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ABSTRACT: This study proposed the development of a quadruped cat robot designed to
achieve straight-line walking motion inspired by a cat’s gait. The objective was to enhance cat-
like robotic mobility by addressing challenges in gait planning and joint coordination. The
robot was constructed with 2 degrees of freedom (DoF) for each leg, using lightweight
materials such as acrylic, plywood, and aluminum to balance strength and maneuverability.
Geometric kinematic equations were applied to model the end-effector positions, and a Fourier
series was employed to generate a smooth, periodic trajectory for the foot’s end-effector,
minimizing jerky movements. The Fourier series fitting achieved high accuracy (R? = 0.99) for
the joint angles. The resulting prototype, controlled by an Arduino microcontroller,
successfully demonstrated a stable and periodic gait cycle generated through the Fourier series
approach, confirming the viability of this kinematic method for straight-line motion.
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1. Introduction

Robotics technology became an important field by enabling tasks that were dangerous or
impractical for humans. Among mobile robots, legged robots offered distinct advantages over
wheeled counterparts, particularly in navigating uneven terrain. Quadruped robots, inspired by
the biomechanics of four-legged animals, provided a balance between stability, control
complexity, and adaptability [1-7]. This made them a preferred choice over bipedal and
hexapodal robots due to their simpler mechanics and inherent stability.

The design and control of quadruped robots presented significant challenges, including
maintaining balance, optimizing gait trajectories, and synchronizing actuator movements in the
legs [8—11]. Achieving smooth motion required precise kinematic modeling and dynamic
control strategies. While prior studies emphasized the importance of gait planning and joint
coordination to replicate natural movement patterns, many prototypes struggled with gait
generation and stability during locomotion.

To address these challenges, researchers drew inspiration from biological systems, such
as the agility and efficient gait of legged animals, to develop robots with enhanced mobility in
real-world environments [12—-15]. This bio-inspired robotics approach aimed to simplify
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locomotion while ensuring adequate mobility. The focus was on developing a straightforward
walking motion by modeling the robot’s end-effector positions using geometric kinematic
equations, allowing trajectory planning that mimicked a quadrupedal gait cycle.

Central pattern generator (CPG)-based controllers for legged robots were often
modeled as systems of coupled oscillators, where interactions between oscillators—each
corresponding to a joint or leg—produced the rhythmic output that drove the robot’s limbs [16—
19]. Despite the progress in more complex approaches such as CPGs, simpler kinematic
methods like geometric modeling remained relevant for specific applications. These methods
relied on solving forward kinematics to determine joint angles for desired leg trajectories.
While less adaptive than CPGs, kinematic solutions were computationally efficient and easier
to implement, making them suitable for lightweight and cost-effective robot designs.

Gait generation was a critical aspect of legged robot development, determining how the
robot coordinated its limbs to achieve locomotion. One effective technique was the use of a
Fourier series to generate a smooth, periodic trajectory for the foot’s end-effector [20-25]. By
transforming discrete angle data into continuous motion, the Fourier series minimized jerky
movements. This method used a gait trajectory to determine the end-effector positions over a
single gait cycle and then applied Fourier series fitting to create a fluid walking pattern.

This study detailed the development of a quadruped cat robot with 2-DoF legs,
constructed from lightweight materials such as acrylic, plywood, and aluminum to balance
strength and maneuverability. Geometric kinematic equations were used to model the end-
effector positions, and a Fourier series was employed to generate a smooth, cyclical trajectory.
The prototype, controlled by an Arduino microcontroller and validated through MATLAB
simulations, successfully demonstrated a stable and periodic gait cycle, confirming the viability
of this kinematic approach for straightforward motion. The study aimed to contribute to the
broader understanding of Fourier-series-based locomotion in quadruped robots. The primary
focus was on achieving straightforward walking, where the four-legged robot performed stable
and continuous forward motion without incorporating turning maneuvers or terrain
adaptations.

