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Abstract

The structural vibration caused by poor rigidity is one of the main obstacles limiting the machining
efficiency of robot milling. The existing vibration suppression strategies mainly focus on process
parameter optimization, passive vibration absorption at the end and feedback control of joint motor.
Although these strategies have certain vibration suppression effects, they cannot directly improve the
structural rigidity of the robot. In this paper, a joint wearable structural reinforcing device (JWSRD) is
proposed, which can achieve vibration suppression effect by improving the rigidity of the robot joints,
fundamentally improve the processing ability of the robot, and ensure the processing stability. Firstly, the
structure of the device is designed without affecting the processing flexibility. Secondly, the braking torque
of the JWSRD is tested. Considering the feedback of joint braking torque, the vibration simulation model
under harmonic excitation is derived. Finally, the offset mass experiments are carried out to verify the
vibration suppression effect of the JWSRD. The results show that the JWSRD installed on the robot joint
has the notable potential to enhance the structural rigidity, reduce the machining vibration and improve

the machining efficiency.
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1 INTRODUCTION

With the progress of robotic machining dynamics, pose
planning and deformation control, robotic milling has
become an important means of milling [1-3]. It has high
processing flexibility, large working space, low cost and
convenient multi-sensor integration. Exploring the
processing potential of robotic milling has become the
research interest of scholars in this field [4]. However, while
robotic milling has many advantages, it also has significant
shortcomings. Weak structural rigidity will can cause large
low-frequency vibration [5] and even prone to chatter [6]. At
present, the weak rigidity of robot is still the main barrier
limiting its machining efficiency [7].

There are many kinds of vibration in robotic milling, and
the high-frequency vibration is mainly caused by the tool
structure [8]. Ultrasonic assisted vibration and other
vibration suppression devices for the spindle end can be
used for active vibration control of the tool structure to
improve the milling stability. Gao et al. [9] developed a

3DOF ultrasonic vibration tool holder and modeled chip
thickness considering the tool's rigid body motion,
regenerative and ultrasonic vibration amplitude, and
analyzed the stability of synchronized elliptical vibration
assisted milling from the perspective of dynamics. The
research shows that 3DOF ultrasonic vibration tool holder
can significantly improve the machining stability under
partial machining parameters. Sun et al. [10] adopted
robotic rotary ultrasonic milling technology to suppress
machining vibration, established an analysis model of
dynamic chip thickness, and considered the influence of
ultrasonic vibration on dynamic chip thickness, derived a
cutting force model, and realized stability prediction. The
experimental results show that the robotic milling stability
area is improved by 133% when the robot rotary ultrasonic
milling technology is adopted. Furthermore, the
longitudinal-torsional ultrasonic milling [11, 12] is applied in
vibration suppression of robotic milling based on robotic
rotary ultrasonic milling technology and achieves a good
vibration suppression effect.
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The vibration suppression equipment for the tool
structure can better suppress high-frequency vibration and
even high-frequency chatter. However, the weak rigidity of
the robot mainly causes relatively obvious low-frequency
vibration or even low-frequency chatter, which originates
from the robotic structure (the flexibility is mainly
concentrated in the robot joints [13]). Vibration suppression
should pay attention to the vibration of the robotic structure.
Therefore, in order to solve this potential defect, vibration
suppression should be carried out around the robotic
structure.

Chen et al. [14] designed a new eddy current damper
installed on the spindle for chatter suppression during
robotic milling. By comparing the tool tip frequency
responses before and after the installation of the damper, it
is found that the damper can significantly reduce the
dynamic flexibility of tool modes, thus improving the stability
boundary of high-frequency chatter. Yuan et al. [15]
designed a magnetorheological elastomer (MRE) with
adjustable stiffness in view of the low frequency of robot
structure dynamic characteristics and significant pose
dependence. They propose a new mode coupling chatter
suppression scheme in which an MRE is installed on a
spindle and a semi-active controller is established to control
the current applied to the MRE to track the chatter
frequency. The results show that the MRE with adjustable
stiffness can track and absorb the low-frequency vibration
energy well, so as to play the role of vibration suppression.
Zhang et al. [16] used an inertial actuator near the robotic
excitation source to generate a force to counteract
vibration. In order to further improve the effectiveness and
robustness of active vibration control, he control strategy is
established. The experimental results show that the active
vibration suppression strategy of the inertia actuator can
effectively improve the machining capability and reduce the
machining error by 85%.

