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A B S T R A C T   

This paper outlines the evaluation methodology for a Telescopic Simultaneous Ballbar (TSB) developed for 
distance measurement using an interferometer as a reference equipment. The procedure is executed in a 3-axis 
machine tool, one of the final applications of the TSB that is machine tool volumetric verification. Two distinct 
evaluation techniques are devised, with the new virtual line approach enabling an assessment of the TSB’s 
performance within an extended verification volume and requiring only a single alignment position for the 
interferometer. The measurement repeatability of the equipment is assessed and its measurement uncertainty is 
estimated in workshop conditions. The results reveal the flexibility of the TSB measurement process similar to 
that of a laser tracker and the degree of measurement accuracy, which shows values comparable to the inter-
ferometer. Consequently, the TSB could facilitate faster and more accurate machine tool verification and cali-
bration compared to existing systems.   

1. Introduction 

Precision machining plays an important role in modern 
manufacturing. The accuracy and reliability of these machines are 
paramount, as even minor deviations from specified tolerances can lead 
to costly defects and inefficiencies. Within the field of dimensional 
metrology, the validation procedures applied to manufacturing systems 
like machine tools (MT) enable the extraction of metrological data and 
specific characteristics from each machine. This information serves as a 
basis for enhancing the machine’s performance and precision by aug-
menting the system’s operational capabilities. 

The different sources of error that could affect the accuracy of a 
machine are divided into several groups; quasi-static errors or kinematic 
errors considered as undesired linear and angular motions when moving 
a single axis or relative to other axes of motion, dynamic errors as a 
response of the machine to dynamic forces that may vary with time, 
static load-induced elastic errors derived from machine tool’s deformation 
when load is induced, and thermal errors as a result of thermo-elastic 
deformations of the machine tools and workpieces caused by various 
internal or external heat sources [1]. Although the different sources of 
error influence the machine independently, the accuracy of the machine 

is affected by the combined effect of all of them. For this reason, it is not 
advisable to compensate single error sources without taking into ac-
count the other sources of interference. The improvement in the accu-
racy of a machine tool can be tackled mainly from two approaches: 
avoiding the errors by manufacturing high-precision machines during 
their design and assembly [2] or compensating the effect of the errors 
already existing in the machine [3]. 

With regard to the different verification techniques, two main groups 
can be considered depending on how the different errors are deter-
mined: direct measurement and indirect measurement [4]. The geo-
metric verification and calibration of MTs is extensively based on ISO 
230–1 [5], which describes MT’s precision analysis methods. Various 
groups of direct measurement techniques can be categorized based on 
the type of error motion being measured, linear or rotary, or the utilized 
measurement system [6]. These include methods based on standard 
systems [6], methods relying on the linear propagation of a laser and its 
wavelength as a reference, as well as multidimensional artefacts [7] and 
gravity-based methods such as levels [8]. The main advantage of direct 
measurement lies in providing direct information on the accuracy of the 
machine in each of its axes, while its main disadvantages lie both in the 
time required for verification and in the local correction of errors [9], as 
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it is not possible to extrapolate the behaviour of the measured errors to 
the entire working volume of the machine tool. 

Verification by indirect error measurement [10], allows a mathe-
matical, not physical, correction of the joint influence of geometrical 
and kinematic errors of the machine on its entire working volume, while 
reducing the verification time used by direct methods. It is based on the 
multi-axis movement of the machine to reach the measurement points 
both for machines with three linear axes [11,12] and five-axis including 
linear and rotary ones [13–17]. In any case, volumetric verification is 
based on an intensive error identification process for a non-linear model, 
based on positioning error data distributed in the working volume and 
an objective function of the error by indirect measurement. This type of 
verification is linked to the compensation capacity of the different 
existing control software [18,19], and the verification process can even 
be adapted to the machine control, the influence of environmental fac-
tors such as temperature variation [20–23], the distribution of the 
verification points [24] and the verification sequence [25]. Similarly, as 
it is an intensive process of identification by minimisation, problems 
such as overfitting can arise if the influence of non-geometric errors such 
as measurement noise, vibration or repeatability is minimised. Some-
times it is even possible to obtain a solution in which the influence of 
geometric errors on the volumetric error of the machine has not been 
characterized. 

