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Abstract

This paper presents the design and implementation of Jaeger UTFPR, an open-source, low-cost, remote-controlled
tiny humanoid robot measuring just 12 cm in height. Developed with a focus on accessibility and affordability, the
robot integrates 3D-printed components, cost-effective electronics, embedded systems, and wireless communication
to provide real-time audio and video feedback through a virtual reality (VR) interface. Operators control Jaeger
UTFPR using a VR headset and motion controllers, enabling immersive telepresence and direct manipulation of the
robot’s movements. With a total cost of just a few tens of dollars, this innovative solution offers broad applications in
education, entertainment, research, and remote inspection, serving as an accessible platform for robotics enthusiasts
and developers. Experimental evaluations demonstrate the system’s effectiveness in balancing performance and
cost, validating its potential as a tool for immersive robotics experiences.

1. Introduction

Robots possess immense potential across various domains, offering transformative capabilities in mul-
tiple aspects of human life. In living services, they adopt a friendly role and efficiently perform a wide
range of tasks [1, 2]. In the entertainment industry, robots enhance visitor engagement in theme parks,
museums, and exhibitions by acting as entertainers, presenters, or guides [3]. They are also transform-
ing education by serving as interactive teaching assistants, delivering personalized learning experiences,
engaging students in dynamic activities, and providing tutoring support [4]. Beyond these areas, robots
are increasingly deployed in military, industrial, healthcare, and agricultural applications, where they
contribute to safety, efficiency, and productivity [1, 5].

Robots stand at the forefront of technological innovation, serving as a driving force behind progress
and transformation across various industries. Their continuous development is widely recognized as
a key indicator of a nation’s technological prowess and commitment to innovation [6, 7]. However,
unlocking their full potential requires significant breakthroughs in both software and hardware domains,
including enhancements in artificial intelligence, sensor technology, energy efficiency, and mechanical
design [8, 9]. Recent efforts in the field of robotics have focused on specialized applications, such as
improving robot task scheduling in cluttered environments [10], enhancing dynamic locomotion [11],
and developing systems with intelligent behaviors [12].
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Designing human—machine interfaces for mobile robots is a multidisciplinary challenge that requires
considering the limitations of the entire control chain. On the robot’s side, constraints include mecha-
tronic limitations and processing power, which can restrict onboard sensory data processing. The
communication link between the robot and the operator must account for network bandwidth, latency,
and adaptability to dynamic conditions, factors that are particularly critical for real-time applications
[13]. On the operator’s side, human factors such as cognitive limits, psychology, and ergonomics are
crucial alongside hardware and software design requirements [14].

In the literature, the term teleoperation commonly refers to the scenario in which a human operator
remotely controls a robot to perform tasks, often requiring precision and dexterity in the remote envi-
ronment [15]. Recent works, such as that by ref. [16], have explored advanced virtual reality (VR)-based
teleoperation architectures, while ref. [17] has investigated the use of telepresence robots in social set-
tings, such as elder care. While various interpretations exist, in this work, we focus on teleoperation
involving a real environment and a humanoid robot. The teleoperation setup can be understood as an
interactive system in which the robot replicates the human’s actions to achieve a shared objective [15,
18]. Teleoperating humanoid robots present considerable challenges, particularly due to their mechan-
ical complexity and the dynamic, unstructured nature of remote environments [19]. Nevertheless, the
ability to integrate human cognition and robotic physical capabilities makes teleoperation a compelling
solution for tasks where full autonomy is not yet viable.

Most robotic development focuses on child-sized to adult-sized robots [9]. In ref. [20], the authors
introduce SDR-4X, a small humanoid entertainment robot with enhanced human interaction and home
adaptability. Nevertheless, its size exceeds half a meter, highlighting the relatively low attention given
to very small robots, compared to larger ones. Cost is another primary challenge in this field. In refs.
[21] and [22], the low-cost humanoid robot POPPY has been developed using 3D printing technology.
However, despite its affordability compared to traditional humanoid robots, its cost still exceeds several
thousand dollars.

To overcome these challenges, a number of works have sought to push the limits of cost-effective
humanoid design by using additive manufacturing, modular electronics, and compact mechanical
topologies [23, 24]. These efforts, including the development of platforms for dynamic locomotion [25]
and those designed for inspection in narrow spaces [26], demonstrate the feasibility of low-cost plat-
forms suitable for research and education. Other designs have focused on specific functionalities like
unique locomotion mechanisms [27, 28] or low-cost camera systems for real-time applications [29].
While these works represent significant progress, many still depend on custom components or non-
trivial assembly techniques. Mechanical design also plays a critical role in enabling efficient motion
and structural simplicity, especially in small-scale robots where space and weight constraints are more
pressing [30, 31]. Moreover, high-accuracy kinematic models are essential for precise manipulation,
even in serial manipulators [32]. While advanced strategies such as adaptive control for varying terrain
[33] and high torque-to-weight hydraulic actuators [34] have been proposed for improving locomo-
tion and joint performance, such techniques remain more applicable to larger or high-end platforms.
Nonetheless, these insights inform the broader field and inspire scaled-down adaptations in compact
systems.

