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Ab s trac t:  T hi s  s tu dy p rop ose s  a n ew coor di n ate 
me as ur in g mac hi n e (C MM)  b ase d on  a s pat i al 3DO F
p aral l el  me ch ani s m.  T he  u se  of th i s  me ch ani s m wi l l 
p oten ti al l y i mp rove  th e s ti ff ne s s,  acc ur acy an d
ef fi ci e nc y. T hi s  p ape r d es cr i be s th e fu nd ame nt als  an d
an  exp er i men tal  CM M.  T he  i nf lu en ce  of l i nk  l ayout 
on  th e me as ur eme nt  u nc ert ai nty,  mor eove r,  h as b een 
investigated analytically and experimentally. Obtained
re s ul ts  s how  th at th e u nc ert ai nty h as b een  d ecr eas e d
wh en  th e me as ur in g p oin t i s  i n th e ext en s ion al 
d ir ec ti on of th e s cal e  u ni t.  Con s eq ue nt ly,  th e Ab be ’s 
p ri nc i pl e can  b e ap pl i ed  to p rop ose d p aral l el 
mechanism.

K ey wor ds : coor di nat e me as uri ng mac hine , par al le l 
mechanism, Abbe’s principle.

1. INTRODUCTION
In re ce nt yea rs ,  coor di nat e m ea s uri ng m ac hine s 

(C M M s ) have  bee n wi del y us ed for  pre ci s i on
m ea s urem e nt i n var i ous fi e lds .  S uch t he conve nt iona l 
C M M em pl oys  an XYZ  m ec hani s m  cons i s t i ng of t hre e
m ut ual l y ort hogona l s l ide  m ec hani s ms .  It  appe ar s ,
howe ver,  t he m ac hine ’s  ac cur ac y and ef fi ci e ncy ar e
al r eady at  t hei r l i mi t  due t o s eve ra l of i t s cha ra ct er is t i cs : 
(1) violation of the Abbe’s principle, which is the basis of
pre ci s i on m ea s urem e nt;  (2)  a we ak (c ant i l ever ) bea m 
s t ruct ur e i n whi ch def l ect i on i s  oft e n gene ra te d by
minimal bending force; (3) accumulation of measurement
er rors  l ed fr om ea ch axi s ;  and (4)  l ow t ra vers e  s pee d due
t o a m as s  ac cum ul at i on. In s hort , t hes e  probl e ms ,  whi ch
limit the precision of the CMM, are inherent in its stacked
architecture or serial mechanism.

Thi s  s t udy has  propos e d a new  C M M bas e d on a
par al l el  m ec hani s m [1][ 2]. Thi s  m ec hani s m  cons i s t i ng of
cl os e d-l oop l i nks wi l l  pot ent i al l y i m prove t he s t if fne ss , 
ac cur ac y and ef fi ci e ncy of t he C M M.  M ore over t hi s
m ec hani s m  ena bl es  t o ar ra nge t he m ea s uri ng poi nt  i n
di re ct i ons of t he s ca l e uni t s.  Thi s  pape r di s cus s es  t he
funda m ent al s , cons t ruc t ion and per form a nce  of an
experimental CMM, and the influence of measuring point
location on the measurement uncertainty.

2. FUNDAMENTALS
F igur e 1 depi c ts  t he propos e d C M M.  The  t ouch

t ri gger  probe  at t ac hed t o t he s t age  i s  conne ct e d t o t hre e
pri s m at i c j oi nts  (s t rut s ) t hrough t he re vol uti ona ry j oi nts .

Ea ch pri s m at i c j oi nt i s  conne ct e d t o t he over hea d bas e 
t hrough t hre e s pher ic al  j oi nts  and cont a ins  wi t hi n i t  a
pri s m at i c j oi nt,  t he l engt h m ea s uri ng i ns tr um ent s  (s c al es ) 
and ac t uat ors  t o expa nd and cont r act  i t se l f. Va ri at i ons  i n
t he l engt h of t he t hre e s t rut s  m ove t he s t age  i n t hre e-
di m ens i onal  s pac e.  Whe n t he probe  t ouche s  t he
m ea s uri ng obj ec t,  t he probe  t i p pos i ti on ca n be der i ved
absolutely from the strut lengths. The proposed CMM has
a num ber  of adva nt age s over  t he conve nt iona l  C M M;  (1) 
t he t rus s  s t ruct ur e has  a hi gh s t if fne ss  bec aus e  i t s
m em ber s  ar e s ubj ec t t o ver y fe w bendi ng for ce s;  (2)  t he
s ys t em at i c er ror produc ed by ea ch of t he s ca l e uni t s i s 
ave ra ged wi t h t he ot her  t wo;  (3)  t he s m al l  i ner ti a l m as s 
enables high moving speed.

