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Abstract Industrial robotics provides high flexibility and
reconfigurability supported by a user-friendly programming,
but still lacks in accuracy. An effective workeell calibration
reduces errors in robot manufacturing and enables robot ma-
chining applications. A novel workcell calibration method is
embedded in an integrated design framework for an in-depth
exploitation of CAD-based simulations and offline program-
ming. The method is composed of two steps: first calibration
of the workpiece-independent equipment in the workcell lay-
out and final automated online calibration of workpiece-
dependent equipment. The method is finally applied to a
changeable robotic workcell for finishing aluminium cast
housings for aerospace gear transmissions characterised by
complex shapes and by close dimensional and geometrical
specifications. Experimental results prove the method effec-
tiveness in enhancing accuracy in robot machining.
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1 Introduction

Mechanical parts in aerospace industry are characterised by
complex shapes and narrow tolerance ranges to accomplish
light weight design requirements and comply with standards
and safety regulations. Finishing their complex profiles gen-
erally requires 5 axes computer numerical control (CNC) tool
machines with huge investment costs and too long setup times
for lot changeover.

Compared to CNC tool machines, industrial robots offer a
greater dexterity within extended work envelopes [1] so that
changeable robotic workcells represent an effective solution
from an industrial point of view, as demonstrated by [2—4]. As
clarifying example, Table 1 reports cycle times and production
rates for the automated machining of an aluminium automo-
tive brake caliper. The machining cycle consists of several
operations (i.e., milling, contouring, drilling, and chamfering)
realised on all the part sides through a multi-(re)positioning on
customised fixtures. Following a traditional approach based
on CNC machining, feeding, part (re)positioning and inspec-
tion are manually performed by specialised operators. Con-
versely, a vision-guided automated feeding and an online
inspection complete the robotic manufacturing cycle. Cycle
time is the sum of the time needed to fixture the brake caliper
(setup time), the contact time between the tools and the
workpiece during machining (cutting time) and the time spent
for part inspection (part inspection time). Productivity,
expressed in parts per day, returns the hourly productivity
for a given production rate. Thanks to its full automation,
two working shifts are considered for the changeable robotic
workcell. The labour cost and equipment cost, in euros per
part, are finally considered to give a rough evaluation of the
investment efforts in terms of human work and equipment.

In industrial robotics, the workcell changeability, defined
as the ability to cope with change or uncertainty, represents a
key factor for small lot production of complex-shaped parts
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Table 1 Cycle times and production rates for machining an aluminium automotive brake caliper by a standard CNC tool machine and a changeable

robotic workcell

Production data CNC tool machine Changeable robotic workcell
Cycle time (min) 50.0 32.8
Setup time (min) 14 3b
Cutting time (min) 18 25
Part inspection time (min) 18.0 4.8

Productivity (parts/day) 8 32
Hourly productivity (parts/h) 1 2
Production rate (h/day) 8 16

Labour cost per part (€/part) 11.34 0.06
Labour cost (€/h) 20 20
Labour time (min/part) 34° 0.18¢

Equipment cost per part (€E/part) 18.8 3.6

#7 minx2 (re)positioning for each part
®3 min for loading a pallet with 15 parts
¢ Sum of setup time and control time

9 Setup time only

[5]. Changeability is enabled by the robot inherent flexibility,
the workcell modularity and (re)configurability and by the
overall system (re)programmability [6].

Changeability could be effectively addressed through
specialised design frameworks based on a Product analysis,
Process identification and Resource selection design (PPR), as
described in [7, 8]. Such approach, also named “robofacturing”,
is centred on the use of CAD-based environments and offline
programming (OLP) tools to enable changes in the robot
workcell layout in the settings of the mechatronic equipment
and in the robot’s tasks.

The first steps of robofacturing investigate the industrial
problem and analyse the workpiece geometry and material,
collecting all the data into a CAD model (product). Then, the
machining cycle (process) is conceptually defined and de-
tailed, addressing part poses, tools and machining parameters.

