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Abstract: Gait is an important research content of hexapod robots. To better improve the motion
performance of hexapod robots, many researchers have adopted some high-cost sensors or complex
gait control algorithms. This paper studies the straight gait of a small electric hexapod robot with a
low cost, which can be used in daily life. The strategy of “increasing duty factor” is put forward in
the gait planning, which aims to reduce foot sliding and attitude fluctuation in robot motion. The
straight gaits of the robot include tripod gait, quadrangular gait, and pentagonal gait, which can
be described conveniently by discretization and a time sequence diagram. In order to facilitate the
user to control the robot to achieve all kinds of motion, an online gait transformation algorithm
based on the adjustment of foot positions is proposed. In addition, according to the feedback of
the actual attitude information, a yaw angle correction algorithm based on kinematics analysis and
PD controller is designed to reduce the motion error of the robot. The experiments show that the
designed gait planning scheme and control algorithm are effective, and the robot can achieve the
expected motion. The RMSE of the row, pitch, and yaw angle was reduced by 35%, 25%, and 12%,
respectively, using the “increasing duty factor” strategy, and the yaw angle was limited in the range
—3°~3° using the yaw angle correction algorithm. Finally, the comparison with related works and
the limitations are discussed.

Keywords: hexapod robot; straight gait; gait transformation; yaw angle correction

1. Introduction

With the advent of the artificial intelligence era, robots are more closely related to
human society [1]. Compared with wheeled robots, legged robots have better terrain
adaptivity and flexibility, which can complete specific tasks [2]. A hexapod robot is a
typical legged robot. When the hexapod robot moves, it has at least three support legs,
which is conducive to obtain stability and fault tolerance movement [3]. Meanwhile,
compared with bipedal and quadruped robots, hexapod robots are generally easier to
control to obtain static stable walking [4]. Looking back, there were great achievements
in the field of hexapod robots. Genghis [5] was designed by MIT to detect outer space
ground in 1989. Each leg of this small hexapod robot has a rotation joint with 2DOF.
Since then, many typical hexapod robots have been designed, such as CWRU [6], DLR
Crawler [7], HITCR-II [8], LCR200 [9], etc. The above robots are all driven by electric
motors. This mode generally has high efficiency and good controllability [10]. Of course,
some typical hexapod robots are driven in other ways. Chiba University’s COMET-1V [11]
and NTUA’s HexaTerra [12] are typical hydraulically driven hexapod robots. With their
huge size and strong load capacity, they can be used in situations with complex terrain
to perform specific tasks. Overall, the structure and control systems of hexapod robots
are even more mature. Meanwhile, research of hexapod robots pays more attention to
the perception of the environment as well as the improvement of the human—machine
interaction experience [13].

A hexapod robot is a complex machine consisting of many actuators, sensors, mi-
crocontrollers, and other devices [14]. At present, most hexapod robots are still used on
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specific occasions. Their complex control systems and algorithms may cause high research
costs. This paper designs a small electric hexapod robot for daily life called HexWalker II,
which can be used in the fields of education, entertainment, investigation, and so on. We
strive to make the robot have good performance and is easy to control under the condition
of ensuring low development costs, to shorten the distance between the hexapod robot and
people’s lives, which is meaningful in the present era.

Many factors need to be considered when designing a hexapod robot, including
mechanism, control architecture, and control algorithm [15], among which gait planning
is the key [4]. A gait can be described as a sequence of leg motions coordinated with a
sequence of body motions for transporting the robot’s body to move [16]. The study of robot
gait is important for improving the stability and flexibility of motion, adapting to different
terrains, optimizing energy consumption, and so on. This paper focuses on the research of
straight gait planning of the hexapod robot. The robot in this paper adopts periodic gaits,
including tripod gait, quadrangular gait, and pentagonal gait. By making improvements
on the basis of the traditional hexapod robot gait planning method, a comprehensive gait
planning scheme was designed. To further improve the reliability of robot motion, a simple
and effective yaw angle correction algorithm is proposed based on kinematics analysis and
the PD controller. Finally, the experimental results verify the rationality of the gait planning
scheme and motion control algorithm. This paper makes the following contributions:

1.  Compared to the traditional hexapod robot gait planning method, the strategy “in-
creasing duty factor” is introduced to ensure the stability of robot motion;

2. All kinds of gaits are described based on the discretization and time sequence diagram,
and the robot gait conversion scheme is designed. This is so that the robot can flexibly
transform among various gaits to ensure the integrity and coordination of the motion,
which is less studied in the previous research;

3. A yaw angle correction algorithm is proposed based on kinematics analysis and the
PD controller to reduce the motion error of the robot.

2. Related Work

The gaits of hexapod robots include periodic gait and free gait. The periodic gait is
easy to control, which enables the robot to achieve various movements accurately according
to the actual situation or the needs of the user. Therefore, it is especially widely used in
relatively flat and simple environments [17]. The free gait is different from the periodic gait,
that is, the legs of the multi-legged robot no longer have a strict periodic swing sequence.
The generation of free gait is usually generated according to a series of rules, such as
Cruse’s rules [18], which are adopted by DLR Crawler [19]. The gaits of the hexapod robot
in Reference [20] are generated by the CPG network. The robot can adjust the parameters
of the network through the PD controller according to the feedback of the attitude angle
to realize the attitude compensation in the motion, which is verified by simulation. Free
gait may be convenient for the robot to adjust the motion state of each leg timely to
adapt to complex terrain, but its calculation is more complicated and its controllability is
relatively poor.

