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Introduction

Currently, there is significant interest in mobile robots. Legged robots offer significant advantages com-
pared to conventional vehicles, as they enable locomotion in terrains that are inaccessible to wheeled
and tracked vehicles [1] [2].

Existing quadruped robot such as SPOT [3], Mini Cheetah [4] and ANYmal [5] are very versatile.
Mini Cheetah and Go2 [6] can do a somersault and the latter can stand on its two front legs. However,
Go2 needs to constantly move to remain stable. Other quadruped robots are able to stand statically
stable on their rear legs. In these cases though, either the robot is not completely stable during transition
[71, or the robot uses very large feet which compromises the ability to maintain a dynamic quadruped
gait [8].

The goal of this research is to design and develop a prototype quadruped robot capable of standing
on its rear legs without compromising its ability to maintain a dynamic quadrupedal gait. This goal is
divided into two sub goals: transitioning from quadrupedal standing to rear leg standing and remaining
statically stable on rear legs. A tail is used so the robot can have a quasi-static transition and remain
statically stable on its rear legs. Reflecting its core functionality, the prototype is named "TT-Bot”, an
acronym for Tail-assisted Transition Robot, highlighting its unique design and capabilities. TT-Bot is
tested for stability, reach height and its capability to carry a payload. The research is done in cooperation
with Avular [9].

This thesis report is structured as follows. First, in Section 2 the literature review that was executed
is presented. Secondly, section 3 presents the research paper that was written for this research. Then,
in Section 4 a final conclusion is given. Finally, the appendices at the end give the interested reader
more detailed information about this research, visual material covering the different experiments is
also available.


https://drive.google.com/drive/folders/1uCV_Vm6pWrQ-3uckHmrQiRRvdHhxkiAa?usp=drive_link
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A Comparative Analysis of Quadruped Walking
Robots: Gait, Mechanical Design and Actuation

Tom Kuijlaars
MSc Mechanical Engineering
Delft, The Netherlands

Abstract—This paper presents a review and comparative
analysis of existing quadruped walking robots, focusing on their
gait, mechanical designs and actuation methods. The review
includes an in-depth examination of the different quadruped
gaits, such as trot, pace, canter, bound and gallop. Various leg
designs commonly used by quadruped robots are explored, such
as prismatic, articulated and redundant articulated legs. Actu-
ation methods, such as electrical, hydraulic and pneumatic, are
discussed, highlighting their strengths and applications. Existing
robots are classified into subcategories based on actuation and
mechanical design. The study compares these subcategories based
on speed, payload capacity and efficiency. Hydraulic actuated
robots are linked to larger masses and higher payload capac-
ities. Electrically actuated robots show better energy efficiency
compared to hydraulically actuated ones. This analysis serves
as a reference for researchers and engineers, guiding future
developments in quadruped robot design and optimization.

Index Terms—Quadruped robots, Gait, Leg design, Actuation,
Speed, Payload, Efficiency

I. INTRODUCTION

Currently, there is significant interest in mobile robots.
These robots can be categorized into three different groups
based on the way they move: legged robots, wheeled robots
and tracked robots.[1] Legged robots offer significant ad-
vantages compared to conventional vehicles, as they enable
locomotion in terrains that are inaccessible to wheeled and
tracked vehicles. [2] [3].

Previous reviews on walking robots focused on heavy-
duty legged robots [4], quadruped robot’s legs [5], mammal-
type quadrupeds [6], environment perception [1], anatomy of
animals and robots [7] and development of quadruped robots
[8].

This paper provides an analysis and comparison of existing
quadruped walking robots focusing on their gait, mechanical
design and actuation method. It classifies the robots in dif-
ferent categories based on their actuation method and makes
subcategories based on mechanical design.

The paper is organized as follows. First, the different
quadruped gaits are explained in section II. Second, multiple
mechanical designs are elaborated upon in section III. After
this the different actuation methods are discussed in section IV.
In section V multiple existing quadruped are mentioned. A
comparison of the different subcategories is done in section V1.
The conclusions that are drawn are given in section VIII and
a discussion in section VIIL.

II. QUADRUPED GAIT

In regular gaits, each foot is placed on the ground once
per stride and consecutive strides are identical. The stride
frequency is the number of strides per unit time. The stride
length is the distance covered within a single stride. This
distance is measured from one footstep to the next, made by
the same foot.

The duty factor of a foot indicates the portion of time during
which that foot remains in contact with the ground during one
stride. Gaits can be classified on the basis of their duty factor.
Gaits with duty factors greater than 0.5 are typically referred
to as "walks”. Gaits with duty factors below 0.5 are classified
as runs’[9].

The relative phase of a foot represents the timing of its
placement within the stride, expressed as a fraction of the
overall stride duration [9]. One foot is assigned as the first
step, so this foot has a relative phase of zero.

Gaits can also be classified in symmetric and asymmetric
gaits. A symmetric gait pattern refers to a gait where the left
and right feet within each pair, so both front legs or both hind
legs, have the same duty factors and a relative phase difference
of 0.5 [10].

Within the group of walks there exist statically stable gaits.
These gaits have a duty factor between 0.75 and 1. For these
gaits there are always three feet on the ground. The center
of gravity stays within the support polygon formed by it’s
feet, ensuring stability. These so called creeping gaits are
particularly suitable for slow-speed movements.

Only three different creeping gaits exist where the place-
ment of the feet ensures static stability at all times. One of
these is the unique optimum gait that maximizes stability, the
walking gait. [11]. This is the gait which is preferred by most
natural quadrupeds.

Quadrupeds employ a variety of dynamically stable gaits,
each characterized by distinct patterns of limb movement and
coordination. These gaits include trot, pace, canter, bound and
gallop. Each gait involves specific combinations of leg move-
ments and timing, enabling quadrupeds to achieve different
speeds and adapt to various locomotion requirements.

An overview of the different gait patterns can be seen in
Figure 1 and they are explained further. The numbers represent
phase differences relative to the front left leg.
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Fig. 1: Gait patterns of quadrupeds with phase difference [9]

A. Trot

The trot gait is one of the most common gaits observed in
quadrupeds [10]. This gait is a symmetrical, two-beat diagonal
gait. The legs on diagonally opposite sides move in pairs, so
front left leg and hind right leg move simultaneously [12]. The
gait pattern with its relative phase can be seen in Figure la.
This gait is used by quadrupeds at medium speeds.

B. Pace

The pace gait is also a symmetrical, two-beat gait. However
this gait is not diagonal. The legs on the same side move in
pairs, so the front left and the hind left leg move simultane-
ously. The gait pattern with its relative phase can be seen in
Figure 1b. Just as the trot gait, the pace gait is used at medium
speeds.

C. Canter

The canter gait is an asymmetrical, three-beat gait. This
particular gait is commonly seen when a horse transitions from
trotting to galloping [13]. Therefore this gait is used between
medium and high speeds. The gait pattern with its relative
phase can be seen in Figure lc.

D. Bound

The bound gait is a two-beat gait, the front and hind legs
synchronize in pairs [14]. Although the gait looks symmetrical,
it is paradoxically an asymmetric gait, because the relative
phase of the pairs of legs is not 0.5. This can also be seen in
Figure 1d. The bound gait is used by natural quadrupeds at
high speeds.

E. Gallop

There are two different gallop gaits, transverse gallop (le)
and rotary gallop (1f). Both are four-beat and asymmetrical
gaits. The difference between them can be seen in Figure 1.
This gait is used by quadrupeds during high-speed locomo-
tion.

IIT. QUADRUPED LEG DESIGN

The mechanical design of a quadruped robot leg is crucial
for achieving stable and efficient locomotion. There are three
typical mechanical legs that are used by quadruped robots.

A. Prismatic leg

The prismatic leg is the most simple leg of the three.
The two degrees-of-freedom (DOF) leg design replicates the
spring-like movement found in animal legs using a straight-
forward structure [15]. It consists of a revolute joint and a
prismatic joint that enable both rotational and linear motion.
The topology of the prismatic leg can be seen in Figure 2.
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Fig. 2: Topology of prismatic leg [5]

B. Articulated leg

The difference between the prismatic and articulated leg is
that articulated legs utilize a second revolute joint instead of
a prismatic joint for controlling leg length. This type of leg
design closely resembles the knee or elbow joint found in
animal legs and exhibits excellent biomimetic properties. The
topology of the articulated leg can be seen in Figure 3.

b

Fig. 3: Topology of articulated leg [5
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C. Redundant articulated leg

The last type of leg is the redundant articulated leg. This
type is almost the same as the articulated leg. The difference
is that this type has at least one more revolute joint. The
most common type is the redundant articulated leg with three
revolute joints. The topology of this redundant articulated leg
can be seen in Figure 4.

This leg design closely resembles the legs commonly found
in nature. The third revolute joint imitates the ankle joint of

animals.

Fig. 4: Topology of redundant articulated leg[5]

D. Joint configuration

There are two types of (redundant) articulated legs, the
mammal-type and the sprawling-type. The distinction lies in
the positioning of the first leg segment, which can either
be vertical or horizontal, corresponding to the mammal-type
and sprawling-type configurations, respectively. These two
different configurations can be seen in Figure 5.

(a) Mammal-type robot (b) Sprawling-type robot

Fig. 5: Configurations of legs [16]

The arrangement of leg joints in a quadruped robot plays
a significant role in determining its performance in terms
of kinematics and dynamics. There are four different joint
configurations possible for the mammal-type quadruped robots
which can be seen in Figure 6: all-elbow (6a), all-knee (6b),
front elbow and back knee (6¢), front knee and back elbow
(6d) [17].

5> 4

(a) All-elbow (b) All-knee

<t O

(c) Inward-pointing (d) Outward-pointing

Fig. 6: Configurations of mammal-type legs (forward direction
is left)

IV. ACTUATION

Actuators play a crucial role in a quadruped robot by
supplying it with the necessary power, torque and control for
locomotion and determining its overall performance. The actu-
ation of quadruped robots involves coordinating the movement
of the joints in a synchronized manner. There are multiple
power sources that can be used for the actuation of the joints;
electrical, hydraulic and pneumatic.

A. Electrical

Electrical actuated quadrupeds can be divided into four
groups with respect to their driving mode: series elastic drive,
motor integrated gearbox drive, motor direct drive and servo
motors.

Electric motors, due to their inherent limitations, often
transmit relatively low torque considering their size and
weight. To compensate for this limitation, high reduction ratio
reducers are commonly used, however this limits the maximum
joint speed. These systems encounter issues when moving
on uneven terrain, as they tend to generate instantaneously
high torque peaks that can lead to gear failure [17]. Series
elasticity is introduced to greatly reduce these peak forces
from happening. This is done by adding a spring to the
system. A schematic overview can be seen in Figure 7.
This turns the force control problem into a position control
problem and therefore it significantly improves accuracy, since
position is easier to control accurately than force. Another
benefit of series elastic drive is that is has the possibility
of energy storage [18], potentially making legged locomotion
more efficient.

A motor integrated gearbox drive is utilized to amplify
the torque produced by the motor in order to meet the
motion requirements of the quadruped robot. This combination
ensures satisfactory control accuracy and allows for a compact
size of the robot’s overall structure [17]. A gearbox ensures
a high dynamic load capacity and stiffness, the latter is not
necessarily desired.
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Fig. 7: Schematic overview of series-elastic actuator [18]

A motor direct-drive system in a quadruped robot does not
use gears, belts, chains or other reducers to amplify motor
torque. Instead it relies on a well-designed structure and care-
fully selected motor to achieve motion. This approach offers
several advantages, including improved mechanical stability,
enhanced mechanical efficiency and a more compact overall
structure, as the gearbox is no longer required [17].

Quadruped robots designed for desktop applications and
laboratory use typically rely on servo motors as their driving
mechanism. The motors are compact in size, but possess the
ability to generate significant torque. This system offers the
advantage of adjustable power output, allowing for efficient
energy consumption based on the load requirements at any
given moment. This adaptability results in lower energy con-
sumption when dealing with lighter loads [17].

B. Hydraulic

Hydraulic actuation offers faster response, higher output
power, greater power density, and wider bandwidth compared
to electrical actuation with respect to size and weight [19].
The power is supplied by a high-pressure fluid pump. The
actuators are frequently found in the form of linear cylinders,
rotary vane actuators and hydraulic motors [20]. It uses the
pressure of the fluid on a surface to move it. These actuators
are controlled using either a solenoid valve for on/off control
or a servo-valve for proportional control. The solenoid valve or
servo valve is operated electrically by a low-power electronic
control circuit.

C. Pneumatic

The pneumatic actuators that are currently used in robotics
are linear pneumatic cylinders and pneumatic artificial muscles
(PAMs). Pneumatic cylinders work on the same principle as
hydraulic cylinders, however they use a gas instead of a liquid.

