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Abstract 

There is a growing need for industrial robots to undertake high tolerance operations in line with Industry 4.0 

(I4.0) demands and requirements. This requires robotic accuracy to be understood and quantified within 

appropriate bounds, relative to their application area. One such area is complex aerospace assembly where 

robotic precision is of particular importance if the full potential and benefits of I4.0 are to be realised in the 

sector. The standards BS EN ISO 9283:1998 and ISO/TR 13309:1995 outline the requirements for calculating 

an industrial robot’s accuracy. The standards highlight equipment capable of achieving this and they note that 

the robot base frame (RBF) must be determined as part of the process. The RBF is an exact position within the 

robot, and therefore it should be established with both accuracy and precision. However, a specific process or 

approach is not provided in either standard for the determination of a RBF. This has resulted in the use of 

bespoke methods by various researchers for the determination of their RBF using metrological equipment and 

associated software. These ad-hoc methods are not globally applied and the rationale and justification for their 

use remains unpublished. Previous research that presented a process used to construct the RBF, resulted in a 

varying RBF origin position when repeated. The work presented in this paper provides the basis for a common 

approach to the determination of a RBF which integrates metrology hardware with a Design of Experiments 

(DOE) approach to select an appropriate measurement routine. The DOE approach investigates how different 

factors (e.g. robot axis used, number of point positions used, their positions, and repetitions of their occurrence) 

influence the repeatability in establishing the RBF, by measuring the positions of points that the robot attains 

using different levels for each factor. This study used a Universal Robot to develop and demonstrate the 

proposed method for RBF determination using the factors that were found to affect point repeatability. This 

new method was validated by comparing the outcome of the applied process to four methods that used random 

combinations of factors. The approach was found to increase the repeatability in establishing the RBF origin 

point by 93.4%, compared to a previous method that used arbitrarily chosen factors.  
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1 Introduction 
In 2019, the International Federation of Robotics (IFR) reported that there was an increase of 6% in the number 

of industrial robot units sold globally from 2017 to 2018. Although shipments receded in 2019, sales volumes 

were still the third-highest ever recorded and there are currently 2.7 million robots in operation across the globe 

[1]. This number is set to increase as IFR also predicted a 12% average growth from 2020 to 2022. While the 

impact of Covid-19 on industry cannot yet be fully assessed, it is predicted that in the medium term, the 

pandemic will be a catalyst for digitalisation that will subsequently increase growth in the use of robotics [1–

3]. Industry 4.0 (I4.0) is currently driving interest in, and the application of, automated applications (including 

robots) in manufacturing. The concept of I4.0 came about as a result of technological developments that have 

enabled the connection of the cyber and the physical worlds. It has been facilitated by the Internet of Things 

(IoT), Artificial Intelligence, and Machine Learning (ML) [4]. It is a data-driven industrial revolution and has 

helped support the increased use of industrial robots in manufacturing and assembly [5,6]. The current 

pandemic has also contributed to the trends already happening due to I4.0 in terms of reducing the reliance on 

a manual workforce on the shop floor and being able to adapt expeditiously to changing economic and 

consumer demands.  

The aerospace industry in particular has been subject to economic challenges [7], production backlogs, 

and has now been affected by changing demand due to the pandemic [8,9]. Increasing the application of 

industrial robots in aerospace manufacturing and assembly has been a challenge and an area of ongoing 

investigation. This is because robots can already improve efficiencies and reduce cost in the medium term 

(relative to a manual workforce). Smart, accurate robotic systems also have the potential to add further 

performance-based benefits in a longer-term, I4.0 context - relative to existing automated systems. This favours 

the changing requirements of the sector in terms of production efficiencies and ultimately, commercial 

sustainability [10–13] as long as robotic systems can meet the requirements of high tolerance manufacture. 

Moreover, increasing robotic technologies in aerospace assembly has the potential to reduce the number of 

tasks completed by the human workforce that are unfavourably repetitive and may not be considered 

ergonomic. This can improve the quality of the tasks performed [14,15]. There is also stated potential for 

parallel kinematic robots to replace traditional dedicated fixtures used in aerospace assembly, enabling 

adaptable and cost-effective fixturing solutions [16]. However, current limitations in the positional accuracy 

of industrial robots are preventing them from becoming a dominant presence on aerospace manufacturing in 

general and assembly lines in particular [17,18]. The tolerances typically demanded by the aerospace sector 

are stated to fall within ±0.2mm to ±0.1mm [19–22], whereas the absolute positioning accuracy of industrial 

robots can be 1mm [23]. This will not satisfy tolerance-related requirements for high-precision applications 

and obviates the need for understanding and improving robotic accuracy relative to aerospace manufacturing. 

 Over the last number of decades, research related to improving and assisting robotic accuracy has 

taken different approaches. 20th Century efforts centred around accounting / compensating for errors in the 

setup of a part or procedure [17,22]. Researchers have developed various methods to improve the kinematic 

model of a robot to improve its absolute accuracy [24], including attempts to additionally capture residual 

errors [25]. Secondary encoders have been integrated into some robots to improve absolute accuracy [26]. More 

recent work utilised the technological developments of I4.0 technology, such as ML [27] and real-time cyber-

physical connections [28], to improve robotic accuracy thereby enabling enhanced adaptability and 
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intelligence. This additionally facilitates the efficiency levels and adaptability required by industry [5,6]. ML 

models have been developed, based on the spatial similarity of the robots, that act as error compensation 

models. The original robot program is adapted so that when implemented, the hardware achieves a higher level 

of accuracy [27,29–31]. In process, real-time correction methods for precision machining, by industrial robots, 

have also been developed by Moeller et al. [28], as well as Brown et al. [32] but workable solutions for 

automated, large scale aerospace assembly (including robotic part handling, positioning & fastening) still elude 

production planners in the sector. A roadmap for this was laid out by Maropoulos et al. [33], and although 

research presented by Drouot et. al [22] and Schmitt et al. [34] are contributing to the developments, there are 

still advances to be made; Drouot et. al presents a ‘Future Automated Aircraft Assembly Demonstrator’ (FA3D) 

that demonstrates robots working with metrology to assist automated positioning procedures and Schmitt et al. 

touch on the use of metrology monitoring the part under deformation itself, rather than monitoring the robot 

itself. 

 The commonality between the approaches in the published literature is that they rely on metrology-

based technologies to provide the means to capture key positional data for a robot. International Standards 

Organisation (ISO) documents, BS EN ISO 9283:1998 [35] and ISO/TR 13309:1995 [36] refer to methods that 

define how a robot’s accuracy should be determined and therefore provide the basis of how robotic accuracy 

may be tracked (if the ISO documents have been adopted under the author’s country standards body, then the 

adopted document will be referred to). BS EN ISO 9283:1998 details how to define a robot’s accuracy, and 

ISO TR 13309 provides the detail on the test equipment and metrology methods for the evaluation of a robot’s 

performance.  

The pose accuracy of industrial robots is defined (by BS ISO 8373:2012) as the difference between the 

commanded pose and the mean of the attained pose when returning to the commanded pose from the same 

direction [37]. The standards specify the requirement for being able to track the robot’s tool centre point (TCP) 

position, with respect to its base frame (RBF), as well as the equipment needed to achieve this. The TCP is a 

point on the end effector, or tool, attached to the robot. The TCP length is the distance from the TCP to the 

robot tool flange. The RBF is typically located in the base of the robot and, it is often positioned in the centre 

of the first joint of rotation (the base joint). Despite these requirements, the actual method or process needed 

to construct the RBF, using the software that is associated with the metrology equipment used, is not provided. 

This has resulted in the use of various methods across the reviewed literature, with little or no justification 

behind the individualized processes used and therefore no standardisation for the process. Research [38] has 

indicated that implementing such methods does not produce a repeatable RBF, and therefore the effects of how 

these methods are implemented must be studied. In this research, the RBF was constructed by capturing 

positions attained by the robot, aligning the robot’s axes, and constructing the RBF origin point. The lack of 

repeatability arising from the approaches taken in previous research will be quantified in this paper. Some 

limitations of ISO 9283:1998 have been addressed by Bi et al. [39]. However, the selection of the measurement 

points used to estimate the RBF has not yet been addressed in any published work, despite its potential influence 

on robot accuracy in operation.  

This research aims to aid repeatable RBF establishment by providing a method that will enable the insight 

required to understand if the constituents of the method used affect the repeatability of the RBF construction. 

To achieve this aim, the following objectives will be required: 
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1. Determine the limitations of the standards and published literature in providing a method to establish 

the RBF.  

2. Quantify the distance between repeated RBF origin points when an arbitrarily chosen process was 

executed.  