When the hexapod robot walks straight, the attitude may fluctuate due to mechanical
error, foot slipping, and other factors. Therefore, it is necessary to adopt some more control
strategies to improve the motion performance of the robot. The six-legged walking robot
platform designed by ZJU has three joints and a semi-round foot on each leg. Based on
the inverse velocity kinematics, the research team has studied the posture control strategy
to improve the walking ability of the robot on rough terrain [21]. Based on the study of
mechanics, Reference [22] realizes the closed-loop control of the posture by distributing
the foot force to reduce energy consumption and ensure the stability of the hexapod robot.
However, these algorithms may require high performance of control system hardware,
which may be difficult to implement.

Recent researches on hexapod robot gait include optimization of gait energy consump-
tion, gait planning over uneven terrain, and so on. Reference [23] analyzed the energy
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consumption of different gaits. It proposed a heuristic algorithm to switch gait based on
the current speed, which can take full advantage of the gait diversity for a hexapod robot.
Based on tactile sensors, References [24,25] designed leg trajectories for traversing obstacles
and optimized the energy efficiency for trajectory transformation. Reference [26] optimized
the mechanical structure and gait parameters simultaneously for a hydraulic hexapod robot
to minimize energy consumption. Although energy optimization and obstacle traversing
are not studied in this paper, these are good applications and research directions for gait
conversion of a hexapod robot.

3. Basic Control Method of the Robot
3.1. Control System

The picture of HexWalker II is shown in Figure 1. The dimensions of the robot are
268 mm x 166 mm x 275 mm, and the weight of the robot is around 3 kg. The axis of the
root joint is parallel to the body of the robot. The legs are entirely under the body, not the
side. The design imitates mammalian structure, which is more conducive to the realization
of the small ground occupation and strong load-bearing capacity [27]. The robot has a
2DOF platform with a USB camera, which can monitor a wide range of video images. Each
joint of the robot is actuated by a servo. The servo is a Digital Robot Servo with a 6 V power
supply and 15 kg-cm torque output. The rotation angle of each servo can be controlled
by sending commands through the serial port based on the set communication protocol.
Meanwhile, the servo also supports the function of angle back reading, which means it can
provide feedback on its current angle.

Body

USB camera

Figure 1. Picture of HexWalker II.

The system of the robot includes two parts: the robot part and the remote control part.
The remote control part is a mobile device implemented with human-machine interface
software, which can help the user send commands to control the robot’s motion and watch
the video collected by the USB camera on the robot. The controller on the robot contains two
layers to improve the real-time performance of the system. The upper layer is Raspberry
Pi 3B+, which runs the core control algorithm of the robot and communicates with the
remote control part through the network. The lower layer is a self-designed embedded
system, which mainly realizes the functions of joint actuating and signal acquisition. It
communicates with the IMU module through the serial port to obtain the actual attitude
information of the robot.

Figure 2 shows the main research contents of the robot’s core control algorithm.
According to the requirements, the foot trajectory planning and gait planning scheme
is designed to determine the desired position of each foot at each time. Foot trajectory
planning and gait planning are based on body modeling and can be adjusted with sensor
feedback. Combined with the results of kinematics analysis, the angle commands of each
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joint needed by the robot to achieve the specified motion can be obtained, which can be
used to drive the servo to control the motion of the hexapod robot.

Determine the Foot trajectory planning Kinematic Joint Robot -
Start D e . . =1 R N e . End
expected motion and gait planning analysis actuating motion

Sensor feedback

Figure 2. Main contents of the motion control algorithm.

3.2. Kinematic Analysis

As Figure 3 shows, the body coordinate frame is noted as {B}, which is located at
the center of the body and is fixedly connected with the robot. X3 points to the forward
direction, while Zp is perpendicular to the upper surface of the robot body and points
upwards. The direction of Yg can be determined by the right-hand rule. The sequence
numbers of the robot’s legs are represented by i (i = 1~6). There is a coordinate frame
named {O;p} fixed on the center of each leg’s root joint. The directions of coordinate axes
are consistent with {B}. {Oj}, {Oi1}, {Op}, {Oj3} represent the coordinate frame of each
link of the leg, which are established according to D-H rules [28]. Figure 3 takes leg 1 as
an example. The D-H parameters of leg 1 are listed in Table 1. According to the actual
situation of the robot, the length of three links (a1, a5, a3) and the angle range of three joints
(6i1, 012, B;3) are shown in Table 2.
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Figure 3. D-H coordinate frames of HexWalker II.
Table 1. D-H parameters for the HexWalker II's leg.
Link Bi d,' a; ' %
1 011 0 a —90°
2 91’2 0 an 0
3 03 0 a3 0
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Table 2. Actual values of D-H parameters.

