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Abundance of

Sensors on
Robots

“Bellabot”
Bristol Robotics Laboratory & Sheffield Robotics

Inaba Laboratory, University of Tokyo
I. Kumagai et al., IEEE/RSJ’12
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R, 4 wires for each
piezoresistive sensor

AV Nakamura Laboratory,
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Analog senor

C Conventional AMP, ADC Noise N
an we smartly | method —

install many v' Low density

sensors in v’ Busy wires

v" Inconsistent

I

robots? interface :
v Low performance Digital sensor 2 Digital sensor 1
especially for (Clock different from 1) (I12C or SPI)
(12C or SPI)

analog sensors

— Sensor platform LSI
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Analog senor

S Conventional AMP, ADC Noise N
ensors method

Connected to Bus v Low density
via Platform LS| ¥ Busywires

v" Inconsistent
interface

I

v Low performance Digital sensor 2 Digital sensor 1
especially for El(élgccl)(rdslf;el)rent from 1) (12C or SPI)

analog sensors

Chip-size multi-axis sensor
Sensor platform LSI integrated with platform LSI

| Platform LSI
?/ I—@h denSIty

” Event driven

Relay node
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Relay
Node

(Sensor Node MEMS Capacitive Sensor (FC conv.) \

Sensor Platform LSI

READOUT CIRCLIT

13 L} Clock Feset
LSI H I ROS E Cap. 1o Freq. conw, o
COMNTROLLER g
state Machine Frea counter f
. | 2
Control signals for blocks SIGNAL PROCESSING 8_
Startup configuration Sigral processing E
L0
Threshold/adaptation Packet senaration o
- s
' %
MEM INTERFACE
Regist
cEISters Receiver (COR)
Transmitter (CSMA/CA)

RS485 compatible with original protocol
Capacitive + resistive sensors 4 + 8 ch, Temperature sensor
=B EZR | poyer: 1.2V for digital and 3.3 V for /0, OTP memory

Assoc. Prof. M. Muroyama
Collaboration with Toyota Motor and Toyota Central R&D Labs.
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Pre- | Start | Sensor 3-axis differential CRC | Stop

H |ROSE on BUS amble | bits ID sensing data (X, Y, and Z) | code | bits
~

FPGA-based E4_— ' ' ' L ' | ' '
Networks relay node o |
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i Time

Each platform LSI
works asynchronously.

on with 1 Oyota Motor
and Toyota Central R&D Labs
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» Fast response by
-ensor Platform LSI (Target) \ ,° Event driven mode

50 ns 1st Generatlon S g d’}
Platform LSI ( R

Comparison of 10ns

Sensor Bus
Networks

Large number of sensors on
the bus by

* Original protocol

* Robust clock data recovery
 Dedicated transmission line

First response time

[1] P. Maiolino et al., IEEE Sensors
Journal, Vol. 13, No. 10, 2013

[2] Y. Tenzer et al., IEEE Robotics &
Automation Magazine, pp.89-95, 2014

100

Number of sensors on bus

1000
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Demonstration

of Event-Driven
Operation
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e - Please watch the student’s finger(s) and the oscilloscope.
| Only when the sensor is pushed, a packet appears on the oscilloscope.
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Tactile Sensor

Network Covers
Robot Surface

e

o

CPU
I
Sensors
Hub USB cable |
USB cable Relay node
Relay node

Tactile sensor array
? (256 chips)
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Robots Working
with Human

Mental commit robot “PARO”
http://www.paro.jp/

‘NEXTAGE” ¢
(Kawada Robotics) %
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T _ CPU
actile Sensor |
Hub Sensors
Network Covers USB caby USB cable .
Robot Surf cabie Relay node
obo urtace Relay node

Integrated
sensor

Tactile sensor array
» (256 chips)

Micro Electro Mechanical Systems Lab
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Integrated Finger ﬂ;

Sensor (3 Axis z
Force and
emperature)

Au sealing
ring

Bonding pad

Micro Electro Mechanical Systems Lab

Tanaka Shuji laboratory

Voltage [V]