3. Define a method that investigates how changing the factors used (e.g. robot axis used, number of point 

positions used, their positions, and repeating their occurrence) has an outcome on the repeatability of 

the process. If factors are proven to have a statistically significant influence on the process for the 

robot under investigation, the fourth objective is; 

4. Define a process, for the robot under investigation, that will improve the repeatability in the RBF 

establishment, using those factors, and test this in a validation process. This in turn will provide a 

more robust method, through informed decision making, for implementing the task of achieving the 

RBF for future experiments.  

 

Point positions achieved by the robot, lie at the heart of the process for constructing the features that 

enable the construction of the RBF. As the purpose of this research is to investigate the factors used in a method 

to create the RBF, the accuracy of these points cannot be determined. This is because the RBF itself is used to 

determine how accurately a point is attained by the robot, as per ISO 9283:1998. Therefore, increasing the 

repeatability of these points is the key to determining a dependable RBF. The repeatability of point coordinates 

has been investigated through an averaging process, and measures of variance and statistics have also been 

used with the aim of minimising this value. While accuracy (i.e. positional accuracy relative to a true value) is 

the key motivation for this work, the consideration of repeatability across multiple point sets is in fitting with 

understanding the precision of the process (i.e. positional accuracy relative to a true value when measured 

repeatedly with the same device).  

A critical review of the requirements for RBF construction within the above standards is provided in 

Section 2. Section 3 presents the outcome of previous research [38], quantifying how much the measured points 

used to construct the RBF affected its repeatability. Section 4 details the Design of Experiments (DOE) 

approach method which was used to investigate what factors affect the creation of the RBF using metrology 

software, based on the method used in the previous research. The results and discussion of these analyses are 

reported in Section 5, and Section 6 draws a set of conclusions based on the key outcomes from this work. 

 

2 Review of Standards and Their Implementation 
In line with Objective 1, the standards and published literature are investigated in line with the process flow 

illustrated in Figure 1. 
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Figure 1 Review of Standard and Their Implementation Investigation Steps 

BS EN ISO 9283 states that “For the measurement of pose accuracy using numerical data entry, the 

position of the measurement system needs to be known relative to the base coordinate system” and “The 

measurement post shall lie at a distance from the mechanical interface as specified by the manufacturer.” The 

base coordinate system is typically located in the physical base of the robot, or in its first rotational joint. The 

‘base coordinate system’ is interchangeable with the term ‘robot base frame’ (RBF). As mentioned previously, 

the pose accuracy is the difference between the commanded position, and the mean attained position. The 

origin point of the commanded position, and the attained position, must be the RBF, according to BS EN ISO 

9283:1998. Its position is fundamental to the determination and understanding of the robot’s positional 

performance relative to its stated space envelope and any workpiece within it. The integrity of the accuracy 

value obtained is sensitive to the accuracy of the RBF construction within the metrology software.  

BS EN ISO 9283 refers to the base coordinate system as 01 (see Figure 2(a)). The mechanical interface, 

referred to as coordinate system 0m in Figure 2(a), may be more commonly referred to as the tool flange or 

interface, and the measurement post is typically the tool centre point (TCP). This is a point commonly defined 

on the tool/end effector and this is depicted in Figure 2(b). The tool, or end effector, is attached to the tool 

flange on the robot. 

State applicable ISO Standard definitions 

Evaluate the limitations in ISO documents 
relating to industrial robot accuracy and robot 

base frame construction 

Evaluate the published literature involving robot 
base frame construction 

Evaluate industrial/commercial solutions for 
robot base frame construction 

Conclusion of robot base frame construction  

Start 

End 
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Figure 2 ISO Standard (a) Industrial Robot Example (b) End Effector Example 

 The TCP needs to be tracked with reference to the base coordinate system, or RBF. This means that 

the RBF must be established by measurement. ISO/TR 13309 lists equipment that has the ‘capability of 

calibrating… the robot base coordinate system'. This in itself dictates that the RBF is capable of being 

constructed accurately using metrology software via the equipment listed, yet no method to do so is offered. 

The equipment includes multi-laser tracker interferometry, single-laser tracking interferometry, single total 

station method-tracking, and triangulation methods including an optical tracking triangulation method, 

theodolite method, and optical camera method.  

 The most recent studies on improving robotic accuracy, which will be detailed next, commonly use a 

single laser tracker to achieve the RBF [40]. Modern laser tracking systems are capable of measuring to an 

accuracy of Ux,y,z = +/-15 μm + 6 μm/m [41]; the measurement uncertainty of a coordinate in the distance from 

the laser tracker to the measured points, in the x, y, or z-axis, falls within this range: +/-15 μm + 6 μm/m. This 

exceeds the typical levels of accuracy required by the aerospace industry and is, therefore, an appropriate 

system for quantifying and understanding robotic accuracy. The equipment used should be capable of capturing 

positional data at a level higher than the accuracy that the robot can achieve. This capability, as well as the 

connectivity features of the laser tracker, means it serves as a potential component within an integrated robotic 

control system in an I4.0 compliant factory. ISO TR 13309 provides a schematic, which has been adapted in 

Figure 3, to demonstrate a typical set-up for the experiment. A retroreflector is attached to the robot’s tool 

flange and acts as an end effector. The central reflective location of the retroreflector acts as the TCP.  

 

 
Figure 3 Single laser tracker interferometry 
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In addition to its limitation in defining a RBF determination process, it should be highlighted that the 

equipment detailed in ISO/TR 13309 relates to its publication date and does not represent the systems that are 

available today. This is another reason for modern metrology equipment to be investigated alongside the robotic 

system and metrology software. Additionally, when a retroreflector is used as the TCP (see Figure 3), this adds 

complexity to the operation. This is because the TCP must be confirmed in the physical environment, as there 

is no guarantee it will match its ‘as designed’ position but the central reflective point of the device cannot be 

touched or probed. As a result, there have been various approaches to facilitate this process in the literature. 

Yuan et al. [27] used a Spherical Mounted Retroreflector (SMR) for the TCP with an XYZ-4-point method 

as the method for its calibration. The TCP was moved to the same point 4 times, using four different postures 

i.e. the position of the TCP was the same on each of the 4 occasions, but the robotic joint positions were varied 

to result in the different postures. As the SMR cannot be physically touched, a virtual XYZ-4-point method in 

coordination with the laser tracker was used. This is where an initial SMR position is recorded using the laser 

tracker, and the robot is then moved away, returning back to this position (i.e. to where it meets the laser from 

the tracker) four times using different postures. When the positional error between the SMR and the virtual 

point was below 0.02mm, they stated that the SMR is coincident with the virtual point. From this, the robot 

control system can obtain the TCP. This error value raises concerns as the tolerance acceptance level is within 

this range, and this is an early stage to introduce a positional error/unrepeatability. To achieve the RBF, Yuan 

et al. moved the robot’s TCP in an ‘L-frame path’; the robot was moved in two lines which were parallel to the 

RBF Y and Z-axis. The L-frame lines appear to have an arbitrary origin point in the working envelope of the 

robot; the position of these lines in space was not shown to have been supported by any prior investigation. 

The lines were created by sending the robot to points along these paths, the point positions were then recorded 

using the laser tracker. Then the lines were constructed in the metrology software and using the origin point of 

the L-frame, this was translated to the origin to estimate the RBF. 

Zeng et al. [29] created the RBF by using a laser tracker and reflector and rotating the robot about different 

joints, from the home position, capturing the joint axis, and creating planes. Previous work published by Zeng 

et al. [42] acknowledges errors introduced when establishing the RBF, which includes the equipment used to 

capture the positions of the robot. Płaczek et al. [43] placed the tracker on the robot zero point, which they state 

is in the centre of the first robot joint axis. They measured two planes; the first one found the zero point and 

the direction of the Z-axis, and the second found the direction of the X-axis. Kleinkes et al. [44] sent the robot 

TCP to a series of positions and the laser tracker recorded these positions. The programmed positions were 

then imported into the associated metrology software and these were iteratively solved to best-fit the 

programmed positions with the attained positions to provide an estimated RBF position.  

Morozov et al. [45] mounted a Leica T-MAC on an industrial robot and tracked it with a Leica AT901-LR 

laser tracker. The TCP was set on a Tooling Ball Reflector position on the T-MAC. As the TCP was central to 

the tooling ball and couldn’t be touched, they, like Yuan et al., used a virtual ‘4-point method’. They had a 

TCP calibration uncertainty of 0.32mm. This once again raises concerns as this is above the tolerance level 

typically required in aerospace [22] and therefore highlights the necessity to investigate how this could be 

improved or standardised. Similar to Klienkes et. al, to determine the RBF position, they sent the robot to three 

positions in the robot’s working envelope and recorded these positions with the laser tracker. The positions 
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achieved, as stated by the robot controller, were also recorded and a transformation was determined. This was 

used to create the RBF in the metrology software. 