0; Range a; Length
9i1 [*200, 200] aq 42 mm
0i» [—85°, 85°] ap 100 mm
91'3 [7850, 850] as 100 mm

Based on the D-H parameters, the homogeneous transformation between coordinate
systems of adjacent links can be calculated, and the following results can be finally obtained.

Pry —azsin(fyp + 613) — ap sin by
Py | = a3 sin 61 cos(615 + 013) + a2 sin 611 cos 01, + a7 sin 6y (1)
Plz —Aas3 cos 911 COS(GH + 913) — dp COS 911 cos 912 — a1 COS 911

where P1y, Py, and Py, represent the foot position of leg 1 relative to the coordinate system
{O1}. Of course, the foot position in the body coordinate frame {B} can be obtained easily.
This is the process of forward kinematic analysis.

According to the position of the foot, inverse kinematic analysis can calculate the
angle of each joint of the leg, which is the basis of controlling the robot’s motion. Based
on the forward kinematic analysis and mathematical derivation, the inverse kinematic
equations can be given as follows:

01 = arctan ‘ly 2)
1z
_p in 0
0, = arctan ————2> —— — arctaHM 3)
pizy + pizz —m azcos 0;3 + ap

2 2 2 2 2 _ 2

(4 /Py, + P — a1) + P, —a5—a3
0;3 = Larccos 4)

2a3a2

Due to the different leg bending directions, ;3 is positive for the front legs (i =1, 2),
but negative for the middle and rear legs (i = 3, 4, 5, 6).

3.3. Foot Trajectory Planning

In the process of motion, some legs of the robot are in the state of swinging while other
legs are in the state of supporting. The purpose of foot trajectory planning is to determine
the complete foot trajectory of the leg in the process of swinging or supporting, which is
important for the robot’s smooth movement [29]. In this paper, the foot trajectory of the
leg i is planned relative to the coordinate frame {O;g} (i = 1~6). For straight gait, the foot
position in the Y direction is always 0, so it only needs to plan the foot trajectory in the X
and Z directions. This paper uses the polynomial fitting curve to plan the foot trajectory.
It can be conveniently solved according to the constraints of foot position, velocity, and
acceleration at the initial and end time [30], and it is also conducive to avoid the impact.
Figure 4 shows an example of foot trajectory planning, which is a common situation in the
straight gait of the robot. Three points A, B, and C are marked on the foot trajectory in the
Z direction. When 0s <t < 1.2 s, the leg is in the support phase, matching the trajectory
between “AB”. When the leg in the support phase, the actual foot position is unchanged.
According to the relativity of motion, the foot trajectory in the X direction is planned as a
straight line, which can better ensure to help the robot move forward at a constant speed.
When 1.2s <t < 25, the leg is in the swing phase, matching the trajectory between “BCA”.
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Figure 4. Foot trajectory relative to {O;g}: (a) Position variations in the X and Z directions; (b) Foot
trajectory in the XZ plane.

4. Straight Gait Planning
4.1. Increase of the Duty Factor

The main periodic gaits of the hexapod robot include the tripod gait, quadrangular
gait, and pentagonal gait. In the tripod gait, three legs can swing at the same time, while
two legs can swing at the same time in the quadrangular gait, and only one leg can swing at
a time in the pentagonal gait. In this paper, when the robot starts to move until at least one
leg moves from the swing phase to the support phase, it is considered that the robot has
completed one “step”. In a cycle, all legs are required to complete a change in the swing
phase and support phase. Therefore, each cycle of the triangular gait contains two steps,
while the quadrangular gait and pentagonal gait, contains three and six steps, respectively.

Duty factor (B) is the time fraction of a cycle time when a particular leg is in the
support phase [31]. Duty factor can be expressed as:

Lst st
= stance _ stance )

tcycle tswing + fstance

where teyele 18 the total time of a cycle; tstance and tswing are the time that a particular leg is
in the support phase and the swing phase in a cycle, respectively. In most of the previous
gait planning schemes of hexapod robots, there is no case that six legs support the ground
simultaneously in the gait cycle. For a single leg, it will only swing in one step in a cycle,
while it will be in the support phase in other steps. Thus, the duty factors of the tripod gait,
quadrangular gait, and pentagonal gait are 1/2,2/3, and 5/6 respectively. 5 can also be
expressed as:
Estance al

tswing + tstance - T+aT

B = (6)
where T is the total time of each step; a is a quantity, which represents that the single leg
is completely in the support phase during a steps in a walking cycle. The time sequence
diagram of the robot walking forward in the general tripod gait is shown in Figure 5a [32].
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Figure 5. Time sequence diagram of the robot walking forward in tripod gait: (a) The general tripod gait; (b) The tripod
gait with “increasing duty factor”; (c) The quadrangular gait with “increasing duty factor”; (d) The pentagonal gait with

“increasing duty factor”.

This paper puts forward the strategy of “increasing duty factor”, which aims to reduce
foot slip and attitude fluctuation when the swing phase and the support phase switch.
There is the stage where all six legs are in the support phase in each step. In each step,
according to the previous gait planning, if a leg turns to be in the swing phase, it will not
swing immediately, but is still in the support phase in the front kT (k is a factor between
0 and 1), supporting the body to move with other legs that are in the stance phase. The leg
will swing in the next (1 — k)T, and finally, make the foot swing to the planned position
at the end of the step. Figure 5b—d depicts the time sequence diagram of the three gaits
according to this strategy.

