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Off-line path programming for three-dimensional Robotic Friction
Stir Welding based on Bézier curves

Abstract
Purpose - Robotic Friction Stir Welding (RFSW) is an innovative process which enables solid-state welding
of aluminum parts with robots. A major drawback of this process is that the robots joints undergo elastic
deformations during the welding due to the high forces induced by the process. This leads to the tool deviation
and wrong orientation. Today, there is no CAM/CAD software to generate off-line paths which integrates robot
deflections. The main objective of this work is to propose an off-line methodology to plan path for robotic
friction stir welding.
Design/methodology/approach - The approach is subdivided in two stages. The first stage consists on
extracting position and orientation data from CAD models of the workpieces and adding it the deflections
calculated with a deflection model in order to have a suitable path for performing RFSW. The second stage
consists on fitting the suitable path in a smooth path using Bézier curves.
Findings - The method is experimented and validated by performing a welding on a curve workpiece with a
robot Kuka KR500-2MT. A suitable tool position and orientation were calculated to perform this welding, an
experimental procedure was set up, free defect weld was performed and high accuracy in position and orientation
was achieved.
Practical implications - The method will help manufacturers to perform easily RFSW for 3D workpieces
regardless the lateral tool deviation, lost of the right orientation and control force stability.
Originality/value - The originality of the method is to compensate robot deflections without using expensive
sensors which is the most used method for robot deflection compensation. This off-line method can leads to
reduce programming time in comparison with teach programming method and leads to reduce investments costs
in comparison with the commercial off-line programming packages.

Keywords Robotic friction stir welding, deflection model, path planning, off-line programming, Bézier
curves.

Paper type Research paper

1 Introduction

The Friction Stir Welding (FSW) process consists in a tool composed by a pin and a shoulder
put in rotation and plunged between two clamped parts. Then the tool is moving along the
weld line with the shoulder in contact with the workpiece surface. Therefore, FSW requires
applying a high down-force on the workpiece. FSW as a solid state welding process allows the
welding of all the aluminum alloys keeping good mechanical properties in particular in fatigue
resistance as demonstrated by (Zhou et al., 2005). The FSW process presents real interest
in aerospace and automotive industries (Lyles et al., 2016), (Kusuda, 2013). The machines
commonly used industrially are dedicated ones (see (Okawa et al., 2006)) which require high
investment costs. To reduce the investments costs, robots can be used as FSW machine. (Cook
et al., 2004), (Soron and Kalaykov, 2006), (Voellner et al., 2006), (Zaeh and Voellner, 2010) used
serial manipulator robot with a force feedback control technique to perform 2D and 3D FSW.
A review of machines and control system for FSW can be found in (Mendes et al., 2016). Serial
industrial robots have lower investment cost and allow the welding of complex geometries but
they undergo deflection under the load applied during the welding leading the tool to deviate
in the transverse or lateral direction (Voellner et al., 2007),(De Backer et al., 2010). To perform
FSW, (Zimmer et al., 2008) illustrated the ideal tool position and orientation during welding
(see Fig.1). The tool has to be placed according to the workpiece surface. At each point of
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the seam, the tool coordinate system has to be tilted in the welding direction with a certain
angle, commonly with a 1◦ to 3◦ angle according to the normal vector to the surface (see Fig.1).
Under high loads, the tilt angle must be maintained in a nominal interval during the welding
operation. Otherwise, the weld could present defects as described by (Zimmer-Chevret et al.,
2014), (Shultz et al., 2010), (Chen et al., 2006).

