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Introduction 

 

 The use of robotics for military applications has significantly expanded since the early 

20th century. What started as a way to automate calculations and reduce the complexity of 

processes has now evolved to a point where the military is investing in robotic solutions to put 

humans out of harm's way. Our project follows this theme by aiming to reduce the number of 

sailors required to operate the underside of an aircraft carrier on a day-to-day basis by creating a 

hybrid humanoid robot capable of navigating the obstacles and terrain of an aircraft carrier's 

interior while doing various basic maintenance operations. Being sponsored by the Navy, the 

project’s primary focus is to develop a lightweight, cost-effective robot capable of transforming 

elements of its limbs to navigate various environments.  

 To better understand the objectives and goals of this project, it is important to understand 

the terrain the designed robot must navigate. Per the project requirements given by the Navy, the 

designed robot must be capable of scaling a 63-degree inclined ladder that is commonly found on 

aircraft carriers (Fig. 1). Additionally, the robot must be capable of transforming from an upright, 

bipedal humanoid robot into a quadrupedal-mobile robot that can swiftly travel down long 

aircraft carrier hallways on sets of wheels (Fig. 2). These requirements demand a solution where 

the limbs of the final robot can transform, making the final robot a Hybrid Humanoid Robot. 

The idea of a hybrid humanoid robot is an advancement in robotics in several ways. The 

current state of humanoid robotics forces engineers to make a tradeoff, choosing between either 

mobility or functionality. By creating a hybrid robot capable of moving quickly on flat terrain 

and capable of climbing a steep set of stairs, the hybrid robot design can achieve what no other 

commercially available robot can do. By creating a robot with these capabilities, we can reduce 



 

 

the number of sailors required to operate an aircraft carrier, removing sailors from potentially 

dangerous jobs. This technology also opens the door for fully autonomous aircraft carriers and 

proves that elements of a concept that were thought to be too challenging can be overcome.  

 

 

Figures 1 and 2: A 63-degree ladder typical on an aircraft carrier and a long stretch of 

aircraft carrier hallway 
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 It is also important to note that as the semester progressed, the scope of the project that 

our group was assigned was reduced to create a more achievable goal for the end of the year. At 

the beginning of the semester, we were tasked with designing and developing the entire robot, 

from the transforming limbs to the frame and the electronics. This list was reduced so that our 

advisor would create a rudimentary but working prototype for the transforming limbs, and our 

team would design and manufacture the remainder of the robot. This reduction has led to an 

increase in focus on frame design that has resulted in a more practical and tested design. 

  



 

 

Research 

Current advancements in robotics have led to the development of robots capable of 

navigating complex terrain. For example, Boston Dynamics’ Atlas robot was designed for 

challenging environments and has demonstrated impressive agility and balance, mimicking 

human-like mobility (Boston Dynamics, 2024). Honda also developed the ASIMO (Advances 

Step in Innovative Mobility), which was designed to assist with tasks like walking, running, and 

climbing stairs (ASIMO, 2024). It can also interact with people using voice and gesture 

recognition. Another example is the Shipboard Autonomous Fire Fighting Robot (SAFFIR), 

designed to navigate tight and uneven spaces in naval vessels (US Navy, 2021).  

There are several cost-effective options that we used as sources of inspiration throughout 

the design process. The Unitree humanoid robot and Ascento Pro were the two major sources of 

inspiration we drew from during the initial design process. The Unitree G1 is a commercially 

available humanoid robot that is lightweight and highly mobile (Unitree, 2024). Released this 

year, it proves that humanoid robotics is very much still under development and that effective 

and mobile solutions can be created at a low cost. We referenced the proportions and degrees of 

freedom for the rotation of limbs from the G1. The G1 is lightweight for a humanoid robot at 35 

kg, but our robot needs to be much lighter. The Ascento Pro was also used as inspiration because 

of its effective use of wheels (Ascento Robotics, 2024). Having wheels attached to the legs gives 

it the ability to climb steps but also move very quickly. The mobility while rolling is something 

that we drew inspiration from and wanted to emulate in our design.  

