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1. Introduction  

NASA initiated the research on jumping robotic systems in the late 1960s onwards with the scope 

of gathering data and finding new methods of efficient locomotion on the lunar surface. The Lunar 

Pogo Stick [1] and the Lunar Hopping Transporter [2] were just a couple of interesting concepts 

introducing the notion of hopping through the lunar regolith by taking advantage of the low gravity 

on the Moon. Throughout time, engineers took inspiration and tried to emulate the jumping 

mechanism of animals, where natural evolution successfully created a balance between the necessity 

to survive and the need to conserve energy for later use (Fig. 1 and Fig. 2). The locomotion system of 

these animals formed by bones, muscles and tendons can be modeled as an open loop spring-mass-

dumper system [3]. 

The versatility of such systems offers a variety of dynamic movements, depending on the type of 

gait desired (Fig. 1). In terms of surface contact, the gait represents the sequence in which the system 

in motion or the footfall touches and lifts from the ground up [4]. From the perspective of a robotic 

system, the jumping locomotion has to be performed by an energy-efficient structure with a very short-

time energy density [5]. Compared with other types of mobilities, saltation movement allows for 

adaptability to an unpredictable environment, a solid ability to overcome rough terrain and obstacles, 

fast steering, high point-of-observation and long latency for decision-making events. The jump control 

consists of modelling the robot around essential parameters like angle of attack, take-off direction, 

velocity and stability, righting reflex, landing buffering and self-correction mechanisms [6]. 
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Fig. 1. The human-leg motion modeled, i.e., a spring-mass-dumper model, according to A Sutrisno, 2020 

[18]. 

 

Fig. 2. The Galago senegalensis, aka Bushbaby motion diagram from DM Boyer, 2013 [12]. 

As a reference, at the writing time of this paper, there are a few robotics developments that have 

successfully reached a high level of complexity and functionality and pushed the study of jumping 

locomotion a bit farther: Spot from Boston Dynamics [7], Salto 1P from UC Berkeley [8], Leonardo 

from Caltech [9], Ascento 2 from ETH Zurich [10] and Hugh-Flying Jumper from University of 

California [11] (Fig. 3). 

 

Fig. 3. Some of the current Robots with jumping capabilities (September 2022): from the left-hand side to the 

right, the Ascento 2 (ETH), Spot (Boston Dynamics), the High-Flying Jumper (University of California), 

Salto 1P (UC Berkley) and Leonardo (Caltech). 

This paper will cover the first stage in the development of the jumping robot, exploring different 

design and motion mechanisms, sensors, and controlling techniques with data gathering and 

interpretation and how it can achieve a balanced position. This work will also take inspiration from 
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the previous design of other robotics arms developed in the lab [13, 14]. In particular, we aim to design 

and prototype a monoped robot whose design is biologically inspired by current literature and effective 

natural design. The project will follow these steps: 

• Selection of the components 

• Hardware design 

• Software design 

• Integration 

• Preliminary testing  

Accordingly, the research contribution of this paper is (i) a novel design of a monoped robot with 

biologically inspired features and (ii) the integration of Hardware and Software solutions for the 

development of self-balancing capability. 

2. Materials & Methods 

The next section of this paper, about the general aspects and Design, will talk about the 3D 

design process of the robot and the motivation behind its present form. The development process 

presentation will continue with the components or Hardware paragraph, discussing individual 

components, their performance within the system and their viability. The programming & algorithm 

section (i.e., the Software) covers the data processing, the control algorithm method, and other 

significant programming aspects of the robot. The findings of this research, including encountered 

issues and solutions, will be presented in the Results paragraph. The same section will also discuss 

technical decisions for the future development phase. In the final segment, the Conclusion will reflect 

on the development process and future work and ideas. 

3. Design 

The 3D design of the project is built using Autodesk Fusion 360. The latest version of the robot 

has a full vertical stretching length of 34 cm (Fig. 4 (C)) and an initial horizontal starting position 

length of 23 cm (Fig. 4 (A)). The structure of the robot consists of two parts. The elliptic front leg 

and the elliptic support hull – the latter part can also bear support for most of the main components, 

including sensors, microcontroller, reaction wheel, and encoders. The weight of the 3D printed parts 

is 40g, and the whole weight of the robot is 190 g, including all components (Fig. 5). The 3D design 

is made to center the entire structure of the robot linearly; this aspect brings benefits in terms of 

stability, modelling, and calculus (Fig. 5 (D)). The elliptical shape concept of the robot structure has 

been carefully analyzed. It represents an abundant data point that seems to favor efficiency in 

propulsion and landing by exploiting inertia and gravity. 

