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Abstract

The static and dynamic mechanical properties of standard industrial robots differ strongly from common CNC-machines. For robot-based machin-
ing operations, these properties have to be considered. In this paper, a method for the optimal placement of the workpiece within the workspace, the
design of the machining process and the compensation of toolpath deviations during the machining process of metallic workpieces is presented.
The method is based on a coupled machine-process-model and the derivation of performance, accuracy and reliability indicators. The method
was validated by the machining of aluminum workpieces and the evaluation of the accuracy improvement due to the multi-axis compensation

mechanism.
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1. Introduction

In comparison to conventional CNC machine tools, indus-
trial robots are very flexible, have a small footprint, require
low investment costs and have a large workspace. These bene-
fits are mainly achieved by the serial kinematic structure of the
robots. However, industrial robots are also less accurate and not
as stiff as conventional machine tools [1]. These negative prop-
erties significantly depend on the pose of the robot and lead to
a decreased accuracy of the workpiece, low frequency oscilla-
tions and chatter marks on the workpiece surface [2]. For robot-
based machining applications of hard materials (e.g. aluminum
or steel) the process forces significantly influence the achiev-
able workpiece accuracy. The dominant influences on the path
accuracy of machining robots are listed in Figure 1.

2. State of the Art
Two main approaches are used to improve the machining

performance and accuracy of milling robots. Offline-strategies
are used to generate compensated part programs while online-
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strategies are used to enhance the workpiece accuracy in a con-
trol loop with force or position feedback. Roesch introduces
a model based online approach for the compensation of static
path deflections for milling robots based on an analytic stiffness
model of the robot and a stationary force measurement sensor
[4]. Reinl et al. show a model-based approach for the offline
simulation and compensation of static path deviations during
the machining process [5]. Berger and Soernmo show a com-
bined online-offline-approach for the compensation of static de-
flections during the machining process by combining a position
tracking system with a piezo-actuated micro manipulator [6],
[7]. Gotlih et al. present a method to determine the pose depen-
dent accuracy of the robotic milling system based on a division
of the dextrous workspace into regions with sufficient and insuf-
ficient accuracy [8]. Besides the accuracy improvement of the
workpiece and the compensation of static offsets, the stability of
the robotic machining process has to be considered. Halbauer et
al. show that adapted machining strategies with constant tran-
sitions between toolpath segments can improve the geometric
accuracy and surface quality of the workpiece [9]. Mousavi et
al. present a method to predict the machining stability based on
a matrix structural analysis model of a robot [10] and the sta-
bility criterion of Budak and Altintas [11]. Xiong et al. demon-
strate the optimization of the feed-direction based on a direc-
tional stiffness index [12]. While the presented methods show
a significant improvement of the accuracy and stability due to
single influences, a holistic method for the planning of robot-
based machining processes is still missing. In this paper we pro-
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Fig. 1. Influences on the path accuracy of milling robots. Based on [3, p.1403].

pose a model-based method for the offline planning of robotic
machining processes, which ensures a stable machining behav-
ior and increases the accuracy of the machined workpiece. The
method focuses on the placement of the workpiece within the
workspace, the design of the machining process and the com-
pensation of the remaining deflections. The hardware used for
the validation of the method consists of a Kuka KR240 robot
and a high-speed milling spindle.

3. Model-based Accuracy Improvement of Milling Robots

In order to increase the performance and accuracy of ma-
chining robots, we introduce a sequential model-based ap-
proach. The method (see Figure 2) is based on a flexible dy-
namic model of the robotic milling system and a process force
model of the machining process. In the first step of the method,
the position and orientation of the workpiece is optimized in de-
pendence on the properties of the robot and the process. In the
second step of the method, the design of the machining process
is adjusted based on the anisotropic robot stiffness and in order
to reduce the self-excitation of the robotic milling system. In the
third step of the method, the remaining toolpath deviations are
simulated and reduced by offline compensation mechanisms.

4. Model of the Robotic Machining System

The main sources of flexibility of the robot are represented
in a lumped flexibility model with compliant joints. Additional
virtual compliant joints are defined for the lower and upper arm
of the robot to account for the structural bending of the compo-
nents. The resulting kinematic chain (see Figure 3) is described
by a series of coordinate transformations. The parameters for

the transformation are given in Table 1. The individual joint
transformations are given by equation 1, where 6; is the rotation
around the i-th z-axis, «; is the rotation around the i-th x-axis
and x;, y; and z; are translations along the i-th base vectors (see
Equation 1).
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,with s¢& = sin(¢) and ¢£ = cos(é).
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Fig. 3. Graphical representation of the link coordinate systems and of a generic
toolpath p(s).

