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1. Introduction

In recent times, industrial robots (IRs) have been widely
used for various tasks such as assembly, quality inspection but
also machining [1, 2, 3]. Growing interest for IRs is due to eas-
ier setup on production lines, higher adaptability and working
space, a wider range of use, and lower costs than dedicated ma-
chining machines [4, 5]. However, it has been determined that
IRs are 50 times less rigid than conventional milling machines
(Computer Numerical Control - CNC) due to their open-loop
structures [6]. This flexibility is an obstacle on the use of IRs
in machining as it leads to deflections of the robot, which in-
creases issues in achieving dimensional and geometrical toler-
ances. A second issue linked to the lack of stiffness of those
machines is self-excited vibrations. They can cause lower accu-

racy and workpiece surface quality, as well as lowering tool life
[4, 7], and therefore, must be eliminated. In order to compensate
for these issues, extensive research has been conducted on im-
proving robotic machining recently [1]. This can be achieved by
identifying machine positions with higher stiffness (posture op-
timization), through optimized path planning (i.e. selecting feed
directions where stiffness coefficients remain more consistent),
respecting stability conditions derived from specific stability di-
agrams, or even incorporating online/offline control strategies,
among other approaches [1]. From these researches, it can be
highlighted that models of robotic machining are mainly com-
posed of 2 parts interacting at their boundary : the robot itself
with its milling tool and the workpiece.

Different models are used to model the dynamics of IRs, de-
pending on factors such as desired complexity and accuracy.
Moreover, all models are not relevant for all robots as they come
from different manufacturers and have different intrinsic prop-
erties due to their components and building techniques. With
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offers several advantages, including the ability to use dedicated software tailored to different parts of the model and facilitating the interfacing of
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the exception of control-oriented models, robots are mainly
represented as multibody systems (MBS). The kinematics of
the robot can be established by the modified Denavit Harten-
berg convention [8], while its dynamics are obtained by a La-
grangian method [9] with or without flexible-body dynamics
(such as flexible joint modelling) [10] or with the virtual work
(or power) principle [11].

The same principle applies to the calculation of cutting
forces. In this paper, a mechanistic cutting force model was
used, based on a linear relationship between undeformed chip
thickness and cutting forces, combined with end mill discretiza-
tion, as implemented in the Dystamill software [12]. This ap-
proach, which slices the workpiece to determine the cutter-
workpiece engagement (CWE) and, subsequently, chip thick-
ness, was also adopted by Chen et al. [5]. Alternative methods
for modelling the workpiece include solid modelling, volume
discretization, point-based methods, and vector modelling tech-
niques such as tri-dexels [4].

As the teams work with different robots and models depend-
ing on their needs, having the possibility of modifying a sub-
system - here, the robot or the workpiece - with inconsequential
impact on the other parts of the system is useful. It allows to use
dedicated software - and dedicated expertise - for each part of
the global model to get more appropriate results. Co-simulation,
which is a numerical simulation approach in which a whole sys-
tem is split into different subsystems that are modelled and sim-
ulated separately, offers this modularity [13]. These subsystems
and so their solvers interact between themselves through data
exchange during the simulation. However, there are drawbacks
to co-simulation as it can decrease the accuracy of the results
due to discrete data exchange between subsystems contrasting
with monolithic models [14], which violates the principle of en-
ergy conservation and for some techniques, the action/reaction
principle [15].

At this time, monolithic models, which combine
robot/workpiece displacements and cutting forces calcula-
tion in a single algorithm, are the main solution found in
the literature in the field of IRs. Co-simulation can however
be found in other fields such as railway dynamics [15] or
machining [16]. A monolithic simulation model refers to
a simulation approach in which all the components of the
system are integrated into a single, unified framework with a
unique numerical solver. Instead of dividing the system into
modular or weakly coupled sub-models (co-simulation), the
entire system’s behaviour is represented cohesively within one
comprehensive model.

In this paper, a simplified co-simulated model is presented,
combining two in-house software : Dystamill [12], for the cal-
culation of cutting forces, and Easydyn [17], for the calcu-
lation of the robot’s and piece’s dynamics (Figure 1). The
robot/workpiece system is divided in two multibody subsys-
tems, one for the robot and one for the workpiece. The lat-
ter uses Dystamill to compute the cutting forces [12]. Those
two subsystems exchange information at each macro time step
(h). The macro time step is defined as the interval of time be-
tween two consecutive exchanges of information between the
subsystems of the model. The robot part gives its position (q(t))

and velocities (q̇(t)) in the 3 directions of space to the work-
piece subsystem and the latter gives the cutting forces (Fc) to
the robot. After each discrete exchange of data, both subsys-
tems perform their numerical integration on their own until the
next exchange of information. The aim of this paper is to de-
termine a benchmark to test the influence of co-simulation on
robot/tool/workpiece coupling. It is a proof of concept for co-
simulation validation, the dynamics of the model are simplified
at the extreme.

