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Hitachi’s train in England

Presenter
Presentation Notes
First, I would like to talk about my company, Hitachi.
Hitachi’s products are used world-widely.
One of the attractive example is a train.
You may have used our train in England.
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About Hitachi, Ltd.
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(FY 2018)
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Presenter
Presentation Notes
These are business fileds of Hitachi. 
Social Infrastructure & Industrial Systems like trains or escalators, Information & Telecommunication Systems, High Functional Materials & Components, Electronic Systems & Equipment, Automotive Systems, Construction Machinery, and Smart Life & Ecofriendly Systems.
Consolidated revenue is about 9,480 billion yen.
I belong to R&D department in Hitachi and research about measurement and inspection technologies for these products.
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Outline

1. Background & Purpose
2. Our Former Probe & Improved Points
3. Accuracy Evaluation 

& Demonstration of 3D Shape Meas.
4. Conclusion & Future Work
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Presenter
Presentation Notes
Next I would like to explain about a background & purpose of my research.
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Background
■Complex mechanical parts in industrial Field

Example: Oil hydraulic part

■Need for High Accuracy On-machine / Inline Measurement

Fast Feedback to
Rework, Finishing, etc.

ProductMachine 
Process

In-process 
Meas.

Inspection item:
① Circularity
② Concentricity
③ Diameter

・
・
・

Geometric & Size tolerance 
evaluation is demanded
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③
②①

ProductMachine 
Process Inspection

Geometric & Size 
tolerance evaluation

On-machine Measurement Inline Measurement

Presenter
Presentation Notes
There are many kinds of complex mechanical parts in industrial field.
One of the example is an oil hydraulic part. Which has several holes.
For inspecting these products, we have to measure circularity, concentricity, and diameter. 
And geometric and size tolerance evaluation is demanded.
For high accuracy evaluation, on-machine measurement or in-process measurement is needed.
On-machine measurement, after machine processing, parts are measured on machine and measurement results are feed backed to rework or finishing.
Inline measurement, after machine processing, parts are inspected in line and geometric and size tolerances are evaluated.
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Work

Issue of Conventional Method

Conventional on-machine/inline measurement probe;
Meas. surface point by touching surface with mechanical displacement

Work

No surface data

Cannot touch=

Displacement

Machine tool 
or CMM

Problem 1

Problem 2

Meas. 
probe
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Meas. size

4 meas. point Another 4 meas. point

Point meas.

Presenter
Presentation Notes
The most general conventional on-machine or inline measurement probe is touch probe.
Which measures surface point by touching the surface with mechanical displacement.
The probe is attached on machine or CMM. And measures the work surface.
However, this conventional probe has 2 problems.
First, the conventional probe can’t get rich surface data speedy.
So, measurement size may change if the probe measures another points.
Second, the conventional probe has to touch the surface.
If the sample shape is complex like this, the probe cannot get surface data.
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Work

Machine tool
or CMM

Concept of Novel Developed Probe

Work

FMCW

Multi-directional meas. probe which overcomes the conventional problems is proposed.

Thin shaft & Rotation
for getting complex
surface data

Concept 1

Concept 2

Displacement

Probe
Lens

Motor

Radial 1.Rotation

2.Switch

FMCW

Depth

・Development of fast on-machine/Inline measurement probe
for 3D-shape inspection using FMCW*
・Target accuracy：± 5μm

Purpose;
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Concept 3
Depth direction meas.

for getting 
datum plane

Rich data rate

Datum

*FMCW:Frequency Modulated Continuous Wave

Presenter
Presentation Notes
I would like to explain a concept of novel developed probe.
Our purpose is development of fast on-machine or inline measurement probe for 3D shape inspection using FMCW.
And our target accuracy is 5um.
This is a figure of developed probe. I will explain the detail about this probe on the next slide.
The probe has 3 characteristics.
First, this probe get rich surface data using optical measurement method FMCW.
Second, Thin shaft and beam rotation system can get the complex surface data which the conventional touch probe cannot measure.
Finally, this probe can measure depth direction by switching beam direction and get the datum plane of the target.
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Outline
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1. Background & Purpose
2. Our Former Probe & Improved Points
3. Accuracy Evaluation 

& Demonstration of 3D Shape Meas.
4. Conclusion & Future Work

Presenter
Presentation Notes
Next I’ like to explain our former probe and improved points.
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Our Former Probe

A multi-direction measurement probe which we have reported 
in 3D Metrology Conference 2018.

150mm
Meas. range:30mm

6m
m

Lens
Motor2

Work

Motor1
Depth

Radial

HWP

Optical 
fiber(5m)Polarization

switcher

Commercial
OCT 

light source

PBS
Rotation

Switch

Holder

【Improved point 1】
Reduction motor number from two to one.

【Improved point 2】
In-house distance measurement system 
for measuring long distance stably.