Voltage [V]

Sensor | Sensing | Temperature | Bus wait
ID mode sensing data cycle
3-axis capacitive Abnormal CRC
sensing data flag code

Sho Asano et al., IEEE MEMS 2016, pp. 850-853 0
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Integrated Finger ﬂ;

Sensor (3 Axis z
Force and
emperature)

Au sealing
ring

LTCC Integrated finger sensors

on a robotic hand

Bonding pad
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Demonstration

of Finger Sensor
on Robot
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Au pad Fixed electrode Auvia

Wet-etched cavity
/

Fully Differential

3 Axis Tactile
Sensor (Toyota)

In-phase

COVENTOR

Anti-phase

COVENTOR

n cooperation with

- . ﬂcﬁ;, 0 Micro Electro Mechanicall S.'ystems Lab
. 1 O,a? Tanaka ShujilLaboratory ' .. ?[3 Z Fraunhofer 16

MicroSystemintegrationCenter




Au pad Wet-etched cavity Fixed electrode /Au via

\ /
FFuny pitterential iz 72

3 Axis Tactile
Sensor (Toyota)

TSV

In-phase

COVENTOR

Anti-phase

COVENTOR

n cooperation with
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TSV in Multi

Project Wafer for
Integrated MEMS

Our dies

TSMC 0.18 ym multi-project wafer (MPW)

& Tinska e Aaatar,  USIC
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Laser-erased Bonding Laser-erased

TSV in Multi arfa frame/pad AiIC arfa Tactile

Project Wafer for | livoza — | | sensor
Integrated MEMS — ——

5.0kV 10.4mm x450

- Yukio Suzuki et al., IEEE MEMS 2017
The 3-axis tactile sensor this integration platform will be presented in Transducers 2017.
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Laser-erased Bonding Laser-erased

TSV in Multi arfa frame/pad AiIC arfa Tactle

Project Waferfor -~ - | sensor
Integrated MEMS — =

Laser-erased area

]
5.0kV x450 SE(M) 100um

------ “Yukio Suzuki et al., IEEE MEMS 2017
The 3-axis tactile sensor this integration platform will be presented in Transducers 2017.
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MEMS

Gyroscope in
Robot
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Murata Cheerleaders (Murata Manufacturing)

Micro Eleclt(ro Mechanical Systems Lab In cooperation with
Tan jilaboratory = A fa
anaka Shuji ~ Fraunhofer



P - Bias stability
erformance of | - ' 1 ' ' - . -
1000 100 10 1.0 0.1 0.01 0.001
Gyroscopes | . | | (deg./h)
10 1 0.1 0.01
(deg./s)
- Type of gyroscope
yP ¥ P ESG: Electrically-suspended gyroscope

HRG: Hemispherical resonator gyroscope

-

) Dry tuned gyroscope / ESG |
Fiber optical Ring laser

Optical gyroscope/_ gyroscope / gyroscope

Appllcatlon S /

“

Camera Smart phone Robot Airplane Ship

Submarine
Car safety system Autonomous car

DTG, FOG, RLGD[X : )}k HRGDIX| : Northrop Grumman

‘p{,ngfm o Micro Electro Mechanical Systems Lab
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Laboratory

Class for Junior
on Inertial

Gyroscope
(L3G4200D)

MPU

\ (PIC18F2550)
W
Accelerometer
(LIS3DH)

EEPROM
(AT24C1024)

Voltage converter
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Trajectory

Measured by
MEMS Inertial

| KAWALCHI
| CAMPYS
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Applications
Requiring High
Performance

Asimo (Honda Motor) Autopilot indoor drone (DARPA)

Micro Electro Mechanical Systems Lab In cooperation with

Tanaka ShujilLaboratory
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Whole Angle