All the equipments needed to realise the machining process
(resources) are designed and modeled within a customised
CAD-based environment. Reference frames, envelopes, kine-
matics and control logics are so defined and associated to each
resource. Robot target points are then generated through OLP
and grouped in machining paths. Even if manual program-
ming is widely diffused yet, OLP software, integrated by
specific machining functions or dedicated packages, have
demonstrated the capability to reduce the productivity loss at
changeover [9]. Every machining path results as an indepen-
dent module composed by a list of tasks, resources involved
and robot code, giving to the workcell a fully changeable
architecture. A workeell virtual prototype is then available to
simulate and virtually optimise the machining performances
and finally generate the workcell program. At the end,
workeell calibration is performed. The workcell calibration
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is the action of matching the nominal and the actual poses of
every device which enters into the definition of the robotic
manufacturing cycle. A complete workcell calibration con-
siders both the robot (absolute calibration) and the frames of
the workpieces, tools and mechatronic devices (relative cali-
bration) [10, 11].

The next section introduces a brief review of the main error
sources decreasing the robot accuracy and a review of the
approaches for workcell calibration proposed in the scientific
literature. Section 3 describes an automated workcell calibra-
tion method developed to reduce errors in robotic manufactur-
ing and extend the use of industrial robots to machine complex
aerospace parts. Section 4 presents and discusses the results of
a verification case study.

2 Error compensation in robot machining

Among the many sources of errors of machine tools, thermal
deformation and geometric errors have been traditionally
known as key contributors, also contributing for 70 % of
workpiece errors in precision machining. Nowadays, after
the geometric and thermal errors are compensated for, cutting
force-induced errors become the major source of machine tool
errors. For example, a 500 N cutting force during milling
operation will cause 0.02-mm error for a CNC machine [12].
The accuracy provided by the structure of a standard CNC,
which has a stiffness over 30 N/um, cannot be replicated by
the open kinematic chain of industrial robots since a large-
sized articulated robot IRB6400, for instance, has a stiffness
around 0.5 N/um. Moreover, several inaccuracy factors affect
robotic workcells, mainly due to workpiece geometric and
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dimensional tolerances (Product), to machining (process) and
due to the inherent inaccuracy of the robot itself and of the
mechatronic devices which composed the workcell
(resources).

2.1 Accuracy in robot machining
2.1.1 Product

The dimensions and geometry of every part vary within its
fields of tolerance. As a result, the relative position between
the robot and the part is not repeatable in the production lot.
For both part-on-robot configuration and tool-on-robot con-
figuration, grasping fixtures are typically designed with wear-
able contact parts and customised reference pins (Fig. 1). The
3D sum of ISO 8062—CT?7 tolerances on an aluminium cast
part with an envelope of 290x155x80 mm, grasped by a
standard pneumatic gripper equipped by machined steel jaws
and moved by the robot, ranges from 1 to 1.5 mm for every
part. A reduction about 30 % is reachable adopting a fixed
fixture system since the part positioning is not influenced by
the inherent robot inaccuracy [12]. In OLP, the relative posi-
tion between the robot and the part is described by the Carte-
sian reference frames.

2.1.2 Process

Machining forces are time varying, and their magnitude is the
function of the process parameters, such’ as spindle speed,
axial depth of cut, radial depth of cut, material removal rate,
lubrication conditions, chip load and part material [13]. In
robotic machining process, due to the low stiffness of the
industrial robot, the force-induced deformation of the robot
structure is the single most dominant source of workpiece
surface error. As an example, a 500 N cutting force during
milling operation will cause a 1-mm position error for a large-
sized articulated robot, e.g. a IRB6400 [12]. Figure 2 shows
some large industrial robots adopted for machining.
Moreover, at specific parameter values, the robot TCP and
the tool vibrate producing chatter. Chatter is one of the major
reasons which prevent the wide use of robots for machining
[14]. Finally, temperature variation of mechanical parts during

Fig. 1 Product clamping for a
part-on-robot configuration (leff)
and tool-on-robot configuration
(right) (courtesy SIR SpA-Italy)

machining [15] and working conditions (e.g. presence of
swarf, chips, metal dust, etc.) also affect the final quality of
machining.

When an OLP tool is adopted, the full correspondence
between the real and the virtual controller implemented in
the software guarantees an exact analysis of the robot’s be-
haviour and suggests a possible partial correction of the robot
trajectories to compensate the most important dynamic errors
[2]! Anyway, errors directly connected to the machining pro-
cess vary between 1 and 1.5 mm.