2. Materials and Methods
2.1. Material and robot design.

The weight of the quadruped cat robot significantly influenced the selection of actuators
required to drive its walking motion. Therefore, a lightweight yet strong structure was essential
to support the robot’s load and ensure ease of operation. The design also considered the overall
form to ensure that each joint conveyed structural integrity. Figure 1(a) illustrates the final
design of the quadruped cat robot, developed according to these criteria. The robot’s body was
constructed using acrylic, which was selected for its superior strength compared to plywood,
as it needed to support the entire electrical system. Plywood was chosen for the legs because
these components were the primary moving parts; a lightweight yet robust material was
necessary to reduce the mechanical load on the servomotors. Aluminum was used for the servo
motor mounts since it provided greater strength, durability, and precision compared to PLA-
based 3D-printed parts. A standard universal aluminum servo mount was selected to reduce
prototype development time. PLA was used only for the foot mounts because using acrylic
would have required additional components, resulting in greater overall weight.
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(b)
Figure 1. Design and prototype of the cat robot. (a) 3D model of computer-aided design; (b) Resulted prototype.

This material combination resulted in a total robot weight of 1293 g, with final
dimensions of 43 cm (length), 20.5 cm (width), and 22 cm (height). The quadruped cat robot
was built with 8 degrees of freedom (DOF), with each of the four legs having 2 DOF. The
lengths of each limb segment are summarized in Table 1. Most of the robot’s body components
were laser-cut from plywood, while the leg mounts were fabricated using 3D printing, as shown
in Figure 1(b). The robot’s movement was powered by eight MG996 standard servo motors,
controlled by an Arduino ATmega2560 microcontroller. An LG HE4 18650 Li-ion battery
supplied power to the entire system.

Table 1. Link lengths and initial angles.

Link  Link length (mm) Angle (degree) Description
L 80 30 First link (upper leg segment)
L 80 90 Second link (lower leg segment)
Ls 80 90 Third link (passive link connected to L4)
Ly 75 90 Fourth link (passive linkage completing

the leg structure)

2.2. Gait generation pattern for forward-motion.

Although the geometric kinematic equations were described briefly, their use followed
established practices in legged robot locomotion. Forward kinematics was commonly applied
to determine joint configurations for desired leg-tip trajectories [12], providing a simple and
efficient alternative to more complex gait-generation methods such as CPG-based approaches
[9, 16, 17]. By formulating the leg geometry and simplifying the equations using trigonometric
relationships, a complete gait cycle was generated through kinematic modeling. The resulting
periodic trajectory was then represented mathematically using curve-fitting techniques such as
the Fourier series [22].

This study focused on developing a quadrupedal robot inspired by a cat’s structure and
movements to achieve a straightforward walking motion. To refine the gait for smoother
locomotion, a Fourier series was employed to generate the end-effector trajectory. This method
first used a gait trajectory to determine the end-effector positions of the robot’s feet over a
single gait cycle, followed by applying Fourier-series fitting to the corresponding joint-angle
data to produce a smooth and continuous walking pattern. Motion control was subsequently
implemented using MATLAB scripts and Simulink blocks that integrated the Fourier-series
equations.
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2.2.1. Forward kinematics.

Forward kinematics was applied to model the relationship between the robot’s joint angles and
the resulting positions of its end effectors. In this study, the modeling was performed by
deriving geometric equations that defined the robot’s leg configuration. These equations were
applied to the cat-inspired gait trajectory to determine the corresponding end-effector positions.
The gait trajectory was simulated using MATLAB, which generated the required joint angles
for each point along the trajectory and enabled detailed analysis of the robot’s movement. The
geometry of a single robotic leg is shown in Figure 2 as an illustrative example.

0

20
h=1I

40t
60 f

’g 80

o £\
100 [ '
120 /Rﬂ
140 | 03 N\ &
160 |

100 -80 60 40 20 O 20 40 60 80 100
X (mm)

Figure 2. Single Leg Geometry of the cat robot.

The equations used to calculate the end-effector position are presented in Equations (1)
and (2). The variables x and y represent the Cartesian coordinates of the end-effector (the foot
tip), measured relative to the hip joint at (0,0). Specifically, x denotes the horizontal position
of the end-effector, while y denotes its vertical position.

X = llsin91 - l3 Sin(ez - 61) + l4_ sin (9, - 02 + 91) (1)
y = —lycos@; —l3cos(8, —0;) —l,cos (6" — 6, +6,) )

The forward kinematics model of the quadruped cat robot was adapted to match the
physical structure of the robot’s legs. Because one of the links in the cat-like robot is a passive
link (link 4), the values of 0. and 0; were equal. Therefore, based on Equations (1) and (2), the
calculation was rewritten according to the robot’s leg configuration, resulting in Equations (3)
and (4).