Each coordinate frame represents a bushing joint with infi-
nite translational stiffness and finite rotational stiffness. The ro-
tational stiffness of the bushing joints for the six actuated joints
(1,2,4, 6,7, 8) and two virtual joints (3, 5) are given in Table
2 (in accordance with [4]).
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Fig. 2. Sequential method for the improvement of the machining performance of milling robots.
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Table 1. Transformation parameters for the defined coordinate systems.

i 6; in rad «; in rad X; in mm y; in mm zi in mm
1 —qi 0.0 0.0 0.0 225.0
2 -q /2 350.0 450.0 0.0

3 0.0 0.0 575.0 0.0 0.0

4 -q3 0.0 575.0 0.0 0.0

5 0.0 0.0 41.0 340.0 0.0

6 —qa —/2 0.0 0.0 340.0
7 —qs /2 0.0 320.0 0.0

8 —q6 —/2 0.0 0.0 200.0
9 0.0 0.0 tool length 0.0 205.5

Table 2. Torsional joint stiffness of the robotic milling system based on a Kuka
KR240 R2500 (see [4]).

stiffness in joint
107 N/ rad 1 2 3 4 5 6 7 8
X 1.603 1.310 0957 0736 0377 0325 0.253  0.219
axisy  1.603 1.310 0426 0736 0272 0325 0.253 0.219
z 0582 0810 1.136 0517 1.325 0.106 0.120  0.045

The static deflection Ap of the tool center point (TCP) un-
der an external load F.,, = [Fy, Fy, F,, M\, M,, M.] at a given
joint configuration q are calculated under the assumption of a
negligible complementary stiffness matrix K¢ (see [13]):

Ap ~ J(@K,;'J(@)F 2)

The kinematic manipulator Jacobian J(q) defines the mapping
between the generalized degrees of freedom and the Cartesian
TCP velocity. The joint stiffness matrix Ky is a constant diago-
nal matrix of the joint stiffnesses of Table 1. The dynamic model
of the robot is based on the Articulated Rigid Body Algorithm
(see [14]). The necessary spatial inertias of the bodies are com-
puted based on the geometry and total mass of the robot. The
algorithm is implemented by utilizing the rigid-body dynam-
ics library (RBDL) [15]. For the dynamic coupling of external
loads, the load wrench F.,,; acting on the TCP is transformed
into torques in joint space 7.y = J' F.y. These torques are in-
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cluded in the forward dynamics solution § = FD(q, ¢, T), where
T = Tae+Tyiff+Tex describes the generalized torques resulting
from the actuation, the joint stiffness and the external forces.

5. Process Force Model

For robotic milling systems, large workpiece volumes have
to be modeled with a high spatial resolution. The size of the
possible workpiece volume can easily exceed 50 m?. During the
milling process, each tooth of the rotating tool removes mate-
rial from the workpiece and therefore alters the workpiece ge-
ometry. Each engagement between a tooth of the tool and the
workpiece has to be modeled in order to accurately simulate
the process forces. The simulation is separated into a computa-
tionally efficient and spatially accurate volume removal simula-
tion (0.001 mm? volumetric resolution) and an accurate process
force simulation with a high temporal resolution (360 time steps
per revolution of the tool). The volume removal simulation is
based on a volumetric voxel model of the workpiece and a geo-
metrical model of the tool envelope. Similar to Octree models,
the voxel model is based on hierarchical layers with increasing
spatial resolution. In order to equalize the memory consumption
between in-memory data addresses and volume information, a
dynamic subdivision rate of the voxel volumes is implemented.
This approach has shown high performance for the representa-
tion of sparse volumes in computer graphics [16].

Based on the intersection of the tool and the workpiece, an
engagement histogram is computed for each discrete time step
of the simulation. The histogram can be interpreted as the un-
rolled lateral and lower face surface of the tool envelope and
shows the intersection as a binary image. The engagement be-
tween the single flutes of the tool and the workpiece is com-
puted by projecting the flutes onto the histogram. The angle

simulated chip thickness

translational velocity
=> rotational velocity
= uncut chip thickness

__flute

Z in mm
o
1

0 3

6

. X in mm
y in mm

Fig. 4. Visualization of the local tool geometry and the local coordinate systems for finite flute segments (left) and the simulated uncut chip thickness (right).
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Fig. 5. Comparison of simulated and measured process forces.

offset of each flute is determined by the current tool rotation.
By assuming, that the engagement changes are slow compared
to the spindle speed and flute rotation, the temporal resolution
can be increased without increasing the spatial resolution of
the volume removal simulation. For the calculation of the pro-
cess forces, the flutes are divided into discrete segments with
a length of 0.1 mm. The intersecting finite flute segments of
the discretized tool are given by the subset C € ¥ of all fi-
nite flute segments 7. The cutting forces are calculated based
on an adapted model of Altintas et al. [17].

