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1.TOPIC:- Accuracy Specification for Co-ordinate Measuring Machines: 
Two types of accuracies are defined in connection with coordinate measuring  
machines; viz geometrical accuracy (determined by independent measurement  
because they make major contribution to overall accuracy of machine)and ii) total  
measuring accuracy (determined by utilising the entire measuring machine system  
as applied to master gauges ). 
Geometrical accuracy concerns the straightness of axes, squareness of axes,  
and position accuracy. Total measuring accuracy concern s axial length measuring  
accuracy, and volumetric length measuring accuracy. 
Straightness of axes : Straightness of axes is defined as deviation from a  
straight line in two orthogonal planes for each axis of movement, and thus following  
six measurement parameters need to be considered : Straightness of x-axis  
measured in y and z direction ; of y -axis in x and z direction; of z-axis in x and y  
directions. Measurement is effected against a suitable straightness reference e.g.  
Laser beam and taking at least 10 readings at different points in each direction over  
full travel of each axis. Straightness is defined as the distance A (deviation  
bandwidth) between the two parallel lines containing the two graphs (Refer Fig.  
17.13). 
Squareness of axes: It is defined as deviation from 90o of the straightness  
bandwidth lines of two orthogonal axis movements. Three measurement parameters  
(squareness between x and y axes, between y and z axes, and between x and z  
axes). Measurement is effected against a suitable squareness reference, e.g. Laser  
beam, taking at least 10 measurements over full travel of each axis. Squareness is  
then defined as the deviation from 90o of the angle between the straightness  
bandwidth lines of two axes and is given as an absolute value in arc seconds (Refer  
Fig. 17 .14). 
Position accuracy : It is defined as difference between position readout of  
machine along an individual axis and value of a reference length measuring system.  
Following three measurement parameters are needed for position accuracy.  
Position accuracy of x axis, of y axis, and of z axis. Measurement is effected along  
one measuring line for each machine axis located approximately at centre of  
measuring travel of remaining two axes. For this purpose, a suitable reference  
length measuring system, e.g. Laser interferometer, is aligned to each machine axis  
within a permissible deviation of 1 arc minute (minimum 20 points measured over full  
travel of each axis). Fig. 17.15 shows a typical deviation record in which position  
accuracy F is defined as the distance between the two parallel lines containing the  
two graphs for the two directions. 
Axial Length Measuring Accuracy : It is defined as difference between the  
reference length of gauges, freely oriented in space, and the corresponding  



measured results from the machine. Three reference gauges are measured, their  
lengths corresponding to approximately 1/3, 1/2 and ¾ of full travel of respective axis  
(upto a maximum of 1000 mm). Length measuring accuracy G is defined as the  
absolute value of the difference between the calibrated length of the gauge block  
and the actual measured value Volumetric Length Measuring Accuracy : It is defined as 
difference between the  
reference length of gauges, freely oriented in space, and the corresponding  
measured results from the machine. Three reference gauges are measured, their  
lengths corresponding to approximately 1/3, ½ and ¾ of the full travel of the longest  
axes (upto maximum of 100 mm). Volumetric length measuring accuracy M is  
defined as the absolute value of the difference between the calibrated length of the  
gauge block and the actual measured values. 
Performance of CMM: 
In evaluating the performance of a coordiante measuring machine, the following  
major aspects need consideration. 
1.Definition and measurements of "geometrical accuracies", such as positioning  
accuracy, straightness and squareness. 
2.Master gauge measurement methods to define "total measuring accuracy" in  
terms of "axial length measuring accuracy, volumetric length measuring  
accuracy, and length measuring repeatability, i.e., the coordianted  
measuring machine has to be tested as complete system. Measuring  
systems can be characterised by the combination of "mode of operation" and  
probe type. Modes include free floating manual, driven manual, and direct  
computer controlled. Probe types are passive, switching, proportional and  
nulling. The CMM is tested in the mode and with the probe that is commonly  
used. 
