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Abstract: This paper presents design considerations of a precision  
micro-CMM system and its mechatronic modules. The basic design concept is 
to meet the requirements of high stiffness, force balance, thermal balance, Abbe 
principle, metrology frame and vibration-free. Based on these criteria, a novel 
bridge of pagoda shape is designed and analysed by optimisation to verify its 
superior stiffness with force balance and thermal balance structure due to  
its symmetrical geometry. A high precision Z-ram design with co-axial 
counterweight and vibration suppression is presented. The design of a novel 
symmetrical coplanar XY-stage that observes the Abbe principle is explained. 
This micro-CMM has a measurement range of X: 20 mm, Y: 20 mm and  
Z: 10 mm. Driven by a commercial ultrasonic motor and fed back by a 
designed diffraction interference scale, each axis can achieve long stroke and 
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nano-positioning motion. Adding a designed contact scanning measuring probe 
to the spindle, this system is able to measure any geometry of a part to 
nanometre resolution. 

Keywords: micro-CMM; pagoda bridge; co-planar stage; Abbe principle; 
contact probe. 
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1 Introduction 

Coordinate measuring machines (CMM) are versatile instruments for three-dimensional 
measurement of almost any object geometry. It is widely used in industry for precision 
measurement with general axial resolution from 0.1 to 1 μm, accuracy from 1 to 5 μm, 
measuring range in macro scale and a contact probe diameter from 0.5 mm to 5 mm 
(Takamasu et al., 1997). In recent decades, many meso- to micro-scaled parts have been 
produced by new manufacturing technologies, such as MEMS, LIGA, micro/nano 
machining, etc. The required dimensions are in the range from several micrometres to 
several millimetres, the resolution needed is from 1 μm to 10 nm, and the required 
accuracy ranges from several micrometres down to about 50 nm (Takamasu et al., 1997). 
To face the inspection requirements of these micro parts, the development of small 
CMMs has become an interesting topic in recent years. Except some high precision 
CMMs that are equipped with laser interferometers as position sensors, common CMMs 
are based on the readings of linear scales that are offset from the moving axis of the 
probe. In other words, its structural design has inherent Abbe errors. The Abbe principle 
is generally regarded as the most important guideline in the design of precision 
measuring and production machines. The Abbe principle is: In displacement 
measurement the reference should be in line with the displacement to be measured or on 
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its extension. In Bryan’s (1979) generalised interpretation, if the Abbe principle is not 
possible in the system design, either the slideway that transfers the displacement must be 
free of angular motion or the angular motion data must be obtained to compensate the 
Abbe error by software. Following the Abbe principle, Bryan’s principle extended the 
concept to straightness measurement and (Zhang, 1989) extended it to other geometrical 
measurements. 

Nowadays, many existing machine tools and CMM still cannot comply with the Abbe 
principle, except in some special cases such as the ‘Ultimat’ CMM from Lawrence 
Livermore Lab (Bryan and Carter, 1979), the nanomeasuring machine (NMM) from TU 
Ilmenau (Jäger et al., 2002), and the ISARA400 (Spaan et al., 2010), etc. A conventional 
XY stage designed for a micro/nano-CMM is normally stacked up by two linear stages, 
such as (Yang et al., 2011). Not only the position-dependent cross-talk between two axes 
cannot be avoided, the Abbe error of the lower stage is large due to the large Abbe offset. 
To construct an XY stage for long-stroke and nano-positioning the effort will be more 
difficult as all error sources have to be considered, such as the drive error, the guide error, 
the scale error, the geometric errors, the environment error, the control error, etc. A 
common long-stroke nano-positioning system normally requires a high precision  
two-stage assembly for long-and-short motions respectively, and a laser interferometer 
for the displacement feedback to the motion control, such as Kurisaki et al. (2010). In 
addition, the guideway has to have a friction as low as possible by using air bearings or 
electro-magnetic bearings. This yields not only to a complicated structure and a  
multi-dimensional control strategy, but also to additional sensors and mechanisms for the 
compensation of the Abbe error due to inherent six degree-of-freedom (DOF) 
geometrical errors in order to enhance the accuracy. In the end these stages are very 
expensive. A collaboration research between the National Taiwan University (NTU) and 
the Hefei University of Technology (HFUT) on the micro/nano-CMM project started in 
2001. Some key technologies of a miniature CMM structure and mechatronic modules 
with nano-motion and nano-scale techniques have been developed during the past decade, 
but the Abbe principle is only partially implemented (Fan et al., 2006, 2007a). 