In contrast to the model of Altintas et al., each discrete flute
segment is represented by a local flute aligned coordinate sys-
tem. The local coordinate system K is defined by the position
of the discrete flute segment r;, a tangential component ¢; along
the flute, a distal component d; pointing in outwards direction
and a normal component nr; pointing along the direction of the
cutting velocity. For discretized flute geometries, the local vec-
tors are computed according to equation 4, 6 and 7. The local
uncut chip thickness 4; (see eq. 9) is calculated based on the
spindle speed n, the number of flutes z, the translational veloc-
ity v,q4ns and the rotational velocity v,,,. The velocities include
the ideal tool movement and the tool movement resulting from
oscillations of the dynamic robot model. In contrast to exist-
ing models, the uncut chip thickness is calculated numerically
based on the flute aligned distal vectors instead of analytically
[18]. This approach facilitates the representation of arbitrary
flute profiles.

flute segment length: db = |r;y —ri 3
tangential component: ¢; =(riy1 —ri)/db )
cutting direction: v.; = (@r;xz)/|rixzl Q)
distal component: d; =(t; Xvey) /|t X vl (6)
normal component: n; = (d; x t;)/|d; X t;] @)
periodic flute time: dr  =1/(n-z2) 3

chip thickness: A; =d; Vians + Vyor X 1) - dt (9)

The discretized tool geometry and simulated chip thickness are
visualized for a 12 mm diameter tool with three flutes and a
corner radius of 3mm. The corresponding uncut chip thick-
nesses (scaled by a factor of 5) for a translational feed veloc-
ity viygns = [-8 — 8 — 2]T% and a rotational feed velocity
Vo = [0.07 —0.07 0.01]7%1 are shown in Figure 4. For each

engaged finite flute segment S;cc, the finite tangential, distal
and normal cutting forces dF,;, dF,; and dF,; are calculated
and aggregated to the total instantaneous cutting force F,,,:

kte + ktc : hi
Foq= ) [ti di mi] |kae + kac - hy| - db (10)
ieC ke + kne * hi

For the milling of aluminium EN AW-2007 with an examplary
shaft endmill with a 12 mm diameter and a helix angle of 45°,
the process force parameters are given in table 3:

Table 3. Examplary process force parameters.
Kie = 463 Num Kie = 57.5 Nfmm?
Kgo = —11.8 N/mm Kge = ~76.5 N/
kne = —11.0N/mm knc = —672 N/mmz

Figure 5 shows the measured and simulated process forces
of the 12 mm shaft endmill entering and exiting a workpiece.
For this experiment, the workpiece material aluminum EN AW-
2007, a radial depth of cut a, = 12 mm, an axial depth of cut
a, = 6mm, an uncut chip thickness fz = 0.08 mm, a spin-
dle speed n = 5310 1/min and a feed direction in positive y-
direction are specified. The dynamic and mean process forces
show a good agreement with the measured forces. The root
mean squared error of the mean process forces for 80 different
cutting conditions is smaller than 10% =~ 15 N.

6. Workpiece Placement

The workpiece position within the workspace of the robotic
milling system influences the coupled machine-process proper-
ties. For the optimization of the workpiece position, the toolpath
is discretized with a step width of 10 mm resulting in n discrete
poses p; along the toolpath. The optimization objective is the
mean deflection [Ap| = ﬁ 1 Ap; of the discretized toolpath
with precomputed static process forces. A constrained simu-
lated annealing algorithm with multiple random starting points
is used to minimize the objective function. The optimization is
constrained by the reachability, the freedom of collision and the
available workspace. The available workspace is defined as an
axis-aligned bounding box. The translational position and the
rotation around the up-vector of the world coordinate system
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(equal to Z; in Figure 3) are used as optimization variables.
The optimization improves the achievable workpiece accuracy
and avoids an improper positioning of the workpiece within the
workspace. The subsequent design of the process is based on
the optimized workpiece position and relies on a coupled ma-
chine process simulation.