Based on this strategy, the duty factor becomes:

(a+k)T

P=—0T+@+0T @)

a is determined by the gait type, while k can be set by trial according to the actual
situation. Of course, k should not be set too large. It needs to leave enough swing time for
the leg in one step. In the experiments of this paper, k is set to 0.2, so that the duty factors
of tripod gait, quadrangular gait, and pentagonal gait become 3/5,11/15, and 13/15.

4.2. Description Based on Discretization and Time Sequence Diagram

In this paper, a method based on the discretization and time sequence diagram is pro-
posed, which can easily describe the straight gait of the hexapod robot. Gait discretization
is an effective way to implement biological gait precisely [33]. Suppose S is the distance
that the leg will support the body to move forward when it is in the support phase in each
cycle. Discrete points can be used to describe support positions [34]. Now S is divided
into 10 equal parts in Figure 6, and 11 integers of —5 to 5 are used to correspond to the
beginning and end positions of each small distance, which represents the foot positions
that can be selected at the beginning and end of each step.
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Figure 6. Discretization of foot positions on the ground.

If the discrete point corresponding to the foot position of the leg i is p; (p; is an integer
between —5 and 5), the foot position of the leg i under {O;z} can be easily drawn:

Py pi/10 x S
Py | = 0 ®)
P ~H

where H represents the current height of the body relative to the ground. Suppose that
pi changes from p; 1 to p; , over a period of time. When the robot is moving forward, if
pi 1 > pi 2, it can be known that leg i swings, and if p; 1 < p; », legihas supported the body
to move forward. The distance the foot moves can be expressed as |p; 1 — p; 2|/10 x S.

Based on the discrete point, this paper defines the set P ={p1, p2, p3, pa, p5, ps} to
represent the foot position state of the robot’s six legs. For the initial state, the robot is
crouching, and Pc ={0, 0, 0, 0, 0, 0} can be used to describe the foot positions of the robot at
this time.

Next, combining with the time sequence diagram, determine the foot positions of the
robot at the beginning and end of each step, and intuitively describe the change process of
the foot positions under all kinds of straight gaits.

Referring to Figure 5b, for tripod gait, a cycle contains two foot position states:
Pr 1 ={-5,5,5, =5, =5, 5} and Pr , ={5, =5, =5, 5, 5, —5}. In a cycle (such as 0T~2T),
when the robot walks forward using the tripod gait, the change in foot positions can be
expressed as Pr 1—Pr »— Pr 1, as shown in Figure 7. Pr , represents the foot position state
of the robot at T, while Pr , can represent the foot position state at 0T and 2T. Each cycle of
the tripod gait includes two steps. Firstly, leg 2, leg 3, and leg 6 are used as supporting legs
to support the body to move forward for the distance S. At the same time, leg 1, leg 4, and
leg 5 swing forward from behind and move forward relative to the body. In the second
step, the swing and support state of the two groups of legs are interchanged, and the robot
advances the distance S again. All of the information can be obtained from the expression
“Pr1—Pro—Pr1".

Referring to Figure 5c, for the quadrangular gait, a cycle contains three foot position
states: Pg 1 ={-5,5,0, =5,5,0}, Pg » =1{5,0, =5, 5,0, =5}, and Pg 3 ={0, -5, 5,0, -5, 5}.
In a cycle (such as 0T~3T), when the robot walks forward using the quadrangular gait,
the change in foot positions can be conveniently expressed as Py 1—Pg »—Pg 3—Pg 1. In
each step, the body moves S/2.

Similarly, for the pentagonal gait, a cycle contains six foot position states: Pp 1 ={—5,
-3,-1,1,3,5}, Ppo ={5, =5, =3, -1, 1,3}, Pp 3 ={3,5, =5, =3, =1, 1}, Pp 4 ={1, 3,
5 -5,-3, -1}, Pp5 ={-1,1,3,5, -5, =3} and Pp ¢ ={—3, —1, 1, 3,5, =5}. In a cycle
(such as 0T~6T), when the robot walks forward using the pentagonal gait, the change
in foot positions is Pp 1—Pp p—Pp 3—+Pp 4—Pp 5—Pp ¢—Pp 1. In each step, the body
moves 5/5.
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Figure 7. Walking forward using tripod gait.

When the robot retreats, there is no need to redesign the change process of foot
positions in each gait. The changing direction of the foot position state during the backward
process is opposite to that of the forward. This time, in each step, the support leg supports
the body to move backward, while the swing leg swings from front to back. For example,
when the robot walks backward using the quadrangular gait, the change in foot positions
is PQ_1—>PQ_3—)PQ_2—>PQ_1.

4.3. Gait Transformation Scheme

In the beginning, the robot is crouching and needs a transformation to make it enter
a certain gait cycle. Similarly, when the robot completes a specified number of cycles of
motion, it can also transfer to the initial state to accept new instructions, to wait for new
motion commands. What’s more, when the robot is moving using a certain gait, it may
receive commands to change to walk by using other types of gait. Therefore, it is necessary
to further design the online gait transformation planning that supports remote control.

