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Abstract. Mobile robots are commonly used for tasks such as
monitoring, mapping, and transportation. Among them, the self-
balancing robot stands out, as it is capable of maintaining balance
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and adapting to different slopes, which makes it particularly suitable
for material distribution. However, commercial robots are often
costly, which limits their practical implementation. Rapid
Manufacturing (RM), through additive manufacturing (AM), offers
a potential approach by enabling low-cost and reproducible designs.
This approach is characteristic of frugal innovation, allowing the
robot’s structure and component selection to be scalable and low-
cost, thereby supporting more efficient use of available
resources. This manuscript describes a frugal mechatronic design
for a self-balancing mobile robot with a 5 kg payload, based on a
dynamic mechatronic model. A feasible solution was obtained
through CAD development, appropriate component selection, and
instrumentation for the synthesis of the physical configuration,
while dynamic model simulations were used to parameterise inertial
parameters. The resulting design is presented as a reproducible and
affordable proposal.

Keywords: Mechatronic design, frugal innovation, mobile robots,
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1 Introduction

The development of mechatronic systems requires a strategy that enables the combined integration of various engineering
disciplines, including mechanical engineering, electronics, computing, and control engineering, and that defines a specific artifact
(Hernandez, 2018). These strategies have served as a methodological reference for design, enabling the development of feasible
prototyping solutions for complex, innovative projects (Bartalucci, 2023) and the design of robotic systems (Morales, 2021).

These mechatronic design strategies are commonly three: sequential, iterative, and concurrent strategies, which have been widely
used in the scientific community for the design of new systems (Zheng, 2023), and by using them, it is possible to consider all
stages of the configuration process as an interdisciplinary design to achieve a specific system operation (Herrera, 2024). A design
approach that facilitates the creation of economical, accessible, scalable, and flexible products and systems using limited resources
is known as frugal design (Trejo, 2024). This approach has been referenced as a new paradigm in product creation and
manufacturing, enabling the development of innovative solutions that are simultaneously sustainable, cost-effective, and
environmentally friendly (Santiago, 2024).

Taking advantage of new tools such as artificial intelligence, open-source software, Computer Aided-Design (CAD), Computer
Aided-Analysis (CAE), and Computer Aided-Manufacturing (CAM), it is possible to satisfy the needed balance of a specific
design and operation with complex functioning systems, such as mobile robots, while selecting and proposing available materials
(Lira Hernandez, 2022).
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The self-balancing robot is one of the most versatile mobile robots due to its numerous applications, particularly in logistics and
warehousing, as it is capable of autonomously and quickly transporting products and materials within factories and distribution
centers. (Velandia, 2023). This mobile robot is an interesting system, particularly for the scientific community, which looks for
solutions for stabilization and control strategies to achieve a more balanced operation of the robot. Self-balancing can maintain its
equilibrium on the support point and adapt to various road and slope conditions, whether transporting loads or distributing
materials on a production line. However, commercial models are usually expensive, which limits their availability for academic
projects or initiatives with limited budgets. In such cases, the need arises for new robot designs of this type, focusing on frugal
innovation — scalable, low-cost, and accessible prototypes that utilize materials available in the environment. (Trujillo, 2025).

This work presents a methodological proposal for designing mechatronic systems using a multidisciplinary approach,
incorporating CAD, CAM, RM, AM, and artificial intelligence tools to address one or more design stages. An application case
study is then presented in the combined design process to achieve the frugal innovation proposal of a mobile Self-balancing robot.

The structure of this article is organized as follows: Section 2 presents the methodological strategy for designing mechatronic
systems based on the mathematical model that allows for defining a specific configuration. Section 3 presents a design case study,
showing the CAD design obtained by solving the dynamic model equations. Section 4 presents reflections and discussions on the
advantages, disadvantages, and costs of the developed mechatronic system, and Section 5 concludes with the key findings of the
presented proposal.