3.Since environmental effects have great influence, explicit specification on  
environmental conditions for the accuracy testing, including thermal  
parameters, vibrations and relative humidity are required. 
It is usually difficult to establish a quantitative relationship between any  
particular environmental specification and the effect in machine's performance.  
Thus it is better to define what level of environmental enfluence is acceptable, and  
maintain those conditions. 
The thermal effects dominate the environmental influences affecting a CMM.  
The sources of thermally induced errors include deviations of surrounding air  
temperature from 20oC, temperature gradients, radiant energy (e.g. Sunlight), utility  
air temperature, and self-heating in machines with drive motors. Thermal effects  
may take the form of differential expansion between the workpiece and the machine  
scale system, drift between a workpiece origin and the machine scale system origin,  
and distortion of the machine structure leading to significant changes in the  
calibration and adjustment of the machine. The dominant effect of vibration is to  
degrade the repeatability of a machine. If the indicated relative motion between the  
machine table and the ram exceeds 50% of the working tolerance for repeatability,  



the vibration environment is deemed unacceptable.It is important that suitable performance 
tests capable of testing the machine as a complete system are performed. It may be mentioned 
that use of parametric  
testing (straightness, squareness, angular motion) does not test the system performance test is 
carried out by measuring a mechanical artifact which provides some similarity between the 
machine testing and actual measurement of workpieces. Such testing must sample throughout 
the work zone. For performance  
test, linear displacement accuracy is checked by a step bar or a laser interferometer.  
These measurements are made along three orthogonal lines through the centre of  
the work zone to provide a thorough sampling of many combinations of x, y, and z  
errors that occur throughout the work zone of a machine. 
Using the socketed ball bar provides a means of sweeping out the surface of  
a (nearly) perfect hemispheres with a physical object (ball). The CMM is used to  
measure the location of the centre of this ball at many locations on the hemisphere.  
The actual measurement data is compared to an ideal hemisphere simply by  
recording the range of the length of the ball bar computed from the data. The  
procedure calls for moving the socket defining the centre of the hemisphere to  
several locations in the work zone and repeating the measurements. Three different  
lengths of the bar also are used. The performance is specified independently for the  
different lengths. 
Three Dimensional Measuring Machine : - Construction and working principle. 
3-D measuring machines are very useful in modern sophisticated industry.  
These machines are designed for 3-dimensional calibration of certifiable accuracy.  
Fig. 17.16 shows the schematic diagram of such a machine. Such a machine is  
adaptable for computer control. Laser interferometers are provided as scales. A  
cooling system is incorporated to reduce the temperature rise when the machine is in  
operation. The workpiece (gauge) is mounted on the table which moves to provide  
the x-measurement. y-motion is obtained by movement of the large carriage  
(carrying probe on z-slide) across the bridge. z slide mounted on y-carriage moves  
vertically up and down. Axes movement is controlled by stepping motors attached to  
lead-screws. The three carriages are mounted upon double-V ways, the x and y  
slides with roller bearings and the z-slide with plain ways. 
Fig. 17.16 shows a typical y-z measuring machine. The axi-symmetric part is  
centered upon the rotary table or the "c" axis. The rotary table is mounted on the  
horizontal (y) slide. The electronic gauge stylus is typically a ball-tipped, single axis,  
linear varible displacement transducer (LVDT) carried and positioned by the vertical  
(z) slide. The axis of the LVDT is typically mounted at a 45 degree angle with  
respect to the y and z axes. A correction is provided for the cosine error introduced  
when the direction of travel of LVDT is not normal to the part surface.Displacement accuracy is 
achieved by laser interferometers operating in helium shielded pathways. The interferometers 
are located in strict accordance with the Abbe principle, i.e., the extension of the laser 
interferometer axis passes through the centre of the stylus ball at its null position (the centre of 
stylus ball being  



"functional point"). On the y-axis slide, two laser interferometers suitably separated are 
provided. The difference in readings between these two lasers is used as a servo input to drive 
a piezoelectric crystal that supports one end of the y-axis table, thereby correcting  
the angular motion or pitch of the table. 