The gait transformation scheme designed in this paper is based on the adjustment of
foot positions. If the robot receives the command to change the gait during the motion, it
will stop after completing the current step. The robot can then adjust the foot positions
to a new state to enter the new gait cycle. There are two principles put forward for the
adjustment of foot positions:

1. Stability principle: When determining the swing leg, the robot should first be able to
maintain static stability. Take leg 1, leg 4, and leg 5 as one group, and leg 2, leg 3, and
leg 6 as another group. In one step, the robot can swing at most three legs at a time
(the three legs must be in the same group), and the two adjacent legs cannot swing at
the same time. Otherwise, the robot will lose its stability;

2. Rapidity principle: On the premise of ensuring the stability of the robot, choose the
least number of steps to adjust, then strive to adjust the least number of legs.

According to these two principles, Figure 8 shows the flow chart of gait transformation.
Details are as follows:

1.  First, define a few parameters. M: the number of adjustment steps in gait transfor-
mation. N: the number of legs that need to be adjusted in gait transformation. M,,;;:
the minimum number of adjustment steps required in gait transformation. N,,;,: the
minimum number of legs required to be adjusted in gait transformation. The initial
values of M,,;;, and N,,;,, are set to 3 and 6, respectively;

2. Traverse each foot position state in the new gait and compare it with the current foot
position state of the robot. The previous parameters can be determined in this process.
Since the foot positions of the six legs are already included in the set P, when the two
states are compared, N is easy to determine. Next, based on the stability principle,
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discuss in several situations: (1) If N is greater than 3, M must be 2; (2) If N is 3 and
the three legs to be adjusted are in the same group, M is 1, otherwise M is 2; (3) If N is
2, and the two legs to be adjusted are not adjacent, M is 1, otherwise M is 2; (4) If N is
1, Mis1;(5) If Nis 0, M is 0. This way, M can be determined. If M is less than M,,,;,,
or although M is equal to M,;;;,,, N is less than N,,;,, update M,,;, and N,,;,, and make
the current traversed foot position state as the target state;

3. After the traversal is completed, the final adjustment steps can be determined. If M,,;,,
is 0, the robot can directly enter the new gait without adjusting foot positions. If M,,;,
is 1, the robot only needs one step to complete the adjustment. If M,,;, is 2, based
on the grouping of robot legs in the tripod gait, we can only adjust the positions of
the legs in the same group in one step to ensure the stability principle. And the gait
transformation process is completed in two steps finally.

A/[min:3 s ]vmin:6

All foot position states of the
new gait have been traversed

No adjustment required

Determine N and M

Take one step

M<M,,;,, or

YR NN Take two steps based
o min an = min

on groups of legs

Update the target state, End
Mnin=M Nmin=N

|

Figure 8. Flow chart of gait transformation.

Here are two examples to illustrate the gait transformation scheme proposed in
this paper. Consider a situation in which the robot changes from the tripod gait to the
quadrangular gait. When the robot stops from the tripod gait, the foot position is assumed
tobe {5, =5, =5, 5,5, =5} (Pr »). According to the gait transformation scheme, the target
state can be determined as {5, 0, —5, 5, 0, —5} (Pg »). The robot only needs to adjust the
foot positions of leg 2 and leg 5. When the two legs swing at the same time, the stability
of the robot can be ensured, so only one step is needed to complete the transformation
(M,iy = 1). Then, consider another case in which the robot changes from the tripod
gait to the pentagonal gait. When the robot stops, the foot position is also assumed to
be {5, =5, 5,5, 5, =5} (Pr »). The target state is {5, =5, —3, —1, 1, 3} (Pp »). At least four
legs should be adjusted, which are leg 3, leg 4, leg 5, and leg 6. M,,;, is now 2. Since
leg 3 and leg 6 are in a group, they can swing at the same time. However, leg 4 and leg 5
need to swing in the second step. The whole gait transition process can be expressed as:
PT_2—>{5, —5,-3,5,5, 3}—>Pp_2.

5. Correction Algorithm of Yaw Angle

Based on the previous work, the basic motion control of the hexapod robot can be
realized. The user can send instructions through the mobile device to make the robot realize
the expected gait. Of course, this is just an open-loop control. Next, the actual feedback
attitude information is used to design an algorithm to reduce the yaw of the robot’s attitude
in motion.
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At the current

moment

The idea of the algorithm is to adjust the direction of the robot by adjusting foot
positions of the support leg relative to the body coordinate system {B}, so that the robot can
move close to the desired direction at the next moment to achieve the purpose of correcting
the yaw angle in time. This way, when the robot determines the foot positions at the next
moment, it needs to consider the adjustment of the walking direction, which is necessary
to establish a kinematic model to describe it better. Figure 9 shows the kinematic model of
yaw angle correction, here taking the tripod gait as an example. Suppose that the robot is
not in the ideal direction at the current time, and the support leg needs the body to advance
a distance of s’ in the next moment (s’ can be determined based on the results of the original
gait planning and foot trajectory planning). Now, to reduce the yaw angle error, make the
robot rotate at an angle Ay around the origin of the body coordinate system {B} to adjust to
the ideal direction first. After that, the support legs can support the body forward.

|
|
|
Leg2 i ‘ Leg2 : 1 Leg2
Adjustment I Advance |
" g XB
XB
Ys B
Leg3@ YB IB Leg3 @ | w
| |
' |
| |
' |
®Legb I ®Legb | @ Legb
|
|
At the next
moment

Figure 9. Kinematic model of yaw angle correction in straight gait.