 Overall, there were lots of examples of humanoid robots we researched while preparing 

for and designing our robot. We referenced these robots to learn about the way they moved and 

the systems they employed to achieve design objectives that we identified were similar to ours. 



 

 

We wanted to find a way to combine the upright ability of the Unitree G1 with the rolling 

mobility of the Ascento Pro.  

Ideation 

Leg Subteam -  

 When deciding the final design our team wanted to pursue concerning the transforming 

wheel-to-foot, we first brainstormed a list of 10 preliminary concepts (Fig. 3). These concepts 

ranged from highly achievable to wildly complex, but the goal was to identify a series of design 

attributes that would create a design that could achieve each of the elements the objectives 

required of the final design. The designs then underwent a selection and screening process that 

helped identify which design elements achieved the desired objectives the best.  

 
Fig. 3: A list of transforming wheel-to-foot concepts 

 



 

 

Arm Subteam -  

The initial plan for the arms was also to include a transformable component, this time 

acting as a wheel-to-hand mechanism. We created 10 conceptual ideas for the limb (Fig. 4), then 

proceeded to select and screen our concepts, using criteria that we thought fit our design goals. 

 

Fig. 4: A list of transforming wheel-to-hand concepts 

 

Torso and Joints Subteam -  

 For the torso, we originally came up with 10 initial designs, shown in Figure 5. These 

designs all had a chosen torso shape, an aspect of rotation for the “waist”, and some had the 

ability to tilt the torso left and right. We selected criteria that fit our design goals and then 

screened the initial ten ideas to determine what design elements we wanted to move forward 

with.  



 

 

 
Fig. 5: Initial Torso Design Concepts 

 

For the shoulder joint component, we had to create a bracket that would fit 3 Dynamixel 

motors with aligned centers of rotation (Fig. 6). This was to allow for better movement of the 

arms as a spherical shoulder allows for direct changes to pitch, roll, and yaw when adjusting each 

motor that comprises the shoulder. This joint was added after the project scope was changed so it 

didn’t go through the traditional ideation phase. 

 

Fig. 6: Shoulder Degrees of Freedom 

 

 



 

 

Selection and Screening 

Leg Subteam -  

 After creating a list of the 10 design ideas whose traits we believed could best achieve the 

required design goals, we made a list of criteria that best represented the objectives of the 

required design (Fig. 7). Using these criteria, each of the 10 designs was evaluated, the three 

highest scorers were dissected, and their successful elements were combined to create 5 new 

design ideas which were evaluated using the same criteria and the most successful would be 

developed. 

 
Fig. 7: Scoring chart for transforming wheel-to-foot designs 

 

 Following the first round of scoring, designs 2, 6, and 8 were found to have the most 

beneficial design. These designs were then reworked into new concepts and evaluated using the 

same set of criteria. When evaluating the new designs, each design was rated 1 through 5 for 

each of the criteria instead of the plus-minus system seen in Fig. 7 (Fig. 8). Each of the design 

objectives was also given a weight to demonstrate how important it was to the final design. The 

design goals that were given the highest weight for the wheel-to-foot design were the smoothness 



 

 

of rotation, mountability, and reliability. These objectives were weighted the highest because of 

the nature of the project having a military application. The customer being the US Navy, the 

designed mechanism needs to be able to reliably work in less-than-perfect conditions. That 

means these factors are crucial to the success of our overall design.  It was found that our 5th 

design (Fig. 9) was the most successful and should be pursued. It should also be noted that 

despite the reduction of the scope of the project, our project advisor did choose to pursue this 

design idea. 

 
Fig 8: Second concept selection chart which was used to select the final design for the transforming 

wheel-to-foot 

 
Fig 9: Final selected concept of a pneumatically activated wheel-to-foot design 

 

Arm Subteam -   

Following a slightly altered scoring system than the leg subteam, and using concept 8 as 

the base we produced the scoring chart seen in Fig. 10. 



