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Abstract. Translating robot manipulators (TRMs) especially flexible translating robot
manipulators (FTRMs) have been actively used in takeout robots, beam-type substrate transport
robots and manufacturing machines and it remains that the end-effector on robot arms should have
a good operating accuracy. Due to the coupling effect, such as motor parameters and mechanism
inertias, the motions of the driving stage exhibits certain disturbances especially in high speeds.
Considering the influence of the motion disturbances, this paper models the motions of the driving
stage as harmonic driving motions and in this case the FTRM is similar to a parametrically excited
system. The multiple scales method is applied to obtain the stability conditions for the motion
disturbances. Based on the established coupling dynamic model, the influences of the motion
disturbances on the vibration behaviors and the stability are investigated. Moreover, considering
the actual motion characteristics of the driving stage with varied accelerations and velocities, the
effect mechanism between the motion characteristics and motion disturbances are subsequently
studied. According to this effect mechanism, the influence of the motion disturbances can be
suppressed through motion optimizing, which is meaningful for motion optimizations and
vibration controls of the FTRM. An ADAMS physical prototype is constructed to verify the
dynamic model and theoretical analysis results, and the results have a good agreement.

Keywords: translating robot manipulators, dynamic, motion disturbances, parametrically excited
system, stability, multiple scales method.

1. Introduction

Translating robot manipulators (TRMs) are widely used in various industrial applications, such
as takeout robots, also known as injection-molding machines [1], beam-type substrate transport
robots [2, 3] and manufacturing machines [4]. Driven by the driving unit, the end-effector clamped
on the arm can execute the corresponding tasks, such as takeout of materials, metalworking, and
assemblage and package of tiny parts. In most time, the executing tasks and objects are tedious,
tiny and even dangerous, which remains that the end-effector should have a good executing
accuracy and longtime service life [5,6]. To achieve this target, rigid translating robot
manipulators (RTRMs) are accordingly constructed in a manner of maximizing the stiffness by
using heavy materials and bulky structure designs [5, 7]. As a consequence, these RTRMs are
relatively heavy which will limit the operation speed and contradicts the purpose of improving the
productivity and energy utilization efficiency.

With the urgent request of high productivity, flexible translating robot manipulators (FTRMs)
are actively developed and received increasing attentions in these and other fields [5, 8-12].
Compared with RTRMs, FTRMs have light weights and flexibilities and can meet the purpose of
high productivity and energy utilization efficiency. It should be noted at the same time that, due
to the damp and stiffness are generally lower, the FTRM surfers an issue about residual vibrations
of its arm which are inevitable when executes the operation tasks, for example changes its position
by suddenly translating following a command input, and significantly affect the operation
precision and service life of the end-effector [5, 8]. Without controlling, the vibrations will persist
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for a period of time and consequently delay the subsequent operations and restrain the operating
efficiency. Specially, if the FTRMs are used for micro surgeries, these residual vibrations may
cause surgery failures and even life deaths [10-12]. Thus, the dynamics especially the vibration
analysis of FTRMs is of significance for maximizing their advantages in engineering applications.

The detailed TRMs in takeout robots, beam-type substrate transport robots and manufacturing
machines are Cartesian types which have translating and deploying motions. Each FTRM can be
modeled as a flexible link with a translational base support [13], which can be clearly seen in
[1, 14-18]. In these literatures, the motions velocities or accelerations of the ball-screw stage are
regarded as constant without any fluctuations during the dynamic modeling and vibration
controlling of FTRMs. In order to talk about this, a schematic diagram of the FTRM is presented in
Fig. 1, in which only the translating motions are shown. Here, the arm clamps the end-effector
and is driven by a ball-screw stage with motor driving. We can see that the FTRM is a typical
electromechanical system containing drive, sensing and mechanical components. Due to the
coupling effect of motor parameters and mechanism inertias, the motion velocities and
accelerations of the ball-screw stage are not the ideal constant status and exhibit certain
fluctuations especially in high speeds [13], which are relatively common in elastic linkage
mechanisms [19-22] and however the related studies for robot manipulators are still limited. Lee
[23] indicated that due to the unbalance mass of motor in different rotational speeds, the machine
platform will surfer disturbances and varying excitation frequencies. Tuttle [24] discovered that
the motion error mainly aroused by backlash between the splines. Thus, in the dynamic modeling
and vibration investigating of FTRMs especially using harmonic drive, the motion disturbances
of the driving stage should be considered, and ignoring the motion disturbances will cause an error
and cannot reflect the actual dynamics of the FTRM especially for which need certain accuracies.

