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ABSTRACT

A self-balanced quadruped walking machine with leg mechanisms of 10-bar linkage is
designed by a systematic approach. At first, an existing leg mechanism of 10-bar linkage
is selected as the tentative design, and the dimensional synthesis is performed to obtain the
desired foot trajectory by the optimization technique of ALM. Next, the time ratio
between the support phase and the transfer phase is adjusted by a two-speed control
method to increase the time period of support phase. Then, in order to make sure that
there are always at least three legs on the ground for the wave gait to enhance the stability
of locomotion, the foot point of each leg at a specific time is placed on the specific position
upon the foot trajectory. The kinematic analysis, force analysis, simulation, and
animation are carried out to evaluate the characteristics of the designed walking machine.
The kinematic analysis reveals that after optimum design, the designed leg mechanism has
a good stability for striding. The force analysis shows that this walking machine does not
run into the configuration of dead center position with the mechanical advantage of zero.
However, the mechanical advantage suddenly drops down while the walking machine
changes the transferring leg during the locomotion. From the simulation and animation,
we know that there is no interference between the links of the leg mechanism and that the
foot point positions of each leg are at the expected positions during the locomotion.
Finally, a prototype of the designed quadruped walking machine is constructed and it is

proven that this design is practical and feasible.

Keyword: quadruped walking machine, linkage mechanism, dimensional synthesis,
optimal design
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Chapter 1

INTRODUCTION

1.1 Features of Walking Machines

For a long period, human beings have used the wheeled vehicles on paved roads and
naturally-flat tracks for fast transportation of great efficiency. However, in natural, a
great majority of paths and terrains are not suitable for conventional wheeled vehicles to
move on except several particular kinds of vehicles because these natural landforms are
rough and uneven, or filled with obstacles and chasms. But for most of the animals living
on the land, there are few problems to travel around on these landforms from one place to
another on their feet. Therefore, there must be excellent advantages by walking on feet
for animals. At certain particular aspects, mankind desires to develop legged vehicles
with priority to wheeled ones to do what the wheeled ones are unable to do. And, the
legged vehicles are being focused on and used with more and more increasing frequency to
take the jobs that are dangerous, in hazardous environment, or on an unknown terrain for
humans.

A walking machine or a legged vehicle, as implied in the name, is a machine whose
leg mechanisms make itself travel around everywhere on feet or by legs. As a result, it
has a great different feature from the common wheeled vehicle that moves on feet which
contacts the ground during one part of a period of locomotion and transfers in the air
during the other part of that period of locomotion. These two parts are related to “finite
states.”

It is summarily said that, in several aspects, there are advantages which make the
legged vehicle superior to wheeled ones. As far as mobility is concerned, a walking
machine or a legged vehicle is able to walk on a specific terrain or on a variety of
landforms on which may be full of obstacles, ramps, chasms, or ditches. With regard to
speed, legged vehicles move at faster speed and veer around more easily on rough

landforms than conventional wheeled vehicles do, especially on unpaved roads. And,



about energy consumption, walking machines waste less energy since they could adjust the
lengths of legs to minimize the undulation of bodies.

In spite that many characteristics of legged vehicles are prior to those of wheeled
vehicles, the legged vehicles could not substitute completely for the wheeled vehicles since
there are still many difficulties and economic considerations for development of legged
vehicles. The developments and researches about legged vehicles are executed in order to
displace the tasks which are difficult for the wheeled vehicles or assist the wheeled
vehicles in occasions where the wheeled ones and the humans are unable to or have
problems to works on. Consequently, to develop legged vehicles owning both the
advantages of the legged vehicles and those of the wheeled ones is the main point and has

great improvement for our future life.

1.2 Literature Survey

According to the literature regarding the quadruped walking machines [1], Rygg’s [2]
mechanical horse, Fig. 1.1, constructed by linkages and gears and driven by manpower is
the first patent of walking machines. At this stage, the considerations of the design of
walking machines were merely on the aspects of leg mechanisms and foot trajectories.
However, there is no real mechanical horse to prove the stable walking of his design. In
1960, Shigley [3] proposed several leg mechanisms including four-bar linkages and
pantograph mechanisms and built a walking machine with four legs. Moreover, the gait
aspect is considered and the gait of his walking machine is controlled by a set of
double-rocker mechanisms. In the middle of 20™ century, McGhee and Frank [4] created
the first computer-controlled walking machine, Phoney Pony, Fig. 1.2. And, later on, the
applications of control theories are widely used to design the walking machines such as the
walking machine by Hirose [5] and the Running Machine by Raibett [6], Fig. 1.3.

In the past decades although, most of the walking machines were created popularly by
the techniques of servo-control, there were scholars and researchers who focused on the
designs of walking machines with merely simple mechanisms. In 1986, the “Wooden Ox

and Gliding Horse (~ £ 7% 5),” Fig. 1.4(a), which was constructed by two sets of leg

mechanisms of 17-bar linkage and pushed forward by manpower was rebuilt by Wang
Chien (2 /#) [7]. And, moreover in 1992, Wang reconstructed the Lu Ban’s (& )



Figure 1.3 A quadruped running machine [6]
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“Wooden Horse Carriage (4 & 5)” with leg mechanism of 8-bar linkage and a carriage
for balancing, Fig. 1.4(b).

In the past ten years, Yan, based on Wang’s wooden horse carriage, systematically
rebuilt various types of quadruped mechanical walking horses according to Yan’s creative
mechanism design methodology [8] including the 4-link type, the 6-link type [9], Fig. 1.5,
the 8-link type [10 ~ 13], Fig. 1.6, and the 10-link type [14], Fig. 1.7. These walking

machines simulate the walking behavior of a horse without complex control.

(a) The Wooden Ox and Gliding Horse (b) The Wooden Horse Carriage
Figure 1.4 Wang’s walking machines [7]

(a) 4-link type (b) 6-link type
Figure 1.5 Chen’s wooden horse carriages [9]



(b) Hwang’s [11]

(c) Shen’s [12] (d) Hung’s [13]
Figure 1.6 Various 8-link type wooden horse carriages

Figure 1.7 Chiang’s 10-link type wooden horse carriage [14]



1.3 Motivations and Objectives

In the past years, the reconstructive designs of the walking machines of ancient China
by Yan at National Cheng-Kung University (Taiwan, R.O.C.) are powered by man-pushing
and are kept their balance with carriages or by man-handling. Recently, questions arise
from that when the carriages are dismantled or without man-handling, these walking
machines always fall down. How to maintain balance by themselves without the help of
carriages or men motivates this research. Furthermore, as far as the economical and
uncomplicated aspects are concerned, we would not like to use the expensive and complex
controllers and actuators to keep themselves balance. Without the wheeled carriage, the
walking machines will not be encumbered with the carriages when they walk on rough
terrain and cross obstacles. The main objective of this work is to completely design a
walking machine with the leg mechanism of 10-bar linkage and a motor as the power
source. And, the walking machine in this work possesses the walking behavior like the
mammals, such as horses, oxen, goats, etc. This walking machine uses the specific gait of

mammal locomotion to achieve the purpose of balance.

1.4 Organization of Thesis

The organization of this thesis is shown in Fig. 1.8. It is composed of eight chapters.
In chapter 1, an introduction to this thesis is presented including the features of walking
machines, literature survey, motivations and objectives, and the overall thesis organization.
At the beginning of chapter 2, the definitions about walking machines for gait analysis and
stability analysis is illustrated. And, what follows are the gait analysis, foot trajectory
analysis, and stability analysis. A step-by-step approach to design the self-balanced
quadruped walking machine with leg mechanism of 10-bar linkage is addressed about in
chapter 3. The kinematic analysis and force analysis including mechanical advantage
analysis for the designed walking machine follow in chapters 4 and 5, respectively. After
the formulation of analysis is completed, the computer simulation of performance analysis
with several comparisons between Chiang’s walking machine and the proposed design is
performed in chapter 6. Then, in order to verify the feasibility of the designed walking

machine, a prototype with the size of Chiang’s prototype as reference is constructed and



discussed in chapter 7. Finally in chapter 8, several conclusions are made for this work,

and some suggestions are provided for future works.
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Chapter 2

Gait and Foot Trajectory

For legged vehicles, the stability, mobility, adaptive ability, and the speed of
locomotion are shown by the gaits and foot trajectories. The study of gaits plays an
important role on investigating the characteristics of legged vehicles. The gaits of
quadruped animals and the manners to gait analysis are illustrated in this chapter. And,

the ideal trajectory for a quadruped walking machine is discussed as well.

2.1 Basic Definitions

At first, the technical terminology for gait study of legged walking machines is
defined [15 ~ 17].
Def. 1: The finite state of the motion of a leg is regarded as two states either on the
ground, where the state is 0, or in the air, where the state is 1.

Def. 2:  The leg phase, ¢, of the leg i is the time period having passed by which the

leg i islanded on the ground since the landing of leg 1.

Def. 3:  The support phase is the time period at which the leg is on the ground.

Def. 4: The transfer phase, contrary to the support phase, is the time period at which the
leg is in the air.

Def. 5: The stride is the distance at which a leg moves and recovers to its original
configuration related to the body (frame) during a complete cycle of locomotion.
It is the same as the distance through which the center of gravity of the body
passes in a cycle of locomotion.

Def. 6: The stroke, R, is the distance by which the foot point moves relative to the body
during the support phase.

Def. 7:  The pitch, P, is the center distance between two adjacent strides.

Def. 8:  The relative phase, ¢, is the phase of leg i relative to that of leg j, and is the



time phase having passed by which the leg i is landed on the ground since the

landing of leg j. The relative phase is expressed as follows:

¢ij = F(¢i _¢j) :1_¢ji (2.1)

Def. 9: The local phase, w,, of leg i at the current position is the time phase having

passed by after the landing of itself. The local phase is expressed as follows:

v =F(t-4¢) (2.2)

Def. 10: The cycle time is the time period by which the body moves in a complete cycle.