Presenter
Presentation Notes
Our former multi-direction measurement probe which we have reported in 3D Metrology Conference 2018 is bellowing.
We have improved two points.
First, we have reduced motor number from two to one.
Second, we have developed an in-house distance measurement system for measuring long distance stably.
I will explain each improved points on the next slide.
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HWP

【Point 1】Our Former Beam Rotation System

Polarization
Switcher (ON)Meas.

laser

Radial-
direction

Rotation θ

HWP(Half-Wave Plate) is adopted for rotating a beam

Rotation
θ/2 PBS

This system uses two motors for rotating a beam.

Probe
Lens

Motor1

Radial-
direction

Rotation

Polarization
switcher

PBS

HWP

Motor2

Laser 
distance 
meter

■ Principle of beam rotation
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Z
X

Y

■ Beam rotation system

Presenter
Presentation Notes
First, I would like to explain our former beam rotation system.
HWP(Half-Wave Plate) is adopted for rotating a beam.
This is a principle is beam rotation.
Beam polarization direction is selected by polarization switcher.
If the HWP is rotating theta over two, the beam polarization angle is rotating theta.
By rotating PBS angle theta, the beam is reflected in radial direction and rotating in synchronization with PBS rotation.
This system uses two motors. One motor is used for rotating HWP and another motor is used for rotating PBS.
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【Point 1】New Beam Rotation System
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Meas.
laser

Radial-
direction

QWP2

PBS
FixedZ

X

Y

Probe
Lens

Motor1

Radial-
direction

Rotation

Polarization
switcher

PBS

QWP1

Laser 
distance 
meter

Two QWP(Quarter-Wave Plate) are adopted for rotating a beam

QWP1
Polarization

Switcher (ON)

New system uses only one motor for rotating a beam.

■ Principle of beam rotation ■ Beam rotation system

Rotation θ

QWP2

45deg

45deg

Presenter
Presentation Notes
In our new system, two quarter-wave plate are adopted for rotating a beam.
QWP1 changes the linear polarization to the circular polarization.
QWP2 changes the circular polarization to the linear polarization.
QWP2 and PBS is rotating synchronously.
The beam is reflected in radial direction and rotating in synchronization with PBS rotation.
New system uses only one motor for rotating QWP2 and PBS synchronously.
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【Point 2】In-house Distance Measurement System

■Optical setup

Laser Diode

Reference Mirror

Target

Beam 
Splitter

Photo
Detector

FFT Analyzer

Waveform
Generator

L

Time

Reference 
Light Target 

Light

Δt

fb

ν0

ν0+Δν

O
pt

ic
al

 F
re

qu
en

cy

0 T

■Distance Measurement Principle

bfΔν
TΔt=

bfΔν
cT=cΔL=

2
t

2
1

Light travels a roundtrip distance L during Δt.
L is expressed using light speed c.

Distance L ∝
Beat Frequency fb

Laser distance meter based on Frequency Modulated Continuous Wave
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Presenter
Presentation Notes
Next, I would like to explain about improved points two. In-house distance measurement system.
Laser distance meter is based on frequency modulated continuous wave.
This is the optical setup for FMCW.
Laser frequency can be swept using a waveform generator.
Laser is divided by beam splitter.
One laser is reflected by reference mirror and another laser is reflected by target.
They are combined at photo receiver and beat signal is analyzed by FFT analyzer.
Next, I explain distance measurement principle.
Horizontal axis is time and vertical axis is optical frequency.
This is a reference light and this is a measurement light.
There is a time lag between both light according to the distance.
So, beat signal is occurred.
There is a relationship between delta t and fb.
Light travels a roundtrip distance L during Δt.
Distance L is expressed using light speed c.
So, the distance is expressed like this.
Distance is proportional to frequency fb.
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Δν
cL

2
=∆Distance

Resolution
Wavelength

Sweep Range

Improvement of the distance resolution by
1.Calibrating a non-linearity of frequency sweep 
2.Interpolating FFT peak position

Commercial 
System

In-house
System

Laser Type ECL*1 VCSEL*2

Coherent Length 60mm 9m

Measurable 
Distance 30mm 300mm*3

Wavelength
Swept Range 25nm 10nm

Data Rate 3kHz 10kHz

Light Source Cost

*1ECL:External Cavity Laser, *2VCSEL:Vertical Cavity Surface Emitt ing Laser, *3Limited by the A/ D converter frequency

【Point 2】Stable Measurement of Long Distance

■Long distance measurement ■Stable distance measurement

Optical path change of reference fiber is 
calibrated by temperature monitor system.

Lens

Target

DetectorDetector

Reference Fiber
(Reference of Distance)

Waveform
Generator Laser

Temperature 
monitor system

Comparing Beat Frequency
Distance Calculation

Distance Calibration

In-house system achieves high-accuracy 
long distance measurement.