Straightness accuracy is achieved by mounting straight edges parallel to each  
slide to measure and correct for slide way straightness errors. For instance any  
error in the straightness of travel of z-slide will cause unwanted movement in the y  
direction. The LVDT gauge head that contacts the straight edge detects this  
movement and corrects it by zero shifting the y-slide. Similarly when nonstraighness  
of y-slide travel is detected, the z-axis is zero shifted in the proper direction to correct  
the travel. 
However stiff a machine may be made, it deflects and distorts owing to the  
effects of changing and moving loads on the structure. The metrology system must  
therefore be made independent of the machine base, i.e., the external forces upon  
the metrology system must be constant. The metrology base is thus designed so as  
not to be influenced by the machine base (Refer Fings. 17.17 & 17.18). The frame is  
supported on kinematic mounts inside the machine base. The plane of the supports  
is coincident with the bending neutral axis of the machine base, and its influence on  
the metrology frame is thereby minimised. The metrology frame houses the laser,  
laser pathways and remote interferometers and also supports the two straight edges. 
Because of low coefficient of expansion of granite, it is chosen for building the  
machine base. The base is supported on three pneumatic isolators. The metrology  
frame is built of steel because temperature controlled oil shower is included.  
For stability of the laser ( which depends on the stability of the medium in the  
pathways ), helium at a pressure slightly above atmospheric pressure ( Maintained  
at constant value by a regulator ) is provided in path ways. The effect of helium  
pressure change on the laser wavelength is taken into account. 
y-axis and z-axis slides ride on and are guided by hydrostatic bearings.  
A portion of each bearing is evacuated and the evacuated section acts like a vacuum 
chuck to hold the bearing against the way (similar to preloading the bearing). The  
balance of the bearings are externally compensated to enhance the stiffness. The  
slide drive system (Fig. 17.19) can be considered as a rack and pinion drive without  
gear teeth. The capstan is connected directly to the drive motor. The steel traction  
bar is squeezed between the capstan and the idler roller. One end of the traction bar  
is fastened to the slide with spherical bearing. A coil spring supports the weight of  
the bar at the opposite end. Both the capstan and the idler are supported on  
hydrostatic bearings. 
This type of drive system has minimum cost, minimum heat generation,  
maximum stiffness, minimum sliding friction, maximum linearity of displacement, no  
backlash, high reliability, compactness and minimum influence on slide straightness. 
The thermal environment of the measuring machine and the part is controlled  
by showering adequate quantity of oil controlled at 25oC. The shower is carefully  
sculptured to maintain machine temperature and to minimise splash. The primary  



advantages of liquid shower are its greater heat removal capability and the fact it is  
easily directed to the critical areas of the machine and workpiece surfaces. Liquids  
also have higher heat capacity than gases and accordingly it is possible to remove  
heat with corresponding lower temperature differences. Michelson interferometer: 
Michelson Interferometer. This is the oldest type of interferometer, which has  
subsequently been modified in several respects and lot of sophistication introduced.  
However, Michelson using this interferometer, established exact relationship  
between meter and red wavelengths of cadmium lamp; so understanding of its  
working will be of interest to all. 
The basic Michelson interferometer consists of a monochromatic light source, a  
beam splitter and two mirrors. It relies on the principle of constructive and destructive  
interference as one mirror remains fixed and the other is moved. 
In schematic form, Michelson interferometer is shown in Fig. 6.16, which utilizes  
monochromatic (or single wavelength) light from an extended source. This light falls  
on a beam  
Splitter (which is a plain parallel plate having a semi-transparent layer of silver at  
its back) which splits the light into two rays of equal intensity at right angles. One ray  
is transmitted to Mirror M1 and other is reflected through beam splitter to Mirror M2.  
From both these mirrors, the rays are reflected back and these reunite at the semi- 
reflecting surface from where they are transmitted to the eye as shown in Fig. 6.06. 