PAMs are engines that use gas pressure to generate linear
motion. They function by employing a flexible reinforced
closed membrane, connected at both ends to fittings that
transfer mechanical power to a load. When the membrane is in-
flated or deflated, it expands or contracts radially, respectively.
Simultaneously, it contracts axially, resulting in a pulling force
on the load. The resulting force and motion produced by this
type of actuator are both linear and unidirectional. To achieve
bi-directional motion, two actuators need to be coupled. One
actuator is responsible for moving the load in one direction,
while the other actuator acts as a brake to stop the load at its
desired position. To move the load in the opposite direction,
the function of the actuators change. This arrangement is

commonly known as an antagonistic set-up. This antagonistic
coupling can be used for both linear and rotational motion, as
illustrated in Figure 8.

2

Fig. 8: Antagonistic set-up of PAMs[21]

V. STATE OF THE ART

In this section multiple existing quadruped walking robots
will be discussed. Their gait, mechanical design and actuation
is being looked at and some specifications are given. At
first the electric robots are described, followed by both the
hydraulically driven robots and the pneumatically actuated
robots.

A. Electric robots

The Tokyo Institute of Technology have developed multiple
quadruped walking robots better known as their TITAN-series.
One of them, TITAN-XIII (Figure 9), is a sprawling-type robot
and weighs around 5.65 kg. It has 3 DOFs per leg and it uses
customized brushless DC motors as actuators for every joint.
It consumes 135 W at a walking speed of 1.38 m/s [16].

¥ 3;'@ %ﬁ &1

Fig. 9: Quadruped robot TITAN-XIII [16]

The McGill University in Canada developed Scoutll. The
robot consists of four compliant prismatic legs [22]. Only the
hip joint of each leg is actuated by a series-elastic actuator.
This is done with a brushed DC motor, gearbox and a belt
and pulley pair. This enhances the torque and minimizes the
impact forces experienced by the motor shaft, as explained
before. It consumes between 430 and 440 W at a bounding
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speed of 1.3 m/s. While galloping it can reach a speed of 1.4
m/s, however the power consumption at this gait is 515 W.

Zurich Federal Institute of Technology developed
StarlETH. Each leg has 3 DOFs and the joints are
driven by 3 series elastic actuators [23]. This is done with
brushless DC motors and harmonic drive gearbox. This is
connected to a linear compression spring using a chain and
a cable, thus reducing the impact loss and minimizing the
inertia of the thighs and legs. The main configuration of the
legs is all-inward, but it can be operated with different leg
configurations. It can trot at a speed of 0.7 m/s and the robot
requires in average less than 230W [24].

Stanford Doggo (Figure 10) is a quasi-direct-drive (QDD)
quadruped robot developed by Stanford University. When us-
ing QDD the mass is increased. Therefore it is only beneficial
if the output torque is increased high enough. Otherwise a
larger (and heavier) motor will suffice. Each leg of Stanford
Doggo has 2 DOFs and it can move forward in different gaits,
such as walking, trotting and bounding. It has a total mass of
4.8 kg and can achieve a speed of 0.9 m/s [25].

| B
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Fig. 10: Quadruped robot Stanford Doggo [25]

ANYmal from ETH Ziirich is developed to operate on
rough terrain. Hebei University of Technology has developed a
flexible joint with series elasticity that is specifically designed
for the leg configuration [17]. The joints are arranged in an
offset manner, allowing for full rotation of all joints. This
enables a wide range of motion [5]. It can walk, crawl, trot and
even climb stairs at a 50 degree angle [26]. At standstill it’s
power consumption is 100 W and it is 290 W while trotting
at a speed of 0.8 m/s [27]. It can reach a maximum speed of
1.3 m/s and has a weight of 50 kg [28].

KOLT is an electrically driven quadruped robot that also
uses pneumatic springs. All the joints are driven by brushless
motors. The knee electro-pneumatic actuation system has been
developed with the goal of maximizing thrust and energy
efficiency. In this system, the knee joint is driven by a
brushless motor that generates leg flexion, while a pneumatic
spring generates leg extension. The knee motor drives the
knee joint using a cable mechanism and a system of pulleys.
Meanwhile, the pneumatic spring is responsible for providing
leg compliance during landing and allows for the storage of

elastic energy. KOLT is able to trot at a speed of 1.1 m/s and
does this with a power consumption of 2084 W [29].

HuboDog is a quadruped robot that weighs 42 kg including
battery. Each leg has 3 DOFs and it uses brushless DC motors
with harmonic drive as actuators. The estimation of trotting
speed is 1.24 m/s. It can walk at a speed of 0.88 m/s and at
0.55 m/s with a payload of 24 kg [30].

The MIT Cheetah 1 (Figure 11) is a quadruped robot
developed by MIT. Each leg of the MIT cheetah consists of
three links. Through a pantographic leg design, the motions
of the first and last links from the shoulder are kinematically
connected in parallel to each other. As a result, this design
creates 2 DOFs for these three links. Additionally a third DOF
of the leg a-a is controlled by a low-power servo motor. The
2 DOFs links are actuated by the dual co-axial motor module,
which contains high-torque electromagnetic motors [31]. The
robot has a mass of 33 kg and has a power consumption of
377W at a speed of 2.3 m/s [32]. It can reach a maximum
speed of 6 m/s with a trotting gait.
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Fig. 11: Quadruped robot MIT Cheetah 1[32]

MIT developed a new quadruped robot called Cheetah 2.
Just like MIT Cheetah 1, it uses the pantographic leg design,
so each leg has 3 DOFs [33]. Instead of trotting it uses a
bounding gait with which it reaches a maximum speed of 6.4
m/s [34].

MIT also developed the Cheetah 3. This quadruped robot
only has 2 links for each leg, but each leg also has 3 DOFs.
Each joint uses nearly identical actuators. These consist of a
custom high torque density electric motor coupled to a single-
stage planetary gear reduction [35]. It’s range of motion is
improved with respect to MIT Cheetah 2. The total weight of
the robot is 45 kg and it uses a trotting gait.

Go2 is an electrically actuated quadruped robot developed
by Unitree. It weighs around 22 kg and has 3 DOFs for each
leg. It can reach a speed of 2.5 m/s [36].

AiDIN-VI (Figure 12) is a quadruped that uses modular
actuator units, allowing for interactive torque/force control in
different environments. Each leg has 3 DOFs and they are
placed in an all-elbow configuration. AIDIN-VI has a total
weight of 43.7 kg including battery. It is able to perform a
walking, pacing and trotting gait with a maximum speed of
1.2 m/s [37].



Fig. 12: Quadruped robot AiDIN-VI [37]

Warpl is developed by the Royal Institute of Technology in
Stockholm. The robot has an all-knee configuration and each
leg has 3 DOFs. The robot weighs around 60 kg and is able
to walk at a speed of 1.2 m/s. All the joints are actuated with
a DC motor via a harmonic drive connected to a cable and
pulley system [38].

One of the most well-known quadruped robots is SPOT,
developed by Boston Dynamics. It is able to perform omni-
directional walking and trotting gaits [8]. SPOT has a total
weight of around 30 kg, is able to reach a speed up to 1.6 m/s
and has a payload of 14 kg [39]. It is electrically actuated and
powered by an onboard battery. Each leg has 3 DOFs and the
legs are pointed in an all-elbow configuration.

B. Hydraulic robots

During the 1960’s, the General Electric Company in the
United States created the walking truck (Figure 13), which
became the first hydraulic-drive quadruped robot [17]. The
robot has 3 DOFs in each leg with an all-knee configuration.
It has a mass of around 1300 kg and it can walk at a speed of
2.2 m/s. It is controlled by a human operator’s arms and legs

[4].

.’v ,‘
Fig. 13: Quadruped robot GE Walking Truck [40]

Boston Dynamics developed the hydraulically driven
quadruped BigDog. It is powered by an internal combustion

engine that delivers about 11 kW. This engine drives a hy-
draulic pump. Each leg has 4 DOFs, driven by 4 hydraulic
actuators. The legs are in an inward-pointing configuration.
Bigdog has a weight of approximately 109 kg and is able to
perform multiple gaits: walking at 0.2 m/s, trotting at 2 m/s
and bounding at 3.1 m/s [41].

Raibert M. developed a quadruped robot, named Raibert’s
Quadruped for convenience, that can trot and bound. It uses
prismatic legs with each 3 DOFs. The legs are actuated with
hydraulic cylinders. The robot has a mass of 38 kg, it can trot
with 2.2 m/s and bound with 2.9 m/s [14].

HyQ has been developed by the Italian Institute of Tech-
nology (IIT) to serve as a platform to study highly dynamic
motions such as running and jumping and careful navigation
on rough terrain [42]. Each leg has 3 DOFs, which are partially
hydraulically and electrically driven. An additional DOF is
added with an integrated passive prismatic joint in the lowest
leg segment. The hip flexion-extension (f-e) and knee f-e joints
are driven by the hydraulic actuators. These joints require high
velocity, high power-to-weight ratio and robustness against
torque peaks. The hip abduction-adduction (a-a) joint is driven
by a brushless DC motor with harmonic drive, because the
compactness of this joint is more important. [43]. The total
weight of HyQ is around 90 kg, it has the inward-pointing
configurations of its legs, with which it can trot at a speed of
2 m/s.

HyQ2Max (Figure 14) is an enhanced version of the agile
and versatile robot HyQ. The upgraded robot has increased
durability, greater strength and an added ability to self-right,
expanding its existing locomotion capabilities. It still has
the same number of DOFs, the main difference lies in the
actuators. It consists only of hydraulic actuators. The actuators
for the hip a-a, hip f-e and knee f-e are a double-vane rotary,
a single-vane rotary and an asymmetric hydraulic cylinder.
The robot weighs 80 kg without onboard power supply.
Simulations were run for 0 kg payload and for 40 kg payload,
which represents a future extension with onboard power supply
and a payload[44].

Fig. 14: Quadruped robot HyQ2MAX [44]
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Most hydraulically actuated quadruped robots are heavy.
The IT developed a lightweight hydraulic quadruped robot
MiniHyQ, based on the previously developed robot HyQ.
MiniHyQ is somewhat smaller than it’s predecessor, but above
all it has a much lower weight of 35 kg. Each leg has 3 DOFs
and these joints are fully hydraulically actuated by 2 linear and
1 rotary actuator [45]. The on-board power pack is specially
developed for this robot [46].

Scalf is a hydraulically actuated quadruped robot. Each leg
consists of three rotary joints. These are all actuated by linear
hydraulic servo cylinders. The legs are placed in an all-inward
configuration. It has a weight of 65 kg without power pack. It
can reach a speed of 1.8 m/s with a trot gait [47].

C. Pneumatic robots

VU Quadruped (Figure 15) is a sprawling-type quadruped
robot based on the typical structure of an insect. Each leg
has 3 DOFs and the joints are actuated using pneumatic
servoactuators. These servoactuators comprise of a custom
pneumatic servovalve attached to a pneumatic cylinder. The
robot has a mass of 6.9 kg without onboard power source and
controller and it can trot at a maximum speed of 0,46 m/s
[48].

Fig. 15: Quadruped robot VU Quadruped [48]

Puppy (Figure 16) is a quadruped robot driven by PAMs.
It’s design is based on a full scale adult greyhound. It has
redundant articulated legs with each 3 DOFs. An additional
passive DOF is provided by it’s flexible feet. Each joint has
an antagonistic pair of PAMs made by FESTO, so it uses 24
in total [49]. The robot weighs 6.8 kg without power supply
and it can walk at a speed of 1 m/s [50].

The Cheetah Robot is developed based on the dimensions
of a cheetah. Each leg consists of four joints, three active
joints and one passive compliant joint with a torsional spring.
The three active joints are actuated with seven PAMs for each
leg. Five of them act over single joints. Two of them act as
biarticular muscles, which are muscles that cross two joints
instead of one [51]. Just like the Puppy robot these PAMs

i

Fig. 16: Quadruped robot Puppy [49]

are made by FESTO. To achieve optimal performance, the
actuators must possess sufficient power. Two PAMs are used
in parallel as if it is one muscle to meet the joint requirements.
This is done for the hip flexor, knee flexor, knee extensor and
ankle extensor [52]. The total mass of the Cheetah Robot is
70 kg. In the simulations it can bound with a speed of 2.7
m/s.

Another quadruped robot driven by PAMs is developed
by Fukuoka Y. et al. This robot is called PMA Quadruped
for convenience. Each redundant articulated leg consists of 3
DOFs and uses 6 PAMs to rotate the joints [53]. The total
mass of the robot is 7.4 kg, it is able to pace at a speed of
2.5 m/s [54].

VI. COMPARISON OF ROBOTS

The robots that are described in section V are categorized
on their actuation method. Within these three groups subcat-
egories are made for robots with similar designs, which can
be seen in Table I. For the electric actuation there are four
different subcategories, for both hydraulic and pneumatic there
are two subcategories.
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The first electric subcategory is the mammal-type articulated
leg, since all these robots have articulated legs with 3 DOFs,
namely hip a-a, hip f-e and knee f-e. KOLT uses a pneumatic
spring for leg extension, yet it still classifies as electric.
The second electric subcategory is sprawling-type. The third
electric subcategory is mammal-type pantographic leg. In this
group belong the MIT Cheetah 1 and 2. They are similar to
the first subcategory, however as said before they use three
links for each leg, using a pantographic design. The robots
in the last subcategory cannot be specified. Stanford Doggo
and Scout II both have 2 DOFs for each leg, but their designs
differ.