2 Frugal Mechatronic Design Methodology

The concept of "design" can be defined as the process of configuring a system within a field of study (Diaz, 2023). In this
configuration process, decision variables are identified and established, enabling a specific solution to be identified within a model.
Design parameters, on the other hand, are those values that cannot be changed but are necessary in the configuration process, such
as the value of gravity, inertial parameters of a material, among others. Thus, from a more formal perspective, we can identify,
through mathematical models (Morales, 2021), the variables in combination that enable us to determine a specific design within
a configuration process, which is expressed as:

Yo =f(Pp; Vp) (1

Here y;, is the mathematical expression that gives synthesis to a specific physical configuration. For this, the requires the variables
Vp and parameters Pp to achieve a feasible solution, that is, set parameters to our different parts design parts (mechanical,
electrical, software, among others), which sizes the kinematics of the mechanism, subject to dimensional constraints of feasible
ranges, which results in the structural mechanical design of the Self-balancing robot. Additionally, during the instrumentation
process, it is necessary to select affordable sensors, components, and actuators based on factors such as weight, size, price, and
electrical operating ranges, among others. One way to obtain the dimensional design is through CAD, as it enables us to define
dimensions. Simulation of the dynamics mathematical model can get the inertial parameters of the system. Later, the final proposed
design can be analyzed via CAE and manufactured via CAM. In this proposal, SolidWorks was used for structural analysis and
the instrumentation process. The inertial parameters, such as centers of mass, weights, and other relevant parameters, were
obtained using the dynamic model simulation of the Self-balancing robot. This dynamic model can be expressed by using
differential equations of the type:

x = f(x(@®)x(®) + g(x(®O)u(t) 2)

Where x represents those state variables of the system that determine its behavior, f(x) is the process function of the differential
equation model, and g(x) is the function that depends on the inputs u(t). Given a system input, a behavior is obtained using the
expression h(x(t)) that defines the response and the system under analysis. The reader can find more details about the dynamical
systems model in Zill (2022). This proposal utilized the dynamic model of a balancing robot, which, through the assignment of
control and design variables, was able to achieve the desired balancing behaviors and subsequently provide a specific solution for
them.

Both synthesis and analysis models (see Fig. 1) enable the creation of a feasible design that can be built as a physical configuration,
as well as to analyze the system's performance (Durango, 2018; Pedraza, 2017).
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A methodology widely used in the scientific community for the design of mechatronic systems is through the use of a mechatronic
design strategy, which can be sequential or iterative, with which we can ensure an integrated design of the mechanical, electrical,
and control proposals in an integrated manner (Cervantes, 2021), as can be seen in Fig. 2.

y,=f(P; V)

V, Design variables
> Synthesis Model particular
P Design parameters physical system

Control Variables u(t) h(x(t)) Particular
>-> Analysis Model behavior of a

Control Parameters particular system

x = fx()x(t) + glr(®)u®)
Fig. 1. Model-based systems design.

In a sequential mechatronic model, both synthesis and analysis models are combined. One specifies the structural design or
physical configuration of the system, while the other allows the evaluation of operational performance. Being a multidisciplinary
design problem, traditionally, the structure or synthesis of the prototype to be developed is defined first (considering elements
with a frugal approach). The behavior of the combined system is then evaluated (Abrego Preza, 2021).

Sequential methodology of design >

Accessibility,
logistics and
cost in the
region

Instrumentation
Power

eletronics

Frugality e e

_r) + ,__»_ ~—> Validation

Specific Physical Specific control
Design Proposal

Fig. 2. Diagram of design methodology.

2.1 Case Study: Self-balancing Robot Design

This proposal employs traditional mechatronic design methodology to achieve the robot design; however, to validate the design's
suitability, the system is modeled in a closed-loop configuration. Thus, it is possible to determine the appropriate parameters
through model reconfiguration, as shown in Fig. 3.

