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Development of agricultural bionic mechanisms: Investigation of the
effects of joint angle and pressure on the stability of goats moving on
sloping lands

Fu Zhang'?’, Limin Zheng®, Wei Wang®, Yafei Wang', Jiajia Wang®
(1. College of Equipment Agricultural Engineering, Henan University of Science and Technology, Luoyang 471003, China;
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Abstract: The use of small-scale agricultural machinery becomes prevalent as it provides the stability of agricultural machinery
research ideas. To lay the theoretical foundation for the research and design of agriculture walking mechanism, the Phantom
Camera Control software was used to measure the anterior and posterior joint angle of a goat walking on different slopes.
Foot pressure was measured by the film pressure sensor. The result of joint motion sequence, range of motion, and change of
range showed that the fitting degree of the measured value was accurate. As the goat walking speed increased, the level of the
hind limb angle changed to ensure itself stability. When the goat is walking, the forelimbs bear more weight than the hind
limbs due to the different static and physiological structures of the front and rear legs. The key parameters of gait on different
slopes were analyzed. The curve of angle change of legs was measured and analyzed when the goat is walking in slope. The
results showed that, with the increase of the slope gradient, the anterior hip angle ranges from 83.3° to 117.1°, the posterior hip
angle ranges at 120.3°-173.1°, the left knee angle ranges from 91.3° to 170.1°, the right knee angle is roughly the same as its
range of variation. When the slope increased, the pressure change of left hind foot was consistent with that of the right
anterior foot, and the pressure change of right hind foot was consistent with that of the left anterior foot. This demonstrated
the theory of diagonal gait. Meanwhile, with the change of the slope, the plantar pressure of the limbs changes periodically.
The research results verified the rationality of the four-legged bionic mechanism under various parameters, which can provide a
theoretical basis for the design of agricultural walking mechanism to adapt different slopes in the hilly and mountainous areas.
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1 Introduction

Bionics is a comprehensive interdisciplinary subject combined
with life science, mathematics and engineering technology. Study
on the entire structure, movement mode, control strategy of animals,
and the moving mechanism of mountains is important. Chen et
al.l first established the model of the bionic locust robot, and
kinematic analysis was performed to determine the relationship
between landing positions and the legs attitudes. Then the locust's
landing buffering processes were described. And legs attitudes
determination method was proposed based on the landing buffering
performance. Beijing University of Aeronautics and Astronautics
cooperated with the University of Hamburg in Germany to develop
a multi-joint micro-robot imitating caterpillars that can crawl on a
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smooth surface!?.

In order to solve the problem of walking
stability of small agricultural machinery, to provide the stability of
agricultural machinery research ideas, a goat was selected as
research object in this article.

At present, high-speed photography was widely used in the
movement analysis of living organisms™%.  Marghitu et al.”
obtained the kinematic parameters of the hind limb joints in canine
trochanter with a camera with a motion analysis system, and
analyzed the dynamic stability of the dogs using point-mapping
techniques and nonlinear dynamic theory. With the appearance of
the force-measuring plate, forces and joint moments can be
measured during the analysis. Ground-based reaction forces and
the measurement of propulsive forces were used to evaluate the
walking gait of animals™. Budsberg et al.l”) used force plates to
acquire kinetic data and based on the vertical reaction force and the
morphological correlation between the research force and body
parameters. Tashman et al.l'” studied hounds lacking anterior
cruciate ligament and measured the kinematic data of the cruciate
ligaments using the RSA system. The kinematic data of slow
cruciate hounds were measured and the results were compared with
those of joints and ligaments Injury-related factors, the
establishment of a ligament injury and the relationship between the
kinematics. Tokuda et al.'! proposed a method to estimate
fragile footholds using the foot’s center of force and pressure
changes. Although their quadruped robot could detect when a
foothold was collapsing, they did not propose how to make the
robot walk on fragile terrain without stumbling. Xuan et al.'?
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taken the four-legged walking robot as the research object,
analyzed the leg structure of the platform and deduced the
calculating formula of the leg joint rotation angle. The main
influencing factors of the stable gait were discussed and the steps
from starting to walking steadily State adjustment mode, planning a
steady cycle of gait.

