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ABSTRACT
Pediatric rehabilitation is a field of medicine which can be fraught 
with challenges specific to children. Physical therapy focused on 

the rehabilitation of gross motor skills, can be complicated further 
if a patient exhibits signs of physical or cognitive developmental 
issues. Therapy can also be limited by the inability to improve or 

provide continuity of care for patients in between sessions. 
Currently, the Humanoid Rehabilitation Project, an open source 

project started by FIU Mechanical Engineering students, aims at 

mitigating these issues through the use of a robotic platform.  

In support of this ongoing open source project, a pair of humanoid 
robotic legs have been developed and introduced as an 
independent, modular unit which can be incorporated with the 
upper body robotic platforms being developed by the Humanoid 
Rehabilitation Project. As primary design objectives, the leg unit is 

designed to be functionally independent, produce anatomically 

accurate movement, and resemble the human form. As a secondary 

objective, the team explores different locking mechanisms so that 
the robotic leg unit can be readily incorporated into any robotic 
platform which requires humanoid legs. 
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1. Introduction
Humanoid bipedal systems have many applications in the field of 
robotics, such as robotic assisted gait training. There is also an 

increasing need, in some cases, for these units to be modular in 
design. This allows for both easy part replacement and maintenance 
while reducing design time for a total robotic system by allowing 
several robotic platforms to be easily integrated or built upon. 
Several options exist on the market which already satisfy these 
specifications, but these readily incorporated units are either, very 

powerful and expensive, or lack robustness and functionality.  

The Humanoid Rehabilitation Project required a unit where cost 
was minimized, but where functionality was retained to a higher 
degree than currently available at the desired price range. This 
design effort addressed this problem by prudently trading 
performance, where possible, for cost savings while the operational 

needs of the leg unit were still met. Beyond this specific 
application, other mid-level functionality, scalable humanoid legs 
might have applications in various other robotic systems such as 
educational tools and control testing systems. 

2. Motivation and Benefits
The primary motivation for this work, as previously stated, is to 
support the Humanoid Rehabilitation Project in the development of 
its robotic platform. Currently, The Humanoid Rehabilitation 
Project is being developed at FIU as a robotic platform intended as 
an assistive therapy tool in order to reach children with social or 
emotional developmental issues who have difficulty engaging or 
are not responsive to traditional forms of physical therapy. By 
utilizing a robot to demonstrate an exercise or motion to a socially 
or emotionally impaired child, the human interaction element can 

be minimized during the course of treatment. In this way, 
emotional or mental stress can be notably reduced for the child 
patient and the learning process may be improved. Last, the robot 
platform aims to allow parents and care takers to provide further 
care for a child in their home in between sessions. 

Therefore, this design effort must complement these overarching 

goals. Achieving a useful, visual model of gait is the most critical 

functionality required. The humanoid leg unit being developed will 
be able to produce this result while being modular to the completed 
robotic platform and independently controlled. Furthermore, some 
“universal” leg units which can be readily incorporated into a robot 
design exist currently. While this approach was considered as a 

replacement for the need to create a new robot platform, distinct 

solution, costs and functionality were preventative in the selection 

of models currently available. Therefore, minimizing costs while 
achieving only the necessary degree of functionality is a significant 
motivator.   

With true independence, a secondary benefit may be realized. The 
design developed here may be adopted for use in other robotic 
systems. The combination of a scalable 3D printable structural 
design and an emphasis on independent control may make this leg 
unit compatible with a number of different robotic systems or new 
custom designs. 
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3. Literature Review 

3.1 Trossen Robotics MX-106T 
Trossen Robotics is a company that creates robotic kits ranging 
widely in cost and functional capability. While a good portion of 

the products available are focused on introductory education, the 
company also has some more complex and powerful packages as 
well. One such kit is the Custom MX-106T 6 DOF Humanoid 

Robot Leg Kit Set. This kit includes aluminum structure, high 

power servos, and full sensor feedback capabilities. Overall, the 
unit is very capable though it has a price of over $6000 and does 
not come with a control solution integrated.  

 

Figure 1 - 6 DOF humanoid leg, the MX-106T DYNAMIXEL & 
MX-64T DYNAMIXEL from Robotis [2] 

3.2 EZRobot 
EZRobot is another company which creates robotics kits focused 
on teaching and education. They also have several kits for more 
advanced users which focus on creating custom robots from 
standard inter-linking pieces. A Humanoid 2 Servo-motor Foot and 
Ankle is currently available from their site which can be attached 
with other proprietary snap fit components to create a humanoid 
leg. This approach is significantly more cost effective though 
functionality and scalability are sacrificed 

 

Figure 2 - EZRobot's legs. These extension cubes allow easy 

connections [3]. 

