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Abstract: The paper presents the geometric-kinematic modeling of an articulated planar
mechanism used to actuate the urban bus doors. The stages of solving the kinematic
parameters as displacement, velocity and acceleration of each component of the linkage are
performed. One of the goals of the paper is to use this modeling of kinematics to improve
the operation of the mechanism as synchronization of the two folding doors. The velocity
and acceleration of them are also important due to the fact that it can create a safe
environment for the passengers. Before this study, a similar type of linkage used on
trolleybuses is presented in brief. Also, a review of the main types of urban bus doors is
emphasized in section 2.

1. Introduction

For a high frequency of stops and a high number of passengers getting on and off, as well as for
ensuring the safety of the passengers on boarding and during the journey, the urban vehicles are
equipped with doors consisting of two or more folding parts, pneumatically or electrically
controlled.

A mechanism for actuating the city bus doors is generally composed [1, 17] of two main parts: a)
the control mechanism, mounted either under the stairs or above the door; b) the crank-slide final
mechanisms to which either the crank and the coupler or only the couplers or the cranks are rigidly
linked to one part of the folding door.



The structural and kinematic analysis of the pneumatic mechanisms used to actuate the urban bus
doors [4] highlights the unitary character of the control mechanisms.

Also, a general method of structural and geometric analysis of the control mechanisms, in open-
closed positions, as well middle positions, is of interest.

In section 2 of the paper the main types of urban bus doors are presented. The most used
mechanisms for actuating the doors are with circular sliding or rotational-sliding motions.

In section 3 a linkage having only revolute joints in the final mechanism structure, used on
trolleybuses, is presented.

Finally, in section 4, a geometric-kinematic modeling of a two folding door-part mechanism is
performed. The displacement, velocity and acceleration of each element of the linkage have been
calculated and displayed. Based on these results, some improvements regarding the passenger
comfort are outlined.

2. Mechanisms for bus doors

2.1. Swinging door (conventional) with hinge joint

In the case of classical design buses (Figure 1a) the doors have a swinging movement around a
vertical axis by means of some hinges.

Figure 1. Circular sliding doors a) and circular sliding doors (b) [18]

2.2. Door with circular sliding motion

In modern buses one of the door movement solutions is circular sliding, being done by means of an
articulated parallelogram mechanism (Figure 1b). The kinematic scheme of such a linkage shows
that the vehicle door (represented by the segment MN) is rigid connected with the coupler AB
(Figure 2).

In the practical case of bus doors, the positioning of the fixed joints Ay and B, is made inside the
body 0, in the area of the stairway.

Stair step

Figure 2. The kinematic scheme of the double symmetrical parallelogram mechanism

Each of the two door-parts is rigid with the coupler 2 of the parallelogram mechanism AyABB, in
the closed position of the door with width MN. In the open position of the door M'N”, the
parallelogram mechanism is AjA"B"B,. Note that the bar 1 cannot be in a straight line as it would
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interfere with the bus body, so that the shape of it is curved and it does not collide with the vehicle
body (Figure 2).

The kinematic scheme of the parallelogram mechanism was drawn in three positions, two extreme
positions (closed and open) and an intermediate position MN'at the maximum distance of the
body. For each door-part a parallelogram mechanism is corresponding, whose kinematic schemes
are symmetrically represented.

Due to the fact that the bar 1 (AyA) is the driving kinematic element, it has a much larger cross-

section than the bar 3, having primarily a geometric role.
Note that for the right part, the parallelogram mechanism was only in the closed position
represented.

2.3. Door with planar rotational-sliding motion
The door of the bus can be made of two parts articulated each other, of which one of the parts
performs a horizontal rotation and the other one performs a planar rotational-sliding motion.

The most commonly used solution is the one in which the door is made of a single part having a
horizontal planar movement (rotational-sliding). When the door is opened, the door-part is fully
folded (Figure 3a) or partially folded (Figure 3b) inside the bus.

In an intermediate position of the door opening movement (Figure 3) it is observed that the door-
part is rigid connected to the coupler of a crank-coupler planar mechanism (Figure 4).

Figure 3. Doors with one-part inside folding Figure 4. The kinematic scheme of the crank-
coupler planar mechanism

The control and actuation mechanism of the door is usually located at the top of the bus body due
to the saved space inside the bus and the lower road clearance.

3. The door mechanism of a trolleybus type TV

This type of mechanism (Figure 5) consists of three series-connected mechanisms: MC(1,2,3),
MEL1(3,4,5,6,7) and ME2 (6,8,9). The main structure of the linkage is a planar triadic chain.

The final mechanism consists of a parallelogram (5, 6, 7) and an anti-parallelogram (6, 8, 9) so that
the transmission ratio [9] achieved between the driven elements 7, 9 is -1.

A Rl

b % s
i A=A E

B.
Figure 5. The kinematic scheme of planar triadic chain
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The piston 1 operates with double effect, the compressed air acting on both sides, and by means of
the connecting rod 2 the linear sliding motion is turned into a rotational motion, swinging the
rocker 3 (Figure 5).