 

 

Fig. 4. The 3D model of the proposed Monoped Robot: a two-element compass-like system is made of a 

knee-joint plus two rigid parts (i.e., the femoris and the tibias) in a biologically inspired fashion. 
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Fig. 5. The 3D printed components combined with some of the Hardware components. 

4. Hardware 

At this stage, the central processing unit and the brushless DC motor controllers are not 

integrated into the robot body because of weight concerns. The next version of the robot will address 

this issue. 

4.1. The Arduino Mega 2560 Microcontroller 

The central computing power of the robot is generated by an Arduino Mega Rev3 board built 

around the 8-bit Atmega 2560 microcontroller produced by Microchip. The board operates on 5 V and 

has a clock speed of 16 MHz while offering a convenient 54 digital connection pins and 16 analog 

pins (Fig. 6 (A)). In this development stage, having a higher number of pins helped speed up the testing 

and tuning of the major components. Having two separate I2C pinouts has undoubtedly made a 

difference. 

4.2. A Simple FOC BLDC Arduino Shield 

The brushless DC motor controller shield used in building the robot is the SimpleFOC V2.0.4 

from Makerbase (Fig. 6 (B)). This controller is specially designed to be attached on top of each other, 

on top of the Arduino. It works with an external 12-35 V power supply while offering extension access 

to the I2C via SCL and SDA pins and encoder/hall sensor interface [15]. 

As mentioned before, the weight of the robot needs to be kept under strict control; for that reason, 

both the shields and the Arduino are connected to the system from a distance. The shield is a cost-

effective and fast option to control the precision of brushless DC motors when it works in tandem with 

an encoder. This device is a community-based open-source project that offers well-documented C++ 

libraries to gain access to all the board features. 
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4.3. FlyCat 2804 Brushless Gimbal Motors 

The joint of the robot is built using the Flycat 2804 Gimbal BLDC Motor (Fig. 6 (C)). This 42 g 

actuator has seven pole pairs and offers 140 kV, which is 1680 rpm and a maximum torque of 0.23 

N/m. It is set to operate on 11-14.8 V. The same motor is set to be tested and used for the reaction 

wheel, but this aspect will be covered in future research. The position of this actuator is critical because 

it determines the angle of attack and the flywheel rotational behavior while in stance mode, flight 

mode and landing mode. 

The precision of the joint motor is first kept in check by the AMT103 Rotary Encoder, then re-

checked by the Adafruit IMU. Additional tests have been performed by a second BNO055 attached 

on the same axis, on the elliptic support hull, more on that in the Algorithm and Results sections. 

 

 

Fig. 6. All the Hardware and Electrical components for the robot manufacturing and integration. 

4.4. AMT103-V Incremental Axial Encoder 

The joint of the robot integrates on top of the actuator shaft an AMT103-V Rotary Incremental 

Encoder provided by CUI Device (Fig. 8 (B), (C)). This axial encoder weighs 41g, operates at 5 V on 

three channels, and connects to the FOC Control Shield. The encoder provides the first line of data 

feedback about the position of the motor. The second line of data feedback is given by a 9-DoF 

absolute orientation IMU attached to the back of the actuator (Fig. 8). 

Access to the data stream is provided via the FOC shield in correlation with the C++ libraries 

developed by the AMT manufacturer. The test results of this technique will be explained in depth in 

the next paragraph. 

4.5. Adafruit 9-DoF Absolute Orientation IMU BNO055 

The Adafruit BNO055 Inertia Measuring Unit (IMU) is an intelligent 9-DoF sensor fusion 

developed by Bosch. The three grams sensor integrates a full range of algorithms with an Arm Cortex-

M0 data processing chip (Fig. 6 (E)). It operates on a 3.3 V and outputs data via I2C protocol. 

Another important aspect is the capability to program and change the IMU IDs and the memory 

data registers, making it easier to work with many BNO055 sensors simultaneously. The Adafruit 

IMU board offers full coding community support with a decent number of C++ libraries and examples 

available via GitHub or directly integrated into Arduino IDE support [16]. 

