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1．光コムレーザによる長さ測定の原理 

 

1.1 光コム（光周波数コム）による長さの定義 

 三次元空間内で，絶対的な距離を測定する手法としては多くの方法が使われている．

その中で，光コムを利用した方法および三次元測定機の検査への応用について説明する．

長さの定義は，「1秒の 299 792 458分の1の時間に光が真空中を伝わる行程の長さ」とな

っている．これは，真空中の光の速度を定数として，時間によって長さを定義する方法

である．この方法では，時間の測定精度が物理量の中で最も優れていることを利用する

ことで，長さも時間と同じ精度で定義が行えることになっている．しかし，実際の長さ

を測定する場合には，適当な物差しが必要で，物差しとしてはレーザの波長が使われて

いる．日本では2009年までは，「よう素安定化ヘリウム・ネオンレーザの真空中での波

長（632.9908 nm）」が，トレーサビリティの最上位である国家標準（特定標準器）とし

て使われていた． 

 光コム（光周波数コム：optical frequency comb）は，フェムト秒のパルス幅を持つパ

ルスレーザで，パルスの繰り返し周波数は時間標準に同期されている．図1-1 (a) は，

100 MHzの繰り返し周波数 frep を 持つ光コムレーザ波形の時間領域での模式図で，パ

ルス幅は150 fs（長さで45 µm），パルスの繰り返し間隔は10 ns（長さで3 m）となってい

る．図1-1 (b) に，パルスレーザの周波数領域でのパワースペクトラムを示す．繰り返

し周波数に相当する間隔で，スペクトラムが櫛の歯状（Comb状）に生じている．この

周波数は，時間標準に同期されているため，非常に高精度である．また，よう素安定化

ヘリウム・ネオンレーザは，特定の波長しか校正できなかったことなどにより，2009年

から長さの特定標準器は，「協定世界時に同期した光周波数コム装置」に変更された．

この変更により，長さの基準が300倍高精度化された． 

 光コムは，長さの定義としてだけでなく，直接的に長さの絶対計測に利用することが

できる．光コムを利用した絶対計測は，直接的にトレーサビリティを確保することがで

き，標準としても優れている．これまでにも，パルスレーザの特性を生かした絶対計測

の研究が行われている．3 mのパルス間隔を持つ光コムを利用して，400 mの非常に長い

距離を10 µm程度の精度で絶対測定を行っている例がある．この章では，光コムを利用

したパルス干渉計の原理を説明する． 
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(a) 時間領域のパルス波形 

 

(b) 周波数領域の櫛の歯状のパワースペクトラム 

図1-1 光コムレーザのパルス波形およびパワースペクトラム 
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1.2 光コムのパルス干渉による絶対距離計測 

（1）パルス干渉計の原理 

 光コムを利用したパルス干渉計では，パルスが干渉することにより干渉縞が生じる．

白色干渉では，参照ミラーと測定対象までの光路長が等しい場合のみ干渉縞が生じるが，

パルス干渉ではパルス間隔の整数倍だけ光路長がずれた場合にも干渉縞が生じる．図1-

2 (a) に，光コムによるパルス干渉の原理を示す．参照ミラーM1と測定対象M2までの

距離の差が，パルス間隔の半分の整数倍の時に干渉縞が観察できる．測定対象として基

準位置にハーフミラーM0を設置し，参照ミラーM1を走査すると，図1-2 (b) のように

M0からの干渉縞とM1からの干渉縞を観察できる． 

 図1-2 (b) の横軸はM1の走査における時間であるが，走査速度から2つの干渉縞の距

離ΔLを求めることができる．基準位置M0と測定対象M2の絶対距離Lは，式(1)で計算す

ることができる．ここで，mはパルス間隔の整数倍を表す整数で，ld はパルス間隔であ

る．パルス間隔は，繰り返し周波数 frep，光速c および空気の屈折率n を利用して式(2)

で計算される．例えば繰り返し周波数が100 MHzの場合，パルス間隔は約3 mとなるた

め約1.5 mの整数倍の距離の差で干渉波形を得ることになる．小型の三次元測定機や工

作機械などの精度評価に適用する場合には，このパルス間隔は長すぎるため，パルス間

隔を短くすることが必要になる． 

 

 L
ml

L d 
2

       (1) 

 
repnf

c
ld         (2) 
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(a) パルス干渉計の基本構成 

 

 

(b) M0およびM1から得られる干渉信号 

図1-2  光コムによるパルス干渉計の原理 

 

（2）エタロンによるパルス間隔の短縮 

 光コムのパルス間隔を，エタロンを利用して短くする方法を説明する．まず，図1-3 

(a) に2つのミラーを間隔l で設置したエタロンの模式図を示した．エタロンの間隔l，光

速c およびエタロン内の屈折率n により決定される特定の周波数だけが，エタロンを透

過する．図1-3 (b) は，オプティカルファイバーの両面にコーティングをすることで作

ったファイバーエタロンである．一般的なミラーエタロンは，調整が難しく安定性に問

題がある．一方，ファイバーエタロンは，簡単に利用でき調整が不要である． 
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 エタロンを透過する周波数が，光コムのfrep の整数倍（k倍）の間隔となっているとき，

光周波数コムレーザがエタロンを通過すると，周波数スペクトラムは図1-4 (a) のよう

に特定の周波数だけが透過することになる．この関係を，時間領域で見ると，図1-4 (b) 

のようにパルス間隔がk 分の1に短くなる．このように，エタロンを利用して光コムの

パルス間隔を短くすることができる． 

 今回の実験では，ファイバーエタロンを利用してパルス間隔が短くするシステムを構

築した．100 MHzの繰り返し周波数を持つ光コムから，ファイバーエタロンにより1 GHz

の繰り返し周波数だけを透過することができた（k = 10）．結果として，パルス間隔が300 

mmとなり，150 mmの整数倍の位置で干渉信号が得られるパルス干渉計が構成でき，小

型の三次元測定機などへの適用が可能となった．図1-5に試作したファイバーエタロン

とその特性評価（スペクトラム）を示す． 

 

 

(a) エタロンの原理 

 

 

(b) ファイバーエタロンの例 

図1-3 エタロンの原理とファイバーエタロン 

 

l

反射率R
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(a) 周波数領域 

 

 

(b) 時間領域 

図1-4  光周波数コムレーザがエタロンを透過した場合 
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図1-5 試作したファイバーエタロンとその特性評価 
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2．光コムレーザによる長さ測定手法の実験的検証 

 

2.1 光コムレーザによるパルス干渉技術の確立および装置仕様の決定 

 光コムレーザによるパルス干渉技術について，基礎的な実験を行った．実験は，図2-

1の写真に示すように光学素子を個別に並べることで実施した．この基礎実験によって，

開発する装置仕様を決定することができた． 

 

 

図2-1 光コムレーザによるパルス干渉技術の基礎的な実験 
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2.2 ボールレンズをターゲットとしたパルス干渉法 

 図2-2は，ボールレンズとコーナーキューブの反射の特性を示している．屈折率が2.0

のボールレンズは，どの方向からの光を反射できるため，干渉計のアライメントが容易

になる．実験では，10 mの距離で十分な干渉信号が取得できている． 

 基礎実験では，まず，鏡面，コーナーキューブプリズム，平面などをターゲットとし

て実験を行った．次に，図2-3は，前章の原理を利用した光コムパルス干渉計のターゲ

ットを，ボールレンズとした場合の干渉計である．光コムの信号は，ファイバーエタロ

ンによって1 GHzの繰り返しパルスとなり，パルス干渉計へ入力される．パルス干渉計

では，まず光信号を2つに分岐する．1つの信号は，コリメータを通して三次元測定機の

プロービングシステムの位置に設置されたボールレンズにより反射される．もう一つの

光信号は，コリメータからボイスコイルステージに設置されたミラーで反射され，この

2つの信号が干渉する．この場合は，2つの光信号の距離の差が150 mmの整数倍になっ

た場合に光信号が得られる． 

 

 

(a) 屈折率2.0のボールレンズ   (b) コーナーキューブ 

図2-2  ボールレンズとコーナーキューブ：ボールレンズはどの方向からの光も反射で

きる 
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図2-3 ボールレンズをターゲットとした光コムレーザ用測定システム 
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2.3 光コムレーザ用光ファイバー干渉測定システムの試作 

 図2-4は，基礎実験によって決定した仕様に基づき，開発する光コムレーザ用ファイ

バー干渉測定システムの構成図である．この図の上の部分の干渉システム部分について，

試作を行った．図2-5に製作した干渉計を示す． 

 

 
図2-4 光コムレーザ用ファイバー干渉測定システムの構成図 
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図2-5 製作した光コムレーザ用ファイバー干渉測定システム 

 

  



光コムレーザによる 3 次元絶対位置測定報告書 
 

 
13 

 

2.4 光コムレーザ用光ファイバー干渉測定システムの基礎的評価 

 図2-5は，開発したデータ処理システムである．パルス干渉計の干渉縞から絶対距離

を自動検出するために，ソフトウェアを開発した．このシステムでは，A/D変換した干

渉縞の信号の絶対値を取り，その後ローバスフィルターを通した後に，微分することで

ピークを検出している． 

 作成しデータ処理システムを利用して，ファイバー干渉測定システムの評価を行った．

図2-6は，ブロックゲージを用いた評価手法の模式図であり，図2-7は実験システムの写

真である．このシステムを利用して，絶対距離測定の評価を行った．150 mmのブロック

ゲージの長さ測定を，100 nmの精度で測定できることを確認した（図2-8）． 

 

 

図2-5 干渉縞信号のデータ処理：ピークの検出手法 
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図2-6 パルス干渉計の精度評価のためのシステムの構成図 

 

 

図2-7 パルス干渉計の精度評価のためのシステムの写真 
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図2-8 パルス干渉計の精度評価例 
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3．光コムレーザの三次元測定機の精度評価への適用 

 

3.1  三次元測定機の受入検査 

 三次元測定機の受入検査における精度評価の方法は，JIS B7440シリーズ（ISO 10360

シリーズ）で規定されている．寸法計測における基本的な寸法精度は，値付けられたア

ーティファクト（ステップゲージ，ブロックゲージなど）の寸法と寸法測定の差によっ

て評価する．評価する位置としては，測定範囲内の7つの位置方向において，5つの寸法

測定をそれぞれ3回繰り返し行うことが決められている（図3-1）．7つの位置方向のうち，

4つについては測定範囲の対角4方向と定められている．寸法誤差の最大値が，三次元測

定機の最大許容誤差（MPE: Maximum Permissible Error）以内であることで，その三次元

測定機の精度が保証されたことになる．この検査の実施には，アーティファクトの設定，

温度慣らしなど時間と手間がかかる． 

 測定に利用するアーティファクトとしては，従来から図3-2 (a) および図3-2 (b) で示

すようにブロックゲージおよびステップゲージが利用され，双方向測定によって精度評

価を行っていた．しかし，三次元測定機の高精度化により，より高精度な測定方法とし

てレーザ測定機が使われている（図3-2 (c)）．さらに大型の三次元測定機に対しては，

1.5 m以上の長さのブロックゲージやステップゲージがないことから，レーザ測長機を

使うことが必須となっている．しかし，従来のレーザ測定機はインクリメンタルな測定

のためアライメントなどが難しいこと，レーザ光路を遮ると測定がやり直しになること，

波長校正を介してトレーサビリティを確保していることなどが問題となっている．そこ

で，トレーサビリティが直接確保でき，絶対的な測定が可能な光コムの利用が期待され

ている． 
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(a) 7つの位置方向のうち4方向は測定範囲の対角方向 

 

 

(b) ステップゲージの測定 

図3-1 JIS B7440-2の検査：測定範囲内の7つの位置方向において5つの寸法測定をそ

れぞれ3回測定する 

 

 

(a) ブロックゲージ 
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(b) ステップゲージ 

 

 

(c) レーザ測長機 

図3-2  ブロックゲージ，ステップゲージおよびレーザ測長機による寸法測定精度評価 
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3.2 三次元測定機の精度評価用パルス干渉計 

 JIS B7440-2に基づく，レーザ測長機による三次元測定機（特に大型）の精度評価の効

率を考えると，前述したようなレーザ測長機の作業およびアライメントの効率が大きな

問題となる．光コムによるパルス干渉では，測定中にレーザを遮ってもいいことで作業

が簡単になり，ボールレンズをターゲットとすることでアライメントが容易になった． 

 この干渉計を三次元測定機に適用した．このシステムでは，ボールレンズを三次元測

定機のプローブ位置に取り付け，干渉計のターゲットとした．ボールレンズが使えるた

めアライメントが簡単であり，絶対距離測定のため測定中にレーザが遮られても測定に

影響がでない．さらに，ファイバーによってトレーサブルな基準が供給できるなどのメ

リットがあった．光コムにより高精度な光基準はファイバーで供給できるため，この実

験では，光コム用のレーザは建物の10階に設置し，地下の恒温室に設置された三次元測

定機まで光ファイバーで信号を供給することで実験が行えた． 

 図3-3は，対角の寸法精度を評価した例である．使用した三次元測定機は，最大許容

誤差（MPE）が±（1.9 µm + 3L/1000）µmのものである．ステップゲージによる従来の

手法と，提案した光コムによる手法による評価はほぼ一致している（図3-4）．1つの対

角の測定に必要な時間は，ステップゲージの場合は温度ならしを含めて3時間以上かか

るが，光コムによる方法では30分以内に行うことができた．また，不確かさも提案手法

のほうが小さく見積もられている． 

 図3-5は，将来的な展望である．光コムレーザとスキャナーを組み合わせることで，

直接的に三次元絶対座標の測定が可能と考えられる． 
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図3-3 三次元測定機の対角測定の精度評価の例 
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図3-4 提案手法とステップゲージによる方法との比較 

 

 

図3-5 スキャナーシステムを利用した三次元絶対位置測定の構成図 
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4．マルチビームオートコリメータシステムの試作および基本動作確認 

 

 図4-1は，ボールレンズを対象としたパルス干渉の精度評価を行うためのマルチビー

ムオートコリメータシステムの構成図である．この図に基づくシステムの試作を行った．

図4-2に製作したマルチビームオートコリメータを示す．基本動作の確認は終了したが，

精度評価は今後の課題となっている． 

 

 

図4-1 マルチビームオートコリメータシステムの構成図 

 

 

図4-2 製作したマルチビームオートコリメータ  
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5．まとめ 

 

 光コムレーザによる３次元絶対位置測定システムの開発を行った．光コムレーザを利

用したパルス干渉計を構築した．光コムレーザは，周波数基準によって直接ロックされ

ているため安定性は10-9 以上あり，測定では測定精度は，干渉信号から光路差の計測お

よび環境による空気の屈折率の補正によって決定する．今回開発したパルス干渉計では，

長さ測定の拡張不確かさは1 mの測長に対して0.26 µm，10 mの測長に対して1 µm程度と

推定されるので，一般的な大型な三次元測定機および三次元構造物の寸法精度評価に十

分な精度が達成できている．実際の測定精度は，温度の分布による環境の影響および三

次元測定機の位置決め精度の影響が支配的となる． 

 光コムのパルス干渉計を，ファイバーエタロンを利用してパルス間隔を短くすること

で，三次元測定機の精度評価へ応用した．光コムは，光ファイバーによりトレーサブル

な長さ標準をどこにでも供給することができ，今後の長さ測定の校正では，最も有力が

ツールとなると考えられる．今回の実験では，ボールレンズをターゲットとしたため，

効率的な精度評価が可能となった．また，ステップゲージでの精度評価と比較して，作

業時間および測定不確かさで提案手法のほうが優れていることが確認できた． 

 今回説明したシステムが，大型工作機械，大型構造物，ロボットなどの多くの三次元

機器の測定へ適用することを期待している． 

 

 本研究の成果を以下の示す． 

 光コムレーザによるパルス干渉計を構築し，絶対距離を高精度（拡張不確かさは1 

mの測長に対して0.26 µm，10 mの測長に対して1 µm程度）で測定できることを示し

た． 

 パルス干渉計において，ボールレンズをターゲットとすることで，自由度が高くア

ライメントが容易な3次元的な測定が可能となることを示した． 

 パルス干渉計にファイバーエタロンを導入することで，パルス間隔を短くし，短い

距離間隔で絶対測定が可能となった． 

 パルス干渉計を3次元測定機に適用し，従来の方法より高精度で短時間で3次元測定

機の精度評価が行えることを示した． 

 今回開発したシステムが，大型工作機械，大型構造物，ロボットなどの多くの三次
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元機器の測定へ適用する可能性を示した． 
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a  b  s  t  r  a  c  t

An  optical-comb  pulsed  interferometer  was  developed  for the  positioning  measurements  of  the  industrial
coordinate  measuring  machine  (CMM);  a rough  metal  ball  was  used  as  the  target  of  the single-mode
optical  fiber  interferometer.  The  measurement  system  is  connected  through  a  single-mode  fiber  more
than 100  m  long.  It is used  to connect  a laser  source  from  the  10th  floor  of  a  building  to the  proposed
measuring  system  inside  a CMM  room  in  the  basement  of the  building.  The repetition  frequency  of  a
eywords:
ptical comb
ulsed interferometer
ength measurement
oordinate measuring machine

general  optical  comb  is transferred  to 1 GHz  by an  optical  fiber-type  Fabry–Pérot  etalon.  Then,  a compact
absolute  position-measuring  system  is  realized  for practical  non-contact  use with  a  high  accuracy  of
measurement.  The  measurement  uncertainty  is  approximately  0.6 �m  with  a confidence  level  of  95%.

©  2015 Elsevier  Inc.  All  rights  reserved.
MM

. Introduction

A coordinate measuring machine (CMM)  is defined by ISO
0360-1 as a measuring system with the means to move a pro-
ing system and the capability of determining spatial coordinates
n a workpiece surface [1]. CMMs  are widely used to measure
he three-dimensional sizes, forms, and positions of manufactured
arts. However, CMM  measurement inaccuracy occurs when there

s an error in the relative position between the measured points
nd the probing points. The errors affecting a CMM  have a sys-
ematic and a random component. They also directly influence
he quality of production inspection [2]. Therefore, CMMs  must
e calibrated on installation and verified periodically during their
peration. The standards and guidelines for CMM  verification are
ased on sampling the length-measurement capability of a CMM to
ecide whether its performance conforms to the specification [3,4].
any methods and artifacts are developed to verify CMMs  [2–10].
ost standards prefer to use end standards such as a series of gauge
locks, a step gauge, and a ball plate or laser interferometer. How-
ver, there is no one perfect method for CMMs,  mainly because of
he complicated constructions and the three-dimensional positions

∗ Corresponding author. Tel.: +81 3 5841 6472; fax: +81 3 5841 6472.
E-mail address: wiroj@nanolab.t.u-tokyo.ac.jp (W.  Sudatham).

ttp://dx.doi.org/10.1016/j.precisioneng.2015.01.007
141-6359/© 2015 Elsevier Inc. All rights reserved.
of many measured points that are necessary in coordinate metrol-
ogy. In addition, the range of positioning verification is limited by
the length of end standards [11,12]. Although a continuous-wave
(cw) laser interferometer can measure for the long length, the mea-
suring path cannot be interrupted during the measurement period
because it is operated by a cw laser and interference fringe counting
method.

Recently, an optical frequency comb has been considered as
a useful tool for dimensional metrology, because of their high
frequency-stability and direct traceability to SI unit [13]. Several
methods for length measurement with an optical frequency comb
have been proposed [14–17]. This paper proposes a new technique
for the verification of the positioning accuracy of CMMs  using an
optical-comb pulsed interferometer. A rough metal ball is used as
the target of a single-mode fiber interferometer. Because the sphere
ball provides 3D targets, the measuring system can be constructed
at any location on the surface of a CMM.  In addition, the proposed
measuring system can be installed on more than one system to
measure many positions at the same time with a target as shown
in Fig. 1.

A single-mode optical fiber more than 100 m long is used to

connect a laser source from a 10th floor of a building to the pro-
posed measuring system inside a CMM  room in the basement of
the building. The repetition frequency of a general optical comb
is transferred to 1 GHz by an optical fiber-type Fabry–Pérot etalon.

dx.doi.org/10.1016/j.precisioneng.2015.01.007
http://www.sciencedirect.com/science/journal/01416359
http://www.elsevier.com/locate/precision
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precisioneng.2015.01.007&domain=pdf
mailto:wiroj@nanolab.t.u-tokyo.ac.jp
dx.doi.org/10.1016/j.precisioneng.2015.01.007
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Fig. 1. The concept idea of CMM  verification using an optical-comb pulsed interfer-
ometer with a rough metal ball target.

T
b
i
e
l
o
t
p
i
a
w
a

2

l
f
r
i
t
p
M
A
p
O

Fig. 2. Principle of an optical-comb pulsed interferometer.

hen, a compact absolute position-measuring system is established
ased on a single-mode fiber interferometer; a rough metal ball

s used as the target because the alignment of the laser beam is
asy. The conversion of the time scale, which is presented by enve-
ope interference fringes, to the length scale is measured. The effect
f the surface roughness of the target is also examined. The posi-
ion errors of a moving bridge-type CMM  were measured by the
roposed measuring system paired with a commercial cw laser

nterferometer. Finally, the measurement uncertainty is also evalu-
ted. The uncertainty of the measurement is approximately 0.6 �m
ith a confidence level of 95%. This technique provides enough

ccuracy for industrial CMMs.

. Optical-comb pulsed interferometer

Mode-locked lasers generate ultrashort optical pulses by estab-
ishing a fixed-phase relationship across broad spectrum of
requencies. The spectrum of each pulse train is separated by the
epetition rate of an optical comb, and the series of spectrum lines
s called an optical frequency comb. In the time domain, the pulse
rain is emitted at the same time by a mode-locked laser [13]. The
ulsed interferometer remains the principle of an unbalanced-arm

ichelson interferometer where an optical comb is a laser source.

s shown in Fig. 2, an optical comb generates a pulse train. Laser
ulses are divided into two  beams by an optical beam splitter (BS).
ne beam is reflected on a scanning mirror (M1), while the other
Fig. 3. Two  interference fringes of an optical-comb pulsed interferometer; m0 and
m1 are the fringe order at the reference position and the target position, respectively.

is transmitted through a sapphire window (reference position) to
the target mirror (M2).

Subsequently, the reflected light pulses from a scanning mirror
(M1) are recombined with the returned light pulses from a sapphire
window and a target mirror (M2) to produce interference fringes
when the optical path difference (OPD) between two  arms follows
Eq. (1) [14].

OPD = mc

nfrep
(1)

where m is an integer, c is the speed of light in the vacuum, n is the
refractive index of air, and frep is the repetition frequency.

Normally, two  interference fringes will overlap when an optical-
comb pulsed interferometer exactly satisfies the condition of Eq.
(1). In practical use, the envelope peak of the interference fringes
will be separated if displacement is provided (�L). The result is
illustrated in Fig. 3.

Therefore, the position/length under measurement is deter-
mined by Eq. (2).

L = OPD

2
+ �L  (2)

In application, two  envelope interference fringes in Fig. 3 are
presented in the time domain. The first fringe comes from the ref-
erence position when the OPD is zero (m0 = 0), and the second
fringe comes from the target when the OPD is around 300 mm
(m1 = 1). Therefore, the conversion of the time scale to the length
scale of the peak-to-peak measurement of the envelope interfer-
ence fringes must be measured because it relates to the speed of
the scanning-fringe device. Moreover, the position/length under
measurement must be corrected for the group refractive index of
air due to changes in environmental conditions [18].