 

 

 
Fig. 10: Scoring chart for wheel-to-hand designs 

 

These were the key selection criteria that we based our conceptual designs on. As a 

transformable mechanism, a reliable shapeshifting process was necessary. Weight and size were 

also key factors to consider to meet project requirements, and we did not want anything too 

complex, with minimal moving parts. Additionally, our part had to function as both a wheel and 

a hand to allow for varied movements. These weights were reflected in the updated scoring chart 

that was used to evaluate the second set of designs (Fig. 11). 

 

Fig. 11: Ranking chart for wheel-to-hand designs 

 

 

 



 

 

Concept 4 ended up with the highest ranking with 8 following close behind.  

However, as mentioned in the introduction, our instructor constructed this wheel-to-hand 

mechanism differently - with the use of pneumatics - due to the scope of the project being 

reduced. 

Torso and Joints Subteam -  

 Based on the initial torso designs, we created a list of criteria, similar to the other 

subteams, that best fit the design objectives for the torso. We evaluated our designs using the 

scoring chart below (Figure 12). We used design 1 as a base design and then determined if the 

following designs were better, worse, or even for each criterion. We selected the three top-

scoring designs to move forward with.  

 
Fig. 12: Scoring Chart for Torso Designs 

 

 The three designs we continued to develop were 1, 6, and 8. We determined which 

elements we liked from each of the three designs and used those to create five new concepts. The 

simplicity of design number one was preferred as it was easy to design and manufacture as well 

as lightweight, however, this design didn’t allow the robot to bend forward, which is necessary 

for the project objectives. Design six was more stable and similarly simple to design, but had the 



 

 

same issue as design number one. Design eight can bend forward, however it doesn’t allow for 

individual movement of the robot's hips. We ranked our modified designs using the chart in 

Figure 13, which has the same criteria but is weighted to ensure the design we proceed with 

meets the most important criteria. The most important criterion for the torso design is for it to be 

lightweight. With our robot performing dual functions while moving upright and bent over, the 

torso must be light enough that it does not cause the robot to topple over. Additionally, it needs 

to be stable as we do not currently have a balancing mechanism in our overall design, and the 

torso needs to be able to support the weight of the arms and remain stable. Our subteam moved 

forward with design one (Fig. 14). Due to the simplicity of the design, we can make the torso 

very lightweight and the individual hip motors allow for a wider range of movements. Later in 

the design process, we decided to incorporate a rotational element into the torso, doing so 

through a rod that runs through the torso's body and connects to a bar that separates the torso 

from the hips.  

 
Fig. 13: Ranking Chart for Torso Design 

 



 

 

 
Fig. 14: Final Torso Design 

 

Specifications and Idea Development 

 When creating the original specifications for the robot, we used a human with a height of 

about 5 foot 6 inches to base our leg and arm lengths. This led to a robot with leg lengths (with 

feet and hips) of 41 inches (Fig. 15). It should be noted that the head and neck lengths that would 

usually be factored into the height were split between the torso and legs in a ratio of 1:2. This 

initial leg design had limited degrees of freedom, and it was found that the number of degrees of 

freedom needed to be increased in the final design. The final arm design was also intentionally 

long to create an increased working reach. This design was thought to benefit the functionality 

and balance of the robot given the robot’s shorter overall height, but our advisor determined the 

length of these arms was too long and thus too heavy for the motors to maneuver effectively. The 

final wingspan needed to be reduced from the 96 inches it was originally designed at. Finally, the 

torso design was too large and added too much weight. We knew when we designed the torso 

that there would need to be FEA to remove some of the weight, but it was also found that the 

overall shape was too large. When compared to the team from last year’s design, it was roughly 

twice the volume for the same amount of electronics. This size increased the height of the center 

of mass unnecessarily and needed to be reduced in the final design. 