In addition to the structural design, a suitable probe that can be equipped on the  
Z-ram is the key module of a micro-CMM. The need of a 3D contact probe, besides  
non-contact probes, is due to its capability to cope with deep trench and sidewall 
measurements. A scanning contact probe normally consists of an elastic mechanism and 
several sensors in order to detect the movement of the probe tip in all directions. The 
probing sphere has to be as small as possible. The contact force has to be small, normally 
less than 1 mN. The repeatability has to be very high. The stiffness has to be low  
and equal in all directions. A variety of probe systems have been designed, such as 
silicon-based (Haitjema et al., 2001), flexure structure-based (Küng et al., 2007; Chu and 
Chiu, 2007) and others (Claverley and Leach, 2010; Michihata et al., 2008) for touch 
triggering or touch scanning mode. A summary of some existing miniature probes can be 
found in Weckenmann et al. (2006) and Leach (2010). 

In this report, the novel design of a micro-CMM is presented. It consists of a bridge 
frame of pagoda shape, an Abbe error-free co-planar XY stage, a Z-ram of coaxial 
counterweight design, and a probe system having touch trigger and scanning functions. In 
order to achieve a long-stroke and nano-positioning travel, each axis is driven by an 
ultrasonic motor with specific commands for required motions. A nano-optical scale is 
also developed for measuring the displacement to nanometer resolution. The entire 
micro-CMM has been successfully constructed and is now under performance tests. 
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Current specifications of the experimental results will be summarised at the end of this 
article. 

2 The pagoda bridge design 

In the past, a rectangular type bridge was commonly used in the precision CMM structure 
for mounting the Z-ram and the probe, because of the similarity to a machine tool 
structure. The accuracy requirement was at the micrometre level for large parts. It is 
noted that a rectangular bridge is only symmetrical in one plane. The deformation at the 
centre of the bridge is very critical because the spindle load, the Z driving load and the 
probe contact force will all react to the bridge. Although its static deflection caused by 
the total weight of the bridge itself and the ram does not influence the measuring 
accuracy, the generated driving force and contact force, although comparatively small, 
will induce dynamic deformations of the bridge up to the submicron level. In order to 
meet the high precision requirement in nanometre measurements, the stiffness design of 
the bridge has to be considered. Bridge shapes other than rectangular (also called gantry) 
shape have been considered in modern ultra-precision micro- or nano-CMM structures, 
such as the pyramid-shape of Zeiss F-25 (Zeiss Co., 2010; Vermeulen et al., 1998) and 
the X-Y column shape of IBS ISARA 400 (Spaan et al., 2010; Ruijl, 2001) 

Figure 1 (a) Rectangular bridge and (b) circular bridge for CMM (see online version for colours) 

  
 (a) (b) 

Figure 1 shows two bridge types: rectangular shape and circular shape. Assume they have 
the same width (2R), height (R), thickness, and the ram load (P). From structural analysis 
the maximum static deflection at the bridge centre will be (Fan et al., 2007c): 

• for the rectangular bridge: 

3

max1 0.55y
PR
EI

δ =  (1) 
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• for the circular bridge: 

3

max 2 0.24y
PR
EI

δ =  (2) 

It is apparent that the circular shaped bridge has a better stiffness. 
If we consider the bridge to be designed as an arch shape of the same dimension, as 

shown in Figure 2(a), it must be stiffer than the circular bridge as the curved arm is 
stronger. It is also a fact that most of the river bridges and mountain tunnels in civil 
construction are designed with similar shapes. Moreover, the arch shape design can 
further be optimised for minimum deflection at the centre of its span with respect to  
the design variables radius R and angles of α and β, as shown in Figure 2(b). The 
optimisation can be formulated as: 

[ ]1 2 3

min max

( )
, , [ , , ]

. . 0 45
55 90

0 max( ) 25 Mpa

Min f X
X x x x R

s t

R R R

α β
α
β

σ

⎧
⎪ = =⎪
⎪ ° ≤ ≤ °⎪
⎨ ° ≤ ≤ °⎪
⎪ ≤ ≤
⎪

< ≤⎪⎩

 (3) 

where the objective function f(X) denotes the calculated deflection at the centre of the 
bridge with design variables (R, α, β) under specified constraint conditions of the arch 
shape and a maximum bending stress. The analysis can be done by a finite element 
(FEM) analysis in association with an optimisation technique. Figure 3(a) shows the 
optimised arch shape after the computation. 