1.1. Main contributions

In this paper, we present Jaeger UTFPR, a compact, low-cost, headset-controlled humanoid robot that
stands just 12 cm tall and can be built for only a few dozen dollars. Its structure is fabricated using
3D-printed parts, which ensures both affordability and ease of maintenance. The robot is designed for
versatile use across education, entertainment, and research domains. Its key features are as follows:

« Remote-controlled via a VR headset: Offers an immersive teleoperation experience, allowing
intuitive control through head movements;

o 3D-printed structure: All mechanical parts are fabricated using additive manufacturing, promot-
ing rapid prototyping, modularity, and low replacement costs;
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Figure 1. On the left, Jaeger UTFPR, a small humanoid robot measuring only 12 cm in height. On the
right, an operator controlling the robot using a VR headset and its respective controllers.

o Low cost: The total material and component cost remains within a few dozen dollars, making it
accessible to students, educators, and hobbyists. Compared to other platforms such as POPPY
[21, 22], it offers a significantly more affordable cost;

« Fully open-source: All hardware schematics, CAD files, and control software are publicly
available [35], encouraging replication, customization, and collaborative development by the
robotics community.

Thanks to its diminutive scale and immersive control system, Jaeger UTFPR enables users to experi-
ence the world from the unique perspective of a 12 cm-tall individual. This feature evokes thematic
parallels with the immersive miniaturization explored in the film Downsizing [36]. Recent robotics
research has explored various aspects of advanced platforms, but none fully integrate the key domains
of miniaturization, immersive VR control, and open-source, low-cost design. Some works have focused
on miniaturization, developing platforms such as millirobots and bio-inspired systems for narrow spaces
[24, 26], as well as insect-sized hexapods [27] and accessible miniaturized multi-robot platforms [37].
A separate body of research has concentrated on VR control, demonstrating immersive teleoperation
architectures for remote manipulation [14, 16, 17]. Concurrently, many projects have been dedicated
to providing open-source, low-cost solutions, using 3D printing and off-the-shelf components to create
affordable platforms for research and education [23-25, 29, 37]. To the best of the authors’ knowledge,
no single platform combines all three of these domains, making our work a novel solution in the field.

This paper is structured as follows: Section 2 introduces the proposed solution, detailing its hardware,
sensors, actuators, and software. Section 3 presents an evaluation of the proposed system, while Section 4
concludes with final remarks.

2. Proposed solution

An overview of the proposed system is presented in Figure 1. On the left, the Jaeger UTFPR robot is
shown, measuring only 12 cm in height. It integrates an embedded platform composed of hardware
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and firmware responsible for capturing data from its sensors and executing actions through its actuators
while maintaining communication with a VR headset via Wireless Fidelity (Wi-Fi). On the right, an
operator is shown using a VR headset running custom software that displays real-time video and plays
audio captured by the embedded system. The operator also holds two hand controllers, which enable
control of the robot’s actuators, with the controllers’ positions continuously tracked by the VR headset.
Additionally, the VR headset is responsible for acquiring data from its integrated sensors, including the
microphone and controllers, and transmitting this information to the embedded platform. In this way,
the operator achieves full control of the miniature robot, experiencing its environment through real-time
audio and video feedback, while also being able to manipulate the robot’s arms based on the relative
positional data of the VR controllers.

The bottom, top, back, front, left, and right views of the robot are presented in Figure 2, high-
lighting the positions of all actuators and sensors. The actuators include seven stepper motors, which
control the movement of the robot’s arms and camera; two direct current (DC) motors, responsible for
driving the wheels and enabling locomotion; and a speaker for audio output. The sensor array consists
of a camera, positioned on the robot’s head to capture visual data, and a microphone for acquiring ambi-
ent audio. These components are distributed across the robot’s structure to ensure efficient movement,
environmental perception, and real-time interaction with the operator via the VR system. Additionally,
the figure identifies the location of the battery compartment and the power switch.

2.1. Hardware

The hardware consists of a main board and a driver board, as shown in Figure 3. The main board is
primarily responsible for all processing operations related to the robot, while the driver board handles
the control and state management of all motors. The components were selected to keep costs as low as
possible, while also prioritizing parts that are readily available.

2.1.1. Main board

At the core of the main board is the ESP32 module, as shown in Figure 3, positioned on the top layer. This
module features an ESP32-DOWDQG6 microcontroller while also integrating a 4 MB SPI flash memory.
To support image processing, the main board also includes an APS6404L integrated circuit (IC), which
provides 64 Mb of DRAM. The top layer of the board also hosts the speaker and microphone connectors,
along with the reset button. On the bottom layer, the camera connector, power input, and board-to-board
headers are located. To ensure proper power distribution, both layers include 3.3 V voltage regulators
connected via a 0.1 Q resistor for load balancing. It is worth noting that the ESP32-DOWDQ6 module
was chosen for its availability and low cost; however, variations or updated versions of this module can
be used with minimal impact on the overall project design.

2.1.2. Driver board

The driver board is responsible for managing and controlling all nine motors in the system. To deliver
current to the motors, eight DRV8833 dual H-bridge motor drivers are used — seven dedicated to
controlling the stepper motors and one used to control the two DC motors. Each stepper motor requires
control of two phases, and since a single DRV8833 can independently control two motor phases or two
DC motors, this configuration is both efficient and space-saving.