Boby and Klimchik [46] state that there may be errors introduced when defining the RBF and TCP due to 

the human intervention and judgment involved in their definitions. Some aspects of how a TCP or RBF may 

be achieved have been described here, however, no consistent method/process has been found in the literature. 

Additionally, to the best of the author’s knowledge, there is little to no reported justification referenced or used 

for each of the methods used in the publications reviewed for this work. There is no confirmation that any 

method executed in the literature is robust, despite the fact that the methods are to be integrated into high 

accuracy applications. The precision of how the TCP and RBF are determined is fundamental to determining 

the accuracy of the robot. 

Industrial solutions, such as Hexagon’s RoboDyn [47], offer a system to perform the ISO 9283 tests. The 

application of RoboDyn to perform these tests has been demonstrated in published literature [48], however, it 

has not been found to be widely used. The details for the methods used are not publically available. 

Additionally, the software may not be feasible for those executing the ISO 9283 tests, as it is an additional cost. 

It is apparent that bespoke methods to determine the RBF used in the literature, rather than industrial solutions, 

are commonplace and the effects of this are yet to be documented in the literature. 

There is no firmly established method in literature and no globally applied method in the ISO Standards 

to construct the TCP and RBF. Consequently, there is no indication or evidence as to what method should be 

executed to ensure the integrity of the outcome of the approach taken to the determination of robotic accuracy. 

The methods in the literature never repeat their process, and previous research has shown the effects of 

repeating a method for constructing the RBF origin point, mean that the origin point varied [38]. This research 

will address a significant gap in the literature by focusing on how the factors used in the construction of the 

RBF affect its repeatability under test. Therefore, a systematic study on the effect of changing the factors is 

presented. This novel investigation has the potential to provide a standard method that should be executed to 

understand the effects of the factors used for any industrial robot, so that the repeatability in the RBF creation 

may be improved.  

 

3 Initial Investigation of RBF Origin Point Creation  
To establish the potential impact on the estimation of the RBF by considering different measuring points, an 

initial experiment was undertaken using a method to achieve the RBF and TCP based on a combination of the 

approaches used in the preceding literature [38]. This supports Objective 2. The steps for this process, Figure 

4, were executed and the focus of the analysis is the outcome of the origin point construction. The steps in 

Figure 4 include axis alignment, i.e. repeating point positions to create the alignment of the x and z-axis, but 

the results of this are not investigated in the analysis. Metrology software SpatialAnalyzer (SA) is referred to 

in Figure 4. 
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Figure 4 Robot Base Frame General Construction Process Flow to Investigate Origin Point 

This method involves sending the robot to point positions parallel to two of the RBF’s axes, e.g. x and z. This 

allows for lines to be made in the metrology software, and these lines are used to align to the RBF axis. An arc 

of points, created by moving the TCP along the z = 0mm axis is captured, and in the metrology software, a 

circle is extrapolated from these points, and a central point from this is constructed. This point is used as the 

origin point for the RBF, and the axis is then set there using the alignment established previously. The entire 

process is executed five times in total. The industrial robot used was a Universal Robot 10, and the designed 

position for the RBF is in the centre of the base joint, see Figure 5(a). This point can be referred to more 

generally as ‘01’ in Figure 2(a).  

Program robot’s TCP to points in z = 0mm, 
isolating movement in the base joint i.e. creating 

an arc of points parallel to z=0mm 

Program robot’s TCP to points parallel with two 
of the robot base frame’s axes (e.g. x and z axis) 

Send program to robot and set laser tracker to 
record point positions, in SA. In SA, use the 

points to construct a circle with a centre point 
(RBF origin point). Repeat this four more times 

(five measurements in total).  

Pairing each repetition of the axes lines and RBF 
origin point construction, construct the 5 RBF in 

SA by aligning the two axes and setting the 
origin point 

Send program to robot and set laser tracker to 
record point positions in SA. In SA, construct a 
line for each axis used from the points recorded. 

Repeat this four more times (five in total).  

Assess differences in each origin point 
constructed 

Set up laser tracker, robot, end effector with a 
Retroreflector/Red Ring Reflector 

Start 

End 
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Figure 5 Experimental Setup visualisation a) of Universal Robot 10 with Robot Base Frame, b) of End 

Effector Clamp with Red Ring Reflector, and c) in SpatialAnalyzer 

The laser tracker used for this work was a Leica AT960 MR. This was used with a 1.5” Leica Red Ring 

Reflector (RRR). A bespoke holder was designed and 3D printed using Onyx. This was connected to the robot 

tool flange to clamp the RRR in position. The device was secured using M6 bolts. A computer-aided design 

(CAD) schematic of the holder is shown in Figure 5 (b). SpatialAnalyzer (SA) metrology software was used 

in combination with the laser tracker, to track the position of the RRR and store the required point coordinate 

with respect to a reference frame. An experimental set-up visualisation in SA is shown in Figure 5(c). 

Although further testing around the process to define the TCP needs to be completed, the main concern 

from the research was the lack of repeatability from the RBF creation process. The result (average of the x, y, 

and z coordinate ranges) of the process that created the origin point of the RBF 5 times is summarised in Table 

1. Each origin point (OP) repetition (repetition number is ‘n’) can be referred to in this experiment as 𝑂𝑂𝑂𝑂1 to 

𝑂𝑂𝑂𝑂5. The x, y, and z coordinate for each OP repetition can be expressed as: 

𝑂𝑂𝑂𝑂𝑛𝑛 =  (𝑥𝑥𝑛𝑛,  𝑦𝑦𝑛𝑛, 𝑧𝑧𝑛𝑛)                       (1) 

The Range for the x, y, and z point repetitions can be expressed mathematically as: 

𝑥𝑥𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑒𝑒 = 𝑚𝑚𝑚𝑚𝑥𝑥(𝑥𝑥1, … , 𝑥𝑥5) − min(𝑥𝑥1, … , 𝑥𝑥5)                    (2) 

𝑦𝑦𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑒𝑒 = 𝑚𝑚𝑚𝑚𝑥𝑥(𝑦𝑦1, … ,𝑦𝑦5) − min(𝑦𝑦1 , … ,𝑦𝑦5)                    (3) 

𝑧𝑧𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑒𝑒 = 𝑚𝑚𝑚𝑚𝑥𝑥(𝑧𝑧1, … , 𝑧𝑧5) − min(𝑧𝑧1, … , 𝑧𝑧5)                                  (4) 

The average of the x, y, and z coordinate ranges can therefore be expressed mathematically as: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝐴𝐴𝐴𝐴𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑒𝑒 =  
∑�𝑥𝑥𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, 𝑦𝑦𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ,𝑧𝑧𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅�

3
                    (5) 

 

Table 1 Results from Repeating Process to Create Robot Base Frame Origin Point 

 

It was found that arbitrarily selecting positions for the robot program to execute the 

movements/postures required to create the points necessary to construct the RBF origin point, introduced 

variation in results when the method was repeated. The average of the x, y, and z coordinate Ranges for the 5 

points (found between two of the origin points created) was 2.533mm. This variation is around 25 times greater 

than the typical tolerance level accepted in the aerospace industry, and this is even before the robot executes 

its assigned tasks. The origin point could not be located repeatedly, and this is not acceptable for high tolerance, 

No. of Repetitions Average of the x, y, z Coordinate Ranges 
(#) (mm) 
5 2.533 

 
(a) (b) (c) 
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high precision, applications. It was concluded that the literature available to produce the RBF currently falls 

short of what is required to determine robotic repeatability/precision relative to the stated needs of the aerospace 

sector [22]. 

The inherent benefit/advantage of an industrial robot is its repeatability and not its accuracy, and 

therefore trying to achieve the RBF accurately using the methods in the literature using the robot itself, will 

have errors. This is not openly addressed, discussed, or quantified in the standards, or in the literature that 

executes methods to achieve the RBF. Therefore, the reasoning behind the processes used to achieve the RBF 

needs to be understood with a view to proposing a globally applicable, truly standard method. An investigative 

methodology was subsequently developed for this work to address this, aimed at maximizing the repeatability 

across multiple executions of the process used to achieve the RBF. The methodology is detailed in this paper 

where a holistic approach was taken and the parameters affecting the origin point construction and axis 

alignment of the RBF were investigated. 

 

4 Method 
The method used to investigate what parameters affect the repeatability of the RBF construction, in line with 

objective three, is presented here (see Figure 6 and Figure 7) in a generalised method that applies to any 

industrial robot whose RBF is located in the robot base joint. The description of how this method is 

implemented using a Universal Robot is detailed in section 4.1. Results for the application of this method using 

the UR10, i.e. what parameters affect the UR10 in its environment?, are presented in Section 5, fulfilling 

objective 3 and part of objective 4; the end result of implementing the method defines a process that improves 

RBF establishment repeatability, for the robot that the method is applied to, in line with objective 4.  