Def. 11: The duty factor, 2, is the time period of the support phase during a cycle of

locomotion.

Def. 12: The support boundary is the shape on a surface that is formed by the contact
points of the feet as the vertices.

Def. 13: The support pattern is the shape on the level ground that is projected from the
support boundary.

Def. 14: The stability margin, SM, is the shortest distance from the projection of the center
of gravity of the body to the edges of support pattern.

Def. 15: The longitudinal stability margin, LSM, is the shortest distance from the projection
of the center of gravity of the body to the edges of the support pattern measured
in the longitudinal direction.

Def. 16: The fractional function, F(x), is defined as:

If x>0, then F(x)=the fraction part of x. (2.3a)
If x<0, then F(x)=1-the fraction part of (—x). (2.3b)
and,

F(F(x)=F()

F(—x)=1-F(x)

FIN+x)=F(M +x), N and M are integers.
F(A+F(B))=F(A+B)

10



Def. 17: Aregular gait is a gait whose duty factors of all legs are the same.

Def. 18: A symmetric gait is a gait which has a time phase difference of half-period by
which the pair of legs at the right-side lands after the pair of legs at the left-side.
Otherwise, it is a non-symmetric gait.

Def. 19: A singular gait is if two or more events of support or transfer of legs occur at the
same time during the locomotion. Otherwise, it is a non-singular gait.

Def. 20: A walking machine is statically stable if there are at least three legs on the ground
and the center of gravity of the body is projected onto the support pattern through

the full cycle of locomotion. Otherwise, it is statically unstable.

2.2 Gait Analysis

A gait is the lifting and landing sequences of the legs of an animal and the relationship
between the legs when an articulated animal travels around. The study of gaits helps us
to understand the walking characteristics of animals. Therefore, the analysis and the use
of the gait have great inferences on the stability and the balancing of locomotion of a
legged vehicle without numerous actuators and complicated control technology. Here,
the common gaits of the quadruped animals and the methods for gait analysis are

illustrated in this section.

2.2.1 Gaits of Quadruped Animals

The scientific study of legged locomotion began in the late 19" century. At that time,
Muybridge [18] was commissioned to find out whether or not a trotting horse left the
ground with all four feet at the same time. He proved this by a set of stop-motion
photographs and later, by graphic methods. In modern times, the study of gaits of living
things, especially quadruped animals and insects, have applied the graphic methods.

The common-adopted gaits of quadrupeds are classified into five types, amble or walk,
trot, canter, pace, and gallop. The detailed descriptions are as follows.

1. Amble or walk (% #)

The amble or walk is, generally, a slow and four-beat gait as shown in Fig. 2.1(a) [19],
and the feet are lifted off the ground in the sequence of left front, right rear, right front, left

11



rear, separately. Fig. 2.1(b) [20] shows the relative phases of the four legs, where 1, 2, 3,
and 4 are the leg numbers. Leg 1 has the relative phase 0 and the others have the relative

phases in the range 0 ~ 1.

wid il eaollivey : :

. 3 1
0 o
4 2
T o R T o 05
(a) Successive postures [19] (b) The relative phases [20]

Figure 2.1 The amble or walk gait

2. Pace (¥ ¥%)

The pace is a fast and laterally two-beat gait with the lateral front and rear legs
moving forward and backward together, Fig. 2.2(a) [21]. Therefore, the left two and right
two legs are of half-phase difference, Fig. 2.2(b). This kind of gait is adapted by camels.

T Tt
RV AN o 7 p 0
(LT P&

3 I
/v\/'gﬁ Y Y f it
EE gé r A A 5 O
ISP f j‘ M fmjf
ol Py B
(a) Successive postures [21] (b) The relative phases [20]

Figure 2.2 The pace gait

3. Trot (& 4)
The trot is a fast and diagonally two-beat gait with the diagonal front and rear legs
moving forward and backward together, Fig. 2.3(a) [22]. Therefore, the diagonal legs are

of zero-phase difference and the lateral legs are of half-phase difference, Fig. 2.3(b).

12



0.5 0

3 1
' o e il 'O
T *1: ﬁcﬁzr\/ ' 4 2
0 0.5
(a) Successive postures [22] (b) The relative phases [20]

Figure 2.3 The trot gait

4. Canter (-] §a)

The canter is a slow, smooth, and straightly three-beat gait, Fig. 2.4(a) [22]. The left
front and the right rear legs are of zero-phase difference, and the right front and left rear
legs are of about half-phase difference, Fig. 2.4(b). It is a transitional gait between slow
and faster gaits.

fntiade e AN

O

) A AN 0 03
(a) Successive postures [22] (b) The relative phases [20]

Figure 2.4 The canter gait

5. Gallop (5 #)

The gallop is a fast and diagonally four-beat gait, Fig. 2.5(a) [23]. The front and the
rear legs are of about half-phase difference, and the left and right legs are of slight phase
difference. Therefore, the four legs are, simultaneously, in the air at some moments, Fig.
2.5(b).

Besides, there are gaits adopted by animals while they hop, such as the bound (3&#&"*)
gait and the pronk (# #*) gait. The former is a gait that the front two legs are of

zero-phase difference and so are the rear two legs, and the two front legs are of

13
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Figure 2.5 The gallop gait

half-difference with the rear two. The latter is a gait with the four legs of zero-phase
difference.

It is easy for the living animals to adopt various types of gaits on different terrains to
balance themselves. However, it is such a difficult behavior for a walking machine with a
unique type of gait to get with various types of terrains. Therefore, amble or walk is a
popular type of gait for most quadruped walking machines due to easy balancing. It is
proposed by McGhee and Frank [17] that there are three non-singular quadruped gaits by
which the walking machines walk in statically stable mode all the time as shown in Fig. 2.6.
Among the three gaits, the gait shown in Fig. 2.6(b) is the gait with the optimal
static-stability and known as the wave gait adopted by a variety of animals at slow
locomotion. And, it is also applied in this study regarding the design of a quadruped

walking machine.

30— ol 30— ol 39 ——9]
46 +—-9? 40— 2 40— @2
1243 1423 1342
(a) (b) (c)

Figure 2.6  The sequence of foot lifting and landing of quadruped creeping gaits [17]

2.2.2 Graphic Methods of Gait Analysis

In order to analyze the gaits, the graphic methods are utilized and described in the

14



following paragraphs. The successive gait pattern shows the successive support patterns
for a gait, and Fig. 2.7 is an example of the successive gait pattern of the wave gait with a
duty factor of 5/6. Here, the dotted rectangle is represented the body of the walking
machine at a time period with respect to the support pattern. The filled black circles
locate the relative positions of the feet on the ground and the hollow circles mean the
relative positions of the feet in the air. The black-filled circles with arrows inside the
dotted rectangle refer to the positions of the centers of gravity and the directions of motion.
The support patterns at different time periods are revealed obviously by these graphs.
The longitudinal stability margin is measured and calculated directly from Fig. 2.7. In
addition, the stationary gait pattern which is the combination of the successive gait patterns
at different time periods is used [15]. By overlapping the dotted rectangles of bodies, Fig.
2.8, in which the symbol, R, indicates the leg stroke and the black-filled circle inside the
dotted rectangle means the center of gravity, shows an example of the stationary gait
pattern of the wave gait shown in Fig. 2.7. The longitudinal stability margin is directly

revealed.

2.3 Foot Trajectory

A foot trajectory is the locus through which the foot point of a leg of a walking
machine passes in one cycle of locomotion. It has great influence on the stability of
locomotion and adaptive ability to the terrains. In common, a foot trajectory is divided
into two portions, support phase and transfer phase. The former is the portion formed
when the foot point is in contact with the ground and shown as a straight line-segment in
Fig. 2.9. And, the latter is the portion formed when the foot point is in the air. For a
quadruped walking machine to achieve statically stable, the time period during support
phase relative to the full cycle time must be equal to or greater than 0.75. An ideal foot
trajectory should have the characteristics described as follows:

1. The foot trajectory is a closed curve without any intersection.

2. The curve includes a portion of a straight line-segment at the bottom relative to the
upper body in order to maintain stability of locomotion during support phase and to
reduce oscillation and undulation of the center of gravity of the body.

3. The height of stride is as high as possible to enhance the ability of obstacle-crossing.
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Figure 2.8 A stationary gait pattern of a quadruped with a duty factor of 5/6 [15]
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Figure 2.9 An ideal foot trajectory

4. The leg stroke is as long as possible to increase the advancing distance in a stride.

5. The angle o between the ground and the tangent of the end of transfer phase before
the foot point enters the support phase is as small as possible to reduce the shock to
the leg.

To attain an optimal foot trajectory is the objective of the dimensional synthesis for the leg

mechanism in this study.

2.4 Summary

The graphic methods for gait analyses are discussed in this chapter. It provides a
quick and useful understanding of the gaits. Besides, in this chapter, the ideal trajectory
for the locomotion of a walking machine is mentioned. In the following chapters, the
ideal trajectory is targeted as the objective goal for the walking machine.
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Chapter 3

Design Approach

In this chapter, a new self-balanced quadruped walking machine with the leg
mechanism of 10-bar linkage is systematically designed by a step-by-step approach [24].
The new designed walking machine is expected to achieve statically stable locomotion at a

wave gait by the input crank of two speed segments.