Chen et al. created a coupling algorithm between a MBS and
a cutting forces algorithm [5]. The approach presented in this
article differs from the method developed by the other team,
as it integrates both subsystems iteratively, performing one af-
ter the other, until the difference between successive iterations
becomes sufficiently small.

In section 2, the multibody model of the system is described
and the cutting forces model is overviewed. In the 3rd section,
the simulations parameters are given. The results and the com-
parison between both models are developed in the 4th section.
Then, the article ends with a conclusion and perspective of fu-
ture works.

Fig. 1. Co-simulation methodology for one macro time step (h)

2. Model

A simplified model of the robot/workpiece is used for
the comparison between the monolithic model and the co-
simulated one (Figure 2 - 3D system with a 2D figure for sim-
plicity). To help the reader visualize the system, it is represented
at figure 3. The system used for simplification is a bi-mass sys-
tem. The springs are noted k and the dampers, d. The IR is
represented by a mass m1 giving the vibration and deflection
of the robot attached by a spring and a damper to a fictional
ground, the robot itself, to which the user can give ”perfect”
moving instructions. At this stage, the robot dynamic elements
(k1 and d1) are considered constant in space for simplification
purpose, even if it is known that they vary in the workspace.
For the small displacements of the robot in the simulations, this
hypothesis of linearity does not deteriorate the results signif-
icantly. The workpiece (noted pc) is represented by the same
system, but its ground is fixed. Its mass, spring and damper are
noted respectively m2, k2 and d2. Between the robot and the
workpiece, we find the tool, represented by a spring kc and a
damper dc, which are the co-simulation variables. A half of the
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tool mass is given to each subsystem. As found in the literature,
the cut between the two subsystems in the co-simulated model
is done at the tool level [16]. Choosing the interface between
the tool and the robot allows the use of software tailored for ei-
ther machining operations or simulation of the dynamics of the
robots. This system features 9 dofs, all displacements. Three of
them are used for the imposed x, y and z displacements of the
robot (q4,5,6) and 3 are given to each vibrating mass (q1,2,3 for
m1 and q7,8,9 for m2). As Dystamill is a 2.5D software (working
with layers of 2D simulations), simulation of rotations of the
robot is not needed. The monolithic model is similar as the co-
simulated one, the difference lies in the fact that there is no cut,
therefore, no sub-models. The whole model is in a single code.
Hence, since the monolithic model encounters less numerical
error, it is taken as the reference to compare the co-simulated
model with.

k1

d1

m1

kc

dc

m2

k2

d2IR

pc

cut

q4,5,6

q1,2,3 q7,8,9

Fig. 2. Double mass-spring-damper system

Fig. 3. Scheme of the robot/workpiece system

As explained in the previous section, for each macro time
step, during the integration of the dynamics of the workpiece
subsystem, the calculation of the cutting forces is processed by
Dystamill. To compute the milling forces, the software first de-
tects if there is contact between the tool and workpiece, then
the quantity of matter cut by the tool. As the software works
with layers for the tool (the planes of the layers are perpendic-
ular to the axis of the tool) and the workpiece, this is done for
each layer. Knowing the area of matter cut, elementary cutting
forces for each layer can be estimated using Altintas’ model.
The global cutting forces are the sum of all the elementary cut-
ting forces. The value of the cutting forces is then sent to the
robot subsystem at the end of the macro time step. More com-
plete information is given in Huynh’s et al. article on Dystamill
[12].

3. Benchmark parameters

The parameters used for the simulations are given in table 1.