A Design of Experiments (DOE), three-level, three-factor, full factorial (33) approach is taken in the 

method, to investigate the factors that help establish the RBF. The steps are similar to those illustrated in Figure 

4, but taking a more in-depth approach by investigating the factors used in the process. Generally, the process 

takes the following steps: 

1. Set up the experiment and investigate the spatial limits of the tracker and robot 

2. Determine the two RBF axes to align to and how the robot will execute this 

2.1. Select the two RBF axes to align to 

2.2. Select the origin point position that the robot will move parallel to these axes 

3. Determine how to capture the RBF origin point 

 

The general process to define the RBF is described in Section 3 (repetition of the process was for analysis 

purposes). Two approaches to create a line of points in an axis need to be analysed; points can be programmed 

in set increments apart, or points can be divided equidistantly across a set distance. Based on gaps in the current 

literature, this work will investigate three core elements of RBF definition to satisfy this requirement: 1. The 

number of points used to define the paths, 2. The effect of using repeated points on RBF definition and 3. The 

effect of using averaged point positions to define the RBF. In the literature, and previous studies, the paths 

were only run once. The analysis aids the determination of the approach which will produce the lowest average 

Range of the repeated points.  
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 The number of points and repetitions to use for such an analysis has not been found in published 

literature or any standards, as demonstrated in the literature review. For this reason, arbitrary values/parameters 

for these factors have been selected for use in this investigation. The workspace was limited and point numbers, 

as well as repetitions, were deemed acceptable in terms of both capturing the robot’s performance, and the time 

taken for the investigation. The analysis then allows for a statistical evaluation of the variables used to 

determine if there are any statistically significant relationships that affect the determination of the RBF.  

Once the favourable axis, points, and repetitions were defined, the effect of what point in the robot’s 

working envelope is used in the process is then investigated. Based on the literature, Yuan et al. [27], executes 

an L-Frame configuration to align the axis, i.e. the two axes have the same starting point, or ‘origin point’ in 

the working envelope of the robot. A DOE approach is implemented to identify the effect of changing the 

origin position of the L-frame, in the robot’s working envelope. Similar to the preceding study (Section 3), the 

average Range is used. The two axes with their favourable combination of factors that make the points designed 

to create a line parallel to the RBF axis are tested at a series of positions. The average Range value at each 

location for each of the two axes is compared to find the minimum value. 
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Figure 6 Design of Experiments Flow Chart Part 1 
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* Investigating whether programming points at set distances apart, or dividing the points equidistantly across 

a set distance effects the range 

Figure 7 Design of Experiments Flow Chart Part 2 
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A similar process was then applied to the investigation where an arc of points is used to construct the 

origin point of the RBF. Sending the robot to a position where Z = 0 mm, and maintaining this, aligns the TCP 

on a plane with the robot base frame z-axis plane. If the robot is moved across this plane, maintaining a constant 

radius, through a series of points, these points can be captured with the laser tracker and recorded. This 

movement is achieved by only moving the base joint, i.e. Joint 1. However, the extent to which the robot can 

be rotated in this axis is limited by the line of sight of the laser tracker with the RRR. These positions can then 

be extrapolated to form a circle in SA, and the central position of this circle can be determined. This central 

position is the location of the origin of the RBF based on this experimental approach. Previous research [38], 

quantified in Section 3, demonstrated that there was variation in the position of the central point when an arc 

of points in a z=0mm plane was repeated. Every arc created a central point at a different location. This showed 

that arbitrarily selecting a single arc of points and radius could not provide a method to create the RBF origin 

point repeatedly and that an alternative approach is needed. It is therefore vital to understand the factors that 

can affect the determination of this point. The number of points, repetitions, and radius are the controllable 

factors that are predicted to affect the position of the central point. Therefore, to potentially enable increased 

stability in identifying this point, the effect of these variables on the repeatability of the points that create the 

arc was investigated using a DOE approach. This helps to determine the favourable combination of factors 

required to achieve the most repeatable results possible, in the given conditions, by finding the combination of 

factors that produced the minimum average Range of the points programmed to the same position. 

 As a laser tracker has its own coordinate system, and the position of the RBF is not known a priori, 

there is no established transformation between these two coordinate systems. When points are repeated, the 

average of these points makes up the point that is used to construct the line or arc. The variable investigated is 

the overall average Range of the repeated points that make up the averaged points for each combination of 

point number and repetitions. An individual point (P) across the entire analysis can be defined generally as 

𝑂𝑂𝑛𝑛𝐴𝐴𝑟𝑟 
, where n is the point order reference number, A is the axis (e.g. x, y, or z), and r is the repetition number 

reference. The range of an individual point, 𝑂𝑂𝑁𝑁𝐴𝐴𝑅𝑅 
, can be expressed as: 

𝑅𝑅𝑚𝑚𝑅𝑅𝐴𝐴𝐴𝐴𝑂𝑂𝑅𝑅𝐴𝐴 = 𝑚𝑚𝑚𝑚𝑥𝑥 �𝑂𝑂1𝐴𝐴1 , … ,𝑂𝑂𝑁𝑁𝐴𝐴𝑅𝑅  � −  𝑚𝑚𝑚𝑚𝑅𝑅 �𝑂𝑂1𝐴𝐴1 , … ,𝑂𝑂𝑁𝑁𝐴𝐴𝑅𝑅  �                  (6) 

Where N is the last point order number, and R represents is the last value of repetition used.  

The average of the ranges for each point over each axes is expressed as:   

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑒𝑒 =  
∑ ∑ 𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑒𝑒𝑃𝑃𝑅𝑅𝐴𝐴

𝑁𝑁
𝑅𝑅=1

𝑧𝑧
𝐴𝐴=𝑥𝑥

3𝑁𝑁
;𝐴𝐴 = 𝑥𝑥 − 𝑚𝑚𝑥𝑥𝑚𝑚𝑎𝑎,𝑦𝑦 − 𝑚𝑚𝑥𝑥𝑚𝑚𝑎𝑎, 𝑧𝑧 − 𝑚𝑚𝑥𝑥𝑚𝑚𝑎𝑎               (7) 

The denominator is multiplied by three as the analysis considers three factors. To give context, an example 

scenario is shown in Figure 8. Each point position is determined by averaging the repeated points programmed. 

For example, in the diagram the robot is programmed to 3 positions parallel to the RBF x-axis (01); points 𝑂𝑂11, 

𝑂𝑂12, and 𝑂𝑂13, are all the same programmed point, 𝑂𝑂1. However, when the robot executes these points, it achieves 

a slightly different position each time. Point 𝑂𝑂1′ is achieved by averaging the points, 𝑂𝑂11, 𝑂𝑂12 , and 𝑂𝑂13. Ideally, 

𝑂𝑂11, 𝑂𝑂12, and 𝑂𝑂13 should be the same position, but the robot does not achieve this. So the effect of changing the 

number of points and repetition, and axis with the aim of finding what combination maximises the repeatability 

in the points is investigated. The laser tracker has a coordinate system 02 and the Range of the x, y, and z 

coordinates of the points 𝑂𝑂11, 𝑂𝑂12, and 𝑂𝑂13 is calculated in reference to this system. This is repeated for the 

points that make up 𝑂𝑂2′  and 𝑂𝑂3′ . The Range values for the x, y, and z coordinates 𝑂𝑂1′, 𝑂𝑂2′ , and 𝑂𝑂3′  are then averaged 
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to give a single representative value of that combination of factors (Equation 7). The larger the Range, the lack 

of repeatability there is in the achieved points (as they have been programmed to be the same). The average 

Range is, therefore, representative of all the points for that particular combination of points, repetitions, and 

axis. This value is then used to compare the combinations against each other, with the aim of finding the 

combination that provides the minimum average Range value.  

 

Figure 8 Three Points Parallel to RBF x-axis, Repeated Three Times 

While the Range of points may decrease for a certain combination of features, in either the parallel 

axis line investigation or the origin point construction investigation, this does not necessarily mean that the 

features are being created with increased accuracy. For example, as repetitions increase, it is impossible to say 

whether or not the averaged points would create a path that is more divergent or convergent from the parallel 

orientation of the equivalent RBF axis, even if the Range decreases. It may be possible that programming only 

one path of points may execute the process accurately, however, previous research has shown the lack of 

repeatability in the process when arbitrarily choosing a combination of factors to execute the operation. 

Executing only one path of points cannot facilitate the type of insight that this research is aiming to attain, in 

terms of reducing Range, as there is only one point at each point position. A process that investigates if the 

factors affect the repeatability in producing the RBF is investigated and is presented in this paper. This will aid 

with the ability to compare results from analyses when experiments were completed on separate occasions, and 

a RBF was constructed separately for the experiments, while also demonstrating a method to investigate what 

factors may affect the construction of the RBF.  