Figure 2 (a) Normal arch bridge and (b) optimised arch bridge (see online version for colours) 

  
 (a) (b) 

From the above analysis it is seen that the conventional rectangular bridge is not the best 
design in terms of the stiffness. The tapered arch bridge possesses the highest stiffness for 
a CMM structure. Moreover, the best CMM structure should be force-balanced in all 
directions. The tapered arch shape provides a force balance only in one plane. Therefore, 
this study proposes the pagoda shape for a bridge design that is symmetrically 
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constructed from the optimised tapered arch shape. This pagoda bridge has a  
force-balanced structure in all directions, as shown in Figure 3(b). 

Figure 3 (a) Optimised arch bridge and (b) pagoda bridge (see online version for colours) 

   
 (a) (b) 

In order to compare the stiffness of different bridge shapes for the required micro-CMM, 
we design the same width of 220 mm, height of 110 mm, thickness of 60 mm, supporting 
pad of 70 × 100 × 40 mm3, and under the same ram weight of 29.4 N. The bridge material 
is granite with a density of 2,660 (kg/m3), a Young’s modulus of 60 GPa and a Poisson’s 
ratio of 0.3. From a FEM analysis by the ANSYS 7.0 software the centre deflection of 
each type of bridge is compared in Table 1. It can be seen that the pagoda bridge has the 
best stiffness among all and is the only force-balanced structure. The dynamic driving 
force generated from the actuator (such as the motor) will superimpose a reaction force 
onto the bridge. Although this driving force is small compared with the static load, it will 
inevitably generate a dynamic deformation of the bridge at the nanometer level. For 
instance, one Newton dynamic driving force will incur displacement about 12.3 nm at the 
centre of the rectangular bridge span, but only 3.9 nm for the pagoda bridge. This will 
cause the same magnitude of the measurement error of the micro-CMM. The pagoda 
bridge certainly has the minimum effect. 
Table 1 Comparison of the stiffness of different bridge types 

Bridge type Deflection due to self-weight Deflection due to self-weight and ram load 

Rectangular 0.156 μm 0.362 μm 
Circular 0.102 μm 0.174 μm 
Arch 0.090 μm 0.154 μm 
Optimum arch 0.060 μm 0.131 μm 
Pagoda 0.060 μm 0.115 μm 

3 The Abbe principle in 3D coordinates 

The famous Abbe Principle is only valid for a 1D motion, but in case of a CMM there are 
3D motions. This study thus proposes an extended Abbe principle for a 3D motion 
machine: 
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1 each measuring axis should be in line with its corresponding motion axis 

2 all three measuring axes should intersect at the functional point of the machine. 

Figure 4 Abbe principle for 3D motions 

 

This concept can be realised by Figure 4, where the intersection point of the three 
measuring axes will be the measuring point for a CMM. Obviously, all current 
configurations of side-mounted linear scales in machine tool and CMM designs have 
inherent Abbe errors. This is why the volumetric error analysis by 21 geometric error 
terms is so important for the error compensation. Since for all vertical types of 3D 
machines the vertical ram has its measuring axis in line with its motion axis, the only 
condition fulfilling the 3D Abbe principle relies on the XY planar motion. It is noted that 
the above two rules are also applicable for the 2D Abbe principle. 

4 Design of the co-planar stage 

A conventional XY stage is normally constructed as a stack of two linear stages. Not only 
the position-dependent cross-talk between the axes cannot be avoided, the Abbe error of 
the lower stage is large due to the large vertical Abbe offset. 