3. Experiments and results

3.1. Time scale and length scale measurement

The relationship between the time scale and the length scale
measurement is required because the peak-to-peak of the enve-
lope interference fringes shown in Fig. 3 is presented in the time
domain. The measurement setup diagram to determine this rela-
tion is shown in Fig. 4.

A laser source (an optical comb C-Fiber Femtosecond Laser,
Menlo Systems) generates a short pulse train with a repetition
frequency of 100 MHz  and a central wavelength of 1560 nm.  The
repetition rate was  modified by a Fabry–Pérot fiber etalon. An
optical fiber-type etalon was  prepared from a special-cut length
of a single-mode optical fiber (SMF-28). Both ends of the fiber
are FC connectors (fiber-optic connector) whose surfaces are
coated with 93% reflectivity to generate a 1-GHz FSR (free spectral

range). The stability of repetition frequency after passing through a
Fabry–Pérot fiber etalon was observed by a universal counter (SC-
7206, Iwatsu). It was performed at an order of 10−9 over 2 h [16].
Subsequently, the laser beam was  amplified by an optical amplifier.
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Fig. 4. Measurement setup diagram of the relationship between time scale and
length scale measurement; CIR is optical fiber circulator, FBS is fiber beam splitter,
C1 and C2 are collimators.
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Fig. 6. Measurement setup to determine the effect of the surface roughness of tar-
gets  on interference fringes.

Fig. 7. Intensity of the interference fringes on different target Ra values; the red

reflected beam from that target is not returned to single-mode fiber
of the interferometer. The results from both Fig. 7 and Table 2 indi-
Fig. 5. Best-fit line of time and length scale.

he laser beam crosses an optical fiber circulator (CIR) to the fiber
eam splitter (FBS), and then the beam is divided into two paths by
he FBS. One beam falls onto a scanning mirror (M1) that is fixed
n a voice coil actuator; the other falls onto a target mirror (M2)
ttached to a precise translation stage via a collimator (C2) and

 sapphire window (SW). A linear gauge (Laser Hologauge LGH-
10, Mitutoyo) with a resolution of 10 nm was installed behind a
arget mirror (M2). In practice, two interference fringes will occur
n the screen of an oscilloscope when the distance from the ref-
rence position to the target is approximately 150 mm.  After that,
he target was moved far away from the reference position by a
ranslation stage controller (FC-401, Sigma Tech). Then, the length
cales were measured by a linear gauge. Using the same process,
he time scales were determined from the peak-to-peak measure-

ent of the envelope interference fringes, which appeared on the
creen of an oscilloscope. In this experiment, a voice coil actuator
as operated with a constant speed of 0.001 m/s. The measurement

esults are shown in Fig. 5.
Fig. 5 is a least-squares fitting of the data set between the length

cale (y-axis) and the time scale (x-axis); this was repeated 11
imes. The maximum deviation between the dependent variable
length scale) and the best-fit line is approximately 0.31 �m,  the
tandard deviation is approximately 0.23 �m,  and the correlation
oefficient (R2) is approximately 0.9999. This indicates that two
ata sets match a straight line that is obtained by a correlation coef-
cient value. This relation is linear. In experiments, the hysteresis
f the scanning-fringe device is not considered because a one-way
irection of scanning fringe is required for the proposed method.
onversely, this relation relates to the scanning speed of a voice coil

ctuator. Therefore, a constant speed of the scanning-fringe device
s necessary during measurement.
graphs are the fringes which come from the target, others come from the reference
position. (For interpretation of references to colour in this figure legend, the reader
is  referred to the web  version of this article.)

3.2. Surface roughness of the target

This experiment explains the effect of the surface roughness of
the target on the absolute length measurement. The measurement
setup is illustrated in Fig. 6.

A surface roughness scale plate with Ra values of 0.025 �m,
0.05 �m,  0.1 �m,  and 0.2 �m was  used as the target 150 mm
from the reference position. Then, the interference fringes were
recorded. The results are shown in Fig. 7

The results in Fig. 7 indicate that the intensity of the interfer-
ence fringes, which are reflected from the surface of the target, is
significantly weak if the value of Ra is increased. Next, the same
plate was  moved to a distance of 1500 mm.  The length from the
reference position to the targets was measured 10 times and eval-
uated by Eq. (2). The measured standard deviations of length were
obtained and paired with the roughness surface of the target. The
experimental results are shown in Table 1.

The standard deviations of the length measurement are shown
in Table 1; they are gradually enlarged if the value of Ra value of
the target is increased. When the surface roughness of the target
is greater than 0.2 �m,  it cannot be used as the target because the
cate that the surface roughness of the target significantly affects
the performance of the proposed measuring system.
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Table 1
Standard deviations of length measurement to surface roughness targets.

Nominal length (mm) Surface roughness,
Ra (�m)

Standard
deviations (�m)

1500 0.025 0.59
0.05 0.64
0.1 0.74
0.2 –

Table 2
Positioning measurement results of y-axis of a CMM.

CMM  (mm) Proposed
method (mm)

Position error 1
(�m)

Standard deviation
(�m)

0.000 0.0000 0.00 0.00
149.857 149.8557 1.31 0.29
299.714 299.7127 1.33 0.41
449.571 449.5690 2.01 0.47

CMM  (mm) Renishaw
laser (mm)

Position error
2  (�m)

Standard deviation
(�m)

0.000 0.0000 0.00 0.00
149.857 149.8559 1.11 0.14

3

s
o
u
t
m
m
T

a
A
u
t
w
p
e
h
a
r

t
T
a
p
p
u
l
s
s
g
p
f
t
t
b
c
p
a
e

Fig. 8. CMM  positioning measurement using proposed measuring system paired
with Renishaw laser interferometer. (a) The photograph of measurement. (b) The
measurement setup diagram.

Fig. 9. Position errors of y-axis of a CMM;  the blue solid line is the position errors of
a  CMM  with gap of the measurement uncertainty that were measured by proposed
system. The red dash line is the position errors of a CMM  that measured by Ren-
299.714 299.7126 1.43 0.21
449.571 449.5692 1.77 0.24

.3. The measurement of positioning accuracy of a CMM

In this experiment, a rough metal ball was used as the target of a
ingle-mode fiber interferometer for the positioning measurement
f a CMM.  A single-mode optical fiber more than 100 m long was
sed to connect a laser source from the 10th floor of a building to
he proposed measuring system inside a CMM  room in the base-

ent of the building. Then, the positioning accuracy of a CMM  was
easured and paired with a cw laser interferometer (Renishaw).

he measurement setup is shown in Fig. 8.
A rough metal ball with an Ra of 0.1 �m;  a diameter of 25 mm

nd a retroreflector were attached to the probing system of a CMM.
 moving bridge-type CMM  (FALCIO APEX 707, Mitutoyo) was
sed in this experiment. The positions of measurement were con-
rolled by the CMM  controller. Then, the linear positions of a CMM
ere measured by the Renishaw laser interferometer and the pro-
osed measuring system. This experiment was conducted in an
nvironmental control room. The average air temperature, relative
umidity and air pressure were approximately 22.35 ◦C, 21.1%RH,
nd 100.40 kPa, respectively. The measurement results of five time
epetitions are summarized in Table 2.

The measurement results shown in Table 2 were corrected for
he group refractive index of air to the reference temperature [19].
he position error 1 shows the position errors of a CMM  that
re determined by the difference between the values of the CMM
ositions and the values measured by the proposed method. The
osition error 2 is determined by the difference between the val-
es of the CMM  positions and the values measured by the Renishaw

aser interferometer. The maximum standard deviation of the mea-
urement is approximately 0.47 �m for the proposed measuring
ystem and 0.24 �m for the Ranishaw laser interferometer. The
raph in Fig. 9 shows the position errors of the y-axis of a CMM
aired with the maximum permissible error of indication of a CMM
or size measurement—[MPEE = ±(1.9 + 3L/1000)] �m,  where L is
he indication length of a CMM  in mm.  This indicates that the posi-
ion errors of a CMM  show the same trends when measured by
oth measuring systems. The maximum difference between two

urves is approximately 0.24 �m.  These results suggest that the
roposed measuring system can be applied successfully with high
ccuracy for industrial CMMs.  However, the maximum permissible
rror of a CMM  includes usage of a contact probing system when
ishaw laser interferometer, and the black lines are the maximum permissible error
of  indication of a CMM  for size measurement. (For interpretation of references to
colour in this figure legend, the reader is referred to the web version of this article.)

the measurement is performed. On the other hand, the proposed
measuring system is a non-contact type of measurement, and does
not contain the effect of the probing error.

4. Uncertainty of measurement

The uncertainty of CMM  positioning measurements has been

evaluated following the recommended guideline [20]. The sources
of errors under consideration may  be divided into three groups.
The first group involves the modified frequency source of the
optical comb by the Fabry–Pérot fiber etalon. The stability of the
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Table  3
Uncertainty evaluation of CMM  positioning measurement.

Uncertainty source Uncertainty
value

Uncertainty
contribution

Stability of modified frequency source <1 × 10−9 2.89 × 10−1L
Refractive index of air 1.43 × 10−7 1.43 × 10−7L
Air temperature 0.15 K
Air pressure 0.64 kPa
Air humidity 0.25%RH
Cidder’s formula 2.1 × 10−8

Thermal expansion 1 × 10−6 8.66 × 10−8L
Repeatability of measurement 0.21 �m
Time and length scale measurement 0.18 �m
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[19] ISO 1. Geometrical product specification (SPC). Standard reference temperature
Combined standard uncertainty (k = 2) [(0.56)2 + (33.4 × 10−3L) 2]½ �m

ote: L is the indication length of a CMM  in mm.

epetition frequency after passing a Fabry–Pérot fiber etalon is
n the order of 10−9 over 2 h. This cause is a partial contribution
f 0.5 × 10−9L divided by the rectangular distribution, because of
emi-range limits of a finite resolution of the used instrument. The
ncertainty of the repetition rate and carrier offset frequency is
anceled because the accuracy ratio with the MPEE of a CMM  is
ore than 100 times better. The second group includes the environ-
ental conditions, the compensation of the group refractive index

f air, and thermal expansion of linear scale of a CMM.  Because
f the measurement errors of environmental conditions (air tem-
erature, air pressure and, air humidity) during measurement, the
ontribution uncertainty of each parameter were determined by
he standard uncertainty of each parameter multiple by their sensi-
ivity coefficients. Therefore, the compensation uncertainty for the
efractive index of air was calculated to be 1.43 × 10−7L, where L is
he indication length of a CMM.  It was a root of square-sum of distri-
ution uncertainties of air temperature, air pressure, air humidity
nd Cidder’s formula. The coefficient of thermal expansion of the
inear scale of a CMM  is approximately of 8.0 �m m−1 K−1 with an
ncertainty of ± 1 �m m−1 K−1. In this experiment, the changes of
emperature of linear scale of a CMM  cannot be measured directly.
herefore, the uncertainty due to thermal expansion of linear scale
n a CMM  was determined from the changes of air temperature,
ecause thermal expansion effect of a CMM  was compensated auto-
atically to reference temperature (20 ◦C) by CMM’s  software and

he measurement values of the air temperature are generally uti-
ized in the place of the scale temperature.

The last group involves the measurement procedures such as
easurement repeatability and the uncertainty of time and length

cale measurement. The uncertainty of measurement repeatability
as approximately 0.21 �m which was evaluated from the maxi-
um  standard deviation of five times of measurement repetitions.

he uncertainty due to the relationship of time and length mea-
urement is evaluated from the maximum deviation between the
easured values and the best-fit line and it was  assumed to be a

ectangular distribution. The error sources and their uncertainties
f the measurement uncertainty are summarized in Table 3.

. Conclusions

An optical-comb pulsed interferometer whose repetition fre-

uency is transferred from 100 MHz  to 1 GHz by an optical
ber-type Fabry–Pérot etalon was developed to verify the posi-
ioning measurements of industrial CMMs.  A rough metal ball with
n Ra of 0.1 �m was used as a target of the single-mode fiber

[
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interferometer. A moving bridge-type CMM  was  measured by the
proposed technique paired with a Renishaw laser interferometer
in an environmental control room. Both systems show the same
trend of position error. The expanded uncertainty of positioning
measurement is approximately 0.6 �m at the length of 450 mm.
The results show that the measurement accuracy is mainly affected
by changes in the environmental conditions, while the noise of
the interference fringe is caused by air fluctuation and mechanical
vibration. The proposed measurement technique is very convenient
and is easier to align than using end standards or a continuous-wave
laser interferometer. It also provides enough accuracy for measur-
ing linear dimensions of industrial CMMs.  The proposed measuring
system can be installed at any location on the surface of a CMM.  It
can also be used on more than one system to measure the lengths
because a rough sphere ball offers a 3D target for a single-mode
fiber interferometer. Therefore, further research will be undertaken
in the future to study the volumetric errors of CMMs.
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a  b  s  t  r  a  c  t

With  recent  development  in  advanced  manufacturing,  demand  for nanometric  accuracy  in dimensional
metrology  has  increased  dramatically.  To  satisfy  these  requirements,  we  propose  a high-accuracy  micro-
roundness  measuring  machine  (micro-RMM)  using  a multi-beam  angle  sensor  (MBAS).  The  micro-RMM
includes  three  main  parts: the  MBAS,  a  rotary  unit,  and  a bearing  system.  The  MBAS  has  been  designed
and  established  in order  to  improve  motion  accuracy  of the  micro-RMM.  The  dimensions  of  the  MBAS
are  125(L)  mm  ×  130(W)  mm  ×  90(H) mm. Compared  with  other  methods,  an  MBAS  is less susceptible  to
spindle  error  (stage-independence)  when  detecting  angles,  can  maintain  high  sensitivity  with  miniatur-
oundness
utocollimator
tage-independence

ized  size,  and  can  be  used  conveniently  at the  factory  level.  The  optical  probe,  reported  in this  paper,  is
based on  the  principle  of an  autocollimator,  and the  stability  is improved  when  using  the  MBAS.  Unlike
multi-probe  methods,  the  micro-RMM  is constructed  to  realize  roundness  measurement  by  using  only
one probe,  which  is  less  susceptible  to instrumental  errors.  Experimental  results  confirming  the  feasibility
of  the  multi-beam  angle  sensor  for  roundness  measurement  are  also  presented.

© 2015  Elsevier  Inc.  All  rights  reserved.
. Introduction

In recent years, there has been a growing demand for high-
ccuracy surface roundness measurement techniques and for
imple instruments that can be used conveniently in situ, includ-
ng in fields such as optical metrology, semiconductors, and space
atellites [1–3].

To measure roundness errors of cylindrical workpieces and
pindle errors of machine tools in on-machine conditions, it is
mportant to distinguish between roundness error and spindle
rror. There are two methods of distinguishing these errors: the
ulti-orientation method and the multi-probe method [4–7].
The multi-orientation method can differentiate the spindle error

nd the roundness error effectively if the spindle error has good
epeatability. Compared with multi-orientation methods, multi-
robe methods are more suitable for on-machine measurements
ecause it does not depend on the repeatability of the spindle error
8–10].
Reversal methods can be used to eliminate the systematic errors
f a spindle; however, they are very time consuming and still
emand good repeatability of spindle motion. This has led us to

∗ Corresponding author. Tel.: +81 03 5841 6472; fax: +81 03 5841 6472.
E-mail address: chenmeiyun@nanolab.t.u-tokyo.ac.jp (K. Takamasu).

ttp://dx.doi.org/10.1016/j.precisioneng.2015.05.009
141-6359/© 2015 Elsevier Inc. All rights reserved.
the solution of using the measured object itself as a reference
by employing the three-point method [11–13]. However, using
numerous sensors makes it difficult to attach or remove the mea-
sured object, and it is not easy to adjust the direction of the sensor’s
radius.

Several techniques have been proposed and developed for mea-
suring roundness precisely. Each of these methods comes with
its own  advantages, disadvantages, and limitations [14–18]. This
paper analyzes existing techniques and proposes a new technology
called multi-beam angle sensor (MBAS) for measuring roundness
[19].

From an engineering point of view, the most useful type of
surface metrology instrument would probably have an accurate
axis of rotation and accurate Cartesian and radial movements; fur-
thermore, it would measure according to a cylindrical frame of
reference. However, the disadvantages are that they it can only
be used under laboratory conditions, and to get better results, it
is necessary to match the co-ordinate system of the measuring
instrument to that of the component [20].

In this study, an MBAS based on an autocollimator is proposed
for roundness measurement. Compared to other technologies, the

micro-RMM uses just one sensor that is less susceptible to instru-
mental errors when detecting angles, the dimensions of the MBAS
are 125(L) mm × 130(W) mm  × 90(H) mm which can be used con-
veniently at the factory level [21]. In addition, a simple optical-path

dx.doi.org/10.1016/j.precisioneng.2015.05.009
http://www.sciencedirect.com/science/journal/01416359
http://www.elsevier.com/locate/precision
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precisioneng.2015.05.009&domain=pdf
mailto:chenmeiyun@nanolab.t.u-tokyo.ac.jp
dx.doi.org/10.1016/j.precisioneng.2015.05.009
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ig. 1. Schematic of the micro-RMM: an MBAS, a rotary unit, and a bearing system.

esign enables the proposed setup to be insensitive to environmen-
al vibration.

. Micro-RMM configuration

The micro-RMM configuration includes three main parts: an
BAS, a rotary unit, and a bearing system. The MBAS is based on a
ulti-autocollimator system using a microlens array. It works by

rojecting an image onto a beam splitter, and measuring the deflec-
ion of the returned image against a scale. The reflected angles at
everal points on the cylindrical workpiece can be measured by a
ensor, and the curvature of the workpiece can be calculated by the
ifference between the two reflected angles. Therefore, the micro-
MM  can realize roundness measurement by using the curvature,
hich is less susceptible to instrumental errors.

Using the MBAS, we designed the experimental system shown
n Fig. 1. A cylindrical workpiece is mounted on a chuck, and a rotary
latform is mounted between two XY-platforms. For roundness
easurement, the cylindrical workpiece is rotated by the rotary

latform. The axis of rotation of the workpiece spindle is repre-
ented by the Z-axis. In any roundness measuring instrument, the
pindle of a rotary stage is the most important component in its
ssembly. Here, when the workpiece is assembled, it is necessary
o align the Z-axis and the axis of the rotary platform to be collinear.
he alignment is performed by adjusting the positions of the two
Y-platforms. Along with the upper XY-platform, which is used to
chieve minimal spindle error between the workpiece and rotary
tage, the lower one is used to approach an almost perfect position

etween the MBAS and rotary stage.

Fig. 2 illustrates the construction of the MBAS. A laser beam
asses through a pinhole and is collimated by a collimator lens.
he beam is then bent by a beam splitter and projected through

Fig. 3. Radius of curvature comparison: the red and blue lines delineate a small rad
Fig. 2. Construction of the MBAS: the multi-beam angle sensor is based on a multi-
autocollimator system using a microlens array.

a cylindrical lens to the workpiece surface. The cylindrical lens is
employed in the sensor for removing the influence of the curvature
of the cylinder’s surface. The reflected beam from the workpiece
surface passes through the beam splitter and is focused on a
microlens array, which divides the beams into several beams. The
resulting pattern is observed and recorded by a CMOS camera
mounted along the vertical axis. The image can be observed on a
TV monitor. Further processing of the pattern is performed using a
PC.

3. Principle of the MBAS

3.1. Calculating the angle difference �c

To measure roundness errors of a cylindrical workpiece, it is
important to obtain the relationship between the radius and the
curvature. Fig. 3 illustrates the changing radius of curvature of the
workpiece. The red and blue lines delineate a small radius with high
curvature and a large radius with low curvature, respectively, f1 and
f2 are the focal distances of the cylindrical lens and microlens array,
respectively, R and r is the radius of curvature of the large radius and
small radius, respectively, and x0 and x1 are the distance between
points A and B, A1 and B1 in Fig. 3 of the low curvature and high
curvature images, respectively.
Fig. 4 shows the principle of an angle difference measured by the
MBAS. Let A and B be representative points of the workpiece. When
the radius of curvature changes from R to r, the distance between
two points change from x0 to x1.

ius with high curvature and a large radius with low curvature, respectively.
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Fig. 4. Calculating the angle difference: fro

Fig. 5 illustrates the change in angle of a reflected ray when the
urvature changes from R to r. The value R–r and t is small com-
ared to R. Thus, it is easily understood that the change in angle of

 reflected ray �c  on the surface can be described by the following
quation:

c  = 1
r

− 1
R

= cr

Rt
(1)

When the angle of a reflected ray cr from the workpiece surface
asses through the cylindrical lens and microlens array, the output

mage on the CMOS is presented in Fig. 3. Here, the relationship
etween the change in the distance of two points �x  and the change

n angle of a reflected ray cr can be calculated as follows:

x  = crRf2
f1

(2)

Clearly, from Eqs. (1) and (2), the change in angle of a reflected
ay �c  can be expressed as

c  = �xf1
f2Rt

= (x1 − x0) f1
f2R2t

(3)

.2. Reducing rotary stage susceptibility

Fig. 6 shows the path of a reflected beam from the surface of a
ylindrical workpiece. An optical probe is used to scan the cylindri-
al workpiece while the workpiece is rotating. Assuming that the
enter of the cylinder (eccentricity) is at O1 (ox, oy) and the cylinder

adius is R and using the MBAS, we can obtain the two measured
ngles ca and cb.

Assuming that the center of the cylinder is O1 (ox, oy), W is a
epresentative point on the workpiece, and the cylinder radius is

ig. 5. The change in angle of a reflected ray when the curvature changes from R to
.

ensity distribution of the center of gravity.

R, we  can obtain the distance of the projected beam ba by the rela-
tionship between the points O, O1 and W.  The distance ba is then
given by

(ba cos t − ox)2 +
(

ba sin t − oy

)2 = R2 (4)

ba = ox cos t + oy sin t +
√(

ox cos t + oy sin t
)2 +

(
R2 − o2

x − o2
y

)

(5)

Through the model of triangle �OO1W,  the cosine theorem is
used to evaluate the angle ca, where 2ca is the reflection angle. The
angle ca is given by

o2
x + o2

y = R2 + b2
a − 2Rba cos ca (6)

cos ca = R2 + b2
a − o2

x − o2
y

2Rba
=

√
R2 − o2

x − o2
y +

(
ox cos t + oy sin t

)2

R
(7)

Furthermore, we  can approximate ca and cb as follows:

cos ca ≈ 1 +
−o2

x − o2
y +

(
ox cos t + oy sin t

)2

2R2
≈ 1 − c2

a

2
(8)

oy cos t − ox sin t

ca ≈

R
(9)

cb ≈ oy cos t + ox sin t

R
(10)

Fig. 6. Relation between eccentricity and reflected beam.
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influence of the curvature of the cylinder’s surface. The reflected
beam from the workpiece surface passes totally through the beam
splitter and focuses it on the microlens array, which divides the

Table 1
Specifics of devices in micro-RMM (Fig.8).

Laser Diode Output power: 35 mW (CW) Wavelength:
658 nm

Cylindrical lens Focal distance: 50 mm (f1)
Pinhole Diameter: 400 �m
Aperture Diameter: 4 mm
Microlens array Focal distance: 46.7 mm  (f2)
ig. 7. Algorithm flowchart of the measurement: from angle difference �c  to profile
ata P use Fourier series.

From Eqs. (9) and (10), the transform of �c  (=ca − cb), which
s the combination that eliminates oy, is calculated by a simple
rithmetic:

a − cb ≈ −2ox sin t

R
(11)

The value of ox is small compared to R. Additionally, the influence
f the term (ox sin t) is small. More will be said on this topic in
ection 4, the experimental results in Section 4.2 will confirm that
he angle difference value �c  is found to be small enough when
omparing with random angle error.