 

 

 

Fig 15: Initial robot basic dimensions and design 

 To gain a better perspective on the problem and to improve upon the initial design, we 

used a combination of using our advisor, reviewing the documentation from last year’s team, and 

redefining the problem in better terms. Once the scope of the project was reduced, we 

approached our advisor with more concrete design questions. The biggest design challenge we 

identified was deciding the degrees of freedom we needed to include. Mainly, we sought 

guidance on which degrees of freedom we should include to maximize mobility while reducing 

weight. We reviewed the previous team’s documentation to learn how they connected motors in 

series to create these degrees of freedom.  

 Deciding on the degrees of freedom was essential to create a robot capable of walking, 

climbing, and transforming into quadrupedal form. The final degrees of freedom were decided 

based on the goal of optimizing balance and maintaining simplistic human-like motion (Fig. 16). 

Balance was achieved by including three major degrees of freedom. The first one is the extra 

degree of freedom in the ankle. Being able to shift the angle of the foot allows the robot to level 

itself on a variety of sloped surfaces. The second degree of freedom critical for balance is in the 

hip. The degree of freedom that allows the legs to kick out parallel to the hips allows for the 



 

 

readjustment of individual legs while walking or rotating. The final degree of freedom that 

increases balance is the third degree of freedom in the shoulder. While you could remove a 

degree of freedom from the shoulder and have the same working ability due to the degree of 

freedom in the elbow, the added degree of freedom gives the robot the ability to adjust its arms 

when it is off balance. With the degrees of freedom decided, the general motor layout and 

structure of the robot could be decided. The only exception to this was deciding what the 

expected forces were in each of the limbs to determine how many motors may be needed to 

support that weight.  

  

Fig. 16: Final Degrees of Freedom 

After the degrees of freedom were decided, we reviewed last year’s team’s 

documentation to learn what did and did not work concerning weight reduction and motor 

strength. The greatest challenge they had with the project was reducing the weight of their robot 

so the motors could support the full weight of the robot. They used an aluminum frame that had 

been optimized with CNC, but their overall weight was still too heavy and the motors could not 

effectively move the limbs or support the body. Their factor of safety was also extremely high, 

which led us to make the design choice to use ABS to create the majority of our components 



 

 

while the high-torque-bearing components can be made out of aluminum to add strength; the first 

iteration will be tested using ABS due to ease of manufacturing though. Finally, the problem was 

redefined so that the goals of our design were better understood. This included defining the 

motions needed to transform from bipedal walking to quadrupedal rolling and defining load 

cases during these motions. This allowed us to design components that could bear the loads from 

movement, ensuring no components experienced too great of stress (Fig. 19). The formulas used 

to find these values were found by doing basic physical modeling seen in Figures 17 and 18. 

 

Fig. 17:  Calculation to find angles for the robot in quadrupedal mode (values were changed 

later) 



 

 

 

Fig.18: Weight distribution for quadrupedal mode 

 

 

Fig. 19: Excel calculations done to find a rough estimate of the reaction force at each limb while 

the robot is in quadrupedal mode 

These intermediate adjustments allowed us to create a final design with specifications 

that meet our design objectives (Figure 20). The final weight of the robot is 27 pounds with a 



 

 

height of 54 inches and a shoulder width of 19 inches. The broad final specifications of the leg 

are that the leg has a length of 37.6 inches and a weight, without the foot, of 4.8 pounds (Fig. 

21). Physiologically, the average man’s leg length is about 34 inches which, when considering 

the length of the average hip height, comes to roughly the same total length as our designed leg. 

The weight of the leg, being 4.8 pounds, is also extremely lightweight as the total robot weight 

must be kept under 33 pounds (reduced from the 45-pound weight the previous year).  