Table 1. Simulation parameters for the comparison between monolithic and co-
simulated models - from [4]

Operation parameters Unit Value

Operation type / Side Milling
Tool Type / Flat-end mill
Tool Material / Carbide
Diameter [mm] 10
N° of edges / 2
Pitch/run out [°/µm] 170-190
Helix Angle [°] 30
Rotation Speed [RPM] 11250
Axial - Radial Depth of Cut [mm] 2 - 4
Feed per Tooth [mm/tooth] 0.13
Number of slices (tool) / 14
Macro Time Steps (h) [s] 10−5

Simulation time [s] 5
Workpiece Material / Al6082
Workpiece’s Length [mm] 185
Cutting Force Coefficients Kt/r/a,c [MPa] 733.5/346.5/127.9
Krobot,x/y/z [N/mm] 301/1932/1652
Ktool,x/y/z [N/mm] 3613/3613/69376
Kworkpiece,x/y/z [N/mm] 5658/5658/37259

The Cartesian stiffness coefficients of the robot’s simplified
model have been determined based on the joint stiffnesses of the
robot model developed by Huynh [18]. Once a more compre-
hensive model of the robot is integrated, pose-dependent joint
stiffnesses will be used. For the stiffness of the tool, it has been
considered as a beam element with a force at the tip. For the
stiffness in the z direction, its value might be high, neverthe-
less, it will be overshadowed by the robot’s stiffness in the same
direction. And for the piece, we have to look at local deforma-
tions as it can be considered as infinitely rigid. In fact, if it is
considered as a beam, its length would be the depth of cut and
its section, the area of the base of the uncut part of the piece.
This would lead to values several orders of magnitude larger
than every other stiffness in the model. To calculate the local
stiffness, Hertz contact between a cylinder and a plane (x and y
directions) and the one between a sphere and a plane (z direc-
tion) have been used. Carbide (the material of the tool) being
stiffer than the aluminium alloy constituting the workpiece, it
is considered as an approximation that all the deformation hap-
pens on the latter. As the stiffness is force dependent, it was
chosen to take the maximum value of the force in the calcula-
tion of the cutting forces by Dystamill. At this stage, this work
is a proof of concept, consequently, the values for damping fac-
tors being complicated to obtain, they have been tuned to get
an admissible behaviour. The masses of the system have been
taken as the masses of the bodies (1000 kg for the robot and
10 kg for the workpiece). In reality, the whole robot does not
vibrate at the same amplitude, the tip of the robot vibrates more
than its base. It explains why the results are not similar as the
ones found by Huynh [10].
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4. Results

In figure 4 the evolution of the position of the workpiece dur-
ing the simulation is shown. It can be seen that co-simulation
follows nearly exactly the monolithic model even in the tran-
sient states (entering and exiting the workpiece). The reader
will find an illustration of the position of the robot at the begin-
ning of the simulation and its direction of movement at figure 5.
Getting null displacement values for the workpiece when there
is no contact between the tool and the workpiece is needed, so,
in the model, the coupling spring/damper must be deactivated
during these times. Figure 6 gives the same evolutions but for
the deflection of the robot. As for the workpiece, both models
provide similar results. Robot deflection is not null even when
there is no contact with the workpiece, this is a reaction to its
acceleration. In this simulation, the robot is moved along the x
axis (q4) and its acceleration evolution is given in figure 7. This
kind of evolution allows to get smoother velocities evolutions
than LSPB (Linear Segments with Parabolic Blends) trajecto-
ries as it gives triangular accelerations instead of steps [4].
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Fig. 4. Comparison of the x and y (q6 and q7) displacements of the workpiece
for both models

Fig. 5. Position and direction of the tool compared to the workpiece

When comparing two methods, it is essential to calculate
errors. In this work, as commonly done in the literature, the
monolithic model has been used as the reference [15, 19]. Accu-
racy indicators such as simple configuration parameter compar-
ison error (Equation 1), displacement mean total error (Equa-
tion 2) and RMSE (Root Mean Square Error) (Equation 3) were
used to assess the computation fidelity.

ϵsub,k = qCS
k − qMono

k (1)
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Fig. 6. Comparison of the x and y deflections of the robot for both models
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Fig. 7. Acceleration of the robot along the x axis

ϵdispMT E =

∑t f
ta=t0
∑ndo f

k=0 qCS
k (ta) − qMono

k (ta)

Ninc
(2)

RMS Ek =

√∑Ninc
i=1 (qCS

k − qMono
k )2

Ninc
(3)

With CS referring to Co-Simulated and Mono to monolithic.
The other notations are given :

• k : the kth degree of freedom
• ta : Time during simulation
• t0 : Initial simulation time
• t f : Final simulation time
• ndo f : Number of degrees of freedom
• Ninc = (t f − t0)/h, the number of steps in the simulation

Stability indicators, such as the normalized energy diver-
gence, focusing more on the total energy of the system also
exist [15, 20]. Those indicators come from the residual energy
that can be observed due to the violation of the principle of en-
ergy conservation. Nevertheless, energy dissipation in the robot
due to damping is difficult to evaluate at this stage. As a result,
those indicators are not used because they would lead to inac-
curate estimations of errors.