It is important to highlight the special relevance of the measurement 
system used in the verification process, as well as in the results obtained 
[1]. When dealing with the volumetric verification of machine tools, 
different measuring systems based on interferometry are used, the laser 
tracer (LC) [26,27] or the laser tracker (LT) [25,28–30]. The LC mea-
sures only the distance between its origin and the point to be measured, 
so it needs to measure the same point from three different positions, 
increasing the verification time and the influence of external factors. 
However, the LT provides the 3D coordinates of the point to be 
measured from a single position using both radial information from the 
interferometer and angular information from its encoders. These sys-
tems need to use multilateration techniques, the LC to obtain 3D co-
ordinates from the radial measurement and the LT to improve the 
accuracy of the captured points [30–36]. Already comercialized 
interferometry-based measurement system for the verification of small 
and medium-sized machine tools is identified in Refs. [37,38], where a 
single-arm telescopic system including consecutive multilateration 
measurement cycles is used. Other instruments based on interferometry 
are those that allow measuring the errors in the six degrees of freedom of 
an axis simultaneously [39,40], so it is necessary to combine them with 
other measurement systems such as ball-bar or double ball-bar (DBB) to 
measure all the errors of a 5-axis machine [15,39,41–43]. Also the R-tests 
captures a three-dimensional error trajectory within an automated 
measurement cycle [44,45] using linear displacement sensors. 

As an alternative, the Telescopic Simultaneous Ballbar system (TSB) 
developed in Ref. [46], offers the precision of interferometric systems 
and allows autonomous tracking of a fixed sphere, either attached to the 
machine tool spindle or positioned on the machine tool bed for verifi-
cation of axial and rotary axes, by simultaneous contact of three lines or 
telescopic arms using a novel multi-point kinematic coupling [47]. 

The system was developed for distance measurement and was 
initially aimed at the verification of small and medium-sized machine 
tools with linear and rotary axes, but it could also be applied to the 
verification of coordinate measuring machines, coordinate measuring 
articulated arms and robots. It has been developed to measure the dis-
tance between the centre of a fixed sphere mounted on the MT spindle 
nose and the centre of a second sphere that is assembled on the other 
side of the telescopic arm and that is positioned on the MT table with a 
kinematic support. 

As the main innovation, it allows data capture in a single cycle 
thanks to the simultaneous operation of the three telescopic arms, unlike 
other previously mentioned telescopic systems equipped with a single 
arm and which carry out consecutive measurement cycles by 

multilateration. The TSB provides similar flexibility and measurement 
process time as LT but improves its accuracy to levels close to those of 
laser interferometry, avoiding the effect of temperature variations be-
tween cycles. 

To evaluate the performance of this type of equipment, standards 
ASME B89.4.19–2021 [48], VDI/VDE 2617- part 10 [48] or UNE-EN ISO 
10360–10 [49] need to be considered. All of them establish re-
quirements and methods for the performance evaluation of laser-based 
spherical coordinate measurement systems, being specially focused on 
laser trackers. This assessment procedures involve laser tracker mea-
surements of points from calibrated gauges. These gauges may encom-
pass calibrated gauge blocks, step gauges, ball bars, or other gauge types 
characterized by either spherical or parallel geometries, with an asso-
ciated uncertainty that falls below the maximum permissible error 
(MPE) specified by the laser tracker manufacturer. In Ref. [50], a 
specially designed calibrating ball beam artefact (CBBA) for length 
measurement instruments is introduced. This calibration gauge serves to 
establish reference distances between spheres and is specifically inten-
ded for calibrating the TSB. Nonetheless, since the system is engineered 
to verify and calibrate machine tools, it is imperative to authenticate its 
functionality in real workshop conditions by comparing its performance 
with that of a precise reference instrument. 

Therefore, this paper presents the evaluation procedure of a Tele-
scopic Simultaneous Ballbar (TSB) with a reference interferometric 
equipment, being the procedure carried out in one of the target appli-
cations, a 3-axis machine tool. As a result, the measurement uncertainty 
of the TSB is estimated in workshop conditions. 

