdrivable structure
— Reliable Structure

3. Whole locomaotion pattern is considered
—  Not only walking
—  Stand up — walk — sit down

4.  Design goal

Give support that vast majority of healthy
elderly can score >10in  CS-30 test

Previous Works: (Pratt et al. 2004) (Kazerooni et al. 2005)
(Hayashi et al. 2005)

The University of Tokyo



Speed [RPM]

10

Torgue and Speed Requirement

Inverse dynamics result of human figure with 71kg body
mass for the data optically captured healthy subject

Knee Joint T-N Diagram of Standig Up Knee Joint T-N Diagram of Walking Motion
100r Motion from Various Heights 100r
90+ 90+
80+ -

80 O Left Knee
70+ 70+ # Right Knee
60t Iﬁﬂﬂmm E - Swing Phase

| 55 =
500mm B
50 B | g -
| O
i 7]
o
A

40+ \ f 300mm

30F

100 150
Torque [Nm)]
The University of Tokyo 100 47




Outlook of Designed Knee Joint

-

( Thigh Attachment Arca

Calf Attachment Area

The University of Tokyo 48



tual Models

concel

1. Series Elastic Actuator

[®,

System is 2"d order

J i VAN J % j
1 K=[k;] 2

output backdrivability is
obtained by dynamics

o Series Dissipative Actuator decoupling
[ICRA2010]
Jy —— J5 :ﬁ
7 D:[dij]

System is 18t order

Series damping actuator [Chew et al. 2004]

The University of Tokyo 49
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Comparison of Actuation
Methods

Advantage

Drawback

Trade-off

Good
backdrivability

Lack of
controllability

Backdrivability
and resonance

SEA |Low-Pass |inhigh above resonance | frequency
frequency frequency
Good Lack of Backdrivability
controllability in | backdrivability in | and efficiency
SDA | High-Pass | high frequency | high frequency
Total [:g/f

necessary

backdrivability is

The University of Tokyo
Confidential
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Link position
encoder

Pressure
Sensor

Brace link (Tibia) Brace link (Femur) Flexible Tubes

Safety Relief

Part Mass

Pump | 299.6 (g) (Dry Weight, Design Value)

Motor 541  (g) (Dry Weight, Design Value)

Total 1124 (g) (With O1l, Measured Value)

I ne university of Tokyo 51
Confidential



No Friction Compensation

This work was supported by:

Grant-in-Aid for Scientific Research (N0.20-10620) for Research Fellowships of the Japan Society for the
Promotion of Science for Young Scientists

“IRT Foundation to Support Man and Aging Society” under Special Coordination Funds for Promoting Science
and Technology from MEXT The University of Tokyo 52
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IFToMM Corld Congress 2011

Mechanism and Control of Knee Power Augmenting
Device with Backdrivable Electro-Hydrostatic Actuator

Hiroshi Kaminaga, Hirokazu Tanaka, and Yoshihiko Nakamura



Nakamura & Takano Lab.
The University of Tokyo 2011

Power Augmentation Experiment

The University of Tokyo 54



EMG Comparison in Wearing Device

o
o
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Joint Position [rad]
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0.5F
gy !
0 0.5 1 1.5 2 2.5 3 35 4
time [sec]
80r Assist Device
NO Device

Integration of IEMG
reduced by 30%
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IEEE Humanoids2011 Poster Presentation

Screw Pump for Electro-Hydrostatic Actuatorthat
Enhances Backdrivability

iroshi Kaminaga, Hirokazu Tanaka, Kazuki Yasuda, and Yoshihiko

a2 il

ﬂllf\ ~
akdlliulad

Z T

The University of Tokyo
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Challenges on actuators toward cognitive humanoids

More power

Back drivability

Energy efficiency

Accumulation of energy

(mechanical and/or regeneration/recharging/capacitor)
High bandwidth for human-humanoid physical interaction

A

o

The University of Tokyo
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