So, the tool path (position and orientation) must be well planned to succeed robotic FSW
(RFSW) of 3-dimensional weld geometries. There are different techniques to plan the robot
path (Pan et al., 2012). The classical technique is the online programming where points are
taught with a teach pendant. This technique requires more time for complex paths program-
ming and the presence of the operator near to the robot. Also, the points have to be re-taught
when the task changes. To overcome this drawback, commercials softwares packages such as
Delmia c© (Polden et al., 2011), RobCad c© (Dong et al., 2007), RobotMaster c©, RobotStudio c©,
KUKA.Sim c© were proposed to program off-line the robot path. This consists on generating
automatically the robot’s tool path from the CAD drawing of the workpieces. Apart from
their high costs, the limit of these off-line packages to plan path for RFSW is that it doesn’t
take into account the tool deviation due to the high forces induced by the process. It is so
necessary to develop an off-line specific method to plan path for RFSW like those developed by
researchers for different applications such as deburring of aerospace components (Leali et al.,
2013), spray painting (Andulkar et al., 2015), arc welding (Chen et al., 2015) and laser cladding
(Zheng et al., 2016). The techniques can be used to generate the robot path from CAD draw-
ings are parametric curves such as splines, Bézier curves, B-splines or Non-Uniform Rational
Basis Spline (NURBS). (Jahanpour et al., 2016) used NURBS method to generate path from
CAD drawing for a machining application; (Neubauer and Müller, 2015) used B-splines for a
polishing application; (Giberti et al., 2017) used Bézier curves to plan path for robotic additive
manufacturing. For the FSW process, (Soron and Kalaykov, 2007) used cubic parametric curve
to generate the tool path. Their method is based on extracting topological entities in the CAD
drawing from which they defined the path segments modeled by cubic polynomials. The limit
of their method is that they don’t take into account the deflections of the robot in the path
planning likewise the off-line commercial software packages used to plan path for FSW.

In this paper, we proposed to use the Bézier curve technique to generate off-line optimized
tool path that take into account the robot deflections from CAD drawings. Having G∞ con-
tinuity, the Bézier curves presents the advantage to generate smooth path. Despite the fact
that Bézier curves can’t approximate rigorously an arc of circle, the precision obtained in our
application, allow us to use the Bézier curve instead of using the B-splines or NURBS which are
the generalization of the Bézier curves. For other complex paths, B-splines or NURBS can be
investigated. Due to the tool deviation and disoriented caused by the compliance of the robot,
the compensation of the robot deflection is taken into account in the path planning. There are
two techniques to compensate robot deflection: online compensation and off-line compensation.
The online compensation technique is based on feedback control and the compensation is done
in real time (Qin et al., 2016), (Guillo and Dubourg, 2016), (De Backer and Bolmsj, 2014),
(De Backer et al., 2012). In this paper, to generate automatically the robot path from CAD
models, an off-line compensation technique is choosed. This technique was used by (Belchior
et al., 2013) to compensate tool path deviations on robotic sheet forming. Similar to this
technique, we propose to calculate along the desired welding path all deflections of the robot
by using a deflection model identified in (Qin, 2013). These deflections are then added to the
desired welding path extracted form CAD drawings in order to have a suitable path for RFSW.
Then a smooth path is generating from the suitable path by using the Bézier curve technique.

By applying the proposed approach on welding experiments of a curvilinear path, high
accuracy path was achieved, less tool lateral deviation was measured and free-defect weld was
performed.

The paper is organized as follow. In section 2, the deflection model of an industrial robot
manipulator is presented. In the section 3, the methodology to plan a FSW path using Bézier
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Figure 1: Theoretical tool orientation along the welding path

curves is detailed. In section 4, the welding experiments are presented and the results are
discussed. The conclusions and future works are presented in section 5.

2 Robot modeling

The robot used during the welding experiments is a KUKA KR 500-2MT industrial heavy load
robot. To define the task in the robot frame, we need two types of models: the kinematic
models and the deflection model.

2.1 Kinematic models

The kinematic models define the relation between the joints coordinates and the pose (position
and orientation) of the tool and inversely. The Denavit-Hartenberg parameters of the six joints
are defined precisely in (Qin, 2013) and (Qin et al., 2014). The detailed expressions of the
forward and inverse kinematics are given in (Qin, 2013). The numerical values of the links
length are expressed in appendix.

2.2 Deflection model

The deflection model describes the relation between the tool end pose under load and without
load. Under FSW load, the robot applies a wrench W of forces and torques on the external
environment. This wrench is expressed as:

W = [Fx Fy Fz Tx Ty Tz]
> (1)

where Fx, Fy and Fz are the forces acting by the FSW tool on the workpiece; the torques Tx
and Ty are negligible and the torque Tz is due to the rotation of the spindle.