This section presents the mathematical modeling of the system. The Euler-Lagrange formulation is used to derive the dynamic

equations of the robotic system. For the generalized coordinates selected as q € {x, 8}, where the chosen generalized coordinates
x regard the wheels in motion, and 0 consider the angular motion of platforms as an inverted pendulum of the system. Here,
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Q4 € {Qx = u, Qg = 0} where Q, represents the external force from the motor to move the robot, while Qg is the passive joint
of the inverted pendulum. Let us define the kinetic energy of the system as:

T = Toar + Tyena. = 3 MA? +-m(%,” + 3,°) =5 (M +m)x? +mLx cos 6 +-mL?62 +-mIf?  (3)

Where M is the wheel’s mass, m is the mass of the pendulum, L is the pendulum’s length, and [ is the inertia given by the center
of mass, and it is computed as I = %mL2 . The potential energy is given as:

V = Vpena. = mglL cos 6 “4)

With g the acceleration of gravity. Then, the Lagrangian is obtained by subtracting the kinetic energy (3) from the potential energy
(4), as follows:

Ly(%,0,%0) =~ (M +m)x? +mLi cos 6 + ~(mL? + )6 * —mgL cos 0 (5)
Thus, the Euler-Lagrange formulation %z—? — % = Q is used to obtain the equations of a self-balancing robot (which behaves

like an inverted pendulum on a wheel or cart), obtaining the following equations:

1. First equation (car motion):

(M +m)x + mLO cos® — mL6*sin@ = u (6)

2. Second equation (rotation of inverted pendulum):
mLO cos @ + (mL?> + O — mgL sin® =0 (7)

Fig. 3. shows the side view and the coordinate system on which the mathematical model for the two-wheeled inverted
pendulum is constructed. Furthermore, the system parameters are shown in Table 1.

Table 1. Self-balancing robot parameters

Parameter Description Unit
q Acceleration of gravity m/s?
M Wheel mass kg
R Wheel radius m
] Moment of inertia of the wheels kgm/s?
L Length of pendulum m
m Mass of the pendulum kg
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Fig. 3. Reference diagram of the self-balancing robot

Derived from the equations and parameters; to model the system and simulate its behavior, the following considerations are taken
into account:

- m=5 kg, being the desired mass of the load.

- g=9.81 m/s?, being the acceleration due to gravity.

- 0 =0 corresponds to vertical equilibrium.

- For small oscillations around equilibrium (8 = 0), the following approximation can be used: sin(6) =6, cos(6)
=1.

- The linearized model around the equilibrium point shows the behavior of the system.

- Itis also considered to add viscous friction b,% for the car and by the pendulum.

Now, if we wish to describe the system in terms of state space, let X = (x, %, 6,6) , then the model becomes X = AX + Bu, as

0 1 0 0 0
0 — (mL?+1)by m2glL? __mlLbg mL%+1
;o D D D D
X = 0 0 0 1 X+ 0 u (8)
0 _ mLby (M+m)mgL _ (M+m)bg mL
D D D D

Where D = (M + m)(mL? + 1) — (mL)2.

The robot's balance is achieved through a Proportional-Integral-Derivative (PID) controller control algorithm, which is the most
widely used controller in the industry, specifically due to its real-time response capabilities (Borase, 2021). The PID controller is
a feedback control system whose objective is to eliminate the error between the reference signal and the output signal as time
approaches infinity. It also anticipates future behavior through a derivative action, which predicts the process output (Joseph,
2022).

Considering the frugal design approach based on the prototyping environment
e Actuator: Seclect an inexpensive DC motor or servomotor capable of generating the necessary torque.

e Sensor: Use an affordable encoder to measure 0 near the equilibrium point.
e Controller: A PID may be sufficient to stabilize the system.
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2.2 Programming

A pseudocode is presented in Fig. 4, which can be used for programming in any code to simulate the dynamic equations of the
self-balanced robot. By using MATLAB, the code simulates the behavior of a self-balancing robot with a 5 kg load using a
linearized state-space model. By using this code and assigning the appropriate dimensions in the CAD design of the proposed
self-balancing robot, it is possible to define the physical parameters of the system, such as mass, gravity, friction, and inertia,
along with the corresponding mathematical model. However, to run the simulation, it is necessary to establish the control inputs.