The first hydraulic subcategory is the mammal-type. All the
robots in this category have 3 DOFs for each leg, except for
one. BigDog has got 4 DOFs, since it has redundant articulated
legs. The other robots cannot be specified. GE Walking truck
has a human operator and Raibert’s Quadruped uses prismatic
legs.

The first pneumatic subcategory is PAMs, all these robots
use pneumatic artificial muscles. The second pneumatic sub-
category is cylinder. This robot uses pneumatic cylinders for
actuation.

TABLE I: Subcategories of Robots

Electric

Mammal-type
articulated leg

AiDIN-VI
ANYmal
Go2
Hubodog
KOLT
MIT Cheetah 3
SPOT
Star[ETH
Warpl

Mammal-type
pantographic leg

MIT Cheetah 1
MIT Cheetah 2

Sprawling-type Other

TITAN XIII Stanford Doggo

Scout 1T

Hydraulic Pneumatic

Mammal-type Other ‘ PAM’s Cylinder

BigDog GE Walking truck Cheetah Robot VU quadruped
HyQ Raibert’s Quadruped | PMA Quadruped
HyQ2Max Puppy
MiniHyQ
Scalf

Quadruped walking robots can be compared on multiple
criteria, such as speed, payload and efficiency. All the robots
are compared on these three criteria, a complete overview can
be seen in the table in Appendix A. Below, the various criteria
are elaborated upon and the subsequent tables present the re-
sults. The values of the various criteria in the subcategories are
based on the average scoring of the robots in that subcategory.

A. Speed

As described in section II different gait patterns are used at
different speeds. The Froude number (Fr) is a dimensionless
speed parameter and is written as:

Fr =v?/gL (1

where v, g an L are the speed, gravitational constant and
robot’s leg length, respectively.

The choice of walking gaits is preferable for low Froude
numbers, while running gaits are more suitable for high Froude
numbers [55].

The speed of a robot can also be expressed in normalized
speed (NS) [8], which takes the length of the robot into
account.

NS =v/BL @)

where, v and BL are the speed and body length of the robot,
respectively.

The different speed parameters of the subcategories can be
seen in Table II. From this table it can be seen that a high
NS corresponds to a high Fr. The exception is the sprawling-
type. The MIT robots where specially developed to reach high
speeds, as can be seen. There seems to be no direct correlation
between actuation method and normalized speed.

TABLE II: Speed of Robots

. Speed Fr NS
Actuation Subcategory (m/s) o s~ 1)
Electric Mammal-type (art. leg) 1.31 0.42 1.65

Sprawling-type 1.38 0.65 6.47
Mammal-type (pan. leg) 6.2 7.22 7.57
Stanford Doggo 0.9 0.59 2.14
Scoutll 1.3 0.53 1.55
Hydraulic Mammal-type 2.04 0.65 1.95
GE Walking truck 2.2 0.2 0.55
Raibert’s Quadruped 2.9 1.53 2.76
Pneumatic PAM’s 1.48 0.5 22
Cylinder 0.46 0.06 1
B. Payload

The payload (PL) of a quadruped walking robot refers to
the maximum weight it can carry while remaining stable and
functional. This varies a lot between small and large robots.
To make a good comparison between small and large robots
the payload capacity (PLC) is used. This is their payload with
respect to their own weight:

PLC = PL/m 3)

where PL and m are the payload and mass of the robot,
respectively.

The different payloads of the subcategories can be seen in
Table III. The payload is not known for all the robots, but
it is also interesting to look at the masses. Generally robots
with a large mass use hydraulic actuators and they have a
high payload. On the other side, robots with small masses
use pneumatic actuators. Electric actuators are used in a wide
range of masses.
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TABLE III: Payload of Robots

. Mass PL PLC
Actuation Subcategory (k) (kg) (%)
Electric Mammal-type (art. leg) 44.74 19.7 56.4
Sprawling-type 5.65 5 88.5
Mammal-type (pan. leg) 33 - -
Stanford Doggo 4.8 - -
Scoutll 24.8 - -

Hydraulic Mammal-type 76 60 76.3
GE Walking Truck 1300 70 5.4
Raibert’s Quadruped 38 - -

Pneumatic PAM’s 27.93 24.4 381.3
Cylinder 6.9 - -

C. Efficiency

Energy efficiency is a critical factor to minimize in dynamic
locomotion. Gait pattern, stride and duty factor are closely
related to energy efficiency. To evaluate the energy efficiency
of animals and legged robots the total cost of transport (COT)
is used in general and is written as:

COT = P/mgv 4)

where P, m, g and v are the robot’s power, mass, gravitational
constant and speed, respectively [56]. The lower the COT, the
more efficient a robot is.

The COT for the different subcategories can be seen in
Table IV. For pneumatically actuated robots the COT is
not known. There is a correlation between actuation and
COT. Hydraulically actuated robots are way less efficient then
electrically actuated robots. The MIT robots are also designed
to be highly efficient, this can be clearly seen in the table.

TABLE IV: Cost of Transport of Robots

. Mass Speed COT
Actuation Subcategory (kg) (m/s) )
Electric Mammal-type (art. leg) 44.74 1.31 1.45

Sprawling-type 5.65 1.38 1.76
Mammal-type (pan. leg) 33 6.2 0.49
Stanford Doggo 4.8 0.9 32
Scoutll 24.8 1.3 1.38
Hydraulic Mammal-type 76 2.04 7.89
GE Walking Truck 1300 22 -
Raibert’s Quadruped 38 29 -
Pneumatic PAM’s 27.93 1.48 -
Cylinder 6.9 0.46 -

VII. DISCUSSION

In various papers, the masses of the robots differ even when
referring to the same robot, which may introduce discrepancies
when compared to other studies. Additionally, variations in
mass occur when considering the presence or absence of an
onboard power supply; such data is presented in detail in
Appendix A.

The COT remains undisclosed for several robots within the
existing literature. Where feasible, I have computed the COT
using available data. Consequently, the COT values for certain
robots may be subject to potential inaccuracies. This applies
similarly to the Fr for specific robots, for which I have also

conducted my own calculations. In AppendixA it is stated
which robots are involved.

VIII. CONCLUSION

In conclusion, quadruped walking robots come in various
designs with different leg types, joint configurations and actu-
ation methods. Electrically actuated robots generally achieve
higher speeds and efficiency compared to hydraulically actu-
ated ones. In general robots with large masses are hydraulically
actuated. There are still very few robots that are pneumatically
actuated. Further research on pneumatically actuated walking
robots is essential to generate additional reference materials for
a comprehensive comparison with electrically and hydrauli-
cally actuated walking robots.
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Design and Development of a prototype for a Robot
Monkey: Enabling Transition from Quadrupedal to
Statically Stable Upright Standing

Tom Kuijlaars
MSc Mechanical Engineering
Precision and Microsystems Engineering
Delft University of Technology

Abstract—This paper presents the development and analysis
of a quadruped robot prototype designed to achieve statically
stable rear leg standing. Existing quadruped robots such as
Mini Cheetah and Go2 are versatile, but rely on dynamic
movement to remain stable. We present a robot prototype that
can transition from quadrupedal to an upright stance while
remaining statically stable throughout using a tail. This Tail-
assisted Transition Robot (further: TT-Bot) utilizes electric actu-
ators and combines aluminum and 3D printed nylon components
to form a lightweight yet robust structure. It aims for a functional
approach through strategic motor placement and a belt-pulley
system for knee joint actuation. Kinematic analyses guide the
control strategies implemented to manage the transition. Initial
results from simulations and physical tests indicate that TT-
bot can effectively maintain an upright stance under controlled
conditions. Stability tests indicate successful static stability across
slopes from —10° to 5°. A payload test showed that it was able
to transition with a payload of 3 kg. Challenges during transition
remain with steeper inclines and higher payloads.

I. INTRODUCTION

Currently, there is significant interest in mobile robots.
Legged robots offer significant advantages compared to con-
ventional vehicles, as they enable locomotion in terrains that
are inaccessible to wheeled and tracked vehicles [1] [2].

Existing quadruped robot such as SPOT [3], Mini Cheetah
[4] and ANYmal [5] are very versatile. Mini Cheetah and Go2
[6] can do a somersault and the latter can stand on its two
front legs. However, Go2 needs to constantly move to remain
stable. Other quadruped robots are able to stand statically
stable on their rear legs. In these cases though, either the robot
is not completely stable during transition [7], or the robot uses
very large feet which compromises the ability to maintain a
dynamic quadruped gait [8].

The goal of this research is to design and develop a
prototype quadruped robot capable of standing on its rear
legs without compromising its ability to maintain a dynamic
quadrupedal gait. This goal is divided into two sub goals:
transitioning from quadrupedal standing to rear leg standing
and remaining statically stable on rear legs. A tail is used
so the robot can have a quasi-static transition and remain
statically stable on its rear legs. Reflecting its core function-
ality, the prototype is named “TT-Bot”, an acronym for Tail-
assisted Transition Robot, highlighting its unique design and
capabilities. TT-Bot is tested for stability, reach height and

its capability to carry a payload. The research is done in
cooperation with Avular [9].

This paper is structured as follows. In Section 2 the method-
ology is explained. The design is shown, analyses are done and
the experiments are described. Section 3 presents the results of
the simulations and experiments. In Section 4 the results are
discussed and future research is suggested. Section 5 covers
the conclusion of this paper.

II. METHOD

This section presents the design requirements, final design, a
kinematic analysis and finally the control setup and test setup.

A. Requirements & Constraints

Being a proof-of-concept prototype, TT-Bot, has been de-
veloped to operate within a 2D plane. While not being a full
quadruped, it remains effective in validating the sub-goals.
When quadrupedal standing is mentioned, it refers to standing
on one rear leg and one front leg, since TT-Bot is not a full
quadruped. The functional requirements and constraints are
mentioned in Table I

TABLE I: Requirements & Constraints of TT-Bot with the
reason

Requirement/Constraint Rationale

Quasi-static transition Research gap & concept study

Statically stable upright standing Research gap & concept study

Use of maximum 6 RMD motors [10] | Motor availability at Avular

Inward pointing configuration Aesthetics

Carry payload of at least 2 kg

Expected payload for the final robot

Reach a minimum height of 120 cm Maximum height of a door handle

Able to transition on slope of

minimal +5° Operate in industrial area

Maximum 175 mm extending tail
in retracted state

during quadruped gait

Prevent collision with environment

B. Design

A schematic overview of the design of TT-Bot is shown in
Figure 1. The main components are the body, front leg, rear
leg and tail. Both legs and the tail consist of two links that
are connected via a revolute “knee” joint. The upper link is
connected to the body via a revolute “hip” joint. This results
in a total of six revolute joints that are actuated by the motors
mentioned in Table I. The legs and tail are all made of nylon
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Fig. 1: Schematic overview of the design

and 3D printed with Selective Laser Sintering-3D printing.
The body is made of aluminum sheet metal.

Each motor has a mass of 710 gram, an outer diameter of
98.0 mm and an axial length of 51.5 mm. They cover more
than 60% of the total weight. Therefore it is important where
the actuators are positioned to influence the robot Center of
Mass (CoM).

The motors for both the hip and knee joints are placed
in parallel in the hip area, as is shown in Figure 2a. The
upper leg is directly attached to the right motor. This motor
is responsible for the rotation of the hip joint. A belt-pulley
system is used to rotate the knee joint. The belt transmits the
rotation of the knee motor to the knee hinge, as shown in
Figure 2b. This layout reduces the mass and inertia of the
legs.

The hip pulley and knee pulley are both 3D printed and
have the same diameter and number of teeth. Therefore the
gear/motion ratio between motor and joint is one. In order
to properly tension the belt, two tensioners are attached to
the inside of the upper leg. The tensioners are pushed inwards
and hinge around the axis shown in Figure 3. These tensioners
were specifically designed to fit in the upper leg and are also
3D printed. The rubber belt travels over the roller bearing to
reduce friction and wear. The knee pulley is rigidliy connected
to the lower leg. A steel rod is clamped inside the knee pulley
with a set screw. This rod, and therefore the whole lower leg,
is able to rotate with a set of flanged plain bearings that are
present in the upper leg.

The rear leg is identical to the front leg except for the foot.
Due to the planar configuration of TT-Bot, it faces a challenge
in maintaining lateral stability. To address this issue, the width
of the foot of the rear leg has been increased to match that
of the body. This design feature effectively prevents lateral
tipping.

The tail of TT-Bot is slightly shorter than its legs, because
it was specified to extend at most 175 mm while in retracted
state. However, the working principle of the tail is identical to
the legs.