3.1 Design Procedure

The flowchart of the design approach proposed by Chen [24] with modification to
construct a self-balanced quadruped walking machine with a single actuator is shown in
Fig. 3.1. And, the steps for the proposed approach are illustrated as follows. The first
step is to investigate and to evaluate existing path generators according to design
requirements and constraints. Then, a qualified path generator is chosen as the beginning
leg mechanism for dimensional synthesis based on the optimal design techniques. New
path generators can be acquired on the basis of Yan’s creative mechanism design
methodology [8]. The second step is to synthesize the path generator chosen or acquired
from the first step to obtain a usable leg mechanism by the techniques of optimal design.
A usable leg mechanism is a path generator whose coupler point figures a closed locus
with a partially approximate-straight line-segment. Third, the two-speed control method
IS put into use on the crank of the usable leg mechanism in order to obtain the feasible leg
mechanism with sufficient duty factor. The final step is to place the foot point on the
right position of the locus at the specific time period based on the gait theory. After the
power source and the driving system are installed on the walking machine, the quadruped
walking machine is constructed completely. In the following sections of this chapter, the
detail design procedure of each step is described.
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Figure 3.1 Design flowchart
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3.2 Existing Path Generators

The first step to design a self-balanced quadruped walking machine is to choose an
existing path generator or to synthesize a new one as the initial leg mechanism for usable
leg mechanism according to the design constraints and requirements. By these design
requirements and constraints, we could check whether the existing path generator conforms
to the demands of a leg mechanism for a quadruped walking machine. Or, when
developing the new path generators with Yan’s creative mechanism design methodology
[8], each link of a generalized kinematic chain is assigned for the special purpose by these
design requirements and constraints.

To design a mammal type of leg mechanism with 10-bar linkage, the path generator is
suggested to satisfy the following requirements and constraints [14]:

1. Itis a planar mechanism with one degree-of-freedom.

2. It is a generalized kinematic chain with 10-link and 13-joint. And, in order to
reduce the number of candidate generalized kinematic chains, the atlas of kinematic
chains with only binary and ternary links are focused.

3. There must be a ground link as the body (frame).

4. The ground link must be a ternary link adjacent to a crank, a femur link, and a
connecting link.

5. There must be a crank which is able to rotate a full cycle to generate the successive
rotation of motion for the mechanism. And, the crank is a binary link to simplify the
structure of the leg mechanism.

6. The crank must be adjacent to the ground link.

7. There must be three individual links as the femur link (*% % &), the tibia link (?%¥#

%), and the cannon link (& # %) to construct the main structure of the leg,

respectively.
8. The femur link must be adjacent to both the ground link and the tibia link.
9. The tibia link must be adjacent to the femur link and the cannon link.
10. The cannon link must be in contact with ground link and adjacent to the tibia link.
11. The tibia link and the cannon link can not be adjacent to the frame.
12. The ground link, the femur link, the tibia link, and the cannon link must be different
link.
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13. The crank must not be adjacent to any one of the femur, tibia, and cannon links.

14. The femur link is a ternary link adjacent to the ground link, the tibia link, and a
connecting link.

15. The tibia link is a ternary link adjacent to the femur link, the cannon link, and a
connecting link.

16. The cannon link is a binary link adjacent to the tibia link and a connecting link.
And, it should have a coupler point (foot point) to generate the coupler curve without
any intersection.

17. All joints incident to links must be revolute joints.

The wooden horse carriage proposed by Chiang, Fig. 1.7, has the leg mechanism with
one DOF and with ten links and thirteen revolute joints. The schematic drawing of this
leg mechanism and its foot trajectory are shown in Fig. 3.2. Undoubtedly, it meets the
design constraints and requirements stated above and it is an existing path generator. By
detailed observations, the leg mechanism of this walking machine has a short partial
straight line on the foot trajectory and low height of stride. ~ Since this leg mechanism is a
10-bar linkage mechanism, the optimization technique is a suitable way to achieve

dimensional synthesis and to obtain a desired foot trajectory.

Femur link

Cannon link

F oayt)ints
daasdrens

Figure 3.2 The leg mechanism of Chiang’s walking machine and its foot trajectory

21



3.3 Usable Leg Mechanisms

The 10-bar path generator obtained in the previous step is considered not to be a
usable leg mechanism until the link dimensions are synthesized and a desired foot
trajectory is acquired. Firstly, the equations for position analysis are formulated to
recognize the positions of the links and the foot point. And then, the dimensions of links

are synthesized by the optimization technique to obtain a usable leg mechanism.
3.3.1 Position Analysis
The coordinate systems on the generalized leg mechanism of Chiang’s walking

machine are shown in Fig. 3.3 with the vector expressions. Here, XY coordinate is the

fixed frame of inertia with the origin O, X.Y, is the coordinate attached to the ground

Figure 3.3 The coordinate system of the leg mechanism of Chiang’s walking horse
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link with origin O,, and point P is the foot point of the leg mechanism. Each vector T

with subscript represents the vector from one joint to another or that from one origin of
coordinate system to another, and each angle & with subscript describes the angle of a
vector measured counterclockwise in the positive X axis or the angle between two
vectors. A (10, 13) mechanism needs four independent vector loops to determine the

positions of all links according to Euler’s theory [25] which is:

L=J-N+1
~13-10+1=4

where, L is number of the independent loops, J is the number of simple joints, and N

is the number of links.  The four independent vector loops are:

Loopl: T,+T,-T,—T%=0 (3.1a)
Loop2: T, +T,-T,-T,=0 (3.1b)
Loop3: T,+T,—T,—Ts=0 (3.1¢c)
Loop4: T,+T,+T+T,+T,—T,—T,=0 (3.1d)

And, the coordinates of the foot point P of the leg mechanism with respect to XY

coordinate is described as:

L=h AL+ L+ L+, + T +T + T, (3.2)
Eq. (3.1a) is decomposed into the two scale equations as follows:

I, COS&, +1,,C086,, —r,c086, —r,cosf, =0 (3.3a)

loSING, +1,5IN6, —1,85In6, —1,s5ing, =0 (3.3b)

where, 6, and 6, are unknown variables, 6, is a constant, and &, is the input angle

of the crank varying from 0° to 360°. Solving Egs. (3.3a) and (3.3b) simultaneously, we

obtain &, and 6, as follows:
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@::2*Mn1(‘quzi_4@q) (3.30)

6,, = Atan2(r, +r,sin6,, 17, + 1, C0S G,) (3.3d)

where

1, =—I, C0Sf,, + I, COSH,

n, =—I,Sin0, +1,5in6,

a = r121 _7712 _7722 - r92 + 21977,
b, =—4r,n,

C, = r121 _7712 _7722 - I’92 — 21,1,

and
Oy =0y +0, 4

912 = 011 + 911_12

O =0, + 99_13
In the same manner, Egs. (3.1b) is decomposed into two scale equations as follows:

f; COSG, +r,C0SH, —r, 086, — 1,058, =0 (3.4a)

rSing, +1,8in @, —r;sin@, —r,sind, =0 (3.4b)

where, ¢, and @&, are unknown variables , €, is a constant, and 6, is provided by

loop 1. Solving Egs. (3.4a) and (3.4b) simultaneously, we have 6, and 6, , as below:

—b, +./b? -4
0, = 2*tan (2P ~4%0, ) (3.4¢)

2a,

6, = Atan2(r, +r;siné;, n7, + 1,08 ;) (3.4d)

where

1y = —I3 COSH, + I, COSH,
n, =—rysing, +1,sin b,

2 2 2 .2
a, =1I; —1m5 —n; — T3 +20,7,
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b, =-4rn,

¢, = I’72 _7732 _775 - r32 — 2131,
and

0,=0,+ 6?3_4

915 = 97 + 6)7_15

‘914 = ‘97 + 97_14
In the same manner, Eq. (3.1c) is decomposed into two scale equations as follows:

r,cosé, +r,cosé, —r,. cosb, — I, cosb,, =0 (3.58)

r,sin@, +r,sind, —r.sinéd, —rysinf,, =0 (3.5b)

where 6, and 6, are unknown variables, 6, and 6, are provided by loop 2.

Solving the Egs. (3.5a) and (3.5b) simultaneously, we obtain 6, and 6, as follows:

—b, +/b? -4
0, = 2*tan (Vs ~ s (3.50)

2a,

6, = Atan2(n +rsin 6,, 15 + 1, c0s b;) (3.5d)

where

1y =—I,;C0SH;; +,C0S0O,

ne =—ISING +r1,8IN6,

A, = Tig 715 =15 —Ts + 215775
b, = —4r,n,

Cy =g 1 —1¢ — Ty =217y

and
06 = ‘95 + 95_6

In the same manner, Eq. (3.1d) is decomposed into two scale equations as follows:
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I;C0sd, +1,C0S0,

(3.6a)
+ 1, COS O, + I, COS Y +I5C0SH,5 — I, COSH,, — I, C0SE, =0

rsSiné, +1,sin6,,

. . . . : (3.6b)
+ 1, SING, +1SING; +1,8IN0, —1,8IN0, —1,sIn0,;, =0

where 6, and 6, are unknown variables, and 6,, 6,, 6., 6,, and 6, are
provided by loop 1~3. Solving the Egs. (3.6a) and (3.6b) simultaneously, we have 6,,

and 6, as follows:

—b, £4/b7 -4
0, = 2~ tan (e EAPe 480, (3.60)