Under the assertion that the deformation of the robot is mainly located on the joint axes
(Dumas, 2011), we define the model of torsional deformation given in Fig. 2. This model
supposes that all deformations can be located on the output of the gearboxes. The identification
method of (Jubien et al., 2014) is used to determine the numerical value of the coefficients of
the stiffness matrix K. During the identification, the robot bodies support bending constraints.
The corresponding deflection is also integrated in the stiffness matrix.

The relation between the gearbox output torque vector Γ and the joint angle variation is
given by:

Γ = K(N−1θ − q) = K∆q (2)
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Figure 2: Torsional deformation model of a gearbox

where q = [q1 q2 q3 q4 q5 q6]
> is vector of angular positions of the joint, θl = N−1θ is the angular

position after gear reduction and ∆q is the angular deformation of the gearbox output. The
gear ratio matrix N is a matrix of dimension 6 × 6. For the robot KUKA KR500-2MT, N is
not a diagonal matrix because of the coupling among axes 4, 5 and 6. The non-null elements
of matrix N and K are presented in appendix.

A general form of the robot’s dynamic model can be expressed as:

Γ = D(q)q̈ +H(q, q̇) + Ff (q̇) + J>(q)W (3)

where D(q) is the symmetric, uniformly positive defined and bounded inertia matrix of the
robot and H(q, q̇) represents the contribution due to centrifugal, Coriolis and gravitational
forces and the gas jack of axis two, Ff (q̇) is the vector of friction torque applied on the joints,
J>(q) is the Jacobian matrix and vectors q̇ and q̈ represent angular velocities and accelerations.

During FSW tasks, the cartesian speed and acceleration of the tool are relatively low. So we
can neglect the inertia, centrifugal, Coriolis and friction terms and the equation (3) is reduced
to:

Γ = J>(q)W +H(q, 0) (4)

where H(q, 0) represents the gravitational forces vector. The cartesian deformation of the robot
and the roll, pitch and yaw angles variations are obtained by:[

∆P
∆Θ

]
= La J(q) ∆q (5)

where ∆P = [∆X ∆Y ∆Z]> is the cartesian displacement of the tool end under external

wrench, ∆Θ = [∆A ∆B ∆C]> is the corresponding angular variation of the orientation angles
and La is a matrix defined in the appendix.

We suppose here that the wrench W is known. The deflections along a welding path can be
calculated off-line by the formula below:[

∆P
∆Θ

]
= La J(q)K−1 (J>(q)W +H(q, 0)) (6)

3 Path planning methodology

The proposed methodology consists on extracting geometrical information from a CAD model,
estimating the deflections and generating the FSW path by using the Bézier curve technique.

3.1 Extraction of data from CAD models

The position of a FSW tool is represented by three components (x,y,z) and the orientation
can be represented by the angles of yaw-pitch-roll. In the Kuka robot controller, these angles
are noted A, B and C. To extract data from CAD model, different methods can be used.
(Zheng et al., 2016) and (Soron and Kalaykov, 2007) developed algorithms to extract topolog-
ical information such as lines and arcs from the CAD model while (Neto and Mendes, 2013)
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developed algorithms to extract both positional and orientation data from CAD drawing by
using Autodesk Inventor c© software. In our work, a method which can be used with any CAD
software is choosed. By setting a frame (O, x, y, z) in the CAD environment, the three position
coordinates (x, y, z) of n points coming from the discretization of the path can be retrieved and
the orientation coordinates can be calculated.