Mirror M2 is fixed and the reflected ray from M1 serves as reference beam, Mirror M1 
is movable, i.e., it is attached to the object whose dimension is to be measured. 
If both mirrors are at same distance from beam splitter, then light will arrive in  
phase and observer will see bright spot due to constructive interference. If movable  
mirror shifts by quarter wavelength, then beam will return to observer 180 
out of  
phase and darkness will be observed due to destructive interference. 
Each half wavelength of mirror travel produces a change in the measured optical  
path of one wavelength and the reflected beam from the moving mirror shifts through  
360 
phase change. When the reference beam reflected from the fixed mirror and the  
beam reflected from the moving mirror rejoin at the beam splitter, they alternately  
reinforce and cancel each other as the mirror moves. Thus each cycle of intensity at  
the eye represents /s of mirror travel. 
It may be noted that when monochromatic light source is used then fringes can be  
seen over a range of path difference that may vary from a few to a million  
wavelengths, depending on the source. However, when white light is used, then  
fringes can be seen only if both ray paths are exactly equal to a freq. wavelengths in  
total length in glass and air. The lengths themselves are not important, but only their  
differences affect fringe formation. So when white light source is used then a  
compensator plate is introduced in the path of mirror M1 so that exactly the same  
amount of glass is introduced in each of the paths. (In the path of mirror M2, the  
glass was coming due to rays passing through beam splitter back surface). The  



various sophistications which have undergone to improve the Michelson‘s basic  
apparatus are: 
(i) Use of laser as the light source, which means that the measurements can  
be made over longer distances; and also the beam laser compared to  
other monochromatic sources has exact and pure wavelength thus  
enabling highly accurate measurements. 
(ii) Mirrors are replaced by cube-corner reflectors (ratio-reflectors) which  
reflect light parallel to its angle of incidence regardless of retro reflector  
alignment accuracy. 
(iii) Instead of observing the interference phenomenon by eye, photocells are  
employed which convert light-intensity variations in voltage pulses which  
are processed by electronic instruments to give the amount and direction  
of position change. 
Single Frequency DC Interferometer System. 
It is much improved system over the Michelson simple interferometer. It uses a  
single frequency circular polarized laser beam. On reaching the polarizing beam  
splitter, the beam splits into two components. The reflected beam being vertically  
polarized light and the transmitted beam being horizontally polarized light. These two  
beams referred to as reference are and measurement are respectively travel to their  
retro reflectors and are then reflected back towards the beam splitter. 
The recombined beam at beam splitter consists of two superimposed beams of  
different polarization; one component vertically polarized having traveled around  
reference arm and other component horizontally polarized having traveled around  
the measurement arm. These two beams being differently polarized do not interface.  
The recombined beam then passes through a quarter wave plate which causes the  
two beams to interfere with one another to produce a beam of plane polarized light.  
The angular orientation of the plane of this polarized light depends on the phase  
difference between the light in the two returned beams. The direction of plane of polarization 
spin is dependent on the direction of  
movement of the moving retro reflector. The beam after quarter wave plate is split  
into three polarization sensitive detectors. As the plane of polarized light spins, each  
detector produces a sinusoidal output wave form. The polarization sensitivity of the  
detectors can be set so that their outputs have relative phases of 0, 90, and 180.  
The outputs of there detectors can be used to distinguish the direction of movement  
and also the distance moved by the moving retro reflector attached to the surface  
whose displacement is to be measured. 
For linear measurements (positional accuracy of velocity), the retro reflector is  
attached to the body moving along the linear axis. For angular measurement. For  
pitch and yaw), the angular beam splitter is placed in the path between the laser  
head and the angular reflector. In this way it is possible to measure flatness,  
straightness, rotatory axis calibration. Arrangements also need to be made for  
environmental compensation because the refractive index of the air varies with  
temperature, pressure and humidity. Heterodyne interferometer, an a.c. device  



avoids all the problems encountered in above d.c. device, i.e. effect of intensity level  
change of source, fringe contrast changes and d.c. level shifts which can cause  
fringe miscounting. 