2a,

6, = Atan2(n, +1ySin G5, 17, +1,,COSH,,) (3.6d)

where

n, =1,C086,, +1,C080, + I, COSH,, + I, COSH; — I, COSH,
Mg =13SING,+1,5IN6, +1,SiN0+r1,8iN6, —1,SIn 0,

a, = rli _7772 _7782 - rlé + 2177,

b, = —4r,7,

Cy =Ny =717 =115 — Vg — 2077,

and

921 = 918 + 918_21

3.3.2 Dimensional Synthesis

The 10-link path generator in Fig. 3.3 needs to be iteratively performed dimensional
synthesis to obtain a usable leg mechanism with the desired foot trajectory. The design

variables are the lengths of vectors (r,, 1, r,, Iy, I, Iy, o, T, Tgy Ty oy Ty Tios
s, he, My, hg, and r, ), the orientations of vectors (6,, €,, and 6,), the angles
between two vectors (6, ,, G5, 0,15, Gyg, Oy, and G4, ), and n prescribed

positions of the input crank (&,,,~8,, ). The foot trajectory of the leg mechanism is
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desired to pass through the n specified positions, B~P,, with n prescribed positions of
input crank (6,,,~6,, ,). Here, five specified positions are desired to be passed through,

and therefore, there are 32 design variables in the optimization problem. The objective

function is formulated as follows:
H > 2 & 2
Min.  F(T;) = WlZ(Xi - Xg) +sz(yi ~Yq) (3.7)
i=1 i=1

where x; and y, are x and y components of the i-th specified positions, x, and
y, are x and y components of the actual positions of foot points at the prescribed

angles of input crank, and w, and w, are the weighting factors. And, the inequality

design constraints to confirm that loop 1 is a crank-rocker mechanism is as follows:

9, (X)=r—-rg+r,—n, <0 (3.8a)
g,X)=rg—-nr+r,—r, <0 (3.8b)
g, (X)=r,—1,—1,+1, <0 (3.8¢)

In order to decrease the number of design variables, the length of vector T, is set to be
unity and & ,, issettobe0. And, the leg mechanism is desired to have the length of a
partial straight line-segment of 1, and to have a height of stride of 0.6. The five specified
positions on the desired foot trajectory are P,(2.0,-2.5), P,(1.5-2.5), P;(1.0,-2.5),
P,(1.25-1.9), and P,(1.75,-1.9), as shown in Fig. 3.4. Besides, both of the weighting
factors, w, and w,, are 0.5. Therefore, there are 31 design variables, 3 inequality

constraints in this optimization problem. The initial values, lower and upper bounds, and
the optimum values of design variables by the augmented Lagrange multiplier method [26]

are listed in Table 3.1.
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Crank with
constant speed

Figure 3.4 The leg configuration and its foot trajectory after optimization
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Table 3.1 Initial values, lower and upper limits, and optimum values of design variables

Design Iy r ry rs la rs le rs lg ly lo
Variables | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) [ (mm) | (mm) | (mm) | (mm)
Initial 1 0.6832 | 0.9635 | 0.6781 | 0.7487 | 0.4467 | 0.6463 | 1.1202 | 1.1925 | 0.2508
Values
U_pp_er 0.1 0.1 0.5 0.3 0.3 0.3 0.2 0.5 0.5 0.1
Limits
Lower 5 2 15 1 1 1 1 15 15 | 06
Limits

Optimum | 9 0014 1 0.6 0.91 0.5 0.51 0.43 0.55 0.96 0.95 0.5
Values

DeSign 1 I12 15 6 17 g M
Variables | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)

Initial | 07689 | 0.538 | 0.4221 | 0.6918 | 2.21 |0.6657 | 1.8924

Values

Upper 0.2 0.2 0.2 0.3 15 0.1 0.1

Limits

Lower | 09 | 09 1 08 | 25 | 08 | 08

Limits

Optimum | 08 | 065 | 027 | 065 | 17 0.6 1.2

Values

Design 0o 01 0 054 0 s CRRE 0o 01 0

Variables | (rad) | (rad) | (rad) | (rad) | (rad) | (rad) | (rad) | (rad) | (rad)

\'/niltial 0.7854 | 0.1047 | 0.1895 | 0.3674 | 2.6934 | 0.4046 | 0.6084 | 2.3735
alues

Upper 0 0 0 0 0 0 0 0
Limits

Lgvv_er 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14
Limits

O\F/)tilmum 0.0294 | 0.0873 |-0.0873| 1.9199 | 0.5236 | 4.1015 | 0.6109 | 5.8468 0
alues

Design 0 10 6 102 6 10 6 104 6 10
Variables | (rad) | (rad) | (rad) | (rad) | (rad)

Initial | 05235 | 1.1345 | 1.6755 | 4.1015 | 5.4978
Values

Upper 0 0 0 0 0
Limits

Lgvv_er 3.14 3.14 3.14 3.14 3.14
Limits

Optimum | .14 2 2.9 4.04 |5.9795
Values
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Figure 3.4 shows the schematic drawing of the leg mechanism and its corresponding
foot trajectory. It is observed that there is an approximately straight line-segment
between around the points P, and P,, and this line-segment is available for the support
phase of the leg mechanism. From the computer program and the output diagram, it is
realized that when the input crank of the leg mechanism rotates from -227° to -135°

clockwise, the foot point moves from around P, to around P,. As the crank rotates at a

constant speed, the duty factor is:

_ (227° -134°)
360°

/B ~0.26

Obviously, it is not sufficient for the statically stable walking.

3.4 Feasible Leg Mechanisms

According to the interval of the high segment, that of low speed segment, and the

desired duty factor, the speed ratio is calculated as follows:

0

R, = (3.9)
21
s

where 6, =93°, 6, =6, =93°, 6, =360° -6, =267°. A S value of 0.8 is desired
and therefore, we obtain R, =11.48. Fig. 3.5 shows a feasible leg mechanism with the

crank whose speed ratio, R, is 11.48.

!
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Crank with
two speed control

Support phase

Figure 3.5 A feasible leg mechanism with a duty factor of 0.8

3.5 Placement of Foot-Point Positions

Based on the gait theory, we are able to obtain the relative phase and the local phase

of each foot for the wave gait of duty factor 0.8. The relative phases are:

4 =0

$, =05

¢, =p=08

¢, =F(B-05)=0.3

If we take time phase t=0.2T where T is the period of a full locomotion, the local

phases of the four legs are as follows:
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Figure 3.6 Foot positions of the four legs at the time period t =0.2T

y,=F(t-¢)=02
y,=F(t-¢,)=07
wy;=F(t-¢,)=04

v, =F(t-¢,)=09

The configurations of the four legs at time phase t=0.2T can be obtained according to
the local phases and foot point positions of the four legs as shown in Fig. 3.6. The local

phase 0.9 of leg 4 means that leg 4 is at the transfer phase; that is, it is in the air at the time
of 0.2.

32



3.6 Summary

In this chapter, the procedure of designing a self-balanced walking machine with the
leg mechanism of 10-bar linkage is illustrated according to the approach described in
section 3.2. The leg mechanism of Chiang’s wooden horse carriage is chosen as the
initial leg mechanism to synthesize a usable leg mechanism and, moreover, a feasible leg
mechanism. Based on the leg mechanism obtained in this chapter, we can perform
kinematic analysis and force analysis in the next two chapters to obtain the characteristics

of the leg mechanism and those of the walking machine.
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Chapter 4

Kinematic Analysis

In accordance with the usable leg mechanism developed in Chapter 3, the kinematic
analysis is performed in this chapter. Since the position analysis is completed in
designing the usable leg mechanism, here we start the kinematic analysis with the velocity

analysis according to the results of position analysis.
4.1 Angular Velocities of Links
Differentiating Egs. (3.3a,b), (3.4a,b), (3.5a,b), and (3.6a,b) of position analyses of the

four loops with respect to time, and we can obtain Egs. (4.1), (4.3), (4.5), and (4.7) for the

angular velocities of the nine moving links.

Loop 1
— 1,0, 8IN 6, + o, SiNGy = 1ym,,SiNG,, (4.1a)
I,@,, C0S6,, — ryw, COSO, = —I,,@®,, COSH,, (4.1b)

where ®,, and @, are unknown angular velocities of links 2 and 4, respectively, and
@,, 1S the constant crank speed of link 1. With Cramer’s rule, this set of simultaneous

equations could be solved, and we have:

A11

oy = Al (4-23)
A,
=12 4.2b
2 A, ( )
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where

—-r,sing, r,sing,
I,cosé, —ryc086,

A lo@;0 SIN G, I, sin &,
Y- rym,c086,, —r,C0s6,
A —1;8ind,  rew,sing,
¥ lr,c086, —r,m,c0s6,,
Loop 2
— Lo, SiNG, + L,w,SiNG, = w,sing, (4.3a)
I, C0S 6, — ,w, C0S O, = —I,@, COS b, (4.3b)

where @, and o, are unknown angular velocities of links 5 and 7, respectively, and

w; = m, 1s the angular velocity of link 4 which is obtained after the velocity analysis of

loop 1. Similarly, with Cramer’s rule, we have:

A
w, =—2 (4.4a)
A
2
A
AZ
where
—-r,siné, r,sind,
2 =
r,cos@, —r,Cosé,
A I, Sin 6, r,sin o,
2 |l-rw,cos6, —r,cosb,
A -,sing, rw,sing,
? lrcosd, —rm, cosb,
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Loop 3

— I, SING + Lo SING, = —1,0,5IN 0, + 1.0, SIN G, (4.58)

Is@y COSH, — I, COSH, = 1,0, C0SH, — .0, COSO, (4.5b)

where @, and @, are unknown angular velocities of links 6 and 8, respectively, and

o, =, and @, = @, are the angular velocities of links 7 and 5.  Again, with Cramer’s

rule, we have:
A31
0, =—> 4.6a
o=y (4.6)
o, =22 (4.6b)
3
where

| resindg  rgsind;

* lr,cos6, —r.cos0,

A -r,w,sind, + .56,  r.sind,
| rw,co80, —r.wC0s6, —r, C0SH,
A —rgsinf, —r,w,siné, +r.wSin 6,
%2 lrgcos68,  rm,C086, — @, COS b,
Loop 4

— 10, SIN 6, + M@, SIN Oy = — L@, SIN 6, + I,m, SIN G, — L@, SIN G,
— 5,5 SIN 65 — 40,5 SIN G, — I, SIN G (4.7a)
+1,0,81N0,

1,007 COSB,, — 0,3 COSE; = L, COSH, — [ym, COSH, + I, COSH,
+ 1,5, COS O + I, COS O, + I, COS G, (4.7b)
— @, COS O,

where @, and @, are unknown angular velocities of links 3 and 9, respectively, and

w, =, and @, = @, are the angular velocities of links 8 and 2. Then,
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o, =2u (4.82)

A4
42
4
where
_[rgsing;  rgsindg
L=
I,C086,, —I,C0S0,
— I, SIN G, + @, SIN Gy — 1,0, SINEG, — .0, SINO; r sing
A — [y, SIN B, — T, SIN G, + 1,0, 5IN 6, o
' (rw, c0S O, — Iyw, COS B, + I, COS O, + I,;,; COS O p
— I, COS
+ Iy, COS O, + @), COS B, — I, COSO,, e
ino — Iy, SIN G, + Iy, SIN G — 1,0, SIN G, — I, SIN G,
—1,,sin _ _ .
A e — Iy, SIN O, — T, SING, + 1,0, SIN O,
“ p Iy, COS 0, — Iy, COS B, + I, @, COS B, + I,;,; COS O
r,, COS
e + g0, COS B, + T, COS B, — 1,0, COS B,

4.2 Angular Accelerations of Links

With the results of angular velocity analysis, the angular acceleration analysis could
be performed. Differentiating the equations for angular velocity analysis, Eq. (4.1), (4.3),

(4.5), and (4.7), with respect to time, we have the following another four sets of

simultaneous equations.