X = ll(Sinel - Sin(92 - 91) + l4 sin (91) (3)

y = —l;(cos 0, + cos(6, — 6;) — 1, cos (6,) €))

By applying the law of sines, Equations (3) and (4) were further simplified to yield
Equations (5) and (6).
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0, . (20,8 .
x =1 X ZCOS?ZSID (%) + 1, sin (6,) (5)

. 0y, . (26,-6
y =1 X ZSlnfsm (%) — 1y cos(6,) (6)
2.2.2. Trajectory generation

Equations (5) and (6) were implemented as a symbolic function in MATLAB, serving as the
primary reference for determining the initial position of the robot’s leg. Table 1 lists the
parameters required for this calculation, including the length of each leg link and the
corresponding joint angles. These values were used to compute the joint angles 0: and 6., which
defined the configuration of the leg. Each leg was equipped with two servo motors responsible
for actuating 6: and 0.. Based on the kinematic calculation, the end-effector position of the leg
was obtained as x = 8.21 mm and y =—174.23 mm.

To achieve smooth and stable locomotion in the quadruped cat robot, trajectory
generation was essential for defining the path of each foot’s end-effector throughout a gait
cycle. The process began by modeling the initial leg position using forward kinematics to
determine the end-effector coordinates based on the parameters summarized in Table 1. Key
points along the desired trajectory were then selected to represent the critical phases of the gait,
such as lift-off, swing, and touchdown. These points were derived from the robot’s kinematic
constraints and gait requirements, including stride length and step height. By interpolating
between these points, a discrete trajectory was generated and later refined into a continuous
motion using a mathematical curve-fitting technique, specifically the Fourier series.

For periodic end-effector trajectory generation, the Fourier series was employed to
convert the discrete joint angle data (6: and 62) into a smooth and cyclical motion. The Fourier
series decomposed the angle profiles into harmonic components, enabling the synthesis of a
continuous trajectory that minimized jerky or abrupt movements. In this study, a fifth-order
Fourier series was fitted to the angle data using MATLAB’s curve-fitting tools, achieving high
accuracy (R? = 0.99). A nonlinear least-squares optimization algorithm was applied to
determine the Fourier coefficients. The coefficient of determination, R?, was defined
mathematically as shown in Equation (7), where the actual, predicted, and mean values were
used for evaluation. The resulting Fourier equations combined sine and cosine terms with
empirically derived coefficients, capturing the periodic nature of the gait. This approach
ensured fluid, coordinated movement across the gait cycle while reducing the computational
load on the microcontroller by compressing the entire trajectory into a compact mathematical
form.

>0 -5
Rl —— (7)

Zn:(yi _.)_}i)z

3. Results and Discussion
3.1. Results.

After modeling the kinematic equations, the next step was to perform trajectory generation,
which aimed to determine the leg’s end-effector angles throughout a single gait cycle. This
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process was carried out based on the initial position coordinates previously obtained. The gait
cycle pattern was divided into several x- and y-coordinate points, referred to as key points, to
define the path that the robot’s end-effector would follow. Table 2 presents the coordinate
points (key points) used to construct the gait cycle for the robot’s leg movement.

Table 2. Position of the gait cycle trajectory.

Key point X (mm) y (mm)
1 8 -174
2 -14 -174
3 -5 -150
4 32 -174
5 8 -174

The trajectory generation process for the quadruped cat robot begins with key Point 1,
which establishes the robot's initial position. At this stage, the end-effector coordinates (x = 8
mm, y =-174.23 mm) are calculated using forward kinematics, based on the robot's link lengths
(L—L4) and initial joint angles (6: = 30°, 8- = 90°). The initial position plot is shown in Figure
3. This position serves as the foundation for the gait cycle and is validated through MATLAB
modeling (Figure 3). The discrete angles for 6; and 6: at Key Point 1 provide the baseline data
necessary for interpolating the subsequent trajectory points, ensuring a smooth transition to the
next phase of end-effector motion.
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Figure 3. Initial position for the cat robot's leg (key point 1).