The two analytical tools of DOE that are recommended to analyse all of the results are the ‘main 

effects plot’ and ‘interaction plot’. These tools plot the effect of the factors on the average Range. Therefore, 

from these plots, it can be determined if changing the factors does affect the Range value and to what extent. 

If they do, the plots help inform what factors should be used to minimize the Range. The main effect plot shows 

the mean response value at each level of a design parameter or process variable, independent of the other 

factors. The process variable will be the overall average Range value. The main effect plot is used to assess the 

relative strength of the effects of the different factors. The gradient sign of the main effect dictates whether the 

average response value increases or decreases and the gradient magnitude dictates the strength of the effect.  

The interaction plots are two-way, meaning that the mean response of two factors are plotted at all of 

the combinations of their settings. When the lines of the plot are parallel, this suggests that interaction between 

the factors is unlikely. If the lines are non-parallel, this means that there is a stronger interaction between the 
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factors [49]. Additionally, an analysis of variance (ANOVA), one-way and two-way, can be conducted to 

determine the main factors and interactions that are statistically significant (p < 0.05). The results from this 

analysis are presented in section 5. 

 

4.1 Method Implementation 
4.1.1 Hardware Set up 
A laser tracker and RRR are recommended for this experiment. The laser tracker Leica AT960-MR was used, 

in conjunction with SA metrology software, to capture, store and investigate point positions. As the RRR must 

be attached to the robot tool flange, an end effector analogous with that described in Section 3 (Figure 5(b)) is 

recommended. Akin to previous research [38], the laser tracker is stated to have an accuracy of Ux,y,z = +/-15 

μm + 6 μm/m [41], which exceeds the typical levels of accuracy required for high tolerance aerospace 

applications [22]. Each point can be programmed to remain in its position for four seconds, allowing for leeway 

as the laser tracker can be set to record when the target (RRR) when it becomes stable. When a Leica AT960-

MR and RRR are used together there are no minimum distance requirements between the two objects, therefore 

to ensure maximum accuracy they were positioned as close as possible together. The minimum distance was 

constrained by the robots’ movement in its x-axis in the application of this experiment, which is detailed later 

and depicted in Figure 11(b). A typical hardware setup for the execution of the method is shown in Figure 9. 

 

 
Figure 9 Experiment Setup to Record Robot TCP Positions 

4.1.2 Robot Program Implementation 
All robot programs were created offline in Visual Components software (version 4.2), and the robot, UR10, 

was programmed to maintain a constant configuration. Visual Components was selected as it hosts the UR10 

in its robot library, and it facilitates the post-processing of the robot program so that it can be sent to the robot. 

The DOE analysis was completed in R (version 4.0.2) as it can manage and present the required statistical 

analysis. The results from the DOE analysis are presented in Section 5. The process plan implementation is 

detailed in the following subsections. 

Laser Tracker 

End Effector 

UR10 
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4.2 Parallel RBF Axis Selection 
The number of points used and the repetitions are investigated and this is replicated for each axis x, y, and z 

resulting in six sets of experiments. A three-level, three-factor, full factorial (33) was implemented for each 

experiment, and the factors are increment distance, points, and repetitions, and then set distance, points, and 

repetitions, with the robot configuration kept constant. The parameters for these factors are shown in Table 2 

and Table 3 respectively. This creates 27 experimental combinations for each table. The summarised version 

of the DOE factors will be used throughout the method implementation example. The two axes, with their 

individual point and repetition combination, which results in the minimum average Range from either condition 

will be selected for the subsequent analysis.  

 Table 2 High, medium, and low levels for the increment distance between points, no. of points, and no. 
of repetitions, to be completed in the X, Y, and Z parallel to the RBF 

 

Table 3 High, medium, and low levels for the set distance for the points, no. of points, and no. of 
repetitions, to be completed in the X, Y, and Z parallel to the RBF 

 An illustration of when the robot is programmed to 3, 6, and 10 points in the direction parallel to the 

RBF’s z-axis is shown in Figure 10. The illustrated axes system in each diagram refers to the TCP axes system. 

These points were repeated 3 times, and the average point taken, and then 6, and then 10 times. This process 

was repeated for 3 different increment sizes between points, and then the whole process was repeated for the x 

and y-axis. The maximum volume the points consume in the robot’s working envelope from an experimental 

combination in Table 2 and Table 3, in the x, y and z-axis, is shown in Figure 11.  

 

 

Increment Distance (mm) No. Of Points No. of Repetitions 
20 3 3 
40 6 6 
70 10 10 

Set Distance (mm) No. Of Points No. of Repetitions 
60 3 3 

240 6 6 
700 10 10 

Figure 10 Parallel RBF Axis ‘increment distance’ path points to be executed by TCP 
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4.3 Axes Alignment Operation Origin Point 
The axes selection, the number of points, and the number of repetitions along each axis are dependent on the 

outcome of the axis alignment operation (section 4.2). A 3-level, 3-factor, full factorial (33) was used with the 

following factors: x, y, and z-axis coordinates. These form the coordinate of the origin/first point of the L-

frame for the lines representing each axis that the robot is being sent to. This investigation allows the potential 

effects of the position the program is executed at on the average Range of the repeated points.  

Table 4 shows the factors and levels for this experiment. This full factorial experiment created 27 

combinations. A graphical representation illustrating a third of the potential origin points layout is shown in 

Figure 12(a). Each origin position is represented by an axis system, and this is repeated across each of the 

planes. Figure 12(b) illustrates an example of a robot program running through the Plane A positions for the z-

axis values. Figure 13 shows where these points are executed within the robot’s working volume. Further 

limitations were imposed by the laser tracker in capturing points in the z-axis.  

Table 4 High, medium and low levels for the x, y, and z origin position under the DOE 

X Y Z 
(mm) (mm) (mm) 
650 -100 0 
775 0 300 
900 100 600 

 

(a) (b) 

Figure 11 Maximum point execution volume in robot's working envelope in (a) y and z-axis, and 
(b) x and z-axis 
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Figure 12 (a) Graphical Representation of the positional layout of each L-frame origin coordinate (b) 
Plane A L-Frames in Visual Components 

 
Figure 13 Maximum point execution volume representation in robot's working envelope (a) front view 

(b) side view 

4.4 Robot Base Frame Origin Point Operation 
A bird’s eye schematic of the programmed points, showing the arc circumference limitation and maintaining a 

z-axis coordinate of 0mm, is shown in Figure 14(a), and an isometric view of a program is shown in Figure 14 

 (b). The axis frame in each diagram is the RBF position of the robot.  

(a) (b) 

(a) (b) 
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Figure 14 Visual Component Visuals of the Arc of Points used to construct the RBF point (a) with 

extrapolate circle profile shown and robot boundary envelope in grey (b) ISO view 

Like the previous methods, this point determination is subject to the accuracy of the points used to 

map the circumference of the circle, which are determined by the accuracy of the robot itself. Once again, a 

three-level, three-factor, full factorial approach is taken. The parameters for the factors are radius in the x-axis 

from the RBF (z-axis coordinate is set at 0mm), the number of points, and the number of repetitions are shown 

in Table 5. The value of each radius was determined by the TCP x-axis coordinate at 5° in joint 1 as this is the 

central point for the Range of movement in joint 1, -10° to 20°. For this particular setup, the range movement 

equates to an arc length of approximately 360.215mm. This Range is shown in Figure 14(a). The points were 

programmed equidistantly across this arc circumference.  

Table 5 High, medium and low levels for the radius, no. of points, and no. of repetitions for the DOE 

 

5 Results and Discussion 
The outcome of this section supports objective four i.e. defining the process to achieve the RBF, by 

implementing the method in section 4 and then testing the process via validation. Standard Deviation (SD) was 

considered for this investigation, as it takes into account all points in the population to provide a measure of 

variation in a dataset. The results using SD were analogous to the Range results presented in this paper, and 

the outcome in every analysis was identical, which could be used to support the outcome of the Range results. 

However, the nature of this analysis meant that SD was calculated for different population quantities due to the 

varying repetition factor. As a result, varying confidence intervals were present across the data set, and 

evaluating these results against each other does not enable a fair and consistent analysis. Therefore, only the 

results using Range are presented, evaluated, and discussed here, as per the method provided.  

 

5.1 Axes Alignment Operation  

5.1.1 Increment Distance  

Radius No. of points No. of repetitions 
(mm) (#) (#) 
670 7 3 
720 16 6 
770 37 10 

(a) (b) 
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5.1.1.1 X-axis  

The main effect plots for the analysis of the size of the increment between points, the number of points, and 

the number of repetitions in the x-axis are shown in Figure 15. A one-way analysis was used to determine if 

the factors were statistically significant (p < 0.05). The number of repetitions was significant, with a p-value 

of 4.96E-06. This means that the effect of the number of repeats has the biggest influence on the Range; more 

repeats generate a bigger Range.  