Given the limited availability of GPIO pins on the microcontroller, three 74HCT259 ICs — 8-bit
addressable latches — are employed to manage the motor control signals. Two of these latches are used
to drive the motor phases, while the third is dedicated to controlling the enable signals for the drivers.
This architecture allows full control of seven stepper motors and two DC motors using only six GPIO
pins: three pins (0-7) are used to select which motor configuration to address (in configuration 7, phase
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Figure 2. Bottom, top, back, front, left, and right views of Jaeger UTFPR, indicating the positions of
all actuators (seven stepper motors, two DC motors, and one speaker) and sensors (a camera and a
microphone).

1 drives one DC motor and phase 2 the other), and three pins are used to select which of the three latches
will be written to (phase 1, phase 2, or enable).

This compact and efficient design enables precise motor control with minimal pin usage. Additionally,
motors that are not actively rotating are disabled by the main board to prevent overheating and conserve
energy. It is also important to note that each H-bridge on the DRV8833 has two input lines. To enable
bidirectional control of each motor phase using only one output from a 74HCT259, a P-Channel Metal-
Oxide-Semiconductor Field-Effect Transistor (P-MOSFET) is used to invert the signal from the first
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Figure 3. Top and bottom views of the main and driver PCB boards.

input and feed it into the second input of the same bridge. This strategy minimizes the number of required
control signals while maintaining full bidirectional control over each motor.

To enable wireless operation, the Jaeger UTFPR robot is also equipped with two 16,340 3.7 V bat-
tery slots, as shown in the back view of Figure 2. These batteries typically have a capacity of about
1300 mAh each. The batteries are connected in series, supplying power to both the main board and the
driver board through their respective power headers shown in Figure 3.

2.2. Sensors

As shown in the front view in Figure 2, the Jaeger UTFPR uses a camera to capture image data from
its surroundings. For this purpose, a 24-pin Flexible Printed Circuit (FPC) connector, located on the
bottom layer of the main board shown in Figure 3, is used to interface with an OV2640 camera featuring
a 160° field of view. This camera is equipped with a sensor array of 1632 columns by 1232 rows, capable
of capturing images with resolutions up to 1632 x 1232 pixels. To allow proper positioning within the
robot’s frame, the camera’s FPC cable must be at least 10 cm long. The microphone and speaker are
placed as shown in the front view of Figure 2. Directly below the camera, a 9 mm microphone is installed
and connected to the Microphone JST connector located on the top layer of the main board, as shown
in Figure 3.
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2.3. Actuators

Below the microphone, a 2 W speaker with a diameter of 2.3 cm is mounted, with its connector also
located on the top layer of the main board, as shown in Figure 3. An LM358 operational amplifier,
positioned on the bottom layer of the main board, is used to amplify the microphone’s signal. The
speaker is driven via a digital pin using the Remote Control Transceiver (RMT) peripheral of the ESP32,
which emulates Pulse Width Modulation (PWM) behavior. The audio signal is generated at a frequency
of 8 kHz with 8-bit resolution per sample. In this setup, each audio sample is mapped to a PWM duty
cycle ranging from 0% (0) to 100% (255), where each sample period consists of 255 pulses.

The robot’s motor actuators consist of seven stepper motors with 2210 steps per revolution and two
N20 DC motors, with their JST connectors located on both the top and bottom layers of the driver
board, as shown in Figure 3. Each arm is equipped with three 5 V stepper motors, each having a 15 mm
diameter and featuring an embedded 1:110 reduction gear, enabling movement in three degrees of free-
dom: vertical (up and down), horizontal (forward and backward), and the opening and closing of the
forearm. The positioning of each motor is illustrated in the left, right, and top views in Figure 2. Notably,
each arm also includes a motor housed within the robot’s main body.

The use of low-cost N20 DC motors and small stepper motors was a deliberate choice to provide the
robot with a good range of motion without a significant cost increase. The N20 motors provide sufficient
torque to move the robot on flat surfaces, while the stepper motors offer precise, repeatable movements
for the arms. The trade-off is that these motors have limited speed and torque, which means the robot
cannot perform tasks requiring rapid, forceful movements or lift heavy objects. Similarly, the ESP32
microcontroller, while being an excellent low-cost solution for Wi-Fi and processing, is not as powerful
as more expensive microcontrollers, which limits the achievable video resolution and frame rate. This
highlights the core design philosophy of the proposed platform: balancing performance and cost by
making conscious trade-offs in component selection to achieve an accessible, functional system.

2.4. Embedded software

2.4.1. Firmware

The robot’s firmware was developed using the Espressif Internet of Things Development Framework,
which offers a comprehensive set of tools and libraries to support application development on ESP32-
based hardware. The firmware is responsible for real-time tasks such as image acquisition, audio
processing, motor control, and wireless communication.

Image data is acquired from the OV2640 camera, with frame rates varying from 15 to 60 fps depend-
ing on the selected resolution. Higher resolutions impose a significant processing load on the ESP32 and
result in larger image files, which in turn decrease the transmission rate to the VR headset. As shown in
Figure 4, multiple ESP32 peripherals are utilized: Inter-Integrated Circuit (I?C) for camera communica-
tion, Universal Asynchronous Receiver/Transmitter for programing and debugging, Analog-to-Digital
Converter (ADC) for audio sampling, timers for stepper motor control, RMT (Remote Control) for sound
playback, and Wi-Fi for wireless data exchange.