3.2 Approximation of a path by Bézier curve

Bézier curves are polynomial parametric curves which can be used to model complex paths.
An nth-order Bézier curve P (u) is defined by:

P (u) =
n∑

i=0

Pi
n!

i!(n− i)!
ui(1− u)n−i (7)

where u is a normalized parameter and Pi ∈ Rn are the control points.
The geometrical coordinates extracted from a CAD model can be approximated by a Bézier

function. Consider X = [x0 · · ·xm]> and Z = [z0 · · · zm]>, two vectors obtained from the x and
z coordinates extracted from the CAD model. Defined for all i ∈ [0 · · ·m]:

ui =
xi − x0
xm − x0

(8)

and

Zb(ui) =
n∑

i=0

PizB
n
i (ui) (9)

where Bn
i (u) = n!

i!(n−i)!u
i(1 − u)n−i. Then, the control points Piz are obtained by solving a

minimization problem defined by min ‖ Z − Zb ‖. For m � n, the least squares method can
be used to obtain:

Pz = [P0z · · ·Pnz]
> =

(
M>M

)−1
M>Z (10)

where M =

 Bn
0 (u0) · · · Bn

n(u0)
...

. . .
...

Bn
0 (um) · · · Bn

n(um)


Once the coefficients Pz are determined, the Bézier function Zb which approximate the z

coordinate of the path can be computed. Afterwards, the maximum error due to the approxi-
mation can be calculated by the relation:

ez = max
i∈[1,m]

(Zb(ui)− Z(ui)) (11)

If the maximum error is too high for an nth order Bézier function, one can increase the order
to n+ 1 until the error is lower as a defined constant ξ.

The method used for the z coordinate can be extended to obtain the Bézier functions for
all coordinates.

3.3 Methodology for approximating a FSW path

The goal of the research work is to propose a methodology to program off-line a 3-dimensional
FSW path which take into account the robot deformation. It consists on generating an opti-
mized path PBP which includes the path extracted from the CAD model and the deflection
along the path.

PBP = PCAD + ∆P (12)
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Figure 3: RFSW experimental setup

where PBP is the optimized path, PCAD is the path extracted from the CAD model, ∆P is
determined by the deflection model (see Eq.6).

Finally, to approximate a FSW path by Bézier curves, two steps are needed. The first step is
to extract nominal data from the CAD model of the workpiece and to add the robot deflection
calculated on the same position. The second one is the fitting of these data PBP by using
the Bézier curves technique previously described. This methodology have to be validated by
performing experiments.

4 Experiments

4.1 Experimental setup

All the experiments were performed on a FSW robot used for developing industrial applications.
The robot KUKA KR 500-2MT is equipped with a welding head (see Fig.3). Between the
welding head and the 6th robot axis, three shear force transducers are arranged in tilt position
by 120◦ each around the longitudinal axis. It permits to calculate precisely the downforce
applied on the tool during welding.

Note that in our experiments, any joining operation isn’t performed. The validation of the
methodology consists on performing the path generated off-line on a test workpiece. The test
workpiece, a 2 mm thick aluminum alloy EN AW-2024 T3, is placed inside the clamping device
such that on all the length, the back of the plate perfectly fit on the clamping device, Fig.4-
A. To achieve this, next to the welding zone, the clamping device possesses a vacuum field
permitting to ensure a proper fit-up between the workpiece and the anvil. Table 1 shows the
welding conditions during the experiments. The tool tilt angle is 2.5◦. The robot is controlled
in force in z tool direction (desired value 8000 N) and a welding in x world negative direction
with an advance speed va is programmed. The forces induced in the transverse direction(Fy)
and advance direction (Fx) are respectively 150N and 420 N. The torque in the axial direction
(Tz) is 75 Nm.
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Table 1: Welding experiments conditions

Parameters Name/Value

Material EN AW-2024 T3

Thickness (dm) 2 mm

Advance speed (va) 300 mm/min

Rotation speed (Ω) 800 rpm

Tilt angle (α) 2.5◦

Axial force (Fz) 8000 N

Figure 4: A: Clamping device; B: Curvilinear path

4.2 Experiments, results and discussions

Considering the CAD model of the test workpiece in which we define a single curvature path
(Fig.4). From the CAD model, a discretization of the desired welding path is done. In the
robot world coordinate system, the position coordinates (x, y, z) of 100 points are extracted.
The 100 points are equidistant and distributed along the desired welding path. The yaw angle
A is fixed at 0◦. Due to the single0 curvature of the defined path, the roll angle C is fixed
constant at 180◦. The pitch angle coordinate B for the 100 points are calculated.