moving slider end-effector

/ robot arm
A

Translating
motions
| — ball-screw

-

T coupler
motor

Fig. 1. Schematic diagram of the FTRM

In this paper, we will consider the motion disturbances of the driving stage during the dynamic
modeling and vibration behaviors investigation of the FTRM. In this case, the driving stage
conveys disturbance excitations. Through investigating the influence of the motion disturbances
on the vibration behaviors and stability, as well as the effect of motion characteristics of the
driving stage on the motion disturbances, we attempt to obtain some meaningful results for further
vibration control and driving optimization of the FTRM. The remainder of this paper is structured
as follows. In Section 2, the dynamic model of the FTRM with motion disturbances is constructed,
and the stability conditions for the motion disturbances are derived based on the coupling dynamic
model. The coupling vibration characteristics of the FTRM are investigated in Section 3 as well
as the results are presented and discussed. In Section 4, this paper is concluded with a brief
summary.

2. Dynamic model of the FTRM
2.1. Vibration displacements equation

As indicated in Fig. 1, the FTRM is a typical electromechanical system. During the tasks
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executing, the dynamics of the flexible link and end-effector accordingly coupled by the dynamic
behaviors of the ball-screw stage. As detailed in former, due to the influence of motor parameters
and mechanism inertias, the driving motions of the driving stage will exhibit certain disturbances.
According to [20-22], the motion disturbances have the features of harmonic functions. In [25],
these harmonic drive motions are stated as the form of sinusoidal functions. Inspired by this, the
harmonic functions can be expanded as the form of Fourier series. To simplify the analysis, we
use sinusoidal functions to describe the harmonic functions. In this case, the driving motion of the
driving stage can be written as:

s(t) = so(t) + ysinet, (1)

where y and € denote the amplitudes and frequencies of the harmonic disturbances, respectively;
So(t) denotes the ideal constant motion of the driving stage which is generally considered in
existent literatures. It can be obtained from Eq. (1) that the driving motion of the driving stage not
only conveys the harmonic disturbances, but also can reflect the actual motion characteristics of
the FTRM, which can be used to investigate the influence of the motion disturbances as well as
the effect mechanism between the motion characteristics and the disturbances. Based on this, the
dynamic model of the FTRM can be described in Fig. 2. Here, the arm is modeled as a flexible
link with an end-effector, the driving stage has translating harmonic driving motions. Under
harmonic excitations, the system is similar to a parametrically excited system [26] which is
commonly reported in investigations of beams and plates with parametric excitations [27-30].

I
driving stage

flexible link P
A T
> X

s(t)=s,(t)+ysinet
Fig. 2. Dynamic model of the FTRM

Driven by the driving stage, the flexible link and the end-effector can execute the tasks. To
investigate the elastic deflections and vibrations during the executions, assumptions are made that
the flexible link satisfies the Bernoulli-Euler Beam assumptions and the transverse vibrations in
the x-y plane are the primary motions.

The absolute displacement of the end-effector can be expressed as:

y(x,t) = s(t) + wix, t), (@)

here w(x, t) denotes the transverse vibration displacements of the flexible link and, according to
the assumed modes method [31], can be expressed as:

n—-oo

W = ) ¢ (aio), &)

i=1

where q;(t) denotes the ith generalized co-ordinate, ¢b;(x) denotes the ith orthogonal mode
shapes and can be given as:

sinw;L + sinhw;L

¢;(x) = sinw;x — sinhw;x — cosw;x — coshw;x), @)

cosw;L + coshw;L
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where w; denotes the ith natural frequency of the FTRM, L is the length of the flexible link.
The kinetic energy of the FTRM can be written as:

1 - 1 (* 2
T =—mgs +EJ pAy/? dx, (5)
0

where p is the mass density, A is the cross-sectional area, A = b X h, b and h are the width and
the thickness, respectively, mg is the mass of the moving slider of the driving stage, () denotes
the time derivative, y; denotes the partial derivative of y(x,t) with respect to t. Here, the first
part represents the kinetic energy of the moving slider while the second part represents the kinetic
energy of the flexible link.