Interferometer is now an established and well developed technique for high accuracy  
and high resolution measurement. 
Twyman – Green Specialization of Michelson Interferometer: 
In the Michelson interferometer shown in Fig. 6.18, the rays actually describe a cone,  
giving rise to various types of fringe patterns which may be hard to interpret. 
Twynman-Green modified Michelson interferometer utilizes a pin-hole source  
diaphragm and collimating lenses. In this way, all rays are rendered parallel to the  
central rays and thus all rays describe the same path . All modern tow-beam  
interferometers are based on this arrangement. The mirrors M1 and M2 are arranged  
perpendicular to the optical axis. If mirror M1 is kept fixed, and M2 is moved slowly  
exactly parallel to itself, the observer will note periodic changes in the intensity of the  
field being viewed, from bright to dark for every /2 movement of the mirror. In fact  
intensity variation is found to be sinusoidal. It may also be noted that if one of the  
mirrors is even slightly inclined to the optical axis then parallel fringes will be seen  
moving parallel to themselves by just one fringe for every \2 (half the wavelength of  
the light source used) mirror motion. Usually it is quite difficult to count such fringes  
by eye. However, photo detectors connected to high speed counters can do this job  
very accurately (accuracy of one part in million being obtainable). It is possible to  
calibrate the output of counter directly ion terms of the linear movement movement of the mirror 
M2, but several conditions must be met to achieve these results. Fringe counting interferometer: 
A simple arrangement of fringe counting system based on Kosters prism is shown  
in Fig.6.19. With the use of Koster‘s prism, the two interfering paths can be arranged  
parallel instead of at right angles. At big advantage is using Koster‘s prism, is that if  
slight vibrations exist, then vibration tends to affect the arms equally and the  
annoying effect of vibration is nullified. In order to be able to count the fringes, the  
following must be taken care of: 
(i) It has been indicated that mirror should travel exactly parallel to itself and no  
machines have ways sufficiently straight to maintain uniform fringe fields. The recent  
trend is to use corner-cube reflectors which are not all sensitive to their own  
orientation and return the reflected ray exactly parallel to the incident beam. 
(ii) It is observed that the wavelength of light source is modified by the refractive  
index of air which is dependent on pressure, temperature and humidity of air  
(wavelength is fixed only in vacuum). The slight changes in wavelength may be  
immaterial in case of flatness or from measuring systems, but not in fringe counting  
and gauge block interferometers. So pressure, temperature and humidity should be  
measured and correction factors applied for. If optical paths are longer then the air  
currents between optical elements exert more and more influence; and the system  
should, therefore, be properly shielded with insulating, and radiation reflecting  
enclosures. 
(iii) It has already been indicated that the signal strength becomes poor if the path  



difference between the rays corresponding to two mirror systems is high. Thus it  
limits the range of movement of movable mirror because its movement means  
change in path length. It is found that using cooled mercury 198 lamps, speeds of  
12.5 mm/sec. are possible when path lengths are nearly equal, but the traversing  
speed has to be reduced to 0.0025 mm/sec., when path difference is about 250 mm  
due to poor signal to noise ratio. 
working of AC interferometer : 
This article is based on a similar article appearing in magazine ―Machine Design‖  
Vol. 47 No.4. The measuring capacity in interferometers with lamp as source of light  
is limited because it is not possible to maintain the sharpness of interference fringes  
beyond certain distance due to the size of the lamp. Laser interferometer uses A..C.  
laser as the light source and thus enables the measurements to be made over longer  
distance because it is possible to maintain the quality of point interference fringes  
over long distances when lamp is replaced by a laser source. It must be understood  
that white light emitted by a lamp is combination of waves at different frequencies but  
laser generates a continuous train of light waves, resulting into high coherence.  