Using the deflection model described in the section 2, the deflections ∆Y , ∆Z and ∆B for
each extracted point are estimated (Fig.5). We remark that the deflections in the y direction
and z direction decrease from the beginning of the path to the end. The deflection in y world
direction decreases from −2.72mm to −2.20mm and the deflection in z world direction, from
−7.24mm to −4.70mm .The estimated deflection in pitch angle B is quasi-constant and equals
to −0.23◦. The deflection calculated in y world direction represents the tool’s lateral deviation.
It will be used to correct the tool position in the welding transverse direction. The deflection
calculated in z world direction is used to help the force controller to calculate less correction in
z tool direction and therefore, maintain easily the downforce at the desired value. For this case
of study, the deflection calculated in pitch angle B is too small to influence the orientation of
the tool. It can be neglected in the generation of the path. Contrary to the deflection in pitch
angle B, the estimated deflections in y world direction and z world direction were added to the
coordinates y and z extracted from the CAD model in order to have an optimized tool path
which will be approximated by Bézier curves.

We want to achieve an approximating precision under ξ = 0.01 mm in y and z coordinate
which is sufficient to perform a FSW experiment. A 3rd order Bézier function doesn’t permit
to obtain the fixed precision. So, we increase the order to compute a 5th order Bézier function.
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Figure 6: Tool path in robot world z direction
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Figure 7: Tool path in robot world y direction
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Figure 8: Tool path in pitch angle B

The 5th order Bézier function was also computed for the pitch angle B coordinate. The different
coefficients of control points for Bézier curves can been found in Table 2. Figures 6, 7 show
respectively the optimized tool path approximated by Bézier curves in z, y coordinates. By
neglecting the deflection calculated in pitch angle B, the optimized path in B coordinate is the
same as the pitch angle extracted from the CAD model. The figure 8 shows the CAD tool path
in B coordinate approximated by Bézier curves. The smooth path in pitch angle varies from
−9.13◦ at the beginning of the path to 13.77◦ at the end.

Table 2: Coefficients of Bézier curves

Control points P0 P1 P2 P3 P4 P5

Px data [mm] 1522,50 1373,446 1224,392 1075,338 926,284 777,229

Py data [mm] 2005,373 2005,526 2005,643 2005,737 2005,817 2005,893

Pz data [mm] 880,257 850,144 835,477 835,048 848,825 877,899

PB data [◦] -9,130 -4,564 -0.092 4,353 8,820 13,374

From an experimental point of view, the proposed methodology is based on a dialog between
the robot and an external computer by using the technology package Robot Sensor Interface
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Figure 9: Schematic view of the proposed experimental procedure

(RSI) of the Kuka robot. With the RSI functions, an external computer receives each Tm =
12 ms the positions provided by the robot controller and sends back the necessary correction in
order to achieve the optimized path planned by Bézier curves. So, the planned Bézier path PBP

is decomposed in two paths Pn and Pext. Pn is a nominal path defined in the robot main source
program. Pext is a path defined on an external computer. Pext is calculated each Tm = 12 ms
by a C++ program. On the Kuka controller, the effective path is PSP = PBP + Pf (see Fig.9)
where Pf is a input correction provided by the force controller which is only acting in z tool
frame direction.

For our test workpiece, the nominal path Pn programmed in the Kuka controller is a line
passing through the point C1 and point C3 (see Fig.4-B). The external correction path Pext(k) =
[0 Py(k) Pz(k) 0 PB(k) 0]> calculated each Tm = 12 ms is then used during the experiment to
adapted the z position, y position and the pitch angle B of the tool with respect to the effective
x position of the tool. This experiment is called ‘Bézier experiment’. In order to emphasize
the results obtained with the ‘Bézier experiment’, a second experiment called ‘robotmaster
experiment’ is performed. It consists on generating the tool path with the commercial software
package RobotMaster c©.