3 EXPERIMENTAL CMM

3.1 OUTLINE
The  expe ri m ent al  C M M wi t h 3 DOF  has  bee n

cons t ruc t ed as  s hown i n fi gure  2 and 3.  An oct a hedra l 
t rus s  fr am e and a gra ni te  s urf ace  pl at e ar e m ount ed on a
vi bra ti on-i s ol at i on t abl e.  The  fr am e s upport s  t hre e
spherical joints connected three struts. The struts with the
pri s m at i c j oi nts  ar e expa nded and cont r act e d by t hre e
i ndi vidua l  AC  s er vomot or s and bal l  s cr ews .  The 
prismatic joint is guided by four linear ball bearings. Each
l engt h var i at i on of t he s t rut s  i s  m ea s ured by t hre e l i near 
enc oder s  wi t h a nom i nal  ac cur ac y of ±0. 47µ m p-p and a
re s olut i on of 50nm  (S ony, La se r s ca l e).  The  s t age 
m ount ing t he t ouch t ri gger  probe  (R eni s ha w TP 200,
R epe at abi l i ty:  ±0. 65µ m ) i s  conne ct e d t o t he s t rut  ends 

Figure 1. Proposed CMM based on parallel kinematics



t hrough t hre e rot a ti ona l j oi nts .  M axi m um  s t roke of t he
s t rut s  i s  220m m , t hen m ea s urem e nt wor k s pac e i s 
120X120X120mm approximately.

3.2 JOINTS
Thi s  C M M nee ds  t he s pher ic al  j oi nts  and rot a ti ona l

j oi nts  wi t h hi gh rot a ti ng ac cur ac y wi t hi n 1 µ m . The 
spherical joint and the rotational joint employ 1” and 1/4”
s t ee l bal l s  for  bal l  bea ri ng (nom i nal  s pher ic i ty:  0. 5µ m ). 
1” bal l s  wer e fr ic t ion- wel de d t oget her  s hanks . Af te r
we ldi ng,  m ea s ured s pher ic i ty of t he bal l  wa s  l es s  t han
0.75µm.

3.3 SOFTWARE FOR MEASUREMENT
A personal computer holds and reads the scale values

whe n t he t ouch probe  cont a ct s  t he wor kpie ce . The 
com put er , m ore over,  ca l cul at e s XYZ  coor di nat es  of t he
probe tip by solving the simultaneous nonlinear equations.
F urt herm or e, t he al i gnm ent  progr am  def i nes  a wor k
coordinate system in the machine coordinate system when
t he wor kpie ce  i s  l oca te d for  any pos i ti on and any at t i t ude
on the surface plate.

4. RESULTS OF ACCURACY TEST

The  ac cur ac y t es t s  has  bee n per form e d by m ea s uri ng
t he l engt h of t he bl ock gauge s  wi t h s eve ra l s i zes  bef ore 
and af t er ca l ibr at i on. F igur e 4 s hows  def l ect i ons  and
s t anda rd devi a ti ons  of m ea s ured val ue s  i n Z di re ct i on
bef ore  t he ca l ibr at i on. The  def l ect i ons  i ncr eas e  i n
proportion to the gauge sizes because of the measurement
s pac e di s tor t ion ca us ed by t he di s agre em e nt bef ore 
calibration. The standard deviations of the measured value,
however, are less than 0.15µm. This results show that this
CMM has high repeatability of the mechanism.

