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Abstract. There are always clearances between the movement pairs in mechanical systems, which
will deteriorate the dynamical performance of these systems when they become larger than the
necessary size to allow their relative movement between the movement parts. In this paper, a
special linkage mechanism for excavation with two clearances was concerned, and the effects of
size of the clearance and the friction coefficient between the movement parts on the dynamical
performance were investigated by modeling and numerical analysis. It shows that, with the
increase of the friction coefficient and the size of clearance, the trajectory of mass center of
connecting rod does not change greatly, but the dynamic response, such as the angular velocity,
the impact force, and the load torque, will sharply increase, which may cause structure damage in
many cases. Therefore, in the design and manufacture of this kind of mechanisms, we should find
way to decrease the clearance and friction coefficient to ensure the dynamical performance.
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1. Introduction

Excavating instrument with low noise is one of the important equipments in civil engineering.
In the machine, clearance is inevitable, and its size will affect the dynamic response and noise.
Study on clearance of machine is of essential significance. Many works on dynamic response of
machine with clearance had been done by many scholars.

Different kinematic models with clearance are studied, assessing the actual configuration of a
mechanism with clearance-affected pairs [1]. Imed [2] studied the dynamic behavior of a planar
flexible slider-crank mechanism with clearance, using a contact model based on the
impact-function. Tsai and Lai [3], using the properties of reciprocal screws to determine the
instantaneous configurations, introduced a generalized method for error analysis of multi-loop
mechanisms with joint clearance. Joint clearance was treated as a virtual link to simplify the study.
Equivalent kinematical pair was used to model the motion freedoms furnished by the joint
clearances. Schwab [4] made a comparison between several continuous contact force models and
an impact model. The results showed that, both impact model and Hertzian contact force model
could predict the dynamic response of mechanisms and machines having unlubricated revolute
joint clearance including the peak values of the forces and position and velocity deviations due to
the clearance.

Flores [5] presented the dynamical analysis of mechanical systems considering joint with
clearance and lubrication. The numerical results pointed that the existence of dry joint clearances
caused high peaks on the kinematic and characteristics of dynamic system due to contact-impact
forces when compared to those obtained with lubricated model. Due to contact-impact forces
when compared to those obtained with lubricated model, the numerical results pointed that the
existence of dry joint clearances caused high peaks on the characteristics of kinematic and
dynamic system. In Hu’s research [6], the support structure and the supports were considered
flexible and the contribution from the flexible deformation to the clearance between the shaft and
the support was included in the shaft support interaction problem. The equation of final system
was non-linear [7-8]. Flores [9] analyzed the dynamic characters of multi-body system with pair
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clearance. Rhee [10-11] investigated the response of a revolute joint in a four-bar mechanism with
one clearance. The numerical results showed that nonlinearity depended on both the size of the
clearance and the coefficient of friction between the pin and bearing. Olyaei’s research results
showed that the system may exhibit chaotic behavior under specific conditions [12].

In this paper, the nonlinear dynamic characters of excavating system with two clearances will
be studied based on the references and research results. Our model will be established firstly, and
the dynamic equations are derived, then the response of excavating system with two clearances
will be analyzed. The effects of the size of clearance and the coefficient of friction will be
discussed respectively.

2. The dynamic model of excavating system with two clearances

The model of low-noise excavating system with two clearances is shown in Fig. 1. The
machine has two parts, and the left and right part have similar structure. For simplification, only
the right side is considered. OA is crank and BC is cutter head. There are clearances at A, between
the crank and connecting-rod, and B, between the connecting-rod and cutter head. [, L,, I5 are the
length of crank, connecting-rod and cutter head, respectively, L, is the distance from fixed point
O to contact point when the cutter head is at the equilibrium position. m,, m,, m5 are the mass of
crank, connecting-rod and cutter head, respectively. s;,s,,s; are the mass center of crank,
connecting-rod and cutter head, respectively. J;, and J; are the rotational inertia of crank about
fixed point O and mass center, respectively, J,, and J,5 are the rotational inertia of connecting-rod
and cutter head about mass center. The torque of crank is T, and the crushing torque between
crushed body and cutter head is M,3, the torsion induced by the distortion of spring in tangential
direction is M. 6,, 8, are the angular of crank and connecting-rod, 65 is angle of the engagement
line of cutter head and crushed body, 6, is the angle of the centre line of cutter head. The curvature
radius of crushed body is R;. x,,, Vs, are the projection of mass center s, of connecting rod in x
and y directions, the distance from shaft pin to shaft sleeve at A is e;, and e, at B.