Audio sampling is performed at 24 kHz via the ADC. To reduce high-frequency noise, every three
samples are averaged to produce an effective 8 kHz signal. The resulting 8-bit samples are stored in a
circular buffer and transmitted in chunks of 4000 samples (equivalent to S00 ms of audio) to the VR
headset. Sound playback is handled using the RMT peripheral, which is typically employed for protocol
timing but is leveraged here for generating precise PWM signals. Unlike timer-based solutions, RMT
offers superior timing accuracy with minimal interference from the main application thread. For each
500 ms block of received audio (4000 samples), the RMT generates a PWM signal composed of 256
high and low duty cycle segments to reconstruct the analog waveform.

Motor control is managed via a queue that stores successive target angles received from the VR head-
set. The system controls seven stepper motors, each updated using one of two hardware timers. Motors
are actuated at speeds of up to 800 steps per second. Given a resolution of 2210 steps per revolution, this
equates to a maximum angular velocity of approximately 130°/s per motor. Importantly, each timer can

https://doi.org/10.1017/50263574725102907 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574725102907

Robotica 4373

/!Embedded Solufio.n\ (( I ))

________

........

'

)

</>

Figure 4. Peripheral usage.

operate different motors independently. The firmware also handles concurrent transmission of image
data over Wi-Fi and the bi-directional streaming of audio data. While images are transmitted as they
become available, audio data is sent in fixed-size chunks of 500 ms.

2.4.2. VR software

To complement the embedded firmware and deliver a complete solution, a custom VR application was
developed. This application captures motion data from the VR controllers, computes their relative posi-
tions, and calculates the corresponding kinematics, which are then transmitted to the robot in real time.
It also captures audio from the VR headset’s built-in microphone at an 8 kHz sampling rate, applies
8-bit quantization, and sends the data to the robot for playback. Simultaneously, it receives audio cap-
tured by the robot’s microphone and plays it back through the VR headset, enabling two-way audio
communication.

The application also handles the reception and display of image data transmitted by the robot. This
visual feedback is aligned within the user’s field of view. To ensure accurate arm movement represen-
tation, the VR application includes a calibration feature that allows users to define the relative position
of their hands while in a stationary pose. Without this step, reliable inverse kinematics calculations
would not be feasible. For communication between the VR headset and the robot’s firmware, the solu-
tion supports both Transmission Control Protocol (TCP) — a connection-oriented protocol that ensures
reliable, ordered data transmission — and User Datagram Protocol (UDP) — a connectionless protocol
optimized for low-latency, real-time data exchange.

2.5. Kinematics

To accurately replicate the operator’s arm movements, the robot’s arm utilizes both forward and inverse
kinematics. These techniques enable the computation of joint angles for the three actuated degrees of
freedom in the arm, either by exhaustively minimizing positional error across all angle combinations or
by directly solving the inverse kinematics equations for a given end-effector target. In this work, both
approaches are supported; however, due to their computational demands, all calculations are offloaded
to the VR headset rather than performed onboard the robot.

The overall kinematics of the robot’s arm are represented by a transformation matrix K, which results
from the successive application of rotation and translation matrices. These matrices describe the spatial
relationship between the joints and segments of the robot arm in 3D space. Below is a breakdown of
each transformation matrix:
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1. Rotation Matrix about the x-axis R,:

1 0 0

0 cos(f) —sin(H)
0 sin(6)) cos (0))
0 0 0

R, = ey

- o O O

Applies a rotation of angle 6, around the x-axis, corresponding to the shoulder pitch movement.
2. Rotation Matrix about the z-axis R_:

cos (6,) —sin(6,)
sin (6,) cos (6,)

S = O O
- o O O

R, = 0 0 @
0 0
Represents a rotation by 6, around the z-axis, corresponding to shoulder roll.
3. Translation Matrix along the y-axis T,_,:
1 0 O 0
0 1 0 -D.,
Tm=1lo 0 1 o | )
0 0 O 1

Translates the coordinate frame by a distance D,_, (shoulder to elbow) along the negativey-axis.
4. Rotation Matrix for the forearm R,_;c.m:

0 0
cos (6;) —sin(6;)
sin (6s) cos (6;)

0 0

“

Rx—forearm =

[=NeNell
- o O O

Rotates the frame by angle 85 around the forearm’s x-axis, corresponding to elbow pitch flexion.
5. End-effector Position Vector p:

p=| | 5)

Defines the hand’s position in homogeneous coordinates, where D,_,, is the distance from elbow
to hand.

To align with the actual mechanical configuration of the robot, the angles used in the above matrices
are adjusted to match the motor rotation directions:

O =—01, Opp=0,, Ouz=—0s. (6)

The final kinematic transformation matrix K is computed as a product of the individual transforma-
tions applied to the end-effector vector p, being given by

K = Rx ° Rz ° Tv—arm : Rx—forearm : P (7)

Each matrix multiplication incrementally updates the coordinate frame, accounting for the robot’s
joint angles and link lengths. This sequential transformation yields the final position of the end-effector
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Figure 5. Perspective view of the humanoid’s upper—body kinematics. The diagram shows the global

coordinate axes, joint angles (Oy1, O, Ou3 ), segment lengths (D;_,, D,_,,), and hand position components
(Xp, ¥, 2,) relative to the VR operator.