At present, although the research on vibration
suppression of low-frequency vibration or chatter of robots
has achieved initial results, the existing devices are mostly
installed in the end-effector of robots, and vibration
suppression is carried out by means of vibration absorption,
without corresponding structural enhancement according to
the structural characteristics of the robot. On the one hand,
end-effector attachment may affect the machining flexibility
of the robot, especially in aircraft segments or complex
parts processing. On the other hand, the vibration
suppression device installed on the end-effector of the robot
only has the effect of indirect vibration absorption, which
cannot directly enhance the structural rigidity, so as to play
the role of vibration suppression at the root.

Therefore, this paper carried out structural enhancement
based on wearable equipment for the joint structure in the
weak link of the robot structure, so as to improve the
resistance ability of the robot structure to processing
vibration, fundamentally improve the robot's processing
ability and ensure the processing stability. The rest of the
paper is structured as follows: In Section 2, a joint wearable
structural reinforcing device (JWSRD) is developed for
robotic torsional joints about 2, 3 and 5, and its mechanical
properties are analyzed. In Section 3, considering the
suppression of the device, a joint braking coefficient for the
evaluation of braking effect was established. Based on this,
the suppression effect of JWSRD on robot end vibration
under harmonic excitation was analyzed by simulation. In
Section 4, the experimental verification of vibration
suppression effect is carried out by using offset mass
experiment. Section 5 summarizes the full paper and
describes the future work.

2 DEVELOPMENT OF JOINT WEARABLE
STRUCTURAL REINFORCING DEVICE

2.1 Structure design of JWSRD

In this study, ABB IRB6660 robot was used as the
experimental platform. ABB IRB6660 robot has two joint
types, one such as 2, 3 and 5 joints, which are
characterized by the two links connected by the joint are
intersecting, the other such as the 1, 4 and 6 joints, which
are characterized by the two links connected by the joint are
coaxial. The JWSRD proposed in this paper is applicable to
the joint 2, 3 and 5 of the robot, which can realize the
structural reinforcing of the robot joint.

Magnetorheological (MR) fluids are common types of
fluids with controllable mobility, consisting of stable
suspensions of magnetizable particles dispersed in a
carrier medium, such as silicone oil or water. Low viscosity
Newtonian fluid in the absence of an external magnetic
field. When applied with magnetic field, Bingham fluid with
high viscosity and low fluidity transforms from free-flowing
liquid to semi-solid or even solid within milliseconds,
showing strong controllable rheological properties [17]. The
viscosity of liquid corresponds to the magnetic flux, and the
change is rapid, reversible and controllable. In this paper, a
drum type magnetorheological damper (MRD) was used to
design JWSRD according to the 2, 3 and 5 joint structures
of ABB IRB6660, so as to realize the structural reinforcing
of robot joints. The proposed design of IWSRD is aimed at
suppressing the vibration of robotic joints, as shown in Fig.
1, the specific structural design of JWSRD for joint 3. The
specific structure of the MRD used by JWSRD is shown in
Fig. 1. (c). When energized to generate a magnetic field,
JWSRD will generate a braking torque that impedes joint
vibration, and the maximum torque is positively correlated
with the current. The JWSRD structure of each joint is
shown in Fig. 2.
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Fig. 2: JIWSRD structure of each joint.
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2.2 Analysis and modeling of JWSRD braking torque