From key point 2 to key point 5, the trajectory was generated by interpolating between
the predefined coordinates in Table 2 to form a cohesive gait cycle. Key point 2 (x = —14 mm,
y =—174.23 mm) represented the backward stride phase, during which 6. decreased while 6
remained near 90°. Key point 3 (x = -5 mm, y = —150 mm) corresponded to the highest lift
during the swing phase, where 0. increased to elevate the foot. Key point 4 (x =32 mm, y = —
174.23 mm) indicated the farthest forward reach of the stride, contributing to forward
propulsion, while key point 5 returned the leg to its initial position, completing one full cycle.
Each transition was computed using MATLAB with a step density of 0.2, ensuring smooth
angular changes for both 0: and 0.. The resulting end-effector trajectory for one gait cycle is
shown in Figure 4.
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Figure 4. Calculated gait cycle trajectory.

The determination of key points in this study was limited to five points. This limitation
was necessary because specifying too many key points would have exceeded the memory
capacity of the microcontroller used. The results of the trajectory generation showed that the
robot produced a periodic and stable gait cycle. Interpolation between the key points minimized
jerky movements, as reflected in the gradual changes in joint angles. Important gait
characteristics included sufficient foot clearance during the swing phase (key point 3) and
maximum stride length (key point 4), as illustrated in Figure 5 along with the other key points.

0 T ] 0
20
-40

60 -50

E 80 €
E E
> 100 > AK
5 3
V N\
120 %Q, ko \
\ \
140 | %
‘)‘} \§
* \
160 [ \ \
\ \
. 1%y —— 150 A
120 100 80 60 40 -20 0 20 40 60 80 100 -80 60 40 -20 0 20 40 60 80
X (mm) x (mm)
(a) (b)
0 - T 0 T T <
20 -20
401 -40
60| 60
E 80f E 80
E £
ok 1™ 100
g}
20 1 A 1 120 \
\
140 | \ 140 \k,
\
160 [ -160 \
-100 -50 0 50 100 120 100 -80 -60 40 -20 0 20 40 60 80
X (mm) x (mm)
(©) (d)

Figure 5. Position for the cat robot's leg. (a) Key point 2. (b) Key point 3. (c) Key point 4. (d) Key point 5.

To achieve smooth and periodic motion of the quadruped cat robot’s end effector, a
Fourier series curve-fitting approach was applied to the discrete trajectory data. The process
began by extracting the joint angle profiles (6: and 02) from the gait cycle key points, which
were then approximated using a Sth-order Fourier series. For 01, the fitting achieved an R? value
of 0.9991, while 0: reached an R? of 0.9963, confirming the accuracy of the model. The
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resulting Fourier equations (Equations 7 and 8) decomposed the angle profiles into harmonic
components, enabling efficient real-time control with reduced computational load on the
microcontroller.

The joint angles #; and 6> , as shown in Equations (8) and (9), are derived from the
following Fourier series equations. These equations are used to transform the discrete angle
data into continuous, smooth trajectories, which ensures stable and efficient motion control for
the robot's gait cycle. Where ; and 2 are 5.26 rad/s and 6.28 rad/s respectively.

0:(t)=29.78+0.46cos(w1t)—6.12sin(m1t)—0.31cos(2mt)+0.15sin(2mt)+0.18cos(3wit)+0.56sin(3w:t)—0.
146cos(4m1t)—0.01sin(4mt)+0.06cos(Smit)—0.23sin(5m1t) ()

0:(t)=94.3—7.60cos(m2t)+0.59sin(wt)+4.23cos(2wat)+0.183sin(2m1t)—0.68cos(3wat)—0.19sin(3w,t)—0.
27cos(4mat)—5.89x10 sin(4mat)—0.23cos(5wat)+0.05sin(5wat) )

The quadruped cat robot moved according to the gait cycle trajectory, with angles 6. and
02 controlled via an embedded MATLAB program. The motion began from the initial position
after zero-setting adjustments were made to synchronize the hardware and software. Angle 0:
reached a maximum of 6.8° at 0.74 seconds and a minimum of —6.8° (counterclockwise) at
0.24 seconds, while 02 peaked at 16.7° at 0.5 seconds and dropped to —1.9° at 0.26 seconds, as
shown in Figure 6. This motion followed the planned trajectory, with minor deviations
attributed to servo motor limitations and insufficient leg rigidity. The results confirmed that the
kinematic design for the front right leg operated as intended within a single gait cycle.

Theta (degree)

Time (seconds)

Figure 6. The front right leg movement.

