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In this paper, a lightweight and modular design of a quadruped robot with two-degree-of-freedom parallel legs is presented. To
reduce the weight and enhance the transmission accuracy, the horizontal layout of the driving end is adopted for designing the legs
of the quadruped robot. The rotation angle of each actuator for the quadruped robot is analyzed by the inverse kinematics
algorithm. Moreover, the trajectory of the foot-end, including support and swing phases, is planned to reduce the impact between
the foot-end and the ground. Furthermore, the gait of the four legs of the quadruped robot is designed by considering the
conditions of trot, standing, take-off, and walking. Finally, the effectiveness of the foot-end trajectory and the stable gait is verified

by conducting experiments on a prototype platform.

1. Introduction

Mobile robots have become a research hotspot in the field of
robotics since they can perform dangerous tasks in place of
humans in rescue and disaster relief, anti-terrorist and ex-
plosive ordnance disposal, and field exploration [1]. Mobile
robots can be divided into wheeled, crawler-type, and legged
[2]. Although wheeled robots and crawler robots can move
efficiently on relatively flat ground, they cannot work nor-
mally in cluttered terrains such as mountains and hills. In
contrast, legged robots can overcome almost all terrain
obstacles and have broader application prospects [3].
According to the number of feet, legged robots can be di-
vided into biped robots, quadruped robots, and multi-legged
robots. Among them, quadruped robots are currently re-
ceiving more attention because they have better stability and
higher load capacity than biped robots, more flexible motion
performance, and higher motion efficiency than multi-leg-
ged robots [4].

Over the past few decades, many excellent quadruped
robots have been developed. Among them, the large-scale
quadruped robots mainly include BigDog [5], LS3 [6],
Wildcat [7], and HyQserial [8, 9]. These quadruped robots
are hydraulically driven and more than 100 kg such that they
can perform large-load rugged terrain traversal tasks.

However, due to their large weight, large size, and power
source (hydraulics) limitations, the main obstacle to the
wider commercial utilization of large-scale quadruped ro-
bots is complicated. Of the medium-sized quadruped robots,
the outstanding ones are MIT Cheetah [10-12], ANYmal
[13, 14], Spot [15], and Aliengo [16]. By using motor-based
proprioceptive actuators and electrically powered actuators,
medium-sized quadruped robots have shown excellent
motion performance. However, the development difficulty
and the cost of hardware are too high to be suitable for
widespread rollout [17-20]. Therefore, it is of great practical
significance to develop a quadruped robot that is suitable for
robot beginners, that can be used in home entertainment
and school teaching scenarios.

In this paper, a small quadruped robot with parallel legs
is designed. The leg structure adopts a parallel configuration
with the horizontal layout of the driving end so that the leg
actuator can meet the installation requirements of the
steering engine and have the performance of low self-weight
and high transmission accuracy. The body adopts a light-
weight and modular design, which not only improves the
motion performance but also has the characteristics of
convenient disassembly and assembly. For the designed new
leg parallel configuration, the corresponding forward and
inverse kinematic algorithm is proposed. Through foot-end
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trajectory planning and gait planning, it can obtain stable
walking ability. The prototype uses an STM32 micro-
controller as the main controller, and the steering engine as
the actuator, and is assembled by using 3D printed me-
chanical structural parts. The experimental results verify that
the quadruped robot designed in this paper not only has
excellent motion performance but also has the advantages of
low power consumption, small size, low cost, simple op-
eration, etc. Therefore, it has certain entertainment, teach-
ing, and practical value.

This paper is organized as follows: the second section
introduces the mechanical structure design of this quad-
ruped robot. In Section three, an inverse kinematics algo-
rithm for the novel parallel leg configurations is proposed.
The fourth and fifth sections, respectively, introduce the
methods of foot-end trajectory planning and gait planning
applied to this robot. The implementation scheme of the
prototype and its experimental results are illustrated in
Section six. Finally, the conclusion is given in Section seven.

2. Mechanical Structure Design of
Quadruped Robot

Inspired by the bionic principle of quadrupeds, the me-
chanical structure of quadruped robots is generally designed
as two parts: torso and limbs. Most of the limbs are designed
as a three-degree-of-freedom serial mechanism [2], and the
structure is distributed from bottom to top as foot-ankle-
calf-knee-thigh-hip- torso, respectively. After some sim-
plification, the quadruped robot based on the serial leg
configuration can be obtained as shown in Figure 1.