Laser represents a source of intensely monochromatic optical energy, which can be  
collimated into a directional beam, Also laser beam wavelength is exact and pure for  
highly accurate measurements. It utilizes the principles of both optical techniques  
and digital electronics; and is a highly accurate and versatile measuring system that  
can cope with industrial environments. In case of AC laser interferometer (ACLI)  
position information is carried as phase deviation rather than as a signal amplitude  
deviation, thus giving a much improved signal to noise ratio over amplitude  
modulation, because the noise sources that affect signal amplitude have little effect  
on phase. In this way, ACLI is much more tolerant of environmental factors that  
attenuate the intensity of a laser beam, such as dust, smoke, air turbulence etc. It  
requires no warm-up time or standby power. 
Thus ACLI has the following advantages: high repeatability and resolution of  
displacement measurement (0.1m), high accuracy,, long-range optical path (60m),  
easy installation, and no change in performance due to ageing or wear and tear. A single laser 
source can be used for as many as six simultaneous measurements in  
different axes. However, it is very much expensive; since the basic instrument  
measures physical displacement in terms of wavelength instead of traditional units,  
conversion instrumentation is required for conventional read out. Highest possible  
accuracy is obtainable only by compensating changes in air pressure and  
temperature which affect wavelength of the laser beam. It uses two frequency laser system, 
thus overcoming the shortcoming of d.c. laser  
interferometer. Whereas the d.c. system mixes out of phase light beams of the same  
frequency, the a.c. system mixes beams of two different frequencies thus permitting  
the distance information to be carried on a.c. waveform. Use is made of the fact that  
the AC amplifiers are insensitive to d.c. variation of a.c. inputs. 
Two frequency Zee man laser generates light of two slightly different frequencies  
with opposite circular polarizations. These beams get split up by beam splitter B1;  



one part travels towards B2 and from there to external cube corner where the  
displacement is to be measured. It may be noted that mirror is not employed here  
like Michelson Interferometer, because mirror alignment is a critical procedures.  
Thus interferometer, instead, uses cube-corner reflectors (retro reflectors) which  
reflect light parallel to its angle of incidence regardless of retro reflector alignment  
accuracy. Beam splitter B2 optically separates the frequency f1 which alone is sent to  
the movable cube-corner reflector. The second frequency f2 (optically separated)  
from B2 is sent to a fixed reflector which then rejoins f1 at the beam splitter B2 to  
produce alternate light and dark interference flicker at about 2 Mega cycles per  
second. Now if the movable reflector (external cube corner) moves, then the  
returning beam frequency will be Doppler-shifted slightly up or down by ∆f1. Thus the light 
beams moving towards photo-detector P2 have frequencies f2 and (f1 ± ∆f1) and P2 changes 
these frequencies into electrical signal. (Photocells convert light-intensity variations into voltage 
pulses which can be processed by electronic instruments to give the amount and direction of 
position change). reference beam frequencies f1 and f2, into electrical signal. An A..C. amplifier 
A1separates frequency difference signal [(f2- (f1 ± ∆f1). The pulse converter extracts ∆f1, one 
cycle per half wavelength of motion. The up-down pulses from the pulse converter are counted 
electronically and displayed in analog or digital form on the indicator. It may be noted that output 
in case of ACLI is in the form of pulses, whereas in d.c. systems, the output is in the form of a 
sinusoidal wave, the amplitude  
(intensity) of which depends upon laser aging, air turbulence or air pollutant and thus  
the change of amplitude leads to improper triggering and counting errors 
1) Counter operating, if amplitude wave is above counter trigger level. 
2) Counter disabled by small amplitude change of sinusoidal wave. 
Heterodyne Interferometer Technique: 
Simple d.c. fringe counting techniques suffer from problems of intensity level  
changes in source and also on account of motion of source or object. Fringe contrast  
changes and d.c. level shifts result in miscounting of the fringes. Heterodyne  
interferometer is an a.c. device and the problems of d.c. fringe counting techniques  
are overcome. In this type of interferometer, a zeeman laser source emits two  
closely spaced orthogonal polarization frequencies separated by around 1 MHz. A  
beam splitter placed in front of laser source separates off part of the signal 
 