All the motors are directly mounted to the body. With this

(a) Model of front leg (b) Belt-pulley system

Fig. 2: SolidWorks models of one leg, the blue line represents
the belt

Fig. 3: SolidWorks model of the tensioner with a steel rod and
roller bearing, the axis shown is the pivot point

configuration the upper and lower leg are parallel linked. This
means the upper and lower leg both rotate with respect to the
orientation of the body. This principle is used for the inverse
kinematics in subsection II-C. A favorable side effect is that
the legs are positioned in the middle of the body, which also
effectively prevents lateral tipping.

A SolidWorks model and physical model of the design are
shown in Figure 4.

C. Kinematic Analysis

Each leg of TT-Bot can be modelled as an open loop
kinematic chain. The foot is modelled as a revolute joint
connected to the fixed world. The lower leg L; connects the
foot to the knee joint. The knee is a movable revolute joint.
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(b) Physical model

Fig. 4: Representation of TT-Bot

The upper leg Lo connects the knee joint to the hip joint. For
one leg the hip joint is modelled as the end-effector.

With Griibler’s formula the mobility of the end-effector can
be calculated [11].

~

m=301-n-1)+> d 1t
i=1

where [ represents the total number of rigid bodies, including
the base, n is the total number of joints, and d; the number
of degrees of freedom (DoF) for joint .

As described above, one leg consists of 3 rigid bodies
including base and 2 revolute joints with 1 DoF, this yields
the following for Equation 1:

m=33-2-1)+2=2

This results in a 2 DoF system. The end-effector is able to
translate in x and y direction, it also has a coupled angle of
orientation with respect to the other legs. A schematic view
of the system can be seen in Figure 5.

The = and y position of the end-effector can be calculated
using the joint variables, this is called forward kinematics [12].

(xy) 02 /

o/ 7/

Fig. 5: Forward kinematics of one leg

First the position of the knee joint is calculated using
trigonometry:

2’ = Ljcosf;

y' = Lisin6,

The position of the end-effector relative to the knee position:

2" = Lycos(6; + 6)
y” = L2 sin(01 + 92)

Combining these results gives the position of the end-
effector:

x = Ly cost + Lo cos(6 + 62)

2
y = Ly sinfy + Lasin(fy + 62) @

With forward kinematics it is possible to calculate the
position of the end-effector given the joint angles. To control
TT-Bot the position of the end-effector is needed as input. With
these given coordinates the position of the knee joint and the
joint angles can be calculated using inverse kinematics.

The position of the foot (Zpase, Ypase) and hip (z,y) are
both prescribed. First the distance r between them is calculated
with Pythagorean theorem:

dr = T — Tpase

dy =Y — Ybase

r= \/d$2+dy2

Using the law of cosines, the coordinates of point P along
line r are calculated and with Pythagorean theorem the height
h:

3
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( Xpase, Ybase )

Fig. 6: Inverse kinematics of one leg

B L12 _ L22 +,r,2
N 2r
a-dz
Tp = Thase +
)
a-dy
Yp = Ybase +

h=1/Li? - a2

With the coordinates of point P and distance h, the position
of the knee joint can be calculated. For a given position of the
end-effector there are two different solutions possible (inward
and outward orientation) as can be seen in Figure 6.

d d
x'zxp+h~—y or X'=:Bp—h-—y

s i O
v=y—h-— or Y =y,+h —

r r

Once the position for the knee is chosen, the angle 6; can
be easily calculated using Pythagorean theorem. The angle 65
can be computed using the law of cosines.

dr’ =2’ — Thase

dy’ = y/ — Ybase

a =cos™ ! 7L12 * L% —r?
B 2.-Ly- Ly

dx’ and dy’ are used to calculate 6; and « is used to

calculate 65:
!
91 = tanfl 7dy
dx’ (6)

O =7—«

The kinematic analysis of one leg is used for the kinematic
analysis of the entire robot.

For the quasi-static transition method, the CoM of the entire
robot shifts backwards. Initially, TT-Bot adopts a “Quadruped”
stance where both the front and rear legs are in contact with
the ground, see Figure 7a. Subsequently, as the transition
progresses, the tail also makes contact with the ground, leading
to the “Transition” stance, see Figure 7b. As the CoM shifts
from the front and rear leg support polygon to the rear leg
and tail support polygon, the front leg can be lifted from the
ground, resulting in the “Upright” stance where only the tail
and rear leg serve as supports, see Figure 7c. This sequential
process yields three distinct instances for conducting kinematic
analysis.

For all instances TT-Bot is a parallel manipulator, for a
generalized parallel manipulator is a closed-loop kinematic
chain mechanism whose end-effector is linked to the base by
several independent kinematic chains [13].

During the ”Quadruped” stance, the rear and front leg form
a closed loop kinematic chain, since the rear and front foot
contact points are modelled as revolute joints connected to the
fixed world. During the ”Upright” stance, the tail and rear leg
form a closed loop kinematic chain, since the tail and rear foot
are modelled as revolute joints connected to the fixed world.
During the “Transition” stance, both closed loop kinematic
chains apply. All three contact points are modelled as revolute
joints connected to the fixed world.

The mobility of the mechanism is calculated using Griibler’s
formula. For both the ”Quadruped” and “Upright” stance
the closed loop chain consists of six bodies and six single
DoF joints. For the “Transition” stance the closed loop chain
consists of eight bodies and nine 1DoF joints. Filling this in
Equation 1 results in:

m=36-6-1)+6=3
m=38-9-1)+9=3

In this study, TT-Bot is identified as a fully parallel planar
manipulator, possessing three DoF: two translations and one
rotation [13]. Despite having more than three actuated joints,
it is not redundantly actuated. Each actuator is essential for
precise control over the DoF of the end-effector, specifically
tailored to meet the unique kinematic requirements of TT-Bot.

The body (end-effector) of TT-Bot is able to translate in x
and y direction and rotate about the z-axis. The position and
orientation of the end-effector are described as T om, Ycom and
¢, where (Zcoms Yeom) 18 the coordinate of the CoM of TT-
Bot and ¢ is the angle of the body relative to horizontal. The
combined mass of the body including motors is 80% of the
total mass. Therefore we assume that the CoM of the body
is at the same position as the CoM of the whole robot. In
Figure 7 it can be seen that the CoM stays almost exactly at
the same place in the body for the different poses.

The positions of the feet, i.e. the base joints depend on the
angle () of the slope the robot is standing on, which can be
seen in Figure 8. These positions are calculated in Equation 7.
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(a) “Quadruped” stance, CoM is positioned (b) “Transition” stance, CoM is positioned (c) “Upright” stance, CoM is positioned be-
between front and rear leg. above the rear leg. tween rear leg and tail.

Fig. 7: Three different stances with their CoM shown

The position of the hip joints for the tail (x4, Yiair), rear

el leg (Trear> Yrear) and front leg (2 fronts Yfront) can be seen
Y /.%0 (Rosee s Yoscatrone) in Figure 9 and are computed on the basis of the position and
Ty orientation of the CoM in Equation 8.
- X
oY
’,” (Xbase,rearl Vbasa,rear) xcom =
Yecom = Y

Ztail = T — (Leomaz + R1) €0S ¢ + Leomy sin g
Ytait =Y — (Leoma + R1) sin ¢ — Leomy cos ¢
Trear = T — Leomz €08 @ + Leomy Sin @

Yrear = Y — Leoma SN @ — Leomy cOS @

Zfront = & + (Ro — Leoma) €08 ¢ + Leomy sin ¢
Ypront =Y + (Ro — Leoma) $in ¢ — Leomy cos ¢

(Xbase,(ai\r Vbase,tan)

®)

Fig. 8: Position of the base joints on a slope

Thase,rear = 0
With the positions of the hip joints and base joints known,
the positions of the knee joints are calculated using Equation 3,
(7)  Equation 4 and Equation 5 in the same way as done for one
leg. This results in two possible configurations for the knee
joint. For the tail and front leg the position is chosen for x,,;x
and for the rear leg for x,,,.. The hip and knee joints are the
actuated joints for TT-Bot, so these need to be calculated. As
mentioned before, the upper and lower leg move independently
from each other. So the angles of the joints are calculated with
respect to the body orientation. The motor angles for the knee
joints and hip joint from Figure 9 can be calculated using
Pythagorean theorem.

Yvase,rear = 0
Thase,front = BO COs 7y
Ybvase, front = BO Sin")/
Thase,tail = _Bl Cos7y

Ybvase,tail = *Bl Sin’}/

rear : front/tail :

dry = Tknee — Thase
dyl = Yknee — Ybase
dxo = LTknee — Lrear

dy2 = Yrear — Yknee

Fig. 9: Inverse Kinematics of TT-Bot

drxl = Thase — Tknee
dyl = Yknee — Ybase
d22 = Trear — Thnee

dy2 = Yrear — Yknee
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rear : front/tail :
dxl dxl
| — gan—l _
01 = tan gl +¢ Opz/ms = tan a1 )
1 dx2 1 dx2
Oma2 = tan ! dy2 —¢ €m4/mﬁ = tan™" dy2 +¢

TABLE II: Dimensions of parameters from Figure 9

Part | Length
Ly 265 mm
Lo 239 mm
Lg 265 mm
Ly 239 mm
Ls 245 mm
Lg 203 mm
By 480 mm
B1 470 mm
Ro 480 mm
R1 110 mm

The values for Ly, L3 and L are measured from the bottom
of the foot to axis of rotation of the knee joint. The values for
Lo, Ly and Lg are measured from the axis of rotation of the
knee joint to the axis of rotation of the hip joint. As mentioned
in subsection II-B the legs of TT-Bot are 3D printed. The
maximum possible length to 3D print is 300 mm. The length of
the upper leg is dependent on both the 3D printer’s capabilities
and the specific length of the belt, which is 612 mm. The total
length of the 3D printed upper leg is 289 mm. The length of
the lower leg is chosen to achieve a mammal-like ratio between
the upper and lower legs. The distance between the base joints
By is chosen to be the same value as Ry, so the hip joints are
both located above the feet in the initial position. The value of
R; is chosen so the actuators for the tail can fit directly behind
the actuators of the rear leg. The values for the tail depend
on the retracted state constraint from Table I. The upper part
of the tail it is also dependent on the belt, which is 540 mm
long.

D. Control

The motors utilized operate under velocity input control.
Although position control is preferred for TT-Bot. The ob-
jective is to designate a specific angle to the motors and
ensure the motors rotate to achieve this angle. Consequently, a
PID controller is designed. The error pos_error_rad between
the desired motor position pos_set and the real-time position
motor_pos_rad is given as input in the PID controller. This
results in a desired output velocity in rpm for the motors.
MATLAB Simulink is used to control the motors. A simplified
schematic control diagram is shown in Figure 10. At the start,
both legs and the tail are set in a straight vertical position
downwards. In this initial position all the motor angles are set
to zero.

For TT-Bot to stand up, it has to traverse a specified path.
With SolidWorks, a few positions for the body are chosen
where the CoM is in the correct spot to maintain stability.
The first position is the initial position with both legs and

Vet
RMD Moors Motorcuren| >{>—>a
Emergency ks

Fig. 10: Simplified controller for position control

tail in a vertical line down. The second position can be seen
in Figure 7a. This is the position that would be used for
quadruped walking. The third and fourth positions look like
Figure 7b, but in the third position, the projected CoM lies
within the front and rear leg support polygon. In the fourth
position the projected CoM lies within the tail and rear leg
support polygon. The fifth position can be seen in Figure 7c.
In its final position, TT-Bot is completely upright.

For every position mentioned above, Zcom, Yeom and ¢ are
known. Using MATLAB, a path trajectory is made for the
body, which is done using the function cubicpolytraj. This
function generates a third-order polynomial trajectory of the
end-effector position and orientation. Since the CoM of the
whole robot is not perfectly calculated, the transition stance is
executed from z.,,,, = 50 mm until z.,,, = —50 mm, which
can be seen in Figure 11. This ensures that all feet are on the
ground around the tipping point.

. Trajectory of CoM with orientation

"Quadruped"” stance
*  “Transition" stance
600 - "Upright" stance
2 Waypoints
—= Qrientation of body
550 T
S0 3 T
| S
450 - E I
> 0] }l
400 -
f —_
350 / A
G
o~
300 = P e
e
250
00 L L . L L I I )
-200 -150 -100 -50 0 50 100 150 200

Fig. 11: Path trajectory of CoM with orientation

For every trajectory point on the path the knee positions and
motor angles are calculated using the inverse kinematics from
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subsection II-C. For the ”quadruped” stance, the position for
the tail joints cannot be calculated with inverse kinematics,
since the tail foot is not able to touch the ground. An extra
trajectory is made by selecting values for 0,,5 and 6,,¢ at the
first three waypoints in Figure 11. The angles of the third
waypoint are the angles that were calculated with inverse
kinematics. A path for the motor angles is made, and with
these motor angles, the positions of the knee and foot are
calculated using forward kinematics.