As shown in Fig. 1. (¢), MRD mainly consists of MR fluid,
magnetic coil, rotor and stator. The inner diameter of the
cavity filled with MR fluid r1 = 35mm, the outer diameter r2
= 35.5mm, and the effective width of MR fluid w = 7.5mm.
The damping force of JWSRD can be calculated according
to the structural parameters of MRD [17]. When there is no
external magnetic field, MR fluid presents the
characteristics of low viscosity Newtonian fluid. At this time,
the braking torque To of JWSRD is expressed as follows:
T Arnwir o 1)

2 2 2
L —-n

while n = 0.28Pa'S is the viscosity of the MR fluid without
magnetic field and w is the rotational speed of the rotor.

When the magnetic coil is energized, the MR fluid
appears as a Bingham fluid with variable yield strength, and
the strength of the magnetic field determines its yield
strength. In this case, the braking torque T of JWSRD is
calculated as follows:

while 18 is the yield stress produced by the external
magnetic field, and the size of 18 is related to magnetic
induction intensity B, and the size of magnetic induction
intensity is related to the size of magnetic coil current I. The
relation between the yield stress 18 generated by MRD
under the influence of external magnetic field and current |
is shown in Tab. 1. The mathematical relationship between
the two can be obtained by fitting, as shown in Fig. 3. The
expression is as follows:
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Fig. 3: The fitting result of yield stress and current
magnitude.
Tab. 1: Yield stress at different electric currents.
Index 1 2 3 4 5 6 7 8 9 10 11
Electric current (A) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Yield stress (KPa) 0 147 409 699 993 126 1473 1623 1774 1905 199.7

The braking torque of JWSRD after energizing is
composed of two parts. Ts is the minimum torque of its
rotation, and its magnitude is related to the magnitude of
energized current, but independent of rotation. Tw is the
viscous damping of torsional degrees of freedom generated
by the viscosity of MR fluid after its rotation.

By Eq.(2) and JWSRD design size can calculate the
braking torque changes, such as Fig. 4 for braking torque
when the input current is 0.5 A trend along with the change
of angular velocity. At 0~7.149Nm, JWSRD does not rotate.
When the joint force is greater than Ts = 7.149Nm, JWSRD
begins to vibrate with joint vibration, and the braking torque
changes with the angular velocity of joint vibration.
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Fig. 4: Change of braking torque with angular velocity.

Taking the current | = 0.1-1.0A as an example, the
braking torque of JWSRD is simulated according to Eq. (2)
. In order to verify the correctness of the theoretical
calculation of braking torque, the braking torque is tested
under the same parameters. The test platform is shown in

Fig. 5, the test results are shown in Tab. 2, and the
theoretical calculation and measured results are compared
in Fig. 6. The results show that the experiment is in good
agreement with the theoretical calculation, and the
calculation formula Eq. (2) of braking torque can accurately
reflect the actual braking torque.
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Fig. 5: Brake torque test platform.
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Fig. 6: Comparison of theoretical and experimental results.
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Tab. 2: Barking torque at different electric currents.

Index 1 2 3 4 5 6 7 8 9 10 1
Electric current (A) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Barking torque (Nm) 0.17 087 240 409 582 738 862 951 1039 11.16 11.70

3 JOINT BRAKE COEFFICIENT DERIVATION
AND ROBOT END VIBRATION SIMULATION

3.1 Joint braking coefficient under JWSRD

According to the structural characteristics of the robot,
the kinematics model was established by D-H method, and
the force Jacobian matrix was obtained, so as to realize the
mapping from the end of the exciting force to the joint
space. According to the D-H method, considering its
parallel four-link mechanism, the link coordinate system is
established, as shown in Fig. 7, and D-H parameters are
shown in Tab. 3. Based on the link coordinate system in
Fig. 7, the Jacobian matrix J(q) is calculated by using the
cross-product method.

Fig. 7: Robotic link coordinate system.