Loop 1

— 1,0, SING, + 1,y SING, = 1o, SING,, + rloa)fo cosé,, (4.92)

+ 1w/, C0S B, — r,w? COS b,

2 -
.0, COS O, — o, COS O, = —Iyat, COSE,, + Iy, SIN G, (4.9b)

2 ar 2 a3
+ 1,0, 8IN 6, — oy Sin 6,

where o, and «, are unknown angular accelerations of links 2 and 4, respectively, and
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a,, 1S angular acceleration of input crank which rotates with constant speed; that is, «;,

equals to zero.

With Cramer’s rule, we have:

A
Al
1
where
A=A
A | T SiN G+ I, COS O, + I, COS 6, — ,w? C0SB,  T,siné,
M ey, 0SB, + Hof SiNG,, + 1,0f Sin 0, — Lao?sing, —r,cosb,
A [ sin@, o, Sing,, + @) Cos b, + I,w’ CoS b, — Iw; oS,
"ol c0s0,  — ey, C086,, + Fyod Sin by, + Iwh sin 6, — ol sin 6,
Loop 2
—La,sing, + La,sind, = ra,sin g, + rw? cosé, (4.112)
+ 1,0’ c0S 0, — I,m’ cos b,
Ia, COS @, — I, COS 6, = —l,at, COS B, + ! sin 6, @11b)

+ 1,07 sin 0, — r,w; sin 6,

where o, and «, are unknown angular accelerations of links 5 and 7, respectively, and

a3 = ag Is angular acceleration of link 4 which is obtained after the angular acceleration

analysis of loop 1.  Similarly, with Cramer’s rule, we have:

o =ta
AZ
o L2
AZ
where
A2 - AZ

(4.12a)

(4.12b)
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g SN O, + I, COS B, + I’ COS B, — rw; cosl,  1,sin6,
Aa = 0, + t,@? Sin 6, + 1w’ sin 0, — r,w? sin 0
— 0ty COS B, + Ty SiN G, + 1,0’ Sin @, —r,w’ sin@, —r,cosé,

—1,8iN0, a,sinb, + rw. cosd, +I,w> CosH, — rw; coso,
r,coS@, — Il COSH, + la! Sin G, + @’ sin @, — r,w? sin 6,

Loop 3

— Iy SIN O + 1,0 SIN O,
- 2 -
=-r,a,sin6, —r,m, oSO, + I, Sin 6, (4.13a)
+ 1,05 COS O, + N, COS 6, — rw? oS b,
o0y COS O — Iax, COS 6,
r,o, COS 0, — I,@. Sin @, — ., COS O, (4.13b)

+ oo Sin O + Mo/ sin 0, — .ol sin 6,

where o, and «, are unknown angular accelerations of links 6 and 8, respectively, and

a,=a; and «a, =a, are the angular accelerations of links 7 and 5. Again, with

Cramer’s rule, we have:

A
a, =—32 (4.14a)
A3
A
ay =—% (4.14b)
A3
where
A=A,
- 2 -
-r,a,sin6, —r,w, cosf, + r.a,;Sin g, r sing
+I.@2 COSO,. + I, w2 COSHO,. —I-w? Ccos b, ° °
A31 — 15715 15 16*716 16 55 5
r,a, Cos 6, — 1, Sin 6, — .o, COS O,
— I, C0S 0
2 A3 2 A5 2 A
+ L@/ SIN O + M0 SIN O — s SIn O,
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- 2 -
ino -r,a,8in6, —r,w, cosd, + .o, Sin 6,
A = + o, COS O, + I, COSO,s — I COSO,
32 f
r,a, 0S8, — I, Sin 6, — .01, COS O,
e COS 916 2 . 2 . 2 .
+ 5@/ SIN O + Mo SIN O — s Sin 6,
Loop 4

— 1,0, SIN G, + e, SN G,
= —I,0, SN G, — L,w? COS B, + ya, Sin 6,
+ I,w? CoS, — I, Sin @, — 1w’ cosf, 415

— I 0ty SIN O — 1 w2 COS B, — T, SN O (.15

— I w7 COS O, — Ia, Sin 6, — r,w? Cos ),

+ 1,0, SIN O, + 1,0, COS B, + 1,07, COS O, — w5 COS b,
707 COS O, — g0t COS O,

= I, COSG, — Law? sind, —I,a, Cos b,

+Fywd Sin 6, + r,a, C0S B, —I,w> sin 6, 415

+ [0ty COS Oy — Fof SIN O + Tty COS O, (4.155)

— I, SiN O, + Fyor, COS G, — I, Sin G,

2 - 2 - 2 -
—1,0,,C0S0,, + 1,0, SN0, + 1,0, SIN G, =0 SIN O

where «, and «,, are unknown angular accelerations of links 3 and 9, respectively, and

a, =a; and «a,, =y, arethe angular accelerations of links 8 and 2.  Then, we have:

A
al7 = A_Aj (4163.)
A42
. = 4.16b
=y (4.16b)
where
A=A,

40



At first, we determine the relative position vector of the mass center of each moving

— o SiN 6, — L] COS G, + fya, Sin 6,
+ Iy’ C0S 6, — I, Sin @, — I,w’ cos G,
~ Iy50t5 SN G — 5055 COS G5 — 104 SIN G
— I @, C0S O, — I, Sin O, — r,w? oS b
+ 1,0, SiN O, + 1,0, COS 6, + 1,7, COS b,
~ I3 COS O,
I, COS 6, — L’ Sin 6, — Iyar, COS 6,
+ IS sin G, +r,a, C0SH, — I’ sin 6,
+ 10l COS By — lo@); SN O, + 10, COS O,
— I w2 SN O + Lo, COS G, — I,w? sin 6,

— 1,0, COS By, + I, Sin 6, + I, sin 6,

2 -
— Ig@gSIN O}

—-r,sing,

— I}, COS O

I, COSé,,

2 -
— Ig@gSIN O}
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— Iyt SIN 6, — L@ COS G, + Iyat, SiN G,
+I,w? C0S 6, — I, Sin @, —I,w’ cos 6,
— Iy505 SN G5 — 50055 COS g — Ity SiN By
— I @/, C0S O, — o Sin O, — Iw? CoS b,

+ 1,0, SIN O, + 1,0, COSO,, + 1,0}, COS O,

I, COS 6, — L’ Sin 6, — ya, COS 6,
+Lw?sin 6, + r,a, cosé, —r,w’ sin ,

+ 1oty COS O — M@}, SIN O, + N0, COS O,
— @}, Sin O, + I, COS O, — I, sin 6,

— I, C0S O, + I, Sin G, + 1,0, sin 6,

g SIN G

—I,,C0SO,,

4.3 Velocities and Accelerations of the Mass Centers of Links

link of the leg mechanism to locate the mass center position of each link related to a
specific pivot on this link. These determinations of position vectors are based on that
each link consists of homogeneous material such that the position of mass center of each

link locates at the centroid of the link. These vectors are shown in Fig. 4.1 and listed




below.

L=t
%rlo oSO, 1 + ; r,sind, |
L= fat (1)
= (% r,, C0S 6, +%r12 cos lej I+ (% I, Sin 6, +%r12 sin 912) j
L=
% 1, COSO, 1 + ; r,sind, |
L, :%fg +%f8

Il
A/
Wl

r, COS 0, +%r8 cos@ajh(%rg sin 6, +%r85in Hsj i

- 1 1,
L5:§r7+§(r7+r15)

VR

%n cosé, +%r15 cos@lsjh@ r, sin @, +%r15 sin 6?15j i

~ 1
I—e :Erlﬁ
1 1 . A
Erle COS O I += > IeSING |
- 11,
I—7 :§r3+§(r3+r4)
:(%rgcosé’g+%r400594jf+(%r35i”93+%r43i”‘94jj
- 11,
L8:§r g(r5+r6)
:@rScosHs+%r6c0306Jf+[§r53in95+%r65in496jj°
-1
L, ZErls
1 1 . A
E 18 003018| += > s SiNBGg j

42



(a) Link 1

(d) Link 4 (g) Link 7

(e) Link 5

(h) Link 8

m,g

(f) Link 6

(c) Link 3 (i) Link 9

Figure 4.1 Position vectors of mass centers relative to the specific pivots

The center position of each link with respect to the body fixed coordinate system

X,Y, can be determined by the vectors as follows:



99

pull
Il
=
_|_
Nﬂ
_|_
wﬂ
_|_
bﬁ
_|_
oy
+
o
+
I
Il
=
+
Ny
+
*n
+
=
+
e
+
o‘»‘
+
N |-

The velocity and acceleration of the mass center of each link can be obtained by
differentiating the above position vectors with respect to time once and twice, respectively.