For the upright” stance, the position for the front leg
cannot be calculated with inverse kinematics. Therefore an
extra trajectory is also made for this leg. Values for 6,5 and
04 are chosen for the last three waypoints in Figure 11. The
angles of the first waypoint are the ones that were calculated
with inverse kinematics. For the final position the lower front
leg is positioned in a vertical line above the rear leg. The
other angles are chosen such that no collisions occur. For these
angles, a path is made, and the positions of the knee and foot
are calculated using forward kinematics.

A simulation of the whole path of TT-Bot is made to ensure
all joint angles are possible and a smooth transition is made
between the angles calculated with inverse kinematics and the
angles chosen for the extra trajectories. In Figure 12, multiple
snapshots of the simulation are shown.

Robot Movement Simulation
1500 -

"Quadruped" stance
"Quadruped"” stance
"Transition" stance
"Upright" stance
"Upright" stance

X Center of Mass

1000 -

Y Coordinate

500 -

* »
-500 0 500
X Coordinate

Fig. 12: Snapshots of the simulation

All the angles for the motors calculated by the different path
trajectories are given as input pos_set in the controller from
Figure 10.

E. Testing

TT-Bot is tested to see if it meets the criteria mentioned
in subsection II-A. For every single test a different path is
generated and visualized with simulation to make sure there
are no collisions and the CoM is positioned in the correct
places. A picture of the test setup can be seen in Figure 13.
Anti-slip tape is attached to the feet and grip tape is put on
the wooden board to give the feet more grip on the ground.
A rope is connected to the body to hold it in the air in case
it falls.

>

Fig. 13: Test setup, TT-Bot is in its initial position to reset the
motor angles

1) Stability: The stability of TT-Bot is tested with two
different tests. For both tests the payload is 2 kg, since this
is one of the requirements. The reach height is measured for
both tests. This is the distance from the rear foot to the front
foot in the final position.

The first method to test the stability is to change the slope
when TT-Bot is already in its final upright position. Starting
from an angle of 0°, the slope is slowly increased until TT-
Bot tips over its tail. This is repeated, while the angle is
slowly decreased until TT-Bot tips over its rear leg. At these
points the projected CoM is positioned outside of the support
polygon. The slope for the tipping points is also calculated
with MATLAB and compared to the experiment. This test is
done for different locations of the base of the tail, so with
different values for Bj.

The second stability test is the ability to stand up on
different slope angles v = [—10°,—5°,0°,5°,10°], as seen
in Figure 14. The position of the feet change according to
Equation 7. The maximum achievable reach height is mea-
sured at these different angles and compared to the simulation
done.

2) Payload: On the back of TT-bot’s body, weights can be
mounted to imitate a payload. With this payload the position
of the CoM changes. With SolidWorks the CoM of the body
is calculated for the different payloads. The different values
for Leoma and Leom, can be seen in Table III. These values
are used in the MATLAB script for the path trajectory. In the
last column the body weight with respect to the total weight
is shown, f = %24 For higher payloads the position of the

Miotal *
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Fig. 14: Test setup, TT-Bot is in its initial position to reset the

motor angles on a slope of 5 degrees

CoM is more accurately calculated. TT-Bot is tested on the
ability to stand up with the payload on a horizontal surface.

TABLE III: Position of CoM for different payloads

0 kg 145 mm | 7 mm 80%
1 kg 176 mm | 16 mm 83%
2 kg 170 mm | 23 mm 85%
3 kg 192 mm | 28 mm 86%
4 kg 185 mm | 32 mm 88%
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III. RESULTS

In this section the results of the different experiments and
simulations are presented.

A. Stability

In Figure 15, the stability angle is plotted against the
different positions for the base of the tail. For these different
base positions, the reach height also changes, as can be seen
in Figure 16. Since both the reach height and stability angle
are plotted against the base distance, it is possible to make a
new plot where the stability angle is plotted against the reach
height, as seen in Figure 17.

For a base distance B; of 400 mm, TT-Bot was not able
to stand up, as the red cross indicates in Figure 16, Figure 15
and Figure 17.

For the second stability test, the slope at which TT-Bot is
able to stand up is measured. For different slopes TT-Bot has
different reach heights. TT-Bot was not able to stand up at a
slope of 10°, as the red cross indicates in Figure 18.

B. Payload

TT-Bot was able to stand up with a payload of 1, 2 and 3
kg. It was not able to stand up with a payload of 4 kg.

125

400 420 440 460 480 500 520 540 560
Base Distance (B1) [mm]

Fig. 16: Reach height vs base width

IV. DISCUSSION

In this section the results will be discussed regarding
the design, simulations and the experiments. Finally, some
recommendations for future research are presented.

A. Design

The decision to use a tail as additional support ensures
that the TT-Bot remains stable during both the transition
and the final position. This is evident from both simulations
and various experiments. The U-shape of the body makes
it sensitive to torsion. This, combined with positioning the
knee motor within the body frame, introduces some additional
complications. The belt pulley system works to transmit the
motor rotation to knee rotation. However, the tension of the
belt also causes it to pull on one side of the body, causing
the body to warp slightly. This particularly affected the lateral
stability of the entire robot during the experiments.

The upper leg has a large opening at the end since the lower
leg needs to be able to rotate within it. This causes the ends
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to bend outwards and allows the lower leg to move slightly
from left to right in the sliding bearing of the upper leg.

B. Experiments

TT-bot’s feet are modelled as fixed revolute joints. Anti-
slip tape and grip tape are used to simulate this as closely
as possible. However, the feet can still slide over the ground.
Also, TT-Bot rotates on a foot and not at the pivot point as
modeled by a revolute joint. This causes the lengths of L, L3
and L5 to change slightly.

For motor control, the angles of the motors are first reset
to 0 degrees when both legs and the tail are set to their
initial position. This is done manually and by eye, which
can result in small deviations from their actual angles. This
causes the results of the experiments to not precisely match
the simulations. Additionally, this means that slightly different
results may occur if an experiment is repeated multiple times.

C. Results

The results of the experiments and the differences with the
simulations are discussed.

1) Stability test 1: In the first stability test the width of the
base changes. For a base width of 400 mm TT-bot was not
able to stand up, as indicated by the red cross that can be
seen in Figure 16. However, it did manage to go through the
transition phase. While standing up on its rear leg and tail,
it wobbled forwards and backwards until it was about to fall.
The results of the first stability test show the angle at which
TT-Bot, in final upright position, fails to remain stable. In the
simulation data, this is the point where the projected CoM
is outside the support polygon. This should also be reflected
in the experimental data. However, Figure 15 illustrates that
the experimental and simulation data align within 70% for the
decreasing angle and within 85% for the increasing angle. TT-
Bot fails to remain stable at lower angles than predicted by
the simulation data. This can have various explanations. First
of all, stability test 1 was carried out by manually lifting the
wooden board with TT-Bot in final upright position at one end
to create a slope. Therefore, it is plausible that the effective
slope is not perfect in the 2D plane, resulting in TT-Bot to fall
earlier. Secondly, as mentioned before, the CoM of the whole
robot is not modelled perfectly. Introducing the possibility, that
the CoM is positioned higher, which would typically result in
a lower stability angle.

2) Stability test 2: For the second stability test, TT-Bot’s
ability to transition on different slopes is tested. Afterwards,
the reach height is measured and compared with the simu-
lation. TT-bot was not able to stand up on a slope of 10°,
as indicated by the red cross that can be seen in Figure 18.
Although, it could stand still on the slope in its initial position,
when the test was started, it immediately fell backwards. In a
subsequent test, it was able to go through the transition phase.
However, because of the steepness of the angle and therefore
the position of the CoM, most of the weight was supported
by the rear leg, which could not handle this and collapsed.

From Figure 18, it can be seen that the deviation between
experimental and simulation data fall within the error margin
of 1 cm. The simulation data shows that the maximum reach
height can be obtained around a slope of —5°. At this slope the
reach height is limited by both the tail and rear leg, since both
are fully extended. At a slope of —7.5° and —10° the reach
height is the same. At these slopes the reach height depends
on the rear leg, since this leg is now fully extended. The reach
height is measured as the distance between the bottom of the
rear leg to the top of the front leg, so it will remain the same for
more decreasing slopes. At increasing slopes the reach height
decreases. The reach height depends on the tail, since it is now
fully extended. The base of the tail however decreases.

3) Payload: TT-Bot was tested on its ability to carry a
payload and stand up while doing so. For the payloads of
1, 2, and 3 kg, it was able to do so. For a payload of 4 kg,
it was able to go through the transition phase, but collapsed
through its rear leg while standing up. We expect that future
research can resolve this.
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D. Future research

Before a fully quadruped robot is to be designed and
build, more experiments can be done with this prototype to
further discover its capabilities. Adjustments to the design are
suggested to counter the warping of the body. The ends of
the upper leg should be made stiffer to counteract the outward
bending.

Additionally, changing the actuator control such that the
initial position of the actuators no longer needs calibration
will make the robots movement more precise.

TT-Bot moves in a pre-programmed path and is not able to
correct itself. For future research, the control of the robot can
be expanded to make it more agile.

In the end, a design for the whole quadruped robot can be
made. A SolidWorks model of what it could look like can be
seen in Figure 19.

Fig. 19: SolidWorks model of a full quadruped for future
research

A fully functional quadruped robot needs extra actuators in
the body for hip abduction-adduction. This make the robot
more complex, but gives more lateral stability, which may be
needed on uneven terrain.

The ultimate research goal is to design a robot monkey.
This monkey should be able to stand on its rear legs and climb
different stairs and industrial ladders. Therefore more research
needs to be done on robotic arms and grasping mechanisms.

V. CONCLUSION

The goal of this study was to design and develop a prototype
for a quadruped robot that is able to perform a quasi-static
transition from quadrupedal to upright standing while remain-
ing statically stable in the end position. This was achieved
through a lightweight design featuring 3D printed parts and
a belt-pulley system, a centralized weight in the robot’s body
and a tail. This Tail-assisted Transition Robot: TT-Bot uses
the tail to maintain static stability during the transition and
in final position. Kinematic analysis is used to simulate the
movements of TT-Bot. Together with the PID controller, it

makes it possible to control TT-Bot in various experiments.
TT-Bot has the ability to reach practical heights, while carrying
a payload of 3 kg. Therefore, in future research, it is able
to carry its own computer system with a battery. It is also
able to transition on a slope of 5°. Its performance on steeper
slopes and with heavier payloads highlighted some limitations
regarding the transition. In general, the results of this work
show that this proof-of-concept prototype has successfully
met the outlined requirements and constraints, affirming its
potential.
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Conclusion

This report shows a new design of a prototype for a robot monkey. At first a literature review was
performed to get a better insight in the current status of quadruped robots and their capabilities. A
concept study was performed in order to choose the best solution for the final design. This final design
is presented in the research paper.

In the literature review multiple aspects of a quadruped robot are analysed, such as their gait, me-
chanical design and actuation. Afterwards existing quadruped robots were divided in categories based
on their actuation method and design. These categories are compared on their speed, payload capacity
and efficiency. Electrically actuated robots generally achieve higher speeds and efficiency compared
to hydraulically actuated ones. In general, robots with larger masses are hydraulically actuated. The
literature review served as a reference for developments in quadruped robots. The review also showed
that very few existing quadruped robots are able to transition from quadrupedal to a bipedal position
while remaining statically stable, showing a research gap in this field.

The goal of the research paper is to present a new design for a quadruped robot, that is able
to perform a quasi-static transition from quadrupedal to upright standing and remain statically stable
in the end position. This was achieved through a lightweight design featuring 3D printed parts and
a belt-pulley system, centralized weight in the robot’s body and a tail. This Tail-assisted Transition
Robot: (further: TT-Bot) uses its tail to maintain static stability during the transition and in final position.
Kinematic analysis is used to simulate the movements of TT-Bot. Together with the PID controller, it
makes it possible to control TT-Bot in various experiments. TT-Bot has the ability to reach practical
heights, while carrying a payload of 3 kg. Therefore, in future research, it is able to carry its own
computer system with a battery. Itis also able to transition on a slope of 5°. Its performance on steeper
slopes and with heavier payloads highlighted some limitations regarding the transition. In general, the
results of this work show that this proof-of-concept prototype successfully met the outlined requirements
and constraints, affirming its potential.
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Appendix A - Concept study

Before choosing the final design of the robot, a concept study is performed. The main goal of the re-
search is divided into subgoals. For every subgoal, multiple solutions are presented. All these solutions
are weighed, and one solution is chosen for the final design.

A.1. Goals

The main goal of this research is:

Develop a quadruped robot that is able to stand on its rear legs.
This goal can be divided into 3 subgoals:

1. Dynamic quadruped gait
2. Transition between quadruped standing and bipedal standing
3. Statically stable on rear legs

There have been plenty of research efforts on the quadruped gait [10] [11] [12] [13]. Therefore the
focus of this research lies on the last two sub goals, the transition and standing on rear legs.
For both subgoals multiple solutions are evaluated.