The paper is structured as follows: Section 2 details the selection of 
equipment and outlines the procedure for evaluating the TSB in work-
shop conditions, which is conducted in the MT. This section also en-
compasses an explanation of the generation of the virtual test line and 
the definition of the uncertainty budget. Section 3 presents the outcomes 
of the TSB evaluation using the reference interferometric equipment in 
the MT, along with the estimation of the measurement uncertainty of the 
TSB in workshop conditions. Finally, Section 4 provides the key con-
clusions drawn from the study. 

2. Materials and methods 

The individual measurement accuracy of the TSB has been assessed, 
when it works and is calibrated under laboratory conditions. In addition, 
by simulation using the Monte Carlo method, it has been possible to 
obtain an estimation of the measurement uncertainty the TSB when 
multilateration is performed using all three telescopic arms simulta-
neously [51]. In this section, it is introduced the procedure developed to 
validate the equipment’s operation under workshop conditions for ma-
chine tool verification by comparing its performance to an accurate 
reference instrument. 

2.1. Equipment selection 

Based on the previous results obtained, the TSB uncertainty value 
with coverage factor k = 2 obtained in laboratory conditions is under 4 
μm [51]. The uncertainty budget of the TSB in workshop conditions has 
been analysed and estimated using the Monte Carlo method with un-
certainty values (k = 2) under 5 μm for calibrated lengths ranging from 
410 mm to 1041 mm. 

Subsequently, a Renishaw XL-80 laser interferometer (IFM) and its 
environmental compensation unit with specifications outlined in Table 1 
was employed as the reference instrument for assessing the TSB. 

Furthermore, the equipment listed in Table 1 was also used in the 
testing: the TSB, its environmental compensation unit (ECU) and a three- 
axis ANAYAK VH1800 milling machine, in which the movement of the X 
axis is independent of the movements of the Y and Z axes (XFYZ 
configuration). 

The selection of the ANAYAK VH1800 milling machine was based on 
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its accesibility for the experimental testing but the TSB is more suitable 
for verification of machine tools with proportional volumes on the three 
axis. Equally the system could be used for improving the MT accuracy in 
a specific area of the verification volume. 

2.2. Evaluation procedure 

Before comparing the different measurement systems, it is necessary 
to analyse their operating principles. While the TSB provides the 3D 
coordinates of the points measured in an absolute reference system 
specific to the equipment, the laser interferometer provides information 
on the error of the points, depending on the set-up carried out, through a 
relative reference system established at the beginning of the 
measurement. 

Therefore, in order to compare the measurement made with a system 
such as the TSB against a reference system such as the laser interfer-
ometer, it is necessary to use a specific indicator. In this case, the indi-
cator chosen is the difference in distances between all the points 
measured by each of the devices along a test line on the MT y-axis. This 
indicator has two main advantages. Firstly, a relative reference system, 
such as the interferometer, can be used from the measurement of the 
MT’ axis position error. Secondly, this indicator enables the comparison 
between equipment with absolute reference systems, avoiding adjust-
ment errors and the change of the measured coordinates between sys-
tems with the consequent elimination of the adjustment error that would 
occur when performing a least squares adjustment. 

The comparison of the measurements obtained with the TSB and the 
reference instrument used, IFM, will provide us with information on its 
precision in real operating conditions and therefore on their usefulness 
in the volumetric verification of machine tools. 

2.2.1. Experimental set-up: TSB and laser interferometer 
To compare the TSB measurements with those obtained with the 

laser interferometer, the assembly was carried out according to Fig. 1. 
The reflector was mounted on the same support rod of the sphere 
attached to the spindle nose of the MT. In this way, the verification point 
is as close as possible to the sphere centre. The verification of a test line 
in the y-axis direction was performed simultaneously with the TSB and 
the IFM from predefined positions accessible to both devices. In addi-
tion, both devices have environmental compensation units, see Table 1, 
which compensate the wavelength of the laser beam for variations in air 
temperature, air pressure and relative humidity, virtually eliminating 
any measurement errors resulting from these variations. 

To minimise possible error sources that could affect the accuracy of 
linear measurements with the laser interferometer, the manufacturer’s 
recommendations have been followed. In order to avoid deadpath error, 

the alignment has been performed by bringing the stationary and the 
moving optics almost in contact with each other. 

