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ABSTRACT

Bionic mechanisms are used in constructing robotic systems that perform complex tasks
similar to the movement of animals. With advancements in scientific research and breakthroughs
in simulation techniques and computational methods, the design of these systems has become
increasingly detailed and refined. This paper proposes using the closed-loop method to analyze
the operational characteristics of a wheelless walking mechanism designed to traverse complex
terrains. In addition to evaluating fundamental factors affecting system operation, the study
determines kinematic parameters such as leg trajectory, movement velocity, and tilt angle. The
results demonstrate the effectiveness of numerical methods in analyzing and simulating real-
world systems, thus extending the use of computational tools for analyzing similar linkages.
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1. INTRODUCTION

With the development of science and technology, human research on nature, specifically the
original existing patterns in the natural world, has increased. The growth of the Industrial
Revolution has accelerated the migration of information technology and advanced techniques,
making the study of biological systems, which aims to replicate and simulate the structures,
functions, and behaviors of living organisms for engineering applications, a major field.

Specifically, natural structures such as honeycombs, spider webs, and vein nets on leaves are
analyzed, simulated, and applied to construction, allowing for the creation of sustainable and
efficient architectural designs [1-5]. Based on natural phenomena, many simulation,
optimization, and control algorithms have been developed and applied. To optimize technical
and economic problems, the Genetic Algorithm, based on natural evolution processes, has been
proposed and developed [6, 7]. By observing the social behaviors of flocks of birds or schools of
fish interacting while searching for food, Particle Swarm Optimization (PSO), which is still
considered one of the best optimization algorithms due to its ability to produce flexible optimum
solutions, was introduced [8, 9]. In addition to bionic models and algorithms, mechanical
systems that mimic the movement of living organisms have also been researched and developed
[10-12]. These systems improve the efficiency and functionality of technical systems and expand
the understanding of biological structures and their application to solving real-world problems.
To simulate movement on uneven terrain, robot systems without wheels have been used, such as
the Jansen linkage mimicking the structure of animal legs, or the Klann linkage simulating the
movement of insects. Although the construction is simple, every part is connected by pin joints,
meaning that the dimensions of the component links affect the movement of others. Therefore,
determining the relationships between these components is important. This not only aids in
understanding the kinematics and operational methods of the linkages but also helps in applying
optimization algorithms to enhance the system's overall efficiency. However, because of the
complex kinematic properties, previous research on these linkages has primarily focused on
adjusting a few basic parameters for evaluation, and a comprehensive understanding of the
kinematics and kinetics of these mechanisms has not been extensively conducted.

Tap chi Nghién ciru KH&CN qudn su, 86 Diic san FEE 2024, 157-163 157



Co kj thugt — Co khi djng lyec

This study proposes using closed-loop equations to analyze the operation of a new type eight-
bar leg mechanism. Besides constructing a general equation for the movement of the leg, the
study uses Kinetic inversion to determine the movement of the mechanism and reaction on the
component joints. The study also determines systematic parameters such as foot trajectory, tilting
angle, and moving velocity.

2. KINEMATIC ANALYSIS

The proposed linkage is a variable of the Ghassaei mechanism, and consists of eight links, as
depicted in figure 1. Unlike the original design, which has two plates at the ground pivot O4 and
the foot at point E, the proposed structure integrates a bent frame and extends link 7 to create a
point-contact leg. This adjustment reduces the working range for the linkage while maintaining a
smooth and precise motion path across the mechanism. In this configuration, driving link O.A
rotates with a constant speed .. The frame 020 is fixed to the body, anchoring points O, and
O as grounded rotating joints. Since these joints directly connect to couple links 3-4 and 5-6, the
positions of joints B and C are determined through the four-bar linkages 0.0.AB and O,04AC;
and from the position of the joints C and D on the BO4D bar, the position of point E in the four-
bar linkage O4CDE can be calculated. Subsequently, the position of foot F then can be derived
based on points C and E. To determine the positions of the component frames, closed-loop
equations are used, which can be divided into three groups (see figure 1b). By solving the
position equation for each loop, the movement of the foot can be tracked.