A.2. Transition
The different methods for transition that were considered are:

* Tuck in and stretch
* Rotate body

» Front legs push off
 Spring in front legs

 Fall backwards
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A.2.1. Tuck in and stretch
The robot sinks through its rear legs, shifting its Center of Mass backwards. When CoM is positioned
in the back, it can stand up. A schematic overview of the transition can be seen in Figure A.1.

Figure A.1: Tuck in and stretch

A.2.2. Rotate body
The robot rotates its entire body around the rear hip. A schematic overview of the transition can be
seen in Figure A.2.
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Figure A.2: Caption

A.2.3. Front legs push off

The robot sinks through its front legs. Then it pushes off with its front legs to create a momentum. It
uses this momentum to rotate and stand upright. A schematic overview of the transition can be seen
in Figure A.3.

Figure A.3: Caption
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A.2.4. Spring in front legs
It uses the same principle as in subsection A.2.3, but a spring is added in the front leg to gain more
momentum. A schematic overview of the transition can be seen in Figure A.4.
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Figure A.4: Caption

A.2.5. Fall backwards

The robots moves its rear leg to the front. When doing so the robot rotates and falls backwards.
The robot then moves its rear leg backwards and uses the momentum of the rotation to stand up. A
schematic overview of the transition can be seen in Figure A.5.
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Figure A.5: Caption

The different concepts are graded on the following criteria:
+ Simplicity

» Torque needed

» Overshoot

* Range of Motion

Simplicity: How complex is the transition method.
1: Very complex. Extra components and actuators are required.
2: Medium complex. The robot needs to perform multiple different movements.
3: Simple. Only one movement is needed.

Torque needed: How much more torque does the hip actuator need for transition with respect to
quadruped walking.
1: A lot more torque is needed for the robot to rotate than needed for walking.
2: Some more torque is needed for the robot to rotate than needed for walking.
3: A bit more torque is needed for the robot to rotate than needed for walking.

Overshoot: The robot rotates too far.
1: The chance of overshoot happening is very high.
2: The chance of overshoot happening is present.
3: The chance of overshoot happening is very low.
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Range of motion: Do the joints need more range of motion than for quadruped walking.
1: Joints need much more operating range for transition than needed for walking.
2: Joints need some more operating range for transition than needed for walking.
3: Joints do not need any more operating range for transition than needed for walking.

Table A.1: Assessment of the transition methods

Criteria Weight | Tuck in | Rotate body | Front legs | Spring | Fall
Simplicity 0.2 2 3 2 1 2
Torque 0.3 3 1 2 2 2
Overshoot 0.25 3 1 2 2 2
Range of Motion | 0.25 2 3 3 3 2
Total 1.0 2.6 1.9 23 21 2.0

From Table A.1 it can be seen that Tuck in is the best transition method. This method is used for
the final design.

A.3. Upright Standing

The different methods to perform upright standing that were considered are:

+ Tail

Actuated tail
* Innovative shins [7]

* Foot

Foldable foot
» Lower leg
A.3.1. Tail

A rigid tail is added to the quadruped robot. With this tail the quadruped robot has three contact points
when standing on its rear feet. A schematic overview can be seen in Figure A.6.

s <

Figure A.6: Quadruped with a tail, left: quadruped stance, right: upright stance
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A.3.2. Actuated tail

An actuated tail is added to the quadruped. When not in use this tail is retracted. With this tail the
quadruped robot has three contact points when standing on its rear feet. A schematic overview can be
seen in Figure A.7.

;<

Figure A.7: Quadruped with actuated tail, left: quadruped stance, right: upright stance

A.3.3. Innovative shins
An additional link is added to the lower leg. In the upright stance it forms a "foot”. A schematic overview
can be seen in Figure A.8, this principle is described in the chapter 1.

x <

Figure A.8: Quadruped with innovative shins, left: quadruped stance, right: upright stance

A.3.4. Foot
A foot is added to the rear leg of the robot where it can stand on during upright stance. Robot "Charlie”
mentioned in chapter 1 makes use of a foot [8]. A schematic overview can be seen in Figure A.9.

Figure A.9: Quadruped with a foot, left: quadruped stance, right: upright stance

A.3.5. Fold-able foot
An expandable foot is added to the rear leg of the robot where it can stand on during upright stance.
When not in use this foot is retracted in the lower leg. A schematic overview can be seen in Figure A.10.
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Figure A.10: Quadruped with fold-able feet, left: quadruped stance, right: upright stance

1 .

The different concepts are graded on the following criteria:

» Simplicity

* Interference with quadruped walking

- Stability

* Mobility

Simplicity: How complex is the design. A simple design is appreciated.

but also for walking. Extra link, joint, actuator.
2: Medium complex. Additional actuator is needed only for bipedal standing.
3: Simple. Little adjustments on a quadruped need to be done for it to work. No additional actuators.

1

2:
3:

—_

Very complex. Mechanism makes the whole system more complex, not only for bipedal standing

Interference with walking: Does the design interfere with quadruped walking. Could the extra part
or other design make it harder to walk on four feet.

. A lot of interference with quadruped walking.
Could have some interference with quadruped walking.
No interference at all.

Stability: How stable can the robot stand on its rear feet. How big is the support polygon.
: Small support polygon. < 100E3mm?
: Medium support polygon. 100E3mm? < x < 150E3mm?
: Large support polygon. > 150E3mm?

Manoeuvrability: Can the robot perform different tasks? (walking on two feet)
: Robot is only able to stand on two feet and can’t perform any tasks.
: Robot would be able to move a little bit or with small steps.
: Robot would be able to walk on two feet.

Table A.2: Assessment of the methods for upright standing

Criteria Weight | Tail | Actuated tail | Shin | Foot | Fold-able foot | Lower leg
Simplicity 0.2 3 2 3 3 2 1
Quadruped walking | 0.3 2 3 1 1 3 3
Stability 0.3 3 3 2 1 1 2
Manoeuvrability 0.2 2 3 2 3 3 3

Total 1 24 | 2.8 1.9 1.8 2.2 2.3

method is used in the final design.

From Table A.2 it can be seen that the actuated tail is the best method for upright standing. This




A.4. Final design 35

A.4. Final design

The transition method “Tuck in” and method for upright standing “Actuated tail” are chosen and need
to be integrated in one final design. Still there are multiple options for an actuated tail. Three different
options can be seen in Figure A.11, Figure A.12 and Figure A.13. The pantographic tail design is based
on the legs of MIT Cheetah [14]. This design can be seen in chapter 2.

{

(a) Prismatic tail is retracted in (b) Prismatic tail is extended in
transition phase upright position

Figure A.11: Robot with prismatic tail

(a) Pantographic tail is re- (b) Pantographic tail is ex-
tracted in transition phase tended in upright position

Figure A.12: Robot with pantographic tail

(a) Tail is retracted in transition (b) Tail is extended in upright
phase position

Figure A.13: Robot with articulated tail

The articulated tail design was selected, eliminating the need for two separate designs and allowing
for a single design to be created for the legs with minor adjustments for the tail. Consequently, the tail
functions similarly to the legs, utilizing the same components and sharing the control system. This
simplifies the overall robot design significantly.
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A.5. Material

The choice of material significantly impacts the final design. Two different options were considered for
fabricating the legs and tail. The first option involves using rectangular aluminum tubes finished with
laser cutting. The second option is to 3D print the legs, offering a wider range of design possibilities
and significantly lower costs. The decisive factor ultimately was the cost, with 3D printing being much
cheaper than laser-cut aluminum tubes. Additionally, for the pulleys in the hips and knees, 3D printing
was chosen over ordering, as the latter option incurred significantly higher costs.
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Appendix C - PID controller

The RMD motors incorporate an internal PID controller, initially set to factory defaults. The self-made
PID controller, used to convert positional angles into rpm inputs, underwent fine-tuning to ensure the
robot’s smooth transition into motion. This was achieved by analyzing the input trajectory, output tra-
jectory of motor angles and their associated errors. Figure C.1 illustrates two graphs depicting the input
and output data of Motor 1 and Motor 2 for alternative PID values.
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Figure C.1: Motor input and output signals. Green line is the input angle, yellow line is the output angle and the red line is the
error. This is shown for motor 1, top graph and motor 2, bottom graph



Appendix D - MATLAB Code

D.1. Main code

clear all; close all; clc

% Manipulator parameters

11 = 265; % mm, length of the lower links

12 = 238.99; % mm, length of the upper links

L = 480; % mm, length between the rear leg ”"hip joint” and front leg “hip joint”
tl = 245; % mm, length of lower tail

t2 = 202.99; % mm, length of upper tail

T = 110; % mm, length between tail ”“hip joint” to rear leg "hip joint”

COM_x = 145; % mm, x length between rear leg "hip joint” and CoM

COM y = 7; % mm, y length between rear leg "hip joint” and CoM

BO = 480; % mm, length between rear foot and front foot

Bl = 470; % mm, length between rear foot and tail foot

% Base joints positions
angle = 0;

x _base rear = 0;

y base rear = Bl*sind(angle);

x _base front = BO*cosd(angle);

y base front = y base rear + BO*sind(angle);
x _base tail = -Bl*cosd(angle);

y base tail = 0;

x_base COM = COM x*cosd(angle) ;

y _base COM = y base rear + COM x*sind(angle);

dx = sind(angle)* (11+12+COM y) ;

dy = cosd(angle)* (11+12+COM y) ;

dxl = sind(angle) * (350);

dyl = cosd(angle) * (350) ;

%% Path Trajectory

% Path of COM:

x values = [x base COM-dx x base COM-dxl 50 -50 -COM y-175 -3/8*B1-COM y];

y _values = [y base COM+dy y base COM+dyl y base COM+270 y base COM+280 COM x+325 COM x+430];
phi values = [0O+angle O+angle 24+angle 26+angle 89 89];

% Values needed for Slope stability test
x COM end = x values(end);
y COM end = y values (end);

% Positions of x, y and phi for the whole path
[x pos, y pos, phi pos] = ShortPathTrajectory(x values, y values, phi values);
phi pos = deg2rad(phi_pos);

% Number of positions
N = size(x pos, 1);

)

% Pre-allocate arrays for results
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x elbow rears = NaN(N, 1);
y_elbow_rears = NaN(N, 1);
x _elbow fronts = NaN(N, 1);
y_elbow_fronts = NaN(N, 1);
x _elbow tails = NaN(N, 1);
y_elbow_tails = NaN(N, 1);
thetalls = NaN(N, 1);
thetal2s = NaN(N, 1);
theta2ls = NaN(N, 1);
theta22s = NaN(N, 1);
theta3ls = NaN(N, 1);
theta32s = NaN(N, 1);

o

% Pre-allocate arrays for results

thetaMls = NaN(N, 1); % Angle of motor 1
thetaM2s = NaN(N, 1); % Angle of motor 2
thetaM3s = NaN(N, 1); % Angle of motor 3
thetaM4s = NaN(N, 1); % Angle of motor 4
thetaM5s = NaN(N, 1); % Angle of motor 5
thetaMés = NaN(N, 1); % Angle of motor 6
% Pre-allocate arrays for the body positions
x_rears = NaN(N, 1);

y rears = NaN(N, 1);

x_fronts = NaN(N, 1);

y fronts = NaN(N, 1);

x tails = NaN(N, 1);

y_tails = NaN(N, 1);

x_COMs = NaN(N, 1);

y_COMs = NaN(N, 1);

% Arrays for foot joints
x base rears = ones (N, 1)
y _base rears = ones(N, 1)
x _base fronts = ones(N, 1)
y_base fronts = ones (N, 1)
x _base_tails = ones (N, 1)
y base_tails = ones(N, 1)

* X base rear;
* y base_ rear;
* x_base_ front;
* y base front;
* x_base_tail;
* y base_tail;

%% Maximum slope possible

[alpha, beta] = COM angle(x COM end, y COM end, x base rear,
y_base tail);

y base rear, x base tail,

% Loop through each position
for i = 1:N

% Initialize variables

x_elbow_rear = NaN; y elbow_rear = NaN;
x_elbow_front = NaN; y elbow_ front = NaN;
x_elbow_tail = NaN; y elbow_tail = NaN;
thetall = NaN; thetal2 = NaN;

theta2l = NaN; theta22 = NaN;

theta3l = NaN; theta32 = NaN;

thetaMl = NaN; thetaM2 = NaN;

thetaM3 = NaN; thetaM4 = NaN;

thetaM5 = NaN; thetaMé6 = NaN;

% Extract current position and phi

X = X pos(i);

y = y_pos(i);

phi = phi pos(i);

% % Platform endpoints based on desired position and orientation
% Center of Mass remains at (x, V)

x_COM = x;
y _COM = y;
% Rear

= x - COM _x * cos(phi)
=y - COM x * sin(phi)

+ COM_y * sin(phi);
- COM_y * cos (phi);
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o