Algorithm 1 PID Control for Self-Balancing Robot with Friction
1: Initialize physical parameters: M, m, L, I, g
2: Imitialize friction coeflicients: b, bg
3: Compute common denominator D for dynamic equations
Define positive PID gains: K, K;, Ky
Initialize initial conditions: z, &, 6, 6
Initialize PID variables: ¢ntegral = 0, prev_error =0
Define simulation time £.,4 and time step dt
Create vectors for storing results
for t =0 to t.,4 step dt do
10: Compute error: error =0
11: Update integral term: integral = integral + error x dt
12: Compute derivative term: derivative = “—F==er
13: Update previous error: prev_error = error
14: Compute PID output without sign:

o

O oo =1 & L

Upig = K, X error + K; x integral + Ky x derivative

15: Apply negative sign for control input: u = —upq4
16: Compute accelerations (linearized model with friction):
j_ (M +m)(mgLd — bef) — mL(u — b, )
N D
_ (mL?+ I)(u — b,@) — mL(mgLé — byd)
N D
17: Update velocities and positions using Euler integration:
(& =i+ @ x dt
r=x+xxdi
=0+0xdt
0 =0+0xdt
18: Store states and control input for analysis

19: end for
20: Plot results and optionally animate the system

Fig. 4. Pseudocode for programming the dynamics equation of the self-balancing robot.
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3. Results

3.1 Synthesis and instrumentation results

After the heuristic process of component and material selection, and simulation, the CAD result shown in Figure 8 is obtained,
which proposes the following:

- Structure and support: The base and chassis are made of plywood, 3D printed PLA, acrylic, or lightweight metal, allowing for
good robot balance. The dimensions are 200x100 mm. M3/M4 screws are proposed for assembling 3D-printed joints and spacers
between the robot bases.

- Mechanical components: Rubber wheels with a diameter of 60-80 mm. Castor-type wheels for balancing the robot, and general
cables and switches.

- Actuators: DC motors with plastic gearboxes, with an operating voltage of 6 to 12 V. An L298N driver and an Arduino UNO
or NANO microcontroller are proposed. - Sensors: An MPU6050 accelerometer/gyroscope would be used to measure the actual
reference.

- Power: 18650 rechargeable batteries with a DC-DC converter for a 5V bank.

To achieve this, a PID controller is employed using the pseudocode proposed in MATLAB, which yields the obtained results for
testing, modifying the CAD dimensions, and validating the robot's dynamic response. Using CAD and analyzing the dynamic
model, the system state is iteratively updated, recording the following values for the system parameters: m =5kg , M = 1kg,

2 2
L=0.5m,I=0.006 kgm ,b,=0.1 kg m” ybg=0.1 k‘qu. Furthermore, the gains for the PID controller were adjusted as
Kp=100Kd =1Kl=20

s2 s

3.1 Test 1: Vertical equilibrium point

Since the system starts at the desired equilibrium point, and there is no disturbance or initial error, the error is zero, so
the control input no force is applied to the wheels, then, no torque and no acceleration is produced, which means that
the simulation in the equilibrium point is stable and can maintain a payload of 5 kg in the body of the robot. The
dynamic responses of the wheels, pendulum, and control input are shown in Fig. 5.

1.ll\.nlglrEl of body as inverted pendulum Position of robot PID Control input

0.5 0.5 0.5
= _ =
& o E o & o
= = &
= il
-0.5: -0.5 -0.5
i . . -1 . qL . 4
a 5 10 o 5 10 4] 5 10
Time (s) Tima (s) Tima (s)

Fig. 5. Balance of the self-balancing robot in the vertical equilibrium point.
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3.2 Test 2: Balance with non-zero initial angle of the pendulum

In this test, the pendulum's angle is initialized at 10 degrees with respect to the robot's vertical position. It can be seen
from Fig. 6 that the system is balanced, but any minor disturbance would cause it to start falling. The PID controller
adjusts the input signal; if a slight deviation occurs, the controller responds and attempts to correct it. However, the
simulation achieves perfect precision and eliminates noisy motion from the system.

Angle of body as inverted pendulum PID Control input

Position of robot

10 03 4000 ¢
8 0.25 4000
[ oz .
= — = 2000
o 4 E nis @
= - g
. 1000
2 0.1 =
o L_ 0.05 ot
-2 : : : : 0 : : : : 4 -1000 - : - - - .
4] 2 4 & a8 10 1] 2 4 & 8 10 a 2 4 =} 8 10
Tima (s} Tima (5) Time (s)

Fig. 6. Balance of the self-balancing robot in the vertical equilibrium point.