Now it is necessary to recalculate and determine the foot position of each support leg

relative to the coordinate frame {B} in the next moment. For the support leg i, suppose
T

the foot position of it relative to {B} is [ Bp. B P, Bp. 1 } at the current moment

T
and { bp; B Pi/y Bp/ 1 } at the next moment. Based on the kinematic analysis, the
relationship between the two can be obtained:

gPix cosAy —sinAy 0 0 10 0 s gplix
B, _ | sinAy  cosAy 0 0 010 O Py, ©)
p, 0 0 10|00 1 0 Bp/
1 0 0 01 0 00 1 1
Furthermore, we have
BPZ.’x Bp. cosAy+ BPiy sin Ay — s/
BPZ,’y B —BPI.X sin Ay + BPl-y cos Ay (10)
5 =
Pi/z BPiz
1 1

The foot position of the support leg i relative to {O1p} in the next moment can be
further obtained. In this way, when the robot continues to move, the adjustment of the
walking direction is added.

The flow chart of the yaw angle correction algorithm designed in this paper is shown
in Figure 10.

In the straight gait, the desired yaw angle of the robot is always 0°. In the process
of robot walking, the feedback information of yaw angle can be obtained based on the
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IMU module. Compared with the expected yaw angle, the difference A is obtained as
the input of the controller, and the output of the controller is Ay, which is the variable in
the previously proposed kinematics model of yaw angle correction for the robot. In the
program, sampling is done every 10 ms.

Gait planning
and foot trajectory planning

Foot positions

Kinematic
model of yaw
angle correction

Inverse Robot
kinematics | Joint | motion
angles

End

The updated
foot positions

Update foot
positions

Actual yaw angle

Figure 10. Flow chart of hexapod robot yaw angle correction algorithm.

According to the model, the foot positions of the robot’s support legs at each mo-
ment can then be recalculated to adjust the walking direction (See Equation (10)). After
that, it needs to be judged whether the foot positions are within the maximum motion
space range at this time. Suppose that the foot position of the leg i relative to {O;p} is

[ Py, Py, P, 1 }T, and use a to represent the total length of the robot leg. It is known

that , /P2 + Pl-zy + P2 < a needs to be satisfied. If the foot position is not in the reachable

motion space, it will not be updated, but still keep the value of the foot position at the
previous time. Finally, according to the foot positions and the results of inverse kinematics
analysis, the corresponding joint angles of the legs can be obtained, and then the servos
can be driven to make the robot realize the specified motion.

The design of the controller is the key to the algorithm in Figure 10, and its internal
form is shown in Figure 11. The design of the controller is the key of the algorithm, and its
internal form is shown in Figure 11. The controller first makes a judgment. If A7y is less
than the threshold value (set to 1°), it is considered that the current actual yaw angle is
acceptable, and the walking direction is not adjusted (directly output Ay = 0°). Otherwise,
the PD controller is used to output Avy. The PD controller is a kind of PID controller, which
is simple in principle and easy to design. It can reduce the control error, accelerate the
response speed of the system, and ensure robustness, which means it is not sensitive to the
change in the environment and the parameters of the controlled object [35]. In the control
program of the robot, an incremental PID algorithm is used to realize the PD controller. Each
increment of A7y can be calculated by Kp[e(k) —e(k —1)] + Kp[e(k) — 2e(k — 1) + e(k — 2)]
where Kp is the proportional coefficient; Kp is the differential coefficient; and e(k) is the
input deviation of the controller in the k-th sampling.

PD controller

Actual yaw angle

Figure 11. Controller design of hexapod robot yaw angle correction algorithm.
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6. Experiments

Many experiments were done to verify the feasibility and effectiveness of the robot
control algorithm and gait planning scheme. Next, some specific results are illustrated. In
the experiments, the parameters of the robot are H = 230 mm, T = 15, and S = 30 mm.
Here, as before, H stands for the height of the body, and T stands for the total time of each
step, and S is the distance that a leg supports the robot to move for when it is in the support
phase in a cycle.

6.1. Verification of Yaw Angle Control Algorithm
Figure 12 shows the experiment of HexWalker II walking forward using the tripod gait.

Figure 12. The experiment of HexWalker II walking forward using tripod gait: (a) Leg 2, leg 3, and leg 6 are swinging;

(b) Leg 1, leg 4, and leg 5 are swinging; (c) Leg 2, leg 3, and leg 6 are swinging.