F igur e 5 s hows  def l ect i ons  m ea s ured i n XYZ 
di re ct i ons af t er s i mpl e  cal i bra t ion.  The  def l ect i ons  ar e
i ndepe ndent  of t he gauge  bl ock s i ze , and ar e l es s  t han
10µ m  i n XYZ  di re ct i ons.  In t he nea r fut ure , exa ct 
calibration will improve the measurement accuracy of the
CMM.

5. ERROR ANALYSIS
It  i s  expe ct e d t hat  j oi nt m ot ion er rors  or runout s  have 

a s t rong ef fe ct  on t he m ec hani s m  m ot ion er ror or t he
m ea s urem e nt unce rt ai nt y. In par t ic ul ar,  i n conve nt iona l 
C M M,  t he m ot ion er ror of ea ch pri s m at i c j oi nt ca us es  on
t he m ea s urem e nt er ror bec aus e  t he m ea s uri ng poi nt  i s n't 
i n s ens i t i ve di re ct i ons  of t he s ca l es . Howe ver , i t  i s  t oo
di ffi c ult  t hat  t he m ea s uri ng poi nt  i s  l oca te d i n ea ch s ca l e
direction.

C ontr ar il y,  t he par al l el  m ec hani s m  ena bl es  t hat 
ar ra ngem ent . In t hi s cha pt er,  er ror ana l ys is  has  bee n
per form e d by us i ng a s i ngula r val ue  dec om pos it i on t o

F igur e 4 De fl ec ti on and s t anda rd devi a ti on of m ea s ured
data in Z direction before calibration

F igur e 5 De fl ec ti on of m ea s ured dat a  i n XYZ  di re ct i ons
after calibration

Figure 2 Scheme of experimental CMM

Figure 3 General view of the CMM



obt ai n t he re l at i onshi p bet we en t he l i nk l ayout  and t he
influence of joint runouts on the measurement error.

5.1 EFFECT OF JOINT MOTION ERROR
Figure 6 shows coordinate system of proposed CMM

and com pone nts  of j oi nt m ot ion er rors  i n var i ous
di re ct i ons.  F or i ns ta nce , whe n t he re vol uti ona ry j oi nts  on
t he s t age  have  ra di al  m ot ion er rors  dr S,  di s pla ce m ent  of
t he probe  t i p dxS ar e s hown i n fol l owi ng equa t ion
provided quantities of them are very small:

x = JrS rS , (1)

whe re JrS i s  J ac obi an m at ri x,  and i s  num er ica l ly der i ved
fr om t he for war d ki nem at i cs .  B ec aus e t hi s J ac obi an
represents the relationship between the joint radial motion
er ror and t he probe  m ot ion er ror,  s i ngula r val ue s  of t he
J ac obi an s how m agni t ude of t hat  ef fe ct . In t he s am e  wa y
as  t he ra di al  er ror,  ef fe ct s  of t he ot her  er ror com pone nts 
ar e obt ai ned.  In ca l cul at i on, t he bas e  ra di us and t he s t age 
radius have been set to 550 mm and 100 mm respectively.
The  pos i ti on of t he probe  t i p, m ore over,  has  bee n fi xe d at 
the isotropic point at which the measurement resolution in
XYZ directions becomes equal.

5.2 CALCULATED RESULTS  
F igur e 7 s hows  t he s i ngula r val ue s  re l at ed t o t he

motion error of the joints on the stage. When probe length
i s  70. 7mm ,  t he m ea s uri ng poi nt  i s  i n t he ext e ns iona l 
di re ct i on of t hre e s cal e  uni t s.  The  l ef t fi gure  re pre se nt s 
the effect of the translational motion of the joints, and the
ri ght  fi gure  re pre se nt s  t he ef fe ct  of t he angul a r m ot ion. 
Thus , t he angul a r m ot ion of t he j oi nt has  l i tt l e ef fe ct  on
m ea s urem e nt er ror whe n t he m ea s uri ng poi nt  i s  i n t he
scale directions. The results of the base joints are identical
to above.

M ore over,  ana l ys is  of t he s i ngula r val ue s  re l at ed t o
the scale direction component of the joint motion error (Jl)
and related to two direction components at a right angle to
t he s ca l e di rec t ion  (Jn and Jt ) has  bee n per form e d. As 

s hown i n fi gure  8,  t he j oi nt m ot ion er ror i n t he s ca l e
direction strongly affects the measurement error. Effect of
t he m ot ion er rors  exc ept  t he s ca l e di re ct i on ar e negl i gi bl e
when the measuring point is in the scale direction.