And, so are the velocity and acceleration of the foot point.
4.4 Summary

In this chapter, the kinematic analysis of each link of the leg mechanism is performed,
and the mathematical formulations are developed and presented. From the results of the

kinematic analysis, the completed force analysis including the static force and dynamic

force can be performed in next chapter.
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Chapter 5

Force Analysis

In this chapter, the force equilibrium equations of links are derived to perform
kinetostatic analysis [27, 28] for the joint forces, the output friction force, and the driving
torque. Furthermore, based on the definition of mechanical advantage, the ratio of the
input force and the output force, we could realize the transmissibility of force of the leg

mechanism.

5.1 Force Analysis

Since the walking machine has the wave gait when it moves forward, it always retains
at least three feet on the ground simultaneously all the time when it translates. Based on
this fact, some assumptions are made to simplify the analysis:

1. The mass center of the walking machine is located at the central point of the body (the
center of the ground link); that is, the weight of the walking machine concentrates on the
rotating center of the driving gear.

2. The weight is distributed equally on the feet (three or four feet) touching the ground and
results in reaction normal forces acting on these feet. The quantity of feet touching the

ground at the specific time period could be decided by the phase of each foot, Fig.5.1.

o Lifting
® Landing
T}
Leg 2 {_ &
Leg 3 ? ®

] 0.1 02 03 04 05 06 07 08 09 1=0 T

Figure 5.1 The gait diagram of the designed walking machine with the duty factor of 0.8
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3. The mass center of each link of the walking machine is located at the centroid of the
link.
4. The frictions of joints between the adjacent links are neglected.
Figs. 5.2(a) and (b) show the external loads on the walking machine when there are
three and four feet on the ground, respectively; where W is the total weight of the

walking machine, T, is the driving torque , f, is the friction between the foot and
ground when there are three feet on the ground, f, is the friction between the foot and
ground when there are four feet on the ground, N, is the normal force of the supporting
leg when there are three feet on the ground, and N, is the normal force of the supporting

leg when there are four feet on the ground.

Figs. 5.3(a) ~ (i) show the free body diagram of each moving link. Here, T, is the
driving torque on the crank of leg n (n=1~4), Ifij (for i=0~9, j=0~9, and
I # J) is the joint force exerting on the joint incident with the links i and j. \ector T,

(k =3~ 22) represents the size, including the shape and edge length, of each moving link.

L, (i=1~09), as expressed in Chapter 4, indicates the relative position of mass center of
each moving link. And, m.g (i=1~9) is the weight of each moving link.

Figs. 5.4(a) ~ (i) show the kinetic diagram of each moving link; where m;(a; ), and
m(8s ), (i=1~9) are the components of the inertia force of each moving link, |Gi(;.

(i=1~9) is the kinetic moment of each moving link, and ¢3, (i=1~9) is the angular

acceleration of each moving link.
5.1.1 Static Force Analysis
According to Figs. 5.2 and 5.3, and by assuming that each link has no mass and the

walking machine is subjected to the external normal forces and frictions on the feet, the

force equilibrium equations can be solved for the nine moving links as follows:
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(b) Four feet on the ground

Figure 5.2 External loads on the walking machine
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FBJ:

(b) Link 2

3\"71 or 1?\-72 or N=10

(c) Link 3 (f) Link 6 (i) Link 9

Figure 5.3 Free body diagram of each moving link
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Arl or A‘} oo N=0

(c) Link 3 (f) Link 6 (i) Link 9

Figure 5.4 Kinetic diagram of each moving link
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Link 1

i» zFX:OZ} F01X+F12x:O
+T sz:O: F01y+|:12y=0

N ZM =0= I, Cos6,F,, —n,sind,F, +T, =0

Link 2

+
— ZFX:O:>_F12X+F24X+F23XZO

+T ZFyzoj_F12y+F24y+F23y=O

+J Z M =0= n,c080,F,, —r,sind,F,, +(r,cosd, +r,cos6,)F,,

—(r;sin6, +1,8in6,)Fy, =0

Link 3

X zFX:Oj_Fzsx"'wa:O
+1 sz:O:_Fzsy+F39y=O
K ZM =0= 1;c086,,F,, —1;8in6;Fy =0

Link 4

+
— Zszoj Foax — Fax + Fisx =0

+T ZF)/:O: F04y_F24y+F45y=0
+y ZM =0= 0 COS@Q(_FZM)_rQSinQQ(_FZAX)

+1;C0S Gy F 5, — 1 SIN G F,5, =0
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(5.1a)
(5.1b)
(5.1c)

(5.2a)
(5.2b)
(5.2¢)

(5.3a)
(5.3b)
(5.3c)

(5.4a)
(5.4b)
(5.4c)



Link 5

5 z F=0=_ Fusx = Fsx+ Feex =0 (5.5a)
4 > F,=0= —F, —Fy, +Fy, =0 (5.5b)
K| >'M =0= r,c080,(-Fy,)—rsin 6, (-F;,) (5.5¢)

+(r,cosé; +r; cosHls)F56y —(r,sin@, +r.sing;)F,, =0

Link 6
+
- z F=0= —F +F =0 (5.6a)
+1 3 F, =0= —Fy, +Fy, =0 (5.6b)
+J ) M =0= €056 Fy, —1gsin O Fy, =0 (5.6¢)
Link 7
= z F=0= F, +Fu +F;, =0 (5.7a)
+1 z F,=0= Fy, +Fp, +F;, =0 (5.7b)
3 DM =0= 6,e0sO,Fy, —rsinG,F;,, +(1,c086, +1,c086,)Frg, (5.7¢)
—(r,siné, +r,sin6,)F,, =0
Link 8
- Z F=0=_ Frax — Foex + Faox =0 (5.8a)
+T Z Fy =0= - I:78y - F68y + F89y =0 (5.8b)
i ZM =0= r;C0S6;(—Fgq, ) — 15 Sin O; (—Fg, ) (5.8¢)

+ (I cos & + I, cos &) Fyg, — (I SING; + 1, SIN G ) Fgg, =0
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Link 9

4 2R=0=_F —F, +f=0 (5.92)
+ 2 F,=0=-Fg —Fy +N=0 (5.9b)
+3 Z M =0 = I C0S0(~Fy,) — g SiN Ol (—Fy, ) (5.90)

+1,,€086,N —r,sin0, f =0

where N = leéw when there are three feet on the ground, N =N, :%W when

there are four feet on the ground, or N =0 when the foot is at the transfer phase, i.e., the
foot is in the air. For simplicity, the friction f is set equal to N where u, =0.25
for the contact between rubber and wood. Obviously, from above equations, we have 27
equations and 27 unknowns, so we are able to use Gauss elimination to solve for each joint
force and the input driving torque on the crank (link 1). And, the results of the static

force analysis of the four leg are shown in Fig. 5.5 with the computation parameters.
5.1.2 Inertia Force Analysis

After the static force analysis, by assuming that there is no external load N and
friction f on the feet, we perform the inertia force analysis. According to Figs. 5.1, 5.2,

and 5.3, the force equilibrium equations for inertia force analysis can be solved for the nine

moving links as follows:

Link 1
+
- Z F,=0= Ry, +Fy = M8 (5.10a)
+ > F, =0= Fy, +F,, -mg=mag, (5.10b)
+ DM =0=> 6, C080,F,, —1,SinGoFy,, + T, + L, (-m,g) (5.10c)

= ml(leaGly - LlyaGlx) + IGl¢‘l
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T (g*mmfsz—mm)

T4 (g*mmlsz—mmJ

Leg4:

Dx 10 Driving Torgue T3 onthe crank ofleg 3
-3F i
350 R
4 L 1 1 1 L ! 1 ! L
0 01 02 03 04 05 06 07 0B 09 1
Pernod (T)
= 0
9 H»( | :0) :22.75
y 0 0
Leg3: | wiy=-11.625deg/s (c.w.) @ 6 14=46 ~313
n Lia0 0
wio=-139.5 degls (c.w,) @ @ 0=312 ~45
w10 Driving Torgue T4 onthe crank of leg 4
0 T T T T T T T
0.51 i
AR i
1.5 i
2+
28k
3
3.50
a . . . . . . . . .
0 01 02 03 04 05 06 07 08 09 1

Period (T)

6 1o(T=0) =324.625°
@10=-11625 deg/s (c.w) @ 6 1p=46 ~313
@ro=-1305 degls (c.w) @ 6 16=312"~45"

Q

T (g*mmfsz—mm)

gE: (g*mmlsz—mmJ

5 f L I I L L L I I

Leg L | @ip=-11.625 degls (C.w.) @ 8 =227 ~134°
@10=-139.5 degfs (cw) @ € 1g=135 ~226"
w107 Driving Torque T2 onthe crank ofleg 2
1F ; ‘ ‘ ; i i ‘ -
Al ]
il
ol
il
4L

w107 Driving Torque T1 onthe crank ofleg 1

1 T T T T T T T T

0 01 02 03 04 05 06 07 08 09 1
Perod (T)

&, ()(T:O) :2270

o 0.1 0.2 03 04 0.5 06 o7 08 08 1
Period [T}

8 1o(T=0) =168.875"
@ro=-11625 degls (caw) @ 6 =227 134"

@io=-1395 degls (c.w) @ 6 ,=135"~226"

Figure 5.5 The results of static force analysis of the four legs



Link 2

A Z Fi=0= —Fy, + Fpy + Fy = M,38s, (5.11a)
+1 Z F,=0= —F,, +Fy +Fy —mg=ma,, (5.11b)
3 DM =0= £,c086,F,,, —r,sin 6, F,, +(r,; €086, +1,c086,,)Fy, (5.11c)