However, there are some problems with such serial legs
in practical applications. Firstly, due to the load accumu-
lation effect of the serial mechanism [21], the joint actuator
needs to bear the additional load of other parts of the leg;
thus, the overall carrying capacity of the quadruped robot is
limited, which appears to be overwhelmed in the case of
weight-bearing tasks. In particular, it will cause great weight-
bearing pressure on the knee joint, affecting the motion
stability and the life of the actuator. Secondly, the actuators
are usually installed at the knee joints of the legs in a serial
configuration [3], which not only increases the moment of
inertia of the legs but also increases the load on the hip joint
actuators, making the robot action cumbersome and af-
fecting the control effect. To solve this problem, one type of
solution is to place the actuator of the knee joint at the hip
joint and transmit power through a transmission mecha-
nism such as a synchronous belt. However, the use of the
transmission mechanism will introduce transmission errors.
Coupled with the cumulative error of the serial mechanism
itself, it is difficult to guarantee the accuracy of the foot-end,
thus reducing the motion performance of the robot.

Due to the natural disadvantages of the serial configu-
ration, the parallel configuration is more suitable for small
quadruped robots with limited actuator output power [22].
A typical quadruped robot with a parallel leg configuration is
the Stanford Doggo [23], which utilizes a coaxial parallel
mechanism and a quasi-direct drive actuator to achieve
excellent vertical jumping agility. However, the cost of the
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FiGure 1: Quadruped robot based on serial leg configuration.

quasi-direct drive actuator is too high, and the control is
difficult, so it is not suitable for large-scale promotion, and
the supporting coaxial mechanism does not match the in-
stallation of the lower-cost steering engine.

This paper refers to the parallel leg configuration of
Stanford Doggo, splits the coaxial mechanism and arranges
the actuators horizontally, and designs a 2-DOF parallel leg
mechanism as shown in Figure 2. The mechanism has two
active joints (hip joints) driven by steering engines, which
are mounted horizontally at A and E on the side of the torso,
and these two steering engines together control the move-
ment of one leg. B, C, and D are passive joints without a
power source, wherein B and D are the knee joints, and C is
the foot end. The knee joints B and D change the position of
the foot-end C with the rotation of the hip joints A and E.

The mechanism has the following advantages: First, the
actuator can be installed in the torso to protect the actuator and
reduce the moment of inertia of the legs. Second, the parallel
leg mechanism has less transmission error and therefore has
higher control accuracy. Compared with the 3-DOF series
mechanism, this solution reduces the space and self-weight
and increases the load capacity due to the subtraction of one
hip joint transverse swing degree of freedom. In addition, the
steering function responsible for the hip joint can be replaced
by the differential method. Compared to the Stanford Doggo,
our quadruped robot uses a small, low-cost steering engine as
the actuator, eliminating the need for a separate gearbox and
allowing the two actuators to be mounted horizontally with a
direct drive output, thereby reducing the overall size of the
robot and simplifying the structure.

Figure 3 illustrates the structure of the quadruped robot.
The torso adopts a lightweight and modular design. It is 3D
printed with PLA material, and the shape of which is a
rectangular parallelepiped with four edges cut off, where the
head and tail ends are connected by hollow brackets. This
design can minimize weight reduction while maintaining
strength, thereby improving athletic performance. The
centre of the torso is the control module, which is used to
place the controller and battery compartment, and its top is
equipped with a boat-shaped power switch and a hinged
battery compartment opening and closing cover for easy
start-up and battery replacement. Eight steering engines are
drive modules, which are symmetrically installed on both
sides of the front and rear parts of the torso and extend out of
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FIGURE 2: The 2-DOF parallel leg mechanism.
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FIGURE 3: Small quadruped robot with a parallel leg mechanism.

the output shaft to connect the parallel leg mechanism. This
layout makes the centre of gravity coincide with the centroid,
ensuring control stability. Meanwhile, the modular design
gives the quadruped robot the characteristics of quick as-
sembly and easy replacement of parts.