Before measuring with the TSB, it is necessary to reset each of the 
telescopic arms. This is one of the critical points for the proper func-
tioning of the measurement system. For this purpose, a calibrating ball 
beam artefact (CBBA) is used to materialise different distances, previ-
ously known, between the centres of spherical elements [50]. The CBBA 
materializes the calibration distances with a fixed sphere and a movable 
kinematic support. The movable fixture can be positioned in each of the 
five calibration positions of the CBBA along the measurement range of 
the instrument. 

The procedure to be followed ensures the traceability of the system 
[51]. In particular, the CBBA should be placed as close as possible to the 
measuring area, if possible on the MT table, see Fig. 2, in order to avoid 
both temperature differences and unnecessary movements of the cali-
brated telescopic arms in their position in the machine. 

For calibration, the end of the trident is placed on the fixed sphere of 
the CBBA and the sphere joined to the telescopic arm is connected to the 
CBBA via a movable fixture with a magnetic holder fixed to a kinematic 
self-centring support that is positioned in an intermediate calibration 
position of the CBBA. The system is then reset to the nominal mea-
surement of the centre-to-centre distance of the spheres in this calibra-
tion position. Subsequently, a check is made by bringing the telescopic 
arm to other calibration positions, finally bringing the telescopic arm to 
its measuring position at the MT. The process is also repeated for the 
other two remaining arms. 

2.2.2. Data capture and distance measurement intercomparison 
The developed measurement system allows data capture in both 

discrete and continuous mode. In this case, the system is programmed to 
execute a continuous measurement and processing of the measured data. 

Table 1 
Measurement equipment and ECU characteristics.  

Devices characeristics Value 

TSB Interferometer - Attocube IDS3010 
Maximun target velocity 2 m/s 
Resolution 1 p.m. 
Expanded uncertainty a (k = 2) 0.3 ppm 

TSB environmental compensation unit (ECU) - Attocube 
Temperature uncertainty (k = 2, 0 to 50◦C) ±0.01 ◦C 
Pressure uncertainty (k = 2, 300 to 1100 mbar) ±0.1 mbar 
Relative humidity uncertainty (k = 2, 10 to 90 %) ±0.05 % 

Interferometer -Renishaw XL-80 
Maximun target velocity 4 m/s 
Linear accuracy 0.5 ppm 
Linear resolution 1 nm 
Expanded uncertaintya (k = 2) 0.5 ppm 

Interferometer environmental compensation unit (ECU) 
Air temperature sensor uncertainty (k = 2, 0 to 40◦C) ±0.07 ◦C 
Pressure uncertainty (k = 2, 650 to 1150 mbar) ±0.3 mbar 
Material temperature sensor uncertainty (k = 2, 0 to 50◦C) ±0.07 ◦C  

Fig. 1. Laser interferometer Renishaw XL-80 and TSB testing set-up on 
ANAYAK VH1800 milling machine. 

Fig. 2. TSB resetting procedure set-up with calibrating ball beam artefact 
(CBBA) on machine tool. 
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The method used to obtain discrete distances from the continuous mode 
distance measurement is based on point filtering using the gradient 
method. This method takes advantage of the difference in the measured 
distance over time as a consequence of the movement of the machine. If 
the machine is at a verification point, the difference between the mea-
surements captured according to the sampling frequency is small. 
However, when the machine is moving, this difference widens, allowing 
the measurement to be discarded. In this way, when the machine is 
stable at a verification point, what is obtained for each laser is the 
average of a set of distances that meet the filtering criteria based on the 
rapid feed of the machine, stabilisation time and gap between distances. 
The average, maximum and minimum value are obtained for each 
verification distance, as well as the number of points used and the 
standard deviation of the measurements. From the mean distance values 
for the same point p, it is possible to obtain the 3D coordinates of the 
point using multilateration techniques. 

The next step is to establish the distances between the centres of the 
three fixed spheres at the ends of the telescopic arms that are located in 
the kinematic supports positioned on the MT bed. This is a critical input 
parameter for the multilateration technique used in the measurement 
process [52]. Once the telescopic arms have been reset, they only have 
to be positioned in such a way that the trident of arm 1 rests on the 
spherical end of arm 2, the trident of arm 2 rests on the end of arm 3 and 
the trident of arm 3 rests on the end of arm 1 (Fig. 3), thus capturing the 
distances between them. 