Figure 1. Structure of the linkage: (left) theoretical model and (right) closed-loop shaped.
For the first loop equation: E +E = E +E

Project equation into x- and y-direction:

{Il cosd, -1, cosd, +1,,cosb,, =1,cosé, n
l,sing, —1,sin@, +1,,sing,, =1,sin 6,
Based on this system, the position of link 41 can be determined as:
212412 =12 =211, -cos(6, -6 |, cos &, -1, cos &
6,, =—arcsin| =—2 2% 12 (4-%) —arctan| A—- 2" 2 )
20,512 +1Z - 21, cos (6, - 6,) l,sin6, —1,sin 6,
For the second loop: E +E = E +E
|, cosé, —1,cosé, +1,cosg, =1, cos b, .
l,sing —1,sin@, +1.sing, =1;sin g, )
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The position of links 5 and can be determined as:

2 2 2 2
g arcsin 17415 +1¢ =12 =211, -cos(6, - 6,) —arctan(ll cosé, -1, cos@zj @
5 — . .
21,12 +1 ~ 21,1, cos (6, - 6,) l,sin6, ~1,sin 6,
For the third loop: l, +l, =1, +1,,
I, cosé, —1,,cos6,, +1,, cosé,, =1, cosa, .
I;sing, —1,,sin6,, +1,,sin8,, =l;sin G, ©)

Since 042 = 041 + 84, the position of link 71 and can be withdrawn as:
12 +13, +15, =15 =21, cos(6, - 6,, - 5,)

@, = arcsin
20,12 +13 - 21, cos(6, - 6, - ,)

|. cosd. —1,,cos(8,, +9
_arctan{s 5 42 ( 41 4)} (6)

l;siné, —1,,sin(6,, +6,)

The position of the foot F then can be calculated as: O,F = E + E + E + E

Project equation into x- and y-direction:

{XF =1,c0s, +1;cos 6, +1,, cos b, +1,,cos(6,, —z+5,) -

Ye =1,sing, +Igsing, +1,,sin@, +1,,sin(8,, -7 +6,)

To traverse complex terrains, the system includes auxiliary legs divided into left and right
branches, as shown in figure 2a, with the drive source (motor) located at point M. The motor
transmits motion to the mechanisms on both sides through the gear sets Z1-Z,-Z>’. The gears are
arranged to ensure that the linkages on both sides rotate with the same speed and direction (n; =
nz’). This makes the movement characteristics of the left-side mechanism differ from those of the
original right-side mechanism, indicating that the kinematic parameters of the component links
on each side must be individually calculated. Additionally, since the linkages are allowed to
rotate with different initial angles, the system can be arranged so that the feet alternatively make
contact with the ground, ensuring stability and balance for the system. Figure 2b presents the
structure of the system in vector form. The angular positions of component links in the right-side
linkage can be calculated as a function of y, (angle of driver link on the left-side branch).

Figure 2. Using gears to drive the legs and representing the system in vector form.
The position of the foot F’ then can be presented as:

{XF. = Xo,0, + 1, COS 7, + 15 COS 5 +1;, COS 17, +17, COS (77, + 77— 5, )

(8)

Ve = Yo, +hsiny, +lgsinyg +1,siny, +1,, sin(y, +7-5;)
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To ensure that the legs on the same side of the mechanism make contact with the ground in
turn, offset angles 61 and &, between the driver links of the linkages must be selected. This
allows when one foot raises to a higher height, the other feet are at their lowest elevation, making
contact with the ground. Similarly, for the linkages on the other side, when one of the feet is in
contact with the ground, the others are in the raised position, allowing the robot to perform a
forward-reaching motion for walking or overcoming obstacles, as presented in figure 3.

Right side 0,

Right side

Fg)_ 5

Figure 3. The legs are arranged offset to ensure the feet always in contact with the ground.

For the whole system to remain stable during the movement process and maintain balance for
the body, two more pairs of legs will be used (to increase the contact point between the system
and the ground). When the system operates, the foot with a lower height will touch the ground,
while the others rise in the air. The feet in contact with the ground act as pin joints, moving the
whole mechanism forward (or backward). The difference in driver angles of the linkages is
calculated to ensure that as one set of feet lifts off, the other feet in the air will contact the
ground, effectively switching their roles as ground-contact points. The legs touching the ground
will be determined according to the following expression:

y ,
Right_ foot = i ' W(F.)<Y(F.) 9)
F, .o, if y(FyZ)Zy(FW&z)
F, if y(F F,
Left foot ={ ! y( 92)<y( QM) (10)

F'92+51 if y<F92 ) = y(F92+51 )

The tilt angle A between the feet will accordingly determine the platform's oscillating angle:

yRight_foot - yLeft_foot
X X

A =arctan

(11)