2.1.3 Resources

The poor accuracy declared by the manufacturer for standard
industrial robots is mainly caused by the low stiffness of the
joints and geometric errors in robot manufacturing and assem-
bly, clearances in motors and geared transmission mecha-
nisms, such as for reducers, and backlash and bearing runout
errors [16]. Backlash, in particular, yields to high torque
impulses which can excite torsional vibrations. Moreover, link
and joint compliance contribute up to 8-10 % of the position
and orientation’ errors of the tool centre point (TCP) [17].
According to /the definition of repeatability and accuracy
given by ISO 9283:1998, typical accuracy claimed for an
industrial manipulator is about £1 mm [18, 19], but values
of 0.3 mm/could be reached with accurate compensation [20].
Repeatability instead ranges in 0.1-0.03 mm. Auxiliary
mechatronic equipment is arranged in a reconfigurable ma-
chining workcell (Fig. 3).

Every auxiliary device introduces specific sources of errors
due to its manufacturing and assembly tolerances and due to
its/ positioning within the workcell layout, often roughly
realised on the factory floor. During the workeell calibration,
the exact position and orientation of every device that con-
tributes to the manufacturing process have to be measured and
corrected in the robot controller before starting the machining
cycle. Such operation is normally done by a specialised oper-
ator. According to the ability of the operator, the error sum
varies from 5 to 10 mm [12]. In OLP, reference frames are
used to describe the nominal position of each device. Such
frames are used by the robot controller to orient the robot TCP
during the machining cycle.

@ Springer
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Italy)
2.2 Workcell calibration

As reported in the previous section, the most evident and
easily compensable source of errors is given by the measure-
ment and correction of errors through the workeell calibration,
especially when an OLP approach is followed. In fact, as
already underlined, the OLP approach, when applied to the
design or reconfiguration of changeable robotic workcells,
introduces a group of reference frames which are used by
skilled programmers to modularize the program architecture
with the nominal position of each element of the robotic
workcell. According to the common terminology used in
industrial robotics [10] and as shown in Fig. 4, the world
frame is the robot absolute reference. The base frame is the
reference system which defines the robot zero position, and it
is located on the fixed base of the robot. In a workeell with one
robot only, the base frame matches with the world frame. The
wrist frame is located on the robot wrist flange and defines the
robot kinematic chain. Objects attached to the robot flange are
referenced with specific frames. In case of spindle moved by
the robot, a tool frame defines the position of every tool tip.
The fixture frame is used to identify and locate stationary or
movable fixtures with respect to the base frame. The

Fig. 3 Machining changeable
robotic workcell (courtesy SIR
SpA-Ttaly)

@ Springer

Fig. 2 Examples of industrial robots used for machining: ABB IRB 6640-185/2.8, FANUC M-900iA/350 and KUKA KR360-2 (courtesy SIR SpA—

workpiece frame defines the relation between the workpiece
zero point and its relative fixture, while a target frame is used
to describe the robot’s configuration at every point of a work
path. The robot movements are defined with a sorted sequence
of matches between the tool frames and the target frames.
Errors in the definition of the reference frames in the robot
controller have direct impact on the final accuracy. The robot’s
kinematic and dynamic errors depend on the difference be-
tween,/the actual dimensions of every robot link and their
parameters stored in the controller, also referred as absolute
positioning inaccuracy. The misalignment from nominal to
actual poses of each element in the workcell layout contributes
to the relative positioning error [10, 11]. The most common
absolute methods are the model-based parametric and non-
parametric calibrations [21]. Model-based calibration im-
proves the robot accuracy through a parametric identification
of the main physical error sources. Model-based calibration is
defined by [22, 23] three main levels: joint, kinematic and
nonkinematic. The joint level calibration corrects the relation-
ship between the signal produced by the transducer at every
joint and its actual displacement, including drives and joints’
sensors. The kinematic level calibration acts on the complete
robot kinematic model, aiming at determining the basic
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Workpiece
Frame

Fig. 4 Main reference frames in a changeable workcell for a spindle on
robot configuration

kinematic geometry of the robot as well as the correct angles
of every joint. The nonkinematic covers errors in robot posi-
tioning due to the dynamic effects, such as joint compliance,
friction and clearances.

Nonparametric calibration estimates the robot’s positioning
errors through analytical interpolation methods/which start
from the measurement of the mechanical properties of the
robot in predefined configurations. Absolute instruments can
be effectively used for robot absolute calibration as laser
trackers or 3D cameras [2, 20, 21]. Other ferror sources are
related to dimensional and geometric variations of the ele-
ments, misalignments due to the workpiece feeding and pose,
tool wearing and installation of devices [11].