4. Design Criteria 

The reason behind the chosen design of the legs is to remain 
autonomous and provide 5 degree of freedom movement for each 
leg while remaining unaffected by factors such as changes in its 
scalability. The functionality of the legs should be precise enough 

to be able to walk while keeping the hip straight. Doing so, the 
humanoid will be able to walk once an upper robotic platform is 
attached; assuming the body is symmetrical enough in respect to its 
center of mass. Although the balancing of the center of mass will 

be shifted once the body is placed on the hip, this center of mass 
will remain in the center of the two-dimensional plane that concerns 
the hip. 

The structure of the humanoid legs is capable of being scalable to 
a maximum size provided by the torque of the servo and the ratio 
of length between the parts that make up the legs. As the scaling 

factor for the legs is increased, the bigger the resulting change in 

the center of mass will be. A maximum size can be attained by 

further experimenting with the prototype. 

Once this size is known, it is important not to exceed it since 
surpassing the maximum allowable size will require a re-design of 
the leg’s mechanical components. A minimum allowable size is 
also introduced and is directly related to the size of the hardware 
used.  

So far, the servo motors are the only hardware components that 
have been added to the design. In the next design iteration, a 
gyroscope sensor will be added in order to provide a better balance 
for the 5 DOF leg system and allow for shifting of the center of 
mass accordingly during training sessions. 

The components are made to be 3D printed using PLA as the 
material. This allows for cheaper manufacturing while the material 

remains strong enough to hold a desired load. The maximum 
weight that the humanoid can hold is still unknown but it is 
estimated that the servo will stall and malfunction before the PLA 
breaks due to maximum torque output of the chosen servo being 11 
N-cm. 

 

5. Conceptual Design and Components 

Figure 3 represents the current CAD design developed for a single 
leg. As shown in the figure, the leg features 5 degrees of freedom 
of movement, as well as a casing that keeps the servos out of reach 
for safety and security purposes. The casing also yields a more 
aesthetically pleasing, clean design, which has been one of the 
goals in this work.   

Servos 1 and 2 are contained in the foot and offer a 2 degrees of 
freedom for the ankle. Servo 3 is responsible for producing the 1 
degree of freedom knee motion. Servos 4 and 5 make up the 
rudimentary hip motions with 2 additional degrees of freedom. 
Overall, each leg is designed to have 5 degrees of freedom. Figure 
3 shows the location of servos to drive each of the 5 joints.  
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Figure 3 - Design of the leg. Figure 3 provides the location of the 
servos needed to create the 5 DOF movement 

 

The leg design also features room inside its components to separate 
the wires from the servos. This will provide safety to the user, as 

well as keeping the wires safe from pinching as the servos move. 

The hip has been designed as a two-piece assembly that is attached 
to servo 5 on both legs. The hip also features holes to facilitate 

wiring, and 4 screws that allow for a torso to be connected on top. 
With the hip and legs assembled, servo 5 is able to create a 
rotational movement for the legs normal to the hip. This is essential 
for the platform to maintain balance throughout its motion. With 

the inclusion of the hip, the legs provide a total of 10 DOF for 

various possible movements. The Servos operate at up to 6V and 

can operate at maximum current of 0.900A.  

 

 

Figure 4 - Printed legs 

 

5.1 Material 
Since the legs are 3D printed, the material can be chosen by the 

user. PLA was the material selected for all the components in the 
platform. PLA is a thermoplastic that can be easily molded when 
heated and returns to a sturdy solid once it cools off. The reason 
why PLA was chosen instead of ABS was because of its lower cost 
while being able to withstand a large amount of stress without 
breaking [6]. 
 

5.2 Microcontrollers 
The Arduino Mega serves as the microcontroller that provides 
function to the legs. With its ability to control several servos 

simultaneously, the mega is the best choice when considering a 

light and powerful microcontroller. Additionally, since Arduino is 

an open source platform, the price for Arduino clones is much 

lower than other microcontrollers. 

 
Figure 5 - Arduino Mega 2560 [5] 

 

Additionally, an Arduino Nano could also be used to fully control 

the legs. However, it was decided to continue using the Arduino 
Mega since it accommodates enough pins and processing power to 
control any added components such as the upper body robotic 
platform. 
 