- (rllsin ‘911 +h sin ‘912) F23x - sz(_ng)

= mZ(LZXaGZy - L2yanx) + Iezéz

Link 3
- z Fo=0= —Fy, +Fy, =myag, (5.12a)
+T z Fy =0= - F23y + F39y —M;g = Myag,, (5.12b)
3 DM =0= r,c086,Fy,, —1;sin6,;Fy, — Ly, (-my0) (5.12c)
= m3(L3xaG3y - Lsyaegx) + Ieja
Link 4
X z Fo,=0= Fy, —Fu+Fusy = M,ag, (5.13a)
+1 YF,=0= Fy, —Fy, +Fi,—m,g =mag, (5.13b)
Dy 2 M =0= 1C086,(-F,,) 1 sin 6, (-F,,) (5.13c)
+1,C08 O, F,5, — g SinG;F,5, — L, (-m,Q)
= m4(L4xa'GAy - L4ya64x) + IG4¢'4
Link 5
- z Fo=0= —Fp —Fyy + Foey = Ms8c, (5.14a)
+1 Z F,=0= —F;, —Fy, + Fyy —Msg =msag,, (5.14b)
+J D .M =0= r,co86,(-Fg,)-r,sin6,(-Fy,) (5.14c)

+(r, cosé, + 1, cOS 1915)F56y —(r,s8in @, +r.sin ;) Fy,

— L, (—m59) = mS(LSXaGsy - LSyaGSX) + Ist
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Link 6

= Z Fo =0= —Fy, + Fogy = Meag, (5.15a)
+t DY F, =0= —Fy +Fy, —mg =mgag, (5.15b)
Y DM =0= 1, C080;Fyg, — 16 Sin Oy g, — L, (-M; Q) (5.15c¢)

= mG(LGXaG6y - LGyaGsx) +16,9

Link 7
5 z F.=0= Fy+Fg +Fgy = M;8g (5.16a)
+t D F =0= Fy, +Fy +Fy —-mg=mag, (5.16h)
+Y z M =0= rcosb;F;,, —r;sing,F;, +(r;cosd, +1,c080,)F,, (5.16¢)

- (rs sin 93 +h sin 94)F78x - L7x(_m7g)
= m7(L7xa‘G7y - L7yaG7x) + IG7¢'7

Link 8
A z Fo=0= —Fg — Fegy + Foox = Mg, (5.173)
+1 Z F,=0= —Fp, —Fg, + Fy, —Mg =Mgag,, (5.17b)
D DM =0=> 150865 (~Fgq,) — 15 Sin G5 (= Fq,) (5.17¢)

+ (I COS &5 + I, COS 6 ) Fyg, — (1 SIN G; + 1 SIN G ) Py,
— L, (—-mgQg) = ms('—sxaegy - L8yaGsx) + IGséS

Link 9
- Z F,=0= —Fy, —Fyy = Mgy8g,x (5.18a)
+1 Z F,=0= —Fg, —Fy, —Meg =meag , (5.18h)
4 DM =0= 1050, (—Fyg, ) — 15 8iN Oy (Fi,) (5.18c)

+1,, €080, N —1,,sin6,, f — Ly, (—myQ)

= mg(l-gxaegy - Lgyaegx) +16,9
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From Eqgs. (5.10) ~ (5.18), there are 27 equations and 27 unknowns including the joint
forces and the input driving torque on the crank. The number of equations matches that
of unknowns, so we could use Gauss elimination to get the solutions. And, the results of
inertia force analysis of the four legs are shown in Fig. 5.6 by the solid lines and compared
with the results which the effect of accelerations of the mass centers is neglected. Even
through the walking machine walks slowly, the effect of accelerations of the mass centers
could not be neglected because of the angular velocity of the crank during the high-speed

segment is twelve times of that during the low-speed segment.

5.1.3 Complete Result of Force Analysis

The complete result of force analysis of the four legs could be obtained by
superposition of the result of static force analysis and that of inertia force analysis as
shown in Fig 5.7. Because the concept of two-speed control is realized by using the gear
train with fan-shaped gears, and the shafts of the double-layer fan-shaped gears are
attached to the rotating shafts of the cranks of the four legs and the shaft of driving
double-layer gear is attached to the shaft of the motor, the actual driving torque of the
motor can be computed by knowing the speed ratio of the gear train. When the leg is at
the support phase, the speed ratio between the driving gear and the fan-shaped gear is 3 to
1. On the other hand, when the leg is at the transfer phase, the speed ratio between the
driving gear and the fan-shaped gear is 1 to 4. These two speed ratios make the rotating
speed of the crank of the leg mechanism during the transfer phase as 12 times (about 11.48
times needed in Chapter 3) as that during the support phase. By knowing the two speed
ratios of the gear train, the driving torques on the cranks of the four leg mechanisms are
transferred to the shaft of the motor by these speed ratio as shown in Fig. 5.8a and the

actual driving torque of the motor is obtained as shown in Fig. 5.8b.
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i Driving Torque T1 onthe crank of leg 1

w100 Drving Torgue T2 onthe crank of leg 2 % 10
1.8F T T T T T T T T T 1.5 0 T ; : - - = T T 5
Inertia force analysis Inertia force analysis
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5.2 Mechanical Advantage

Machinery and mechanical devices, most of the time, should have good force, torque,
or power transmissibility. In other word, frequently, a good machine or mechanical
device should have high transmissibility of force or power. There must be some criteria
to help designers to know the transmissibility of force or power such as mechanical
advantage.

Mechanical advantage is such an important criterion that a designer must know to
realize the transmissibility of force or torque of a particular machine or mechanism. The
general definition of mechanical advantage, MA, is the ratio of the magnitude of the output

force F

out

and that of input force F,, [29]:
MA = Fout (5.1)

For the linkage mechanism, the input force often applies on the input link which is
adjacent to the ground link and the output force often carries out by the output link which
is also adjacent to the ground link. When mechanical advantage is greater than one, it
means that the particular mechanism works easily and has good transmissibility of force.
On the other hand, when mechanical advantage is less than one, or even approaches to zero,
the mechanism does not work smoothly or even can not work.

With regards to the walking machine which walks forward by pushing with hands, the
input link is the cannon link (link 9) and the output link is the crank (link 1). However, as
far as the walking machine which is driven by a motor as the power source is concerned,
the input link is the crank (link 1) or the gear on the same axle of crank, and the output link
is the cannon link (link 9) which has to produce sufficient normal force and friction to stop
any slip and strides forwards. Therefore, for this walking machine driven by a motor as
shown in Fig. 5.9, the driving force on the fan-shaped gear is the input force and the force
vertical to link 9 is the output force.
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Figure 5.9 Input/output relation for the definition of mechanical advantage

5.3 Summary

In this chapter, the complete force analysis of the walking machine is performed.
Even though the walking machine walks slowly, we do not ignore the effect of
accelerations of the mass centers because of the ratio of speed during the high-speed
segment and that during the low-speed segment. By the observation of mechanical

advantage and the input force, we could tell whether the walking machine walks smoothly

or not.

61



Chapter 6

Performance Analysis

Legged vehicle has the advantages to walk on the uneven terrain and to cross
obstacles. However, one of the defects of the legged vehicle is that it is difficult to
control the tossing during walking forwards because of its excellent stride. In this chapter,
the ability of the walking machine to walking on level terrain, that to cross obstacles, and
force transmissibility are investigated by analyzing the performance of the foot trajectory
and mechanical advantage. At the same time, several comparisons with the Chiang’s

ten-bar linkage walking horse are made.
6.1 Evaluation of Foot Trajectory

The foot trajectory of Chiang’s walking horse and that of this designed walking
machine with ten-bar leg mechanisms on the basis of maximum leg extension of 200 mm

at vertical direction are shown in Fig. 6.1. The distances of leg strokes and the heights of

stride of these two walking machines are listed in Table 7.1 for comparison.

=100

-120 —
= Chiang's
s This Design
-140 o
:;.E ‘k .'.-'.‘.II ------
~ -160F A I O
=) -1
= -180 =
- =
o - 5
=200 = ¥ W
‘ Leg Strokes ‘
=220+ -
240 : . . . . . .
] 20 40 ol 80 100 120 140 160 180 200 220 240

A (mm)

Figure 6.1 Comparison of foot trajectories
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From Table 6.1, it is recognized that the leg stroke of the new designed walking
machine with ten-bar leg mechanism is nearly the same as that of Chiang’s and the height
of stride of the new designed is much higher than that of Chiang’s. That is, the new

designed walking machine has better ability of striding.

Table 6.1 Comparison of foot trajectories

Machine Type Leg Stroke Height of Stride
This Design 63.03 mm 47.22 mm
Chiang’s 62.10 mm 11.27 mm

6.2 Evaluation of Mechanical Advantage

Figure 6.2 shows the mechanical advantage of this designed walking machine. The
mechanical advantage of this designed walking machine will not be compared with that of
Chiang’s. The reason is that, in name only, the input-output relations of the two walking
machines are inverse; but in practice, the overall procedures of analyses are quite different.
Therefore, in this section, the phenomena shown by the mechanical advantage in Fig. 6.2 is

discussed.

MA

il | ; ]
0 0.1 0.2 03 04 0.5 0.6 0.7 08 0.9 1

Period (T)

Figure 6.2 Mechanical advantage of the proposed walking machine
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Fig. 6.2 reveals several discontinuities of sudden drop. These discontinuities are
mainly caused by the changing of transferring legs. At these moments when the
discontinuities appear, the walking machine is subjected to the discontinuous input-force
from the fan-shaped gear. Except the discontinuities, the mechanical advantage appears
in the form of curve oscillating up and down. At parts of time period, the loading of the
driving motor is heavy because of low mechanical advantage. At most of the time period,
the mechanical advantage oscillates and the walking machine is subjected to vibrations and
undulations all the time. If the walking machine walks faster, the behaviors of vibration

and undulation will be obvious.