 
Figure 15 Main effect plots showing the influence of Increment Size, No. of Points, and No. of 

Repetitions on the Average Overall Range of attained points, in the X-axis 

The interaction plots, Figure 16, have parallel trends, and therefore interaction is absent. A multi-way ANOVA 

confirmed this, as all interaction values were greater than 0.05, as shown in Table 6. Overall, increasing the 

number of repeats, in the x-axis, decreases the point repeatability. 

 
Figure 16 Two-way interaction plots of (a) Increment Size and No. of Points (b) Increment Size and 

No. of Repetitions (c) No. of Points and No. of Repetitions, in the X-axis 

 Table 6 Multi-way Analysis of Variance of Factors affecting the Range of points in the x-axis 

5.1.1.2 Y-axis  

The main effect plots for the analysis of the size of the increment between points, the number of points, and 

the number of repetitions in the y-axis are shown in Figure 17. A one-way analysis was used to determine if 

the factors themselves were statistically significant (p < 0.05). The increment size was statistically significant, 

with a p-value of 0.021, and the number of repetitions, with a p-value of. 1.89E-05. The increment size is of a 
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factor 1E03 greater than that of the number of repetitions, and it is, therefore, repetitions that have the greatest 

influence on the point repeatability. A larger increment size generally improves the point repeatability, and an 

increase in the number of repetitions decreases the point repeatability. The trend of repeatability is the same as 

that found in the x-axis.  

 
Figure 17 Main effect plots showing the influence of Increment Size, No. of Points, and No. of 

Repetitions on the Average Overall Range of attained points, in the Y-axis 

 

The interaction plots, Figure 18, have in the majority parallel trends, and therefore there is an absence of 

interaction. A multi-way ANOVA calculated that there was a statistically significant interaction with Increment 

Size and Number of Repetitions, with a value of 0.035, as shown in Table 7. Once again, repetitions have the 

biggest impact on the Range.  

 
Figure 18 Two-way interaction plots of (a) Increment Size and No. of Points (b) Increment Size and 

No. of Repetitions (c) No. of Points and No. of Repetitions, in the Y-axis 

Table 7 Multi-way Analysis of Variance of Factors affecting the Range of points in the y-axis 

5.1.1.3 Z-axis  

The main effect plots for the analysis of the size of the increment between points, the number of points, and 

the number of repetitions in the z-axis are shown in Figure 19. Like the x and y-axis analysis, the one-way 

analysis determined that the number of repetitions was statistically significant (p < 0.05), with a value of 6.43E-

11. It also has the same trend that an increase of repetitions decreases the point repeatability. 
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Figure 19 Main effect plots showing the influence of Increment Size, No. of Points, and No. of 

Repetitions on the Average Overall Range of attained points, in the Z-axis 

Once again the interaction plots, Figure 20, have mainly parallel trends, and therefore there is an absence of 

interaction. In Figure 20(a), there is a slight interaction between increment size 40mm to 70mm, however, a 

multi-way ANOVA showed that the interactions were negligible (did not satisfy p<0.05) as shown in Table 8.  

 
Figure 20 Two-way interaction plots of (a) Increment Size and No. of Points (b) Increment Size and 

No. of Repetitions (c) No. of Points and No. of Repetitions, in the Z-axis 

Table 8 Multi-way Analysis of Variance of Factors affecting the Range of points in the z-axis 

5.1.2 Set Distance  

5.1.2.1 X-axis  

The main effect plots for the analysis of the size of the distance points used are divided into, the number of 

points, and the number of repetitions in the x-axis is shown in Figure 21. A one-way analysis was then used to 

determine if the factors themselves were statistically significant (p < 0.05). The number of repetitions for this 

analysis, with a value of 9.77E-06. Increasing the number of repetitions increases the average Range value 

consistently.  
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Figure 21 Main effect plots showing the influence of Set Distance, No. of Points, and No. of Repetitions 

on the Average Overall Range of attained points, in the X-axis 

The interaction plot, Figure 22 (a), appears to have slight interaction with some cross-overs between values, 

and (b) has mostly a parallel trend. However, a multi-way ANOVA showed that all the interactions were 

negligible (did not satisfy p<0.05), as shown in Table 9.  

 

 
Figure 22 Figure 17 Two-way interaction plots of (a) Set Distance and No. of Points (b) Set Distance 

and No. of Repetitions (c) No. of Points and No. of Repetitions, in the X-axis 

 

Table 9 Multi-way Analysis of Variance of Factors affecting the average Range of points in the x-axis 

 

5.1.2.2 Y-axis  

The main effect plots for the analysis of the size of the distance points used are divided into, the number of 

points and the number of repetitions in the Y-axis is shown in Figure 23. The set distance was statistically 

significant (p < 0.05) with a value of 0.042, and the number of repetitions had a value of 5.60E-06. This is 

similar to the response of the Y-axis in the Increment Analysis (section 5.1.1.2). Increasing the set distance 

size consistently decreases the average Range value and increasing the number of repetitions increases the 

average Range value. 

Factor Statistical Relevance 
Set Distance & No. of Points 0.547 
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No. of Points & No. of Repetitions 0.873 
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Figure 23 Main effect plots showing the influence of Set Distance, No. of Points, and No. of Repetitions 

on the Average Overall Range of attained points, in the Y-axis 

The interaction plots, Figure 24, have mainly parallel trends, and therefore there is an absence of interaction. 

A multi-way ANOVA showed that the interactions were negligible (did not satisfy p<0.05) as shown in Table 

10.  

 
Figure 24 Two-way interaction plots of (a) Set Distance and No. of Points (b) Set Distance and No. of 

Repetitions (c) No. of Points and No. of Repetitions, in the Y-axis 

 

Table 10 Multi-way Analysis of Variance of Factors affecting the Range of points in the y-axis 

 

5.1.2.3  Z-axis  

The main effect plots for the analysis of the size of the distance points used are divided into, the number of 

points and the number of repetitions in the z-axis is shown in Figure 25. An analysis of variance was executed 

on the factors and the number of repetitions was statistically significant (p < 0.05), with a value of 2.99E-06. 

Increasing the number of repetitions increases the average Range value. 
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Figure 25 Main effect plots showing the influence of Set Distance, No. of Points, and No. of Repetitions 

on the Average Overall Range of attained points, in the Z-axis 

The interaction plots, Figure 26 (a) and (b) appear to have slight interaction with some cross-overs between 

values, and (c) has mostly a parallel trend. However, a multi-way ANOVA showed that all the interactions 

were negligible (did not satisfy p < 0.05), as shown in Table 11.  

 
Figure 26 Two-way interaction plots of (a) Set Distance and No. of Points (b) Set Distance and No. of 

Repetitions (c) No. of Points and No. of Repetitions, in the Z-axis 

Table 11 Multi-way Analysis of Variance of Factors affecting the Range of points in the z-axis 

 
5.1.3 Summary 
Although throughout the analysis it was apparent that there was insignificant interaction between any of the 

factors, in all cases at least one of the single factors themselves had an impact on the level of the average Range 

value. Changing the value of repetitions was continuously the most statistically significant factor, and therefore 

this factor has the biggest impact on the Range. This is true for all axes and both approaches. Increasing the 

number of repetitions increased the average Range value, and therefore can be considered to decrease the 

repeatability of the process. This work, therefore, highlights the importance of investigating the factors used to 

create the points. Across the analysis, the main effects Range values ranged from around 0.006-0.035. At this 

point, associating this Range variation with a particular reason is not possible. However, one possible reason 

could be attributed to the kinematic model of the robot, however further analysis and calibration analysis would 

be necessary to confirm this and to establish if this is a dominant contributor to the variation. Additionally, the 
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robot has been programmed in a given configuration and within a limited range of its entire working envelope. 

If the robot was to be used in a different configuration or working envelope, a holistic analysis of the factors 

across the working envelope would be beneficial. 

As discussed previously, it is not possible to assess the accuracy of these experiments currently, but 

the ability to increase the repeatability of the process is. The aim is to reduce the Range value and to select the 

two axes that fulfil this. The increment distance analysis proves favourable in every axis in comparison to the 

set distance. Out of the three axes, the x-axis and z-axis provided the overall lowest values and therefore were 

selected for the subsequent analysis. Statistically, the number of repetitions has the biggest impact on the range 

value, with a reduction in repetitions favourable. A repetition value of one cannot be used, as discussed 

previously. The analysis indicates that a value of two repetitions could be used, but as this minimum value in 

this analysis was three, three will be used as it remains within the bounds of the experiment conducted. Three 

repetitions will be used for both the x-axis and z-axis. The increment distance value and number of points show 

no significant effect on the analysis, therefore the choice of these values should not affect the outcome. A set 

increment size of 40mm with 3 points was chosen for the subsequent analysis. 