Further, the movement is transmitted, by the coupler 4, to the parallelogram (5, 6, 7) and then, via
the element 6, to the anti-parallelogram (6, 8, 9).

The doors or the main parts of the folding doors are fixed to the driven elements 7, 9 (having
limited rotation up to 90°), according to the kinematic scheme.

4. The geometric-kinematic modeling of a bus door mechanism

The next kinematic scheme (Figure 6) shows the piston 1 as driving element which is positioned, at
one moment in time, by means of the linear displacement s;,=s; in the fixed horizontal cylinder 0.
Through the displacement of the point A, the two elements of the dyad chain LC(2,3), the coupler 2
and the rocker 3, will incline by the angles ¢, and g3 measured in the points B and B,.

Yo

Oo

Ao

YroVeo o SH
6 m
® XpoXeo 1
H

Figure 6. The kinematic scheme of the bus door mechanism (in closed position) and the
independent kinematic contours

Further, the swinging movement of the point C is transmitted through the coupler 4 to the triadic
chain LT(4,5,6,7) with two fixed articulations E, and F, (Figure 6).
The element 6 has two articulations opposed along the diameter E and G, so that through the rotate
joint G the motion is transmitted to the dyad chain LC(9,10).
On each of the bars 7 and 10 the first door—part is rigid connected, by which the second door-part 8
and 11 is articulated (in the points | and K) whose movement is type planar rotational-sliding. The
point J and L have sliding motion through the rollers 12 and 13 that move in a rectilinear guide.
Note that for the extreme displacement of the piston 1 (Simax) the two doors are closed, the two
door-parts of one door being in prolongation: (7, 8) and (10, 11).
Starting with the actuator mechanism MA(0,1), the structural formula of the planar “motor
mechanism” (MM) has the following expression:

MM = MA(O+1) +LD(2+3)+LT(4+5+6+7)+LD(B+9)+LD(8+12)+LD(11+13) (1)

According to this formula of structural compounding of the motor mechanism, six independent
closed kinematic contours have been identified, of which four contours specific to the four dyad
chains and two independent contours specific to one tetrad chain.

The characteristic lengths of the linkage are relative constant parameters with respect to the
coordinate system chosen in point By, and the absolute constant parameters are fixed or mobile (the
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characteristic lengths of the kinematic elements represented by the distances between their
articulation centers).
The characteristic geometric parameters with constant values are the following lengths and angles:

Xo =380mm; ygo =400mm; xg =-200mm;yg =-390mm;

Xg, =—860mm; yg =-450mm; xy =460mm;yy =-450mm;

I, =O'A=240mm;l, = AB = 60mm; |3 = BBy = 400mm; 13 = ByC = 320mm;

l4 =CD =130mm;l5 = DF =740mm;l; = FFy =90mm; o7 = Z(FRl) = 45,

17 = Ryl =320mm;lg = 13 = 320mm;

Iz = DE =80mm;lg = EEy =90mm; lg = ExG =90mm;

|9 =GH =660mm; IlO = HHO = 90mm;a10 = Z(HHoK) = 450,

l{g = HoK =320mm;l;; = KL =320mm;
The variable lengths are the linear displacements achieved by the elements 1 (actuator piston) and
the rollers 12 and 13 in the horizontal guide (Figure 6):

O0'= $10 = S15 F = S12; HoL =$13-

For each planar closed contour two scalar equations can be written, so that for the entire
mechanism twelve scalar equations with twelve unknowns are deduced, that represent ten angular
displacements ¢;(i = 2,...11) and two linear displacements s; (i =12,13).

| cos gy +13008 3 = Xo — (I +51) (2)
I25ing; +I3sings = yo (©)
13c08 3 + 14 COS @4 + 15, COS 5 + 17 COS o7 = —XF, (4)
135ing3 +14singy +I5sings +17sing; =—yp (5)
13008 @3 + 14 COS @4 + 15 COS 5 + Ig COS P = —XE, (6)
135ing3 +145ing, +15sings +lgsingg =—yg_ (7)
17 cos(p7 —a7) —lgcospg —s1, =0 8
17sin(p; —ar7) —lgsingg =0 9)
|6 Cos g — g COS g + 19 COS P19 = (X, — XE,) (10)
lg singg —lg singg +lig singp =—(Yn, — Vg,) (11)
lio c0s(¢10 +10) —l11COS P11 + 813 =0 (12)
liosin(@yo +a10) —hysing; =0 (13)

This system with twelve scalar equations (2, 3, ..., 13) can be divided in five systems of nonlinear
equations, of which four systems of two equations (specific to the dyad chain) and one system of
four nonlinear equations (specific to the triad chain).

The resolving order of these systems of two or four nonlinear equations is given by the structural
formula (1).

Using MathCAD software the kinematics of the bus door linkage has been accomplished. The
software managed to resolve the twelve equation system only in stages as it has been mentioned
above. The twelve variables (ten angular and two linear displacements) have been displayed in
figure 7 and respectively in figure 8. Along with these graphs the numerical tables 1 and 2 were
also shown.