In robotic milling, the exciting force and vibration at the
end will be transferred to the joint, thus causing the overall
structure of the robot to vibrate, which is manifested as low-
frequency vibration or even low-frequency chatter [5]. The
vibration velocity and exciting force of the robot end can be
mapped to the joint space through the Jacobian matrix, as
shown below:

{qv =J7(a)v.
M(t) =3 (a)F(t)

where Jr(q) = J7(q) is the Force Jacobian matrix, qv=[ gv.1,
Qv.2, Qv.3, Qv.4, Qu5, Qu,6]" represents the vibration velocity of
each joint, Ve = [Vex, Vey, Vez, Vewx, Ve, wy, Vewz]' represents
the linear and rotational vibration velocity of the x, y, and z
direction of the robot end, M(t)= [Ma(t), M2(t), Ms(t), M a4(t),
Ms(t), Ms(t)]" is the torque of each joint, and F(t) = [Fx(t),
Fy(t), Fz(t), Mx(t), My(t), M(t)]T represents the exciting force
and torque of the robot end in three directions.

As a passive vibration suppression device with Bingham
fluid characteristics, JWSRD will rotate only when the
torque applied reaches the critical value of its minimum
shear stress, otherwise it will behave as an ordinary elastic
body. When the joint is the absolute value of torque |Mi(t)]
not greater than the braking torque T, joints affected by
JWSRD without vibration, the actual joint vibration velocity

(4)

d,; (t)= 0. When the absolute value of the torque |Mi(t)|

exerted on the joint is greater than the braking torque T,
JWSRD rotates, and the braking torque is related to the
rotation speed, as shown in Eq. (2). At this time, the
equivalent force on the joint is [Mi(t)| - T, and the direction
of braking torque T is opposite to the direction of the force
on the joint Mi(t), and is always less than or equal to the
force on the joint. When the dynamic characteristics of the
system are unchanged, the vibration velocity of the joint is
proportional to the force on the joint, and the actual vibration
velocity of the joint decreases proportionally to the
equivalent force exerted on the joint. The attenuation rate
aq,i is related to the torque exerted on the joint Mi(t) and
braking torque T, which is hereinafter referred to as the joint
braking coefficient, expressed as follows:

‘Mi (t)‘_T
au=l M MOPT ®
0 M, (1) <T

Therefore, considering the braking effect of IWSRD, the
actual joint vibration can be calculated as follows:

C~Iv,i (t) = qv,i (t)aq‘i’ I :1 - 6 (6)
Tab. 3: D-H parameters of robot (ABB IRB6660).

Link i (n:’r"n) (;’;1) ai1 (rad) 0 (rad)
1 0 0 814.5 ar
2 300 -m2 0 G2 - 12
3 0 0 0 gs- Go- 2
a 500 0 0 g2- Q3+ /2
b 700 0 0 Gs- Go+ T2
c 50 0 0 il
4 280 -2 893 g
5 o e 0 gs
6 0 -m2 200 go— 112

3.2 Simulation of robot end vibration suppression
under harmonic excitation based on joint brake
coefficient

Considering the joint braking coefficient expression of
JWSRD as shown in Eq.(5), the joint braking coefficient
represents the braking effect of JWSRD on the vibration of
each joint under any posture. In order to evaluate the end
vibration suppression effect of JWSRD, a simulation model
of end vibration suppression should be established based
on the joint braking coefficient.
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The corrected joint vibration velocity can be mapped to
the end of the robot through the Jacobian matrix, so as to
obtain the real end vibration velocity. The expression is as
follows:

v, =J(a)g, @)

T
where vez[v (175 AR VA AR :' represents the

ex? ey’ "ez! "e,wx! "ewy! "ewz

linear and rotational vibration velocity of the robot end of x,
y, and z directions considering the braking effect of

~ ~ . ~ ~ ~ ~ T
JWSRD! and qv:|:qv,1’qv,2’qv,3'qv,47qv,5'qv,6] represents

the vibration velocity of each joint considering the braking
effect of IWSRD.