 

5.2 Axes Alignment Operation Origin Point 
5.2.1 X-axis analysis 
The main effect plots for the analysis of the x-axis datum point are shown in Figure 27. An analysis of variance 

was executed on the factors, and the Z-axis factor did produce a p-value of 0.0691. However, as the typical 

threshold for statistical significance is generally accepted at values of p < 0.05, the z-axis coordinate will not 

be dictated by this outcome, but the effect of this will be monitored in the validation section.  

 
Figure 27 Main effect plots showing the influence of Axis and Coordinate on the Average Range Value 

of Coordinates for X-axis line 

The interaction plots, Figure 28, have generally little interaction. Figure 28 shows some interaction in each 

plot. A multi-way ANOVA, Table 12, revealed that the interactions were insignificant.  
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Figure 28 Two-way interaction plots of (a) X and Y-axis coordinates (b) X and Z-axis coordinates (c) Y 

and Z-axis coordinates, for the RBF X-axis parallel line 

 

Table 12 Analysis of Variance on Factors for X-axis Alignment Origin Point Operation 

 

5.2.2 Z-axis analysis 
The main effect plots for the analysis of the z-axis datum point is shown in Figure 29. None of the factors were 

statistically significant when one-way ANOVA was undertaken for the factors. 

  
Figure 29 Main effect plots showing the influence of Axis and Coordinate on the Average Range Value 

of Coordinates for Z-axis line 

The interaction plots, Figure 30, show some interaction; in (a) when y = 100mm, and in (b) and (c) when z = 

600mm. Despite this, a two-way analysis determined that the interaction was not statistically significant. The 

results of this analysis are shown in Table 13.  
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Figure 30 Two-way interaction plots of (a) X and Y-axis coordinates (b) X and Z-axis coordinates (c) Y 

and Z-axis coordinates, for the RBF Z-axis parallel line 

 

Table 13 Analysis of Variance on Factors for Z-axis Alignment Origin Point Operation 

 

5.2.3 Summary 
The analysis showed that the coordinate of the origin point needed to create the line parallel to the x-axis and 

z-axis was not influenced by changing the coordinates (within the limits of the coordinates used in this 

analysis). The p-value for the z-axis coordinate for the origin point in creating the parallel x-axis could be 

considered close to the threshold in which it would be considered to have an influence. From Figure 29 it could 

be stated that a z-axis coordinate of 300mm could reduce the average range value, however when this value is 

0mm, the increase in the average range value could be considered insignificant. While this factor will not be 

implemented as an influential factor as p > 0.05, the effect of the factor will be monitored in the validation 

section.  

 

5.3 Robot Base Frame Origin Point Operation 
The main effect plots for the analysis of the combination of factors that will produce the minimum average 

Range value in the z = 0 plane are shown in Figure 31. A one-way ANOVA proved that the radius and number 

of repetitions were statistically significant, with values of 0.029 and 5.21E-05 respectively. The radius and 

repetition have similar effects on the average Range value; the smaller the factors value, the smaller the average 

Range value.  

Factor Statistical Relevance 
X & Y 0.487 
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Figure 31 Main effect plots showing the influence of Radius, No. Of Points, and No. of Repetitions on 

the Average Range Value when Z 0 mm 

The interaction plots for this analysis, Figure 32, show that the interactions are negligible. There is only slight 

interaction in Figure 32 (a). A two-way ANOVA, Table 14, proved the lack of interaction, as none of the 

interacting factors were of statistical significance. Results indicate that using a smaller radius would improve 

the results, however, this radius is constrained due to fixturing and a smaller radius can therefore not be taken. 

Like the point repetition analysis for the parallel axis lines, the minimum repetitions will be capped at 3.  

 
Figure 32 Two-way interaction plots of (a) Radius and No. of Points (b) Radius and No. of Repetitions 

(c) No. of Points and No. Repetitions, when Z=0mm 

Table 14 Analysis of Variance on the Robot Base Frame Origin Point Operation 

 

5.4 Validation and Discussion 
The factors which influence the repeatability of the points created for the axis lines, and RBF origin point are: 

• Reducing the number of repeated points, capping at 3 repetitions, when creating the points for the 

parallel RBF axis lines  

o The x-axis and z-axis proved to have the minimum average Range values and were therefore 

chosen 

• Reducing the radius for creating the origin point for the RBF from -10 ° to 20 ° in Joint 1 rotation, at 

z = 0mm was statistically significant. The minimum radius possible was x = -670mm at Joint 1 = 5 °, 

due to work cell constraints. Similar to creating the points for the parallel lines to the RBF axis, 
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reducing the number of repetitions, capping at 3 repetitions, was statistically significant in reducing 

the average Range value. 

The final combination of operations which include the statistically significant factors, with the aim to improve 

the repeatability of the points created, have been included in an operation to be tested against four other 

operations with a variety of different factors used. This work supports objective four - to define a process that 

will improve the repeatability in the RBF establishment. The final combination is labelled as Position ‘A’, and 

the four random combinations of operations were subsequently labelled B, C, D, and E. The details of the 

operations are listed in Table 15. Each combination of factors, e.g. A, was repeated five times. The averaged 

point at each position that was repeated in the combination, was evaluated with the 4 other repetitions using 

the average Range value (Equation 7). For example, in A, 3 points at 40mm apart are repeated 3 times to create 

the points to create the lines parallel to the X and Z axis of the RBF. The points at each repeated programmed 

position are averaged, leaving 3 points. This process is repeated a further 4 times, and the 5 points at each of 

the 3 programmed positions are evaluated using Range, and then the 3 values are averaged. Additionally, the 

combination of factors to create the RBF origin point is repeated 5 times, and the Range of these 5 points was 

calculated. This allows for the different combinations of operations listed in Table 15 to be compared against 

each other, determining if the analysis has determined a combination of factors that improves the repeatability 

in creating the robot base frame.  

 

Table 15 Operation List for Validation 

 Axis Alignment Operations RBF Origin Point Operations 

Operation X origin Z Origin 
No. 
Of 

Points 

Increment 
/Distance 

Repetitions Radius 
No. Of 
Points 

Repetitions 

 xyz (mm) xyz (mm)    (mm)   

A (650, 0, 0) (775,100, 
300) 

3 40mm apart 3 670 16 3 

B 
(900, 0, 

600) 
(900, 0, 

600) 6 Over 60mm 6 770 7 10 

C (650, -
100, 300) 

(650, 100, 
0) 

9 20mm apart 3 720 31 3 

D 
(775, -
100, 0) 

(650,  
100,600) 6 

Over 
240mm 10 720 16 6 

E 
(900, 100, 

300) 
(775, -
100, 0) 3 70mm apart 6 670 7 6 

 

5.4.1 Axis Alignment Analysis 
The number of repetitions was a statistically influential factor for the x-axis parallel line, and the z-axis 

coordinate for the origin point was close to the threshold of being considered an influential factor. The results 

for the average Range of the points used to create a line parallel to the x-axis, in primary order of increasing 

distance in the z-axis coordinate for the origin point of the series of repeated points, and secondary order of 

increasing repetitions is shown in Figure 33(a). The results for the average Range of the points used to create 

a line parallel to the X-Axis, in primary order of increasing repetitions, and secondary order of increasing z-

axis coordinate is shown in Figure 33(b).  
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Figure 33 Averaged Points Repeated Average Range in X-Axis Direction Points in order of (a) 

Increasing Z-axis Origin Point Coordinate (b) Increasing Repetitions 

In both cases, Operation A provides the minimum range. However, there is not a consistent increase 

in average Range as the distance from the z-axis coordinate increases or the number of repetitions increase. 

This may indicate that both factors are contributing to the point positions achieved, however further insight is 

required. The greatest value tested for the z-axis coordinate yielded the highest average range in the DOE 

analysis, and this value is given to Operation B in this analysis. B has the middle value of 6 repetitions. 

Additionally, although Operation E has a higher repetition count, and the z-axis value is the same, E yields a 

marginally smaller Average Range. The difference in these values may be considered insignificant. 

Additionally, it is respected that there may be variability in the process and due to the scale of increase of the 

average in B, this may be indicative of that. In Figure 33(b) as the repetitions increase, there is an overall 

increase in the average range, with Operation B interrupting the trend. It is therefore difficult, at this point, to 

determine if the z-axis position is actually influencing the point positions achieved, but the results support that 

increasing the number of repetitions increases the average Range value.  