7. Process Design

The goal for the design of the process is the achievement
of high material removal rates (MRR) with a high stability re-
serve (SR). The MRR and the SR are influenced by the tool,
the workpiece material, the process parameters and the tool-
path. Given a rectangular pocket as target geometry, the tool
is selected based on the smallest inner radius. The stiffness of
the robot manipulator is anisotropic. Compared to loads in x-
direction, static forces in yy-direction induce deflections, which
are approximately five times larger. By selecting the radial im-
mersion of the tool in dependence on the feed direction, the
mean force direction is adapted to account for the anisotropic
stiffness of the robotic system (see Figure 6):

Fig. 6. Control of the mean process force direction by adaption of the radial
tool immersion.

The spindle speed n and axial depth of cut a, are selected
based on directional stability lobes for the given cutting con-
ditions (see [2]). The computation of the directional stability
lobes is based on measured direct TCP frequency response
functions (FRFs) (see [19, pp.258-276]). Based on a feed di-
rection occupancy map, the smallest present maximum depth
of cut b,y min is selected. The method for the selection of the
axial depth is locally valid, but does not account for the non-
linear stiffness properties of the joints and the pose-dependent
dynamic system behavior.

8. Offline-Compensation

The selection of a favorable position within the workspace
and the machine dependent design of the process improves the
machining of the workpiece. However, there is still a remaining
deflection of the TCP during the machining operation, which
has to be compensated. The coupled machine process model is
used to simulate the translational and rotational deflection dur-
ing the machining operation. The simulated deflection Ap(s) at

the traveled length s of the toolpath is mirrored and superim-
posed on the ideal toolpath §;4.4(s):

p('omp(s) = Pideal(s) - AP(S) (1 1)

The compensated toolpath p.,mp(s) is used for the generation
of compensated robot programs. The toolpath is represented by
linear movements with a interpolation distance of As = 0.3 mm.
Smaller interpolation distances lead to a reduced feedrate due
to the limited interpretation speed of current robot controllers.
During the actual machining operation, the robot is forced back
to the ideal toolpath due to the process forces. For the execution
of the generated part programs, no additional sensor or control
systems are needed. Therefore, the workspace of the robot is
not restricted and no additional real time data processing sys-
tems are needed. Although no sensor systems are needed, on-
line methods can be combined with the presented offline com-
pensation. In this case, the offline compensation mechanism is
used as a feedforward controller and enables high path accura-
cies during rapid process force changes.

9. Results and Conclusion

The presented method was implemented in C++ and is able
to generate machine code for Kuka robot controllers. For com-
monly used tool diameters, the simulation is faster than the ac-
tual machining process. The input file for the method is a CAM-
generated ideal toolpath. For the representation of the toolpath,
the APT file format is used. The ideal toolpath includes all in-
formations for the workpiece placement, the process design, the
process force simulation and the offline compensation. For the
process force simulation, the APT file has to be annotated with
the given stock material dimensions. The method was validated
by machining a workpiece with variable depth of cut. The work-
piece includes two slots, which are machined subsequently. The
geometry of the stock material resembles a stairway. The stair-
way geometry leads to axial depths of cut a,, ranging from 1 mm
to 7 mm for each slot. During the machining of each slot, the
process forces successively increase and vanish rapidly at the
exit of the workpiece. The slot on the left side is machined with
deactivated, the slot on the right side with activated compensa-
tion mechanism. Figure 7 shows the reduction of the maximum
machining error of a workpiece with variable depth of cut by
over 90 % (1.2 mm to 0.11 mm).

The presented method provides a promising approach for
the utilization of robotic milling systems for the machining of
hard materials. By considering the coupled machine process be-
havior during the workpiece placement, the process design and
the compensation of static deflections, the potentials of using
industrial robots for machining operations are expanded. The
utilization of additional error-prone and cost-intensive sensor
systems are avoided by solely relying on models of the robot
and the machining process. The method was implemented as a
semi-automated post-processor and facilitates the generation of
part programs for machining robots.

By introducing a flute geometry considering process model,
the range of validity of the process force parameters were ex-
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Fig. 7. Error reduction by applying the presented method to a workpiece with variable depth of cut.

tended for changes in the tool geometry. A further extension of
the process force model for different workpiece materials could
increase the scope of application. The process design is cur-
rently based on measured TCP frequency response functions.
In the future the method will be extended to include simulated
TCP-FRFs. The identification of the dynamic robot model pa-
rameters requires intricate measurement procedures. Therefore
specialized methods for the identification of the model parame-
ters of machining robots are needed. The process design could
be further improved by a dynamic feed rate optimizer. As a
result, smoother compensation profiles could be generated by
reducing the feed rate at positions with strong changes of the
engagement conditions.
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