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RESEARCH ON THE YAW ANGLE CONTROL
STRATEGY OF HEXAPOD ROBO WITH
TACTILE SENSOR FEEDBACK

Qian Wang,* Bo Jin*** Ce Zhang,*** and Shidong Zhang*

Abstract

This paper presents a straightforward yet effective yaw angle
feedback control strategy for a hexapod walking robot. The robot’s
motion is corrected using the yaw angle provided by an IMU
module. Kinematic models were analysed for both straight and
turning gaits, and a PD controller was implemented for closed-
loop control. Additionally, the tactile sensors on the foot tips
were used to detect ground contact of the swing legs, and the
foot trajectories were adjusted in real-time to minimise attitude
deviations. The experiment results confirmed the effectiveness of the

proposed strategies.
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1. Introduction

Compared to wheeled robots, multi-legged robots demon-
strate superior performances when navigating rough
terrains or overcoming obstacles. Among legged robots,
hexapod robots exhibit greater walking stability and more
gaits than bipedal or quadrupedal robots. Furthermore,
hexapod robots can walk with some leg failures [1]. In
recent years, various hexapod walking robots have been
developed, such as the LAURON V [2], the DLR Crawler
[3], the Little Crabster200 [4], and so on.

To enhance the performance and practicality of
hexapod robots, numerous studies have been conducted to
design control strategies based on the basic robotmotion
control scheme and sensing feedback information [5]—[7].
Previous studies have proposed various feedback control
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strategies for hexapod robots to meet different require-
ments [8]-[10].

The posture of hexapod robots can fluctuate during
walking due to mechanical errors, foot slippage, and
other factors [11]. To enhance the walking performance
of the robot, it is crucial to develop control strategies
that based on the feedback of the attitude angle. Tikam
et al. introduced a virtual model control (VMC) method,
incorporating a novel position-based foot force controller
that facilitates direct force control during the leg’s stance
phase and active compliance control during the swing
phase [12]. Chen et al. proposed a walking control
strategy, based on multi-sensor information feedback,
which focus on addressing the vertical contact impact
and horizontal sliding issues of heavy legged robots
[13]. The six-legged walking robot platform, designed by
7ZJU, features three joints and a semi-round foot on
each leg. By employing inverse velocity kinematics, the
research team has studied a posture control strategy
that improves the robot’s walking ability on rough
terrain [14].

Walking on uneven terrain is a crucial task for
legged robots. In order to do it successfully, each robot’s
leg should adapt to the different heights of terrain on
which it steps. There are many researches of hexapod
robots for walking on the uneven terrain [15]-[17]. Some
hexapod robots adapt to uneven terrain with some utilising
special structures [18]. RHex can overcome the uneven
terrain by rotating its arc-shaped leg sequentially, but
this method could mess up the environment [19]. Deng
et al. established a gait library with different kinds of
gaits which enables hexapod robots to walk through
dynamic environments [20]. Some researches adapt central
pattern generator (CPG) to realise locomotion on the
uneven terrain [21]-[23]. While the CPG is a popular
method for achieving uneven terrain locomotion, it is
not ideal for precise robot motion. Compliance control
methods have also been employed to reduce impact
and ensure stable walking on different kinds of ground
[24], [25].

In our previous work [26], we have studied the
straight gait planning and gait transformation between
multiple gaits. We proposed a yaw angle control algorithm
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Figure 1. The hexapod walking robot HexWalker II:
(a) the hexapod robot; and (b) the structure of the
robot’s foot.

for straight gait based on kinematics analysis and PD
controller. In this paper, we aim to further investigate
the yaw angle control method by analysing the kinematic
analysis for both straight and turning gaits. We will also
utilise the tactile sensors on the foot tips to detect ground
contact and adjust the foot trajectories of swing legs.