Left_foot

Right_foot

To determine the system's velocity, specifically velocities at the contact points between the
feet and the ground, those of component links must be determined. By differentiating equations
(1), (3), and (5), the angular velocities of the links are obtained and can be calculated as:

zlza)zsin(ez—@l) Y = l,w,sin(6,-6,) o = l,,sin(6,-6;)

P sin(6,-6,) Y 1,sin(6,-6,) ° lesin(6,-6,) )
o= l,,sin(6,—6;) 0, = l,,00,5In (8, + 8, —6;)— L. sin (6, - 6,)

> sin(6,-6;) l,,sin (6, —6,)
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And the velocity of the foot F and F’ are determined using the equation:

{VFX = Iy, c0S 6, + 1,0, COS O, + 1,0, cOS(6,, — 7 +5,)

. . . (13)
Ve, =lasing, +1,,0,sin0,, +1,,0,sin(6,, -7 +6, )
Ve, =@l cosy, + 1,0, cos y,, + 1,05 cos(y;, +7—6;) "
Ve, = ks siny, + 1,05 siny,, + 1,0, sin(y,, + 76, )

The velocity of the platform is then determined by the velocities of the contact points of the feet
to the ground. If there is a difference in velocity between the two sides, a slipping phenomenon will
occur, affecting the system's performance. Alternatively, we can take the average velocity of both
feet F and F' (assuming the system operates in an ideal environment), meaning:

\V — VF&( +VFX and \Vj VF’y +VFy

latform _ x latform =
p — 2 p _y 2

(15)

3. RESULT AND DISCUSSION

By using the try-and-error method, a complete model of the system is obtained, with detailed
dimensions are 6; = 180°, 84 = 170°, &7 = 183.6°, I, =40, I, = 17.5, I5=47.5, 141 =65, ls2= lg= 35,
Is =50, 71 =25, 72 =45, Is = 55 mm and O.0.’ = 100 mm. The trajectories of feet F and F' are
also determined, as shown in figure 4.

y (mm)
—Locus of F
—Locus of F'

-100 - T T T + T T T "
-100 -75 -50 -25 0 25 50 75 X (mm)

Figure 4. Trajectories of the feet F and F.

To reduce the number of legs while ensuring that at least three feet touch the ground to keep the
system balanced, the positions of the legs are modified to improve their stability. According to
equation (9), by adjusting the offset angle 6, between the same-side linkage, specifically comparing
the y-coordinates of the feet from the same side, the linkages whose feet contact the ground at
different times can be determined. Figure 5 illustrates the real position of the ground-touching leg
for different values of 3:. It can be seen that when 6; = 180°, the variation in distances between the
leg and the motor (or platform) is minimized. For d; # 180°, there are situations where the legs
touching the ground simultaneously, or both of them are in the raised state (meaning the platform
must be lowered for the feet touching the ground), causing instability for the platform.

Ay y? i
(mm) —F, —F, (mm) —F, —F (mm) —F, —F,
|
A
/° /| 100 100 100
/ / 0° 90° 180> 270° 36 0°  90° 180° 270° 3 6 0° 90° 180° 270° 36
y y y
AN // (mm) (mm) (mm)
™S _ .77
< =75 4& 75 P~ =75 107
/ -100 ~100 -100
F2 al 0° 90> 180° 270° 6 0° 90 180° 270° 6, 0° 90° 180° 270° 6 .

Figure 5. Select the appropriate value of difference angles &,: position of the foot that in contact
with the ground and the smooth of the trajectories where 6, = 60 °(a), & = 90 {b) and & = 180 1c).
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To calculate the platform oscillation, the difference in the initial angle between the cranks is
analyzed. Since the alignment of the platform depends on the position of the feet, even a small
difference in height between the legs impacts the system's stability. Figure 6 presents the
diagram comparing the positions of the feet on the left- and the right side (using 61 = 6, = 180°)
that touch the ground over time and the swing angle A of the platform, using equation (11).