Here, the curvature is the angle difference in the small area, and
he curvature of the workpiece can be calculated by the angular
ifference of two reflected beams. Therefore, the micro-RMM can
ealize roundness measurement by using the curvature, which is
ess susceptible to instrumental errors.

.3. Calculating the profile P

Fig. 7 shows the algorithm flowchart of the measurement. The
rofile data P of workpiece in position t can be expressed as a Fourier
eries, given by

(tj) = a0 +
n∑

i=1

(
ai cos tji + bi sin tji

)

tj = 2� (j − 1)
m

(j = 1, 2, . . .,  m) (12)

here ai and bi are the Fourier series coefficients, n the maximum
terations of the Fourier series, and m the number of sample points.
ere, the angle difference �c  can be measured by the sensor, and
an also be expressed as the second order differential of the profile
ata P, given by

c
(

tj

)
= P ′′ (tj

)
= −

n∑
i=1

i2
(

ai cos tji + bi sin tji
)

(13)

Then, using a Fourier transformation, we can also transform the
ngle difference �c  to coefficients di and ei, given by the following
quation:
j =
n∑

i=1

(
di cos tji + ei sin tji

)
= P ′′ (tj

)
(14)
Fig. 8. Micro roundness measuring machine for noncontact roundness mea-
surement: the main setup of the pre-experiment consisted of the MBAS, two
XY-platforms, a rotary platform, a chuck, and a bearing system.

We note that the relationship between the Fourier series (ai and
bi) and coefficients (di and ei) can be denoted as

ai = −di

i2
, bi = − ei

i2
(15)

Consequently, the profile data P can be denoted as a Fourier
series by using an inverse Fourier transform.

The characteristics of the algorithm chart can be estimated by
its transfer function, which defines the relationship between the
angle difference value �c  and profile data P.

4. Pre-experiment and simulation

4.1. Configuration of the pre-experiment

The pre-experimental arrangement is shown in Fig. 8. In the
pre-experiment, the MBAS is based on a multi-autocollimator sys-
tem using a microlens array. Table 1 shows the specifications of the
devices in Fig. 8. The main setup of the pre-experiment consisted
of the MBAS, two XY-platforms, a rotary platform, a chuck, and a
bearing system. We  used a stage controller to move the rotary plat-
form by using the Labview program in our PC to receive the output
signals from the MBAS in each measuring position.

Fig. 9 illustrates the construction of the MBAS. A laser beam from
an LD (laser diode) of 650 nm wavelength passes through a pinhole
with a diameter of 400 �m and is collimated by the microlens. The
beam is then bent by a beam splitter and projected through a cylin-
drical lens with a focal distance of 50 mm to the workpiece surface.
The cylindrical lens is employed in the sensor for removing the
Pitch of the array: 500 �m
CMOS Size: 5.6 mm × 4.2 mm

Valid pixels: 2560 pixel × 1920 pixel
Sensitive area: 2.2 �m × 2.2 �m
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ig. 9. Construction of the multi-beam angle sensor: the MBAS is based on a multi-
utocollimator system using a microlens array.

eams into several beams. The resulting pattern is observed and
ecorded by a CMOS camera mounted along the vertical axis.

Fig. 10(a) shows an example of one output signal from the CMOS.
he scatter plot presents eight lines by eight columns. We  choose
he points in number four line to calculate the data. In Fig. 10(b)
ou can see the intensity distribution in the whole and in a spot.

y using the intensity distribution, the angle difference data can be
alculated. Then, using centroid, we can also estimate the resolution
f sensor is about 0.05 �rad.

Fig. 10. Image from
Fig. 11. Stability of multi-beam angle sensor: we measured the stability of angle
and  angle difference for 2 h.

4.2. Stability of the MBAS

In order to verify the standard deviation of the measurement
taken by MBAS in the real environment, we  measured the stability
of angle and angle difference for 2 h. Fig. 11 shows the results of the
angle at point A and point B. In the stability test of the MBAS, the
output signals were sampled without rotating the cylinder; there-
fore, in the pre-experiment, the stability of the MBAS corresponds
to the standard deviation of the autocollimator.

The experimental setup is mounted on a table in the basement.
In Fig. 11, because the test time was long and the influence of the

thermal drift was  large. The standard deviation of the angle data at
point A was 18.36 �rad. However, the stability of angle difference
output was 2.35 �rad. We  note that the fluctuation of stability of

 the CMOS.
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Table  2
Experimental conditions.

Parameters Values

Diameter of cylinder 20 mm
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Fig. 13. Profile data and repeatability for a cylinder measured by the MBAS.
Sample points 360
Rotation angle of one point 1 degree
Measuring time 14 min

ngle difference was slight because it eliminated influence of ther-
al  drift. Here, only the characteristics of the differential output to
easure the roundness will be investigated.
Assuming that the value of ox is 1 �m,  t is 2000 as, and R is

0 mm.  From Eq. (11), we can calculate the (ca − cb) to be 2 �rad
n the experimental condition. The experimental results also con-
rmed that the angle difference value �c  reached the same level
ith random angle error.

From the stability testing results, we note that a simple optical-
ath design enables the proposed setup to be insensitive to
nvironmental vibration.

.3. Pre-experiment results

Table 2 shows the experimental conditions. Fig. 12 shows the
ngle data ca and cb by MBAS system. The horizontal axis is the
otation angle and the vertical axis is the angle data.

Measured results presented in Fig. 13 shows the roundness
n average of four times was 2.26 �m with standard deviation
.027 �m.

To evaluate the developed methodology based on the MBAS
ethod on real datasets, an experiment was developed using

onventional high-precision machines (KOSAKA EC1550) for
oundness assessment. Here, the roundness measurement accuracy
f EC1550 is 0.02 �m.  Fig. 14 shows the roundness measurement of
wo separate measurement methods. The roundness for the MBAS

ethod and radius method are 2.26 �m and 2.16 �m,  respectively.
he roundness test with MBAS system was performed in a cir-
umstance without any temperature control or vibration isolation.
herefore, the influence of circumstance may  be one reason to the
ifferential output of two methods.

The pre-experiment results confirm the feasibility of the MBAS
or roundness measurement. In the future, we still need to ana-
yze factors influencing measurement accuracy and find measures
dopted for evaluating and calibrating the MBAS.

.4. Simulation of sensitivity error of the MBAS
To confirm the effectiveness of the sensitivity error of the sensor,
umerical simulations were performed. Table 3 shows the simula-
ion conditions. Supposing a random angle error of 2.4 �rad, where
oundness is 2.2 �m,  Fig. 15 shows a simulation example with

Fig. 12. Measured angle data at points A and B and angle difference data.
Fig. 14. Comparison with the radius method.

similar conditions as those of the pre-experiment. During 10 sim-
ulations, we  obtained roundness measurements with repeatability
around 0.03 �m (see Fig. 15). Despite the simplicity of the proposed
method, the simulated results agree well with experimental data.

Under similar experimental conditions, the standard deviation

of repeatability is proportional to the random value. The simula-
tion result implies that this system can measure roundness with
repeatability under 10 nm if the random angle error is less than

Table 3
Simulation conditions.

Parameters Values

Diameter of cylinder 20 mm
Sample points 360
Roundness 2.2 �m
Random angle error 2.4 �rad
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Fig. 15. Sensitivity of the sensor (10 times).

.8 �rad. Therefore, a further improvement of measurement accu-
acy could be achieved by reducing the random error of MBAS.

. Conclusions

The results of this paper are summarized as follows:

1) A high accuracy micro roundness measuring machine (micro-
RMM)  for accurately measurement the roundness profiles has
been proposed in this paper. The schematic of the micro-
RMM  includes three main parts: a multi-beam angle sensor
(MBAS), a rotary unit, and a bearing system. The MBAS has
been incorporated in order to improve the motion accuracy of
the micro-RMM. Compared with other methods, the MBAS is
less susceptible to instrumental errors for angle detection, can
maintain high sensitivity with a miniaturized size, and can be
used conveniently at the factory level.

2) A measurement system for roundness measurement using the
MBAS has been constructed. The resolution of the MBAS is
0.05 �rad. The optical probe is based on the principle of an
autocollimator and has a stability of 2.35 �rad. The round-
ness in the MBAS method and radius method are 2.26 �m and
2.16 �m,  respectively. It can be seen that the standard devi-
ation is approximately 0.17 �m.  Experimental results confirm
feasibility of the MBAS for roundness measurement are also
presented.

3) To confirm the effectiveness of the sensitivity error of the sen-
sor, numerical simulations were performed with conditions
similar to those of the experiment. Despite the simplicity of the
proposed method, the simulated results agree well with exper-
imental data. In a similar condition of the experiment, the stan-

dard deviation of repeatability is proportional to the random
angle error. The simulation result implies that the proposed
system can measure roundness with repeatability under 10 nm
if stability of the angle difference value is less than 0.8 �rad.

[

ering 42 (2015) 276–282

As mentioned previously, the scatter plot in CMOS presents
eight lines by eight columns. We  use one line spots to measure
the roundness. In the future, our instrument will measure not only
roundness, but also axial form or vertical straightness, dimensional
uniformity or parallelism by using the spots in axial direction.

We also plan to calibrate the autocollimator by analyzing fac-
tors influencing measurement accuracy or by finding measures
adopted for high-speed measurement. A new experiment has been
designed, which is planned to be conducted in the near future in
order to implement the improvements.
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The optical frequency comb has a short pulse, broad
spectra, many spectral lines, and high temporal
coherency. In this paper, a new absolute length-
measuring technique with a high resolution of 0.05 µµµm
is developed by using the temporal-coherence inter-
ferometry of the optical comb. A new fiber Fabry-
Perot etalon (etalon) of a free spectral range with a
frequency of 15 GHz is developed to improve fine po-
sitioning in space, so a short translation stage of up to
a 10 mm movement is realized for various ranges of
length. Moreover, the interference fringe peak is au-
tomatically detected by developing a new analog elec-
trical circuit. The ambiguity of the interference-fringe
orders is determined by using the etalon at a frequency
14.9 GHz within a time of 1 second for various length
ranges.

Keywords: length measurement, high repetition fre-
quency, optical comb, absolute metrology

1. Introduction

In the field of length/distance metrology, precision and
then efficiency of measurement are the current demands.
The manufacturing industry in particular requires ultimate
precision of measurement for the production of high-
quality products, and precise measurements are also im-
portant in the assessment of safety in society. For exam-
ple, it is vitally important that the shape and form of air-
craft and engines be absolutely measured with the utmost
precision. Under such circumstances, studies have long
been carried out using a continuous wave (CW) laser in-
terferometers or pulse lasers, but the use of such technol-
ogy is restricted to special applications. Recently, ultra-
short, optical, new pulse generation has become signifi-
cant, and broad-band spectra are being utilized again. The
development of femtosecond mode-locked laser technol-
ogy has been particularly rapid. In addition, high-speed
optical communication technology has also been studied.
With the advent of photonic crystal fiber, mode-locked
pulse laser technology has become very attractive in the

Fig. 1. Outline of optical frequency comb. f (N) = f (0)+
N · fr (N : integer).

field of optical metrology, and the laser has come to be
called an “optical frequency comb,” or “optical comb.”
The optical comb has various useful characteristics.

Here, we report the results of experimental investiga-
tions done on a new, highly accurate method of measuring
absolute length using the pulse interference of the optical
comb. The technique uses only the temporal coherence
(pulse) interferometry of the optical comb, so the mea-
suring system is simple and very accurate. It is therefore
useful for absolute length measurements with an accuracy
of 0.05 µm for measurements of up to several hundred
meters.

2. Optical Frequency Comb

2.1. Outline of Optical Frequency Comb
The optical frequency comb has many narrow spectral

lines in equal frequency intervals in the frequency do-
main, as shown in Fig. 1. However, there is sometimes
carrier envelop offset frequency, and it is not easy to con-
trol. On the other hand, in the time domain, the laser is a
pulse train with very short pulse width, and the intervals
are precisely constant. The time interval is easily stabi-
lized to frequency standards, such as a rubidium optical
clock system. The stability of the time interval is very
good, with an accuracy equivalent to 10−11 [1]. More-
over, for industrial metrology in various factories, the op-
tical comb with an all optical fiber system has been found
to be profitable, because it was not strongly affected by
the surrounding condition.

The principle of position measurement using temporal-

482 Int. J. of Automation Technology Vol.9 No.5, 2015



Automatic Recording Absolute Length-Measuring System with
Fast Optical-Comb Fiber Interferometer

Fig. 2. Temporal coherence interferometry using the repeti-
tion fr of optical pulses(Tr; time interval).

coherence interferometry is shown in Fig. 2. Interfer-
ence fringes are generated when the difference between
the measurement path length L1 and the reference path
length L2 is mc/2 fr. Here, m is an integer, c is the speed
of light through air, and fr is the repetition frequency of
the optical comb used [2]. The interference is generated
in the range of length of several tens of micrometers in
space, depending on the pulse width of the optical comb.
This technique is very useful for various types of posi-
tioning with a high spatial accuracy because the fr has an
accuracy of more than 10−11. In general, the technique
is useful for absolute distance measurement, and distance
measurement with a high reproducibility of several µm
has been realized at about 403 m in general industrial
fields [3–5]. Therefore, temporal coherence interferom-
etry has proven useful for measuring lengths in industry
and society, because it is not affected by air turbulence
and mechanical vibration due to its ultra-short pulse char-
acteristics.

Therefore, the optical comb offers an absolute measur-
ing system using a simple system for in-situ metrology
and temporal coherence interferometry which does not
utilize the carrier envelop offset frequency control. It has
a wide range of measurement from 0 to several hundred
meters. However, the interference fringes generated are
limited to the distance region of each 1.5 m time m in
the case of a 100 MHz repetition frequency, so more than
1.5 m of the translation stage must be scanned for gener-
ating the interference fringe.

2.2. Fast Optical Frequency Comb
In general, the repetition frequency that optical combs

can produce relatively easily is in the frequency range of
40–150 MHz because the optical fiber is relatively long
for laser oscillation. Temporal coherence interference
fringe is therefore generated at spatial positions of inter-
vals longer than 1 m. Consequently, the length fields that
can be used in measurements in industry and society may
be limited to special isolated measurements. Therefore, it
is important to develop a high-frequency repetition (fast)
optical comb. For realizing this resolution, a new fiber-
type Fabry-Perot etalon (etalon) has been developed for
increasing the repetition frequency of optical comb from
around 100 MHz to around 10 GHz. Fortunately, since
the optical comb has a discrete spectrum, a high-accuracy
length of etalon is not required.

Fig. 3. High frequency comb produced by filtering with
Fabry-Perot etalon.

Fig. 4. Filtering of optical comb; (a) high-finesse etalon, (b)
low-finesse etalon.

An optical fiber-type etalon has been developed, as
shown in Fig. 3, because the fiber-optic etalon is not
strongly affected by variations in air temperature or me-
chanical vibrations. Since the free spectral range is not
required to be accurate, the length of the etalon cavity
fiber (device) is cut according to the free spectral range re-
quired and is sometimes sandwiched between the general
optical fibers with the reflective coating and the FC/PC
connectors. In this case, one optical line should be se-
lected by the etalon of high finesse, but the power of the
light is reduced, as shown in Fig. 4(a). The accuracy of
the fast optical comb is the same as that of the original op-
tical comb, which has a repetition frequency of 100 MHz.
On the other hand, if we use the etalon of low finesse, the
power is not largely reduced, but several lines are selected
similar to multi-mode He-Ne gas lasers, and the selected
optical comb laser is similar to those of multi-mode gas
lasers as shown in Fig. 4(b). In this case, the accuracy of
the repetition frequency is dependent on the length of the
etalons used. We can easily suppose that the length sta-
bility of the etalon is better than about 0.5 ppm, as that of
the multi-mode He-Ne laser [6]. Finally, etalons with free
spectral ranges of 15.0 GHz and 14.9 GHz have been de-
veloped by polishing the length of a ferrule fiber device.
The length is measured by using a low coherence inter-
ferometer in polishing process. In this case of 15 GHz,
the geometrical length of device is 6.8063 mm, because
the group refractive index of the optical fiber is 1.4682.
The reflectivity of the etalon fiber has been coated to be
98% (finesse; about 150) by dielectric multilayer coating.
Therefore, the etalon reduces the output power of opti-
cal comb from about 12 mw to about 0.1 mw, but the SN
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Fig. 5. Interference fringe generation according to the pulse
interval.

ratio of interference fringe was no problem in high res-
olution measurements of about 50 nm. If necessary, we
may use an optical fiber amplifier for more-high accuracy
measurement.

3. Absolute Ranging Method

3.1. The Principle of Absolute Measurement
In order to form an interference fringe pattern, the ref-

erence optical path length must be scanned over several
tens of millimeters according to the length of etalon used.
For example, in the 1 GHz etalon, the optical spacing of
the etalon is 150 mm. Since 1.4682 is the group refractive
index of the optical fiber, the size of the etalon free spec-
tral range is about 100 mm. Therefore, the scanning stage
must be 150 mm or longer.

We will now discuss the length measurement for using
the repetition frequencies of 15.0 GHz and 14.9 GHz. The
scanning range of the stage is about 14 mm long. Fig. 5
shows an outline of the distance measurement with an un-
balanced arm interferometer and a scanning stage. To re-
duce the effect of the drift in the measurement system, the
zero-point of each interference fringe order is generated
using a window plate, and the detected signal is always
displayed at each order. The object mirror is at the posi-
tion of the target mirror in spatial measurement.

The interference fringes at 0 mm are always generated
at the same position by scanning over 14 mm. On the
other hand, the interference fringes of the target are gen-
erated at every position corresponding to the length be-
ing measured within a 14 mm scan. This is because the
15 GHz repetition frequency is equal to the 10 mm inter-
val. Fig. 6 shows the behavior of interference fringe gen-
eration in the length range of 100 mm to 120 mm. In the
measurement, the interval between the 0 position signal
and the measurement position signal is determined by the
displacement of the stage with an accuracy of higher than
0.1 µm. Secondly, the order of the interference fringe is
determined by the same measurement by the 14.9 GHz
repetition frequency of the comb.

 

 

Fig. 6. Measurement principle of absolute distances with
high-frequency optical comb.

 

 

Fig. 7. Interference fringe automatic-processing using an
electric circuit.

3.2. Automatic Measurement
Figure 7 shows an outline of the automatic processing

of interference fringes for determining the length [7, 8].
First, the photo-detection signal of the interference fringes
is squared, and then it is filtered by a low-path filter. The
output signal is differentiated by an electrical circuit. Fi-
nally, the pulse signal is generated at the zero-crossing
position to trigger a short traditional length-measurement
sensor with a resolution of 10 nm.

4. Experiment

4.1. Interferometer and its System
The measurement system we have developed is shown

in Fig. 8. The optical comb is incident to a two-beam
interferometer through an etalon and a fiber circulator.
About 14 mm of the reference path is scanned because
the free spectral range of the etalon used is 15 GHz, which
corresponds to about 10 mm in length. The ultrasonic lin-
ear stage is used because it is compact. The measurement
path has a window plate (0 point) and a reflecting mirror
(target). The generated interference fringes are detected
by a photodiode and are amplified with a high SN ratio by
a frequency selective amplifier. The SN ratio of the final
signal is high enough for automatic measurements.
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Fig. 8. Temporal coherence interferometer for absolute
length measurements.

Fig. 9. Results of the experiment.

4.2. Results
With our new system, the length/distance measure-

ments were preliminary achieved; the results of the exper-
iment are shown in Fig. 9. Fig. 9(a) shows the processed
signal for the triggering of measurements, and Fig. 9(b)
shows the results of the measurements. The standard devi-
ation of the measured values is less than 0.05 µm, though
the accuracy of displacement is relatively poor because
the micrometer was operated by manual operation. More-
over, higher-reliability measurements has been achieved
by taking the average of several measurements. The result
shows that the new system may be able to measure lengths
or distances of up to several hundred meters by utilizing
various etalons of different free spectral ranges. The total
time for taking the overall measurement has been made
within several seconds, but it may be improved by using a
fast scanning stage.

4.3. Discussion
As indicated above, the present measurement system is

not much affected by air turbulence or mechanical vibra-
tion. However, the resolution is not small, because the
peak of the interference fringe pattern is achieved using
the effect of the electrical circuit. Since the optical comb
of the spectral width of 60 nm is used, the half-width of
the fringe pattern is about 20 µm. Considering the SN ra-
tio of the pattern, a measurement resolution of better than
0.05 µm may be expected by using professional software.
Therefore, the present system may be useful for measure-
ments of relatively large objects, though it is very useful
for measurements of small objects.

5. Conclusion

A new absolute distance-measuring technique with a
high resolution of 0.05 µm has been developed using
the temporal-coherence interferometry of an optical fre-
quency comb and a short translation stage for various dis-
tance ranges. A new fiber Fabry-Perot etalon having the
frequency of 15 GHz of the etalon has been developed to
improve fine positioning in space. Therefore, the scan-
ning length for generating the temporal coherence inter-
ference fringe is only about 14 mm. Moreover, the inter-
ference fringe peak has been automatically achieved by
developing a new analog electrical circuit.

The present system with an optical comb is applicable
to the measurement of lengths up to several hundred me-
ters. It is particularly applicable to industrial metrology
because it is not much affected by surrounding conditions.
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This paper proposes a non-contact pulsed interferometer for dimensional metrology using
the repetition frequency of an optical frequency comb. A compact absolute-length measur-
ing system is established for practical non-contact measurement based on a single-mode
fiber interferometer. The stability and accuracy of the measurements are compared with
those from a commercial incremental laser interferometer. The drifts of both systems have
the same tendency and a maximum difference is approximately 0.1 lm. Subsequently, pre-
liminary absolute-length measurements up to 1.5 m were measured. The signal-to-noise
ratios of the small signals are improved by a frequency-selective amplifier. It is apparent
that the noise is rejected, and the intensity of the interference fringes is amplified, achiev-
ing a maximum standard deviation of measurement approximately 1 lm. The proposed
technique can provide sufficient accuracy for non-contact measurement in applications
such as a simple laser-pulse tracking system.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, demand for high-accuracy measurement for
dimensional metrology has increased rapidly. To respond
to this requirement, many applications using an optical
frequency comb were developed for absolute-length mea-
surements because optical frequency combs have very
high accuracy and a high stability of their frequencies.
However, those applications, the measuring systems and
the optical components are different [1–7].

This paper presents an optical comb application for
absolute-length measurement using a single-mode fiber
pulsed interferometer technique, which an optical comb
is used as the laser source. A repetition frequency of
100 MHz of a general optical frequency comb is transferred
to 1 GHz by a fiber type Fabry-Pérot etalon. The stability of
the pulsed interferometer is considered because it is a
factor that reflects the reliability of the measurement sys-
tem versus changes in ambient environmental conditions.
The experimental results are compared to measurements
obtained with a commercial incremental interferometer.
The drifts of both interferometer types are considered in
a laboratory without control of air temperature and
humidity. Subsequently, a metal ball with a rough surface
is used as a target of the interferometer to obtain the
length under measurement because the rough metal ball
mainly reflects the laser beam to the single-mode fiber
interferometer. It is easy to align the laser beam, and this
setup also provides three-dimensional target positions.
The surface roughness of the metal ball targets is analyzed
because it directly influences the envelope inference
fringes. Additionally, the requirement of a laser-beam
alignment is considered. Finally, a preliminary absolute-
length measurement up to 1500 mm was measured by
an optical-comb pulsed interferometer, in which a rough
metal ball is used as the target. A phase-sensitive analyzing
method is used to obtain envelope interference fringes, and
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(a) Time domain. 