A novel co-planar Abbe free XY stage has been presented by the authors’ group  
(Fan and Lai, 2008). As shown in Figure 5(a), the moving table slides along a common 
base plane which is precision ground to less than 1 μm flatness and isolated from the base 
plate of the stage. This is the essence of a co-planar motion. In order to provide a smooth 
motion, the planar surface is scraped like a sliding guideway in the machine tool so that 
lubrication oil can be contained between the moving table and the base plate. 
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Figure 5 Design of the co-planar stage, (a) concept of a push-pull type structure (b) 3D system 
and composed modules (see online version for colours) 

 
(a) 

 
(b) 

It is a symmetrical structure for the X and Y motions, because one side of each axis has 
an extension arm, which is guided by a linear slide and moved by an ultrasonic motor 
(Nanomotion Co. model HR4) mounted on the base plate. The other side of the moving 
table has a symmetric arm mechanism on which a nano-scale based on the principle of a 
linear diffraction grating interoferometer (LDGI) is mounted as a feedback sensor. The 
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moving table is surrounded by the other four linear slides. The in-plane X and Y  
motions are realised by a push and pull motion guided by these eight linear slides.  
Except that two ultrasonic motors and eight linear slides of the highest grade are 
purchased from the market (THK Co. model SRS9N), all components are designed and 
fabricated in our workshop. Different from the common linear stages driven by a motor 
and a ballscrew set or a linear motor drive type, this coplanar stage is moved by the 
friction force of an ultrasonic motor to push the arm forward and pull it backward to 
make the forward and backward motions possible. Each HR4 has four piezo actuating 
elements. When a specified driving voltage is applied to each element with different 
timings, the contact tip of each HR4 will generate an elliptical motion, which is the 
vector sum of the bending mode and the longitudinal mode. This elliptical motion then 
drives the stage by a friction force to create a linear motion. By integrating three different 
driving modes, namely AC, Gate and DC modes, the motor actuates a long stroke and a 
nanometre stepping motion of the moving arm (Fan and Lai, 2008). The vibration created 
by the HR4 will not be transmitted to the LDGI sensor because its signal will be absorbed 
by the linear slides. Due to the nature of the linear slide, there are inherent reversal errors 
between push and pull motions at different positions. These errors can be detected and 
compensated by an additional gap sensor between the LDGI arm and the moving table. 
As shown in the 3D drawing in Figure 5(b), two digital versatile disc (DVD) pick-up 
heads associated with corresponding reflection mirrors are mounted on each axis, one 
serves as a reversal error sensor and the other one as a homing sensor. With this homing 
sensor the LDGI can record the absolute value of each position. It has been verified by 
the authors (Fan et al., 2007b) that within the linear range of its focus error signal (FES) 
this type of focusing sensor can achieve measurement accuracy to nanometre level. The 
top table, the HR4 base and the LDGI base are all made of low thermal expansion Invar 
steel so that the generated heat will cause only minimum thermal errors. Since the X and 
Y stages are integrated into a common plane, they are very thin, low cost, and high 
precision. 

Figure 6 Photo of the assembled co-planar stage (see online version for colours) 
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The whole co-planar stage has been assembled as shown in Figure 6. The alignment 
procedure has to be done with extreme care to ensure that the grating axis is in line with 
the moving axis and the LDGI laser beam is normal to the grating surface. In addition, 
the straightness of each axis and the flatness of the moving table have to be patiently 
adjusted to a minimum error. The obtained results in the laboratory show that both errors 
can be adjusted to less than 50 nm. 

5 The ram design 

Due to the symmetrical geometry of the pagoda bridge, the ram is mounted at the centre 
of the bridge through a top plate. A coaxial counterweight is used to balance the driving 
force. Figure 7 shows the structure of the ram. The counterweight is driven by an 
ultrasonic motor so that the vibration will not be transferred to the ram that holds the 
probe. A holographic grating scale is mounted on along the centreline of ram in line with 
the probe axis. Two sides of the moving ram are guided by two cross roller linear guides 
to ensure the up and down straight motions. The bottom of the ram can chuck a probe 
head for measurement purpose. 