A further classification of relative calibration methods is
introduced by Gan et al. [24], where the calibration can adopt
external instruments or use of the robot itself. Examples of
external devices are coordinate measuring systems, which can
be used to measure the position of the devices within the
robotic workcell. This approach is particularly time-

Fig. 5 Workpiece-dependent and
workpiece-independent elements
in the calibration method

consuming and has to be applied every time the workcell
configuration changes, which is frequent in case of small
production batches. On the contrary, the robot itself can be
used as a carrier for accurate measuring sensors. State-of-the-
art instruments and procedures are described in [25-27].

Relative calibration depends on the specific robotic
workeell configuration and manufacturing application [10].
Even if many OLP developers and vendors (e.g. ABB,
FANUC and DELCAM) offer solution based on simplified
procedures within OLP tools;, a full-integrated method for
general applications, involving CAD-based and OLP environ-
ments, is not available.

3 Workeell calibration method

A specific method is here proposed to perform the workeell
calibration through/a flow of steps, including the reference
frame definition during the behavioural virtual simulation.
The method is part of a wider design framework. Before
starting to model the tasks, the devices in the workcell are
classified as’' workpiece-independent and workpiece-
dependent. The firsts must be configured, dimensioned or
designed for the general robot operations and define the main
architecture of the changeable workcell. The latters depend on
the features of every single part code and are also influenced
by their deviations from the nominal values. Positioners,
robot(s) and tool racks are examples of workpiece-
independent elements while fixtures, jigs, machining tools
are dependent ones [28]. The calibration tasks related to these
categories are then called by the controller main program with
different purposes and timing.

The proposed workcell calibration method uses the robot
itself to measure the elements of interest with an extra sensor
mounted on the robot tool flange identified by the Wrist
Frame. An additional stationary sensor measures the reference

WORKPIECE-INDEPENDENT ELEMENTS

Callbnﬁon m

Mdm
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Fig. 6 Workpiece (a) and a detail
before (b) and after (¢) finishing

frames of the robot end effectors. The definition of the whole first workcell installation or reconfiguration and
calibration process model follows four main steps, as outlined then, usually, every few days in case of low de-
in Fig. 5. manding /application. Otherwise, shorter intervals

Step 1 is the calibration of the robot measuring
system to define the reference frame of the robot
onboard sensor. The onboard sensor is moved
against a fixed gauge block in the workcell. When-
ever the sensor detects the block, a target frame is
acquired by the robot controller, and the sensor tool
frame is adjusted.

Step 2 consists in the calibration of the peripheral
elements, including the workcell equipment and the
stationary measuring system. The workcell equip-
ment is directly measured by the robot onboard
sensor. The stationary measuring system is then
measured moving against it the same gauge block
previously used, now handled by the robot. Steps 1
and 2 perform the workcell layout calibration once
in a while. This means that they are run after the

are programmed, like few hours, for high parame-
ters variations, as e.g. temperature gradients.

Step 3 is the workpiece alignment. More than the
part /location, the goal is to best fit the task paths
that will follow on the pre-worked features, which
are searched and detected by the robot and its
onboard sensor.

Step 4 is the calibration of the robot tool using the
stationary sensor to adjust the tool parameters and define
the tool frames. The last two steps accomplish the
workcell calibration and alignment. Step 3 must be run
for each single processed workpiece while the frequency
needed for step 4 is a tradeoff between productivity and
machining quality. The method is implemented through
the definition of parametric modules, including geometric
characteristics and control logics for a quick set up in a
CAD-based OLP.

Fig. 7 Reconfigurable robotic
workcell layout in ABB
RobotStudio environment

@ Springer
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Fig. 8 Touch probe model

Wrist
Frame

Probe
Frame

A

4 Experimental validation

The proposed method is employed in the design of a change-
able robotic workecell for the accurate finishing of housings of
aerospace gear transmissions. The aluminium workpieces
range from an envelope of 4x 107> m® to 8% 107> m>,/A part
is shown in Fig. 6 before and after machining.

Figure 7 shows the workcell layout. An industrial robot
ABB IRB 2400/16 machines a workpiece positioned and
oriented by controlled tilting frames on an indexed feeding
system. Each workpiece is posed and blocked on the fixtures
thanks to a customised set of reference pins. A change system
allows a quick replacement of the robot end effectors from a
rack. A Renishaw RP1 inspection probe with a ruby ball stylus
is the onboard sensor. The stationary sensor is a fork light
barrier.

The calibration method is implemented in ABB
RobotStudio 5.14.03. The measuring sensors are modeled
through smart functions to simulate; optimise and program
the calibration tasks, as in [7].