The remainder of this paper is organised as follows:
Section 2 presents a brief introduction of the hexapod robot
HexWalker II, including its kinematic model analysis and
basic control method. Section 3 discusses the yaw angle
control strategy and ground contact strategy. Section 4
demonstrates the experimental results. Finally, Section 5
concludes the paper.

2. Basic Control Method of the Robot
2.1 Overview of the Hexapod Robot

The HexWalker II is a small electric hexapod robot
weighing approximately 3 kg and has dimensions of roughly
268 mm x 166 mm x 275 mm, as shown in Fig. 1. The
robot has a total of 18 degrees of freedom (DOFs), with
each leg consisting of three DOFs, including the root, hip,
and knee joints from top to bottom, driven by FEETECH
servo motors. These servo motors can be controlled through
serial ports and can provide feedback on their current
positions.

Each leg has a tactile sensor located on the foot-tip
that detects contact with the ground. The tactile sensor
is made up with a micro switch and a spring, providing

a simple yet effective method of detecting the contact
between the robot’s foot and the ground.

The main control board of the HexWalker II is
Raspberry 3B+, which executes the control algorithm and
transmits joint angles to the lower board wia SPI bus.
An IMU module is installed on the robot to obtain the
actual attitude information. The STM32-based lower board
controls all servo motors, communicates with an IMU
module via serial ports, and reads the signals of the tactile
Sensors.

The main control algorithm of the robot is shown
in Fig. 2. According to the expected motion, the foot
trajectory planning and gait planning are designed to
determine the desired foot positions. The foot trajectory
planning and gait planning can be adjusted according
to sensor feedback. The desired angle of each joint is
calculated by inverse kinematics, and the servo motors are
driven to control the robot’s motion accordingly.

2.2 Kinematic Modelling

The coordinate frames of the robot are shown in Fig. 3.
The global coordinate frame is denoted as {W}. Frame {B}
represents the body frame, situated at the center of the
robot’s body. Take leg 1 as an example, the frames of the
legs are shown in Fig. 3(b). These frames are established
based on the Denavit-Hartenberg (D—H) rules, with frame
{O;1}(@ = 1,...6) as the base frame of each leg, and
frames {Oi,o}, {Oi,l}; {Oi72}7 {02,3}(1 = 1,. . 6) as jOiIlt
frames of each leg. During the robot’s locomotion, the
desired position of each leg’s foot-tip is described by its
leg trajectory with reference to the leg base frame {O; 1},
and the joint angles are computed using the position wvia
inverse kinematics.

2.2.1 Forward Kinematics

Take leg 1 as an example, the D—H parameters of leg 1 are
listed in Table 1. The transformation matrix between the
leg base frame {O; 1} and the root joint frame {O; o} can
be expressed as:

0 0O 1 0
0 1 0 O
5T = (1)
-1 0 0 O
0 0 0 1

The transformation matrix between two adjacent joint
frames {O; ;},{0; j—1}(j = 1,2, 3) can be expressed as:

59173‘ —SoiJ’COLiJ 597;7]‘5041‘,]‘ CL,L'CQZ'J'
joip _ |$0s igeai  —dBigsaiaishig)
i ti= (2)

0 sai,j cai,j di’j

0 0 0 1

Where 0; ;,d; j,a;j, and o ; are the D-H parameters
and cb;; and s0;; denote cosine and sine of @
respectively.
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Figure 2. Main control algorithm of the robot.
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Figure 3. Frames of the hexapod robot: (a) frames of the
robot; and (b) frames of the leg.

The position of the foot-tip P;, with respect to the
base frame of each leg, can be described as:
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Table 1
Values of the Denavit—Hartenberg Parameters

Link j | 0;;(°) | di,;(mm) | a; ;(mm) | c; ;(°)
1| 6, 0 I ~90
2 | 6., 0 ls 0
3 ;3 0 I3 0

Figure 4. Schematic of inverse kinematics.