To evaluate the distance error of the TSB, a test series of ten repe-
titions (n = 10, with j from 1 to n) was carried out measuring simulta-
neously with the TSB and the reference equipment, interferometer in 
this case, a test line along the y-axis of the MT ranging from 0 to 405 mm. 
The details of the tests set up are shown in Fig. 1. The measurement cycle 
of each line took 15 min per repetition. The TSB capture frequency was 
5 Hz. 

Considering eleven the number of points measured, ten distances 
were materialized corresponding to ten (i = 10) calibration points, Di, 
and we calculate Da HPTIi,j as the euclidean distance between the point 
(i + 1) and the first point measured (i = 1) with the TSB in the line in 
each repetition, see equation (1) showing method A calculation. In a 
second approach, method B, ten distances were generated, calculating 
Db HPTIi,j as the euclidean distance between the (i) point and the point 
(i + 1) measured along the line with the TSB in each repetition, see 
equation (2). The reference value for each calibration distance has been 
obtained from the difference between the lecture of the interferómeter 

in point (i + 1) and its lecture in the first point (i = 1), for method A, 
Da IFMi,j, equation (3); and as the difference between its lecture in point 
(i + 1) and its lecture in point (i), for method B, Db IFMi,j, equation (4). 
As happen with the TSB the distances are calculated for each repetition. 

Da HPTIi,j =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
xi+1,j − x1,j

)2
+
(
yi+1,j − y1,j

)2
+
(
zi+1,j − z1,j

)2
√

(1)  

Db HPTIi,j =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
xi+1,j − xi,j

)2
+
(
yi+1,j − yi,j

)2
+
(
zi+1,j − zi,j

)2
√

(2)  

Da IFMi,j =D IFMi+1,j − D IFM1,j (3)  

Db IFMi,j =D IFMi+1,j − D IFMi,j (4)  

with i = 1, …, 10, (ith calibration distance) and j = 1, …,10, (jth 
iteration). 

Where xi,j, yi,j, and zi,j are the coordinates of the eleven points (until 
i+1) in each jth iteration and D IFMi,j is the lecture of the interferometer 
in each of the eleven points (until i+1) in each jth iteration. 

Thus, it is possible to calculate a distance error, D_Ei,j, perfomed by 
the TSB in the measurement of the distance between the points of the 
test line for each calibration distance i. This error corresponds to the 
deviation between the distance measured by the TSB and nominal dis-
tance measured by the interferometer. In this work the distance error is 
evaluated using the distance values obtained with method A (Da_Ei,j) 
and method B (Db_Ei,j) according to equations (5) and (6). 

Da Ei,j =Da HPTIi,j − Da IFMi,j (5)  

Db Ei,j =Db HPTIi,j − Db IFMi,j (6)  

with i = 1, …,10, j = 1, …,10. 
Considering a series of ten repetitions (j = 10) for the measurement 

of each point in the test line, a mean distance value error deviation and 
the standard deviation per calibration point with each distance calcu-
lation method were obtained. These error parameters will be used to 
evaluate the volumetric performance of the TSB in its working volume. 

2.2.3. Generation of the virtual test line 
An additional evaluation approach was developed considering the 

generation of a virtual line of verification points in the TSB working 
volume. In the verification procedure developed in this work, a physical 
test line along the y-axis of the MT is measured with the reference 
equipment and the TSB fixing the reference coordinate system in the 
kinematic support 1 (ks1). If the position of the telescopic laser arms is 
changed from their initial set-up on the kinematic supports (laser 1 in 
ks1, laser 2 in ks2, laser 3 in ks3) to a second position where the laser 1 is 
located in the ks2, the laser 2 in the ks3 and the laser 3 in the ks1, the TSB 
measures the same physical line of points from a different position. 

A third position of the TSB is defined with the laser 1 located in the 
ks3, the laser 2 in the ks1 and the laser 3 in the ks2. In Fig. 4 it could be 
seen a 3D reconstruction of the test line using three different configu-
rations of TSBs positioning on the kinematic supports for the simulta-
neous adquisition of the data. 