S

x front = x + (L - COM x)*cos(phi) + COM y * sin(phi);
y front =y + (L - COM x)*sin(phi) - COM_y * cos(phi);
% Tail

x tail = x - (COM_x + T) * cos(phi) + COM_y * sin(phi);
y tail = y - (COM_x + T) * sin(phi) - COM_ y * cos(phi);

o

% Solve position for rear limb

try
[x_elbow rear, y elbow rear] = Elbowposition(x base rear, y base rear, x rear, y rear
, 11, 12, 'max’);
if isempty(x_elbow rear) || isempty(y_elbow rear)
error ('No solution found.’);
end
thetall = calculateThetal (x base rear, y base rear, x elbow rear, y elbow rear);
thetal2 = calculateTheta2(x_base rear, y base rear, x rear, y rear, 11, 12);
thetaMl = CalculateThetaml (x_base rear, y base rear, x elbow rear, y elbow rear, phi,
"rear’);
thetaM2 = CalculateThetam2(x_rear, y rear, x_elbow rear, y elbow rear, phi, ’'rear’);
catch
end

Repeat similar try-catch blocks for solving the position for front limb and tail
try

[x _elbow front, y elbow front] = Elbowposition(x base front, y base front, x front,
y front, 11, 12, 'min’);

if isempty(x elbow front) || isempty(y elbow front)
error ("No solution found.’);

end

theta2l = calculateThetal (x _base front, y base front, x elbow front, y elbow front);

theta22 = calculateTheta2(x base front, y base front, x front, y front, 11, 12);

thetaM3 = CalculateThetaml (x_base front, y base front, x elbow front, y elbow front,
phi, "front’);

thetaM4 = CalculateThetam2(x front, y front, x elbow front, y elbow front, phi, ’

front’);
catch
end
try
[x_elbow tail, y elbow tail] = Elbowposition(x base tail, y base tail, x tail, y tail
, tl, t2, 'min’);
if isempty(x_elbow tail) || isempty(y_elbow tail)
error ("No solution found.’);
end

theta3l = calculateThetal (x base tail, y base tail, x elbow tail, y elbow tail);
theta32 = calculateTheta2(x base tail, y base tail, x tail, y tail, tl1, t2);
thetaM5 = CalculateThetaml (x_base tail, y base tail, x elbow tail, y elbow_tail, phi,
"tail’);
thetaMé6 = CalculateThetam2(x_tail, y tail, x elbow_tail, y elbow tail, phi, ’tail’);
catch

end

% Store the results

x elbow rears (i) = x elbow rear;

y_elbow rears(i) = y elbow_rear;

x_elbow_fronts(i) = x_elbow_ front; % After handling similar for front limb
y_elbow fronts(i) = y elbow_front; % After handling similar for front limb
x_elbow_tails(i) = x_elbow_tail; % After handling similar for tail

y_elbow tails(i) = y elbow_tail; % After handling similar for tail
thetalls (i) = thetall;

thetal2s (i) = thetal2;

theta2ls (i) = theta2l; % After calculations

theta22s (i) = theta22; % After calculations

theta3ls (i) = theta3l; % After handling similar for tail

theta32s (i) = theta32; % After handling similar for tail

%$Store the results for motor angles
thetaMls (i) = thetaMl;
thetaM2s (i) = thetaM2;
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thetaM3s
thetaMds
thetaMbs
thetaMés

% Store resuls for hip

x_rears (i)
y _rears (i)
x_fronts (i)
y fronts (i)
x_tails (i)
y_tails (i)
x_COMs (1)
y_COMs (1)

fprintf (/
fprintf ('
fprintf (!
fprintf (/

o oo o

o°

o0

end

% Optionally,

= thetaM3;
= thetaM4;
= thetaM5;
= thetaM6;

joints and COM locations
= X _rear;

= y rear;

= x_front;

= y front;
= x_tail;

= y_tail;

= x_COM;

y_COM;

print the results for each position

Position %d: x = %d, y = %d, phi = %d\n’, 1, x, vy, rad2deg(phi));
Thetall: %f, Thetal2: %f\n\n’, thetall, thetal2);
Theta2l: %f, Theta22: %f\n\n’, theta2l, theta22);
Theta31l: %f, Theta32: %f\n\n’, theta3l, theta32);

%% Path Trajectory 2

o

o°

3 stappen,

ThetaM5 values
ThetaMé6_values

[ThetaM5 extra,
for i =

thetaM5s (1)
thetaM6s (1)

[x_elbow tails(i),

Path Trajectory of ”“Quadruped stance”
end

at 1001

[0 -0.584685 thetaM5s(1001)];
= [0 pi thetaM6s(1001)71;
thetaMé6 extral] =

ShortExtraTrajectory(ThetaM5 values, ThetaMé6 values);

l:size (ThetaM5 extra)

= ThetaM5 extra(i);
= thetaM6_extra(i);

y _elbow tails (i), x base tails (i), y base tails(i)] =

calculateTailKinematics (phi_pos (i), thetaM5s (i), thetaMeés(i), tl, t2, x tails(i),
y tails(i));
distanceBaseToElbow =
y tails(i))"2);
distanceElbowToFoot = sqrt((x_base tails (i)
y_elbow tails(i))"2);
tolerance = 0.00001;

sgrt ((x_elbow tails(i) - x tails(i))"2 + (y elbow tails(i) -

- x elbow tails(i))"2 + (y base tails (i) -

if distanceElbowToFoot - tolerance > tl || distanceBaseToElbow - tolerance > t2
error ("No solution’)
end

end

3
S

o0 oo

Path Trajectory of ”“Tripod stance”
% 3 stappen, begin at 1502

ThetaM3 values = [thetaM3s(1502)
ThetaM4 values = [thetaM4s (1502)

-0.35 0.5*pil;
1.2 -0.81;
[thetaM3 extra, thetaM4 extra] = ShortExtraTrajectory(ThetaM3 values, ThetaM4 values);
for 1 = l:size(thetaM3 extra)

thetaM3s (1504+1i) = thetaM3 extra(i);

thetaM4s (1504+i) = thetaM4 extra(i);

[x elbow fronts(1504+i), y elbow fronts(1504+i), x base fronts(1504+i), y base fronts
(1504+1)] = calculateTailKinematics (phi pos(1504+i), thetaM3 extra (i), thetaM4 extra(
i), 11, 12, x fronts(1504+i), y fronts(1504+i));

distanceBaseToElbow = sqrt((x_elbow fronts(1504+1i) - x fronts(1504+i))"2 + (
y elbow fronts(1504+i) - y fronts(1504+1i))"2);

distanceElbowToFoot = sqrt((x_base fronts(1504+1i) - x elbow fronts (1504+i))"2 + (
y_base fronts(1504+i) - y elbow fronts(1504+1i))"2);

tolerance = 0.00001;
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if distanceElbowToFoot - tolerance > 11 || distanceBaseToElbow - tolerance > 12
error ('No solution’)
end

end
%% Check if thetaMé6 exceeds fysical boundary

thetaMémax = 3.4; % Tail can’t go further than this in the body

for 1 = 1l:length(thetaMés)

if thetaM6s (i) > thetaMémax

error (' ThetaM6 exceeds the maximum allowable angle of %$f radians’)

end
end
% Make sure the first value of motor angles is exactly 0 (not 0.00003 bv)
thetaMls (1,1)
thetaM2s (1,1) =
thetaM3s (1,1) =
thetaMds (1,1) =
thetaM5s (1,1) =
thetaM6s (1,1) =

’
’
’
’

7

O O O O O O

’

save (”“C:\Users\tomku\OneDrive - Delft University of Technology\Master HTE\Thesis\MATLAB\Path
trajectory\Motorhoeken_(O_Okg).mat”, "thetaMls”, ”thetaM2s”, ”“thetaM3s”, "“thetaM4s”, ”
thetaM5s”, ”“thetaM6s”);

%% Visualization video of movement

% Setup the figure

figure;

hold on;

grid on;

axis equal;

xlabel (' X Coordinate’);

ylabel ('Y Coordinate’);

title(’Simulation’) ;

% Set axex limits

x1im([-500, 5007]);

ylim ([0, 16001]);

% Initial plot elements for robot body

h tail = plot(x_tails(l), y tails(l), 'ro’); % Tail position marker

h rear = plot(x rears(l), y rears(l), ’"ro’); % Rear position marker

h_front = plot(x_ fronts(l), y fronts(l), "ro’); % Front position marker

h line body = line([x_tails(l), x fronts(l)], [y tails(l), y fronts(l)], ’Color’, 'k’); %

o

Body 1link
h COM = plot(x COMs(1l), y COMs(1l), ’'gx’, 'MarkersSize’, 8); % COM marker

% Initial plot elements floor
p_line = line([x base tail, x base front], [y base tail, y base front], ’Color’, 'k’); %
Ground

% Initial plot elements for tail

h elbow tail = plot(x elbow tails(l), y elbow tails(l), 'ro’); % Elbow position marker

h foot tail = plot(x base tails(l), y base tails(l), 'ro’); % Foot position marker

h line taill = line([x_tails(l), x elbow tails(1l)], [y_tails(l), y elbow tails(1)], ’Color’,
"k ; % Line from tail to elbow

h line tail2 = line([x elbow tails(l), x base tails(l)], [y elbow tails(l), y base tails(1l)],
"Coloxr’, ’'k’); % Line from elbow to foot

% Initial plot elements for front leg
h elbow front = plot(x elbow fronts(l), y elbow fronts(l), ’'ro’); % Elbow position marker

h foot front = plot(x_base fronts(l), y base fronts(l), 'ro’); % Foot position marker

h line frontl = line([x fronts(l), x elbow fronts(l)], [y fronts(l), y elbow fronts(l)], ’
Color’, ’'k’); % Line from tail to elbow

h line front2 = line([x elbow fronts(l), x base fronts(l)], [y elbow fronts(l), y base fronts
(1)1, ’'Color’, "k’); % Line from elbow to foot

% Initial plot elements for rear leg
h_elbow rear = plot(x_elbow rears(l), y elbow rears(l), ’'ro’); % Rear elbow position marker
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h foot rear =
h line rearl =

plot (x base rears(l), y base rears(l),
line([x_rears(l), x elbow rears(l)],

"ro’); %
[y_rears(1)

Tk ; % Line from tail to rear elbow
h line rear2 = line([x_elbow rears(l), x base rears(l)],
"Color’, ’'k’); % Line from rear elbow to foot

o

% Create a VideoWriter object to record the wvideo

[y_elbow rears(1l),

Rear foot position marker
, y_elbow rears(1l)], ’Color’,

y base rears(1l)],

outputVideo = VideoWriter (’simulation video.avi’, ’'Motion JPEG AVI’);
outputVideo.FrameRate = 20; % Specify the frame rate
open (outputvideo) ;
% Animate the movement
for k = l:length(x_tails)
% Update body positions
set (h_tail, ’XData’, x_tails(k), ’'¥YData’, y tails(k));
set (h_front, ’XData’, x_ fronts(k), ’'YData’, y fronts(k));
set (h _rear, ’"XData’, x rears(k), ’'YData’, y rears(k));
set (h_line body, ’'Xbata’, [x_tails(k), x fronts(k)], ’YData’, [y tails(k), y fronts(k)]);

set (h_COM, ’'XData’, x COMs(k), ’"YData’, y COMs(k));

% Update tail positions

set (h_elbow_tail, ’XData’, x_elbow tails(k),

set (h_foot tail, ’‘XData’, x base tails(k),

set (h line taill, ’'XData’, [x tails(k), x elbow tails(k)],
y _elbow tails(k)]);

set (h _line tail2, ’'XData’,
), y base tails(k)]);

% Update front leg positions
set (h_elbow front, ’XData’, x elbow fronts(k), ’YData’,
set (h_foot front, ’XData’, x base fronts(k), ’'YData’,
set (h_line frontl, ’'XData’, [x_fronts(k), x elbow fronts (k)
y elbow fronts(k)]);
set (h_line front2, ’'XData’,

y_elbow fronts(k), y base fronts(k)]);

% Update rear leg positions

set (h_elbow_rear, ’'XData’, x_elbow_rears(k), ’'YData’,

set (h_foot rear, ’'XData’, x base rears(k), ’YData’,

set (h line rearl, ’'XData’, [x rears(k), x elbow rears(k)],
y_elbow_rears(k)]);

set (h_line rear2, ’'XData’,
), y_base rears(k)]);

"YData’, y base_

[x elbow tails(k), x base tails(k)],

[x_elbow fronts(k), x base fronts(k)],

[x_elbow rears(k), x base rears(k)],

"YData’, y_elbow_tails(k));

tails (k));
"YData’, [y tails(k),

"YData’, [y elbow tails(k

y_elbow fronts(k));
y_base_fronts (k));

], ’"YDbata’, [y fronts(k),

"YData’, [

y_elbow_rears (k));
y_base

rears (k) ) ;
"YData’, [y rears(k),

"YData’, [y elbow rears(k

if mod(k, 5) == 0
drawnow;
frame = getframe(gcf); % Capture the frame
writeVideo (outputVideo, frame); % Write the frame to the video
end
end
close (outputvVideo); % Close the video file
hold off;