6.3 Summary

This new designed walking machine with leg mechanism of 10-bar linkage is
compared with Chiang’s 10-link type wooden horse carriage between their foot trajectories.
The new designed walking machine has obviously better ability of obstacle-crossing.
Besides, the mechanical advantage of the new designed walking machine is executed that it

is able to walk smoothly with small vibration and oscillation.
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Chapter 7

Prototyping

In this chapter, a prototype of the designed walking machine with 10-bar linkage leg
mechanism is built to verify the feasibility of its function and all the results of analyses in
the previous chapters. At first, we arrange the layers of the links. Secondarily, the detail
sizes and shapes of links are designed and inputted into computer for simulation and
animation. Then, the acrylic-plastic members of the leg mechanism are fabricated by an
NC machining center. Finally, all parts of links are assembled to build up the leg
mechanisms and we configure the driving gear train and a motor to complete the whole

walking machine.

7.1 Layer Arrangement for Links

Since the layer arrangement affects so much on the strength of the leg mechanism,
efficiency for power transmission, and interferences between links, it is a design procedure
of great importance. Furthermore, friction between links and type of force transmission
must be concerned for excellent layer arrangement. In order to obtain a robust layer
arrangement, several points for attention are listed as follows:

1. The adjacent links can not be arranged on the same layer to avoid interference.

2. The friction at the interface between parts on adjacent layers must be reduced by cutting
down the direct surface contact between the two parts.

3. The two parts which move across each other during the motion of mechanism should not
be arranged on the same layer.

4. In order to increase space, reduce the complexity, make a compact design, and use fewer
materials, fewer layers are preferred.

The front and rear leg mechanisms of the new type walking machine is unlike those of

Chiang’s walking horse with a carriage that the front and rear leg mechanisms of Chiang’s
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have the same crank. And, the front and rear leg mechanisms of this designed walking
machine are much apart from each other. According the above two reasons, the
interference between the front and rear leg mechanisms is not taken into consideration.
With the application of method of arrangement for minimum number of layers [30], the
layer arrangement is carried out according to the adjacency relation of links shown in Fig.

7.1. The corresponding linkage adjacent matrix for the leg mechanism is as follows [8]:

- -3 — — X»W — — T O
O O OO oo o x»y o o
O O O o v o ©o xuvw o X1
o 0 O — O O O o o X

o O o o o xx »w o x»w —
A O O O oo o x»y o —
o O U U © O o o o —
o U — O O O o o o —
A O U 0 O O o o o —
O 0 O O O oo » o o —

Figure 7.1  Skeleton of the leg mechanism
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where R represents the two links hinged by a revolute joint and | means the two links
interfere with each other. The frame is arranged on an independent layer; that is, it is
supposed that all other links interfere with the frame. After this arrangement, the
minimum number of layer arrangement for the leg mechanism of the new 10-link type
walking machine is seven. To enhance the strength and robustness of leg mechanism,
each link on the same leg mechanism is arranged double-deckedly. The final arrangement
of links is shown in Table 7.1.  And, the final arrangement is able to be recognized clearly
from Fig. 7.2.
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Table 7.1  Link arrangements for the prototype leg mechanism

Layer
Link ol m v v v v bvin | ax |ox | oxa | oxan | xa
0 © ©
1 © ©
2 © ©
3 © ©
4 ©
5 © ©
6 © ©
7 ©
8 © ©
o © ©
Link 0 (I, XTIT) hiere vl
Link3 (VII) ’ Link 7 (VII)
THETIVID s

Link 1 (I, XI) Link 5 (VI, VIIT)

Link 2 (IV, X) ) )
Link 8 (VI, VIII)

Link 5 (VI, VIII) Link 6 (V, I1X)

Link 8 (VI, VIIT) Link 3 (IL, XII)

Link 9 (V, IX)

Figure 7.2 Final layer arrangement for links
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7.2 Detail Design of Links and Fan-shaped Gears

According to the optimal size of each link, the exterior shape of each link is designed
as shown in Fig. 7.3. The arc radius R, of frame, link O, is 18.21 mm, and the arc radii
R, of other links are 6.7 mm. The radius R, of the axle of revolute joint is 3 mm.
Because of the requirement of the 11.48 times of speed ration between the high-speed

segment during transfer phase and the low-speed segment during support phase, the

double-layer spur gear and fan-shaped gear are designed as shown in Fig. 7.4. The gears

have modulus of 1 mm and pressure angle of 20°, and mesh with the center distance of 50
mm. In Fig. 7.4, the solid circles represent the addendum circles and the dotted circles
represent the pitch circles. And, the sizes and numbers of teeth of the gears are perceived.
Note that the fan-shaped gear is cut off from the full-circle spur gears with gear of 75 teeth

and pinion of 20 teeth.  Fig. 7.5 shows the assembly of the new walking machine.

-
by
9

Figure 7.3  Exterior shape of each link
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(@) Double-layer spur gear

(b) Fan-shaped gear

Figure 7.4 Drawings for detail designs of gears
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Figure 7.5 Assembly of the designed walking machine
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7.3 Computer Simulation

Through computer simulation, we could check the layer arrangement and see whether
any interference happens during motion. On the basis of the layer arrangement and detail
link design, the model of the new walking machine with 10-bar leg mechanism for
simulation is built up by using the software, SolidWorks 2005. After building up the
model, the animation for simulation of the walking machine is made eventually and shown

in Fig. 7.6 for several successive pictures.

7.4 Prototype

The links of the prototype of the new walking machine is fabricated with acryl by a
NC machining center. The gears are made up of the plastic steel. The driving motor
rotates at the nominal speed of 300 rpm. The complete assembly of the prototype of the
walking machine is shown in Fig. 7.7.

By observing the motion of the designed walking machine, it can be detected that the
walking machine walks almost smoothly regardless of the undulation of the body. The
vibrations of the body with the motor happen as predicted by the analysis of mechanical
advantage. The impacts caused by the discontinuities of the power transmission of the
fan-shaped gears also occur as predicted in Chapter 6. However, these vibrations and
impacts are not the worse problems. The worse problem is that the engagements of the
fan-shaped gears with the driving double-layer gears are not smooth while the big
fan-shape gear shifts to the small one. Sometimes, it causes the legs out of phases and the
walking machine can not keep the stability of walking. In spite of the vibrations and the
disengagements, there is no influence on the stability when the new type walking machine
walks, and the new type walking machine needs no carriage for balancing and stable

walking.
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Figure 7.6  Successive pictures of animation
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(b) (c)

Figure 7.7 Prototype of the designed walking machine
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Chapter 8

Conclusions and Suggestions

This work performs a research related to a self-balanced quadruped walking machine
with each leg mechanism of 10-bar linkage. It includes the theoretical derivations for the
synthesis of the leg mechanism, the kinematic and force analysis and the performance
analysis, and the design, construction and the verification of a prototype.

The results and contributions of this works are concluded as follows:

1. In this study, a systematic design approach is applied to obtain successfully a desired
path generator as the leg mechanism; and then, the path generator is utilized to
construct a self-balanced quadruped walking machine with leg mechanisms of 10-bar
linkage.

2. A 10-link type of leg mechanism is developed and obtained based on the leg
mechanism of Chiang’s wooden horse carriage, and the performances of the new
designed 10-link type in several aspects are better than those of Chiang’s such as the
foot trajectory.

3. The kinematic analysis and force analysis of the designed walking machine is
completely performed, and the walking machine is able to walk smoothly by
evaluating the mechanical advantage.

4. The prototype of the new designed walking machine driven by a DC motor attached
to a set of gear train is constructed, and it is able to keep stable walking without the
help of the carriage.

5. The prototype does not have good energy efficiency due to vertical variation of the
CG while walking on flat ground in order to have excellent ability of
obstacle-crossing. By the same reason, the impact force produced at the moment
when the transferring leg lands on the ground is increased.

6. The concept of two-speed control is imposed on the crank of a leg mechanism to
increase the duty factor. Using the fan-shaped gear pairs makes this concept
feasible.
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7. The number of links of this 10-link type walking is more than those of 4-link type,
6-link type, or 8-link type, so the interferences between links are much more
complicated. In order to reduce the friction between links and joints to make the
theoretical analysis more compatible with real practice, more efforts should be taken

on the layer arrangement and on the lubrication between links and joints

The following relevant works and suggestions that are worth for future studying:

1. In this study, a systematic design approach is applied to obtain successfully a desired
path generator as the leg mechanism; and then, the path generator is utilized to
construct a self-balanced quadruped walking machine with leg mechanisms of 10-bar
linkage.

2. In this study, the (10, 13) kinematic chains with binary links and ternary links are
concerned. The feasible leg mechanisms with better performance may be
constructed by the (10, 13) kinematic chains with multiple links of more than three
incident joints.

3. The gait using in this study is only focused on the amble or walk. The other types of
gaits such as trot, canter, and gallop can be used to design the legged vehicles with
rapid locomotion speed.

4. While designing the leg mechanism, the foot trajectory and the gait are concerned
without regarding to other biological characteristics of living animals. The
biological behaviors could be considered in future study.

5. The designed walking machine is only able to walk straight forwards. Applying
other types of kinematic pairs except revolute pairs may obtain the designs that are
able to change the direction of motion.

6. When choosing the driving motor of the prototype, the rational speed of the motor is
considered in this study. However, the torque and the output power of the motor are
important and should be taken into account. The result of force analysis is useful
and helpful for the considerations of torque and output power.

7. The method of two-speed control is an important part to maintain the statically stable
while walking, and the fan-shaped gear plays a major role on the two-speed control.
However, it is difficult to confirm the engagement of gears when one fan-shaped gear
shifts to the other, and thus the locomotion pauses. There should be a better method

to achieve the two-speed control.
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