2.2.2 Inverse Kinematics

The inverse kinematics equations can be derived by
the geometric approach based on the robot’s joint
configuration. As an example, for leg 1 shown in Fig. 4,
the inverse kinematic equations can be given as:

P;
i1 = —arctanp~
91’2 = _arCCOSW — arctan T, (4)
0;3 = arcc0877l§7l§+l?+lg’i‘”
4,3 = 20515

Where I; = 4 /Pfy + sz -1

2.3 Foot Trajectory Planning

The walking motion of the robot’s legs is comprised of the
swing phase and stance phase. Foot trajectory planning
involves determining the complete trajectory of the foot
of leg ¢ as it moves relative to the base frame of the
leg {O; 1}, while taking into account gait parameters and
sensor feedback during walking. For better adaptation to
the uneven terrain, the foot trajectory during the swing
phase is divided into three parts, namely, the swing-up
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Figure 5. Schematic of foot trajectory planning.

phase, the swing-forward phase, and the swing-down phase,
as illustrated in Fig. 5.

For example, in the case of the straight gait while the
foot end position in the y direction is always 0, Fig. 5
displays the foot trajectory relative to frame {O; 1} in the
r — z plane.

During the swing-up phase (A— B) and the swing-down
phase (D — E), straight lines are used to plan the
foot trajectories to avoid collisions with obstacles and
accommodate for possible early landing or late landing on
uneven terrain. The speed in the x direction is opposite to
the forward speed of the robot so that the foot trajectory
in the world frame is straight up and down.

During the swing-forward phase (B — C' — D) and the
stance phase (E — A), the foot trajectories are planned
as sixth-order polynomial curves. These curves are fitted
separately in the x, y, and z directions, based on the
constraints of foot position, velocity, and acceleration at
the initial and end time. This approach enables a smooth
connection between the trajectories in the four phases and
eliminates sudden changes in speed.

2.4 Gait Planning

The robot’s walking gait determines the time sequences
of the swing and support phases of one leg. The periodic
gaits are used for gait planning, including the tripod gait,
quadrangular gait, and pentagonal gait. The robot can
walk straight or turn around with a specified gait, and
it has the ability to switch between different gaits either
while walking straight or turning. Additional details are
available in [26].

3. The Details of the Control Strategy

In Section 2, the robot exhibits some rudimentary
open-loop motion capabilities. Nevertheless, variations in
attitude may arise while traversing flat terrain due to
mechanical inaccuracies and jolts when lifting or landing
its legs. Hence, incorporating sensor feedback becomes
essential to a certain extent in achieving closed-loop control
for enhancing walking performance.
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Figure 6. Schematic of feedback control strategy.

In our previous work, we implemented a yaw angle
correction algorithm based on kinematic analysis for
straight gait, which effectively minimised the yaw angle
deviation. In this paper, we have extended the yaw
angle correction algorithm to encompass both straight
and turning gaits. Furthermore, we have integrated a
straightforward ground contact feedback approach to
further diminish postural instability. As illustrated in
Fig. 6, the planned foot trajectory will be corrected
through yaw angle feedback and tactile sensor feedback,
respectively, in the stance and swing phases.

3.1 Yaw Angle Feedback

During walking, the robot may experience posture
deviations. Compared to pitch and roll angles, the yaw
angle has less influence on the stability of robot walking,
but it’s critical for accurate robot positioning. Failure to
correct the yaw angle error promptly can lead to significant
deviation from the intended trajectory. Therefore, the yaw
angle correction algorithm is designed to reduce the robot
motion error by leveraging actual yaw angle information
from an IMU module on the robot.

The algorithm aims to adjust the foot positions of the
legs with respect to the body coordinate system { B} during
the stance phase. This adjustment will enable the robot
to move closer to the intended direction, thus correcting
the yaw angle in time. A kinematic model is necessary
to determine the foot positions after adjustment while
considering the walking direction adjustment. Taking the
tripod gait as an example, the following sections provide
a detailed description of straight gait and turning gait,
respectively.