For instance, five I0s gates, shown in Fig. 8, replicate the
touch action in the simulation and communicate to the robot
controller. Then, the virtual controller stops the robot motors
in an event of probe deflection. The subprogram called from
the workcell program main is included in the model and can
be easily reused in future simulations. The simplification of

Fig. 9 OLP (a) of online workpiece (b) and tool calibration (c)

the virtual contact surface from a sphere to a cube depends on
reduced availability of modeling features, but it is suitable for
cycle simulation and program generation.

The workpiece frame alignment relies on measurements of
a set of target frames on a planar surface and two holes. Thus,
the virtual controller computes all the calibrations and updates
the wobjdata, corresponding to the data type for frame loca-
tions in the ABB RAPID native language. Figure 9 shows an
offline simulation of the workpiece alignment with the on-
board sensor (a) compared to the online one (b) and the
calibration of a finishing disc though the stationary sensor (c).

The OLP of the robot finishing paths and the following
online parameters’ adjustment provide the accuracy required
for the workpiece finishing, namely for breakedge of ma-
chined to machined intersections by a minimum chamfer of
0.7 mm. Since the touch probe is involved in the inspection,
the workpiece alignment depends on the robot repeatability
and accuracy, about +0.03 mm for the ABB IRB 2400/16 [29].
Also, the automated alignment avoids the unpredictable errors
of the manual one, in most cases, measured +0.1 mm accurate
and close to +0.05 mm only in case of very skilled operators.
The accuracy of the automated alignment between finishing
paths on the workpiece edges returns a controlled quality, also
when the workpiece geometry differs by some millimetres
with respect to the nominal one. In Fig. 10, two measuring
results on the acrospace workpiece borders machined with the
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Fig. 10 A gear transmission
housing finished

robotic approach confirm that the border sections satisfy the
design tolerances, as previously specified.

Finally, Table 2 reports the time suggested between the two
following calibration tasks to address a control on the error
drifts.

5 Conclusions

The aerospace industry requires small lot production of com-
plex parts with high quality specifications. In particular, high
accuracy in machining and finishing processes is a demand.
Robotic workeells could satisfy the requirements in machin-
ing complexity. A design method based on the development of
a virtual prototype enables the workcell changeability, focus-
ing on modularity of mechatronic devices and robots pro-
grams. Nevertheless, robotic workcells deliver insufficient
accuracies for finishing operations, so it is essential to correct
the different error sources.

The article proposes a new workcell calibration meth-
od consisting of four steps. The calibration of the robot
measuring system and the calibration of the peripheral

Table 2 Time set between calibration tasks for the elements in the
robotic workeell layout

Time between
calibration tasks

Index Element Workpiece-dependent

(D) independent (I)

Workeell iron floor 1 -
Industrial robot 1 —

Workpiece feeding 1 1/week

system
4 Fixtured D Each cycle

workpiece

Machining tool D 2/h

Renishaw RP1 I 1/day
inspection
probe

Rack I -

Stationary sensor | 1/day

@ Springer

0.393

elements reduce the errors due to the workcell devices.
The workpiece alignment and the calibration of the
robot tools reduce the errors due to the workpiece
variation and the process. Each task is run with specific
time frames to prevent the errors drifts up to each single
processed workpiece alignment.

The major novelty is that the method fully integrates the
calibration tasks within a engineering design framework, i.e.
finishing strategy validation, process simulation, OLP and
robot path generation and robot code commissioning. The
virtual prototype integrates the CAD 3D geometries of the
devices controlled by the software logics. These first attempt
calibration tasks are finally online tuned in the actual workeell
to address the actual errors.

The /case study on a robotic cell for high quality
finishing of aerospace parts proved the feasibility of
the calibrations as fully automatic tasks in the robotic
process. The accuracy in finishing operations matches
the specifications without lowering the productivity of
the entire system. An online tuning in the real workcell
finely assesses the finishing errors and, at the same
time, avoids useless overcorrections. Experimental re-
sults prove the method effectiveness in enhancing accu-
racy in robot machining. According to the test realised,
the automated workpiece alignment produces a reduc-
tion in workpiece frame location errors from +1 to
+0.1 mm. Moreover, the mismatch between the expected
location and the actual location of each workpiece is
self-recognised and managed by the system. Such be-
haviour ensures a constant machining accuracy for every
lot even after prolonged stops. The scheduling of cali-
bration time frames enables a constant control on robot,
tools and equipment and maintains the path accuracy
aligned with the performance offered by a standard
industrial robot.
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