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a b s t r a c t

This paper documents the findings of experiments done to assess the capability of a
photogrammetric measurement process for use in a metrology assisted robotic machining
application. Capability is judged from the perspective of uncertainty and error across various
part geometries over several days. The influence of operator technique on error and point
acquisition ability for challenging geometry is also assessed. The process is found to be
resistant to short-term error drift when operating in a controlled environment but system-
atic and random errors are demonstrated to be highly dependent on geometry. Operator
influence on capability is found to be minimal when scanning freeform geometry, although
this is unlikely for more complex parts. Acquisition of inspection points on cylindrical
pockets is found to be a limitation. Technological development opportunities are highlighted
in the context of the metrology assistance application considered. Overall, a thorough
assessment of the measurement process capability is made and findings provide a quantifi-
cation of current state, setting a base case for comparing research progress against.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Robotic machining is attracting interest from large scale
manufacturing industries to bring machining processes to
large parts at low cost. A barrier to this is that low cost
industrial robots cannot machine to the tolerances of con-
ventional machine tools and have less understood process
variables, making kinematic calibration and stiffness mod-
elling challenging [1–9]. Robotic machining challenges are
highlighted in previous work assessing static positional
accuracy and repeatability and machining errors [10]. A
potential solution to these problems is metrology assis-
tance. A metrology assistance system would measure the

part in-situ with the robotic machining process and feed-
back deviations from nominal dimensions for correction.

A range of technologies are available for measuring part
dimensions in-situ with robotic machining. One option is a
spindle mounted on-machine verification (OMV) probe,
although high density inspection point collection is time
consuming, restricting the detail of inspection results
[11]. Also, in OMV, errors are inherited from the host
machine tool, making its ability to be used for correction
limited [12–15]. Non-contact displacement sensors based
measurement could acquire dimensional data quickly
without tool changes. However, ultrasonic and capacitative
displacement sensors are unsuitable for detailed inspec-
tion as they measure an average displacement over their
faces, rather than focused points [16,17]. Poor performance
is also found using fibre optic displacement sensors due to
reflections from machined surfaces [18].

Laser line scanners are more commonly used in
machined surface inspection and offer higher productivity
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that 1D sensing techniques [19,20]. However, point cloud
registration is typically achieved by relating individual
scans through the robot kinematics, which would inherit
robot errors [21–26]. Another approach to point cloud reg-
istration is external tracking with a laser tracker [27,28],
which offsets the economic benefits of robotic machining
due to additional cost.

Photogrammetry-based measurement derives 3D coor-
dinates from images and has several benefits in robot-
hosted inspection applications. Host robot errors are not
accumulated in the measurement system and tracking of
cameras is not necessary as self-calibration techniques
are used to independently determine camera positions
and orientations. This means that, in a basic set up, several
industrial cameras are needed to implement photogram-
metry inspection, making the hardware low-cost and
easily integrated into a robotic machine tool. Furthermore,
photogrammetric measurement can acquire high-density
3D point clouds, quickly with high accuracy [29]. Work
conducted by Wang and Clarke, Jiandong et al. and Fraser
and Cronk [30–32] also imply that this technique has a
high scope for automation. Photogrammetry-based
metrology assistance could therefore have potential for
improving robotic machining accuracy.

A bespoke integrated metrology solution is desirable to
tune functionality to machining assistance and avoid the
high capital expenditure of commercially available sys-
tems. A barrier to this is the development time and cost
so it is useful to prove the concept first. This paper presents
the findings of experiments conducted to investigate mea-
surement process performance using an off-the-shelf
photogrammetry-based scanning system. Experiments
consider measurement error, uncertainty and uniform
point acquisition capability when measuring various
geometries. Operator impact on performance is also inves-
tigated to assess the benefits of automation. The paper ini-
tially documents the results of preliminary screening tests
in Section 2, done to explore the performance of a basic
prototype system. The data analysis theory and experi-
mental methodology used in more comprehensive experi-
mentation is then described in Sections 3 and 4. Results
and analysis are discussed in Sections 5 and 6 and final
conclusions are given in Section 7. Work done allows the
suitability of a photogrammetric measurement process
for metrology assisted robotic machining to be assessed.

2. Screening test

A preliminary screening test is done to explore the per-
formance of a low-cost prototype robot hosted photogram-
metry system. Data is acquired for measurement error
analysis using a Canon EOS 5D Mark II SLR camera manipu-
lated around a test artefact using a robot. 5 static JPEG
images are taken at various positions and orientations 15
times against a white background, as shown in Figs. 1–3.
Intrinsic camera calibration is done prior to measurement.
Camera settings are selected to provide high contrast
between the artefact and the background to allow features
to be accurately identified. To ensure images are compara-
ble, automatic light compensation functions are disabled
and a fixed focal length lens is used without autofocus.

Imaging angles are chosen to capture all features of
interest in all images. Self-adhesive targets are applied to
the artefact for image registration.

Fig. 1. Experimental setup.

Fig. 2. Test artefact.

Fig. 3. Robot mounted camera.
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