The front and top views of the quadruped robot are
shown in Figures 4 and 5, respectively, and its structural
design parameters are listed in Table 1.

3. Kinematic Analysis of Legs

Kinematic analysis refers to the analysis of position, velocity,
and acceleration changes of the mechanism without con-
sidering the force action, respectively. These three change
analyses are also the pivot between the active input com-
ponents and the passive output components of the mech-
anism. In this section, the forward and inverse kinematic
analysis of the legs of the quadruped robot designed in this
paper is performed separately.

By modeling the parallel leg mechanism, a Cartesian base
coordinate system is established with the straight line where
the two hip joints are located as the x-axis and the midpoint
of the two hip joints as the origin, and the schematic diagram
of the joint coordinates can be obtained as in Figure 6.
Wherein, the definitions of joints A, B, C, D, and E are the
same as in Figure 2, which make up a five-bar linkage. Define
the lengths of AE, AB, DE, BC, and CD as [, I}, I}, 1, I,. The
angles between each link and the x-axis are denoted as 6,, 8,,

FIGURE 5: Side view of the quadruped robot.

TaBLE 1: The structural design parameters.

Symbol Description Value
w Torso width 96 mm
L Torso length 210 mm
H Torso high 64 mm

) Interval of motor 15mm
L Length of thigh 50 mm
[N Length of calf 80 mm
o Hip joint rotation range -90°~+90°
B Knee joint rotation range 15°~175°
M Total mass 0.44kg

05, 0, (range from 0 to 180 degrees) as shown in Figure 2.
Moreover, the coordinate of the foot-end point C is rep-
resented by (x, y).
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FIGURE 6: The schematic diagram of joint coordinates of parallel leg
mechanism.

First, the matrix method is used for forwarding kine-
matics analysis. Calculating the projection lengths in the x
and y directions, respectively, we can obtain the system of
equations as

(1)

1l+ I, cos0, +1,cos0; =1, cos0, +1, cos 0,

I, sinf, +1,sin0; =1,sin 6, + 1, sinH,.

—sin 6
! [ ’

cost; —cos0,

sin 0, Ha3] l [—w3 cos 6,
="h

a, —w; sin 0
—w, cos 6,
+1

—w; sin 6,

where, the symbols «; ~ a, are the angular accelerations of
0, ~ 0,. Therefore, by solving functions (4) and (5), we can
obtain the angular velocities w;, w, and the angular accel-
erations as, ay.

Then, the inverse kinematic analysis of the legs is also
conducted. The so-called inverse kinematics is to find the ro-
tation angle of each actuator with the knowledge of the co-
ordinates of the foot-end relative to the leg base coordinate
system. Using the inverse kinematics algorithm, the mapping
relationship between the position of the foot-end and the angles
of the actuators can be determined, thus achieving the purpose
of foot-end position control. In this section, the inverse kine-
matics analysis is performed for the novel parallel leg mecha-
nism designed in this paper to obtain the leg inverse kinematics
algorithm applicable to our quadruped robot. According to the
algebraic method, the angle of each joint is solved as follows:

Lic = \x* + 57, (6)
lpe = \(x = D% + 2 (7)

Complexity

According to Table 1, we have known the exact values of
I, 1, and [,. In addition, the angles of 6, and 8, are active
joints, thus the unknown variables are 6, and 6,. By placing
the unknown variable to the left of the equal sign, (1)
becomes

{lz cost; —I,cos0, =1, cos 6, -1, cos B, — 1,

I,sin0; —1,sin6, =1, sinH, — 1, sin 0,.

(2)

Solving (2) by computer software, e.g., MATLAB, we can
calculate the value of joints 6; and 6,. Thereby, the coor-
dinate of the foot-end point C can be solved as

x:1+1,cos8,+1,cos0;0rl,cos0, +1, cosO,,

(3)

y:1;sin6, +1,sinB;0rl,sin 6, + 1, sin ;.