Figure 7(a) depicts the kinematic model for yaw angle
correction during straight gait. Suppose there is a deviation
A~ between the actual direction and the desired direction,
and the robot needs to move forward by a distance of As
in the next moment, which is determined by the originally
planned foot trajectory. To reduce the yaw angle error,
the robot is desired to rotate around the body frame {B}



Figure 7. Schematic of yaw angle correction: (a) yaw angle
correction in straight gait; and (b) yaw angle correction in
turning gait.

to align with the ideal direction, while maintaining its
originally forward motion. In the subsequent moment, it’s
necessary to recalculate the foot position of the supporting
legs relative to the body frame {B}.

Assuming that the foot position of a sup-
porting leg ¢ relative to the body frame {B} is

T
[BPi,x BPi,y BPi7Z 1]T
PP/, PP/, PP/ 1] in the next moment. We can
obtain their relationship as follows:

at the current moment and

BP; . 1 0 0 As||PP,
Bp, 0 1 0 o0]]|BP
| = Ra(a) ve)
Bp,. 0 0 1 0]]|PP,
1 0 0 0 1 1

Where R, (A7v) denotes the rotation matrix around
the z-axis.
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Figure 8. Schematic of yaw angle correction algorithm.

cosAy —sinAy 0 0
sinA~y cosA~y 0 0
R. (Av) =
0 0 1 0
0 0 0 1

Then, we have:

5P, B P, zcosAy +P P; ,sinAy — As
BP{,y _ —B P, ,sinAy +2 P ,cosAy (©)
B p! Bp
1,2 1,2
1 1

Figure 7(b) illustrates the kinematic model for yaw
angle correction during turning gait. Suppose the robot is
turning counterclockwise and is not in an ideal attitude at
a certain moment. Similar to the straight gait, the robot
needs to rotate to align with an ideal planned yaw angle
around the center of the body by an angle A~v. According
to the original gait planning scheme, the robot is planned
to rotate around the center of the circle by an angle Af.
To reduce the yaw angle error promptly, the robot needs
to rotate around by an angle Ay + Af. Then the desired
foot positions in the next moment are determined.

Similar to the straight gait, for a support-
ing leg 4, let the foot position relative to the
body frame {B} at the current moment and the

[P, 5P, BP. 17 and

PP/, BP, PP, 1]T7 respectively. Then, we have:

next moment be

BPiwl‘ BP’L’ T
Bp. B p/
Y= Ra(Ay+a0) | Y (7)
Pz‘,z Bpi/’z
1 1

Where R, (Avy+ Af) is the rotation matrix around
the z-axis.
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Figure 9. Controller design of yaw angle correction
algorithm.

cos(Ay+ Af) —sin(Ay+A0) 0 0
sin (Ay + A6 cos (Avy + A 0 0
R (A4 80) = | ) cos(Ay+A6)
0 0 1 0
0 0 0o 1

Then, we have:

BPi/,x B P, zcos (Ay + A9) +B P; ysin (A + AG)
PP, _ | =P Piasin (Ay + A6) +7 Piycos (Ay + Af) ®)
B p/ Bp.
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Based on the kinematic analysis above, the yaw angle
correction algorithm can be designed, as illustrated in
Fig. 8. For the robot’s straight gait, the desired yaw
angle is always 0°, while for the turning gait, the desired
yvaw angle is determined by the gait planning. The
robot’s actual yaw angle can be acquired from an IMU
module. The difference between the actual yaw angle
and desired yaw angle A~y serves as the input of the
controller, and the output of the controller A~ is the
yaw angle bias that is adjusted in the next moment.
Before performing the inverse kinematics, the updated foot
positions need to be verified to ensure they are within
the reachable space, which is determined by the equation

\/Bpfz +B Pz?’y +B sz < l1 + ls + l3. Foot positions

that are outside the reachable space are not updated,
instead, the foot positions from the previous moment
are maintained. Finally, according to the updated foot
positions, the corresponding joint angles of the legs can
be obtained using inverse kinematics, and then the servos
will be driven to the desired angles to realise the specified
motion.