-y (mm) — Right_foot — Left_foot x (mm) A ()

) —Right_foot  — Left_foot
100.0
-86.0 L—
6.5 50.0 // 0.5
0.0 05 ) e
-87.0 . |—" 0~ 71,
50.0 _—
-87.5 ~100.0 -1.5
0°° 90° 180°  270° o 0° ° 90° 180°  270° o 0° 90° 180°  270° o
b),y(mm) — Right_foot — Left_foot x (mm) —Right_foot  — Left_foot A )
_86.0 100.0 os
50.0 // .
86,5 o —~
- —0.5 6,- 7,
-87.0 -50.0 ///
-87.5 ~100.0 -1.5
0°° 90° 180°  270° [ 0° ° 90° 180°  270° [ 0° 90° 180° 270° [
€)_y (mm) — Right_foot — Left_foot x (mm) —Right_foot  — Left_foot A ()
100.0 _ —
—86.0
50.0 // 0.5
-86.5 — /\
87.0 bt |- -05 P
—87. —50.0 // &
-87.5 ~100.0 -1.5
0°° 90° 180°  270° o 0° ° 90° 180°  270° o 0° 90° 180°  270° o
d) y (mm) ~Right foot —Leftfoot — X(Mm) oo e A )
100.0 = =
-86.0
50.0 /// 0.5
-86.5 00
- 0.5 .
—87.0 ~50.0 /// %2
-87.5 ~100.0 -1.5
0°° 90° 180°  270° o 0° ° 90° 180°  270° [ 0° 90° 180° 270° 6,

Figure 6. Position of the grounded feet in both side linkages and the swing angle of the platform
with 61 = 0> = 180°, &- »=45° (a), &- o= 90° (b), & - = 135° (c) and & - = 180° (d).

The figure also indicates that the higher the discrepancy between driver links, the greater of
platform’s oscillation. The feet change their contact state (touching the ground or lifting on one
side, or both sides), which alters the distance between the contact points and indirectly causes the
sudden changes in the swing angle of the platform. It is noted that in the case -180°< y =0, - v, <
0°, the equation (11) about the inversion angle | will also give the same result as in the case
y+180°. With the selected linkage dimensions as designed, it is crucial to precisely adjust the
positions the driver links (the offset angles 81, 62 of the linkage from the same sides, and the
offset between the branches 0,-y.) to always be 180°. This configuration ensures the smoothest
movement of the mechanism with the smallest value of A. Given the crank’s rotational speed of
®2 = 60 rpm, the velocities of the platform can be calculated by combining the velocities of the
legs from both sides, as presented in figure 7. It is clear that the y-direction component of the
average velocity is smaller than that in the x-direction. One factor is that the movement of the
feet in the ground is quite flat (the trajectory is mainly horizontal with a small curve up). The
fluctuating velocities also indicate that the system is not moving constantly. Even when
operating on a flat surface, it still creates vibrations in both directions for the platform during
movement, increasing the impact and collision effects between parts and the ground.

0 —Vx_left ----Vx_ave —Vx_right
-50 1 1 1 J

0° 90° 180° 270° &
Figure 7. Velocities of the feet F and of the whole mechanism in one cycle of driver link &.
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4. CONCLUSIONS

This paper proposes a method to calculate and analyze the operation of an eight-bar walking
mechanism. Different from solving by graphing method, the calculation using algebra equation
to assist the calculation process can be done and integrated with numerical software to acquire
results. Based on the movement of the robot legs, the locus of the feet, the tilted angle, and the
translation velocity of the platform are determined. Since the calculation can be solved by
substituting dimensions of component links into the equations, this method proposes a simple
approach to designing complex linkages and optimizing them to improve efficient operation.
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TOM TAT
Ung dung phwong trinh chudi dong Kin vio phén tich ddng hoc cho co ciu robot tam khau

Cdc co cau phong sinh hoc dwoc dung lam co sé ché tao cdc hé thong robot, bat chudc
cdc cir déng ciia déng vat, nham thiee hién cdc chuyén dong phic tap. Bai bao nay dé xudt
sur dung phwong phdp chudi vector dé phan tich cac thong so lam viéc cua co cau tam khdu,
mot dang chan robot duwoc sur dung dé di chuyén trén cdc dia hinh phirc tap Ngoal viéc
danh gia cac yeu 16 co ban danh hwéng dén hoat dong cua hé thong nghién ciru con xdc dinh
cdc thong so6 dong hoc nhu quy dao chdn, vdan toc di chuyén va goc nghiéng cia san. Két
qua cho thay hiéu qud cia cdc phwong phdp sé6 trong viéc phdn tich va mo phong cdc hé
thong thuec té, mé réng viéc sir dung cdc cong cu tinh todn dé phan tich cdc co ché tiong tir.

T khoa: Robot di chuyen; Co cAu tam khau; Phan tich dong hoc; Bong hoc nguogc; Phuong trinh chudi dong kin.
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