If triangulation is performed considering the coordinate reference 
system in the kinematic support where laser 1 is located, a line recon-
struction is obtained in a different volume from the original test line 
within the TSB working volumen. These coordinate reference systems 
are defined as virtual reference systems, VRSL1,ks2 and VRSL1,ks3 in Fig. 4. 

Each virtual line is equivalent to measuring a different line rotated 
120◦ from the previous line (Fig. 5) in the TSB coordinate reference 
system without changing the position of the reference equipment 
neither the points materialized by the MT. 

In Fig. 5, it could be seen a 3D reconstruction of the test line and the 
two virtual lines obtained in the virtual coordinate reference systems, 
VRSL1,ks2 and VRSL1,ks3.. The three reference systems, RSL1,ks1, VRSL1,ks2 
and VRSL1,ks3 are overlapping. 

Fig. 3. Measurement of the distance between the centres of the telescopic arms 
on MT. 
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The virtual lines (blue and green) alow to verify the behaviour of the 
system in a wider verification volume using a single alignment position 
of the interferometer used as the reference instrument in this case. 

The virtual distances per calibration point will be equally defined as 
the Euclidean distance between virtual points generated in the virtual 
line as defined in equations (1) and (2) for the physical test line. The 
deviation of the coordinates of the point will generate the corresponding 
distance deviation between the virtual distance measured with the TSB 
and the measured distance by the reference equipment, calculating the 
mean distance error and the standard deviation as evaluation 
parameters. 

2.3. Measurement uncertainty estimation 

In a previous work of the authors [51] the measurement uncertainty 
of the TSB was estimated using Monte Carlo simulation to analyse the 
effect of the different error sources identified in the variation of the 
distance measured with the TSB under workshop conditions. 

In this case, the measurement uncertainty of the TSB could be 
assessed with experimental data by means of the comparative distance 
measurement carried out with the TSB and the interferometer used as a 
reference equipment. The uncertainty model in Eq. (7) allows estimating 
the TSB’s measurement uncertainty based on the experimental calibra-
tion data considering the different error sources that contribute to the 
TSB measurement error.  

(i) The uncertainty of the interferometer that is used as a reference 
equipment,  

(ii) The standard deviation of the distance error in the calibration 
process, with the distance error defined as the difference between 
the TSB distance measurement and the interferometer one in the 
calibration process.  

(iii) The standard deviation of the distance error in the measurement 
process, with the distance error defined as the difference between 
the TSB distance measurement and the interferometer one in the 
measurement process. 

Ui = k

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

UIFM

k0

)2

+
s2

ci

nc
+

s2
mi

nm

√

(7)  

Where. 

• Ui, is the expanded uncertainty estimated for the TSB for each cali-
bration point (with i from 1 to 10).  

• k, is the coverage factor for the uncertainty estimation of the TSB, in 
accordance with the GUM [53].  

• UIFM, is the expanded uncertainty of the interferometer (see Table 1)  
• k0, is the coverage factor for the uncertainty estimation of the 

interferometer (see Table 1), in accordance with the GUM [53].  
• sci, is the standard deviation of the TSB when measuring the distance 

between the calibration points of the test line in the calibration 
process (with i from 1 to 10).  

• nc, is the number of iterations that has been carried out when 
measuring the distance between the calibration points of the test line 
in the calibration process with the TSB (with nc = 10).  

• smi, is the standard deviation of the TSB when measuring distances 
between points in the verification process of the MT (with i from 1 to 
10). It is assumed in this case sci = smi due to similar measurement 
and calibration conditions with the TSB located in the workshop. 

• nm, is the number of repetitions performed when measuring a dis-
tance with the TSB in the verification process of the MT (with nm =

1). 

The TSB resolution with a value of 1 p.m., see Table 1, was consid-
ered as negligible and therefore was not included as an uncertainty 
contribution in equation (7). 