In order to verify the suppression effect of JWSRD on the
robot end vibration, a harmonic excitation force Fe(t) =
[Aesin(2Trfet), Aecos(2Trfet), O, O, 0, 0] with amplitude Ae and
frequency fe is assumed to be applied to the robot end. Joint
force expression can be obtained by simultaneous Eq.(4)
as follows:

Jen Jen
ez Jem
Jes Jras Sin(2”fet)
M(t)=J F(t)= o L 8
() F(q) () A Jran Jeos |:C05(2”fet) ®)
Jess  Jrss
_jF,16 jF,ZG_

The braking torque expression is shown in Eq.(2). As
shown in Fig. 4, the viscous damping of the JWSRD is very
small. For the convenience of analysis and calculation, the
influence of this term is ignored. Combined Eq.(2) —-Eq.(8),

it can be seen that the robot end vibration velocity V,

considering JWSRD is a function of resultant direction
(time), amplitude and frequency of harmonic excitation
force, robot posture, current magnitude, and robot end

vibration velocity v, without considering JWSRD. Braking
effect can be expressed as follows:

v
—_ e _
A= v _[ax c‘(y az a(ux awy awz] (9)
e

where, ai(i = X, y, z, wx, wy, wz) represents the braking
coefficient in each direction under the action of JWSRD,
and is a function of the resultant direction, the amplitude
and frequency of the harmonic excitation force, the robot
attitude and the current magnitude.

In order to verify the braking effect of JWSRD, the
parameters shown in Tab. 4 are brought into the simulation
calculation, and the robot configuration is shown in Tab. 5.
The braking coefficient varying with the direction of
resultant force under harmonic excitation is shown in Fig. 8.
Fig. 8. (a) shows the variation law of three-way braking
coefficient of Group B, and Fig. 8. (b) shows the variation
law of three-way braking coefficient of Group D. In fact,
since the direction of the resultant cutting force changes all
the time in milling, the braking coefficient which changes
with the resultant force direction in Fig. 8 does not have a
clear guiding significance in milling. In order to guide
processing, the average braking coefficient within a
changing period is used to represent the braking effect
under the simulation parameters. The braking effect of
Group B is obtained as ax = 0.6383, ay = 0.8076, a; =
0.5385. The braking effect of Group D is ax = 0.8700, ay =
0.9447, a; = 0.8251.

Tab. 4: Simulation parameters.

Spindle speed Electric current

Index
(Rpm) (A)
Group A 0
Group B 600 0.8
Group C 0
Group D 1200 0.8
Tab. 5: Robot configuration.

Axis1 Axis2 Axis3 Axis4 Axis5 Axis6
© ©) ) ©) ©) )
28.23 4.83 48.24 3572 -54.07 -22.88
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Fig. 8 : Braking coefficient varying with the direction of
resultant force. (a) Spindle speed = 600rpm, (b) Spindle
speed = 1200rpm.

4 EXPERIMENTAL VERIFICATION OF
VIBRATION SUPPRESSION EFFECT BASED
ON OFFSET MASS EXPERIMENT

Based on the simulation results of Section 3.2, offset
mass experiments were carried out in this section to further
verify the vibration suppression effect of JWSRD. In the
experiment, a rotating offset mass is attached to the end-
effector of the robot to achieve the specified harmonic
excitation, and then the robot is induced to vibrate. The
offset mass is 0.072kg, and the offset distance is 25.0mm.
When the spindle rotates at a constant speed, there will be
a centripetal force acting on the spindle of a certain
magnitude. The force can be modeled as a sine wave with
respect to a fixed reference frame, whose period is the
spindle speed period. 3D scanning laser Doppler
vibrometer (Polytec PSV-500-3D-H) was used to test
vibration signals in the experiment. Experimental settings
are shown in Fig. 9.