3.3 Test 3: Balance with a non-zero initial angle of the pendulum and follow a sinusoidal trajectory

In this test, the complete robot should follow a desired sinusoidal path given by x4 (t) = A sin (2rft) with A=0.3 m
and f=0.2 Hz. Then, the pendulum controller's PID should be modified and tuned to K,, = 500 K,; = 10, and K; = 200
the pendulum's angle should be balanced, disregarding the robot's motion on the wheels. Notice that it is about ten
times more energy. Moreover, to move the robot to a desired path, another controller should be added for the wheels,
with gains K, = 20 K;,, = 100and K;,, = 10. Thus, the control input can be stated as u = wu, + u,;, being composed
of two controllers, one to balance the pendulum u, and the other to take the robot to a desired point or path u,, .
Therefore, the robot not only has to balance its body, but it also follows a desired path. The dynamic response can be
seen in Fig. 7.

20 Pendulum Angle Cart Position Tracking Control Force
0.4 | Actual = === Reference l
15 08
0.2 -
10 3
= — 01 §'
2 E =
== % 0 [
= g IS
0.1 5
i} 0.2
-0.3
-5 -
i) 2 4 3] a8 10 o 2 4 & 8 ] 2 4 B 8

Time (s)
Fig. 7. Balance of pendulum and tracking to a desired path of the self-balancing robot

Now, it is clear that we have found a set of inertial parameters for the robot that validates the payload can be moved
along a desired path, with the designed values for mass, length, and other parameters.
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3.4 CAD results

First, the main base was created, where the motors would be fitted, as well as the components that included the battery and drivers.

Fig. 8. Proposed design of the self-balancing robot.

The second base was created to accommodate components such as the microcontroller, the robot's activation button, and the
MPU6050 accelerometer, as shown in Figure 6. Finally, the base was created to support the robot's load, with a capacity of 5 kg,
without compromising the robot's automatic balance in a vertical position.
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Fig. 9. Second base of the self-balancing robot

4 Discussions

The design of the self-balancing robot with a 5 kg payload partially meets the established objectives. Regarding its load capacity,
tests show that it can support up to 5 kg without compromising stability, maintaining balance even in the face of moderate
disturbances. This is due to an adequate distribution of the center of mass and an efficient structural design, utilizing lightweight
yet resilient materials, which also contributes to maintaining a low cost of approximately 2,500 Mexican pesos. This price may
vary depending on location, local prices, delivery availability, and other logistical factors. In the specific case of the northern part
of the State of Mexico, this cost is quite affordable compared to other robot kits available in local and online stores. Nevertheless,
it may depend on the delivery time and location.

The control system, based on a PID algorithm, performs satisfactorily in controlled environments but exhibits limitations in
dynamic situations, such as terrain inclinations or strong disturbances. The sensors used, primarily low-cost gyroscopes and
accelerometers, offer adequate performance; however, their accuracy could be improved to enhance reliability during the
balancing process. The motors and actuators, on the other hand, meet the power requirements, but their high energy consumption
affects the robot's autonomy. From an economic perspective, the design achieves a significantly lower cost than commercial
solutions, thanks to the use of accessible components and a simplified manufacturing process. However, this entails some trade-
offs in terms of the durability of some components, which could limit the robot's lifespan.

5 Conclusions

A cost-effective solution was proposed for designing a self-balancing robot, utilizing a mechatronic design methodology through
CAD and parameterizing the robot using a mathematical model. This approach allowed for the development of a viable,
economical, and functional solution. The self-balancing robot, designed to support a 5 kg load, demonstrates the feasibility of
creating accessible and efficient robotic systems for specific applications.

By optimizing resources and using standard components, an appropriate balance was achieved between cost, functionality, and
performance. To achieve the appropriate parameters in the CAD design, specific configurations were employed in the robot
modeling, which significantly reduced costs without compromising objectives.
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This project opens the door to future improvements, such as the integration of artificial intelligence systems for autonomous
decision-making and the development of additional capabilities, such as object manipulation and adaptation to various surfaces.
Furthermore, the cost-effective approach makes this robot a viable solution for small and medium-sized businesses, educational
institutions, or research laboratories.
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