The controller primarily employs a PD controller, as
shown in Fig. 9. A threshold value is set for A~yg, which is
0° in this case. The walking direction is adjusted only when
the difference between the actual and desired yaw angles
exceeds the threshold value. The PD controller is utilised
to handle the yaw angle deviation, which can mitigate the
control error, enhance the system’s response speed, and
ensure robustness. The PD controller is implemented as
follows:

Ay = Kple(k) — e (k- 1)
+Kple(k) —2e(k—1)+e(k—2)]

(9)
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Figure 10. Adjustment of the foot trajectory: (a) early foot
landing; and (b) late foot landing.

Where Kp and Kp are the proportional coefficient
and differential coefficient, respectively. e(k) is an input
deviation of the controller in the k-th sampling.

3.2 Tactile Sensor Feedback

As mentioned in Section 2.3, the robot’s foot trajectory
is planned using a combination of straight lines and
sixth-order polynomial curves. During the swing-up and
swing-down phases, the foot trajectories follow straight
lines along the z-axis relative to the global coordinate
system, this simplifies the avoidance of obstacles and
facilitates adaptation to different terrains. To ensure a
gradual change in the speed and acceleration, the trajectory
during the swing-forward phase is made up of a sixth-degree
polynomial.

When traversing uneven terrain, the foot may touch
down earlier or later due to obstacles, which differs from
the fixed gait circle used when walking on flat ground, as
illustrated in Fig. 10. With the tactile sensor on the foot,
it’s easy to detect whether or not the foot is contact to the
ground. Once contact with the ground, the foot transitions
from the swing-down phase to the stance phase, and the
foot trajectory is then replanned based on the new state.
The target landing point for the next cycle remains the
same height as before to ensure continuous movement. The
gait generator coordinates the sequence of legs entering
the swing phase, and the reachability of the foot is checked
before movement to guarantee stability and continuity of
motion.

4. Experiments

The feasibility and effectiveness of the yaw angle control
algorithm and ground contact strategy were verified
through several experiments. The robot’s parameters were
set to a body height of H = 230 mm, a total gait circle
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Figure 11. The yaw angle with and without yaw angle
correction algorithm: (a) yaw angle correction in straight
gait; and (b) yaw angle correction in turning gait.

time T = 2 s, and a step length S = 30 mm during the
experiments.

4.1 Verification of Yaw Angle Correction

The first experiment involved straight walking in the
tripod gait with and without the use of the yaw angle
correction algorithm. The variation of yaw angle during
walking was recorded in Fig. 11(a). The experimental data
showed that after several cycles of motion without the
yaw angle correction method, the yaw angle approached
9°, possibly due to changes in the body’s center of
gravity, mechanical error, foot slippage, or other factors. A
comparison experiment was conducted using the yaw angle
correction algorithm, with the PD controller’s parameters
set to Kp = 0.01 and Kp = 0.005, respectively. The
variation of the yaw angle was then reduced to within 3°
with relatively small deviations after walking.

Similar experiments were conducted for the turning
gait, while the robot turned 180° around a circle with a
radius of 100 mm. Figure 11(b) shows that without yaw
angle correction, the robot ended up with an orientation
of around 200°, while the result with yaw angle correction
was close to the expected value of 180°.

The efficiency of the ground contact feedback strategy
was also verified in two experiments, where the robot
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Figure 12. The hexapod robot traversing obstacles.
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Figure 13. The attitude variations during walking with
and without ground contact feedback (with yaw angle
correction).

traversed obstacles with a height of about 10 mm, as shown
in Fig. 12.