3. Results 

This section presents the results of the evaluation procedure of the 
TSB using an interferometer as a reference equipment, being the pro-
cedure carried out in a 3-axis machine tool. Repeatability measurement 
results are assessed for the TSB. The distance measurement comparison 
between the equipment considering the physical and virtual test lines 
are obtained and the error evaluation parameters are calculated. Finally, 
an uncertainty budget estimation for the TSB for distance measurement 
based on the calibration data and the experimental characterization of 

Fig. 4. 3D reconstruction of the test line. a) First configuration set up: laser 1 (L1) in kinematic support 1 (ks1), laser 2 (L2) in (ks2) and laser 3 (L3) in (ks3). b) Second 
configuration set up: laser 1 (L1) in (ks2), laser 2 (L2) in (ks3) and laser 3 (L3) in (ks1). c) Third configuration set up: laser 1 (L1) in (ks3), laser 2 (L2) in (ks1) and laser 
3 (L3) in (ks2). For all the cases: the coordinate reference system for the triangulation is fixed in ks1 and L1, L2 and L3 are represented with a dot line red, green and 
blue respectively measuring the first calibration point. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 5. 3D reconstruction of the test line and generation of the virtual test lines.  
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the equipment is presented at the end of this section. 
To evaluate the distance error of the TSB, a test series of ten repe-

titions was performed measuring simultaneously with the TSB and the 
interferometer a test line along the y-axis of the MT ranging from 0 to 
405 mm. The definition of the distances along the test line was done with 
two different methods, A and B. In addition, it was developed in section 
2.2.3 the concept of virtual test line based on the consecutive exchange 
of the TSBs. This methodology enables to increase the TSB verification 
volume without changing the configuration of the MT and the reference 
equipment in the MT volumetric verification process. 

Table 2 shows the distance measurement comparison results of the 
TSB and the interferometer using distance definition method A. The 
results have been calculated from the data of ten iterations in eleven 
measurement points generating ten nominal distances, Di, with i from 1 
to 10. The interferometer and TSB average distance values for the test 
lines (physical and virtual) are obtained and compared with the mean 
distance error parameter. The average distance error value reaches 
maximum values of − 2.6 μm in the pysical test line and 1.2 μm and 2.5 
μm respectively in the virtual lines (L1ks2 and L1ks3). Additional error 
parameters calculated for each calibration point are the standard devi-
ation of the TSB distance measurement error in the calibration and 
measurement processes with values under 0.6 μm for all the calibration 
points. Finally, the TSB expanded uncertainty Ui (k = 2) for distance 
measurement in equation (7), is experimentally assessed for all the 
calibration points considering the measurement instrument under 
workshop conditions. The results do not exceed the 1.3 μm uncertainty 
value, both for the physical and virtual lines, increasing the uncertainty 
values with the distance measured. No big differences have been 
detected in the error parameter values among the three lines with dis-
tance method A. 

In Table 3, the same distance comparison results for the TSB and the 
interferometer are presented but using distance calculation method B, 
see section 2.2.3, defining in this case a nominal distance of 40.5 mm 
between calibration point (i) and the following (i + 1). The results have 
been calculated from the data of ten iterations in eleven measurement 
points generating ten distances, Di, with i from 1 to 10. The maximum 
average distance error value is − 2.7 μm in the D5 calibration point of the 
L1ks1 test line. The standard deviation of the TSB distance measurement 
error in the calibration and measurement processes show a maximun 
value of 0.3 μm for all the calibration points and test lines. In regard to 
the TSB expanded uncertainty estimation for distance measurement for 
each calibration point in workshop conditions Ui (k = 2), the maximum 

values are 0.8 μm, 0.7 μm and 0.7 μm for the physical test line and 
virtual lines L1ks2 and L1ks3 respectively. The values obtained with 
method B for all TSB distance error parameters and distance measure-
ment uncertainties are slightly lower that with method A, due to the fact 
that the distances generated are bigger in method A (ranging from 40.5 
mm to 405 mm) versus method B where it remains constant in 40.5 mm. 

In Fig. 6 it is displayed in the TSB working volume, the TSB mea-
surement expanded uncertainty Ui (k = 2) for each calibration (i) point 
along the three test lines, with their distances defined according to 
method A and method B. The color bar (in mm) represents the expanded 
uncertainty values. 