5.3 Servo Driver 
The PCA9685 by Adafruit provides a voltage of 5V to up to 16 
servos. This component is necessary in running all the servos in 
unison since the power provided by the Arduino is not enough to 
power more than two simultaneously. Furthermore, the devise is a 

product meant to operate with the Raspberry Pi. By adding a 

library and modifying the open source code, the group has 

successfully integrated the driver with the Arduino Mega. 

 
Figure 6 - PCA9685 by Adafruit 
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5.4 Servos 
The Servo chosen for the leg mechanism is the MG996r TowerPro 
Servo. This servo provides a high torque of 11 N-cm at 6V, have a 

total weight of 55g, and cost $6. A total of ten servos are used in 
the robotic legs platform. With the aid of the servo driver, all servos 
run simultaneously without affecting their performance. 

 

 
Figure 7 - TowerPro’s MG996r Servo Motor [16] 

 

5.5 Battery 
For this project, selecting a power source capable of providing 
enough power to move all servos through the PCA9685 was of most 
importance. With that in mind, it has been decided to leave the 

decision to the consumer.  As of now, a power adaptor is used to 
power the PCA9685 which subsequently limits the working range 
of the robot legs. This power supply is plugged in directly into the 
PCA 9685 and converts the power from the outlet into a voltage of 
5V and 10 Amps current. If the user requires to increase the 
working range of the robot, a battery pack or other independent 
power supply has to be used.  

 

5.6 Additional Components 
Other components have also been found that will help in the 
development of this platform. Electrical wires have been purchased 
to extend the wiring of the servos for an easier connection as well 
as allowing for better placement of the microcontroller and power 
source 

6. Cost Analysis 
An estimation can be made with the expenses of the components 
that are incorporated into the final design. Currently, the total cost 
of the project is shown on the table below: 

 

Table 1 – Cost estimate of components 

Component No. 
Price 
(each) 

Total Price 

Servo 10 $5.99 $60.00 

Filament 1 Roll $22.00 $22.00 

Arduino 1 $13.98 $13.98 

Electrical Wiring 1 $12.00 $12.00 

Screws (pack of 100) 1 $10.09 $10.09 

Total ∑ $118.07 

 

Although the legs are an open source creation, it is our belief that 
the platform is designed for individual personal use and not for 
mass production. Therefore, manufacturing costs will vary 

depending on the access to a 3D printer capable of printing the legs. 
The following table shows an estimation using a small commercial 
3D printer. Due to the size and capabilities of the 3D printer used, 
the time taken to print the components was extensive.  Taking this 
into consideration, a manufacturing cost of $6 an hour is assumed 
for the cost analysis.  
 

Table 2 - Manufacturing time and cost 

Component 
No. of 
Pieces 

Printing 
Time (hrs) 

Total 
Time 
(hrs) 

Cost 

Hip 1 6.8 6.8 $40.80  

Hip - Front Section 1 3.1 3.1 $18.60  

Hip - Servo Support 2 2.2 4.4 $26.40  

Hip - Servo Support 
Front Section 

2 1.2 2.4 $14.40  

Leg 2 3.7 7.4 $44.40  

Calf 2 1.9 3.8 $22.80  

Calf - Side Section 2 1.7 3.4 $20.40  

Ankle 2 1.8 3.6 $21.60  

Sole 2 4 8 $48.00  

Foot 2 6.8 13.6 $81.60  

Foot - Servo 
Support 

2 0.8 1.6 $9.60  

Bearing Holder 12 0.3 3.6 $21.60  

  Total ∑ 61.7 
$370.2
0  

 

7. Assembly and Calibration 

One of the main concepts behind this design was to create a 
platform that will be easy to assemble, while remaining completely 

functional and saving time and material while printing. This was 
achieved by creating small parts that assemble around the servos. 
A total of 7 parts per leg are assembled together with the use of a 
few screws. 

Before assembling the platform, Servos 1, 2, 4, and 5 have to be 

positioned in their 90 degree position, while Servo 3 has to be 

positioned at 0 degrees. This will allow the full range of motion of 

the servos, including servo 3, the knee, which is only required to 

move from 0 to 90 degrees. 
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8. Prototype and Experimentation  
During the prototyping phase, the individual legs have been 

programmed to move. These programs are very basic and produce 

movement with coordination between all the joints in the leg. 
Programming will likely prove to be the bulk of the 
experimentation phase as the task is quite tedious. 