Presenter
Presentation Notes
Next, I will explain stable measurement of long distance.
This column shows the commercial system spec used for our former system.
This column shows the in-house system spec.
We use long coherent VCSEL for our in-house system.
Measurable distance is longer than commercial system.
However, wavelength swept range is shorter than commercial system.
Distance resolution is proportional with one over wavelength sweep range.
We improve the distance resolution by calibrating a non-linearity of frequency sweep and interpolating FFT peak position.
As a result, in-house system achieves high-accuracy long distance measurement.
In our FMCW system, we use reference fiber and this fiber length is a reference of distance.
For stable distance measurement, we have developed the temperature monitor system.
Optical path change of reference fiber is calibrated by temperature monitor system.
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Presenter
Presentation Notes
Next I’ like to explain the accuracy evaluation and demonstration of 3D shape measurement.
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Evaluation of Short Time Accuracy
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■ Ring gauge measurement

Z

X
Y

Measuring 
laser

Ring gauge
(φ16-50mm)

X [mm]

Y[
m

m
]

Φ16mm Φ30mm φ50mm

0

10

20

-10

-20

-20 -10 0 10 20
-30

30

-30 30

■ Developed system

Control box
(Laser, Stage controller, etc)

Value [mm] 15.999 30.001 49.996
Meas. result 

[mm] 15.9992 30.0013 49.9949

Error [μm] 0.2 0.3 -1.1

Short time accuracy is better than 
target accuracy ± 5μm 

Z axis stage

XY axis stage 

Probe
φ6mm

Target

150mm

400mm

220mm

Presenter
Presentation Notes
I evaluated short time accuracy and long time stability.
First, I explain about short time evaluation.
This is a developed system.
Measurement probe is loaded on Z axis stage and moved vertically.
Target is loaded on XY axis stage and moved horizontally.
Probe is connected control box. Control box contains laser, stage controller, etc.
We evaluated accuracy using several size ring gauges.
This is a measurement result.
True values of ring gauge size are this line and measurement results are this line.
Error between true values and measurement results are this line.
Short time accuracy is better than target accuracy ±5 um.
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Evaluation of Measurement Stability 
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■ Measurement stability is evaluated by changing a temperature surrounding the system.
Our former system

0 60 120 180 240

Temperature change

Time [min.]
Meas. distance stability

ΔT:2.4℃

53µm

Developed system
(Temperature calibration)
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Measurement stability is better than target accuracy ± 5μm 

Presenter
Presentation Notes
Next, we evaluated measurement stability by changing a temperature surrounding the system.
For our former system, if the temperature surrounding the system is changed 2.4 degree, measurement distance is changed 53 um.
For the developed system, if the temperature is changed 11.9 degree, measurement distance is changed only 3.55 um.
Measurement stability is better than target accuracy ±5um.
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Evaluation of Long Distance Measurement
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■ Inner shape measurement of a cylinder which has different size holes inside 

The former system can not measure
the whole shape by a single scan.

Probe

Φ 80Insert  

Probe

Rotation
Φ 10

■ Measurement result

Developed system can measure
the whole shape by a single scan.

Range limit  of 
The former systemΦ 60

Φ 80

Φ 10

Presenter
Presentation Notes
We evaluated long distance measurement.
We measure inner shape of a cylinder which has different size holes inside.
The former system can not measure the whole shape by a single scan because the range limit of the former system is phi 60mm.
This is a measurement result using our system.
Developed system can measure the whole shape by a single scan.
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Application Data to a Ball Screw
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■ Sample
Misumi BSSZ3232

φ 32mm

■ Measurement condition

Z stage
Probe rotation

Laser

■ Measurement result
655,690points

Developed system can measure complex inner shape. 

Presenter
Presentation Notes
Next, I will show you our application data.
First sample is a commercial ball screw which hole size is phi 32mm.
This is a measurement condition.
We measure the inside shape of the ball screw.
This is a measurement result.
Measurement points is about 6 hundred thousand points.
Developed system can measure complex inner shape.
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Application Data to a Torque Converter
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■ Sample
Impeller of a torque converter 
for automobile 
https://www.exedy.com/ja/product/passenger/at_torque/

Actual figure

■ Measurement condition 

Z stage
Probe rotation

laser

■ Measurement result

Side viewFront view

Developed system can measure complex inner shape. 

311,966points

Toyota
３０２５０－５２０８０

Presenter
Presentation Notes
Next sample is an impeller of torque converter for automobile.
This is a measurement condition.
We measure the inside shape of impeller.
This is a measurement result.
Measurement points is about 3 hundred thousand points.
Developed system can measure complex inner shape.
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& Demonstration of 3D Shape Meas.
4. Conclusion & Future Work

Presenter
Presentation Notes
Conclusion and future work.
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Conclusion & Future Work

Developed: 
Our former multi-directional optical measurement probe is Improved by 
1.Reduction of motor number from two to one.
2.In-house distance measurement system for measuring long distance stably.

• Application of  the developed probe to various products being made in 
Hitachi’s factories.

• Feedback of the measurement data to the machine processing condition. 

■ Future Work

■ Conclusion

Achieved: 
• Stability of long term measurement is ±3.55μm(<Target:±5μm).
• Long range measurement r5~40mm is demonstrated(max range:300mm).
• Measuring complex 3D-shape of such as ball a screw and a torque converter.
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