The relationship of joint angular velocity can be obtained
by calculating the first derivative of (2) with respect to time
as

l [—sinG3 sin 0, Hw3] l [—sin@1 sin 0, le ]
2| cos 0; —cost, || w, Y cos 0, —cosb, || w, ’
(4)

where the symbols w, ~ w, are the angular velocities of
0, ~ 0,

Based on the velocity function (4), the accelerate
function can be further derived as

w4c0504Hw3] l |i—sin01 sin 0, Hal]
+
wysinf, || w, ' cos 0, —cosb, [|la,

w, cos 0, 1[ w,
b
w,sinf, || w,

(5)

Then according to the cosine theorem, we can infer the
value of LCAE, £CEA, +tBAC, +CED, namely,

Y e
LCAE = cos - 4C _EC

>

4l ]
2 2 2
(CEA = cosflil +lge - lAC, (8)
2 2 2
LBAC = Cos_lll-l—l‘qic_lz’
2Ll y¢
Py P
(CED = cos_llﬂ-’gicl2 9)

2hilgc
Finally, by combining (7), (9), we can derive 0, and 0, as:
0, = LCAE + £BAC, (10)

0, = m— LCEA — LCED. (11)
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Equations (10)~(11) are the inverse kinematics algorithm
of the novel parallel leg mechanism designed in this paper.

4. Trajectory Planning of Foot-End

Although the inverse kinematics solution can be used in
positioning control for the foot-end of the quadruped robot,
to make the foot-end move according to the preset trajec-
tory, it is necessary to plan a reasonably foot-end trajectory.
The planned trajectory can be discrete into a sequence of
foot-end trajectory points to be sent to the controller,
thereby achieving foot-end trajectory control.

To illustrate the trajectory of the foot-end, we need first
to introduce some concepts as follows [24].

(i) Gait Cycle: The duration of the robot’s leg from the
moment it hits the ground to the next moment it
hits the ground, represented by T,

(ii) Support Phase: The state when one leg is supported
on the ground

(iii) Swing Phase: The state when one leg is off the
ground

(iv) Duty Ratio: The ratio of the time occupied by the
swing phase of one leg to the whole gait cycle

It was found that the cycloid trajectory can reduce the
impact of the foot landing so that the quadruped robot has
better stability in motion. Therefore, this paper adopts the
cycloid method to plan the foot-end trajectory. By setting the
gait parameters of the quadruped robot such as the step
length, step height, and cycle, the foot trajectory is obtained
as

o-sino
xexp = (Xf - xs) T + X
(12)
1-coso

yexpzh 2

Y

where (Xy,, Veyp) is the coordinates of the desired foot-end
point, (x,, y,) is the coordinate of the foot-end starting
point, A is the step height, which is the maximum height of
the foot-end from the ground, x ; — x; is the step size, i.e., the
distance between the landing point x ; and the starting point
X,. parameter 0 = 27t/AT, where 0 <t < T, T, the cycle time
of the whole foot-end trajectory, A is the duty ratio of the
swing phase.

The whole trajectory is divided into the support phase
and swing phase, the duty ratio of the swing phase in the
whole cycle time T can be adjusted by the duty ratio pa-
rameter A. Also, the cycle time T, the step height /, and the
step size x; —x, can be changed according to different
environments and speed requirements. For example, when
A=0.5 T, =1s, h=10mm and x; — x; = 20mm, the tra-
jectory and speed curve of the foot-end are depicted in
Figures 7 and 8.

Through the analysis of the speed curve of the foot-end
(Figure 8), it can be seen that the speed curve of the robot
remains continuous in one motion cycle, and the velocity in
the x-direction and y-direction is zero at the moment when
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FiGure 7: The cycloid trajectory of foot-end.
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FIGURE 8: The speed curve of the foot-end.

the foot-end touches the ground and leaves the ground,
which can effectively reduce the impact between the foot-
end and the ground and helps to maintain the motion
stability of the quadruped robot.

5. Gait Planning

The foot-end trajectory only specifies the action of one leg.
To make the quadruped robot move, it is necessary to
reasonably distribute the action rhythm of the four legs, that
is, gait planning. In bionics, gait refers to the movement
pattern of a footed animal, that is, the fixed positional re-
lationship between the individual legs. The quadruped robot
designed in this paper adopts the mainstream trot gait and
walking gait to obtain the corresponding behavioral capa-
bilities. To describe gait, the four legs are labeled in Figure 9,
where RF, LF, LH, and RH represent the right front leg, the
left front leg, the left hind leg, and the right hind leg.