In the testing stage, the level of precision recorded between the two identical BNO055 sensors, 

as seen in the layout shown in Fig. 8, has been outstanding, reaching 96-97 % accuracy. Most of this 
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difference in data received was caused by the vibrations or displacement from not being properly 

screwed into the robot frame. 

 

 

Fig. 7. The main control unit (panel A), the joint (panels B and C) and the rear view of the robot (panel D). 

 

Fig. 8. Plotting of the IMU and encoder data with the Matlab Programming Language (The MathWorks 

Inc®) – 2× IMU sensors & 1× AMT223 encoder. 

5. Software 

The entire project has been programmed within the Arduino IDE environment in C++. Here we 

have two main blocks of code (Fig. 9 and Fig. 10): 

• The first block of code is designed to coordinate the IMU data feedback by setting the 

connections with and returning the data to the Arduino Mega. 

• The second block of code uses the SimpleFoc shield programming features to set up the 

connection between the motors and the Arduino and capture the AMT103 Encoder data for 

the actuator position feedback loop. 

The user can interact through the serial terminal by typing a command. Here there is the option 

(i) to drive the motor to a default position given in radians and allocated by the defaultPos variable or, 

alternatively, (ii) to drive the actuator to the desired angle assigned by the targetPos variable. Both 

options can continue with a doReturnHome() function to rotate the motor to its initial position. 
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To help get control of the motor, the developer offers a simple C++ library <SimpleFOC.h>, 

easily scalable and updated by the open-source community (line 1). Next is to set the instances for the 

motor (line 4) and the FOC Controller (line 5) for memory allocation. An essential aspect in this stage 

is to understand well the motor requirements and the manufacturer specifications, that is because the 

motor object function BLDCMotor() needs as an argument the number of magnetic pole pairs. In this 

case, the motor is built with 14 magnets, resulting in 7 pole pairs. The driver object function 

BLDCDriver3PWM takes three connection pin numbers as arguments, the 3-channels that generate 

the pulse-width modulation signals and the enable pin number. 

Code line 12 defines the instance for the Commander interface. This basic GUI is a monitoring, 

configuration and control interface designed by the FOC developers to sustain their hardware in the 

Arduino environment. This interaction feature uses the user input as predefined commands that can 

be typed in the Arduino serial monitor window. The functions from code lines 15-17 define the three 

options the user can operate the motor with:  

▪ move to the default position 

▪ move to the desired position or  

▪ return to the home position. 

 

Fig. 9. Connection setup between Arduino – Simple Foc – Motor 
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Next, in the Setup section, voltage_power_supply variable holds the value of the FOC shield 

operating voltage, 12V. And, through trial and error, the motor voltage_limit and velocity_limit 

variables get set (code lines 30-32). 

Code lines 41-43 use the Commander methods to finish defining the user interaction commands 

taken by the program via the serial monitor. The command.add() method takes a char argument as a 

letter or word, a reference function that links to the previous argument and ends with an explanation 

label of type string. 

The main loop of the program contains the built-in move() function that generates motor rotation 

according to user input and run() method that keeps open the interaction with the user (Fig. 10, code 

line 57-60). 

 

Fig. 10. The motor control main loop. 

Setting up the Adafruit IMU sensor is relatively simple (Fig. 11 and Fig. 12). Most of the data 

access is given by the developer libraries. The algorithm to convert raw data to actual space 

coordinates is fusion-integrated into the chip (code lines 1-4). The sample rate is a trial-and-error 

setup, and 100 samples per millisecond seem like a decent starting point, given the high accuracy of 

the chip (code line 7). Code lines 10-11 define the instance for each sensor, allocating IDs and the 

memory address. 

An important aspect to know is that all BNO055 sensors are sold with the same ID and memory 

address. These details need to be manually changed to avoid data collisions. 

 

Fig. 11. The Adafruit IMU BNO055 libraries set-up. 

The displaySensor_1 and displaySensor_2 functions are generally identical, and they define each 

sensor object and link their memory allocations (code lines 16-17). The rest of the line of code from 

Fig. 12 helps display the identification data, the sensor data and the error data in the serial monitor 

window. 

The displayCalStatus() method from Fig. 13 is an essential self-calibration technique that allows 

the sensors to auto-correct their data in case of system errors. This function also helps program the 

sensor to reset the data generated at the system start-up or link interrupted data streams if data pockets 

correlate (Fig. 13-15). 
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Fig. 12. The IMU sensor #1 data display code. 