(b) Frequency domain. 

Fig. 1. (a) Time domain and (b) frequency domain of an optical frequency
comb.
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the measurement results are compensated for the group
refractive index of air [8,9] owing to changes in environ-
mental conditions. The proposed measuring system can
possibly be used to develop a length-measuring tracking
system, and can be applied to verify the coordinate mea-
suring machine (CMM) by the multilateration measure-
ment method [10,11].

2. Measurement principle

2.1. Optical frequency comb

Generally, a laser does not have only one wavelength or
frequency, but has some natural bandwidth that is related
to the gain medium and the optical cavity. In the optical
cavity, the light waves will constructively and destruc-
tively interfere with themselves, becoming a formation of
standing waves. The discrete sets of frequencies of stand-
ing waves are called longitudinal modes. These modes
are the only frequencies of light that is allowed to oscillate
by the resonant cavity and to oscillate independently. The
output of a laser has several thousands of modes. Thus, the
output intensity will become nearly constant; this is
known as a continuous wave, or cw. If all of the modes of
a cw laser are fixed in phase relationship, the lasers will
periodically interfere with one another. As a result, the
laser produces pulse trains of light and it is said to be
mode-locked. Mode-locked lasers generate repetitive,
ultrashort optical pulse trains by fixing the relative phases
of all of the lasing longitudinal modes [12–15]. These
pulses are separated in time that is given by Eq. (1).

s ¼ 2L
c

ð1Þ

where L is the length of the optical cavity and c is the speed
of light in vacuum. Therefore, the mode spacing of the laser
will be

Dt ¼ 1
s

ð2Þ

For that reason, the spectrum of each pulse train is sep-
arated by the repetition rate of the laser, and the spectral
lines are called an optical frequency comb.

The time and frequency domains of an optical fre-
quency comb are shown in Fig. 1. In the time domain,
the pulse train is emitted by a mode-locked laser in the
same time as the pulse-to-pulse separation time, 1/frep,
where frep is the repetition frequency of the optical fre-
quency comb. In the frequency domain, each shape line
is separated equally. The optical frequencies fm of the comb
lines is described as fm =mfrep + f0, where m is a large inte-
ger of order 106 and f0 is the offset frequency resulting
from the pulse-to-pulse phase shift (D/).

2.2. Fabry-Pérot Etalon

A Fabry-Pérot Etalon (etalon) is an interferometer in
which the beam of a laser undergoes multiple reflections
between two reflecting mirrors [16]. The resulting optical
transmission is periodic in wavelength. The transmission
of the etalon is at a maximum when the phase difference
for a round-trip follows Eq. (3):
2p
k

2nl cos h ¼ 2mp ð3Þ
where l is the cavity length of an etalon, h is the transmis-
sion angle, n is the refractive index of the medium and k is
the laser wavelength. Expressing the maximum condition
in terms of frequency, the location of transmission peak
locations can be written as follows:

t ¼ m
c

2nl cos h
ð4Þ

Therefore, the frequency separation between successive
peaks can be determined. The peak-to-peak frequency sep-
aration is called the free spectral range (FSR), and it is given
by Eq. (5):

FSR ¼ Dt ¼ tmþ1 � tm ¼ c
2nl cos h

ð5Þ

As a result, when an etalon is applied, the repetition fre-
quency of an optical frequency comb is transferred to the
high frequency of the FSR. However, the output intensity
is reduced when the laser pulse passes through an etalon.
Therefore, an optical amplifier is required for some
applications.

2.3. Optical comb pulsed interferometer

The diagram of an optical-comb pulsed interferometer
is shown in Fig. 2. It is the operating principle of the
unbalanced-arm Michelson interferometer. An optical
comb generates a pulse train, and the laser pulses are
divided into two beams by optical beam splitter (BS).
One beam is reflected in the direction of a scanning mirror
(M1), while the other is transmitted through a reference
position (OPD = 0) to a target mirror (M2).

Both reflected light pulses are recombined with the
beam that returned from M1 to produce interference
fringes when the optical path difference (OPD) of the two
arms satisfies the following Eq. (6) [1–3]:



Fig. 2. Principle of an optical-comb pulsed interferometer.

Fig. 3. Envelope interference fringes of the reference position (m0) and
the target (m1).
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OPD ¼ mc
nairf rep

ð6Þ

where m is an integer, nair is the refractive index of air and
frep is the repetition frequency.

Generally, two interference fringes will overlap with
each other when observed by an oscilloscope. If the fringes
provide a slight displacement (DL), the envelope interfer-
ence fringes will be separated, as shown in Fig. 3.
Therefore, the absolute length under measurement is
determined as Eq. (7):

L ¼ OPD
2

þ DL ð7Þ

In the experiment, two envelope interference fringes
are presented in the time domain. Consequently, the rela-
tionship between the time scale and length scale must be
calibrated to determine the value of DL. A linear gauge
with a resolution of 10 nmwas used to determine this rela-
tion. The absolute lengths under measurement also have to
compensate for the group refractive index of air owing to
the change of environmental conditions by Ciddor’s equa-
tion [8].
Fig. 4. Measurement setup for study of stability of optical-comb pulsed
interferometer compared with an incremental interferometer.
3. Experiments and results

3.1. Stability and accuracy of pulse interferometer

To study measurement stability, a measurement was
setup as shown in Fig. 4. An optical-comb pulsed interfer-
ometer was paired with an incremental interferometer
(Renishaw length-measuring 633 nm, He–Ne laser
interferometer).
An optical comb, (C-Fiber femtosecond laser,
MenloSystems) was used as the source of laser pulses.
The central wavelength is 1560 nm, the output power is
12 mW, and the repetition frequency is 100 MHz, which
is stabilized by an Rb-frequency standard. Both measure-
ment systems were prepared in an air-uncontrolled labo-
ratory. Lengths of 150 mm were measured every ten
minutes in one hour. The environmental conditions (ambi-
ent temperature, relative humidity and air pressure) were
also recorded. Then, the drifts of both systems were calcu-
lated. The results are illustrated in Fig. 5.

In the experiment, the average value of the ambient
temperature, relative humidity, and air pressure were
25.60 �C, 36.5%, and 101.02 kPa; and the maximum varia-
tion was approximately 0.2 �C, 1.7% and 10 Pa, respec-
tively. The results in Fig. 5 show that the variations from
the average values of both measuring systems have the
same drift tendency. The maximum variations of pulse
interferometer and incremental interferometer are
0.25 lm and 0.21 lm, respectively. The maximum differ-
ence between the two curves is approximately 0.1 lm.
Subsequently, the accuracy of the pulse interferometer
was considered. According to the incremental interferom-
eter, a comparison requires a long, precise translation
stage. The setup diagram for this comparison is shown in
Fig. 6(a). Both measuring length systems share the same
target to avoid the errors of motion translation, and a pho-
tograph of measurement comparison is illustrated in Fig. 6
(b).

In the measurement comparison, a precise translation
stage was controlled by a resolution of 0.05 lm, which
was moved to a position of approximately 150 mm.
Subsequently, the length was measured five times by both
measuring systems. The environmental conditions were
also recorded, to calculate and compensate for the refrac-
tive index of air. The measurement results are listed in
Table 1.

3.2. Surface roughness and the fringes of target balls

In this experiment, two rough metal ball with a diame-
ter of approximately 25 mmwere used to obtain the envel-
ope interference fringes at the reference position (OPD = 0).
The measurement setup is illustrated in Fig. 7. One ball is
smooth, with Ra of approximately 0.1 lm. The other ball
is of rough metal, with Ra of approximately 0.2 lm.

The fringes observation in Fig. 8 indicates that the sur-
face roughness of the target affects the quality of the



Fig. 5. Measurement stability of pulse interferometer and incremental
interferometer.

384 W. Sudatham et al. /Measurement 78 (2016) 381–387
pattern fringe: a ball with a smooth surface presents a per-
fect interference fringe, and its intensity is also higher than
that of a ball with a rough surface. In addition, if the Ra
value of the metal ball is higher than 0.2 lm, the interfer-
ence fringe will disappear because the laser beam cannot
reflect to the interferometer system. On the other hand,
the intensity of the interference fringe is enhanced if the
Ra value is better than 0.1 lm. However, aligning the laser
beam is not simple if the surface roughness of the metal
ball is very smooth (Ra� 0.1 lm) because the reflected
area on the metal ball is too small.
3.3. Preliminary absolute-length measurement up to 1500
mm

The preliminary measurement setup diagram of the
pulsed interferometer with a metal ball target is shown
(a) Comparison setup of optical-co

and incremental laser int

(b) Photograph of measure

Fig. 6. (a) Comparison setup diagram, (b) photograph of comparison between o
in Fig. 9. According to the measurement results in
Section 3.2, a metal ball with Ra approximately 0.1 lm
was selected as the target. The ball was moved by
150 mm in each position. Each length was measured 10
times to determine the repeatability of the measurement.
In this experiment, although an etalon plays the role of
frequency-mode selector, laser power is reduced. In addi-
tion, the surface roughness of the target also affects the
laser beam that returns to the interferometer. It is very
difficult to detect an interference signal by using only a
simple optical detector. Consequently, a frequency-
selective amplifier was used to amplify a small interfer-
ence signal. Noise was also rejected by this technique.
Fig. 10 shows the results of the measurement.

The measurement performance of the proposed tech-
nique was evaluated by the repeatability of the measure-
ment of each position. The maximum standard deviation
is approximately 1 lm for the absolute length up to
1.5 m. However, the results were measured in an air-
uncontrolled laboratory, and the environmental conditions
swing between (19.9–22.3) �C, (23.7–28.4) %RH, and
(99.7–100.9) kPa for the ambient temperature, air humid-
ity, and air pressure, respectively.
4. Discussion

The stability of an optical-comb pulsed interferometer
causes an error in length measurement owing to changes
in the refractive index of air. The drift of measurement
mb pulsed interferometer

erferometer

ment comparison.

ptical-comb pulsed interferometer and incremental laser interferometer.



Table 1
Measurement results.

Average of environmental conditions

101.02 kPa 25.60 �C 36.5 %RH

No. Pulsed interferometer (mm) Incremental interferometer (mm) Difference (lm)

1 149.85692 149.85689 0.03
2 149.85693 149.85694 �0.01
3 149.85692 149.85682 0.09
4 149.85692 149.85689 0.03
5 149.85693 149.85710 �0.18
SD 0.01 0.10 lm

SD: Measurement standard deviation.

Fig. 7. Optical-comb pulsed interferometer setup with targets at the reference position of measurement: (a) ball is smooth, with Ra of approximately
0.1 lm, and (b) ball is of rough metal, with Ra of approximately 0.2 lm.

Fig. 8. Interference fringes of (a) a smooth surface, Ra � 0.1 lm, and (b) a
rough surface, Ra � 0.2 lm of metal ball targets.
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was approximately 0.25 lm in one hour. This result shows
that the drift was mainly caused by changes in the environ-
mental conditions, while the noise of interference fringe
was caused by air fluctuation and mechanical vibration.
This is a source of measurement uncertainty, which should
be considered in making a precise measurement. In addi-
tion, sensors with higher accuracy are required in order
to record a change in environment along the entire optical
path for compensation.

The roughness of the surface target is significant to the
accuracy of measurement. This roughness directly affects
fringe acquisition. A suitable surface of a target is one
factor that must be considered for applications with a
high-accuracy requirement. Moreover, the roundness and
diameter tolerance of the target should also be considered
for possible applications. When a metal ball with a diame-
ter of 25 mm is used as the target, a beam misalignment of
±0.2 mm from the center of the ball will cause an error of
measuring length of approximately 1 lm. However, the
error also depends on the surface roughness, roundness,
laser beam diameter, and length of measurement. If some
area of the ball’s surface is not sufficiently smooth, it will
affect the error of measurement. In the experiment, using
a focusing beam, the repeatability of measurement was
improved over using a small spot beam and a large beam
diameter. However, the laser beam will be lost when the
ball is moved far away from its position. On the other hand,
the laser beam is not lost when using a small spot beam
and a large beam diameter, but this presents a large stan-
dard deviation.

Although an etalon plays the role of frequency mode
selector for this application, the power of the laser is
reduced. Therefore, the reference mirror type not only
achieves a good transmission but also sufficiently reflects
the laser beam to produce reference fringes. In the experi-
ment, a sapphire window plate was selected as a reference
position (m = 0) because its transmission property is
appropriate for a laser wavelength in the range of



Fig. 9. Measurement set up diagram for absolute length measurement.

Fig. 10. Measurement results of the absolute length up to 1500 mm.

Fig. 11. Interference fringes (a) before and (b) after passing through a
frequency-selective amplifier.
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1.56 lm. This means the laser power is slightly reduced
when the laser passes through a sapphire window plate.
Furthermore, an optical amplifier was used to gain the
laser power. The interference-fringe signals were amplified
by a frequency-selective amplifier. In this case, the phase-
sensitive detection method was sufficiently powerful to
gain a small signal and reduce noise. Although the power
of the laser beam was reduced by an etalon, and the inter-
ference fringes were also influenced by the roughness sur-
face of the target, the signal-to-noise ratio of the small
signals was improved by a frequency-selective amplifier.
It is apparent that the noise is rejected and the interference
fringes intensity is amplified, as shown in Fig. 11.
Consequently, the interference fringes are captured, and
the length observations are also measured.
5. Conclusion

Experiments on absolute-length measurement for
dimensional applications have been conducted using an
optical-comb pulsed interferometer. The 1-GHz FSR
Fabry-Pérot fiber etalon plays the role of a frequency mode
selector, and a metal ball is employed as the target of the
single-mode fiber interferometer. The measurement accu-
racy mainly involves the quality of the envelope interfer-
ence fringes, which correspond to the surface roughness
of the target. The drift is mainly sourced from changes in
environmental conditions, while the noise of the interfer-
ence fringe is caused by air fluctuation and mechanical
vibration. The stability and accuracy of the measurements
are compared with those of a commercial incremental
laser interferometer, and the drifts of both systems have
the same tendency. The maximum standard deviation is
approximately 1 lm for the absolute length measurement
up to 1.5 m. The proposed technique can provide sufficient
accuracy for non-contact measurement in applications
such as a simple laser-pulse tracking system.

References

[1] X. Wang, S. Takahashi, K. Takamasu, H. Matsumoto, Spatial
positioning measurements up to 150 m using temporal coherence
of optical frequency comb, Prec. Eng. 37 (2013) 635–639.

[2] C. Narin, S. Takahashi, K. Takamasu, H. Mastsumoto, Step gauge
measurement using high-frequency repetition of a mode-locked
fiber, in: XX IMEKO World Congress, IMEKO2012, Busan, Korea, TC
14-O-19, 2012, pp. 1–5.

[3] H. Matsumoto, X. Wang, K. Takamasu, T. Aoto, Absolute
measurement of baselines up to 403 m using heterodyne temporal
coherence interferometer with optical frequency comb, Appl. Phys.
Exp. 5 (2012) 046601.
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This paper  presents  a new  optical  method  of  coordinate  measuring  machine  (CMM)  verification.  The
proposed  system  based  on  a  single-mode  fiber  optical-comb  pulsed  interferometer  with  a  ball  lens  of
refractive  index  2 employed  as the  target.  The  target  can  be used  for  absolute-length  measurements
in  all  directions.  The  laser  source  is an optical  frequency  comb, whose  repetition  rate  is  stabilized  by
a  rubidium  frequency  standard.  The  measurement  range  is confirmed  to be  up  to  10  m. The  diagonals
of  a CMM  are easier  to  verify  by the proposed  method  than  by  the conventional  artifact  test  method.
ptical comb
ulsed interferometer
ength measurement
oordinate measuring machine
MM verification

The  measurement  uncertainty  of  the  proposed  method  is  also  smaller  than  that  of  the conventional
method  because  the  proposed  measurement  system  is  less  affected  by air temperature;  it  achieves  an
uncertainty  of approximately  7 �m  for measuring  lengths  of 10 m. The  experimental  results  show  that  the
measurement  accuracy  depends  on  noise  in  the  interference  fringe,  which  arises  from  airflow  fluctuations
and  mechanical  vibrations.

© 2015  Elsevier  Inc.  All  rights  reserved.
. Introduction

Coordinate measuring machines (CMMs) are widely used to
easure the three-dimensional sizes, forms, and positions of work-

ieces. Demonstrating traceability to the International System of
nits (SI) and estimating the accuracy of CMM  measurements are
ritical to maintaining confidence in their reliability. Therefore,
MMs  must be calibrated upon installation and verified periodi-
ally during operation. The main tests required to decide whether
he CMM  performs to the maximum permissible error of length

easurement specified by the manufacturer are detailed in Part 2
f the International Organization for Standardization (ISO) 10360
eries [1]. The standard states that five different lengths should be
hosen. The longest calibrated test length should be at least 66%
f the maximum travel of the CMM.  Measurements should be per-
ormed in four required positions along the space diagonals shown
n Fig. 1, and in three positions parallel to each of the CMM  axes.

any methods using calibration artifacts and continuous wave
CW) laser interferometers have been developed to verify CMMs

1–11].

Most methods prefer to use end standards, such as a series of
auge blocks, a step gauge, or a ball plate. However, evaluating

∗ Corresponding author. Tel.: +81 3 5841 6472; fax: +81 3 5841 6472.
E-mail address: wiroj@nanolab.t.u-tokyo.ac.jp (W.  Sudatham).

ttp://dx.doi.org/10.1016/j.precisioneng.2015.09.017
141-6359/© 2015 Elsevier Inc. All rights reserved.
large-CMMs (measuring volumes over 2 m3) has been problem-
atic because of the unavailability of large calibration artifacts. Large
calibrated artifacts are difficult to produce because of their size
and weight. Calibrating large gauges is difficult, and maintaining
gauge accuracy during storage and handling is troublesome [12,13].
Although a CW-laser interferometer can measure long lengths
along body diagonals, the measurements can be slow and require
difficult laser beam alignment. Moreover, the measurement path
cannot be interrupted during the measurement period, because it
is operated based on interference fringe counting method.

Recently, optical frequency combs have been proven useful
tools for dimensional metrology because of their high frequency-
stability and direct traceability to the SI base unit [14]. Several
length measurement methods using optical frequency combs have
been proposed [15–19]. We  developed an optical system for large-
size CMM  verification that overcomes the problems of conventional
artifact test methods. The new system is based on a single-mode
fiber optical-comb pulsed interferometer, and uses a ball lens of
refractive index 2 as a target. The repetition frequency of a general
optical comb is generated, and an optical fiber etalon (Fabry-Pérot
fiber etalon) is used as a frequency mode selector to generate inter-
ference fringes at the required absolute positions. The performance

of long-range measurements was  demonstrated by preliminary
absolute-length measurements. The proposed system can be used
to measure absolute length up to 10 m.  The proposed system was
used to verify the diagonals of a moving-bridge type CMM  in

dx.doi.org/10.1016/j.precisioneng.2015.09.017
http://www.sciencedirect.com/science/journal/01416359
http://www.elsevier.com/locate/precision
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precisioneng.2015.09.017&domain=pdf
mailto:wiroj@nanolab.t.u-tokyo.ac.jp
dx.doi.org/10.1016/j.precisioneng.2015.09.017
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ig. 1. Measuring lines of the diagonals in space of a CMM; opposite corners of the
easuring volume are assumed to be (0, 0, 0) and (1, 1, 1) in coordinates (X, Y, Z).

olume space, as was an artifact test method, for comparison, and
he measurement uncertainties of both techniques are discussed.

. Principle of measurement

The proposed measurement technique is based on a single-
ode fiber interferometer, as shown in Fig. 2. An optical comb

C-Fiber femtosecond laser, MenloSystems) with a 1560 nm cen-
ral wavelength and a 100 MHz  repetition frequency stabilized by

 rubidium frequency standard generates a laser pulse that passes
hrough a fiber etalon with a free spectral range (FSR) of 1 GHz.
n optical amplifier amplifies the laser beam, which then passes

hrough an optical fiber circulator (CIR) to a fiber beam splitter
FBS). One of the resulting split beams is collimated by a collimator
C1) toward a scanning mirror (M1), while the other is collimated
y a lens, transmitted through a sapphire window plate (SW) at
he reference position before reaching probing target. This second
eam acts as measurement arms of a Michelson interferometer.

Subsequently, the beams reflected from the SW at the reference
osition and the target recombine with the beam reflected from
he scanning mirror M1  to generate interference fringes when the
ptical path differences (OPD) between the two arms follow Eq. (1)
16,17].

PD = mc

nair frep
(1)

here m is an integer, c is the speed of light in the vacuum, nair

s the group refractive index of air [20,21], and frep is the repeti-
ion frequency. The interference fringe signals return to the output
ort of the CIR and are subsequently detected by a photodetector
2053FC-M, Newport), and observed by an oscilloscope.

ig. 2. Diagram of the proposed measurement system; CIR is an optical fiber circu-
ator, FBS is a fiber beam splitter, C1 is a collimator, and SW is a sapphire window
late (reference position). The optical components are connected by optical fibers.
Fig. 3. Interference fringes; the first fringe is produced by reflection of the SW at
the  reference position. The second is generated by the target.

Two  interference fringes overlap with each other when the OPD
exactly satisfy Eq. (1). In practice, if the measurement length pro-
vides a displacement �L, the envelope interference fringes will be
separated, as shown in Fig. 3.

Therefore, the absolute measurement length is determined by
Eq. (2), where �L  is the distance between the peaks of the interfer-
ence fringe envelopes.

L = mc

2nair frep
+ �L  (2)

The interference fringes of a pulsed interferometer, as shown in
Fig. 3, are represented in the time domain. The time scale must be
converted to a length scale to determine the distance between the
peaks of the interference fringe envelopes, �L  [18].

3. Experiments and results

3.1. Pulsed interferometer accuracy

The accuracy of the proposed pulsed interferometer was directly
evaluated using a standard length of long gauge block. The mea-
surement setup is shown in Fig. 4.

A long gauge block [LGB, 150 mm,  grade-0, thermal expansion
coefficient (10.8 ± 0.5) × 10−6 K−1] was used as the standard length.
The first facet of the LGB was wrung by an optical parallel, and the
other was wrung by a short gauge block (GB). The Airy points of
the LGB were supported by two pin gauges on a translation stage.
The optical components were as described in Fig. 2; the laser beam
of an optical comb passed through a fiber etalon and was  aligned
perpendicular to the optical parallel plate over the travel length
of the translation stage. The translation stage was  moved until the
first interference fringe appeared due to the beam reflected from
the inner surface of the optical parallel. The second fringe will auto-
matically arise from the facet of the GB due to the traveling stroke
of the scanning device expending the length of the OPD. A temper-
ature sensor was attached to the LGB, and a metal sheet covered
the measurement setup for more than 24 h to stabilize the temper-
ature of the LGB before measurements were taken. The averages of
10 repeated measurements are shown in Table 1.

The measurements in Table 1 indicate sufficient accuracy of the
optical-comb pulsed interferometer for CMM  verification.

The precise positions of the interference fringes are very sig-

nificant to the accuracy of pulsed interferometer, which is used to
determine the absolute-length measurement. It relates to the FSR
of the fiber etalon, which is proportional to the refractive index of
the fiber medium and the length of the fiber cavity. Fabricating a
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Fig. 4. Measurement comparing the position of interference fringes with a standard
length 150 mm long gauge block. (a) Diagram of measurement setup. (b) Photograph
of  the experimental setup.