(hand) in the robot’s base reference frame. After computing the full transformation chain, the resulting
position vector K can be analytically expressed as:

€08 (Oy3) Sin (Oy2) D,y + sin (O42) D,
(€08 (Oy1) €08 (Oyr2) €08 (Ohy3) — sin (Oyy1) $in (Byy3)) Doy — €08 (O41) €08 (Op12) D

€08 (Byr2) 8in (By1)D;—e — (— €0 (Byr2) €08 (By3) sin (Byi) — €08 (By1) sin (By3)) Dy
1

K= (8)

This vector’s components correspond to the position of the robot’s hand in three-dimensional space:
the first element represents the x-axis position (x, ), the second the y-axis position (y,), and the third the
z-axis position (z,). Therefore, the vector provides a complete mathematical description of the hand’s
location based on the motor angles and the lengths of the arm segments, effectively modeling the forward
kinematics of the robotic arm.

To aid in visualizing the kinematic behavior, Figure 5 shows a perspective view of a person wearing
a VR headset. The figure depicts the global coordinate axes (x, y, and z), the hand position components
(%5, ¥, Z,), and the joint rotation angles 6y, 6y, and 6y;. These joint angles are represented using
cylindrical symbols with arrows indicating the positive direction of rotation. Specifically, 6, and 6y,
are located at the shoulder and correspond to pitch and roll movements, respectively, while 6,,; represents
the elbow pitch. Additionally, the distances from the shoulder to the elbow (D,_,) and from the elbow
to the hand (D,_,) are annotated to provide spatial context for the arm’s segment lengths.

As for the inverse kinematics, from Eq. 8, assuming normallized equal proportions between the shoul-
ders and elbow, and elbow and hands, such that D, , =D, _, = 1, we have that the estimated motor angles
0115 Oin» and 6, are given by
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2
_ 180, | T3 (o +y+2)+ \/ — (1 + & — ea)es) + 1024c2 32 (2 +32 + 22)
.7-[ c6 b

9.

M

—cs (c(, — 64yﬁ) (xlz, —l—yﬁ) +cs(c; —cg) Z,Z,
2z,¢6

yyf = (€1 + 2 — c)ce) + 1024¢252 (22 432 +22)’

zp(cs +c4) ’ ®

o = 180 Aot [ 2% ] (10)
iy = — ArcTan | ¢s5, ————— |,
T x+y+z

) 180 1 s a2
Oy = — ArcTan| = (2+X+y+2),

1

4(c; + c4)co2, [C4C()X12,ypc5 +2cacsy, (ylz’ + Z;) (CG — 64 (x12> + y127 + Zzz)))

+4cs (v, +2)) \/ — ((er+ €2 — ea)eg) + 1024¢3y2 (2 +)2 + 2)°
oot 200, 5 4) 64601+ ) | a

where ArcTan[x, y] denotes the arctangent function taking into account which quadrant the point (x, y)
is in, and the intermediate variables ¢, through ¢4 are defined as

(=16 (2432 +2)° (12)

= —64x;, 13)

c3 =64y,2,, 14)

Cy =64zf,, (15)

s = _VCZJFCI, (16)
NG

Ce=cs+ca. (17)

3. Evaluation
3.1. Kinematics and inverse kinematics evaluation
In order to validate the correctness of the kinematic and inverse kinematic models, we conducted a
numerical evaluation using representative joint configurations. In Table I, we begin by applying the
actual motor angles (8, Ou2, and y,3) to Eq. (8) to compute the corresponding positional values x,,, y,,
and z,,. These positional values are then used as input for the inverse kinematics equations Eqs. (9), (10),
and (11) to calculate the estimated motor angles (6,,,, ,,,, and 6,,,). A comparison of the original and
computed angles demonstrates that the inverse kinematics equations accurately reproduce the original
joint configurations, validating their correctness.

Note that both forward and inverse kinematics can be used to estimate the correct joint angles.
Forward kinematics achieves this by performing an exhaustive search through possible angle combina-
tions and comparing the resulting end-effector position to the desired coordinates (x,,, y,, z,). In contrast,
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Table I. Inverse kinematics results for 6,,,, 6;,,, and 0,.

Point  0)1[°]  6ol’]  Ows[’] Xp Yp % Oin°1 O[] 6i5[°]
1 0 0 0 0 -2 0 0 0 0
2 90 0 0 0 0 2 90 0 0
3 180 0 0 0 2 0 180 0 0
4 90 90 0 2 0 0 90 90 0
5 90 90 90 1 1 0 90 90 90
6 -90 90 90 1 -1 0 -90 90 90
7 90 45 0 14142 O 1.4142 90 45 0

0.68
+Point 1- 0]\“:007 QJWQZOO, 0]%3:00
—u— Point 2 - 0);,=90°, 0,;2=0°, 0);3=0°
051 Point 3 - 03,1=180°, 0372=0°, 0373=0°
—&— Point 4 - 0,;1=90°, 0,,5=90°, 0),3=0°
. 04: —e— Point 5 - 03;1=0°, 0,;2=90°, 0375=90° {
A Point 6 - 031=90°, 0175=90°, 033=90°
é —t— Point 7 - 91\[1:9007 91\/]2:450, 9]\/[3:00
—
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g
L
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Calibration Distance D;_. and D, ;, [m]

Figure 6. Position error [m] versus miscalibration of D;., and D,., [m] (0.5 = true value) for various
Joint angle combinations.

inverse kinematics directly computes the angles by substituting the desired position into the inverse
kinematic equations. Naturally, the inverse kinematics approach is significantly more computationally
efficient.