Piorek et al!"! described an example of application of a
nonlinear time series. The research aimed at assessment of the
influence of both walking speed and ground slope on the resilience
of gait control to infinitesimally small perturbations that occur
naturally during walking. Liu et all' developed a staged
evolutionary algorithm to tune system parameters and walking
performance was improved. The developed control strategy was
tested using a humanoid robot on irregular terrains. What’s more,
an automated computational system of the stable workspace was
developed and an example was given to illustrate the whole process
in detail. The theory and analysis procedures were also verified
by simulation of the robot and its actual grabbing of an object!'™.
Deng et al.l' proposed a new control strategy based on rolling gait
and trajectory planning, which enables hexapod robot to walk
through dynamic environments. The core point of this control
strategy was to constantly change gait and trajectory according to
different environments and tasks as well as stability state of robot.
A control simulation platform was established to obtain the optimal
controller parameters, and all the proposed methods were finally
verified through simulations and experimentst!'”'®, Some
researchers!'®2" studied and implemented a real-time robust
balance control for a humanoid robot under environment
disturbance, the robot with robust control can resist an external
thrust, stand on a two-axis inclinable platform, or walk on a
see-saw successfully. Agheli et al.??! presented the Foot Force
Stability Margin which was applicable to all types of multi-legged
and multi-wheeled robots. A modified extension of the Foot
Force Stability Margin was provided and compared to a widely
used stability margin through a numerical simulation. In a study
of sport lambs, in which motion gait and acquired motion data were
observed, kinetic analysis of rock sheep provided the theoretical
basis for a motion analysis system?). Xu et al.”*?”) built a
three-dimensional gait test system and the gait of blue sheep was
tested on it. A moving image was processed by using the Video
for Windows method to obtain the position and motion parameters
of the limbs and provide the theoretical basis for the development
of bionic rock sheep robots.

The current problem was that there are few researches on the
application of bionic institutions in agriculture, and the specific
measurement of bionic prototypes is not enough. To study the
fitting of the main joint angles, the changing of foot pressure in a
quadruped walking on slopes and to analyze their influence on
stability. Different gradient goats walking curves were compared
by using software measurement and data point drawing method in
this paper. The movement of the quadruped while walking on a
slope should be more fully understood, and the problem of small
machines moving on irregular ground should be better addressed.
On the basis of analysis of the foot structure and movement of a
goat, according to the bionic principle, the movement mechanism
of a goat walking on a slope can provide a theoretical basis for
in-depth study and design of a slope walking mechanism™>%,  As
goats often walk on rugged ground relative to other quadrupeds,
their foot surfaces have evolved to adapt to different surface
geometries, with less resistance to movement, greater ability to
pass and more efficient walking on the slope. Therefore, the

walking of goat was measured and analyzed in this article.
2 Test conditions and methods

A six-month-old male goat in good condition and with a
normal figure was analyzed in the test, as shown in Figure 1. The
main body features are shown in Table 1. The experiment was
performed in Luoyang Tractor Research Institute in, Luoyang,
Henan Province.

3 b .
Figure 1 Photo of the goat

Table 1 Geometrical configurations of the goat

Parameters Value
Weight, m/kg 18.30+0.01
Body length, /;/m 0.86+0.01
Body height, /,/m 0.55+0.01
Front leg length, /;/m 0.19+0.01
Front thigh length, L,/m 0.20+0.01
Hind leg Length, /,/m 0.20+0.01
Hind thigh length, L,/m 0.22+0.01

The goat body characteristics were measured, and the
measurements of the goat posture are shown in Table 1. Body
length refers to the distance from the front and back of the hip on
the same side of the goat, the height of the body refers to the
distance from the ground to the goat hip.

O Poc- [y -

Figure 2 Parameter measurement

Figure 3 Schematic drawing of goat
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Figure 2 shows the “quick measurement” function of the
Programmable Computer Controller software, in which the joint
angles of goats at 0°, 10°, 20°, and 30° slopes were measured.
Figure 3 shows the goat limbs, including some information, as
shown in Table 2.

Table 2 Body angle of the goat

Angle type Symbol name
Left anterior hip angle O
Left posterior hip angle O
Right anterior hip angle Or
Right posterior hip angle Oy
Left anterior knee angle By
Left posterior knee angle i
Right anterior knee angle i
Right posterior knee angle B

b. Sensor fixture

a. FlexiForce film pressure sensor A301

Transmitter
device

~

Receijyin g
device

c. Wireless transmission

P . e - -

d. FlexiForce PC software
Figure 4 Wireless pressure measurement system

The wireless pressure measurement system is composed of a
FlexiForce film pressure sensor, sensor fixture, wireless
transmission module, and FlexiForce PC software constitute the
wireless pressure measurement system. The pressure sensor is
connected to the wireless transmitter by colored wires, and the

wireless receiver is connected to the host computer software
through the USB interface. The pressure of the goat foot is
transmitted to the sensor through the sensor fixture. The sensor
transmits the measured signal to the wireless transmitter. The
wireless receiver stores the collected information on the computer
and displays the real-time curve in the host computer software.
The pressure sensor is attached to the center of the goat’s foot by
means of a sensor fixture, and the plantar pressure applied by the
goat while walking on the different slopes is measured by the
wireless pressure measurement system. The Origin software was
used to analyze the pressure data and draw the pressure-time curve.