Table 1
Accuracy of pulsed interferometer determined by comparison with the length of a
standard gauge block.

TLGB (◦C) �Lt (mm)  LGBt (mm)  Measured
value (mm)

Difference
(�m)

Average 21.82 0.00294 150.00294 150.00301 −0.07
SD  0.01 0.00002 0.00002 0.00009 –
Variation 0.03 0.00005 0.00005 0.00027 –

TLGB is the gauging temperature of the long gauge block. �Lt is the length of ther-
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Fig. 5. Structure diagram of the ball-lens target.
al  expansion. LGBt is the actual length of the long gauge block at the average
emperature of 21.82 ◦C, and SD is the measurement standard deviation.

reface fiber etalon is difficult because of the inhomogeneous-
edium indices of the fiber and coating etalon. The etalon cavity

ength is also difficult to control, and so must be measured and
ompensated. The FSR is related to the full-width half-maximum
f any one transmission band by a quantity known as the finesse;
igh finesse fiber etalons are required for this application as they
how sharper transmission peaks with lower minimum transmis-
ion coefficients [22].

.2. Ball lens target

We  aimed to develop a system that can observe interference
ringes in all measurement directions. Therefore, a ball lens (S-
AH79, Ohara) with a refractive index of 2 and a diameter of 10 mm
as used as the target of our pulsed interferometer. The back

ocal length of the ball lens was set to zero. When this ball lens
s employed as a target, the entire incoming beam will focus at
he ball-lens end surface, as shown in Fig. 5. The reflected beam
etraces its incoming path in the opposite direction. Thus, the ball
ens functions as a retroreflector [23,24].

The total accuracy of the ball lens target depends on the accura-
ies of both the refractive index of glass material and the spherical

abrication. The following experiment demonstrates the simplest

ethod to determine the contribution of a ball lens target to optical
ath error, as shown in Fig. 6.
Fig. 6. Experimental setup of method determining the effect of a ball lens target on
optical path error.

The experimental setup is based on a general unbalanced-arm
Michelson interferometer. A long-coherence light source (632.8 nm
He-Ne laser, NEOARK) served as a light source. The laser beam was
divided by a beam splitter. One beam was  collimated by a lens to
the back focal point of a ball lens target, and the other was incident
on the reference mirror. The beams reflected from the target and
the reference mirror recombined to produce a pattern fringe on an
imaging screen. The ball lens was  positioned to be concentric with
a translation stage to avoid errors of stage rotation. The laser beam
was then aligned until a fringe pattern appeared. The ball lens was
rotated by the rotating stage, and the pattern fringe on the screen
was observed.

In observation, the pattern fringe did not change during ball
lens rotation. It can be implied that the ball lens caused an opti-
cal path error of less than one half of the laser source wavelength,
i.e., less than 0.3 �m.  However, vibration of the rotating stage
directly affects the fringe pattern. Therefore, a precise, smoothly
rotary stage is required to achieve high precision in the observed
fringe pattern. A highly accurate roundness measuring machine
to confirm the roundness accuracy of the target is an alternative.
However, for one-dimensional length measurements, the spheric-
ity of the ball lens does not affect the optical path difference, but it
does significantly affect three-dimensional lengths measurements
by the target. Thus, the error due to the target can be ignored for
CMM  diagonal measurements by the proposed method.

3.3. Preliminary absolute-length measurement

We  demonstrated measurement reproducibility of our method

by preliminary absolute-length measurements, as shown in Fig. 7.
The optical components of this experiment were the same as
described in Fig. 2. The absolute-length measurements were made
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Fig. 7. Preliminary absolute-length measurement set up; (1) is a fiber etalon with 1-
GHz FSR, (2) is an optical amplifier, (3) is a fiber holder, (4) is a lens, (5) is a reference
position, (6) and (7) are mirrors, (8) is a ball lens target, and (9) is a photodetector.

Fig. 8. Long-range measurement of a pulsed interferometer with a ball lens target
(absolute-length measurement is approximately 9 m).
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ig. 9. Preliminary absolute-length measurement results; the maximum measure-
ent standard deviation is approximately 1.25 �m for the measurement range of

0–3) m and 1.71 �m for the measurement range of (7.5–9.0) m.

t target positions approximately every 150 mm up to 3 m.  The
bsolute lengths were measured and determined using Eq. (2).

Finally, we considered the efficiency of the optical-comb pulsed
nterferometer with the ball lens target in long-range mea-
urements. The measurement setup is similar to the previous
xperiment, but the target was positioned from 7.5 m to 9.0 m.
he measurement setup is shown in Fig. 8, and the measurement
esults of both the short-range (0–3 m)  and long-range (7.5–9.0 m)

easurements are shown in Fig. 9.
The maximum measurement standard deviation is approx-

mately 1.25 �m for measurements in the range of (0–3) m,
nd 1.71 �m for measurements in the range of (7.5–9.0) m.  The
Fig. 10. Space diagonal of a CMM  measurement using the pulsed interferometer.

reproducibility is mainly affected by environmental conditions,
especially airflow fluctuations and mechanical vibrations. How-
ever, the interference fringes at 9.0 m are very clear, as illustrated in
Fig. 8. These pattern fringes show that the signal-to-noise ratios of
the long length measurements are very high. Therefore, the exper-
imental results strongly indicate that the proposed measurement
system can measure absolute lengths for a range of applications,
because the maximum measurement volumes of most large-CMMs
are approximately 10 m3.

3.4. CMM  space diagonals verification

A compact pulsed interferometer was connected to an opti-
cal comb passing through an optical fiber over 100 m from the
10th floor to the basement floor of a building. (The optical comb
was installed at the 10th floor, and the CMM  was  installed at the
basement of the building). A ball lens target was fixed on a CMM
probe head. The diagonals of a moving bridge-type CMM  (FALCIO
APEX 707, Mitutoyo) were measured by the proposed technique,
as shown in Fig. 10. First, the measurement lines were defined as
in Fig. 1. To avoid optical path error due to the different refractive
indices of air and the target, the initial zero positions of both the
CMM  and interferometer were set for a value of m ≥ 1; therefore,
the initial positions would compensate for the optical path error
of each position. Absolute length measurements of the CMM  probe
were made at 150 mm increments along its diagonals using the
proposed system.

To confirm the efficiency of our proposed method, these mea-
surements were compared with the results of a standard artifact
test method. The artifact was a step-gauge (S232, KOBA-step) with
a steel frame, 16 ceramic gauges, 32 faces, and 20 mm  nominal
length. The thermal expansion coefficient was 11.5 × 10−6 K−1. This
step gauge was supported, and the reference lengths were mea-
sured by the National Metrology Institute of Japan, (NMIJ). The
step gauge was aligned to approximate the measurement lines
of the proposed method along the four diagonals of the CMM.
A temperature sensor was  attached to the gauge to monitor the
gauge temperature during measurements. Each measurement line
was measured only after the temperature of the step gauge had
remained stable for more than 3 h. The diagonals of the CMM  were
verified, and the measurement results were corrected to the ref-

◦
erence temperature (20 C) [25]. The results of both methods are
shown in Fig. 11(a)–(d), where the blue-diamonds lines are indi-
cation error of a CMM  that measured by the proposed system,
the red-circles lines are measured by a step gauge method, and
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Fig. 11. Comparison of indication errors of CMM  diagonal lines measured by the
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roposed method (blue diamonds), a standard step gauge method (red circles). MPEE

s the maximum permissible error. (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of this article.)

he black lines are the maximum permissible error of a CMM. The
easurements along the diagonal in space of a CMM  refer to Fig. 1.
In the measurement comparisons, to reduce probing error of

he CMM,  only unidirectional measurements of step gauge were
onsidered. The results show that all position measurements fall

ithin the maximum permissible error of indication of a CMM

or size measurement [MPEE = ±(1.9 + 3l/1000) �m,  where l is the
ndication length of the CMM  measurement in mm].  The differ-
nces between the uncertainties of measurements are discussed in
ineering 43 (2016) 486–492

the next section. However, the proposed method is non-contact,
and the positioning accuracy along each diagonal was verified
approximately every 150 mm.  In contrast, the step gauge meth-
ods are contact measurements, and each diagonal was verified
at approximately every 40 mm,  according to the nominal length
of a step gauge. In addition, although error due to stylus tip
compensation was eliminated by taking only unidirectional mea-
surements, probing errors of the CMM  still affect measurement
repeatability. Measurement uncertainty of the proposed method
was smaller than that of the step gauge due to slight effects of
air temperature, because temperature distribution on a step gauge
significantly affects the measurement uncertainty. In addition, the
step gauge method is more time consuming than the proposed
method because of the wait for stabilized temperature. The pro-
posed method can directly verify a CMM  after a 30-min warm up
of the measurement system.

4. Uncertainty of measurement

The measurement uncertainty by our proposed method was
evaluated in accordance with GUM [26]. The positioning error of
each diagonal of the CMM  (Ex), as measured by an optical-comb
pulsed interferometer, is determined by Eq. (3).

Ex = lx − ls + ılix + lN ·  ̨ · �T  (3)

where lx is the indication length of a CMM,  ls is the standard
length determined by the proposed method, ılix is the correction
due to finite resolution of the CMM,  lN is the nominal length, ˛
is the thermal expansion coefficient of a linear scale of CMM,  �T
is the difference between the linear scale temperature of a CMM
and the reference temperature.

According to Eq. (3), the uncertainty of CMM  diagonal measure-
ments is evaluated as Eq. (4).

u2(Ex) = u2(lx) + u2(ls) + u2(ılix) + lN · �Tu2(˛) (4)

The standard length (ls), determined as in Eq. (2), relates to the
uncertainties of the repetition frequency, the group refractive index
of air, and the distance between peaks of the envelope interfer-
ence fringes. The stability of the repetition frequency after passing
through a fiber etalon is in the order of 10−9 over 2 h [16]. This
partially contributes a length uncertainty of 0.5 × 10−9 l divided
by the rectangular distribution, because of the semi-range limits
of the finite resolution of the instrument. The uncertainty of the
repetition rate and carrier offset frequency of the optical comb
are neglected because they are more than 100 times more accu-
rate than the maximum permissible error of a CMM. The standard
length was compensated for the group refractive index of air by
Ciddor’s equation. Therefore, this group refractive index of air equa-
tion relates to the uncertainties of air pressure, air humidity, and
air temperature. The combined standard uncertainty for the length
correction is determined by applying Ciddor’s equation, in which
the sensitivity coefficients are evaluated by first performing par-
tial derivatives. The contribution to uncertainty of each parameter
is evaluated by multiplying standard uncertainties with their sen-
sitivity coefficients [26,27]. The uncertainties due to air pressure,
air temperature, and air humidity were evaluated from the max-
imum variations in the laboratory during measurements; these
were 0.1 kPa, 0.40 ◦C, and 0.5%RH respectively. These parameters
were estimated to have rectangular limits, and the uncertainty of
Ciddor’s equation was estimated to be on the order of 10−8.

Next, the uncertainty in the distance between peaks of interfer-

ence fringe envelopes was determined by the relationship between
time scale and length scale [18]. This was evaluated using the max-
imum deviation between the measured values and the best-fit line,
and assumed to be a rectangular distribution.
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Table  2
Uncertainty sources of CMM  space diagonal verification using a pulsed
interferometer.

Uncertainty source, xi Uncertainty
value, u(xi)

Uncertainty
contribution, u(y)

Absolute uncertainty
Repeatability of
measurement

0.18 �m 0.18 �m

Variations due to the
finite resolution of a
CMM

0.29 �m 0.29 �m

Time and length scale
measurement

0.18 �m 0.18 �m

Relative uncertainty
Stability of modified
repetition frequency

<10−9 2.89 × 10−9 l

Ciddor’s equation <10−8 1.00 × 10−8 l
Variation of air
humidity

0.29%RH 2.95 × 10−9 l

Variation of air
pressure

57.74 Pa 1.52 × 10−7 l

Variation of air
temperature

0.23 ◦C 2.11 × 10−7 l

Thermal expansion
coefficient

1 × 10−6 K−1 2.31 × 10−7 l

Combined standard
uncertainty

[(0.38 �m)2 +(3.48 × 10−7l)2]1/2

l is the indication length of a CMM  in mm.

Table 3
Uncertainty sources of CMM diagonal verification using a step gauge.

Uncertainty source, xi Uncertainty contribution, u(y)

Absolute Relative

Uncertainty of step gauge 0.09 �m 2.40 × 10−7 l
Repeatability of
measurement

0.32 �m –

Variations due to the finite
resolution of a CMM

0.29 �m –

Correction due to
temperature distribution

– 1.41 × 10−6 l

Expanded uncertainty
[(0.87)2
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+(2.86 × 10−3l)2]1/2 �m

 is the indication length of a CMM  in mm.

In the measurement, the difference in temperature between
inear scale of a CMM  and a reference temperature cannot be
irectly measured, and the positions of a CMM  in each diagonal
ere automatically corrected for thermal expansion to the refer-

nce temperature by CMM’s  software. Therefore, only uncertainty
f the thermal expansion coefficient was considered.

The digital scale interval of the linear scale of CMM  is 0.001 mm
the resolution in X, Y, and Z axes of a CMM  are 0.0001 mm.  In the
xperimental measurement, the resolution of a CMM  was  rounded
f the reading at the digit of 1 �m).  Variations due to this finite
esolution were estimated to have rectangular limits of ±0.5 �m.
nd the measurement was repeated five times, resulting in a maxi-
um standard deviation of approximately 0.40 �m.  Consequently,

ncertainty due to limited repeatability was estimated to have a
ormal distribution.

Finally, the expanded uncertainty (k = 2) of the CMM  verifica-
ion along the diagonals was calculated to be [(0.77)2 + (0.69 × 10−3

)2]1/2 �m.  The uncertainty components are summarized in Table 2.
The positioning error of each diagonal of a CMM  (Ex) using a

tep gauge is determined by replacing the ls term of Eq. (3) with

he reference length of the step gauge. As a result, the uncertainty
omponents are evaluated as in Eq. (5).

2(Ex) = u2(lx) + u2(ls) + u2(ılix) + lN · ¯̨ u2(�t) (5)

[

[

neering 43 (2016) 486–492 491

where ¯̨  is the average thermal expansion coefficient of the step
gauge and the linear scale of a CMM,  and �t is the temperature
difference between the step gauge and linear scale of a CMM.
The uncertainty sources of CMM  diagonal verification using a step
gauge are summarized in Table 3.

5. Conclusions

A new optical measurement method to verify CMMs  was pro-
posed. It is a single-mode fiber pulsed interferometer that performs
non-contact measurements on a ball lens of refractive index 2 as
a target. The target can be used for absolute-length measurements
in all directions. The measurement range is up to 10 m,  and the
proposed method is directly traced to the SI base unit. If the uncer-
tainty due to the finite resolution of a CMM  is ignored because of
dependent upon machines, the measurement capability of the pro-
posed system is approximately [(0.36)2 + (0.69 × 10−3 l)2]1/2 �m,
which the coverage factor k is 2, or approximately 7 �m for the
indication length of 10 m.  The experimental results show that the
measurement accuracy depends on noise in the interference fringe
caused by airflow fluctuations and mechanical vibrations. However,
measurement uncertainty is smaller than that of the artifact test
method due to the effects of air temperature. In addition, the mea-
surement time of the proposed method is 60% less than that of the
artifact method because of its shorter start-up time; the proposed
method can be used in measurements after a 30-min system warm-
up, while the artifact method requires a waiting period of more than
3 h to achieve a stabilized gauge temperature for each alignment.
Moreover, the alignment procedure is easier in the proposed sys-
tem because of the compact and convenient optical components.
However, the proposed method is a non-contact one, and therefore
its CMM  verification does not include effects of the CMM  probing
system.
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a  b  s  t  r  a  c  t

A  highly  sensitive  and  compact  multi-beam  angle  sensor  (MBAS),  which  utilizes  the principle  of  opera-
tion  of an  autocollimator,  was  developed  to  detect  the  differential  of the  local  slope components  (angle
difference)  of a point  on  the  mirror  surface  and  using  Fourier  series,  we  can  obtain  the profile  data  from
the  angle  difference.  In order  to investigate  the  application  of  the MBAS  for  high  precision  aspheric  sur-
face  measurements,  two  types  of  calibration  methods  using  plane  mirror  and  cylindrical  plano-convex
eywords:
utocollimator
alibration
ensitivity
ylindrical plano-convex lens
ulti-beam angle sensor

lens  has  been  proposed  to measure  the  sensitivity  of the  MBAS.  The  calibration  data  analysis  results
using  plane  mirror  agree  well  with  the  measurement  results  of  the cylindrical  plano-convex  lens  data.
Comparison  of  the  two methods  confirms  that  the  second  method  (using  cylindrical  plano-convex  lens)
is more  adapted  for  measurement  with  ultra  high  level  of uncertainty.  Further,  the  second  method  is
simple,  corresponding  to  a direct  calculate  in  the  sensitive  parameters  aiming  to minimize  the cost.

© 2016  Elsevier  Inc.  All  rights  reserved.
. Introduction

Precision autocollimators are the most accurate, widely avail-
ble means of measuring the tilt angle of a reflecting plane mirror.
hey have a wide range of applications such as optical metrology
nstruments, the semiconductor industry, and inspection equip-

ent (Whitehouse, 1976; Chetwynd and Siddall, 1976; Vissiere
t al., 2012; Whitehouse, 1974).

The autocollimator method is generally used to measure flat-
ess due to its simple optical-path design (Ennos and Virdee, 1982;
iao et al., 2012; Ennos and Virdee, 1983). At the Tohoku University,

he optical was modified by fitting the photoelectric autocollimator
ith a resolution of 0.1′′ for angle measurements (Gao and Kiyono,

997; Gao et al., 2002). The well-balanced harmonic response in
he entire frequency range is a drawback of this method. Bručas
roposed and developed two modified autocollimators by fitting a
harge-coupled device (CCD) to the optical units, which can be also
sed for the angle measurements (Bručas and Giniotis, 2009a,b,
010). However, they are very time consuming and too many auto-

ollimators make it difficult to adjust the direction of the sensor’s
adius. At the Physikalisch-Technische Bundesanstalt institute, the
utocollimators are calibrated by using a WMT  220 angle compara-

∗ Corresponding author. Fax: +81 3 5841 6472.
E-mail address: chenmeiyun@nanolab.t.u-tokyo.ac.jp (M.  Chen).

ttp://dx.doi.org/10.1016/j.precisioneng.2016.05.004
141-6359/© 2016 Elsevier Inc. All rights reserved.
tor, which demonstrated the direct traceability of high-resolution
autocollimators to the SI unit of the plane angle (Just et al., 2009;
Probst et al., 1998; Probst, 2008). It is expected that the measure-
ment uncertainty of the angle will be further reduced by calibrating
the angle autocollimator, so that in future the measurement can
be attained with an even smaller uncertainty (Just et al., 2003;
Yandayan et al., 2011; ISO/IEC Guide 98-3:2008).

In order to investigate the application of the multi-beam angle
sensor (MBAS) for high precision roundness measurements, we
previously reported the preliminary results of MBAS applications
to measure the surface profiles of a cylindrical workpiece. Using
Fourier series, we obtained the profile data from the angle differ-
ence (Chen et al., 2015a, 2014). Here, we  present a new detailed,
expanded two types of calibration methods for the sensitivity of
MBAS using a plane mirror and cylindrical plano-convex lens. The
calibration data analysis results using plane mirror agree well with
the measurement results of the cylindrical plano-convex lens data.
In the second method (using cylindrical plano-convex lens), the
radius of curvature R and the differential spacing �d can be used to
calibrate the sensitivity of the MBAS. Despite the simplicity of the
proposed method, the uncertainty budget for the sensitivity of the
MBAS in the calibration experiment using plane mirror agrees well

with the measurement results of the sensitivity in the cylindrical
plano-convex lens experiment, which also verified the feasibility of
the calibration for the MBAS sensitivity using a cylindrical plano-
convex lens.

dx.doi.org/10.1016/j.precisioneng.2016.05.004
http://www.sciencedirect.com/science/journal/01416359
http://www.elsevier.com/locate/precision
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precisioneng.2016.05.004&domain=pdf
mailto:chenmeiyun@nanolab.t.u-tokyo.ac.jp
dx.doi.org/10.1016/j.precisioneng.2016.05.004
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if the sensitivity W is less than 0.5% (Chen et al., 2015b, 2016).
Therefore, an important prerequisite for the determination of the
measurement uncertainty can be achieved with the accurate cali-
bration of sensitivity of the MBAS.
Fig. 1. Construction of the MBAS.

Comparison of the two methods confirms that the second
ethod is more adapted for measurement with ultra high level of

ncertainty. Further, the second method is simple, corresponding
o a direct calculate in the sensitive parameters aiming to minimize
he cost.

. Principle of operation

.1. Multi-beam angle sensor for flatness measurement of mirror

An autocollimator is an optical instrument for non-contact mea-
urement of angles from a reflecting surface. The MBAS is based on a
ulti-autocollimator system using microlenses to measure deflec-

ions in an optical system. The MBAS works by projecting an image
nto a beam splitter, and measuring the deflection of the returned
mage against a scale. The reflected angles at several points on the

irror surface can be measured using the sensor. Then, the sensor
cans the workpiece while it is rotating.

Fig. 1 illustrates the optical system of the MBAS. The laser beam
rom a laser diode (LD) passes through a pinhole, and it is collimated
y a collimator lens. The beam is then bent by a beam splitter and
rojected to the workpiece surface. The reflected beam from the
orkpiece surface passes totally through the beam splitter to the
icrolens, and after being focused on the microlens, it is split into

everal beams. The resulting pattern is observed and recorded by a
MOS camera mounted along the vertical axis. The imaging can be
bserved on a TV monitor. In order to investigate the application of
he multi-beam angle sensor (MBAS) for high precision roundness

easurements, we previously reported the preliminary results of
BAS applications to measure the surface profiles of a cylindrical
orkpiece. Using Fourier series, we obtained the profile data from

he angle difference (Chen et al., 2015a, 2014).
Using the MBAS, we implemented the experimental system

hown in Fig. 2. A workpiece was placed on the tilt stage, and the
otary platform is mounted between two XY-platforms. Therefore,
he rotary table in this case acts as a small angle generator and the
eference mean of angle measurement.

Fig. 3 illustrates how the two points A and B in the circumfer-
nce of the circle with certain radius are carried out by rotating the

orkpiece step by step (Chen et al., 2015b). The workpiece flatness

s calculated by applying the autocollimator principle of the angle
ifference at each of these two angles on the workpiece. The angle
ifference can be calculated from the intensity distribution of the
Fig. 2. Schematic of the micro-SMM.

spots on the CMOS (Chen et al., 2016). Then, the specimen profile
at each location on the circle can be determined accurately. This
procedure is repeated for circular scans of different radii, to yield
the overall shape of the surface.

In the flatness measurement, the sensitivity W and width of
the lattice spacing �d  (calculated from the angle difference using
MBAS) have been used to estimate the radius of curvature R of
the cylindrical plano-convex lens (if R is unknown). Here, the pro-
file of cylindrical is also can be calculated from the curvature R.
Therefore the sensitivity W is an important parameter in the profile
measurement.

Reversely, in the calibration experiment, the radius of curvature
R and width of the lattice spacing �d  (calculated from the angle
difference using MBAS) have been used to calibrate the sensitivity
of the MBAS.