Combining Eq. (2), Eq. (5) can be further expressed as:

1 . 1t .
T = Emss2 + Ef PA(S + w()? dx, (6)
0

where w,; denotes the partial derivative of w(x, t) with respect to t.
The potential energy of the FTRM mainly considers the bending elastic potential energy of the
flexible link and can be written as:

1 L
V= EJ- EIw)2 dx, (7
0

where E is Young’s modulus, / is the cross-sectional moment of inertia about the neural axis,
I = bh3/12, wy,, denotes the second order partial derivative of w(x, t) with respect to x.
To established the dynamic model, the Lagrangian function is introduced and written as:

U=T-V, ¥

and according to Hamilton’s principle [32], Eq.(8) satisfies following condition:

t t

1) Uudt = S(T-V)dt=0, 9)
to to

where:

t1 t1 1 1 L
§| Tdt= J ) [—mss‘2 + —j PA(S + wi)? dx] dt
to 0

to 2 2
ty L (10)
= —f J- PA(S + w,) dxdtdw,
to 0
where w{; denotes the second order partial derivative of w(x, t) with respect to t:
t1 ty 1 rt ty L whow!
§| vat =f 5[—[ EIw} dx] dt =f f EI == dxdtsw, (11)
t ¢ 2Jo to Y0 Wx
0 0 0

where w;, denotes the partial derivative of w(x, t) with respect to x, wy,, denotes the third order
partial derivative of w(x, t) with respect to x.
Substituting Egs. (10) and (11) into Eq. (9):
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f _ ok . ’ ok W)waaéxx
6| Udt=-— PA(S + wyp) dxdtéw — El ————dxdtéw
to to Y0 to Y0

Wx
ty L ’ ! (12)
. ’ WiexWaxx
= —j J [pA(s +wi) + EI—,] dxdtéw = 0,
to Y0 Wy
it can be obtained that:
Wi Wy,
PAG +wi) + EI——"==0. (13)
Wx
Combining Eq. (3), Eq. (13) can be further written as:
pAS + pA¢lql + Elwi4¢iqi = 0, i= 1, 2, e, N (14)

Multiplying Eq. (14) with ¢; and subsequently integrating the equation along the length
direction, result can be obtained that:

L
f ¢J(pAS + pA¢lql + Elwi4¢iqi)dx = 0, ] = 1,2, e, N (15)
0

According to the orthogonality of mode shapes [15, 33], the vibration displacements equation
of the FTRM can be obtained as:
m;

Gi + w?q; = _p_AS (16)

where m; = fOL pAg; dx.

It can be obtained from Eq. (16) that the vibration displacements of the FTRM are related with
the actual motion characteristics of the driving stage.

Substituting Eq. (1) into Eq. (16), result can be obtained as:

m.
i; + w;%q; = _p_/; (8g — y&?sinet). 17)

Eq. (17) further reveals that the vibration responses of the FTRM is influenced by the motion
disturbances and related with the actual motion characteristics of the driving stage. Therefore, to
conduct an accurate dynamic analysis of the FTRM, the motion characteristics and disturbances
of the driving stage should be comprehensively considered. To investigate the influence of the
motion disturbances and the effect mechanism between the motion characteristics and
disturbances, this paper considers the situations that the driving stage having average accelerations
and velocities.

The driving motion of the driving stage can be described as:

1
s(t) = Eat;2 + ysinet, (18)

here a denotes the ideal average acceleration which is generally considered in existent literatures.
Combining Egs. (17) and (18), the vibration displacements equation of the FTRM can be
further expressed as:

m'
G + wiq; = —pj (a —ye?sinet). (19)
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Via Duhamel integral [31], the response of the FTRM can be obtained as:
m; ¢
q;(t) = B;j;cosw;t + B,;sinw;t — —f (a — ye?sinet)sinw; (t — 17)dT, (20)
pAw; J,
where B;; and B,; are coefficients determined by initial conditions which can be determined as:
B—pAfL OdB—pAfL’Od 1)
1 — ML' o W(x' )¢l X, 2 _Miwi o Wt(x’ )¢l X,

where M; = fOLpA¢l-2 dx.