The trotting gait is suitable for the fast walking of the
quadruped robot, which means that the two legs on the
diagonal move in the same way. Currently, the legs on the
two diagonals move in the opposite direction, and the
support phase and the swing phase of the foot-end trajectory
of one leg each account for half of the cycle time. Figure 10
displays the timing diagram of the trot gait, where a couple
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FiGURe 10: The timing diagram of the trot gait.

of legs in one diagonal are in the state of support phase while
another couple of legs are in the state of swing phase. Since
the trot gait has high energy efficiency, it can be adapted to a
large speed range [24]. Furthermore, this kind of sym-
metrical gait is also conducive to maintaining the stability of
quadruped robots and has become the most used gait for
quadruped robots.

The differential steering gait is the most common gait
used for the steering of an 8-DOF quadruped robot. Based
on the trot gait, the differential steering gait changes the
foot-end step length or the leg swing direction on both sides
of the robot, where a displacement difference is generated to
rotate the robot body.

The walking gait is also a widely used gait, which is
suitable for the slow walking of quadruped robots. When a
quadruped robot is performing the walking gait, there are
always three legs on the ground. At this time, the support
phase of each leg occupies 3/4 of the cycle, and the swing
phase occupies 1/4 of the cycle. The positions of the four legs
in a cycle are different from each other, differing by 1/4 of a
cycle in turn, as shown in Figure 11.

6. Prototype and Experiments

The prototype uses SolidWorks software to design the
mechanical structure, and the mechanical parts are pro-
duced by 3D printing. The control system of the prototype is
shown in Figure 12, in which the controller is the
STM32f103c8t6 minimum core board, and the control
program is written through Keil software. The actuator used
in the quadruped robot is the mg90s steering engine, which
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is driven by the PCA9685 driver board. In terms of power
supply, a 7.4 V rechargeable lithium battery is used to power
the control system and steering engine after it is stepped
down to 5V by the LM2596 step-down module. The control
system is also equipped with a PS2 signal receiver, which is
responsible for receiving the remote-control signal from the
PS2 handle. The major functions of the controller STM32 are
calculation and communication. The calculation function is
responsible for planning the gait of the robot and executing
the inverse kinematics solution. The communication func-
tion is in charge of communicating with the PS2 receiver and
the PCA9685 driver board.

By receiving the remote-control signal from the PS2
handle, STM32 transmits the calculated motor position
signal to the PCA9685 driver board to realize the motion
control. The rotation angle of the steering engine is con-
trolled by the PWM signal, which is output through
PCA9685. Note that the corresponding relationships be-
tween the rotation angle and the PWM signal are illustrated
in Figure 13.

It can be seen from Figure 13 that the rotation angle can
be controlled by adjusting the duty cycle of the PWM signal.
Note that the duty cycle refers to the proportion of high-level
duration in one signal period. Then, according to the re-
lationship, we can calculate the duty cycle w as

L = 05+ (9/180) x (25 - 0.5)

20 (13)

where ¢ is the rotation angle of the steering engine.

By using (13), we can achieve angle control of a steering
engine by sending PWM signals from the controller to the
driver board.

Figure 14 is the picture of the prototype. It has been
verified by experiments that the prototype can perform the
trot gait and walk gait well. In addition, based on the trot
gait, the in-situ stepping gait, the in-situ take-off gait, and the
lateral gait relying on the offset of the centre of gravity are
developed.

Compared with similar quadruped robots, the design
cost of our robot is extremely low. Table 2 lists the cost of
each component required to build the robot.

We conducted experiments on the motion of the robot’s
legs on a motion capture system (Figure 15). In this ex-
periment, four calibration balls were installed on one leg of
the robot, and the robot was controlled to walk forward, then
the foot-end trajectory of the robot in the world coordinate
system could then be obtained. Use Matlab to draw the
velocity curve of the trajectory as shown in Figure 16.
Compared with Figure 8, the actual speed curve obtained in
the experiment is consistent with the design curve, and it can
be clearly seen that the swing phase and the support phase
account for half of each gait cycle.