In order to measure the lateral deviation with a microscope, a reference tool path corre-
sponding to the desired PCAD path was drawn in the welding seam. The lateral deviation equals
to the difference between the distance from the reference path to the border of the welding seam
(rm) and the radius of the tool shoulder (rs=5mm) (see fig.10). The figure 11 shows the lateral
tool deviation measured along the welding seam. For the Bézier experiment, the tool deviation
varies from 0.42mm at the beginning of the path to 0.2mm at the end. At the middle of the
path, it equals to 0.02mm. The RMS value of the tool deviation measured is 0.24mm for the
Bézier experiment whereas it equals to 2.8mm for the robotmaster experiment. Our proposed
methodology permits to reduce significantly the tool deviation. The residual tool deviation
measured along the seam is linked to the deflection model used during the experiment. It can
strive towards null by taking into account more parameters such as the friction forces in the
deflection model.

Figure 10: Measuring principle of tool deviation
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Figure 11: Tool lateral deviation

Figure 12 represents the measured force Fz. The dive phase consists of three setpoint levels
of force of 600 N, 2000 N and 8000 N. We can notice that the mean value of the downforce
force Fz remains constant during the experiment contrary to the disturbance in force observed
during Robotmaster experiment (Fig.13). In fact, the Kuka force controller does not succeed
in maintaining the desired value of 8000 N towards the end of the welding. This is explained
by the non compensation of the robot deformation in z direction by using RobotMaster c© to
generate the path.
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Figure 12: Axial force Fz during Bézier experiment
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Figure 13: Axial force Fz during robotmaster experiment

Neither the visual analysis of the welding seam obtained during the Bézier experiment
revealed any surface defects; nor the macrographic analysis revealed any internal defects origi-
nated by a wrong orientation of the tool. It implies that free defect welding was performed and
the robot succeeds to maintain the correct tool orientation. It validates also the hypothesis of
neglecting the deflection in pitch angle B for our test workpiece.

5 Conclusion and future works

In this paper, a path planning methodology based on Bézier curves is presented to perform
RFSW. Theoretical and experimental procedures of the methodology were presented. The
methodology experimented on a single curvature path permits to obtain a good accuracy in
position and orientation. With this methodology, the rms error in the lateral direction has
been reduced significantly from 2.8mm to 0.24mm. This precision obtained is very interesting
for the welding of aircraft parts which require high precision. The method permits also to help
the force controller maintaining easily the downforce at the desired value which is a necessary
condition to validate a friction stir welding operation.
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The method presents an effective solution to program more simply and more accurately any 3D
robotic friction stir welding path. Future works will be interested in validating the methodology
for the welding of double curvature aircraft parts like fuselage where the yaw, pitch and roll
angles varies simultaneously leading to the control of both the process tilt angle and side-tilt
angle. Also, the robot deflection model parameters will be identified with more precision in
order to achieve a very high accuracy path programming in position and orientation.
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Appendix A: Models matrix properties and numerical parameter va-
lues

Numerical length values of each link: L1z = 1.045 m, L1x = 0.500 m, L2 = 1.300 m, L34 =
1.025 m, D4 = −0.055 m, L5 = 0.290 m, Ltz = 0.50630 m.

The gearbox ratio matrix is given by N = [Nij]. The non-null elements of N are as follow:
N11 = 469.375, N22 = 469.375, N33 = −504.770, N44 = −260.619, N55 = −251.977, N66 =
164.570, N54 = −1.0964, N64 = −1.5836, N65 = 1.5311.

The coefficients of the diagonal of the stiffness matrix are: K1 = 6.61 106, K2 = 7.16 106,
K3 = 3.08 106, K4 = 5.6 105, K5 = 6.6 105, K6 = 4.7 106. The units are all Nm /rd.

The relation (5) between the yaw, pitch and roll angles variation and the joint angle speed
is characterized by the matrix La defined by:

La =

[
I3 03

03 Lb

]
(13)

where Lb =

 cos(A) tan(B) sin(A) tan(B) 1
− sin(A) cos(A) 0

cos(A)/ cos(B) sin(A)/ cos(B) 0

 with A, B and C are the yaw, pitch and

roll angles used by the controller.
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