Nevertheless, there are scenarios in which inverse kinematics fails to produce valid angle estimates,
for example, when the target position lies beyond the robot’s physical reach, defined by the sum of the
shoulder-to-elbow (D;..) and elbow-to-hand (D,.,) segment lengths. In such cases, the exhaustive search
method provided by forward kinematics becomes necessary.

Although both the VR application and firmware are implemented as embedded software, our exper-
iments demonstrated that these kinematic computations are best performed on the VR headset due to
its substantially greater processing power. Meanwhile, the ESP32-based firmware handles lower-level
tasks such as sensor data acquisition, motor control, and communication, ensuring an efficient division
of responsibilities across the system.

To assess the impact of miscalibrating the segment lengths D,., and D,_,, Figure 6 shows the resulting
position errors for several configurations listed in Table I. The analysis assumes the correct reference
values to be D,, = D,;, = 0.5 m. The plot reveals that multiple joint configurations yield identical error
profiles. Specifically, the position errors for points 1, 2, 3, 4, and 7 overlap entirely. For these cases, the
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Figure 7. Average frame rate (FPS) for different image resolutions. The solid line represents the mea-
sured average FPS across resolutions, while the dashed red line indicates maximum theoretical FPS
values for selected resolutions (400 x 296, 800 x 600, 1280 x 1024).

error starts at 0.6 m when D,, = D, = 0.2, decreases linearly to zero at the correct calibration point
(Ds.. = D,;, =0.5), and then increases linearly back to 0.6 m as the values rise to 0.8.

In contrast, points 5 and 6 exhibit a similar trend but with a reduced maximum error of approximately
0.43 m at both ends of the tested calibration range. This behavior highlights the sensitivity of kinematic
calculations to accurate measurements of limb segment lengths. Consequently, precise calibration of the
shoulder-to-hand distance is essential to ensure reliable position estimation and overall system accuracy.

3.2. FPS and image quality

The proposed system employs an OV2640 camera module to capture image data. According to the
manufacturer’s specifications, the camera supports a maximum resolution of 1600 x 1200 pixels at 15
frames per second (fps). For lower resolutions, it is capable of achieving 30 fps at 800 x 600 and up to
60 fps at 400 x 296 [38]. However, as illustrated in Figure 7, empirical results reveal that actual per-
formance when integrated with the ESP32 microcontroller falls significantly short of these theoretical
limits.

Specifically, at a resolution of 400 x 296, the camera achieved a frame rate of 28 fps — approxi-
mately 46.7% of the datasheet’s stated maximum. For 800 x 600, we observed a frame rate of 18.3 fps
(61% of the theoretical 30 fps), and for 1280 x 1024, 6.45 fps was achieved — just 43% of the expected
15 fps. These discrepancies are primarily attributed to the ESP32’s limited processing power and the
communication bottlenecks involved in transmitting image data to the VR headset.

Despite these constraints, empirical testing indicates that a resolution of 800x 600 provides the most
favorable trade-off between image clarity and frame rate for the intended application. While higher reso-
lutions yield better image quality, they come at the cost of a significantly reduced frame rate, negatively
impacting real-time performance and user experience.

3.3. Sound, data acquisition, and real-time response

The microcontroller is responsible for managing several time-sensitive tasks, including real-time image
acquisition and transmission, audio sampling via its ADC, motor control through its timer peripherals,
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and audio playback using the RMT (Remote Control) peripheral. Experimental results revealed that
to minimize high-frequency noise and enhance audio clarity, each sample of the 8 kHz audio signal
should be repeated at least three times during playback. Although higher repetition rates were evaluated,
they significantly increased the computational load on the already resource-constrained system without
yielding perceptible improvements in sound quality. Among the peripherals tested for audio output, the
RMT module consistently produced the most reliable and clear results.

Regarding communication and system responsiveness, TCP was found to offer greater reliability
compared to UDP. Although UDP offers lower latency, its lack of guaranteed delivery introduced issues
such as missed motion commands and intermittent audio dropouts. These problems were particularly
noticeable during fast operator inputs and simultaneous audio transmission. Consequently, TCP was
adopted for its superior stability in the context of this application.

Finally, while image data is continuously streamed from the Jaeger UTFPR system, experimental
evaluation demonstrated that a positional update rate of 6 Hz from the VR headset strikes the optimal
balance between responsiveness and system load, leading to a more consistent user experience.

3.4. Key challenges

Designing Jaeger UTFPR under strict cost constraints introduced a series of technical and engineer-
ing challenges that required innovative solutions across hardware, firmware, and software layers. Every
design decision — from mechanical structure to embedded system architecture — was guided by the goal
of achieving functionality, reliability, and interactivity at an exceptionally low price point.