For the front left leg, testing began from key point 3 (rather than the initial position) to
establish a movement rhythm opposite to that of the front right leg, causing the left leg to move
downward when the right leg lifted. Angle 0: reached a maximum of 5.32° at 0.72 seconds and
a minimum of —8.39°, while 0. peaked at 19.57° at 0.3 seconds and decreased to 0.5° at 0.98
seconds, as shown in Figure 7. The servo motor direction was also adjusted because the initial
modeling was based on the right leg. The results demonstrated effective coordination for the
trotting pattern, although slight deviations in angles were observed due to servo motor
limitations and insufficient leg rigidity.
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Figure 7. The front left leg movement.

For the rear right leg, the robot moved inversely to the front left leg, starting from key
point 3. Angle 0: reached a maximum of 8.39° at 0.24 seconds and a minimum of —5.32° at
0.74 seconds. For 02, the peak angle was —19.45° at 0.28 seconds, with a minimum of 0° at 0
seconds, as shown in Figure 8. The results demonstrated a coordinated motion pattern, although
slight deviations were observed due to servo motor limitations and the leg’s limited rigidity.
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Figure 8. The rear right leg movement.

In the movement of the rear left leg, test results indicate that this leg is the opposite of
the front right leg. The maximum angle 6: reaches 6.97° at 0.26 seconds, while its minimum is
-8.39° at 0.98 seconds. For -, the maximum angle is 2.01° at 0.8 seconds, and the minimum is
-16.76° at 0.5 seconds. The movement graph is shown in Figure 9, demonstrating a coordinated
motion pattern with other legs to achieve the desired gait trajectory, despite slight deviations

due to structural and servo motor limitations.
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Figure 9. The rear left leg movement.

The results demonstrated that the straightforward motion of the quadruped cat robot,
designed using the Fourier series for trajectory generation, was successfully implemented in
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the prototype, enabling the robot to perform straight movement from left to right, as shown in
Figure 10. By applying the Fourier coefficients to model the joint angles 6: and 02, the robot
achieved coordinated leg movements through a trotting gait, with the front right leg moving in
sync with the back left leg, and vice versa. Although initial tests revealed challenges such as
instability and minor joint deviations caused by structural flexibility and servo motor
limitations, adjustments to the components allowed the robot to walk autonomously. The
Fourier-based trajectory ensured smooth transitions between key points, validating the
kinematic approach for straight motion, while highlighting areas for improvement in dynamic
stability in future iterations.

Figure 10. Implemented Fourier series gait generation for straightforward movement on the robot prototype.

3.2. Discussion.

The successful implementation of a Fourier series for trajectory generation in the quadruped
cat robot demonstrated the effectiveness of harmonic analysis in simplifying complex gait
patterns into smooth, periodic motions. By decomposing the joint angle profiles into Fourier
coefficients, the study achieved high accuracy (R? = 0.99 for 0: and 0.996 for 6:), enabling
efficient real-time control with minimal computational overhead. The trotting gait,
synchronized across diagonally opposed legs (front right with rear left and vice versa),
validated the kinematic model.
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Despite minor limitations, the robot’s ability to perform straight-line motion confirmed
the viability of Fourier-based trajectory planning for legged robots. The modular design,
combining laser-cut plywood, 3D-printed mounts, and lightweight actuators, proved adaptable
for iterative improvements. Future research could enhance stability by integrating feedback
control systems, such as IMUs or force sensors, to compensate for real-world disturbances.
Additionally, exploring higher-order Fourier terms or alternative optimization algorithms may
further refine gait efficiency. This study balanced simplicity and performance, with potential
applications in uneven terrain navigation.

The use of a Fourier series aligns with previous works that applied harmonic
decomposition to generate smooth and periodic joint trajectories for legged robots, effectively
transforming discrete gait data into continuous motion profiles suitable for real-time
implementation [22, 25]. The experimental evaluation focused on straightforward walking on
flat, controlled surfaces to validate the feasibility of the Fourier-based gait generation method.
Future studies will expand experiments across multiple terrains, including quantitative
measurements of walking stability, forward speed, and energy consumption.

4. Conclusions

The Fourier series—based trajectory generation enabled the quadruped cat robot to perform a
straight-line trotting gait, modeling joint angles 0: and 6. to ensure smooth transitions and
efficient real-time control. Coordinated movement of diagonally opposed legs validated the
kinematic model, and the modular design, featuring laser-cut plywood and 3D-printed mounts,
allowed adaptability for future improvements. While minor instability and joint deviations
occurred due to structural flexibility and servo limitations, the robot successfully achieved
autonomous straight-line motion.
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