6. EXPERIMENT
Figure 9 shows procedures of length measurements in

XYZ  di re ct i ons.  The  m ea s urem e nt us i ng t he bl ock gauge 
has  bee n per form e d i n var i ous probe  ext e ns ion.  In t hi s
re pet i t ive  m ea s urem e nt,  cons i de rabl e  pl ays  (0. 5-1m m )
have  bee n purpos e ly gi ven t o t he j oi nts  i n orde r t o
exa gger at e t he ef fe ct  of j oi nt m ot ion er rors .  F igur e 10
shows the influence of the measuring point location on the
s t anda rd devi a ti on of m ea s ured val ue s . M es he d zone  i n
t he fi gure  re pre se nt s  t he l i nk l ayout  at  whi ch t he
m ea s uri ng poi nt  i s  i n t he s ca l e di re ct i ons.  The  di s pers i on
of t he m ea s ured val ue s  i n XYZ  di re ct i ons dec re as es  i n
above link layout.

7. DISCUSSION
In t hi s cha pt er,  t he ef fe ct  of t he j oi nt m ot ion er ror on

t he m ea s urem e nt er ror has  bee n i nves t i gat ed
quantitatively. Figure 11 shows a relationship between one
of the struts and the stage with a motion error caused by the
j oi nt m ot ion er ror.  The  s t age  m ake s  a ver y s m al l  t urn ∆

F igur e 7 Inf lue nce  of l i nk l ayout  on s i ngular  val ue 
related to stage joint motion error

F igur e 8 Eff ec t of j oi nt m ot ion er rors  i n s ca l e di re ct i on
and its orthogonal directions

Figure 6  Motion errors of joints and probe tip



ar ound t he axi s  a.  F or ac cur at e m ea s urem e nt,  i t  i s 
necessary to measure precisely the change of the length L.
F igur e (a ) re pre se nt s  a s i tua t ion wi t h a off s et  h bet we en
t he m ea s uri ng poi nt  and t he s ca l e di re ct i on. The 
m ea s urem e nt er ror ∆L  i ncr eas e s  propor ti ona ll y t o t he
angul a r m ot ion ∆  and t he off s et  h i ndepe ndent l y of t he
angle  as the following equation:

∆L ≈
h

sin
∆ sin = h∆ . (2)

On the other hand, figure (b) represents an arrangement in
whi ch t he m ea s uri ng poi nt  i s  i n t he s ca l e di re ct i on. The n
t he er ror ∆L  bec om es  a s ec ondar y er ror as  fol l owi ng
equation:

∆L = E 1− cos∆( )≈
E
2

∆( ) 2
. (3)

The ref ore,  t he angul a r m ot ion ∆  has  l i tt l e ef fe ct  on t he
l engt h L .  The  equa t ions  ar e t he s am e  as  t hat  of
conventional length measuring machine. Moreover, small
di s pla ce m ent  of t he s t age  i n t he s ca l e di re ct i on a ca us es 
di re ct l y t he m ea s urem e nt er ror.  Thus , t he ef fe ct  of t he
j oi nt m ot ion er ror i n t he s ca l e di re ct i on ca nnot  be

di s rega rde d. Howe ver , di s pla ce m ent s  i n per pendi cul a r
directions to the scale direction ( b and c) have little effect
on t he l engt h L .  Angul ar  m ot ions  ar ound axe s  a and b, 
m ore over,  have  l i tt l e ef fe ct  bec aus e  of t he s ec ondar y
error.

7. CONCLUSION
Ne w C M M bas e d on a par al l el  m ec hani s m  i ns te ad of

XYZ  m ec hani s m  has  bee n propos e d. F undam ent a ls  and
an expe ri m ent al  C M M have  bee n des c ri bed.  M ore over, 
t he i nfl uenc e of t he l i nk l ayout  on t he m ea s urem e nt
unce rt ai nt y has  bee n di s cus s ed.  In conc l us ion,  t he Abbe 's 
principle can be applied in proposed parallel mechanism.
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