2.2. Measurement of the sensitivity W

Using the MBAS, we could measure the flatness of several tens
micrometer with repeatability of several tens nanometer. Some
flatness measurement results also imply that the MBAS can mea-
sure flatness with absolute accuracy under several tens nanometer
Fig. 3. Profile measurement along the circumference of a circle with certain radius:
the  multi-beam angle sensor is fixed onto the support structure and scanning the
workpiece while it is rotating.
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ig. 4. Focusing a collimated laser beam: the relationship between the beam, slope
a)  Perfectly collimated beam: the slope is coupled to the position of spot.
b) Nearly collimated beam: the slope of the center of the lens is coupled to the cen

.2.1. The principle of the MBAS for measurement of
ariable-radius of curvature

In order to investigate the sensitivity of the MBAS in measure-
ent of variable-radius of curvature, the principle for the flatness

nd aspheric surface measurement are discussed.
As a first example, we consider a common application in flatness

easurement, the focusing of a perfectly collimated beam to a small
pot, which is shown in Fig. 4(a). Here we have a laser beam, which
s focused by a lens. From Fig. 4(a), we find that the slope is coupled
o the position of the spot.

Another example is the nearly collimated beam focused by a
ens in aspheric surface measurement, as shown in Fig. 4(b). Only
he slope of the center of the lens is coupled to the center of the
pot and the size of the spot increases. The problem is often stated
n terms of focusing the output from a “parallel light source.”

A further analysis of the radius of curvature and sensitivity of
he autocollimator will be discussed on this topic in Section 2.2.2.

.2.2. Calculating the sensitivity W from the radius of curvature R
In order to obtain a precise estimate of the signal in the mea-

urement of the aspheric surface, a multi-spot light beam has been
eveloped for measurement of the local slope of the cylinder lens.
hereas in this situation, the MBAS is sequential with a highly

exible sampling pattern and measures aberrations of the incom-
ng beam using only one sensor for an imaging system. Here, we
ave a laser beam as shown in Fig. 5, with radius of curvature

 and divergence 2  ̨ that is focused by a lens of focal length f.
ssuming that the lattice spacing of the lens is d, k is the distance
etween the lens and aspheric surface, and the position of the beam
oming from the center of lens on the aspheric surface is c, we
an obtain the divergence  ̨ by the lens spacing between points

 and B, dAB and radius of curvature R. The divergence  ̨ is then

iven by:

 = dAB

2R
(1)
Fig. 5. The lattice spacing varied with focal distance f, lens spacing d, the spot spacing
dR , the radius of curvature of the workpiece R, the differential spacing �dAB and the
distance between lens and aspheric surface k.

The optical invariant then tells us that we must have Eq. (2),
because the product of the radius and divergence angle must be
constant. From Fig. 5, we obtain the lens spacing between points A
and B, dAB, by the following:

dAB

2
= c + 2˛k (2)

From Eqs. (1) and (2), we obtain the position of the beam from
center lens on the aspheric surface c, calculated by a simple equa-
tion:

c = RdAB

2R + 4k
(3)

From Fig. 5, we obtain the spot spacing between points A and B,

dRAB, by the following:

dRAB

2
= dAB

2
+ ˛(fA + fB) (4)
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From Eqs. (3) and (4), we obtain the differential between the lens
pacing d and the spot spacing dR, �dAB (the differential spacing),
y the following:

dAB = dRAB − dAB = (fA + fB)dAB

R + 2k
(5)

Accordingly, a variation in the differential spacing of points A
nd B, can be known from variation in the focal distance fAB, lens
pacing dAB, radius of curvature of the workpiece R, and distance
etween lens and aspheric surface k.

In order to know, theoretically, the relationship between the
adius of curvature R and the sensitivity between points A and B,
e derived the following formula:

 = (fA + fB)dAB

�dAB
− 2k = WAB

�dAB
− 2k (6)

here WAB is the sensitivity between points A and B, which can be
escribed as follows:

AB = (fA + fB)dAB (7)

Here, the sensitivity in the calibration experiment using plane
irror can be calculated from Eqs. (7).
We  note that the sensitivity WAB can also be denoted as:

AB = (R + 2k) �dAB (8)

Similarly, the sensitivity in the calibration experiment using
ylindrical plano-convex lens can be calculated from Eqs. (8).

In order to know, theoretically, the relationship between the
adius of curvature R and the sensitivity WAB between points A and
, we derived formula:

 = WAB

�dAB
− 2k (9)

In the flatness measurement, using Formula (9), the sensitivity
 and width of the lattice spacing �d  (calculated from the angle

ifference using MBAS) have been used to estimate the radius of
urvature R of the cylindrical plano-convex lens (if R is unknown).
ere, the profile of cylindrical is also can be calculated from the
urvature R. Therefore the sensitivity W is an important parameter
n the profile measurement.

Reversely, in the calibration experiments, using Formula (7), we
an calculate the sensitivity W by measuring focal lens f of two
pots and the lens spacing d between two spots; using Formula (8),
e can calculate the sensitivity W by measuring the width of the

attice spacing �d  between two spots (calculated from the angle
ifference using MBAS).

.3. Calibration of the MBAS

For the determination of the sensitivity of MBAS, two indepen-
ent calibration methods can be applied using the Formulas (7) and
8) in Section 2.2.2.

One fundamental calibration method is based on a comparison
f all displacements in a measurement range with certain steps of

 plane mirror. The selection of measurement points and precise
djustment of the angles specified is performed with the aid of a
ilt stage and laser hologage. Using Formula (7), we  can calculate
he sensitivity W by measuring focal lens f of two  spots and the lens
pacing d between two spots.

Another novel calibration method is independent of any assis-
ive tools, which is based on the angle difference measurement

sing a cylindrical plano-convex lens (if the radius of curvature R

s known). Using Formula (8), we can calculate the sensitivity W by
easuring the width of the lattice spacing �d  between two spots

calculated from the angle difference using MBAS).
ering 46 (2016) 254–262 257

2.3.1. Using plane mirror and tilt stage
Calibration of the autocollimator is always a complicated task

since small angle steps must be generated with a very high pre-
cision. In principle, the measurement step width can be selected
by the resolution of the autocollimator; however, limited by the
repeatability of the MBAS readout, the selection of micro area mea-
surement steps is necessary to detect short period deviation of the
autocollimator. As the scope of the calibration must be kept within
reasonable limits and additional requirements for long-term sta-
bility must be met  in the case of long measuring times, calibrations
in micro area measurement steps are carried out only over selected
small sections of the measurement range. The most accurate avail-
able method is to perform calibrations in different measurement
ranges with appropriate measurement steps.

Fig. 6 illustrates the construction of calibration performed by
comparison with the sensitivity of the autocollimator in differ-
ent points. The measured displacement of the spot values of the
MBAS with different t indicated for the sensitivity difference of the
autocollimator. The selection of measurement points and precise
adjustment of the angles specified is performed with the aid of a
laser hologage. For data acquisition, 30 single values are read out in
each adjustment for 10 �m displacement of the tilt stage and mean
values of the displacement of spot are calculated. To eliminate the
linear drift influences during calibration, three measurement series
are carried out to obtain the standard deviation.

Here, the distance between the fulcrum and observation point
l is 132 mm,  the displacement of the tilt stage h is 10 �m (mea-
surement step). Thus, the angle of inclination t (in �rad) can be
described by Eq. (10).

t = 1000h

l
(10)

The sensitivity of the autocollimator s can be expressed as:

s = t

p
(11)

where p represents the ratio between the angle of inclination t and
sensitivity of the autocollimator s. From Eqs. (10) and (11), we can
derive the sensitivity of the autocollimator s (in �rad/pixel), which
is expressed as follows:

s = 1000h

pl
(12)

The focal length of the microlens array f (in �m)  can be denoted
as:

f = ds

2S
(13)

From Eqs. (12) and (13), we can derive the focal length of the
microlens array f (in mm), which is expressed as follows:

f = plds

2h
(14)

To evaluate the sensitivity W based on the calibration method
using real datasets, the measurement components were also ana-
lyzed.

Explanations regarding the components are:
(pA, pB) Here p represents the ratio between the angle of inclina-

tion t and sensitivity of the autocollimator s. pA and pB is the ratio
in point A and B, respectively. According to the calibration experi-
ment using plane mirror, the ratio p can be calculated by the mean
value of typically 3–5 repeat measurements.
( lds
2h ) Here the distance between the fulcrum and observation

point l is 132 mm,  the sensitive area of the CMOS ds is 2.2 �m and
the displacement of the tilt stage h is 10 �m.  We  can calculate the
coefficient of the focal distance is 14.520 (in mm/pixel).
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Fig. 6. Calibration system (principle): h is the displacement (the measurement value o
observation points, and t is the angle of inclination.
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ig. 7. Algorithm flowchart of the measurement: from the differential spacing �d
o  the sensitivity WAB using radius of curvature R.

(fA, fB) Here fA and fB is the focal length in point A and B, respec-
ively. From Eq. (14), we can calculate the focal length of microlens
rray at each point.

(dAB) Calculation of the mean value of typically 3–5 repeat mea-
urements. The standard average value of the differential spacing
etween points A and B is found by simple arithmetic:

AB = (dA − dB) ds (15)

From Eq. (15), we also can calculate pitch of the microlens array
AB.

Finally, the sensitivity WAB between points A and B can be cal-
ulated from Eq. (7). Similarly, we can obtain the sensitivity W for
ther points.

.3.2. Using cylindrical plano-convex lens
Fig. 7 shows the algorithm flowchart of the measurement. The

ngle difference value can be measured by MBAS, then to evalu-
te the sensitivity W based on the measurement of the cylindrical
lano-convex lens using real datasets, the measurement compo-
ents are analyzed as follows.

Explanations regarding the components are:
(�dAB) We note that the relationship between the differential

pacing �dAB and the angle difference�cab can be denoted as:

dAB = �cab

1000 × ds
(16)

Here the sensitive area of the CMOS ds is 2.2 �m.
(R + 2k) Calculation of the mean value of typically 5–10 repeat
easurements. The standard average value of the distance between
he lens and aspheric surface k is 55.5 (in mm).  Here, as shown in
able 3, the radius of curvature R of the cylindrical plano-convex
ens is 519 (in mm).
f the laser hologage) of the tilt stage, l is the distance between the fulcrum and

(WAB) Furthermore, we  can obtain the sensitivity WAB from Eq.
(8).

Consequently, the sensitivity WAB can be denoted as the differ-
ential spacing �dAB using the radius of curvature R. Similarly, we
can obtain the sensitivity for other points.

The characteristics of the algorithm chart can be estimated by
its transfer function, which defines the relationship between the
differential spacing �dAB and the sensitivity WAB.

2.4. Estimation of uncertainty

In statistics, propagation of error is the effect of variable uncer-
tainty in the measurement of plane mirror. We  can estimate the
uncertainty in the calibration method using an error propagation
matrix that is deformed by neglecting correlations or assuming
independent variables, yielding a common formula to calculate
error propagation, the variance equations (Ku, 1966):

�s
2 =

(
∂s

∂h

)2

�h
2 +

(
∂s

∂p

)2

�p
2 +

(
∂s

∂l

)2

�l
2 (17)

where �s represents the standard deviation of the function s, �h

represents the standard deviation of h, �p represents the stan-
dard deviation of p, and �l represents the standard deviation of
l. From Eqs. (12) and (17), the standard deviation of the function s
is obtained as Eq. (18).

�s =
√(

1000
pl

)2
�h

2 +
(

1000h

p2l

)2

�p
2 +

(
−1000h

pl2

)2

�l
2 (18)

�s =
√

s2
(

�h

h

)2
+ s2

(
−�p

p

)2
+ s2

(
−�l

l

)2
(19)

From Eq. (19), the standard deviation of the function s can also be
expressed in terms of the standard deviations of the other functions,
given by:

�s = s

√(
�h

h

)2
+

(
�p

p

)2
+

(
�l

l

)2
(20)

We note that the relationship between standard deviation of the
function �s and sensitivity of the autocollimator s can be denoted
as:

�s

s
=

√(
�h

h

)2
+

(
�p

p

)2
+

(
�l

l

)2
(21)
It is important to note that this formula is based on the linear
characteristics of the gradient of s and therefore it is a good esti-
mation for the standard deviation of s as long as �h, �p, �l are small
compared to the partial derivatives (Clifford, 1973).
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Fig. 8. Measurement arrangement for calibration of the MBAS: main setup of the
pre-experiment consisted of the MBAS, a laser hologage, a tilt stage, a rotary stage,
and two XY-platforms.

Table 1
Specifics of devices in MBAS (Fig. 8).

Laser diode Output power: 35 mW (CW)
Wavelength: 658 nm

Pinhole Diameter: 400 �m
Aperture Diameter: 4 mm
Microlens array Focal length (f): 46.7 mm

Pitch of the array: 500 �m

CMOS Size: 5.6 mm  × 4.2 mm
Valid pixels: 2560 pixels × 1920 pixels
Sensitive area (ds): 2.2 �m × 2.2 �m

Laser hologage Resolution: 0.01 �m
Repeatability: 0.02 �m
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Fig. 9. Image from the CMOS.
Tilt stage Size: 160 mm × 220 mm
Tilt range: (  ̨ axis) ±0.7◦; (  ̌ axis) ±0.6◦

Similarly, from Eqs. (7) and (8), the standard deviation of the
unction WAB can also be expressed in terms of the standard devi-
tions of the other functions, given by:

WAB =
√

(dAB)2�2
fA

+ (dAB)2�2
fB

+ (fA + fB)2�2
dAB

(22)

WAB =
√

(�dAB)2�2
R + 4(�dAB)2�2

k
+ (R + 2k)2�2

�dAB
(23)

. Experiment and result

.1. Configuration of the experiment

The pre-experimental arrangement is shown in Fig. 8. In the
re-experiment, the MBAS is based on a multi-autocollimator sys-
em using a microlens array. The main setup of the pre-experiment
onsisted of the MBAS, a laser hologage, a tilt stage, a rotary stage,
nd two XY-platforms. The workpiece is centered with respect to
he axis of rotation; the autocollimator (MBAS) is aligned such that
he horizontal measuring axis and the optical axis of the MBAS lie
n the workpiece plane. A tilt stage is mounted between the rotary
tage and workpiece, which can be used to adjust the workpiece

lane so that it reflects the beam of the MBAS at defined angles.

The resulting pattern (in Fig. 9) is observed and recorded by
 CMOS camera mounted along the vertical axis. Table 1 shows
he specifications of the devices in Fig. 8. By using the intensity
Fig. 10. The displacement of the spot in a measurement range of ±150 �m in steps
of 10 �m.

distribution, the angle difference data can be calculated (Chen et al.,
2015a).

3.2. Experiment of the plane mirror

In the following, the displacement of the spot (averaged over
three measurement series) results for the autocollimator will be
discussed. As a measure of reproducibility, Fig. 10 shows the stan-
dard average value of 30 single values of the autocollimator for a
calibration over a measurement range of ±150 �m in measurement
steps of 10 �m.  The ratio of the output and displacement of the tilt
stage at different points (A, B, C, and D in Fig. 10) is compared, where
the ratio is the displacement of the spot on average.

According to the principle in Section 2.3.1 and the results shown
in Fig. 10, the sensitivity WAB between points A and B is 47.084.
Similarly, we  can obtain the sensitivity W for other points, as shown
in Table 2.

The theoretical value of the sensitivity of the autocollimator S0
(in �rad/pixel) can be denoted as:

S0 = ds

2f
(24)

Here the sensitive area of the CMOS ds is 2.2 �m and the focal
length of microlens array f is 46.7 mm.  From Eq. (24), we  can cal-
culate the theoretical value of the sensitivity of the autocollimator

S0 = 23.55 �rad/pixel.

Assuming that the �h (the standard deviation of h) is 0.01, from
Eq. (21), we  can calculate the ratio between standard deviation of
the function �s and the sensitivity of the autocollimator s = 0.5%;
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Table 2
Summary of the results for the measurement of plane mirror.

Type Estimate/pixel Coefficient Estimate/(mm/pixel) Component Estimate/mm

pA 3.176 lds
2h

14.520 fA 46.120
pB 3.168 lds

2h
14.520 fB 45.994

dA − dB 232.340 ds 0.0022 dAB 0.511
WAB/(mm2) = 47.084

AB  BC CD

Sensitivity W/mm2 47.084 46.826 46.890

Table 3
Specifications of the cylindrical plano-convex lens.

Parameters Values

Size 30 mm × 30 mm
Focal length 1000 mm
Edge thickness 4.8 mm
Center thickness 5 mm
Radius of curvature 519 mm

Fig. 11. Measured angle data at points A, B, C, and D.
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Table 4
Summary of the results for the measurement of cylindrical plano-convex lens.

Type Estimate/mm Coefficient Estimate/mm

�dAB 0.0747 R + 2k 630
WAB/(mm2) = 47.082

AB BC CD
ig. 12. Measured angle difference data for a cylindrical plano-convex lens mea-
ured by the MBAS.

imilarly, when the �p is 0.01 pixel, the ratio is 1.5%; when the �l

s 1 mm,  the ratio is 0.75%.

.3. Experiment of the cylindrical plano-convex lens

In the experiment, cylindrical plano-convex lenses were used as
pecimens. Table 3 shows the specifications of the workpiece; the
ylindrical plano-convex lens has a convex curvature in the vertical
irection and has no curvature in the horizontal direction.

Fig. 11 shows the angle data ca, cb, cc, and cd measured by the
BAS system for a cylindrical plano-convex lens. The horizontal

xis is the rotation angle and the vertical axis is the angle data
alue. The angles of the specimen at points A, B, C, and D are 414.2,
11.0, 413.3, and 419.5 (in pixel), respectively.

According to the principle in Section 2.3.2 and the measured
ngle difference data in Fig. 12, the sensitivity WAB between points
 and B is 47.082. Similarly, we can obtain the sensitivity W for
ther points, as shown in Table 4.

Despite the simplicity of the proposed method, the calibration
ata analysis results (Table 2) agree well with the measurement
Sensitivity W/mm2 47.082 46.847 46.930

results of the cylindrical plano-convex lens data (Table 4), which
verified the feasibility of the calibration for the sensitivity of the
MBAS using cylindrical plano-convex lens.

3.4. Uncertainty budget for the sensitivity of MBAS from two
experiments

To evaluate the developed methodology based on the calibra-
tion method using real datasets, the measurement uncertainties
were also analyzed. Table 5 shows a list of all relevant uncertainty
components for the calibration of the MBAS of the type, and states
the estimates, the sensitivity coefficient function, and the resulting
uncertainty contribution as standard uncertainty of the sensitivity
(from Eq. (22)).

Explanations regarding the uncertainty components are:
(�fA

, �fB and �dAB
) Calculation of the standard deviation of the

mean value of typically 3–5 repeat measurements.
(fA + fB and dAB) The sensitivity coefficient of the MABS accord-

ing to Section 3.2 (Fig. 10).
(�WAB ) According to Eq. (22), the total uncertainty contributions

for the calibration of the sensitivity �WAB is ±0.0270 mm2, we find
the biggest function standard deviation error is �dAB

.
Similarly, we  can obtain uncertainty of the sensitivity for other

points, as shown in Table 5.
Table 6 shows a list of all relevant uncertainty components for

the cylindrical plano-convex lens measurement of the type, and
states the estimates, the sensitivity coefficient function, and the
resulting uncertainty contribution as standard uncertainty of the
sensitivity (from Eq. (23)).

Explanations regarding the uncertainty components are:
(�R, �k, and ��dAB ) Calculation of the standard deviation of

the mean value of typically 3–5 repeat measurements. To eval-
uate the standard deviation for the radius of curvature R of the
cylindrical plano-convex lens, an experiment was  developed using
conventional high-precision machines (MITUTOYO FALCIO707) to
measure the same cylindrical plano-convex lens. It has a radius of
curvature of 519.084 mm (the uncertainty of the measured radius
R is 0.816 mm).  Here, the indication accuracy of the MITUTOYO
FALCIO707 is (1.9 + 4L/1000) �m.

(�dAB) The sensitivity coefficient of the MABS according to Sec-

tion 3.3 (Fig. 12).

(R + 2k) Calculation of the mean value of typically 5–10 repeat
measurements. The standard average value of the distance between
the lens and aspheric surface k is 55.5 (in mm). Here, as shown in
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Table  5
Uncertainty budget of the MBAS for plane mirror measurement (from Eq. (22)).

Type Uncertainty component Estimate/mm Sensitivity
coefficient

Estimate/mm Uncertainty
contribution/mm

�fA
Standard deviation of the focal
distance in point A

0.0000476 dAB 0.511 0.0000243

�fB Standard deviation of the focal
distance in point B

0.0000460 dAB 0.511 0.0000235

�dAB Standard deviation of the lens spacing 0.0000293 fA + fB 92.114 0.0270
�WAB /(mm2) = ±0.0270

Type Uncertainty component AB BC CD

�W /(mm2) The standard deviation of the
sensitivity

47.084 ± 0.0270 46.826 ± 0.0740 46.890 ± 0.0808

Table 6
Uncertainty budget of the MBAS for cylindrical plano-convex lens measurement (from Eq. (23) and the radius of curvature of the workpiece is 519 mm).

Type Uncertainty component Estimate/mm Sensitivity
coefficient

Estimate/mm Uncertainty
contribution/mm

�R Standard deviation of the radius of curvature 0.816 �dAB 0.0747 0.0609
�k Standard deviation of the distance between lens

and workpiece surface
0.1 �dAB 0.0747 0.00747

��dAB
Standard deviation of the differential spacing 0.00000169 R + 2k 630 0.00106

�WAB /(mm2) = ±0.0628

Type  Uncertainty component AB BC CD

�W /(mm2) The standard deviation of the sensitivity 47.082 ± 0.0628 46.847 ± 0.0624 46.930 ± 0.0626

Table 7
Uncertainty budget of the MBAS for cylindrical plano-convex lens measurement (from Eq. (23) and the radius of curvature of the workpiece is 363.3 mm).
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Type Uncertainty component 

�W /(mm2) The standard deviation of the sensitivity 

able 3, the radius of curvature R of the cylindrical plano-convex
ens is 519 (in mm).

(�WAB ) According to Eq. (23), the same order of magnitude can
e assigned to the bounds on the uncertainty of the sensitivity in
0.0628 mm2, where in the cylindrical plano-convex lens measure-
ent, the biggest function standard deviation error is �R.
The uncertainty of the sensitivity is also measured for differ-

nt curvature radii. Table 7 shows the uncertainty budget of the
BAS for the cylindrical plano-convex lens measurement when the

adius of curvature of the workpiece is tuned to 363.3 mm.  When
he radius of curvature decreased, the uncertainty of the sensitiv-
ty decreased by several nanometers. Therefore, the calibration for
he sensitivity of the MBAS can use cylindrical plano-convex lenses
ith different curvature radii.

Comparison of the two methods confirms that the second
ethod (using cylindrical plano-convex lens) is more adapted for
easurement with ultra high level of uncertainty. Further, the sec-

nd method is simple, corresponding to a direct calculate in the
ensitive parameters aiming to minimize the cost.

. Conclusion

The results of this paper are summarized as follows:

1) A high accuracy micro aspheric measuring machine (micro-
AMM)  for accurate measurement of the small aspheric profile
has been proposed in this paper. The schematic of the micro-

AMM includes three main parts: a multi-beam angle sensor
(MBAS), a rotary unit, and a bearing system. The MBAS was
developed to detect the differential of the local slope compo-
nents (angle difference) of a point on the mirror surface and
B BC CD

.091 ± 0.0628 46.872 ± 0.0624 46.935 ± 0.0625

using Fourier series, we  can obtain the profile data from the
angle difference.