Figure 7 The structure of the Z-axis (see online version for colours) 

 

Notes: 1 – pulley, 2 – ultrasonic motor, 3 – counterweight, 4 – linear guide, 5 – LDGI, 
6 – gratings, 7 – cross roller guide, 8 – ram, and 9 – probe 

6 Design of the nano-scale 

The nano-scale is composed of a hologram grating (1,200 lines/mm from Edmund  
optics) and a small-sized linear diffraction grating interferometer (LDGI), which is a 
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modification of the authors’ previous system (Fan et al., 2006). The optical system 
employs a polarisation technique to obtain two clear and low noise sinusoidal waveforms. 
The optical principle of the LDGI is illustrated in Figure 8. The laser diode (LS) emits a 
linearly polarising beam. The P-polarising beam passes the PBS1 to Q1 (the left arm 
beam) and the S-polarised beam is reflected by PBS-1 and PBS2 to Q3 (the right  
arm beam). Passing through Q1, the P-polarising left arm beam will change to a  
right-circularly polarising beam. Similarly, the right arm beam will change to a  
left-circularly polarising beam after passing Q3. With the exit angles equal to the 
grating’s ± 1 diffraction angles, the two input beams are diffracted back along the same 
paths to mirrors 1 and 2, respectively. After passing Q1 the left arm changes again to an 
S-polarising beam and after passing Q3 the right arm changes to a P-polarising beam. 
The left arm is reflected to the Q2-M3-Q2 path and changed to a P-polarising beam, 
which can pass through PBS1 and PBS2, and then change to a right-circularly polarising 
beam after passing Q5. Meanwhile, the P-polarising right arm beam passes through PBS2 
and changes to an S-polarising beam after the Q4-M4-Q4 path. Subsequently, it is 
reflected from PBS2 to Q5 and changed to a left-circularly polarising beam after passing 
Q5. The NPBS divides both the right-circularly and the left-circularly polarising beam 
into two split beams of equal intensity. These four beams are divided into 0-90-180-270 
degrees by PBS3 and PBS4 (set fast axis to 45 degrees) and interfere with each other. 
These four orthogonal signals are detected by PD1 to PD4, respectively. Accordingly, by 
inspection of the phase variation of beat frequency signal, the displacement of grating 
movement can be measured as: 

4 4 .v xt m t m
d d

ω π π Δ
ΔΦ = Δ = =  (4) 

It is seen that when the grating moves by d/2 the beat frequency signal has a phase 
variation of the periodicity (2π). With the holographic grating of 1,200 lines/mm, there is 
an orthogonal signal at every 416 nm. The optical layout and the photo of this LDGI are 
shown in Figure 9. 

Figure 8 The optical system design of the LDGI 
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Figure 9 (a) Structure and (b) photo of the developed LDGI (see online version for colours) 

  

 (a) (b) 

With classical orthogonal waveforms there are three major error sources. As described by 
Heydemann (1981), these are: 

1 lack of quadrature (the phase shift between two signals is not exactly λ/4 or π/2) 

2 unequal gain in the detector channels 

3 DC zero offset. 

To correct the first error, it is possible to use a vector summation and subtraction 
operations in order to obtain the exact orthogonal waveforms. The second error should be 
corrected by a filtering process using an electronic circuit or by software. The third error 
can be corrected by using differential signals. Figure 10 shows the circuit diagram of the 
LDGI signal processing. Figure 11(a) depicts the corrected waveform and Figure 11(b) 
the perfect Lissagous diagram. Since one wave cycle corresponds to 416 nm of the 
grating displacement, we can easily obtain a 1 nm resolution after a proper signal 
subdivision technique. Here, we use the look-up table to compare the tangent angles. The 
current progress can achieve a 20 mm range and a 15 nm standard deviation after 
calibration. The dimension of the LDGI is only about 55 mm × 40 mm × 30 mm. It can 
easily be mounted into a small nanopositioning stage. 

Figure 10 The circuit diagram of the LGDI signal processing (see online version for colours) 
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Figure 11 (a) Corrected waveform of the LDGI and (b) the Lissajous diagram (see online version 
for colours) 

 
 (a) (b) 

7 Design of the touch-scanning probe 

This micro-CMM is equipped with a touch-scanning probe realised by integrating four 
DVD pick-up heads as sensing components. The principle of a DVD pick-up head is 
shown in Figure 12. When the surface is out of focus, such as the positions at plane 1 or 
plane 3, the returned beam forms an elliptical spot on the detector. This elliptical spot 
asymmetrically illuminates four quadrants A, B, C and D of the detector. Therefore, the 
combined signal [(A + C) – (B + D)] provides a FES curve. When the focus is at the 
surface the combined signal equals zero. 