A core challenge lay in selecting components that could collectively deliver real-time control, audio-
visual streaming, and responsive actuation with low cost. The ESP32 microcontroller was chosen for
its rare balance of affordability, wireless capabilities, and sufficient processing power to simultaneously
handle tasks such as image acquisition, stepper motor control, and audio signal processing. However,
maximizing the utility of such constrained hardware demanded optimized firmware design, careful
peripheral usage, and strict memory and timing management.

Image capture relied on the OV2640 camera module, which supports resolutions up to UXGA while
offering low latency at modest frame rates. Transmitting visual data over Wi-Fi in parallel with real-
time audio and motor commands introduced substantial synchronization and bandwidth management
challenges. Given the ESP32’s limited resources, the firmware was meticulously optimized to prioritize
tasks based on timing sensitivity, buffering strategies, and transmission modes.

The actuation system posed its own set of complexities. A hybrid approach using low-cost N20 DC
motors and small stepper motors was adopted to deliver adequate degrees of freedom while maintain-
ing positional accuracy. However, controlling nine motors with limited GPIOs necessitated the use of
74HCT?259 addressable latches in combination with DRV8833 motor drivers. Implementing this multi-
plexed control scheme required precise logic sequencing and signal routing to ensure reliable operation
without interference — particularly under concurrent Wi-Fi communication and sensor processing.

Audio processing added further constraints. Real-time audio transmission demanded careful tuning
of sampling rates, quantization schemes, and buffering techniques. To reduce ESP32 workload while
maintaining intelligibility, audio input was sampled at 24 kHz, downsampled to 8 kHz, and compressed
into 8-bit values before being transmitted in 500 ms chunks. Playback using the RMT peripheral required
creative signal generation techniques to synthesize PWM waveforms with minimal CPU overhead.

On the software side, the VR application was tasked with offloading computationally intensive pro-
cesses, such as inverse kinematics and hand tracking, from the microcontroller. Ensuring accurate,
low-latency coordination between the VR interface and the physical robot required careful calibration
and networking strategies, as well as support for both TCP and UDP protocols for balancing reliability
and real-time responsiveness.

For the motors, a combination of N20 DC motors and stepper motors was selected to ensure the neces-
sary degrees of freedom and movement precision without incurring unnecessary costs. Similarly, using
readily available and low-cost components, such as the DRV8833 motor drivers and LM358 operational
amplifiers, ensures that the overall system remains affordable while meeting the required performance
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Table I1. Estimated costs, with a total of less than USD 35 [39-41].

Item Price (USD) Quantity Total (USD)
ESP32 Module 2.50 1 2.50
Camera 2.00 1 2.00
DC N20 Motor 0.80 2 1.60
Stepper Motor 1.50 7 10.50
Other ICs and Items 7.00 1 7.00
3D Printed Parts 4.00 1 4.00
PCB Fabrication 3.50 2 7.00

specifications. This focus on cost-effective solutions allows the robot to deliver functional capabilities
while minimizing the financial burden of production. The total cost of producing a single robot is esti-
mated at below USD 35 [39—41], as summarized in Table II. The detailed electronics bill of materials
(BOM), including ~’Other ICs and Items,” is available in the full BOM listed in ref. [35].

While the unit cost is low, there are a few important considerations to keep in mind. First, it does not
account for shipping costs or taxes. Since many parts need to be sourced from different vendors, shipping
costs can easily exceed the price of the individual components. Additionally, although the cost of PCB
fabrication is included, producing a single PCB is significantly more expensive than manufacturing
multiple units. To mitigate these issues, one should purchase as many components as possible from
each supplier. Furthermore, producing more than one unit at a time is considerably more cost-effective
than manufacturing a single unit.

For the 3D-printed parts, which are the primary structural components, all necessary models are
publicly available in ref. [35] as 16 .stl files, totaling approximately 20 individual parts. The total filament
consumption is about 80g. In the project’s experiments, we used PLA filament, but other materials could
be used as well. The material cost for a single robot is less than $10. We also recognize that for an
individual user, the cost of the 3D printer itself can be a hidden threshold. However, given the open-
source nature of the project, users can also choose to have the parts printed by a third-party service, and
the full BOM is also available in ref. [35]. Note that the unit cost of ICs and other components could
be significantly reduced for mass production [39—41]. It is also worth noting that the maintenance cost
of the printer (wear and tear, electricity, etc.) represents a negligible cost of a few cents for this project,
making the overall cost of the 3D printed parts highly affordable. Moreover, the open-source nature of
the project encourages users to share their own designs and improvements, further reducing the overall
cost of the project.

In summary, the development of Jaeger UTFPR demanded far more than assembling inexpensive
components — it required creative engineering to overcome the limitations inherent in ultra-low-cost
design. The result is a fully functional, immersive telepresence robot system built on embedded hardware
that demonstrates how performance and affordability can coexist through thoughtful system integration.