3 Test data analysis

3.1 Analysis of the angle of goat joint

The goat in the test is shown in Figure 5. The fitting curves
of the angle between the hip joint and the knee angle of the goat
walking on each slope are shown in Figures 6 and 7.

Figure 5 Goat walking during the test

The goats were repeatedly tested along the ascending direction
at multiple slopes, and the images were taken from the time when
the left front leg was lifted until a complete cycle was reached.
The angle values of multiple tests were measured and the points
with good regularity were comparatively analyzed. Figure 6a
indicates that during level locomotion, the angle of 6, which
gradually increases from 83.3° to 117.1° in 0 to 0.12 s, reaches the
maximum with stretched legs in 0.12 s. The angle gradually
reduces from 117.1° to 48.3°, reaching the minimum in 0.33 s,
which is in the legged state. Moreover, the angle remaines
unchanged at 0.43 s to 0.48 s due to the delayed action of the
diagonal gait. When the slope increases to 10° as shown in Figure
6b, the angle increases as the time period increases, reaching a
maximum of 123.2°.  When the slope increases to 20° in 0.62 s,
the angle reaches the minimum value of 60.0° in 0.11 s. In the
increasing state, the maximum value of 123.2° reaches in 0.62 s as
shown in Figure 6¢c. When the slope increases to 30° as shown in
Figure 6d, the angle first increases and then fell at 0.22 s, reaching
a maximum of 133.2°. The minimum value of 59.7° reached in
0.68 s.

Figure 6a shows that the angle of 6, gradually decreases and
changes slowly within the period of 0-0.24 s. However, the angle
of the diagonal gait is almost unchanged within the period of
0.05-0.14 s. The angle gradually increases from 134.4° between
0.25-0.46 s, and the goat is in the state of leg lift. After 0.46 s, the
angle gradually decreases in the leg lift state. When the slope
increases to 10° and 20° as shown in Figures 6b and 6c, the angle
oscillation amplitude decreases minimally, indicating that the right
Oy and G
6, and 6, change in the opposite

hind leg of the goat is in a state of adjusting gait.
indicate an opposite condition.
direction. At a 0° slope as shown in Figure 6a, minimum and
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maximum differences of time are observed due to the delay of
diagonal gait.
In the abovementioned gradient conditions of goat joint curve,

The same situation applies to 6, and 6.

for the knee angle, the left angle of the left foreleg and the right
front leg is opposite to the joint angle curve of the left hind leg and

the right hind leg.
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Figure 6 Hip angle change curve of goat limbs on different slope
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In this study, the test was repeated a number of times, and a
continuous and full cycle of walking data was selected. Figure 7a
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Figure 7 Curves of goat knee angle changes with time on various slopes

shows that fis unchanged during level locomotion at a maximum
of 170.1° between 0.03-0.09 s due to the left front leg and the
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cushioning effect of the ground. The angle quickly decreases to a
minimum of 91.3° at 0.09-0.26 s, which is the leg lift state, and
then gradually increases with time.
10° as shown in Figure 7b, the angle changes slowly between
0.06-0.52 s and reaches a maximum of 162.9° at 0.52 s, and then
When the
slope increases to 20° as shown in Figure 7c, the angle
continuously increases until 0.59 s, when it reaches a maximum of
169.7°.  When the slope increases to 30° as shown in Figure 7d,
the angle increases and reaches a maximum of 158.2° at 0.17 s and

When the slope increases to

the angle decreases rapidly to a minimum of 91.2°.

a minimum of 108.4° at 0.43 s.

B and B, change in opposite directions, thereby f,, reached a
maximum value of 161.5° at 0.31 s before the leg in the state. It
then switches to the leg lift state when the angle is gradually
reduced. When the slope increases to 10° or 20° as shown in
Figures 7b and 7c, the same trend happened. f,r and S, change
roughly before 0.15 s during level locomotion and then follow the
opposite trend. S, reaches the maximum and B, reaches the
minimum within the time difference of 0.04 s due to the diagonal
gait delay. The trends of f,r and B, are initially roughly identical
and then become opposites on the 10° slope as shown in Figure 7b.
On the 20° slope as shown in Figure 7c, f,, reaches the maximum
and f,, reaches the minimum value of time difference of 0.02 and
0.46 s before their change trends follow opposite directions and
then return to the same state. On the 30° slope as shown in Figure
7d, the trends of B,rand f,;, change roughly before 0.47 s and then
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go in opposite directions.

In the abovementioned gradient conditions of goat joint curve,
for the hip angle, hind legs are greater than the front legs.
Moreover, the difference between the maximum angle and the
minimum angle increases as the slope increases, thereby providing
a research basis for imitating the walking trajectory of goats.

3.2 Analysis of goat foot pressure

A wireless pressure measurement system that consists of four
components is established to study the characteristics of goat
foot-ground contact and measure the pressure of the feet of the goat
in this test.