(2) To achieve the absolute accuracy of the flatness measurement
under several tens nanometer, the sensitivity of MBAS should
less than 0.5%. Therefore, for the determination of the sensi-
tivity of MBAS, two independent calibration methods can be
applied using plane mirror and cylindrical plano-convex lens
has been proposed to measure the sensitivity of the MBAS. The
measurement data analysis results using plane mirror agree
well with the measurement results of the cylindrical plano-
convex lens data, which verified the feasibility of the calibration
for the sensitivity of MBAS using cylindrical plano-convex lens.

(3) To evaluate the developed methodology based on the
calibration method using real datasets, the measurement
uncertainties was also analyzed. We  evaluated sensitivity for
each lens-array; afterwards we  investigated the influence of
the function standard deviation error on the calibration mea-
surement using plane mirror and the cylindrical plano-convex.
The biggest function standard deviation errors are �d and �R

in the calibration experiment and the cylindrical plano-convex
lens measurement, respectively. Therefore, the precision of the
radius of curvature (cylindrical plano-convex lens) may  be the
main reason for the calibration for the sensitivity of the MBAS.

Comparison of the two methods confirms that the second
method (using cylindrical plano-convex lens) is more adapted for
measurement with ultra high level of uncertainty. Further, the sec-
ond method is simple, corresponding to a direct calculate in the

sensitive parameters aiming to minimize the cost.

The uncertainty budget for the sensitivity of MBAS results is less
than 0.5%, which also imply that the MBAS can measure flatness
with repeatability under 50 nm.
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Abstract 
The Edlén empirical equations and the two-color method are the commonly used approaches to 
converting a length measured in air to the corresponding length in vacuum to eliminate the influ-
ence of the refractive index of air. However, it is not well known whether the two-color method is 
superior to empirical equations in refractive index compensation. We investigated the uncertain-
ties of these approaches via numerical calculations of their sensitivity coefficients of environmen-
tal parameters. On the basis of a comparison of their uncertainties, we found that in a 0% humidi-
ty environment, the two-color method had potential to provide greater measurement accuracy 
than the empirical equations.  

 
Keywords 
Two-Color Method, Length Measurement, Sensitivity Coefficient, Uncertainty, Empirical Equations 

 
 

1. Introduction 
Meter, the unit of length, is defined in vacuum. However, measurements of length are often carried out in air, 
which presents some problems. Let us assume that we want to compare two geometric distances 1G  and 2G . 
These two distances are measured in air as 1 1 1L G n= ×  and 2 2 2L G n= × , where 1n  and 2n  are the refrac-
tive index of air (RIA). In the absence of a relationship between 1n  and 2n , it is not possible to determine 
which of 1G  and 2G  is greater only by judging the magnitude relationship between 1L  and 2L . To solve 
this problem, the influence of RIA must be eliminated. 

One approach to obtaining the value of RIA is to use empirical equations [1]-[4]. With n obtained, an estimate 
of the geometric distance /G L n=  can be calculated. The estimated geometric distance can be used for com-
parison. The empirical equations are used to compensate for the RIA under two assumptions. First, environmen-
tal parameters (namely, temperature, pressure, and humidity) can be measured. Second, a measured environ-
mental parameter is a good reproduction of that parameter along the optical path, meaning that a measured en-
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vironmental parameter is an average value over time and space. In other words, both the spatial distribution of 
environmental parameters and the time-delay of measurement equipment can be ignored. These assumptions are 
valid only if the measurement is performed in a closed environment (e.g., a well-controlled laboratory or under-
ground tunnel with limited variation in environmental parameters). 

Another approach to suppressing the influence of RIA is to apply the two-color method, which was first pro-
posed by Bender and Owens [5] to compensate for the inhomogeneous disturbances of the RIA in an open envi-
ronment. The core concept of the two-color method is to use a measured length difference between two colors 
(frequencies) to render length measurements less sensitive to changes in the RIA. 

Recently, high-precision length measurements based on fem to second optical frequency comb (FOFC) have 
been carried out (e.g., [6] [7]). To compensate for the RIA, FOFC-based RIA measurements [8] [9] and FOFC- 
based two-color method experiments [10]-[12] have also been performed. Minoshima’s group performed a two- 
color method experiment in a well-controlled environment and found an agreement between RIA compensation 
based on the empirical equations and that of two-color method with a standard deviation of 3.8 × 10−11 through-
out hours [13]. They also suggested that the accuracy provided by the empirical equations may be improved   
by the two-color method. 

One question arises naturally: theoretically, is the two-color method superior to the empirical equations in 
RIA compensation? We employed a numerical approach to investigate this possibility. 

2. Methods 
2.1. Refraction Index Compensation by Empirical Equations 
The distance between two points measured in air is an optical distance airL . An estimate of the geometric dis-
tance est_G λ  in vacuum and the optical distance has the following relationship. 

est_ air /G L nλ =                                      (1) 

where n represents the RIA. By applying the law of propagation of uncertainty [14] [15] to Equation (1), we ob-
tain the uncertainty of length in vacuum. 

2 2 2
est_ est_ air_1 air_1 est_( ) {[ ( ) / ] } {[ ( ) / ] }u G u n n G u L L Gλ λ λ= × + ×                   (2) 

where ( )u x  denotes the uncertainty of variable x. The first and second terms of the right-hand side of Equation 
(2) are the uncertainty due to the refractive index and the length measurement, respectively. These two are de-
fined as follows, respectively. 

est_ est_( ) [ ( ) / ]nu G u n n Gλ λ= ×                                (3) 

est_ air_1 air_1 est_( ) [ ( ) / ]Lu G u L L Gλ λ= ×                             (4) 

The uncertainty of refractive index can be evaluated by the following equation [16] [17]. 

0 0 0

2 2 2 2 2 2
T 0 P 0 H 0( ) ( ) ( ) ( )u n K u T K u P K u H= + +                         (5) 

where ( )u T , ( )u P , and ( )u H  are the uncertainties of the instrument for measuring temperature T, barome-
tric pressure P, and humidity H, respectively. TK , PK , and HK  are sensitivity coefficients and defined as 
follows. 

0 0 0 0 0 0T P H( / ) , ( / ) , ( / )T P HK dn dT  K dn dP  K dn dH= = =                     (6) 

where 
0

( / )Tdn dT  is the derivative of function y ( , , )n T P H=  at 0T T= . The definitions are similar for 

0
( / )Pdn dP  and 

0
( / )Hdn dH . 

2.2. Refraction Index Compensation by Two-Color Method 
The distances between two points measured in air by using different wavelengths are optical distances air_1L  and 

air_2L . An estimate of the geometric distance est_2G λ  from these two optical distances can be obtained as fol-
lows: 
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est_2 air_ 2 air_ 2 air_1( )G L A L Lλ = − × −                                 (7) 

where A is the so-called A-factor defined as 

vac_ 2 vac_ 2 vac_1[ ( , , , ) 1] / [ ( , , , ) ( , , , )]A n T P H n T P H n T P Hλ λ λ= − −                    (8) 

Equation (7) can be rewritten as follows. 

est_2 air_1 air_ 2(1 )G A L A Lλ = × + − ×                                 (9) 

By applying the law of propagation of uncertainty to Equation (9), we have 
2 2 2

est_2 air_1 air_ 2( ) ( ) [(1 ) ]u G u A L u A Lλ = × + − ×                            (10) 

The uncertainties of the first and second terms of the right-hand side of Equation (10) are, respectively, 
2 2 2

air_1 air_1 air_1 air_1[ ( ) / ] [ ( ) / ] [ ( ) / ]u A L A L u A A u L L× × = +                        (11) 

2 2 2
air_ 2 air_ 2 air_ 2 air_ 2{ [(1 ) ] / [(1 ) ]} [ (1 ) / (1 )] [ ( ) / ]u A L A L u A A u L L− × − × = − − +              (12) 

Because we have 2 2 2 2(1 ) (1) ( ) ( )u A u u A u A− = + = , Equation (12) can be rewritten as follows. 
2 2 2

air_ 2 air_ 2 air_ 2 air_ 2{ [(1 ) ] / [(1 ) ]} [ ( ) / (1 )] [ ( ) / ]u A L A L u A A u L L− × − × = − +               (13) 

By substituting Equations (11) and (13) into Equation (10), we obtain 
2 2 2 2 2

est_2 air_1 air_1 air_ 2 air_ 2( ) [ ( ) ] [ ( ) ] [ ( ) ] [ ( ) (1 )]u G u A L u L A u A L u L Aλ = × + × + × + × −            (14) 

The first and third terms of the right-hand side of Equation (14) are the uncertainty due to the A-factor, and 
the second and fourth terms are the uncertainty due to the length measurement. These two are defined as follows, 
respectively. 

2 2
est_2 air_1 air_ 2( ) [ ( ) ] [ ( ) ]Au G u A L u A Lλ = × + ×                      (15) 

2 2
est_2 air_1 air_ 2( ) [ ( ) ] [ ( ) (1 )]Lu G u L A u L Aλ = × + × −                    (16) 

The uncertainty of A-factor is as follows. 

0 0 0

2 2 2 2 2 2
A_T 0 A_P 0 A_H 0( ) ( ) ( ) ( )u A K u T K u P K u H= + +                     (17) 

where A_TK , A_PK , and A_HK  are the sensitivity coefficients of the A-factor and are defined as follows. 

0 0 0 0 0 0A_T A_P A_H( / ) , ( / ) , ( / )T P HK dA dT  K dA dP  K dA dH= = =                 (18) 

where 
0

( )TdA dT  is the derivative of function y ( , , )A T P H=  at 0T T= . The definitions are similar for 

0
( )PdA dP  and 

0
( )HdA dH .  

2.3. Comparison of Empirical Equations and Two-Color Method 
In Equation (4), the uncertainty due to the length measurement is multiplied by the factor est_ air_1/ 1G L nλ = ≈ . In 
Equation (16), the uncertainty due to the length measurement is multiplied by two factors, A  and 1 A− . 
Normally, their orders are several tens. If the two wavelengths used in the two-color method are 780 nm and 
1560 nm, then 141A ≈  and 1 140A− ≈ − . By comparing the magnitudes of Equation (4) and Equation (16), 
we understand that only when the condition 

2 2
est_2 est_[ ( )] [ ( )]A nu G u Gλ λ<                               (19) 

is satisfied, the two-color method can be shown to obtain measurements with a smaller error than that of the em-
pirical equations. We performed numerical calculations to check whether Equation (19) is feasible. 

3. Numerical Calculations 
We used the following parameters for simulation. By referring to Ref. [18], we employed 780.0 nm and 1560.0 
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nm as the two wavelengths. We used the equations for the phase refractive index given in Ref. [4]. Because of 
the limit on the length of this paper, we only considered the Edlén empirical equations in this study. In the Edlén 
empirical equations [2]-[4], the RIA can be derived from the wavelength in vacuum λ , temperature T, barome-
tric pressure P, and humidity H as n ( , , , )f T P Hλ= . The formula used to perform the calculations can be eas-
ily accessed via the internet [4]. In the following, we only consider the phase refractive index. The group refrac-
tive index can be treated in the same way. 

On the basis of Equations (6) and (18), we calculated the change in the sensitivity coefficients when environ-
mental parameters change in a realistic range (T ∊ [10, 30] ˚C, P ∊ [90,115] kPa, H = 0%). The calculations of 
the derivative of each refractive index have been validated in Ref. [19]. The same procedure was used in this 
study for calculating the derivative of the A-factor. After obtaining an expression for the sensitivity coefficients 
by substituting numerical values, the values of sensitivity coefficients were calculated. 

As shown in Figure 1, when = 0%, the sensitivity coefficient of the A-factor is smaller than that of the 
refractive indices. This result, i.e., the A-factor can be considered as a function of just two wavelengths only 
when the humidity is 0%, is consistent with the results of previous studies [10] [11] [13] [20]-[24]. 

On the basis of Equations (3) and (15), we calculated the uncertainties due to the A-factor and refractive in-
dices, respectively. The geometric distance G was set to 1 m. We assumed that ( ) 0.1 Cu T =   and ( ) 0.01 kPau P =  
on the basis of using a thermometer (Testo 735, Testo) and a barometer (VR-18, Sunoh), respectively. These 
two are commercially available for us.  

Figure 2 shows that est_2 est_( ) ( )A nu G u Gλ λ< . This result means that in a 0% humidity environment, the two- 
color method has potential to provide greater measurement accuracy than the empirical equations. Note that the 
orders of values shown in Figure 2 were affected by the sensitivity coefficients of environmental parameters 
and the uncertainties of the instrument for measuring environmental parameters. A detailed uncertainty analysis 
in an environment where the humidity is not 0% will be reported in another paper. 

4. Conclusion 
We analyzed the uncertainties of length conversion based on the Edlén empirical equations and the two-color  

 

 
(a) 

 
(b) 

Figure 1. Change in sensitivity coefficients of A-factor and refractive indices with (a) tempera-
ture when P = 101.325 kPa and H = 0% and (b) pressure when T = 20˚C and H = 0%.             

H

( )

(b)
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(a) 

 
(b) 

Figure 2. Change in uncertainties due toA-factor and refractive indices with (a) temperature 
when P = 101.325 kPa and H = 0% and (b) pressure when T = 20˚C and H = 0%.                 

 
method, in which the uncertainties due to length measurement and refractive index compensation were decom-
posed. Using numerical calculations of sensitivity coefficients of the A-factor and refractive indices of the envi-
ronmental parameters, we found for the first time that in a realistic environmental parameter range (T ∊ [10, 30] 
˚C, P ∊ [90, 115] kPa, H = 0%), the uncertainty of the two-color method due to the A-factor was smaller than 
that of the empirical equations due to refractive indices. This result suggests that in a 0% humidity environment, 
the two-color method has potential to provide greater measurement accuracy than the empirical equations, with 
the cooperation of suppressing the uncertainties of length measurements (compared with uncertainties of refrac-
tive index compensation) to a negligible level. The findings of this study provide a better insight into the two- 
color method, and will create opportunities for further development of application of this method. 
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Flatness tolerance of mirror is usually determined for a particular manufactured product based on the user’s requirement. To help

meet this requirement, we here propose a high-accuracy microscale flatness-measuring machine (micro-FMM) that consists of a

multi-beam angle sensor (MBAS). We review the techniques and the sensors predominantly used in the industry to quantify flatness.

Compared with other methods, the MBAS can eliminate zero-difference error by circumferential scan and automatically eliminates

the tilt error caused by the rotation of a workpiece. Our optical probe uses the principle of an autocollimator, and the flatness

measurement of the mirror comprises two steps. First, the MBAS is designed to rotate around a circle with a given radius. The

workpiece surface profile along this trajectory is then measured by the micro-FMM. Experimental results, confirming the suitability

of the MBAS for measuring flatness are also presented.
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1. Introduction

Surface flatness of mirror is a critical feature in many industrial and

commercial devices and instruments. A flat surface often serves as a

reference against which to inspect other workpieces. The ISO 11011

standard for flatness tolerance quantifies flatness in terms of the space

bounded by two parallel planes separated by t. This distance must meet

application-specific requirements.2

Surface flatness of mirror can be assessed in various ways, some

similar to straightness. A traditional approach involves sweeping the

test surface in several places with a straight edge and observing where

and how much light leaks through the contact region. This method

suffers from any deviation in the straightness of the edge and from the

diffraction of any light transmitted through even a very small gap. The

edge must also be rotated on the surface to ensure true planarity.3 Other

techniques of measuring flatness such as coordinate-measuring machines

(CMM) , the least-square arithmetic was applied in flatness based on

CMM,4 but there is a discrepancy in assessment the uncertainty, such

as in referents.5-7 Optical measurement methods have also been

reported,8-10 some based on interferometry.11,12 However, interferometry

technique is viable and does produce, under certain conditions, absolute

values. Yokoyama proposed a novel interferometric measurement

method using two heterodyne shearing interferometers.13 Although this

technique is robust and precise under general environment, the

measurement curvature-range is limited, as the variation of curvature is

not allowed to be too high.

Another technique, involving the use of an autocollimator,14-17

yields notoriously high resolution and accuracy. When applied to a

large work piece, many sensors are normally used to determine position

coordinates. The scanning multi-probe system, consisting of two probe

units of the three-probe method, whose straightness profile was evaluated

with an accuracy of approximately 0.4 µm over a measurement length

of 600 mm.18 This widely used technique face the problem of the zero

difference error; they carried out an accurate zero-adjustment by two

probe-units (six sensors). This poses a problem that the probe non-

linearity error (the main error sources) will generate in the zero-

adjustment.18

Ikumatsu proposed the circumferential scan technique (used three

displacement sensors) to measure the flatness, which verified can

automatically reduce the zero-difference error.19,20 However he only

shows results of this study through theoretical analysis.

We therefore designed and built a simple but accurate small-angle

generator using a multi-beam angle sensor (MBAS). Its dimensions are

125(L) mm × 130(W) mm × 90(H) mm. The flatness measurement of

DOI: 10.1007/s12541-016-0133-6 ISSN 2234-7593 (Print) / ISSN 2005-4602 (Online)
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the mirror comprises two steps. First, the MBAS is designed to rotate

around a circle with a given radius. The workpiece surface profile

along this trajectory is then measured by the micro-FMM. Compared

with other methods, the MBAS can eliminate zero-difference error by

circumferential scan and automatically eliminates the tilt error caused

by the rotation of a workpiece. Experimental results, confirming the

suitability of the MBAS for measuring flatness are also presented.

2. Micro-FMM Configuration

An autocollimator is an optical instrument that performs non-

contact angle measurements at a reflecting surface. The MBAS is based

on a multi-autocollimator system using microlenses to measure

deflections in an optical system. It works by projecting an image onto

a beam splitter, and measuring the deflection of the light reflected from

the surface. The deflection of the light reflected at several points on the

surface can be measured with a sensor. Then, the sensor is scanning the

workpiece while it is rotating.

Fig. 1 illustrates the MBAS optical system. The laser beam from a

laser diode (LD) passes through a pinhole and is collimated by a

collimator lens. The beam is then reflected by a beam splitter and

projected onto the workpiece surface. All of the beam reflected from

the workpiece surface traverses the beam splitter to reach the microlens.

After being focused by the microlens, it is split into several beams. The

resulting pattern is observed and recorded by a CMOS camera oriented

vertically, and the imaging can be observed on a TV monitor. Further

processing of the pattern is carried out on a PC.

We used an MBAS to construct the experimental system shown in

Fig. 2. A workpiece was placed on the tilt stage and the rotary platform

was mounted between two XY-platforms. Thus, the rotary table acts as

a small-angle generator and serves to set the reference position for the

angle measurements. The MBAS was arranged to rotate around the

circumference of a circle from the rotational center point. We then

measured the workpiece surface profile along the circle by rotating the

workpiece in increments.

3. Principle of the MBAS

3.1 Measurement of the angle difference c

The measurement of the angle difference involves two steps. First,

the MBAS is placed so as to rotate around the circumference of a circle

of radius r centered on point O on the workpiece surface. Then, the

workpiece surface profile is measured along the circumference by

rotating the workpiece in increments, as shown in Fig. 3. The workpiece

flatness is determined in these two steps by the proposed algorithm.

Fig. 1 Construction of the MBAS

Fig. 2 Schematic of the micro-FMM: multi-beam angle sensor (MBAS),

tilt stage, rotary unit, XY-platforms, and a support structure for holding

the MBAS

Fig. 3 Profile measurement along the circumference of a circle of radius

r: the multi-beam angle sensor is fixed onto the support structure and

scanning the workpiece while it is rotating. (a) Side view. (b) Top view.

(c) Overall view of the measurement scans on concentric circles
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Further details will be given in Section 4. One commonly used method

for assessing surface flatness uses three sensors18 that can measure

distances relative to a fixed internal reference plane. However, this

method is susceptible to tilt error and zero-difference error, i.e.,

discrepancies between the zero values of each sensor. The MBAS was

designed to address this problem by eliminating the significance of the

zero-difference error (Fig. 3) and automatically eliminating the

significance of the tilt error that originates from the rotation of the

workpiece (Fig. 5).

The MBAS uses a CMOS to capture the spot pattern produced by

a microlens. See Fig. 3(a) for a schematic of the side view of the flatness

measurement system. Here, f is the focal distance of the microlens and

r the radius of measurement.

In the XY plane (Fig. 3(b)), the workpiece is rotated in angular

increments of è, with the MBAS initially oriented perpendicular to the

x axis. Flatness is then measured along the straight line passing through

the center of rotation, O. Fig. 3(c) illustrates how the two points A and

B in the circumference of the circle of radius r are carried out by

rotating the workpiece step by step.19 The workpiece flatness is

calculated by applying the autocollimator principle of the angle

difference at each of these two angles on the workpiece. The angle

difference can be calculated from the intensity distribution of the spots

on the CMOS.21 Then, the specimen profile at each location on the

circle can be determined accurately. This procedure is repeated for

circular scans of different radii, to yield the overall shape of the surface.

In the flatness measurement, the profile P can be denoted as the

second order integration of the angle differential output c (the

mathematical algorithm is shown in section 3.2), if the zero difference

error c0 is zero (the difference between the zero-value of the two angles

will generate an offset c0 in the angle differential output). However, if

the c0 is not equated zero, the second order integration of the offset c0

will yield a quadratic curve in the profile evaluation. Generally known

is the use of the three sensors for the purpose of determining the

flatness of a surface. This widely used technique also face this problem,

they carried out an accurate zero-adjustment by two probe-units (six

sensors). This poses a problem that the probe non-linearity error (the

main error sources) will generate in the zero-adjustment.18

In order to circumvent the problem of the zero-difference error

mentioned in the last paragraph, we proposed the circumferential scan

technique. Through one circumferential scanning (rotate 360 degree),

suppose the first and last position is the same one, by the proposed

algorithm (Fourier transform), which can automatically reduce the

influence of zero-difference error. Ikumatsu also proposed the

circumferential scan technique (used three displacement sensors) to

measure the flatness, which verified can automatically reduce the zero-

difference error.19

Fig. 4 outlines the principle of the angle-difference measurement by

the MBAS. A1 and B1 are representative points on the workpiece at the

rotation angle t1 (as shown in the Fig. 3(b)), and ca1 and cb1 are the

corresponding angles. Then, c is the angle difference between points A1

and B1. Here, A0 and B0 represent predetermined surface location of the

points A1 and B1, and ca0 and cb0 are the corresponding angles. When

the separation between A1 and B1 changes from x0 to x1, the relationship

between the surface gradient in the Y direction and the reflected beams

must be determined. 

The MBAS is based on the autocollimator principle. An

autocollimator measuring the distance between two reflected beams,

which provides a measure of the angle difference of the workpiece.

Assume that, as shown in Fig. 5, the green and red beams originate

from planes P1 and P2, respectively. The distance between the two

reflected laser beams from P1 plane is l. When the surface tilts in the

Y direction by an angle θ from plane P1 to P2, the positions of the two

reflected beams from plane P2 also changes. Relative to the reference

plane P1, plane P2 is tilted by an angle θ, but the distance between the

two reflected beams remains equal to l. Similar to autocollimators, the

distance l provides a measure of the angle difference. Thus, the angle

difference is unchanged by a change in gradient in the Y direction. The

tilt error caused by the rotation is therefore negligible and the specimen

profile can be measured accurately on each concentric circle.

3.2 Calculating the profile P from the angle difference c

Fig. 6 outlines the measurement algorithm. The profile P of a

workpiece at a location t can be expressed as a Fourier series, given by

(1)

where ai and bi are the Fourier series coefficients, n the maximum

iterations of the Fourier series, and m the number of sample points.