4. Conclusions 

This work presented the evaluation procedure of a Telescopic 
Simultaneous Ballbar (TSB) with a reference interferometric equipment. 
One of the main TSB’s applications is machine tool verification, allowing 
data capture in a single cycle thanks to the simultaneous operation of the 
three telescopic arms. Thus, the evaluation procedure was carried out in 
a 3-axis machine tool, measuring a test line along the MT’s y-axis with 
both measurement equipment. The average distance error and its stan-
dard error deviation were the evaluation parameters chosen to compare 
the measurements made with the TSB and the interferometer. The dis-
tances among the points in the test line were defined with two methods 
(A and B) and an additional new methodology for virtual distances 
generation is proposed. The virtual lines enable to verify the behaviour 
of the TSB in a wider verification volume using single alignment position 
of the interferometer and MT position. The standard deviation of the 
distance error of the TSB in the calibration and measurement processes 
showed values under 0.6 μm for all the calibration points and the 
maximum average distance error ranges from 2.6 μm with distance 
generation method A to 2.7 μm with method B, obtaining comparable 
results. In addition, no significant differences were detected in the re-
sults obtained with the physical and the virtual test lines, showing the 
virtual methodology as a streamline approach. 

The evaluation allows also to assess the TSB measurement expanded 
uncertainty in an experimental way under workshop conditions, 
showing uncertainty values below 1.3 μm with method A and 0.8 μm 
with method B, for all the calibration points defined in the test lines, 
both with the physical and virtual lines. 

As a conclusion, the results obtained in the evaluation of the 
equipment proved the suitability of the TSB as measuring equipment for 

Table 2 
Mean error and uncertainty estimation for the measurement of distances with the TSB with method A.  

Calibration Point D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 

Nominal Distance/mm 40.5000 81.0000 121.5000 162.0000 202.5000 243.0000 283.5000 324.0000 364.5000 405.0000 
UIFM (k0 = 2)/μm 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
L1ks1 -Test line 
IFM Mean/mm 40.5017 81.0090 121.5169 162.0211 202.5214 243.0255 283.5263 324.0257 364.5259 405.0280 
TSB Mean/mm 40.5013 81.0078 121.5158 162.0201 202.5188 243.0242 283.5256 324.0251 364.5254 405.0277 
Mean Error/μm − 0.4 − 1.2 − 1.1 − 1.0 − 2.6 − 1.3 − 0.7 − 0.6 − 0.5 − 0.3 
sci (nc = 10)/μm 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.4 0.6 
smi (nm = 1)/μm 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.4 0.6 
Ui (k = 2)/μm 0.6 0.7 0.7 0.7 0.7 0.7 0.6 0.8 0.9 1.3 
L1ks2 - Virtual test line 
IFM Mean/mm 40.5061 81.0158 121.5261 162.0325 202.5365 243.0398 283.5408 324.0410 364.5416 405.0440 
TSB Mean/mm 40.5060 81.0155 121.5259 162.0329 202.5371 243.0406 283.5416 324.0422 364.5428 405.0446 
Mean Error/μm − 0.1 − 0.3 − 0.2 0.4 0.6 0.8 0.8 1.2 1.2 0.6 
sci (nc = 10)/μm 0.1 0.1 0.2 0.3 0.2 0.2 0.2 0.2 0.1 0.2 
smi (nm = 1)/μm 0.1 0.1 0.2 0.3 0.2 0.2 0.2 0.2 0.1 0.2 
Ui (k = 2)/μm 0.5 0.5 0.6 0.7 0.7 0.6 0.7 0.6 0.5 0.6 
L1ks3 - Virtual test line 
IFM Mean/mm 40.5052 81.0141 121.5224 162.0266 202.5295 243.0340 283.5350 324.0349 364.5353 405.0379 
TSB Mean/mm 40.5050 81.0140 121.5224 162.0261 202.5294 243.0354 283.5370 324.0370 364.5377 405.0404 
Mean Error/μm − 0.2 − 0.1 0.0 − 0.5 − 0.1 1.4 2.0 2.1 2.4 2.5 
sci (nc = 10)/μm 0.2 0.3 0.4 0.4 0.4 0.3 0.5 0.5 0.5 0.6 
smi (nm = 1)/μm 0.2 0.3 0.4 0.4 0.4 0.3 0.5 0.5 0.5 0.6 
Ui (k = 2)/μm 0.7 0.9 0.9 0.9 1.0 0.9 1.1 1.2 1.2 1.3  
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machine tool verification considering the precision and repeatability 
required for the application, being the equipment accuracy levels 
assesed in the experimental evaluation close to those of laser 
interferometry. 
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