As it can be observed in figure 8, the linear displacements s;, and s;3 have pretty matched
trajectories which means that the mechanism is operating almost in a symmetry way. This is a
positive sign regarding the working balance between the two left/right folding doors.

In figure 9 the angular and linear velocities have been displayed. Also, in figure 10 the angular and
linear accelerations have been displayed. The issue of “how fast the bus door should operate?” is an
optimization problem. If the speed of it is too high, the passengers could be struck, and if it is too
low, the bus will be delayed.
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The main advantage of folding bus doors is the space saving inside the bus and the safety that it can
provide to the passengers.

Table 1. Angular displacements
of the mechanism elements

Table 2. Linear
displacements of the
mechanism elements

1 [fi27) [hiae] [far] [hise] [eie[®] [fi7ie] [sis(e]  [fio[e] [fio[] [f1a[e] [sik 1 [s12 s13 s1k
2 [ 7.852] 78.381] 7.547| 4.934] 144.234] 141.651] 96.651] 4.127| 37.5%0| 82.590 0 2 | 0.00000] 0.00000 0
3 [ 5.960] 79.874] 2.914| 4.991] 136.968| 134.682] 90.318] 5.758 46.054| 88.946 0.01 3 | 0.003554] 0.011774 0.01
4 | 4351] 81.348] -1.041] 5.037] 120.964 127.879] 97.121] 7.131 54.156| 80.844 0.02 4 | 0.079337] 0.101838 0.02
5 [ 3.007] 82.807] -4.323] 5.073] 123.278[ 121.330] 103.670] 8.235] 61.765] 73.235 0.03 5 | 0.151249] 0.184608 0.03
6 | 1.918] 84.256] -6.962] 5.105] 116.923[ 115.069] 109.931] 9.082[ 68.847| 66.153 0.04 6 | 0.218171] 0.258754 0.04
7 | 1.077] 85.697] -0.002| 5.132] 110.887| 109.004| 115.006] 9.699| 75.422| 50.578 0.05 7 | 0.279612] 0.324069 0.05
8 | 0.478] 87.134] -10.489] 5.157] 105.140( 103.385| 121.615] 10.114] 81.534 53.466 0.06 8 | 0.335495] 0.380991 0.06
9 [0.119] 88.567] -11.470] 5.180] 99.644| 97.908| 127.092] 10.354] 87.243| 47.757 0.07 9 | 0.385983] 0.430254 0.07
10 [ 0.000] 90.000] -11.984] 5.201] 94.357| 92.624] 132.376] 10.444] 92.610| 42.3%0 0.08 10 | 0.431359] 0.472686 0.08
11| 0.119] 91.433] -12.066] 5.223] 80.234| 87.488] 137.512] 10.403] 97.697| 37.303 0.09 11| 0.471945| 0.509081 0.09
12 [ 0.478] 92.866] -11.742] 5.244] 84.227| 82.456] 142.544] 10.245]102.563| 32.437 0.1 12 | 0.508045| 0.540151 0.1
13 [ 1.075] 94.300] -11.030] 5.266] 79.287| 77.476] 147.524] 9.979]107.269] 27.731 0.11 13 | 0.539914] 0.566489 0.11
14| 1.912 95.734] -0.940] s5.289] 74.359] 72.492] 152.508] 9.611]111.872| 23.128 0.12 14 | 0.567727| 0.588564 0.12
15| 2.987] 97.169] -8.467| 5.314] 69.380 67.438] 157.562] 9.138]116.439| 18.561 0.13 15 | 0.591549| 0.606712 0.13
16 | 4.301] 98.602] -6.592] 5.342] 64.270] 62.226] 162.774] 8.555]121.046] 13.954 0.14 16 | 0.611291] 0.621114 0.14
17 [ 5.852[100.033] -4.270] 5.375] 58.919] 56.736] 168.264] 7.845]125.794] 9.206 0.15 17 | 0.626621 | 0.631757 0.15
18 | 7.637[101.459] -1.408] 5.417] 53.153| 50.771] 174.220] 6.972]130.836] 4.164 0.16 18 | 0.636757] 0.638311 0.16
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Figure 7. Graphs of the angular displacements: ¢, to @s (2) and @7 to @11 (b)
0.70000
0.60000 e
0.50000
0.40000 —s12
0.20000 13
PImAraal
7 sik
0.20000 //
0.10000 /
000000 4t —
123456 7 8 9101112131415 1617
Figure 8. Graphs of the linear displacements: s;, and S5
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Figure 9. Graphs of the angular/linear velocities: w; to w1 (a), Vi2 and vis (b)
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5. Conclusions

The paper presents a geometric-kinematic modeling of an articulated bar mechanism for actuate the
doors of the urban buses.

It is emphasized that in the linear displacement graph of the kinematics of the linkage final
elements, the two curves are nearly matched. This is pretty acceptable due to the fact that the
mechanism should operate in a synchronized way.

Also, it has been outlined that the velocities and accelerations of the folding doors are very
important for the passenger comfort and for the tight schedule of the bus driver. An optimized
operation of the mechanism is the solution to this matter.
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