Figure 12 Principle of a DVD pick-up head and the FES curve (see online version for colours) 

 

As shown in Figure 13, the probe system includes three parts: a rigid stylus with a ball 
tip, an elastically suspended mechanism and high-resolution sensors, as shown in  
Figure 13(a). A four-armed floating plate is connected to the frame via four thin wires. 
The stylus is fixed at the centre of the floating plate and four reflection mirrors are 
mounted onto the four arms. Four thin wires serve as elastic components, whose tension 
can be adjusted by corresponding nuts. Four reconfigured DVD pickup heads, playing the 
role of focus sensors, are fixed at the frame and adjusted to focus on the corresponding 
mirrors. When the probe is touched by the workpiece, the tiny displacement of 
corresponding mirror will generate the FES with 1 nm resolution (Fan et al., 2010), as 
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shown in Figure 13(b). Figure 13(c) is the photo of the assembled stylus and floating 
plate. Figure 13(d) shows the installation of the configured DVD pickup heads in the 
probe head and Figure 13(e) is the schematic drawing of a complete probe. 

Figure 13 The probe structure (see online version for colours) 

 
 (a) (b) 

   
 (c) (d) (e) 

Let the four FES values be s1, s2, s3 and s4, the triggered signal of the probe is defined as: 

1 2 3 4y s s s s= + + +  (5) 

The trigger process can be illustrated by a stimulated signal curve, as shown in Figure 14. 
Before the tip ball touches the workpiece the probe output signal is constant. A changing 
signal cannot be generated immediately at the actual touch point. Only when the 
displacement of the floating mechanism becomes big enough the trigger signal can be 
generated. This is the actually sensed triggered point obtained by equation (5). This 
defined threshold should be high enough to stand out from the noise. Then a linear curve 
will arise after passing the deflection point (ideally triggered point). In the touch-trigger 
mode this ideally triggered point will be calculated. In the touch-scanning mode, the 
over-travel linear range will be continuously recorded. 

The trigger position is denoted by the deflection point of the trigger signal curve, 
which can be expressed by a piecewise linear function: 

0

0

a x x
y

kx b x x
≤⎧

= ⎨ + >⎩
 (6) 

where y is the probe trigger signal, x is the displacement recorded by the LDGI, x0 is the 
ideally triggered point and a, b and k are constants. The point xo cannot be determined 
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directly when noise is to be considered. To solve this problem, the lines before and after 
triggering are best fitted by the least-squares method and the intersection point defines 
the trigger position, as shown in Figure 15. 

Figure 14 The touch and trigger processes (see online version for colours) 

 

Figure 15 Trigger point calculated by linear fitting (see online version for colours) 

 

The trigger signal is sampled simultaneously with the LDGI signals so that the 
displacement of the trigger point can be calculated. Experimental data showed (Fan et al., 
2010) that the unidirectional repeatability is within 8 nm and the average pre-travel 
distance is 10 nm, with a standard deviation of 2.5 nm. With a force calibrator the contact 
force is proved to be within 120 μN and the probing force can be isotropic if a proper 
stylus length is selected. It also can be seen in Figure 15 that after passing the trigger 
point a linear curve represents the state of the scanning mode. At the current stage, the 
performance study of the scanning mode has not been completed yet. 

8 Assembly of micro-CMM 

Each of the key modules of the CMM structure has been explained above by the 
respective design concept from the precision engineering point of view. The assembly of 
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the CMM is illustrated in Figure 16. It can be seen that the bridge geometry is 
symmetrical and the ram is in the centre of the bridge. The XY stage has a co-planar 
feature with its centre of mass as low as possible. The extension lines of three linear 
scales (LDGIs) intersect at a fixed point at all commanded positions of the X, Y, and Z 
directions. 

Figure 16 Structure of the developed micro-CMM (see online version for colours) 

 

The machine is under the stage of assembly and fine adjustment. Figure 17 shows two 
prototype photos where one is assembled at NTU and the other one is built up at HFUT. 
The machine dimensions are all small compared to a normal Asian student of  
170 cm height, as seen at the left of the figure. In order to highlight the pagoda feature  
the bridge is covered by a wooden sculptured roof to characterise its Chinese  
architecture style [Figure 17(b)]. The whole dimension of the machine is only about  
350 mm × 350 mm × 400 mm with effective strokes of 20 mm × 20 mm × 10 mm. The 
next step will be to study the motion control of the machine in order to obtain the 
numerically controlled function. An accurate calibration is also an important task to 
ensure the measurement results. 