%% Motion diagram
% Setup the figure

figure;

hold on;

grid on;

axis equal;

xlabel (' X Coordinate’);

ylabel ('Y Coordinate’);
title (' Robot Movement Simulation’);
% Set axes limits

x1lim([-500, 500]);

ylim ([0, 15007);

% Define key frames as per your request
key frames = [1, 600, 1500, 1800, 2505];
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)

% Define grayscale colors for the key frames
colors = [0.9 0.9 0.9; 0.7 0.7 0.7; 0.5 0.5 0.5; 0.3 0.3 0.3
, light grey

% Create plot handles for the legend
h_key frames = [];

for 1 = 1l:length(key frames)
k = key frames (i) ;
% Plot body

plot ([x tails(k), x fronts(k)], [y tails(k), y fronts(k)],

LineWidth’, 2);

plot(x_tails(k), y tails(k), 'o’, ’'MarkerFaceColor’, colors(i,:),

’

0.1 0.1 0.17;

"Color’,

% Dark grey,

colors (i, :), '

"MarkerEdgeColor’,

grey

'MarkerEdgeColor’,

:), 'MarkerSize’, 10, '

colors (i, :)): % Tail position marker

plot (x_fronts(k), y fronts(k), 'o’, ’'MarkerFaceColor’, colors(i,:),
colors(i,:)); % Front position marker

h COM = plot(x COMs(k), y COMs(k), ’"x’", ’'Color’, colors(i,
LineWidth’, 2); % COM marker

% Plot tail leg

plot ([x tails(k), x elbow tails(k)], [y tails(k), y elbow tails(k)], ’‘Color’, colors(i,:)
, "LineWidth’, 2);

plot(x_elbow tails(k), y elbow tails(k), ‘o', ’'MarkerFaceColor’, colors(i,:), '
MarkerEdgeColor’, colors(i,:)); % Tail elbow joint

plot ([x elbow tails(k), x base tails(k)], [y elbow tails(k), y base tails(k)], ’Color’,
colors (i, :), ’'LineWidth’, 2);

plot (x base tails(k), y base tails(k), ’o’, ’'MarkerFaceColor’, colors(i,:), '
MarkerEdgeColor’, colors(i,:)); % Tail foot joint

% Plot front leg

plot ([x fronts(k), x elbow fronts(k)], [y fronts(k), y elbow fronts(k)], ’"Color’, colors(
i,:), ’'LineWidth’, 2);

plot (x_elbow fronts(k), y elbow fronts(k), 'o’, ’'MarkerFaceColor’, colors(i,:), '
MarkerEdgeColor’, colors(i,:)); % Front elbow joint

plot ([x_elbow fronts(k), x base fronts(k)], [y elbow fronts(k), y base fronts(k)], ’'Color
", colors(i,:), ’'LineWidth’, 2);

plot (x_base fronts(k), y base fronts(k), ’'o’, '"MarkerFaceColor’, colors(i,:), '
MarkerEdgeColor’, colors(i,:)); % Front foot joint

% Plot rear leg

plot ([x _rears(k), x elbow rears(k)], [y _rears(k), y elbow rears(k)], ’Color’, colors(i,:)
, "LineWidth’, 2);

plot (x_rears(k), y rears(k), ‘o', ’'MarkerFaceColor’, colors(i,:), ’'MarkerEdgeColor’,
colors(i,:)); % Rear hip joint

plot (x_elbow rears(k), y_elbow rears(k), ’'o’, ’"MarkerFaceColor’, colors(i,:), '’
MarkerEdgeColor’, colors(i,:)):; % Rear elbow joint

plot ([x elbow rears(k), x base rears(k)], [y elbow rears(k), y base rears(k)], ’'Color’,
colors(i,:), ’Linewidth’, 2);

plot (x base rears(k), y base rears(k), 'o’, ’"MarkerFaceColor’, colors(i,:), '
MarkerEdgeColor’, colors(i,:)); % Rear foot joint

% Store the handle for the first plot of each key frame

if 1 ==
h key frames = [h key frames, plot(nan, nan, ’Color’, colors(i,:), ’'LineWidth’, 2)];

elseif 1 ==
h key frames = [h key frames, plot(nan, nan, ’Color’, colors(i,:), ’'LineWidth’, 2)];

elseif i ==
h key frames = [h key frames, plot(nan, nan, ’Color’, colors(i,:), ’'LineWidth’, 2)];

elseif 1 ==
h key frames = [h _key frames, plot(nan, nan, ’Color’, colors(i,:), ’'LineWidth’, 2)];

elseif 1 ==
h key frames = [h key frames, plot(nan, nan, ’‘Color’, colors(i,:), ’Linewidth’, 2)];

end

end

% Add legend

legend([h_key frames, h COM], {’”Quadruped” stance’, ’”Quadruped” stance’,

stance’, ’”Upright” stance’, ’”Upright” stance’, ’Center of Mass'’},

’Location’, ’'best’);

hold off;

’”Transition”
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o°

Save the image
saveas (gcf, 'robot motion diagram.png’);

o o° o°
o0 oo

o° o° oe°

D.2. Function to generate path trajecory of CoM

function [x, y, phi] = ShortPathTrajectory(x values, y values, phi values)
wpts = [x values; y values; phi values];
tpts = 0:(size(x values, 2)-1);

% Custom time vector
% Default step size
defaultStep = 0.002;
% Initialize time vector
tvec = [];
% Loop through each segment
for i = l:length(tpts)-1

stepSize = defaultStep;

tvec = [tvec, tpts(i):stepSize:tpts(i+l)];
end

% Ensure the last point is included
if tvec(end) ~= tpts(end)

tvec = [tvec tpts(end)];
end

% Cubic polynomial trajectory interpolation
[a, ad, gdd, ppval] = cubicpolytraj (wpts, tpts, tvec);

X transpose (q(1l,:));
y = transpose(q(2,:));
phi = transpose(q(3,:));

% Define the indices for every 5th point
point indices = 1:10:1length(q(l,:));

% Indices for arrows, selecting every third point from the already selected points
arrow_indices = point_indices(1:10:end);
% Calculate the components of the direction vectors
arrowLength = 20; % Adjust this value based on your scale
u = arrowLength * cosd(g(3, arrow indices)); % Change in x, based on the angle
v = arrowLength * sind(g(3, arrow_indices)); % Change in y, based on the angle
% Normalize vectors to have the same length
for i = 1l:length(u)

norm = sqrt(u(i)”2 + v(i)"2);

u(i) = arrowLength * (u(i) / norm); % Normalize and scale
v (i) = arrowLength * (v (i) / norm); % Normalize and scale

end
% Initialize arrays for segments
segl points = [];
seg2 points [1;
seg3_points = [];

% Colors for the segments
colors = {’g’, 'b", 'c’};

% Figure for path trajectory of CoM
figure;
hold on;




58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

76
77
78

79
80
81

82
83
84
85
86
87

88
89
90
91
92
93
94
95
96
97
98
99

D.3. Function to calculate knee joint locations

49

% Segment the trajectory points

for i = 1l:length(tpts)-1
segment indices = find(tvec >= tpts (i)
seg_point indices =

% Allocate points to respective segment arrays

if i <= 2 % First two segments

segl points = [segl points, g(:,
elseif i == % Third segment

seg2 points = g(:, seg point indices);
else % Last two segments

seg3_points = [seg3 points, gf(:,
end

end

% Plotting segments with different colors
if ~isempty(segl points)
plot(segl points(l,:), segl points(2,:), [’
DisplayName’, ’”Quadruped” stance’);
end
if ~isempty(seg2 points)
plot(seg2 points(l,:),
DisplayName’, ’”Transition” stance’);
end
if ~isempty(seg3 points)
plot (seg3 points(l,:), seg3 points(2,:), [’
DisplayName’, ’'”Upright” stance’);
end
% Plot waypoints
plot (wpts(l,:), wpts(2,:), ’'or
% Add arrows for orientation
orientationArrows =
Linewidth’, 1,

’

'DisplayName’,

"DisplayName’,

xlabel ("X");

ylabel ("Y");

title (' Trajectory of CoM with orientation’);
grid on;
legend (’ show’,
axis equal;

’Location’, ’'best’);

x1im([-200, 2001);
ylim([200, 6501]);
hold off;

end

seg2 points(2,:), [’.

seg _point indices)];

seg_point indices)];

.’ colors{l}],

’

colors{2}1],

.’ colors{3}],

'Waypoints’);

& tvec <= tpts(i+l));
intersect (segment_indices, point indices);

"MarkerSize’,

"MarkerSize’,

"MarkerSize’,

quiver (q(l,arrow indices), g(2,arrow _indices), u, v, 0,
’Orientation of body’);

10,

10,

10,

D.3. Function to calculate knee joint locations

function [x_elbow,
criterion)

y_elbow] =

% Relative position

dx = x_target -
dy = y target -

of target point to base joint
x_base;
y base;

% Distance from base joint to target point
r = sqrt(dx"2 + dy"2);

if r > 11+12 % Checking if target is reachable

x_elbow = NaN;
y _elbow = NaN;
return;
end
a = (1172 - 1272 + r*2) / (2*r);
h sq = 11"2 - a"2;
h = sqgrt (h_sq);

Elbowposition(x_base, y base, x target,

y_target,

11,

12,
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% Coordinates of point P
X p = x base + a*dx/r;
y p = y base + a*dy/r;

% Calculate coordinate of the knee joint
if strcmp(criterion, 'max’) % Location for rear leg
x _elbow = x p + h*dy/r;

y elbow = y p - h*dx/r;

else
x elbow = x p - h*dy/r; % Location for front leg and tail
y elbow = y p + h*dx/r;

end
end

D.4. Function to calculate motor angles

function thetaml = CalculateThetaml (x base, y base, x elbow, y elbow, phi, criterion)

if strcmp(criterion, ’rear’)

dx = x_elbow - x base;

dy = y elbow - y base;

thetaml = atan2(dx, dy) + phi;
else if strcmp(criterion, ’'front’)

dx = x _base - x_elbow;

dy = y elbow - y base;

thetaml = atan2(dx, dy) - phi;
else

dx = x base - x elbow;

dy = y _elbow - y base;

thetaml = atan2(dx, dy) - phi;
end
end
function thetam2 = CalculateThetam2(x, y, x elbow, y elbow, phi, criterion)

if strcmp(criterion, ’rear’)

dx = x_elbow - x;

dy = y - y elbow;

thetam?2 = atan2 (dx, dy) - phi;
else if strcmp(criterion, ’'front’)

dx = x - x _elbow;

dy = y - y_elbow;

thetam2 = atan2(dx, dy) + phi;
else

dx = x - x _elbow;

dy = y - y_elbow;

thetam2 = atan2(dx, dy) + phi;
end
end

D.5. Function to generate extra path trajectory for tail and front leg

function [ThetaMl, ThetaM2] = ShortExtraTrajectory(ThetaMl values, ThetaM2 values)
wpts [ThetaMl values; ThetaM2 values];
tpts 0:(size(ThetaMl values, 2)-1);

tvec= 0:0.002: (size(ThetaMl values, 2)-1);

[a, ad, gdd, ppval] = cubicpolytraj (wpts, tpts, tvec);
ThetaMl = transpose(g(l,:));
ThetaM2 = transpose(q(2,:));
end
function [x_elbow, y elbow, x foot, y foot] = calculateTailKinematics(phi pos, thetaM5,

thetaMé, tl, t2, x tail, y tail)
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calculateTailKinematics Calculates positions of the tail’s elbow joint and foot
Inputs:

phi pos - Body orientation in radians

thetaM5 - Angle of the first motor in radians

thetaM6 - Angle of the second motor in radians

tl - Length of the first segment of the tail

t2 - Length of the second segment of the tail

x tail - X coordinate of the base of the tail

y _tail - Y coordinate of the base of the tail

o° oP

o° oe

o°

oo

o0 0P o° o° oe

Outputs:
x_elbow - X coordinate of the elbow joint
y elbow - Y coordinate of the elbow joint
x_foot - X coordinate of the foot (end effector)
y_foot - Y coordinate of the foot (end effector)

o°

oo

o oo

% Calculate the adjusted angles including the body orientation
adjustedThetaM5 = phi pos + thetaM5 - 1/2*pi;
adjustedThetaMé6 = phi pos - thetaM6 - 1/2*pi;

% Calculate the position of the elbow joint
x _elbow = x tail + t2 * cos(adjustedThetaMé) ;
y elbow = y tail + t2 * sin(adjustedThetaMs6) ;

% Calculate the position of the foot (end effector)
x foot = x elbow + tl * cos(adjustedThetaM5);
y foot = y elbow + tl * sin(adjustedThetaM5);

D.6. Function to calculate the stability angle

function [alpha, beta] = COM angle(x com, y com, x base rear, y base rear, x base tail,
y_base tail)

dxl = x_base_rear - x_com;
dyl = y com - y base_rear;

dx2 = x com - x base tail;
dy2 = y com - y base tail;

alpha = rad2deg(atan(dxl/dyl));
beta = rad2deg(atan (dx2/dy2)) ;
end
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