The offset mass experiment adopts the spindle speed of
600rpm and 1200rpm respectively, corresponding to the
excitation frequency of 10Hz and 20Hz respectively. The
robotic configuration is shown in Tab. 5. In the experiment,
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the robot end vibration signals of JWSRD under energized
and unenergized states were respectively tested, and the
measuring point was set on the actuator. According to the
simulation prediction results, the Z-direction vibration
suppression effect was the most obvious, so the Z-direction
test results were taken as an example to analyze the
experimental results. The Z-direction vibration velocity
signal of the robot end obtained from the test is shown in
Fig. 10, where Fig. 10. (a) are the experimental results
under the parameters Group A and Group B, and Fig. 10.
(b) are the experimental results under the parameters
Group C and Group D. In order to observe the end vibration
suppression effect of JWSRD more clearly, the frequency
domain signal of the robot end of Z-direction vibration
displacement signal was tested, as shown in Fig. 11.

Robot (ABB
IRB6660)

3D scanning laser "7 ]
Doppler vibrometer ';

Fig. 9: Experimental settings.
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Fig. 10: Z-direction vibration velocity signal of the robot
end. (a) Group A and B, (b) Group C and D.

As can be seen from Fig. 11. (a), there is only a vibration
frequency of 10Hz in the vibration spectrum at 600rpm,
which is consistent with the excitation frequency. By
comparing the vibration test results with and without
JWSRD enabled, it can be seen that the forced vibration of
the system can be effectively suppressed, with a vibration
suppression ratio of about 40.08%. At this time, the braking
coefficient is 0.5991, which is close to the predicted result

(a2 =0.5385). It can be seen from Fig. 11. (b) that there are
multiple vibration frequencies in the vibration spectrum at
1200rpm, where the forced vibration frequency is 20Hz,
15Hz is the modal frequency of the robot excited by
harmonic excitation at this time, and 35Hz is the sideband
frequency arising from the modulation between the forced
vibration frequency and the modal frequency [5, 18]. It can
be seen that JWSRD has a certain suppression effect on all
types of vibration, the vibration suppression ratio is about
22.64%, and the braking coefficient is 0.7736, which is
close to the predicted result (a; = 0.8251).
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Fig. 11: Z-direction vibration displacement spectrum signal
of the robot end. (a) Group A and B, (b) Group C and D.

To sum up, JWSRD can play a certain role in suppressing
vibration regardless of whether the system modal frequency
is excited by external excitation sources, and it has a certain
consistency with the conclusion of the simulation analysis
model. Experiments show that JWSRD installed on robot
joints has the potential to enhance structural rigidity, reduce
machining vibration and improve machining efficiency. The
proposed simulation model also has a certain accuracy,
which can provide theoretical guidance for optimization of
vibration suppression effect.

5 CONCLUSION AND FUTURE WORK

In this paper, a JWSRD based on MRD is proposed,
which is used to enhance the rigidity of robot structure and
suppress vibration. Simulation and experiments show that
the device can suppress all kinds of vibration, including
forced vibration and excited modal frequency vibration.
Based on the research in this paper, the following
conclusions can be drawn:

1. The vibration suppression effect of JWSRD has a
strong correlation with the excitation direction and
frequency, and the experiment shows that JWSRD is
better at the suppression of low-frequency vibration.

2. When the modal frequency is excited and there are
both forced vibration and self-excited vibration,
JWSRD still has a good vibration suppression effect,
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and the amplitude of forced vibration and self-excited
vibration is observed to decrease in the experiment.

3. The proposed device does not affect the flexibility of
the robot and can be used as a new idea to enhance
the stiffness of the robot structure.

Further research and experimental verification are
needed to analyze the relationship between JWSRD
vibration suppression effect and robot configuration and
current magnitude, the optimization of JWSRD vibration
suppression effect dependent on robot configuration, and
the effectiveness analysis of JWSRD in milling, which will
be carried out in the future work, so as to extend JWSRD to
vibration suppression in robotic milling.
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