Assigning a = 0 in Eq. (20), the situation is that the driving stage having an average velocity.
We can see that Eq. (20) contains the coupling effect of motion disturbances and motion
characteristics. Thus, through assigning varied motion accelerations and velocities, the influence
of the motion disturbances on the vibration behaviors as well as the effect mechanism between the
motion characteristics and the motion disturbances can be investigated.

2.2. Stability conditions

It is known that when the disturbance frequencies are near the main resonance frequencies, the
parametric resonances will be aroused [26, 34]. The multiple scales method is employed to obtain
the stability conditions for the motion disturbances. The g in Eq. (19) can be expressed as:

q(t, @) = qo(To, Ty) + aqo(Ty, Ty) + 0(a?), (22)

here Ty = t denotes the fast scale characterizing motion, and T; = at denotes the slow scale
characterizing motion.
Substituting Eq. (22) into Eq. (19), it can be obtained as:

0%q, m
—2 4t wiqy+—a=0, 23
ar,2 T T ha (23)
0%q, 5 0% m

=2 — ye?sinet. 24
o1, +wqy T, aT, + o ye“sine (24)

A detuning parameter o is introduced to quantify the deviation of € from w,,, and in this case
€ can be described as:

£ = w, + ao, (25)

where w,, is the nth natural frequency of the FTRM.
To investigate the parametric responses, according to [35], the solution of Eq. (23) can be
expressed as:

Qo = Ba(T)e ™ + B, (Ty)e~'nTo, (26)

Substituting Egs. (25) and (26) into Eq. (24), and expressing the trigonometric functions in
exponential form yield:

62Q1
aT,>

2 i ’ 1m ioT; iwnT
+ wpqy = —iwy (2B, + 2pA Y @ne T et + cc + NST, (27)
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where the dot denotes the derivation with respect to the slow time variable Ty, cc denotes the
complex conjugate of all preceding terms on the right hand, NST stands for the terms that will not
bring secular terms into the solution.

The solvability condition demands the orthogonal relationships [36]:

> 1m ioT:
<23n oo grene ™, ¢n> - 0. (28)

Applying the distributive law of the inner product to Eq. (28), it can be obtained as:

> 1m ioT;
B, + Zp—Aya)ne 1=0. (29)

According to [29] and [37], the stability boundary can be similarly expressed as:

1m
=4+-— . 30
o _4pA|wn|V (30)

3. Coupling vibration characteristics of the FTRM

In this section, numerical simulations are conducted to investigate the coupling vibration
characteristics of the FTRM. As shown in Figs. 1 and 2, we use a flexible link to model the arm
of the FTRM in the numerical simulations. Properties of the flexible link are length L = 575 mm,
width b = 28 mm, thickness h = 1 mm, Young’s modulus E = 197 GPa, volumetric density
p = 7850 kg/m* and Poisson’s ratio u = 0.26. In the computations, the initial conditions are
assigned w(0.575,0) =-0.001 and w,; (0.575,0) = 0.001, respectively.

Fig. 3 shows the steady-state vibration responses of the FTRM. It can be seen that for the
driving stage having velocity motions and acceleration motions, the motion disturbances have
noticeable influence on the vibration responses. The response amplitudes are obviously bigger
than the ideal status which ignores the motion disturbances. This indicates that the motion
disturbances will enlarge the vibration responses of the end-effector and arouse certain error
during the analysis.

3

5
XX 10 T T T T T T T T T x10

= Without motion disturbances
[ = With motion disturbances

| = Without motion disturbances
= With motion disturbances

A
RAAAR

L L L L R L L L L L
1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2

@

L L L L
0 0.2 0.4 0.6 0.8

1
1(s) (s)
Fig. 3. Steady-state vibration responses of the FTRM: a) a = 0.1 m/s?; b) v = 0.01 m/s

Fig. 4 further presents the influence of disturbance frequencies € and disturbance amplitudes
y on the vibration responses of the FTRM. It can be obtained that, response amplitudes A increase
with € and y, and when ¢ is near the main resonance frequencies, the response amplitudes enlarge
obviously and arouse resonances. The stability boundaries for the first three principal resonances
in plane o-y are shown in Fig. 5.