Figure 17 Assembled micro-CMMs at (a) NTU and at (b) HFUT (see online version for colours) 

   
 (a) (b) 
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9 Discussion 

The authors’ group has spent almost ten years to gradually modify the structure design 
and mechatronics technologies of this micro-CMM. Due to budget limits, we could not 
purchase expensive modules, such as laser interferometers, air bearing stages and probes 
to construct the whole system. Instead, each module is developed by hands-on practice. 
Although the design concept is based on the principle of precision engineering, there are 
still some possible error sources to be considered as follows. 

1 Although the design of the co-planar stage follows the Abbe principle and the fixed 
intersection point of the X and Y displacement sensors (LDGI) is also passed by  
the Z-LDGI axis, the actual measurement point still depends on the height of the 
workpiece, similar to the systems of Sawano et al. (2010), Vermeulen et al. (1998), 
and Takamasu et al. (1997). If we measure a small part of 5 mm in height, for 
instance, there will be a ± 2.5 mm Abbe offset in the Z direction. If the maximum 
angular error of the moving table is less than 0.5 arc-sec, the estimated maximum 
Abbe error is about ± 6 nm. 

2 As shown in Figure 5, four linear bearings are used to guide the four extension arms 
and another four linear bearings are mounted along the four sides of the moving table 
to allow dual-axis push-pull motions. These bearings are selected from the best 
quality of THK Co., Japan. These bearings are only used for guiding the motion of 
the four arms simultaneously in X and Y directions. In our co-planar design, the 
moving table is in direct contact with the base plane on which a great effort has been 
put on the surface scraping for oil lubrication on the base plane to ensure the sliding 
flatness and smoothness of the moving table. Experiments show a straightness of  
50 nm can be achieved in one axis. 

3 During the assembly of the holographic scale some possible errors will occur, such 
as the misalignment to the moving axis, the original pitch error of the gratings and 
the scale distortion caused by the clamping forces. The first error is a cosine error 
that can be compensated for after the calibration with a laser interferometer. The 
remaining errors could produce higher order terms to the position. Experiments show 
that with a third order polynomial fit the residual errors can be compensated to less 
than 10 nm (Chen, 2010). 

4 The environmental condition is critical to the measurement uncertainty of the  
micro-CMM system. For the convenience of assembly and primary tests, the system 
is placed in an ordinary air-conditioned laboratory room. During tests, we kept the 
temperature variation at about ± 1°C level and covered the machine with a paper box 
to avoid the air flow. The LDGI readings are quite stable of about ±2 nm variation 
due to the stable grating pitch. However, the laser interferometer served as a 
calibration instrument did show about ± 20 nm variation in readings due to the 
unstable wavelength. Therefore, the current tested results based on laser 
interferometer are not final. When completing the assembly and tests, this machine 
will be moved into a constant temperature chamber (Zhang et al., 2010) for final 
performance tests and operations. 
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10 Conclusions 

A novel micro-CMM structure has been designed with respect to the key modules, 
namely the pagoda bridge, the co-planar XY stage, the nano-scale and the ram. An 
ultrasonic motor is employed to integrate a long stroke and a fine resolution. A new 
displacement sensor is equipped to get a nanometre scale precision within the millimetre 
scale range. All components are designed based on the concept of precision engineering 
in terms of high stiffness, force balance and the Abbe principle. Although the height 
change of the workpiece still has an Abbe offset, as for the dimensional measurement of 
3D micro parts, the actual profile height will be only a few millimetres to micrometres. 
The Abbe error is deemed very small. A summary of the current specifications of this 
pagoda type micro-CMM similar to the form of Takamasu et al. (1997) is given in  
Table 2. 
Table 2 Specifications of our micro-CMM 

Item Traditional CMM Our micro-CMM 

Size of the machine (2,000 mm)3 350 mm × 350 mm × 400 mm 
Mass of the machine 1,000 kg 40 kg 
Measuring range 1 m3 20 mm × 20 mm × 10 mm 
Scale resolution 1 μm 1 nm 
Accuracy of the scale 5 μm ±10 nm 
Linear accuracy 5 μm ±20 nm 
Diameter of the probe 5 mm 250 μm 
Measuring force 10–1 N 120 μN 
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