The first experiment completed is the tripod gait experiment of the robot without using
the yaw angle correction algorithm. It can be known that when the robot is in the cycles
of tripod gait normally, the time of a cycle is 2 s, and the ideal moving speed of the robot
is 5/T = 30 mm/s. In 0 s~2 s, the robot is crouching, while it completes the adjustment
of foot positions in 2 s~4 s. In 4 s~20 s, the robot walks forward for eight cycles using the
tripod gait, and then after experiencing the adjustment of the foot positions again, it returns
to the initial state. Based on the actual back reading data of each joint angle and the forward
kinematics analysis of the robot, we can obtain the actual computational foot trajectory of
each leg and compare it with the ideal planning foot trajectory to verify whether the robot
can achieve the desired motion. Taking leg 1 as an example, the comparison between the
ideal foot trajectory and the actual computational foot trajectory is shown in Figure 13. It is
clear that the robot can achieve the expected motion.

A group of attitude angle data when the robot walks forward using the tripod gait
is shown in Figure 14. The orientation of the IMU module installation is consistent with
that of the body coordinate frame {B} in Figure 3. The roll angle and pitch angle reflect the
fluctuation of the robot body plane relative to the horizontal plane in the motion. According
to the experimental data, the fluctuation amplitude is small, indicating that the robot’s
motion is relatively stable. However, after eight cycles of motion, the yaw angle is close
to —6°. There are many reasons for this phenomenon, including the change in the body’s
center of gravity, mechanical error, impact and slip at the foot end, etc. Therefore, it is
necessary to correct the yaw angle during the motion.

Other conditions remain unchanged, the previously designed yaw angle correction
strategy is used in this experiment. Through trials, the parameters of the PD controller in
the algorithm are set as: Kp = 0.01 and Kp = 0.005. Take the foot trajectory of leg 1in Y
direction as an example. As shown in Figure 15, it can be found that when the leg is in the
support phase, the ideal foot trajectory has changed, which indicates that the yaw angle
correction algorithm is working to adjust the walking direction of the robot. Figure 16
shows the attitude angle data of the robot at this time.
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It can be seen that the yaw angle correction algorithm has played a good role. The
robot can reduce the yaw angle error by adjusting the direction in time during the motion.
Table 3 compares the mean, standard deviation (SD) and root mean square error (RMSE)
relative to the ideal value (0°) of the yaw angle data in two experiments. In the subsequent
experiments, the yaw angle correction strategy is adopted by default.

Table 3. Comparison of data in two experiments.

Data Type Data in the Experiment Data in the Experiment

with the Algorithm

without the Algorithm

The mean of the yaw data
The SD of the yaw data

—0.804°
1.056°

—3.323°
2.472°
4.141°

The RMSE of the yaw data 1.327°

6.2. Verification of the Strategy of “Increasing Duty Factor”

The gait planning of the robot adopts the previously designed strategy of “increasing
duty factor”. In order to test its effect, this paper designs an experiment for comparison.
In this experiment, the robot does not adopt that strategy, which means when a certain
leg of the robot is about to enter the swing phase, it can immediately swing (the factor k is
0). The other conditions remain unchanged in the experiment, and the attitude angle data
of the robot are shown in Figure 17. Compared with Figure 16, it can be found that the
fluctuation degree of the attitude angle increases. The sampling time interval of attitude
angle data is 10 ms. Table 4 compares the mean, SD, and RMSE of the attitude data in two
experiments. The slipping degree of the robot’s foot is also more severe. In the experiment,
after the robot completes 8 cycles of the tripod gait, the theoretical walking distance is
480 mm. Through measurement, in the previous experiment, the actual walking distance is
about 460 mm, but it was only about 410 mm in this experiment.
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Figure 17. Attitude variations in tripod gait (without the strategy of “increasing duty factor”).



Appl. Sci. 2021, 11, 3714 16 of 20

Table 4. Comparison of data in two experiments.

Data Type Data in the Experiment Data in the Experiment
with the Strategy without the Strategy

The mean of the roll data 0.156° 0.205°

The mean of the pitch data —0.263° —0.118°

The mean of the yaw data —0.804° —1.127°
The SD of the roll data 0.453° 0.710°
The SD of the pitch data 0.428° 0.659°
The SD of the yaw data 1.056° 1.011°
The RMSE of the roll data 0.479° 0.739°
The RMSE of the pitch data 0.502° 0.669°
The RMSE of the yaw data 1.327° 1.514°

6.3. Comparison and Transformation of Different Types of Gait

Three experiments are used to compare the results when the robot walks forward by
using the tripod, quadrangular, and pentagonal gaits. In these three experiments, except
for the different gait types, the other motion parameters are the same. The robot walks for
12 s using the tripod gait, 24 s using the quadrangular gait, and 60 s using the pentagonal
gait. This way, for each gait, the theoretical walking distance is 360 mm. Table 5 shows the
RMSE of the attitude angle data and the actual walking distance in the three experiments.
From the tripod gait to the pentagonal gait, although the robot slows down, the attitude
fluctuation and yaw also basically decrease, which means the stability of the robot’s motion
is better. Since the quadrangular gait and the pentagonal gait require more steps, it may
make the robot foot slip phenomenon more obvious to a certain extent, and increase the
robot’s walking distance error [36]. Combing the actual needs, users can set suitable gait
types and parameters on the mobile device.

Table 5. Comparison of data in three experiments.