 

Fig. 13. The IMU autocalibration function. 

The setup function sets the serial monitor baud rate to stream the data, checks the existence of 

each sensor and alerts in case of non-detection and displays the identification information of each 

sensor (Fig. 14, code lines 83-101). 

 

Fig. 14. The IMU set-up. 
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The main loop creates a continuous data stream event for each sensor, reverses the angle 

orientation by subtracting from 360 degrees the values measured by the sensors and prints the data in 

the Arduino serial monitor (Fig. 15, code lines 106-123). 

 

Fig. 15. The IMU main loop. 

The aforementioned Arduino code is also available on GitHub at the following address: 

github.com/deemano/IMU_AMT_sensing. 

6. Results 

Controlling the velocity and position of the Brushless DC Motor has been a great learning 

experience and a success. The main concern was the lack of processing power in the Arduino Mega 

to be able to serve the entire robotic system requirements, including data feedback from both IMU 

sensors and data generated by the motor encoder and the shield. Even if, by the end of this research, 

the Arduino Mega could centralize well all the data, because of its size and weight, it is impossible to 

integrate into the robot structure. Going further into the next phase of the project, another more robust, 

lightweight and powerful microcontroller is necessary. Moreover, changing the microcontroller will 

also require changing the BLDC Controller with something much lighter. 

The IMU sensors remain an excellent asset for future development, providing accurate data in a 

compact fused shape and format. The AMT103 Rotary Encoder, on the other hand, was only an option 

because of its compatibility with the Simple Foc Shield. It is a heavy device, noisy and inaccurate. A 

series of tests not mentioned in this paper have been done with the AMT223-V Absolute Encoder, and 

the results prove it could be one of the best options for the next phase of robot development. 

The actuators failed the tests because they did not offer enough torque, and they were unreliable. 

An issue with one of the motors was an offset deviation around the shaft axis; this problem was 

difficult to debug and created a chain reaction of junk data captured by the sensors. At this stage, an 

analysis of the angular excursion of the modelled design and of the manufactured prototype has been 

developed (Fig. 16): the main articulation joint (i.e., the ‘knee’) angular displacement was simulated 

on the modelled design and then on the 3D printed prototype by means of a goniometer.  

The design of the robot will need more testing, but the frame structure is an aspect that will need 

to be re-evaluated since current testing and validation are in a preliminary stage. Moreover, these 

results will require a proper comparison with the current performance of monoped robots, such as, for 

example, Salto [8] and Ascento [10]. 
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Fig. 16. The preliminary test of the angular ‘knee’ configuration of the model (left panel) and of the real 

prototype (right panel). 

7. Conclusion 

This project has been focused on gathering the necessary knowledge and data to build an 

omnidirectional monoped self-balancing jumping robot. The evaluation and testing of different 

equipment combinations, control methods and programming algorithms accumulated during this work 

will be of great value to help push this project into its next development stage. However, at this stage, 

further research can be explored in order to refine the design in view of the effective geometry and 

kinematic of the robot [17] by also taking on board bio-mimetic and biologically inspired principles, 

which could make this design inherently optimized [18-21]. High accuracy control, digital simulation, 

system modelling, energy efficiency and intelligent design are just a few significant challenges of the 

future phase. 
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Appendix  

This appendix reports some additional details of the project. Fig. 17 shows a preliminary set-up 

for testing the motor speed and the angle testing combined with the BNO055 testing and calibration 

equipment. Fig. 18 reports some details of the opened actuator, whereas Fig. 19 displays the testing 

of the Simple Foc shield with the Arduino board. Finally, Fig. 20 presents the assembly of the 

Monopod robot with a screenshot of the standing test at 90 degrees (Fig. 21). 

file:///E:/ESecco/back-up/1_secco/1_Activity/h_HOPE/2_research/4_pubs/15_Denis_UG/3_review/github.com/deemano/IMU_AMT_sensing
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Fig. 17. The motor speed & angle test (left panel) and the BNO055 testing and calibration. 

 

Fig. 18. The dismantled actuator. 

 

Fig. 19. Testing the Simple Foc shield with the Arduino board. 
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Fig. 20. The full assembly of the Monopod Robot 

 

Fig. 21. Standing test @ 90 degrees. 
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