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Understanding Prediction and Action (for survival)
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generate robot behaviors 
so that its intention isso that its intention is

understood by ABE. 
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Challenges on actuators toward cognitive humanoids

1. More power
2. Back drivability
3. Energy efficiency
4 Hi h b d idth (f h h id h i l i t ti )4. High bandwidth (for human-humanoid physical interaction)
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Torque EncoderTorque Encoder

Tomohiro Kawakami Ko Ayusawa Hiroshi Kaminaga and Yoshihiko Nakamura High-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.
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Torque Encoder
1. Torque sensing method using linear encoders

1. Features
1. Noise immunity
2. The ability to improve the resolution y p

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 3.0x105 [Nm/rad]

Measurement range 200[Nm]
Resolution 10[bit]

Safety factor 3
Material A7075



Locally-deformed Torque Sensor
1. Evaluation of noise immunity

1 Method: The input shaft was fixed and loaded with the external1. Method: The input shaft was fixed and loaded with the external 
torque (0.5[Nm]).

2. Results: Noise immunity was 
i dimproved.

St i 2 3 10 1[N ]
Standard deviation

2. Responses under high load condition

Strain gauges: 2.3×10-1[Nm]
Encoders: 5.5×10-2[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].7[Nm].



Development of Globally-deformed Torque Sensor

1. Sensors Globally-deformed torque sensor1. Sensors
1. Incremental linear encoder

（Resolution: 10[nm]）（ [ ]）
2. Absolute linear encoder

（Resolution: 60[nm]）

Torsional stiffness 3.0x105[Nm/rad]

Joint Drive System

[ ]
Measurement range 200[Nm]

Resolution 10[bit]
Safety factor 9

Material A7075

Local concentration is prevented without the 
reduction of the torsional stiffness and resolution.
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H. Kaminaga, K. Odanaka, T. Kawakami, and Y. Nakamura

Measurement Crosstalk Elimination of Torque Encoder UsingMeasurement Crosstalk Elimination of Torque Encoder Using 
Selectively Compliant Suspension

IEEE ICRA 2011.
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Basic Structure of Torque Encoder
Fixture

Encoder Head

Scale

x

z

i
nK Linear Stiffness

Axis: x, y, z (x: 1DOF direction)

x

Flexure n

iG T i l Stiff

Object: e=flexure, f=fixture, 
s=suspension

Axis: x, y, z (y: 1DOF direction)
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Deformation ModesDeformation Modes
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Measurement CrosstalkMeasurement Crosstalk
Crosstalk: Measurement interference between different measurement 

d d
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Solution for Crosstalk SuppressionSo u o o C oss a Supp ess o

d dd
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d
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f fK1
f
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6DOF K1
f
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1DOF
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K2

1DOF

5DOF

K2

5DOF

Pro: no additional source of disturbance
C b lk i

5DOF

5DOF
Pro: no additional sensor necessary
C ibili f ddi i l di b
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Con: bulky, more processing necessary Con: possibility of additional disturbance
as friction



Electro-Hydrostatic ActuatorElectro Hydrostatic Actuator
1. A class of hydraulic actuator that control c ass o yd au c ac ua o a co o

rotation of hydraulic motor by controlling 
pump displacementpump displacement

2. Core component: Hydrostatic 
Transmission

The University of Tokyo 22



Proposed ImplementationProposed Implementation

Suspension

Flexible
Fixture Rigid

FixtureFixture

Flexure
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Experiment

Leaf Spring 
Thickness 
(mm)

Crosstalk Sensitivity

No spring 0 1.0 1.0
0.01 13.47 0.17 0.92
0 02 107 8 0 21 0 94
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0.02 107.8 0.21 0.94
0.05 1684 0.15 0.91



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

Hiroshi Kaminaga, Taichi Yamamoto, Junya Ono, and Yoshihiko 
Nakamura,Backdrivable Miniature Hydrostatic Transmission
for Actuation of Anthropomorphic Robot Hands, IEEE Humanoid 
2007.



Simplified Model of EHASimplified Model of EHA
Hydraulic

Pump

Hydraulic 
Motor
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Miniature Electro-Hydrostatic Actuator y
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)Robots (2007).

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



Requirements on Miniature EHAequ e e s o a u e
1. Backdrivable structure
2. Large output torque

(large displacement ratio)(large displacement  ratio)
3. Mechanically Simple

(esp for robot hand)(esp. for robot hand)
4. Rotary Output

Vane MotorTrochoid Pump +p

The University of Tokyo 30



Miniature EHAMiniature EHA

Vane Motors

20

20

30

Trochoid Pump Head
20
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Experiment: BackdrivabilityExperiment: Backdrivability
Experiment Setup Measure vane pe e Se up

rotation

Measure pump
Apply external torque

Measure pump 
rotation and induced 
pressure

The University of Tokyo 32



Anthropomorphic HandAnthropomorphic Hand

Weight
(Hand)

700g

WeightWeight
(Forearm)

3,000g

DOF
20 
(16 i d d t)

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

The University of Tokyo 33

(16 independent)

Hydraulic Oil Silicon Oil

Valveless Hydraulic Actuation,  Master Thesis of The 
University of Tokyo, 2007.