Gyroscope:
Foucault
endulum

e

o

Micro Electro Mechanical Systems Lab

Tanaka Shuji Laboratory

=]
(2]
o
[e]
O
(1]
=
Q
=
o
=]
2
-
=



[N i+t [ - 0= 2 Oy
rmCIple of k, , 7 , k Coriolis force
Whole Angle k, Gy =2 Qi
Gyroscope 2, /N s Aw
() ‘ = 02 + )+ VAw? (w? + Q2) + 4w?Q2
yT = A = (w4 Q7 e VAW (w? +Q2) + 4w
X ¢ Assuming Aw = @, — @, = 0 (Mode match)
A,l:(!)‘l'ﬂz /12=(1)—QZ |:> /11_/12=ZQZ
| Temperature Y Y
sensitive %
+ 21 = Q>
il X \ J X X

TOHOKL UNT
Vﬂw:ﬁffiﬂ
CTawess

CW mode (4, = w + Q,)

Micro Electro Mechanical Systems Lab

Tanaka Shuji laboratory

CCW mode (1, = w — Q,) Linear vibration
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Features and Features .
» Direct angle output — Low drift
Challenges of  Stable scale factor
Whole Angle « Temperature insensitive
EMS Gyroscope
u http ;photozoﬂ{fp‘l%\rhﬁﬂﬁg 6;;58525 '
i Challenges 2
i « Symmetric 2-DOF MEMS resonator
L N\ - Minimized frequency mismatch L A
- -Minimized Q mismatch Q. S,

B i run compensation of Q mismatch 5, " =
T r development) Lx' ¢

Oscillation of linear (free) vibration

A& pseret oy (USIC
MicroSystemintegrationCenter



Control system

of Whole Angle
Gyroscope with
Mode Separator

|

Angle output

7 (Whole angle detection)
¢ )

|:> CW/CCW
separator

Micro Electro Mechanical Systems Lab

Tanaka Shuji laboratory

0= [ Ao = S

mixer g \\
CW mode PLL
fcw O—>|[//\L
/ fccwl—":
CCW mode PLLT—_/

@W mode

=

» Rate output
(FM detection)

O'S(fcw _fccw)
=k Q
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D =0 IEEE MEMS 2017, IEEE Inertial 2017
emonstration ' | |
e e This work (WAG) Integration of angular
of Whole Ang|e g5 ¢ ¢ v No error from rate measured by high
A rate table angle performance MEMS gyro
Gyroscope £ | \
Q@ Zero temperature ve :
:DS %4 7 coefficient of scale factor 0 - ﬁi%ggtczpa]itintegratiSB’f Co
0w L without compensation -+ Rate table ) , M :,1:
I R - A E
! 0 3 @ 0 e w0 s 0 [ | 4 R
| Temperature (°C) & , Tl
Q@ ! %
20 . . ' W
< — . ;
S v
g _I | 1 | ‘ | 11 1 |'TI | 1 | I I
B A B B 0 10 20 30
Assist. Prof. T. Tsukamoto Time (s)
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Summary and ° The sensor platform LS| enables you to install a lot of
sensors in a smarter way.

Message * The sensor platform LSI will be released as an ASSP.
Potential users are welcome.

* The integrated tactile sensors using the platform LSI are
ready for use.

* The wafer-level MEMS-LSI integration platform is now
available for our customers.

' S The whole angle MEMS gyroscope was demonstrated using

o e haratary . (USIC
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S. Tanaka Laboratory

Department of Robotics, Microsystem Integration Center and
Fraunhofer Project Center in AIMR, Tohoku University
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Professor Project Professor  Assoc. Professor  Assoc. Professor  Assoc. Professor  Assoc. Professor  Assist. Professor
Shuji Tanaka Michio Kadota Hideki Hirano Jorg Fromel Masanori Muroyama Shinya Yoshida Takashiro Tsukamoto

Research menu in 2017

» Sensor systems for human-friendly robots

* Frequency control devices (SAW and BAW devices)

« Advanced inertial sensors

* Acoustic sensors

* Integrated biosensors

* Piezoelectric thin films and devices (Epitaxial PZT on Si)
» Heterointegration and wafer-level packaging technology
« MEMS process tools (ALD, wafer bonder etc.)