The next objective will be to control both legs in unison once 
rigidly connected. After this is achieved, the possibility of 
incorporating a gyroscopic sensor to maintain equilibrium under 
different loading conditions will be explored though is not of 
primary concern as these legs are first and foremost being designed 
to demonstrate movement with assistance from the operator for 
balance. 

 

 
Figure 8 - Final Design of the legs with "mock" hip 

 

9. Execution 
As predicted, the programming of the legs to mimic walking was 

simple but time consuming. The trial and error approach to servo 

control is effective. The code is written directly into the Arduino 

IDE, tokenized and written to the controller, executed, then 

adjusted through numerous iterations. Since the servos move based 

on position, sending the servo from position A to position B will 

make it rapidly move. To slow this process down, a variable was 
created that would vary per loop making the increments bigger or 
smaller depending on whether a faster or slower movement was 
required. Furthermore, the delay between the movements of each 

individual servo played a major role. By setting the delay to 3 

milliseconds, the servos’ movements became more fluid. 

In order to streamline the process, each individual servo motion 

was fine-tuned systematically, Servo 5 down to Servo 1. Initially, 
a static walking motion, or walking where the robot is never 
completely in a “free fall” forward as with a natural gait, was 
programmed as it was the simpler task. From there, the programing 

shifted to focusing on balancing the humanoid on one foot, while 
the other was raised in the air, with bent knee, to the highest 

position of the dynamic gait desired.  Once achieved, the task 

became playing with the timing of extending the raised, bent knee 

and beginning the mirrored movement of the other leg. Ultimately, 
a fairly realistic gait was achieved through iterative adjustment.  

 
Figure 9 - The first 3D print of the unit. Functional testing was 

performed here 

As of the finalization of this report, improvements are still required 
to the coding aspect of the platform. In order to maintain a 
sustained, unassisted walking motion, logic improvements are 
necessary for maintaining balance consistently is sometimes 
problematic. Mainly, the leg unit will occasionally fail to maintain 

balance and tip over. Improvements with the gyroscopic sensor 

integration will correct this issue. However, when supported 

externally, the walking motion is reliable.  Overall, the platform’s 
intended design is sufficient for the applications of Humanoid 
Rehabilitation Project, though the code needs to be adjusted to 

account for the changed weight distribution. 

 

10. Discussion and Future Work 
From a manufacturing and structural perspective, this project has 

accomplished the goals laid out and surpassed our expectations. An 

easily scalable bipedal platform with structural strength, displaying 

the necessary degrees of freedom, with adequate servo power 

capacity, and including independent control and power supply was 

created within the targeted price point. In total it is estimated that 

reproducing the unit would cost approximately $121.07 depending 
on the cost and availability of rapid prototyping and manufacturing 
equipment.  However, a singular challenge still remains and should 

be the focus of future work. The single greatest limitation of this 

platform, in its current state, is the complexity of the coding 

process. Producing even the most simplistic movements is a time 

consuming, manual coding process done within Arduino IDE.  
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Research into publications presenting much more complex 
humanoid robot projects revealed this to be a common issue in the 
development of almost all of these humanoid systems. One paper, 
in particular stated, “Generation of motion for humanoid robots is 
quite different from that of standard robots because of the large 
numbers of joints, coupling between joints, redundancies, and 

people’s expectations that humanoid robots move like humans” [4].  

 
Figure 10 - An example of the full humanoid robot constructed 

by using the bipedal legs developed in this work 

 

The paper goes on to note the difficulties which come with a 
manual coding approach and states that a common solution is to 
spend time developing “a special motion creator with a rich 
graphical user interface that enables programmers to tackle these 
problems in an interactive manner” [4] or, as is the subject of the 

paper itself, develop alternative programming approaches like 
motion capture technologies to record human movements and 
translate them to servo outputs in order to program movement. 

 

 

 

 

 

 

 

Ultimately, the primary and secondary objectives of this design 

effort were achieved in that, the leg unit is functionally 

independent, produces roughly anatomically accurate movement, 
and resembles the human form in proportion.   

Additionally, modularity allows for it to be readily incorporated 
into any robotic platform which requires humanoid legs. However, 
the development or incorporation of a higher level function 
generating program is still necessary to simplify the use and 
application of this independent device.   

Therefore, it is proposed for current and future contributors 
working on the Humanoid Rehabilitation Project to mainly focus 
on the development of such control and programming techniques. 
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