From Figs. 3 and 4, it can be obtained that disturbance frequencies and the disturbance
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amplitudes all have a considerable influence on the vibration responses. To compare the effect of
the disturbance frequencies and disturbance amplitudes, Fig. 6 exhibits vibration responses of the
FTRM under acceleration motions and velocity motions with different disturbance frequencies
and disturbance amplitudes. The average acceleration and velocity are assigned a = 0.1 m/s? and
v =0.01 m/s. It can be obtained that the response amplitudes increase with y and ¢, this is
consistent with Fig. 4; moreover, the situations of y = 0.003, ¢ =5 and y = 0.001, € = 15 reveal
that the influence of € is more pronounced than y, which indicates that the effect of disturbance
frequencies is more noticeable than that of disturbance amplitudes and should be mainly
considered in following dynamic analysis.

0.05 ! : : ; ; ; ; ; ; 0.04 ,

oosst (@) @3 (b)

0041 0035
0.035

= 0.03f
0.031

0.025F
0.0251

0.02

0.015 I I I I I I I I I 0.02 . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50 -0 0.001 0002 0.003 0004 0005 0.006 0007 0008 0009 001
& (Hz) y (mm)

Fig. 4. Influences of disturbance frequencies and disturbance amplitudes on the vibration responses

0.1 0.1 0.1
2nd 3rd
0.08 1 0.08 1 0.08
0.06 1 0.06 1 0.06
~
0.04 1 0.04 1 0.04
0.02 1 0.02 1 0.02
-(?.04 -0.02 0 0.02 0.04 -?).l -0.05 0 0.05 0.1 -%.2 -0.1 0 0.1 0.2

o

Fig. 5. Stability boundaries for the first three principal resonances

It is known from Fig. 3 that during the motions of FTRM, the motion disturbances have
noticeable influence and enlarge the vibration responses of the end-effector which will decrease
the operation accuracy and service life of the system. According to Fig. 6, it is further indicated
that the disturbance frequencies are the more significant factor and should be mainly considered.
Accordingly, with the purpose of suppressing the influence of the disturbance frequencies and
giving some useful suggestions for further vibration controls, Fig. 7 further studies the effect
mechanism between the disturbance frequencies and motion accelerations and velocities. During
the analysis, the disturbance amplitude is assigned y = 0.001 while the varied disturbance
frequencies are assigned € =0, ¢ =5 and € = 15.

Firstly, Fig. 7 indicates that the response amplitudes increase with disturbance frequencies,
which is consistent with Figs.4 and 6. Moreover, it can be obtained from Fig. 7(a) that for smaller
motion accelerations, the vibration responses with motion disturbances are significantly different
with the ideal status which ignores the motion disturbances (¢ = 0) and have a noticeable error;
with motion accelerations increasing, the error decreases and the vibration responses of different
disturbance frequencies all gradually approximate with the ideal status of € = 0. This indicates
that larger motion accelerations have suppressing effect on the influence of the disturbances
frequencies and this can advise the motion control of the driving stage. From Fig. 7(b), it can be
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obtained that the vibration responses of different disturbance frequencies have noticeable error
with the ideal status (¢ = 0); moreover, with motion velocities increasing, the vibration responses
remain unchanged, which reveals that the motion velocities have no effect on the influence of
motion disturbances. This effect mechanism between the disturbance frequencies and motion
accelerations and velocities further indicates that the motion characteristics of the driven stage
have influence on the dynamics of the FTRM and through motion optimizing of the driving stage,
the influence of the motion disturbances can be suppressed, for example within the permission of
conditions, the driving stage should utilize larger motion accelerations to execute tasks, which is
meaningful for motion optimizations and vibration controls of the FTRM.

005 ‘ 7 0, \ \

o 70003 655 | — 120003 &=5
0,001 =15 002~ 70.001 &=15 1
00155 — 003 15 — 7=0.003 &=15

0.01F
0.005

Lh
=

-0.005F
001

001F
-0015F 0.028
0020

(b)

0025 . . . , \ \ \ \ \ 0.03 . , . . \ . \ \ \
0 . . :

1 12 1.4 1.6 1.8 2 0 0.2 04 0.6 0.8 1
t(s) 1(s)
Fig. 6. Comparison of the disturbance frequencies and disturbance amplitudes on the vibration responses:
a)a =0.1 m/s’; b) v =0.01 m/s