C FJ:‘
Fig. 1. Model of excavating system with two clearances

Choose 84, 8,, 65, x5,, ¥s, as generalized coordinates, and o as the origin of the coordinates,
e1x €1y, €2x, €, are the projections of distance between shaft pin and shaft sleeve in x and y
direction. According to the geometrical relation, e; is expressed as follows:

1x = X2 — lycos0; — l,c0s0,,

. e
Pair A: ely = ySZ - llsin91 - lsZSiI’IGZ, (1)
Pair B: exx = lg — X5 — (I — Ix)cos8, — (R — I3)cosbs, @)
Teyy = (R = 13)(1 = sinf3) — ys, — (I — Ls3)sinb,.
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When the distance e; between shaft pin and shaft sleeve is smaller than the clearance r;, the
shaft pin does not contact the sleeve, that is, the free state; otherwise, when e; is larger than the
clearance r;, the shaft pin contacts the sleeve and the system is in contact. The criterion is that:

e;—1; <0, (i =1, 2), the free state,

e; —1; >0, (i =1, 2), the contact state. &)
The connected angle a; can be determined by:
eiy .
a; = arctan{— |, (i=1,2). 4

X

At the contact point, the relative velocity of shaft pin relative to craft sleeve in normal and
tangential direction is that:

Vi = €4,C08a; + é;ysina;, (i =1,2),

Vi = é,c08a; — é,sing; + (6; — 0;1,)R;, (i = 1,2). ®)
The nonlinear contact force according to Hertz modeling is that [12, 13]:
F, = {K1511-5 + CipV1n, 61 >0, Ft, = {flalFl"2 + Cyev1e, 6, >0, 6-7)
p 15 ?S% (});UF"+C v %15>0(;
FR = {10(,252 + ConVan, 52 Z 0: FL, = {02' 2f'32 + LoV, 52 g 0: (8-9)
where:
o= {11 ziﬁ i 8: T2 = {i1 Zjﬁ i 8: (10-11)

where FJy, Ff,, Fly, FL, are the contact forces at pair A and B in normal and tangential direction,
respectively. Ky, K, Ci, Can, C1t, Co, f1, f @re the stiffness coefficient, damping coefficient and
friction coefficient in normal direction in normal and tangential direction, respectively.

The projections of contact force at pair A in x and y direction are that:

Fiy = Flycosay + Fpsinay,

Fy5y = Flysina; — Ff,cosa. (12)
The projections of contact force at pair B in x and y direction are that:
F35, = Flbcosa, + Fi,sina,, (13)

F3,y = Fiysina, — Ff,cosa,.

Now the motion relationship, contact and force relationship are obtained.

The dynamical equations can be established according to d’Alembert’s principle. By
substituting the expressions of clearance and forces in formula (1)-(13) into dynamical equations,
the motion equations are obtained. Motion equation of crank is as follows:

—F21xllsin01 + leyllcosal + mlj}sllslcosgl - mljésllslsinel - T

. A 14
- Rl(Flzxslnal - Flzycosal) _15191 =0. ( )

The dynamic equations of connecting-rod are that:
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Fiox = F3px — ijisZ =0, (15)
Fizy — F33 — MyJs, = 0, (16)
Rz (F32x5i1’1a2 - F32yCOS(12) + lSZ (F12xsin92 - FlzyCOSHZ)
+ (lz - lsz)(F32xSin92 - F32yC0592) + (R1 + el)(FlzyCOSal - FleSinal) (17)
—]széz =0.

The dynamic equation of cutter head is that:

(s — m3[(R — 13)sinf; + lg3sind,][I5(sinf; + cosbs) — L3 (sinb, + cosb,)]}65
= m302[(R — l3)cos8; + ly3c056,][l5(sinf; — cosBs) — ly3(sinb, — cosb,)]

+ (ngxsin63 - F32yC0593)l3 + ngx(stinaz + eZy) - F32y(R2COSCZ2 + er) (18)
— Fry(I3c0s03 — lrcos8,) + Fry(I3sinf; — lrsinf,) + vMr + uM,;,
where:
_ {1, 0, € (0° + 2km, 180° + 2km), k € N, (19)
“ -1, 6; € (180° + 2km, 360° + 2km), k € N,.
Formula (19) is used to determine the direction of crushing torque M,;.
_ 1, 93 S T[/Z )
v {—1, 0, >1/2. (20)

Formula (20) is used to determine the direction of torque M. The crushing torque M,; can not
be measured by experimental method, but it can be estimated through the transfer efficiency and
power. The low-noise excavating system is nonlinear dynamic system with 5-dof.

3. Results and discussions

According to the sample machine, the parameters of each part in excavating system are as
follows: I, =20mm, [, =130mm, I[3=365mm, [;=190mm, [ =20 mm,
lg; =74.27 mm, [l =180mm, Fry =8000N, m; =0.609kg, m,=1.757Kkg,
m; =3.986kg, 1, =0.07mm, 7, =0.03mm, J, =0.0006kgm? ], =0.009kgm?
Je3 = 0.041kgm?, R, =80mm, R, =20mm, C;; =0, Cp =0, K; =9.59 x 10** N/m?,
K, = 3.91 x 107 N/m?. The numerical simulation results in different conditions are obtained.