 The results for the average Range of the points used to create a line parallel to the Z-Axis, in order of 

increasing repetitions, are shown in Figure 34. Repetitions were the only statistically influential factor that 

occurred for this feature, in this analysis. Due to this, it is expected that as the repetitions increase, the average 

Range value would increase. While the overall trend sees an increase from A to D, there is a drop from B to E, 

and a rise again in D. B and E do have the same number of repetitions, however, this may represent the 

variability in the process itself. Once again, Operation A remains the lowest. 

(a) (b) 
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Figure 34 Averaged Points Repeated Average Range in Z-Axis Direction Points in Order of Increasing 

Repetitions 

 

5.4.2 Robot Base Frame Origin Point Analysis 
Results for the averaged points repeated average Range for the arc of points at z = 0mm, used to construct the 

RBF origin points, in primary order of increasing radius, and secondary in order of increasing repetitions, is 

shown in Figure 35 (a). This graph shows a clear increase in the Average Range value with an increasing radius. 

This complements the outcome of the analysis that the radius and number of repetitions influence the 

repeatability of the points. Figure 35 (b) shows the primary order in terms of increasing repetitions, and 

secondary order of increasing radius. In this graph, there is an overall increase in the Average Range value, 

with a slight dip in progression in E. Operation A maintains the minimum value. Figure 35 (b) indicates that 

the two factors do not have an equal contribution to the effect on repeatability, but overall the influence on 

improving the repeatability of the arc of points is evident.  

    
Figure 35 Averaged Points Repeated Average Range for Z = 0mm arc points in order of (a) Increasing 

Radius (b) Increasing Repetitions 

As each operation was repeated, five constructed origin base frame points could be created for each 

operation, and the Range of the origin points for each operation could be calculated. Results for the average 

origin point range for the repeated operations, in primary order of increasing radius, and in secondary order of 

increasing reps is shown in Figure 36 (a). From A to D there is an overall increase in the average Range. 

However, B which has both the largest radius and repetitions drops in the Average range value, close to that 

achieved by operation A. This is in disagreement with the outcome of the statistical analysis, however once 

(a) (b) 
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again this may be indicative of the associated variability in the process. Overall the trend is representative of 

the results from the DOE analysis, and Operation A has the highest repeatability. Results for the average origin 

point range for the repeated operations, in primary order of increasing repetitions, and secondary order of 

increasing radius is shown in Figure 36 (b). From E to C there is a drop in the average Range. There is an 

increase in repetitions between the two operations, however, the radius decreases. This represents the dominant 

effect of the radius on the repeatability of the process, as additionally the radius increases from C to D, when 

the repetition remains constant. Operation B has been discussed previously. Once again, there is an overall 

average Range increase from A to D, and operation A remains to have the highest repeatability.  

 
Figure 36 Average Origin Point Range For Repeated Operations in order of (a) Increasing Repetitions 

(b) Increasing Radius 

Previous research [38], found that when an arbitrary selection of points, point spacing, and radius was 

selected to create the origin point, and when the process was repeated, a maximum distance between the points 

created was found to be 2.533mm. Reducing the Range of the points in the arc was envisaged to yield higher 

repeatability in the origin point when it is created. The research here yielded that radius and repetition had an 

influence on the repeatability of producing the origin point and reducing this was favourable to increase 

repeatability. These factors were attributed to operation A which evidently, had the minimum average Range 

in the repeated origin point position. Additionally, the maximum Range between two of the five points for 

operation A was 0.167mm. This is a 93.4% reduction in the maximum distance between two points, and 

therefore the repeatability in creating the point has increased. However, a Range of 0.167mm shows that there 

is still room for improvement. This is especially important, as determining the robot’s accuracy is subject to 

how accurately this position is created. If the point was created perfectly, there would be a 0mm difference 

between any repeated point.  

 

5.4.3 Welch’s t-test 
Data associated with the Origin Points, X-axis lines, and Y-axis lines constructed for each Operation can be 

evaluated against Operation A, to see if their means are significantly different from each other. As certain 

factors were determined as significantly influential, and Operation A implemented those to maximize 

repeatability, the other operations should return means that are significantly different from Operation A. For 

the parallel axis lines constructed, three projection angles (degrees) can be evaluated for each line: Rx from y, 

Ry from z, and Rz from x. The sets of these angles in Operation A can be evaluated against the sets from the 

(a) (b) 
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other operations. For the origin points created, three coordinates can be evaluated for each point: x, y, and z-

axis coordinate. The set of these coordinates in Operation A can be evaluated against each set from the other 

operations (B, C, D, E). The Welch’s unequal variances t-test was implemented to establish if the data sets, 

when compared to Operation A, had equal means. The null hypotheses for the axis lines and origin points takes 

the form H0: µA - µB = ∆0, µA - µC = ∆0, µA - µD = ∆0, µA - µD = ∆0. The alternate Hypotheses are H1: µA - µB ≠ 

∆0, µA - µC ≠ ∆0, µA - µD ≠ ∆0, µA - µD ≠ ∆0. For each scenario, a p-value of < 0.05 indicates that the null 

hypothesis lacks plausibility and provides the grounds to reject H0. This would support the statement that there 

is a significant difference in the means of each group, and subsequently further supports the DOE method to 

find factors that influence the outcome of the constructed RBF.  

 This analysis found that out of all of the comparisons, all but Operation A to C Origin Point x-axis 

coordinate, Operation A to E x-axis coordinate point, and Operation A to D y-axis coordinate, returned p-

values < 0.05. All results for the x and z-axis line returned p-values < 0.05. As the RBF origin point is made 

up of an x, y, and z coordinate, and each of these cases is isolated to one axis and occurs in different operations, 

it is concluded that the means of the Origin points and Axis Lines from Operation A are significantly different.  

 

5.4.4 Discussion 
The approach used was further investigated. The direction of the point executions may affect how accurately 

the robot attains them. For example, the x-axis and z-axis points were both created in the positive direction of 

their axis, and the points in the arc at z=0mm were created with a positive rotation in the first joint. BS EN ISO 

9283 does not specify the movement direction. The differing combination of robot axes movements in a 

positive or negative direction could cause the robot to achieve different levels of accuracy, due to the effects 

of backlash [50,51]. The effects of this may differ from robot to robot, and within the robot itself when it travels 

through different positions from different directions. A procedure to investigate this would have the be 

established and executed to determine if this does affect the performance of the robot.  

While there is still improvement to be made in terms of reducing the Range values, this analysis 

provides the path forward to achieve this. A robust method to identify what factors can influence the production 

of points and construction of the RBF in the metrology software has been presented, fulfilling the aim of this 

paper. Other variables that could be investigated for a comprehensive investigation include the robot 

configuration, physical environment set up, program direction, and the robot itself. However, where a robot is 

to continually work in a set working envelope, then the analysis stands and will prove beneficial in terms of 

positional accuracy and repeatability. 

 

6 Conclusion 
A gap in the literature to provide a method to construct a Robot Base Frame, both repeatedly and accurately, 

has been identified. The published standards and literature have limitations providing this method, and the 

consequence of this was demonstrated; when a method to construct the RBF was selected, and the constituents 

of the method chosen arbitrarily, variation in the created RBF occurred. A DOE approach was established that 

can be implemented to investigate if, and how, factors (such as the number of points and repetitions) used to 

construct the RBF influence its repeatability. This investigation was applied to a Universal Robot and 

undertaken using a statistical analysis. The results of this analysis guided how the factors should be applied to 
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the method to construct the RBF to improve repeatability when the process was repeated. This was validated 

against four other methods, in which the factors which make up the method were chosen arbitrarily. This 

validation successfully showed the ability to improve the RBFs repeatability by using the outcome of the DOE 

analysis in constructing the RBF. Additionally, a Welch’s t-test demonstrated that the means of the results from 

the four arbitrary methods were significantly different from the DOE-guided method operation. The DOE-

guided approach increased the repeatability in establishing the RBF origin point by 93.4% compared to a 

previous method with arbitrarily chosen factors. This shows how the approach taken in this work can improve 

the repeatability in constructing the RBF, and therefore should provide the basis for associated standards to 

address the current limitations within their documents, in regards to a method to establish the RBF.  

This work was enabled by a laser tracker and supported metrology software, and it is recognised that 

these state-of-the-art resources may not be available to all those needing to perform this operation. However, 

published literature has shown there is a common approach to using the resources used in this research. 

Therefore, this work can make a valuable contribution to those wishing to investigate the repeatability in their 

method to establish the RBF. The results of this analysis are applicable to the Universal Robot used, and to the 

limitations of the work cell, but the process is the same for other robots, including industrial robots. Future 

work includes investigating the effects of changing the direction in which points are executed, changing the 

factor parameter values used in the analysis, altering the robot configuration and the robot, and trialling further 

methods to improve the accuracy of the process.  
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