4.2 Verification of Ground Contact Feedback

In the first experiment, with the yaw angle correction
enabled, the situations with and without the ground
contact feedback strategy are conducted. The attitude
variations during walking were recorded in Fig. 13, and
Table 2 shows the mean value and standard deviation
of the attitude angle. The attitude data demonstrated
that the standard deviation of the row angle and the
pitch angle was reduced to around 0.5° from 3° using
the ground contact feedback strategy, which demonstrated
the effectiveness of the method.



Table 2

The Mean p and Standard Deviation o of the Orientation Data (With Yaw Angle Correction)

Roll

Pitch Yaw

w(®)

(%)

a(°) p(°)

Without feedback —0.212 1.099 0.417 0.972 0.829 1.146
With feedback —0.093 0.556 0.210 0.339 0.119 0.807
Table 3
The Mean p and Standard Deviation o of the Orientation Data (Without Yaw Angle Correction)
Roll Pitch Yaw

p(°) a®) | wC) | () () a(®)

Without feedback —0.464 1.217 0.582 1.061 10.798 7.766

With feedback —0.209 0.448 0.258 0.433 5.078 3.715

—— Without ground contact feedback
—— With ground contact feedback
5
Y
S
3
3
~
-5
0 5 10 15 20
Time (s)
5
<
L
2
5 0
<
2
-
0 5 10 15 20
Time (s)
> 20
2
£ 10
g
> 0
0 5 10 15 20
Time (s)

Figure 14. The attitude variations during walking with
and without ground contact feedback (without yaw angle
correction).

In the second experiment, the yaw angle correction
algorithm was disabled, and the experimental results are
shown in Fig. 14 and Table 3. The experimental results
show that despite some fluctuations in yaw angles, no large
drifts were observed as the situation in Fig. 13, even when
walking on uneven ground. And there are distinct yaw
angle drifts without yaw angle correction as the situation
in Fig. 14. This further demonstrates the effectiveness of
the yaw angle correction algorithm.
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5. Conclusion

This paper presents feedback control strategies for a
hexapod walking robot. Initially, the kinematic model and
basic control method of the robot were introduced. To
achieve closed-loop strategies, an IMU sensor feedback
and the tactile sensor feedback were used in addition
to the open-loop basic control method. The paper
analyses the yaw angle correction algorithm in both
straight gait and turning gait situations using actual yaw
angle data from an IMU sensor. A PD controller was
utilised in the yaw angle correction algorithm to promptly
reduce the yaw angle error during motion. Furthermore,
the tactile sensors were employed to detect ground contact
of the swing legs, enabling the adjustment of the foot-end
trajectory to improve walking performance. The results
of the experiments demonstrated the effectiveness of the
proposed strategies.

The proposed control strategies are simple yet effective.
Specifically, the introduced yaw angle correction method
is easy to compute and implement. In comparison, the
position-posture trajectory tracking method, proposed in
[14], achieves closed-loop control of all attitude angles
and positions. However, due to the lack of position
feedback, the method is challenging to implement when
the robot is walking. Another Walking Posture Control
method, presents in [12], employs VMC on a hexapod
robot, achieving good posture control performance while
walking on uneven terrain. However, the robot’s yaw angle
during walking was not properly controlled. Moreover, the
foot force sensors are required to conduct the foot force
distribution and apply the VMC method, which is not cost-
effective compared with the tactile sensors. Additionally,
the foot force controller requires a greater computational
effort, which could lead to a lower control frequency and
slower posture response.

Our current research is at a relatively initial stage.
Only the yaw angle was corrected during walking, it
may not matter much when walking on flat ground, but
to achieve locomotion on uneven ground, the feedback



and correction of all attitude angles will be necessary.
Additionally, since the attitude is solely reliant on the IMU
sensor, it may be susceptible to sensor data drift. Therefore,
multi-sensor fusion will be considered in future research to
achieve better positioning and closed-loop control effects.
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