When the crank rotate with speed w; = 15.6 rad/s, and the model is Hertz contact modeling,
the results are obtained when the friction coefficients in tangential direction is f = 0 and
f = 0.05, shown in Figures 2 and 3.

It can be seen from Figures 2 and 3 that when the friction increases, the vibration amplitude of
crank at mass center is increased, and the high frequency component will appear.

0.01 0.01
= 0.005 S 0.005
=, -0.005 Z -0.005
-0.01 : L ! -0.01 ] ] )
0.05 0.065 0.08 0.095 0.05 0.065 0.08 0.095
Xg (M) X2 (m)
a)f=0 b) f = 0.05

Fig. 2. Trajectory of the mass center of connecting-rod with different friction coefficient
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0 3.14 6.28 942 12.56 0 3.14 6.28 9.42 12.56
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af=0 b) f = 0.05
Fig. 3. Angular curve of connecting-rod with different friction coefficient
. 40 - 60
L 20 > 30
g 0 ER
20 ~ .30
S} -40 1 1 1 ] 3-60 L I L
0 314 628 942 1256 0 314 628 942 1256
60, Crad) 0, (rad)
Qf=0 b) f = 0.05

Fig. 4. Angular velocity curve of connecting-rod with different friction coefficient

The angular velocity curve of connecting-rod is also calculated, as shown in Figure 4. It can
be seen from Figure 4 that, when f = 0, the maximum angular velocity is 40 rad/s, but when
f = 0.05, the maximum angular velocity is 90 rad/s. Therefore, the angular velocity increases
with the increasing of friction coefficient. To reduce the vibration, lubrication is needed.

When the crank rotates with angular velocity w; = 15.6 rad/s, and the friction coefficient
f =0.01, given the size of clearance as r; =7, = 0.0l mm and r; = r, = 0.5 mm, the
responses are obtained, as shown in figures 5 and 6, respectively.

It can be seen from Figures 5 and 6 that, the trajectory of the mass center of connecting-rod is
ellipse, when the size of clearance increases, the shape of trajectory do not change, but the curve
becomes non-smooth, the vibration is obvious.

0.01 0.01
= 0.005 ’é 0.005
“ -0.005 @ -0.005
~ 001 1 : : ~ 001
0.05 0.065 0.08 0.095 0.05 0.065 0.08  0.095
Xg (m) X (M)
a)r; =1, = 0.01 mm b)r, =, = 0.5 mm
Fig. 5. Trajectory of the mass center of connecting-rod with different clearance size
0.2 w 0.2
@ 0.1 5 o
% . FU .
s 0 = 0
‘: 0.1 < 0.1
S 0.2 I 0.2 !
0 314 6.28 9.42 12.56 0 3.14 6.28 9.42 12.56
0, (rad) 0 (rad)
a)r, =1, = 0.01 mm b)r, =r, =0.5mm

Fig. 6. Angular curve of connecting-rod with different clearance size
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0
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Fig. 7. Angular velocity curve of connecting-rod with different clearance size

9.42

12.56

The angular velocity of connecting-rod is also obtained, shown in Figure 7. It can be seen that,
when the size of clearance becomes larger, the angular velocity will become larger, the maximum
velocity change from 20 rad/s to 200 rad/s, and the impulse is more serious. The curves of load
torque and contact force are shown in Figure 8.
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Fig. 8. Force curves with different angular velocity

The results in Figure 8 show that, when the size of clearance is large, there is very large contact

and load torque in the system, the impact phenomena is obvious, which may cause noise and bring
breakage to system.
From the curves in Figure 9 we can see that, the existing of clearance will also affect the motion
of system and decrease the precision of motion mechanism.
Through the calculation and analysis, it is obvious that, when the friction in clearance becomes
larger, the vibration will be violent. In the design and manufacture, the precision should be
improved to reduce the clearance and friction; in the optimization of system structure, the
clearance can not be omitted, and the two clearances should be considered.
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Fig. 9. The relation curves between velocity and acceleration
4. Conclusions

In this paper, the clearance is expressed with Hertz law, the dynamic response of excavating
system with two clearances is analyzed with numerical simulation, and the effects of the size of
clearance and the coefficient of friction are discussed, respectively. The numerical results show
that, when the friction coefficient and the size of clearance increase, the shape of trajectory of
mass center of connecting rod do not change, but the vibration is obvious, the angular velocity
will become larger, which leads to the larager impact force and load torque, and brings breakage
to system structure. In the design and manufacture, the precision should be improved to reduce
the clearance and friction; in the optimization of system structure, the clearance can not be omitted,
and the two clearances should be considered.
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