To evaluate the performance of our quadruped robot, we
introduce the concept of “Normalized Work Capability”
(NWC) [25]. NWC represents the proportional relationship
between Normalized Speed (NS) and Payload Capacity
(PLC). Where NS is the ratio of maximum speed to body
length, reflecting the performance of speed per unit body



Complexity

LF
RF
LH
RH

0 T/2 T

[ Support Phase
[ Swing Phase

FIGURE 11: The timing diagram of the walking gait.
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FIGURE 12: The control system of the prototype.
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FiGure 13: The corresponding relationship between the rotation angle and the PWM signal.

FIGURE 14: The prototype.
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TaBLE 2: The prototype BOM.

Item Price Quantity Cost

MGH90S steering engines 6.85 8 54.80

3D print parts 53.00 (RMB/kg) 0.21 (kg) 11.13

STM32£103c8t6 controller 36.88 1 36.88

PCA9685 driver board 23.00 1 23.00

2S 800 mAh lithium battery 26.13 1 26.13

PS2 handle 45.00 1 45.00

LM2596 step-down module 3.60 1 3.6
Total: 200.54 RMB

i3

40 T T T

20

10 |

speed (mm/s)

.10 F

-20 1 1 1

0 10 20 30

— X

—

40

50 60 70 80 90

time (s/120)

FiGURE 16: The actual speed curves.

length, the greater the value, the better. The PLC refers to the
ratio of the robot’s weight to the payload, reflecting the
required self-weight per unit load, the smaller the value, the
better. Therefore, NWC is the integrated performance of NS
and PLC. The larger the value, the better. For the small
parallel-legged quadruped robot designed in this paper, the

NS, PLC, and NWC are 1.36%, 55.31%, and 75.22%, re-
spectively. Compared with the data of other famous
quadruped robots provided in reference [3], we can con-
clude that the performance of the mechanical dog designed
in this paper is at roughly average level [3]. The comparison
results are shown in Figures 17~19. Because the new
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FIGURE 17: Normalized speed.
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FIGURE 18: Payload capacity.
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FIGURE 19: Normalized work capacity.
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quadruped robot has lower cost and thus higher cost per-
formance, it is more suitable for promotion to the enter-
tainment and teaching market.

7. Conclusion

In this paper, a small, low-cost, and simple-to-operate two-
degree-of-freedom parallel leg configuration is designed
and realized. Besides, the structure, kinematics analyses,
foot trajectory, and gait planning of the designed quad-
ruped robot are studied. First, from the perspective of
bionics and mechanics, this paper adopts the parallel
scheme of the horizontal layout of the driving end and the
concepts of lightweight and modularization and designs a
quadruped robot with low self-weight, simple structure,
and high transmission performance. In the quadruped
robot structure, the actuator is installed in the fuselage,
which protects the actuator and reduces the moment of
inertia of the legs. Second, the paper analyses the two-
degree-of-freedom parallel leg configuration. By using the
matrix method, we performed a kinematic analysis of the
legs and used the inverse kinematics algorithm to deter-
mine the mapping relationship between the position of the
foot end of each leg and the angle of the leg actuator, to
achieve the purpose of position control. Furthermore, the
paper verifies the effectiveness of the cycloid trajectory and
the stability of the mainstream gait by planning the tra-
jectory and gait of the quadruped robot. Finally, this paper
builds a quadruped whole machine experiment platform
with two degrees of freedom in parallel leg configuration
and conducts related experiments on trot gait and walking
gait. Based on the trot gait, the experiment extended the
gait in situ, gait in- situ jumping, and lateral movement gait
relying on the offset of the centre of gravity, which verifies
the correctness of the prototype design method and control
algorithm. Compared with commercial products, the
mechanical dog designed in this paper is made by 3D
printing, so the structure of the legs can be arbitrarily
changed, and the corresponding kinematics algorithm can
also be adapted to the modifications by adjusting the pa-
rameters of the legs. In addition, the controller is com-
pletely open source so that any desired functionality can be
added. Based on the above advantages, people can cus-
tomize a mechanical dog that is different in structure and
program on the basis of the prototype, thus meeting the
needs of teaching and entertainment. Moreover, the cost of
this robot has been compressed to 200 RMB, and its
performance is no less than that of other well-known
quadruped robots, which greatly reduces the development
threshold of quadruped robots.
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