0.16 : : : : : : 0.014
0.14r = =0 @ 0012 =——e=0 (b)
0.2 , &
0.01F = =15 |
0.1 |
0.008F ,
~ 0.08F 1 <
0.006F N
0.06F N
0041 {0 ]
0.02k 4 o000 ,
’ , , \ , , . o , \ \ \ \ ,
0 0.1 0.2 0.3 04 05 0.6 0.7 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

a (m/s?) v (m/s)
Fig. 7. Effect mechanism between the disturbance frequencies and motion characteristics:
a) acceleration motions; b) velocity motions

4. ADAMS prototype and experimental validation

As indicated in Fig. 1, under harmonic excitations, the FTRM system is a parametrically
excited system. It should be noted that existent researches about parametrically excited system are
mainly theoretical analysis and few related experimental investigations are conducted. In this
section, to verify the established coupling dynamic model and analysis results, an ADAMS
prototype of the FTRM is constructed. As shown in Fig. 8, to simplify the physical modeling, the
flexible link is modeled as a flexible body, the moving slider of the driving stage is modeled as a
solid mass which is assigned translating motions, and the restrain condition between the flexible
body and solid mass is defined as fixed. The properties of the physical model are consistent with
that of the numerical simulation.

Fig. 9 shows the vibration responses with varied motion accelerations and velocities. In the
experimental simulations, the motion disturbance is assigned y = 0.001, € = 15. It indicates that
the response amplitudes decrease with accelerations increasing and present a minor change for
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different motion velocities, which reveals that larger accelerations have suppression effect on the
motion disturbance while motion velocities have no effect on the vibration responses. This change
trend is consistent with the theoretical analysis in Fig. 7.

B Simulation Control ]

=p] S|V
[[Eretme o0
e —
Sim. Type [Defar -]

I Start at equiibrium

flexible link

™ Reset before unning

T —
1 A ) b= 1| )
= =

! driving stage
W Update graphics display

@ Interactve C Scripted

2 & Hl K

z
L K Simulation Settings

Fig. 8. Prototype of the FTRM system
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@) )
) 0.5 | 15 70 05 ] 15
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Fig. 9. Validation of the effect mechanism between motion disturbances and motion characteristics:
a) acceleration motions; b) velocity motions

Considering the prototype has acceleration motions and velocity motions which are assigned
a =0.1 m/s?> and v = 0.01 m/s in the experimental simulations, Fig. 10 presents the vibration
responses with different motion disturbance status. It can be seen that the results of the physical
prototype are good agreement with the theoretical analysis. It should be noted that the results
exhibit a certain error especially in the initial stage, and this is mainly caused by the initial
condition and structural damping which are ignored in the dynamic modeling. But the effect
mechanism is well consistent.
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Fig. 10. Validation of the influence of motion disturbances: a) a = 0.1 m/s%; b) v = 0.01 m/s
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5. Conclusions

Considering the influence of motion disturbances which are actually existent in the driving
stage, this paper investigates the coupling vibration behaviors and stability of the flexible
translating robot manipulator (FTRM). The results indicate that the motion disturbances have
considerable influence on the vibration responses. For the driving stage having velocity motions
and acceleration motions, the response amplitudes are obviously larger than the ideal status which
ignores the motion disturbances, this indicates that the motion disturbances enlarge the vibration
responses of the end-effector and should be considered in the dynamic investigations. Moreover,
the response amplitudes increase with the disturbance frequencies and the disturbance amplitudes,
and the disturbance frequencies have a more noticeable effect than the disturbance amplitudes,
when the disturbance frequencies approach the main resonance frequencies, the response
amplitudes enlarge obviously and arouse resonances. The effect mechanism between the
disturbances and the motion characteristics reveals that larger motion accelerations have
suppression effect on the motion disturbances while the motion velocities have no effect.
According to this effect mechanism, within the permission of conditions, the driving stage should
utilize larger motion accelerations to execute the tasks and in this case the influence of the motion
disturbances can be suppressed, which can direct motion optimizations of the FTRM. The
theoretical analysis results are well consistent with that of the ADAMS physical prototype, which
reveals that the proposed coupling dynamic model can well reflect the dynamic behaviors of the
FTRM. In our further work, we will conduct the vibration suppressing through motion
optimizations and active vibration controls of the FTRM.
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