Experiment: Blind GraspingExperiment: Blind Grasping 
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Hiroshi Kaminaga Junya Ono Yuto ShimoyamaHiroshi 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.
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Vane Motor with Enhanced 
M hi i P i i d Ri iditMachining Precision and Rigidity

Description Value

Inner Radius (rm) 4.5 (mm)

O t R di ( ) 12 ( )

-Metal casing with built-in channel
-Support of vane axis both ends by ball 
bearings with preloading Outer Radius (rM) 12 (mm)

Vane Width (bm) 10 (mm)

Vane Thickness (wm) 4 (mm)

bearings with preloading
-O-Ring seal to prevent external leakage

J. Ono, H. Kaminaga, and Y. Nakamura, “HST with Anti-

The University of Tokyo 36
Motion Range 120 (deg)Cavitation Mechanism for Miniature Robot Actuator. In Proc. of 

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



Cluster EHA (Ono 2009)Cluster EHA (Ono 2009)
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Directly Coupled EHA ModuleDirectly Coupled EHA Module

Vane MotorVane Motor

Charge
AndAnd
Relief Valves

BacklashlessTrochoid Pump

Rear View Front View

Belt Pre-Reducer
Backlashless
Coupling
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Detached State and Functionality Divisiony
Cluster EHA + Sensors Wire Transmissions

Attached State

Detached State

Coupling to Palm

L P Ci l ti

Motor
Cooler

Division Plane

The University of Tokyo 39

Low Pressure Circulating 
And Charging Pump
(Central)Radiator



Outlook of the HandOutlook of the Hand
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Hiroshi Kaminaga, Junya Ono, Yusuke Nakashima, and 
Yoshihiko Nakamura

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

IEEE ICRA2009.
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Mass Property of the Robot 
Used for Specification CalculationUsed for Specification Calculation

1. UT-2 [Yamamoto et al. 2003]U  [ 3]

Task Requirement:

Forward walk with step 
length of 300(mm) with 
period 0.8(sec) 
calculated with 
boundary conditionboundary condition 
relaxation [Sugihara and 
Nakamura 2005] DOF 20

Height 1500(mm)
Weight 45(kg)

The University of Tokyo 43
Joint Drive 
Mehcanism

DC Motor + 
Harmonic Drives



Designed Knee JointDesigned Knee Joint
Pumpp

M t l T bMetal Tube 
Connection

Vane Motor
The University of Tokyo 44

Vane Motor



Actuator ArchitectureActuator Architecture
1. Axis 

symmetric 
architecture

2 Fl2. Flange 
output

3 Tubular axis3. Tubular axis

Inner Radius (rm) 15(mm)
Outer Radius (rM) 47.5(mm)
Vane Width (bm) 35(mm)
Vane Thickness (wm) 15(mm)
M ti R 120(d )

The University of Tokyo 45
Motion Range 120(deg)



Lower Extremity ExoskeletonLower Extremity Exoskeleton
1. Improvement of QOL of elderly by 

providing means of locomotionproviding means of locomotion

2. Objective 
– Quantitative methodology to decide– Quantitative methodology to decide 

necessary performance
– Force sensitive and backdrivable structure
– Reliable Structure

3. Whole locomotion pattern is considered
– Not only walkingy g
– Stand up – walk – sit down

4. Design goalg g
Give support that vast majority of healthy 
elderly can score > 10 in      CS-30 test

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

The University of Tokyo 46

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



Torque and Speed Requiremento que a d Speed equ e e t
Inverse dynamics result of human figure with 71kg body 

mass for the data optically captured healthy subject

55

10

The University of Tokyo 47
20100



Outlook of Designed Knee JointOut oo o es g ed ee Jo t
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Conceptual ModelsConceptual Models
1. Series Elastic Actuator

J1 J2

System is 2nd order

J1 J2
K=[kij]

output backdrivability isoutput backdrivability is 
obtained by dynamics 

decoupling• Series Dissipative Actuator
[ICRA2010]

J1 J2

[ ]

D=[dij]
System is 1st order

The University of Tokyo 
Confidential

49
Series damping actuator [Chew et al. 2004]



Comparison of Actuation 
M th dMethods

Advantage Drawback Trade-offAdvantage Drawback
Good 
backdrivability 

Lack of 
controllability 

Trade off
Backdrivability 
and resonance 

SEA Low-Pass in high 
frequency

above resonance 
frequency

frequency

Good 
controllability in 

Lack of 
backdrivability in 

Backdrivability 
and efficiency

SDA High-Pass high frequency high frequency

Total 
backdrivability is 

The University of Tokyo 
Confidential
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Developed ComponentsDeveloped Components

The University of Tokyo 
Confidential
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IFToMM Corld Congress 2011IFToMM Corld Congress 2011

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

Hiroshi Kaminaga, Hirokazu Tanaka, and Yoshihiko Nakamurag , ,
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EMG Comparison in Wearing Devicep g

No Device
Assist Device

Integration of iEMG

No Device

reduced by 30%

The University of Tokyo 55



IEEE Humanoids2011 Poster Presentation

Screw Pump for Electro-Hydrostatic Actuatorthat 
Enhances BackdrivabilityEnhances Backdrivability

Hiroshi Kaminaga, Hirokazu Tanaka, Kazuki Yasuda, and Yoshihiko 
NakamuraNakamura

The University of Tokyo 56



Challenges on actuators toward cognitive humanoids

1. More power
2. Back drivability
3. Energy efficiency
4 A l ti f4. Accumulation of energy

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

The University of Tokyo 57