3.5. Applicability

As a remote-controlled small robot, the Jaeger UTFPR offers a wide range of applications. In education,
it provides an engaging way to introduce fundamental robotics concepts, fostering problem-solving skills
and creativity. The robot’s small size is a key advantage for its application in education, making it an
ideal tool for teaching fundamental robotics concepts in a hands-on, classroom setting. Its compact
design allows for easy storage and deployment, and its open-source nature provides students with a
complete platform to learn about hardware design, firmware development, and VR programing. The
same characteristics also make it suitable for educational competitions, where navigation in tight spaces
is often required. Its low cost makes it accessible to a wide range of educational institutions and students,
easing access to robotics education.
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With a full arm length of just 7 cm, the robot’s arms are designed for simple tasks, such as interacting
with small objects or gesturing, rather than high-precision manipulation. The stepper motors offer suffi-
cient resolution for educational and entertainment applications, such as interacting with small objects or
performing simple gestures. However, for applications such as foreign object detection in pipelines, its
primary capability comes from the combination of its small size, maneuverability, and video feedback,
which allows the operator to perform visual inspections in confined spaces. With further improvements,
the robot could serve in exploration roles in difficult-to-reach areas, such as construction, maintenance,
and disaster recovery, or be expanded to fields like surveillance and remote monitoring.

The Jaeger UTFPR fills a critical gap when compared to other market solutions. While many minia-
ture remote-controlled robots exist, there are very few affordable VR-controlled platforms. For complex,
bipedal robots, prices can range into the thousands of dollars, such as with the Unitree R1 EDU [42].
Even more accessible options, like the InMoov DIY project [43], can have a cost that is at least 10
times higher than the one presented in this work. This platform therefore provides a fully open-source,
VR-controlled humanoid at an unprecedentedly low cost, contrasting with commercial solutions that
offer superior performance at a significantly higher price and often lack an open-source nature. The
primary focus of this platform is on visual inspection and remote presence, rather than on manipulation
precision, which would require more expensive actuators and encoders.

3.6. Limitations and future work

We acknowledge that the design of the Jaeger UTFPR under strict cost constraints introduces several lim-
itations that are important to discuss. First, the multiplexing scheme for motor control using 74HCT259
latches and DRV 8833 drivers, while cost-effective, can introduce a slight latency in motor response. This
is because the controller must address each motor sequentially, which can be a bottleneck in scenarios
requiring simultaneous, high-speed movements of multiple stepper motors. Future work could explore
the use of dedicated, multi-channel motor driver ICs to reduce this latency and improve the real-time
responsiveness of the system.

Second, while the 800 x 600 resolution provides a reasonable trade-off between image quality and
frame rate, a frame rate of 18.3 fps and observed latencies of 20-60 ms may not be sufficient for
highly dynamic teleoperation tasks, such as navigating an environment with rapid changes in scenery.
Optimizing the image compression algorithm on the ESP32 or offloading this task to a more power-
ful microcontroller could help increase the frame rate and reduce latency without compromising image
quality. We also note that the system currently does not have a specific alternative for a complete lack of
a Wi-Fi signal, which is a key limitation for teleoperation in unstable network conditions. Alternatives to
Wi-Fi may include Narrowband-Ultra-Reliable Low-Latency Communication. It could be an option if
more reliability is required in a new version of the robot, but it would increase the costs and complexity
of the network infrastructure.

The system’s power consumption varies significantly with its state of operation. The main board,
responsible for streaming and processing, consistently draws about 300 mA. However, the total current
draw can increase to approximately 900 mA when the robot’s arms and wheels are actively moving,
due to the high consumption of the stepper motors (about 500 mA each) and DC motors (about 50
mA each). The two 1300 mAh batteries, connected in series, allow for an average operating time of
approximately 1 to 2 hours, taking into account the inherent power loss in the LDO voltage regulators.
This endurance can be extended in scenarios with minimal movement. For prolonged use, a larger bat-
tery pack or an external power source would be required. This is a crucial limitation for applications
such as remote inspection, where extended operation is often necessary. Future work could focus on
optimizing power consumption and exploring more efficient battery solutions to increase the robot’s
endurance.

4. Conclusion

This paper presents the design and implementation of Jaeger UTFPR, an open-source, low-cost, remote-
controlled tiny humanoid robot measuring just 12 cm in height. Developed with a focus on accessibility
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and affordability, the robot integrates 3D-printed components, cost-effective electronics, and wireless
communication to deliver real-time audio and video feedback through a VR interface. The embedded
system, consisting of the VR application and the ESP32 firmware, enables control and communication
between the operator and the robot. Operators control Jaeger UTFPR via a VR headset and motion
controllers, allowing for immersive telepresence and intuitive manipulation of the robot’s movements.
Experimental evaluations confirm the system effectively balances cost and performance, showcasing
its potential for immersive robotics applications across education, research, entertainment, and remote
inspection.

By using additive manufacturing, modular electronics, and a VR-based control interface, Jaeger
UTFPR demonstrates that meaningful humanoid robot interactions can be achieved even at miniature
scales and minimal budgets. Unlike other platforms that require costly actuators or extensive proprietary
hardware, this work emphasizes simplicity, replicability, and open access. The results suggest a valuable
paradigm for democratizing robotics research, lowering the barriers for students, hobbyists, and educa-
tional institutions alike. Additionally, the immersive experience of inhabiting a 12 cm-tall perspective
offers novel human-robot interaction opportunities not typically explored in conventional humanoid
robotics.
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