Data Type Experimental Data Experimental Data Experimental Data
of Tripod Gait of Quadrangular Gait of Pentagonal Gait
The mean of the roll data —0.063° 0.060° 0.121°
The mean of the pitch data —0.091° —0.009° —0.178°
The mean of the yaw data —0.840° —0.837° —0.525°
The SD of the roll data 0.385° 0.398° 0.236°
The SD of the pitch data 0.355° 0.290° 0.221°
The SD of the yaw data 0.900° 0.368° 0.296°
The RMSE of the roll data 0.390° 0.403° 0.265°
The RMSE of the pitch data 0.366° 0.290° 0.284°
The RMSE of the yaw data 1.231° 0.914° 0.603°
The actual walking distance 345 mm 335 mm 324 mm

Figure 18 shows the foot trajectories of leg 1, leg 2, and leg 3 in the X direction in an
experiment on gait transformation. Correspondingly, the attitude variations are shown in
Figure 19. At first, the robot receives the command of walking forward using the tripod
gait, but in the process of movement, it receives a command of walking forward using
the quadrangular gait. After receiving the new command, the robot stops at 9 s. At this
time, the foot positions of the robot’s legs can be expressed as {5, —5, —5, 5, 5, 5} (Pr 2).
To enter the cycles of quadrangular gait, the robot can adjust the foot positions by only
one steps in situ: {5, =5, =5, 5,5, =5} (Pr 2) — {5, 0, =5, 5, 0, —5} (Pg »2), corresponding
to 9 s~10 s. Then, the robot walks using the quadrangular gait and receives a command
of walking backward using the tripod gait in 16 s~17 s. In 17 s~19 s, the robot completes
two steps to adjust the foot position of three legs. The change process of foot positions is:
{-5,5,0, -5,5,0} (Pg 1)—{-5,5,5, =5, 5,5}—={-5,5,5, =5, =5, 5} (Pr_1). After that, the



Appl. Sci. 2021,11, 3714

17 of 20

Leg 1
Position (X axis) (mm)

Leg 2

Position (X axis) (mm)

Leg 3
Position (X axis) (mm)

30
20
10

-10F
20—

=30

30
20
10

-10
=20
=30

30
20
10

-10
-20
=30

robot begins to walk backward for four cycles using the tripod gait, and finally returns to the
initial state. The whole process conforms to the gait transformation scheme designed before.
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Figure 18. Comparison between the ideal foot trajectory and the actual foot trajectory of leg 1~3 in the experiment of gait

transformation.
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Figure 19. Attitude variations in the experiment of gait transformation.

7. Discussion and Conclusions

This paper designs a small electric hexapod robot called HexWalker 1II for daily life,
which can be used in the fields of entertainment, education, monitoring, and so on. A set
of gait planning schemes for the robot’s straight motion is made, including the realization
of all kinds of basic gaits and the online transformation among them. The gait planning
scheme is combined with our software on the mobile device and makes the robot respond
to the instructions of users accurately and quickly on the premise of ensuring stability.
In contrast to the traditional gait planning method, this paper proposes the strategy of
“increasing duty factor”, which can reduce the posture fluctuation and foot end slip in robot
motion. The experiment results show that the RMSE of the row, pitch, and yaw angle was
reduced by 35%, 25%, and 12%, respectively, with this strategy. Based on the discretization
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and time sequence diagram, the straight gaits of the robot are described conveniently.
According to the proposed principles of stability and rapidity, the detailed process of the
robot gait conversion algorithm is also developed. In order to improve the reliability of
robot motion, the kinematics model of robot yaw angle correction is constructed by using
the attitude feedback information, and a yaw angle correction algorithm based on the PD
controller is designed, which is easy to realize. The experimental results show that the drift
of the yaw angle was suppressed effectively and was limited in the range —3°~3° using
the control algorithm. The RMSE of the yaw data was reduced from 4.141° to 1.327° with
the algorithm.

The gait planning schemes proposed in this paper are simple but effective. Compared
to the traditional gaits, the “increasing duty factor” strategy can reduce the fluctuation
of attitude, and the transformation process between different gait was described in detail.
Compared to the posture control methods where Jacobian matrixes or foot forces are to be
calculated, the yaw angle correction algorithm in this paper is easy to accomplish and calcu-
late. The experiment results show that the drift of yaw angle can be effectively suppressed.

Although different kinds of gaits are studied in this paper, applications to the gait are
lacking, such as transforming to a different gait according to the terrain, which could be
studied in the future. Only the yaw angle was corrected during walking, which may not
matter much when walking on flat ground, but to realize locomotion on uneven ground,
the feedback and correction of all attitude angles will be needed.

Our current research is at a relatively initial stage. In the future, more gait planning
schemes will be designed for the robot, such as turning and obstacle crossing, so that the
robot can achieve more diverse forms of motion. At the same time, we will also make use
of the existing sensor feedback of the robot, such as video images of the camera, to further
design the closed-loop motion control algorithms to improve the robot’s motion perfor-
mance and adaptability to the environment. Moreover, to improve the robustness of the
gait motion, the feedforward control schemes could also be added [37], and some artificial
intelligence approaches can be adopted to achieve the feedforward control methods [38].
We will then conduct more experiments to verify them.
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