The curves of the plantar pressure on the different slopes are
shown in Figure 8. The left forefoot, right forefoot, left hind
foot, and right hind foot pressures were expressed as Ny, N, Ns,
N,, respectively. On the 0° slope, the left hind legs are in
contact with the ground when N; reaches the maximum pressure
of 140 Pa, and the minimum and maximum pressures have a
significant time difference due to the buffering between the feet
and the ground. In addition, force alternates among the limbs.
The forelimbs support more weight than the hind limbs because
the relatively heavy center of the goat’s body needs ample
forelimb support. When the slope increases to 10° or 20°, the
buffer effect in the left front leg and right hind leg is substantial
because of the long contact time with the ground. The buffering
effect is significant for the left hind leg and the right front leg on
the 30° slope.

| W
150 —=— Left front foot
2 —&— Right front foot
g 100 —a— Left hind foot
:‘LE —v— Right hind foot
50+ —4— Total pressure
0k
L L 1 1 '} J
24 2.6 28 3.0 32 34 3.6
Time/s
b. 10° slope
200
150 —=— Left front foot
£ —e— Right front foot
g 100 -
g —d— Left hind foot
x| —¥— Right hind foot
S0F —+— Total pressure
0k
1 1 '} 1 A1 J
1.8 2.0 22 24 2.6
Time/s
d. 30° slope

Figure 8 Curves of plantar pressure

The hind legs of the goat push the ground to move the center
of gravity toward the front while walking. The fore limbs are
also subjected to this pressure. The front legs need to move the
center of gravity forward to bear the weight of the goat’s body.
However, the front legs cannot fully support the center of gravity.

Therefore, the other legs also need to balance. The changes in
N, and N, are consistent, and the change trends of NV, and N; are
consistent, thereby indicating that the goat had a diagonal trot
gait on the four slopes. The trend of the total pressure of the

limbs fluctuates around the variables mgcosa with changes in
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the slope.
4 Results and discussion

A slope test scheme was designed and established to study the
walking parameters of a goat on various slopes. The scheme
comprises a system that measures the pressure applied by the goat
through its feet, an automatic slope adjustment system that
provides test slopes with 0°, 10°, 20°, and 30° angles, and a
high-speed camera system that records images of the goat’s
movement.

(1) When the slope gradient increases, the anterior hip angle
changes from 83.3° to 117.1°, and the posterior hip angle varies
from 120° to 173.1°.
and 6.
and frchange in opposite directions. Compared with the forelimb,
the range of angle changes of each joint was increased in the
hindlimb, and the change in the angle of the joint was related to the
role played by the anterior and posterior limbs.

(2) As the slope increases, the left forefoot, right hind foot, the
left hind foot and right forefoot alternately get in contact with the
ground and produce the buffer effect.

Thus, 6, and @ are opposite, as well as 6,
The knee joint angle ranges from 91.3° to 170.1°, and /3

N, coincides with the
change in N, across the four slopes. N, is consistent with the
change in NV, thereby indicating that the goat performs a diagonal
gait on the four slopes and that the change in foot pressure change
is cyclical.

(3) The connection between joint angle and plantar pressure is:
When the
angle decreases to a certain value, the pressure value is zero, then
the pressure value decreases again, and the pressure value is still
Zer0.

the greater the angle, the greater the pressure value.

Compared with the related previous works, imitation
mountain-like walking institutions can adapt to the rugged ground,
and the test data is more accurate. It was important to study the
development of agricultural machinery and the development of
agricultural bionic mechanism by accurately inputting the data
obtained from this experiment into the walking mechanism. The
measurement parameters provide the theoretical basis for the stable
walking of the goat on the slope.

5 Conclusions

This scheme aimed to gain access to motion parameters to lay
the foundation for future study of the stability of the four-legged
walking mechanism and to provide conditions for its application.
Four-legged bionic mechanism refers to the four-legged animal as a
bionic prototype, all aspects of the optimal multi-coupling
mechanism principle.

(1) As the speed increases, changes in the angle of the anterior
and posterior limbs of the goat occur on the horizontal plane. The
forelimbs support more weight than the hind limbs due to the static
and physiological structures of the front and rear legs when the
goat is in motion. The research will provide a theoretical basis for
the design of agricultural walking mechanism to adapt different
slopes in the hilly and mountainous areas.

(2) Gait is the main aspect of agricultural bionic institutions
(using the analysis of four-legged animals, the bionic institutions
are used in agriculture). Therefore, the goat walking test on
different hillside slopes should be conducted before developing a
agricultural bionic institution. Then the key parameters of gait on
different slopes and the angle change curves of each goat leg in the
process of slope movement were analyzed. The research will

provide a theoretical basis for the design of agricultural walking
mechanism to adapt different slopes in the hilly and mountainous
areas.
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