Here, the angle difference c can be measured by the sensor, and can

also be expressed as the second order differential of the profile data P,

given by

P tj( ) a
0

ai tjicos bi tjisin+( )
i=1

n

∑+= tj
2π j 1–( )

m
--------------------=

j 1 2 … m, , ,=( )

Fig. 4 Calculation of the angle difference from the intensity distribution

of the center of the overall intensity distribution

Fig. 5 Relation between surface curvature in the Y direction and the

reflected beams: the green and red lines denote, respectively, the

reference and the actual plane, tilted by angle è and the distance

between the two reflected laser beams from P1 plane is l
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(2)

Then, using a Fourier transformation, we can also transform the

angle difference c to coefficients di and ei, given by

(3)

We note that the relationship between the Fourier series (ai and bi)

and coefficients (di and ei) can be denoted as 

, (4)

Consequently, the profile P can be denoted as a Fourier series by

using an inverse Fourier transform.

The characteristics of the algorithm can be estimated from its

transfer function, which defines the relationship between the angle

difference c and the profile data P.

Some simulation examples demonstrate how to calculate the

roundness by using Fourier transform.21 The simulation results also

imply that the MBAS can measure roundness with repeatability under

10 nm if the random angle error is less than 0.8 µrad.

4. Pre-Experiment

4.1 Configuration of the pre-experiment

The pre-experimental arrangement is shown in Fig. 7. It consists of

the MBAS (multi-autocollimator system with a microlens), two XY-

platforms, a rotary platform, a tilt stage, and a support structure. We

used a stage controller to move the rotary platform, controlled by

Labview software on a PC, and recorded the MBAS output signals at

each position. 

Fig. 8 shows the constructed MBAS. A 650-nm-wavelength laser

beam from a LD passes through a pinhole of diameter 400 µm and is

collimated by the collimator lens. The beam is then reflected by a beam

splitter and projected onto the workpiece surface. The reflected beam

from the workpiece surface passes totally through the beam splitter and

focuses it on the microlens, which divides the beams into several

beams. Finally, the CMOS tracks the position of 8¥8 focal spots. The

pitch of the microlens is 500 µm. 

The resulting pattern is observed and recorded by the CMOS

camera, oriented vertically. Table 1 lists the device specifications. The

angle difference can be calculated from the intensity distribution.21

4.2 MBAS stability

To verify the standard deviation of the MBAS measurements taken

in a real environment, we measured the stability of the angles and the

angle difference over two hours. Fig. 9 plots the angle measurements

at points A and B, while the workpiece was not rotating. MBAS stability

is then expressed as the standard deviation of the autocollimator output.

c tj( )Δ P″ tj( ) i
2

ai tjicos bi tjisin+( )
i=1

n

∑–= =

cj di tjicos ei tjisin+( )
i=1

n

∑ P″ tj( )= =

ai

di

i
2

----–= bi

ei

i
2

---–=

Fig. 6 Measurement flowchart: from the angle difference c to the

profile data P via Fourier series Fig. 7 Microscale flatness measurement setup, consisting of the MBAS,

two XY platforms, a rotary platform, a tilt stage, and a supporting

structure for the MBAS

Fig. 8 Construction of the multi beam angle sensor: the MBAS is

based on a multi-autocollimator system using a microlens

Table 1 Multi-beam angle sensor specifications (Fig. 8)

Laser Diode
Output power : 35 mW (CW)

Wavelength : 658 nm

Pinhole Diameter : 400 μm

Aperture Diameter : 4 mm

Microlens
Focal distance : 46.7 mm ( f )

Pitch of the array : 500 μm

CMOS
Size : 5.6 mm × 4.2 mm 

Pixel size : 2.2 μm × 2.2 μm
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The experimental setup is mounted on a table in a basement. In Fig.

9, the long measurement time reveals a large thermal drift. The standard

deviation for ca is 2.45 µrad, but that of c is 0.79 µrad. Here, the standard

deviation c is the stability of the MBAS. We note that the fluctuation

in the stability of c is small because it eliminates thermal drift. We

therefore only consider the differential output to measure flatness.

Our stability testing demonstrates that a simple optical-path design

makes the setup insensitive to environmental fluctuations.

4.3 Pre-experiment results

Mirrors were used as specimens in the experiment. Table 2 shows

the experimental conditions. The workpiece is polyvinyl chloride (PVC)

mirror coated with aluminum. The flatness of the coated PVC plate is

of the order of several dozen micrometers.

Fig. 10 plots ca, cb, and c for the PVC plate, measured by the MBAS

system, as functions of the rotation angle. The range of angle and angle

difference of the rotation angle over 360 degree for the specimen are

3550 and 390 µrad, respectively. Measurements plotted in Fig. 11(a)

show that the average flatness, measured over five trials, was 54.32 µm

with average standard deviation of 52 nm (Fig. 11(b)).

To evaluate the MBAS method using real datasets, an experiment was

developed using conventional high-precision machines (MITUTOYO

FALCIO707) to measure the same PVC plate. Its flatness profile is

plotted in Fig. 12 and has a flatness of 56.4 µm. Here, the indication

accuracy of the MITUTOYO FALCIO707 is (1.9+4L/1000) µm, L is

the measuring length (mm).

Fig. 12 shows the profile of the same workpiece obtained by two

separate measurement methods. The flatness derived by the MBAS

method and CMM are 54.32 and 56.4 µm, respectively. The MBAS

measurement was done without any temperature control or vibration

isolation.

From the results, it can be clearly seen that the MBAS measuring

results follow the CMM very well in the whole. However, there is a

slight difference in the measurements especially in some point elements

(e.g. peaks, pits, saddle points) compared the two measuring results for

the following reasons: (1) the accuracy of the CMM is over 1.9 µm for

limited range; (2) although we have measure the same PVC plate, the

measuring position is not exactly same; and (3) MBAS is an optical

instrument for non-contact measurement of angles, however, the CMM

is using the contact sensor for measurement. Therefore, the measuring

spot of the MBAS is larger than CMM.

To confirm the repeatability of the MBAS measurements, we

repeated the experiment using a very flat mirror, with a flatness of

several dozen nanometers.

Fig. 13 plots ca and cb for this mirror. The range of angle and angle

difference of the rotation angle over 360 degree for the specimen are

now 13.02 and 1.57 µrad, respectively. Profile data of the mirror are 76

nm with an average standard deviation 12 nm over four trials (Fig. 14).

The pre-experiment results (Table 3) confirm the suitability of the

MBAS for measuring flatness. Future work will be necessary to

Fig. 9 MBAS stability: the angles and the angle difference were

measured over two hours

Table 2 Experimental conditions

Parameters Values

Radius of measurement 10 mm

Sample points 360

Rotation increment 1 degree

Fig. 10 Measured angles at points A and B and angle difference data

for a PVC plate

Fig. 11 Profile data (five trials) and repeatability (average standard

deviation of five trials) test for a PVC plate measured with the MBAS

Fig. 12 Comparison of MBAS with CMM measurements
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analyze the factors that influence the measurement accuracy and to find

ways to assess and calibrate the MBAS.

5. Conclusions

We presented a new accurate microscale flatness-measuring machine

(micro-FMM). This method uses only one probe, named the MBAS, to

realize the precision flatness measurements. We verified that the

MBAS can eliminate zero-difference error by circumferential scan and

automatically eliminates the tilt error caused by the rotation of the

workpiece when detecting angles. The MBAS can maintain high

sensitivity with miniaturized size.

An MBAS system for measuring flatness was constructed. The

optical probe is based on the principle of an autocollimator and has a

stability of 0.79 µrad (the standard deviation of the angle difference).

The performance of the probe was confirmed experimentally. The

flatness of a coated PVC plate was assessed by both the MBAS and

CMM techniques, yielding 54.32 µm and 56.4 µm, respectively. Owing

to the accuracy of the CMM, the discrepancy between the two techniques

was 2.08 µm. Experimental results confirm the suitability of the MBAS

for measuring flatness. To verify its repeatability, another experiment

was done using a very flat mirror. This yielded a flatness of 76 nm with

average standard deviation 12 nm, which hence verified the repeatability

of the flatness measurements by MBAS.

A new experiment has been designed, which is planned to perform

flatness measurement and analyze flatness measurement uncertainties.

Although the repeatability of the MBAS is good enough, the flatness

measurement and calibration the sensitivity of the MBAS will also be

the future plan to execute.
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1. Introduction

Machining accuracy is ensured by measurement accuracy, 
thus high-precision measurement method is necessary for 
improvement of manufacturing. Since 2009, optical frequency 
combs have become the national standard for the measure-
ment of length in Japan because of its high precision interval 
of pulses (relative uncertainty is 10−14). Until now, many mea-
surement methods with optical frequency combs such as inter-
ferometer are realized. One of them is realized by changing 
the optical path length with linear stage [1] and another inter-
ferometer is realized by shifting the repetition frequency of 
optical frequency comb [1–3]. Two wavelength interferom-
eter stabilized with optical frequency comb is also used [4, 5]. 
Time of flight is also applied with optical frequency comb [6]. 
The beat signals are obtained when the beam of the optical 
frequency comb is detected. This kind of signal is also used 
for measurement [7–10].

Recently, a high-precision non-contact measurement 
method for rough surface objects became more important in 
factories. For example, in factories which produce airplanes, 
we usually measure the whole surface of airplanes with a 
large CMM. However, it takes a long time to measure whole 
surface. Thus, a non-contact measurement method to rough 
surface is necessary to decrease the time cost of the measure-
ment. The aim of this research is to develop a non-contact 
precision absolute measurement system that can also measure 
the profile of rough-surfaced objects without cyclic error.

So far, many kinds of distance measurement methods for 
this purpose have been invented in previous investigations. 
Fujima’s group invented a distance measurement system 
with He–Ne laser modulated by 28 GHz and the standard 
deviation was 1 µm [11]. However, this measurement system 
needs correction of the cyclic error to the measured distance. 
An ordinary electronic distance meter also has cyclic error 
[12]. Minoshima’s group developed a distance measurement 
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system with frequency beats of the optical frequency comb 
and the measured distance was up to 240 m [7]. The relative 
uncertainty was about 8 ppm. In this system, the frequency 
used for measurement was 1 GHz and the component of the 
measurement system was made to be simple. Thus, in this 
measurement system, no cyclic error was observed. In our 
past research, we used an optical frequency comb and RF 
oscillator to apply frequency beats of higher frequencies than 
1 GHz. However, cyclic error was observed because of using 
the RF oscillator. Thus, we used the beat signals of two optical 
frequency combs instead of using the signal of RF oscillator 
[13]. However, the measurement accuracy is poor because 
of the use of the signal of frequency synthesizer as the refer-
ence signal directly. In this paper, optical frequency combs 
and AOM are used to improve the signal processing, and we 
utilize the characteristics of the optical frequency combs to 
achieve our objective, and we explain the principle of the pro-
posed measurement system with optical frequency combs and 
an experiment of measuring the profile of a cylinder with a 
rough surface (Ra  >  10 µm).

2. Measurement principle with an optical  
frequency comb

An optical frequency comb is a pulse laser, and the relative 
uncertainty of the pulse interval is very small (the relative 
uncertainty of the comb used in our lab is 10−10). Because 
the pulse envelop is periodic, many frequency modes are 
observed in the frequency domain. The frequency differ-
ence between each mode corresponds to the pulse interval. 
This frequency difference is called the repetition frequency 
(frep). In our lab, the relative uncertainty of the repetition 
frequency is also 10−10. The frequency of nth mode signal 
is represented as fceo  +  nfrep (figure 1). fceo is called car-
rier envelop offset whose relative uncertainty is the same 
as the frequency of laser diode. When a beam of an optical 
frequency comb is detected by a detector, the beat signals 
between each frequency are obtained. Thus, the frequency 
of the detected signal is represented as Nfrep where N is 
an integer (figure 2). The frequencies of these signals are 
in the range of several tens of GHz and are limited by 
the detector. Hereafter, we refer these signals as self-beat 
signals.

In the time domain, the electrical field of the beam of an 
optical frequency comb e(t) is represented as

( ) ( )∑ π θ

θ θ

= +

− =−

e t f tcos 2

const
i

i i

i i 1

 (1)

Here, fi and θi are the frequency and the phase of the ith mode 
signal, respectively and n is refractive index. In figure 3, the 
beam from the comb enters the detector. The distance between 
the comb and the detector is L. The detected beam ed(t) is 
represented as

( )
⎛
⎝
⎜
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Here, c is the velocity of light. The detected signal is rep-
resented as (ed(t))2. Thus, the jth mode of a self-beat signal 
(sj(t)) is represented as
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In the proposed method, the phases of the self-beat signals 
are used for distance measurement. If the optical path length 
to the detector is changed by ΔL, the phase change of the jth 
mode of the self-beat signal (Δϕj) can be represented by

( )
ϕ

π π
∆ =

− ∆
=

∆+f f n L

c

jf n L

c

2 2
j

i j i rep (4)

Thus, if Δϕj is measured, the change in the optical path length 
ΔL can be calculated.

ϕ

π
∆ =

∆
+L

c

jf n

mc

jf n2
j

rep rep
 (5)

Here, m is an integer. The wavelengths of the self-beat signals 
range from several tens of millimeters up to several meters. Thus, 
we can measure rough-surfaced objects because the wavelength is 
longer than the roughness. In equation (5), if ΔL is longer than the 
wavelength, m is not zero and is determined using a coincidence 
method with some other frequencies of the self-beat signals.

Figure 1. Spectrum of optical frequency comb. The interval of each 
frequency is called repetition frequency.

Figure 2. Spectrum of self-beat signals which are obtained when 
the beam is detected.

Figure 3. Beam from the comb enters the detector. L is the distance 
and ed(t) represents the electrical field of the incident beam.
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3. Measurement of the phase change of self-beat 
signals

If the frequency of the self-beat signal is very low, it is easy 
to detect the change in phase. However, the frequencies of 
self-beat signals are high (radio frequency (RF)). Hence, we 
cannot use a phase comparator and lock-in amplifier, and the 
detection of the phase change becomes difficult.

In the proposed measurement system, we used two optical 
frequency combs (frep1 is 100 MHz and frep2 is 58.417 MHz), 
an acoustic optical modulator (AOM (30–70 MHz)), and a 
frequency mixer are used to reduce the frequency without a 
phase change. The signal processing of the proposed measure-
ment system is shown in figure 4. The beam of comb2 is split 
before the AOM. One of the beams goes through the AOM 
and the other doesn’t pass the AOM. These two beams are 
gathered and go into the detector. The detected self-beat signal 
of comb2 in frequency domain is shown in figure 5. The fre-
quency of the beam which goes through the AOM is shifted 
by fmod. Thus, the frequencies of detected self-beat signals are 
shifted by  ±fmod.

In order to obtain the phase change, we compare the phase 
of the beam from the measured object with that of the ref-
erence beam by using a lock-in amplifier (0.5 Hz–200 kHz, 
5610B, NF-corporation). In addition, we use a frequency 
mixer to minimize the frequency without a phase change. 
Moreover, we have to remove the unnecessary signals, 
which are obtained after mixing. In order to do that, we used 
an AOM for changing the frequency of the self-beat signal 
by  ±fmod, and the frequency of the signal after mixing is set 
to a frequency which is same as that of the filter (10 kHz). 
Thus, only the necessary signals can be used. In the case of 
measurement with the frequency of 3.6 GHz, the modulate 

frequency is set to 36.553 MHz. In our research, we used the 
self-beat signals of another optical frequency comb instead 
of an RF oscillator and the modulate frequency is low (about  
50 MHz) so that the phase noise of the signal from the oscil-
lator does not cause cyclic error. Thus, we can decrease 
the effect of the cyclic error caused by the RF oscillator as 
reported in previous research.

4. Measurement uncertainty of the proposed  
measurement system

In figure 2, if the optical path length changes by ΔL and the 
detected phase changes by Δϕ, the measured distance can be 
represented as follows.

ϕ
π

∆ = +
∆

L
mc

fn

c

fn2
 (6)

Here, m is an integer, c is the speed of light, f is the frequency 
of the ith mode self-beat signal, and n is the refractive index 
of air. The measurement uncertainty of the proposed measure-
ment system is represented as follows.
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Here, σΔL is the uncertainty of ΔL, σΔϕ is the uncertainty of 
Δϕ, σf is the uncertainty of f, and σn is the uncertainty of 
n. The relative uncertainty of f is the same as the repetition 
frequency of the optical frequency comb, which is approxi-
mately 10−10 in this research, and the relative uncertainty of n 
is approximately 10−6 for a 1 °C change in temperature. ΔL 
is about several meters to several tens of meters. Thus, the 

Figure 4. Signal processing of the proposed measurement system. We compare the phase of the beam from the measured object with that 
of the reference beam by using a lock-in amplifier (0.5 Hz–200 kHz, 5610B, NF-corporation).

Figure 5. Frequency of the beam which goes through the AOM is shifted by fmod and the spectrum of the beam at the detector is as the left 
side of the figure (a). Thus, the frequencies of detected self-beat signals are shifted by  ±fmod (b).
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uncertainty of f and n does not have much effect on σΔL if the 
measurement distance and the time of measurement are short. 
In this case, σΔL is represented as

⎜ ⎟
⎛
⎝

⎞
⎠σ

σ
π

= ϕ
∆

∆c

nf 2
l (8)

Thus, the uncertainty of the measurement is obtained by f and 
σΔϕ. σΔϕ depends on the quality of the detected signal. σΔϕ is 
represented as follows.

σ =ϕ∆
kv

v
n

s
 (9)

Here, k is a constant value of the measurement system deter-
mined by the equipment used in our system, vn is the amplitude 
of noise in our measurement system, and vs is the amplitude 
of the signal used to measurement. Thus, this value k does 
not change if the equipment used in the research is the same. 
Also, the main source of vn is thermal noise in the circuit. If 

the temperature (300 K) is changed by 1 °C, the amplitude of 
vn is changed by 0.3%. Thus, measurement uncertainty can 
be calculated with the amplitude of the signal if kvn is already 
known. kvn can be calculated with value of σΔϕ and vs which 
are experimentally obtained by a lock-in amplifier.

5. Measurement of the cylinder with a rough 
surface

As we explained, the wavelength of the self-beat signals of 
an optical frequency comb is longer than the roughness of the 
surface. Thus, the profile of rough-surfaced objects can be 
measured. In this paper, we measured a cylinder which has 
a rough surface (Ra  >  10 µm). The experimental system is 
shown in figure 6. The beam of the optical frequency comb 
comes from the collimator and hits on the measured surface. 
The reflected beam is concentrated by a parabolic mirror. The 
measured cylinder is placed on the linear stage and is moved 

Figure 6. Setup of the proposed measurement system. The size of the cylinder is 113.2 mm, and it is moved by 120 mm. Surface profile is 
measured by a change in the optical path length.

Figure 7. Power of the detected beam from measured object. In a wide range, the power is lower than  −44 dBm (approximately 30 nW).
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by 120 mm. As the measured cylinder moves, the optical path 
length to the measured surface changes. Thus, the profile of 
the cylinder can be measured by measuring the change in the 
optical path length. Even if the phase difference exceeds 2π, 
phase-unwrapping process can be applied because the mea-
sured surface is continuous. The experimental conditions are 
as following. The experimental conditions are as following. 
The distance from the collimator to the rough surface is 
approximately 3 m. The frequency of the self-beat signal is 
3.6 GHz (wavelength is 83.275 68 mm). The time constant of 

the lock-in amplifier is 100 ms. We measure the profile of the 
surface four times. The power of the detected beam is shown 
in figure 7. The experimental results are shown in figures 8 
and 9. We measure the profile of the surface four times. The 
profile is laso measured with a CMM (uncertainty is 2 µm).

As shown in figure 7, the power of the detected beam is 
lower than  −44 dBm in a wide range. However, we could 
measure the surface from one side to the other side (figure 8). The 
measurement result obtained by using the proposed system 
is almost the same as that of the CMM, and the standard 

Figure 8. Profile of the measured object. The profile can be measured from one side to the other side. The result of the proposed system 
and that of the CMM is almost the same.

Figure 9. Difference between the result of the proposed measurement system and that of the CMM. The black dotted line represents the 
uncertainty predicted using (8) and (9). In a wide range, the measurement uncertainty is approximately 400 µm.
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deviation of the difference is approximately 0.4 mm in a wide 
range (figure 9). The uncertainty in the measurement is due 
to the weak power of the reflected beam (<  −44 dBm) which 
is scattered by rough surface. Thus, in order to improve the 
accuracy of the measurement, we need to increase the power 
of the detected signal or improve the signal processing. As 
shown in figure 9, almost all the errors are random errors. If 
we use the average of the four data, the difference between the 
result of the proposed method and that of the CMM becomes 
smaller (figure 10).

6. Discussion

In our experiment, we measured the curved surface and beam 
diameter is about 1 mm on the measured surface. Thus, the 
result of the measurement is the average distance on the beam 
spot. We have simulated the difference of the measurement 
with beam diameter of 1 mm (La) and with that of infinites-
imal (Lt) as shown in figure  11. The diameter of measured 
cylinder is set to 113.2 mm. At the side of the measured object, 
the difference from actual value (Lt) is larger than 0.02 mm. 

Figure 10. Difference between the averages of four measurement results obtained by the proposed measurement system and that of the 
CMM. In a wide range, the measurement uncertainty approximately 200 µm.

Figure 11. We have simulated the difference of the measurement with beam diameter of 1 mm (La) and with that of infinitesimal (Lt). 
In wide range, the difference from actual value (Lt) is smaller than 0.02 mm.

Meas. Sci. Technol. 27 (2016) 124002
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However, in wide range, the difference from actual value (Lt) 
is smaller than 0.02 mm. Thus, in our measurement of the cyl-
inder with the diameter of 113.2 mm, the beam diameter has 
not much effect in wide range of the cylinder.

In the research done by Minoshima’s group, just up to 
1 GHz signal can be used because mixing to decrease the fre-
quency of signal is not applied [7]. In our method, many self-
beat signals can be used because the frequency of each signal 
is decreased by mixing (less than 30 MHz). If we process 
more of the self-beat signals simultaneously, the measure-
ment uncertainty becomes much better. For example, we have 
simulated using 25 signals simultaneously and the measure-
ment uncertainty will be about 40 µm to the rough surface of 
Ra  >  10 µm. Also, absolute measurement can be conducted 
with this method.

7. Summary

In this paper, we explained the measurement principle of 
optical frequency combs with the self-beat signals. The 
wavelengths corresponding to these self-beat signals are long 
enough to measure rough-surfaced objects. In addition, we 
can conduct high-precision measurements because several 
tens of GHz frequency beats can be used depending on the 
capability of the detector. Moreover, two optical frequency 
combs with Rb-stabilized repetition frequencies are used for 
the measurement instead of an RF frequency oscillator, thus, 
we can avoid the cyclic error caused by the RF frequency 
oscillator.

We measured the profile of a rough-surfaced cylinder four 
times, and we confirmed that the result of the proposed meas-
urement system and that of the CMM is almost the same. The 
difference between the average data of the proposed system 
and that of the CMM is approximately 200 µm. However, 
the power of the beam reflected from the measured surface is 
very weak, and that becomes the main reason for uncertainty 
in the measurement. If we process all of the self-beat signals 
simultaneously, the measurement uncertainty becomes much 
better. For example, if we use 25 signals simultaneously, the 
measurement uncertainty will be about 40 µm to the rough 

surface of Ra  >  10 µm. Also, absolute measurement can be 
conducted with this method.
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