Figures 8 to 11 give the simple configuration parameter com-
parison error for the robot and the workpiece deflection in the
x and y direction. As the macro time step is small 10−5 s, in co-
simulation, both models exchange regularly information, thus
the error is contained to the 10−10 m order of magnitude, for
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all directions during the milling operation. During the transient
states (entering and exiting the workpiece), as the variation of
the displacement of the robot and piece is greater, the calcu-
lated errors are larger. The fact that the errors when exiting the
piece are greater than when entering, especially for workpiece
displacement, might be caused by the simplicity of the model,
and the many approximations taken.
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Fig. 8. Simple configuration parameter comparison error for x displacement of
the workpiece
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Fig. 9. Simple configuration parameter comparison error for y displacement of
the workpiece
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Fig. 10. Simple configuration parameter comparison error for x displacement
of the robot

Even though looking at errors at sub-micron scale when de-
flections are usually at the tenth of mm scale might seem ir-
relevant, this type of error shows that, with a simplified model,
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Fig. 11. Simple configuration parameter comparison error for y displacement
of the robot

co-simulation can be used. It is worth mentioning that errors
on velocities and especially on accelerations are higher but on
the whole simulation, both models produce similar results. This
could be caused by a small shift in results in time caused by co-
simulation as variations in these quantities are more important
than in position. It would be interesting to investigate it.

The values for the other indicators are given in table 2.

Table 2. Values for displacement mean total error and RMSE

Error type RMS E1 RMS E2 RMS E7 RMS E8 ϵdispMT E

Value [m] 8.7∗10−10 2.3∗10−9 1.6∗10−6 7.2∗10−7 7.9∗10−7

These indicators give the same conclusions as the first one
and show that co-simulation can be used for simple systems.
This approach is likely to be applicable to more complex sys-
tems, including those incorporating non-linearities, although
doing so may result in increased errors.

At this stage, we have only discussed results for a macro
step time of 10−5 s. Figure 12 shows how the displacement
mean total error evolves for different values of h (macro time
step) for co-simulation, still compared to a time step of 10−5

s for the monolithic simulation. As expected, when the time
step is increased, as there are fewer exchanges of information
between the sub systems, the error increases. Above h = 10−3

s, the evolution becomes erratic as the macro step time is too
high to accurately model the phenomenon. For some values of
h, the coupled solver cannot process the entire simulation The
increase in step time also causes Dystamill to be less accurate.
Less accurate cutting forces lead to worse displacement values.
It is interesting to see that under a macro step time of 10−4 s,
the error does not seem to evolve substantially. At 10−4 s, the
simulation lasts 26.26 s for co-simulation and 13.48 s for the
monolithic model, with an Intel core i9-9900 CPU.

5. Conclusion and perspectives

In conclusion, using a sufficiently small time step validates
the use of co-simulation for this simplified model of machining,
as the resulting errors are orders of magnitude smaller than the
deflections of the subsystems. However, several approximations
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Fig. 12. Evolution of the displacement mean total error with macro time step

were necessary to use this simple system, leading to differences
in deflection results compared to the ones obtained with more
complex models [12]. This is not a limitation in the context of
this work, which primarily aims to introduce the concept of co-
simulation in machining. The main advantage of co-simulation
is that, even if simulations take longer, different software (and
therefore their own modelling features and solvers) can be used
for the sub-sections of the model, allowing for different ways to
model the robot/tool/workpiece interaction.

This study demonstrates that the tools developed can be used
as a basis to prepare the way for future research. Incorporating
a more complete robot model (with an increasing complexity
for the modelling of flexibility (first with transmission flexibil-
ity and later with full flexible [10])) and accounting for vari-
ations in its dynamic properties across the workspace in both
co-simulation and monolithic models will be essential. Another
exciting perspective would be to extend this framework to in-
clude workpiece models and cutting force estimations along
the z-axis as well, which is necessary for robotic machining.
Ultimately, comparing these advanced simulations with experi-
mental data will help assessing the accuracy and usefulness of
co-simulation in robotic machining, especially for subsystems
with greater number of degrees of freedom.
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