  
Figure 20: Final robot design 

 



 

 

Fig 21: Final leg assembly 

 The leg was created piece by piece and was designed to better emulate the dimensions of 

an average adult male leg. The knee assembly was designed first to ensure the task of being able 

to walk up the 63-degree ladder was possible. To allow for the torque required to lift the entire 

body when stepping (with assistance from the arms) two motors were placed in the knee. The 

connections between the calf and knee were also critical to ensuring the knee could make this 

motion. A damper (not pictured) was found to run between the back of the knee and the top of 

the calf to act as a hamstring. This damper provides stability when the leg is raised and rested. A 

channel was added in the connection to the quad to allow a dual damper system to slide via a pin 

where the lengths are optimized so that when the leg is completely down, the damper is at almost 

maximum extended length. This creates the resting stability needed to stand upright. The calf is 

also connected by a rotating motor mount that is the minimum length to achieve the degree of 

rotation we desire when walking up the ladder.  

 A two-degree of freedom ankle assembly is also embedded in the lower calf and 

connected to the foot. This assembly connects to the calf via two custom brackets that 

strategically place the assembly off-center so the foot can rotate more in one direction than the 

other. The leg is connected to the hip via a set of two motors run in series connected by a 

bracket. Last year’s team used only one motor for this motion, and while it was strong enough to 

lift the leg, it was not strong enough to support the robot, so an extra motor was added to 

increase the torque capability. Finally, the leg was optimized so that its weight was minimized 

while the structural integrity was maintained. To optimize each of the major components, FEA 

was performed using load cases similar to expected real-life load cases. When the calf was 

initially tested, it was found to be nowhere near yielding (Fig. 22). The load case for the first calf 



 

 

FEA test was 30 pounds placed directly downward on the connection pins (Fig. 23). The calf 

experienced stress at the pin connections, but the stress was far less than the yield strength of 

ABS. The second load case was to mimic the stress when the calf is being used as a pivot point 

during leg rotation and while walking up the ladder. This case was identified to be a likely point 

of failure due to a combination of stresses and the whole weight of the robot on an angled leg. 

The loading was 22 pounds applied to the back of the calf with 10 lbf-in applied at each corner 

of the calf (Fig. 24). The stress experienced was 10 times less than the yield stress of ABS, 

creating a large factor of safety.   

 

 
Fig. 22: Initial calf FEA 

 

 

  
Fig. 23: Optimized calf and first load case FEA 

 



 

 

 
Fig. 24: Optimized calf and second load case FEA 

 

 The quad underwent similar optimization and testing with higher load cases because the 

quad is often horizontal to the body when walking, creating greater bending stress on the 

component. The first load case was a simple compression load case with 60 pounds of force 

being applied to the point of connection (Fig. 25). This load case was three orders of magnitude 

from the yield stress. For the second load test, the load was applied as if the quad was 

experiencing a step-up motion from the ladder. There were 50 pounds of force applied to the 

bottom connection point, and the hip mount point was restrained (Fig. 26). This test also 

experienced far less stress than ABS’s yield strength. It is important to note for all of the FEA 

tests conducted, these are ideal loading conditions for a robot whose kinematic movements are 

being estimated. While the numbers are very promising right now, these are ballpark estimates 

being used to inform the design choices we make while engineering components. For further 

testing, we will create a full-scale leg prototype that will be used to test basic kinematic 

movements and we will perform tests to determine a baseline of allowable stress before failure.  



 

 

 

Fig. 25: Quad FEA load case 1 

 

Fig. 26: Quad FEA load case 2 

 

The process of designing the arms was similar to the legs. While there was no “knee” to 

design around, the arms had the challenge of including three degrees of freedom in the shoulder. 

The final design for the arm weighs 2.5 pounds, with a total length of 27 inches measured from 

the shoulder. This roughly resembles the dimensions of the average man. The arms were 



 

 

designed to be lightweight for efficient movement and to reduce stress on the motors. To enable 

this, the elbow joints have 1 degree of freedom to enable upward and downward mobility. The 

shoulder brackets (the parts connected to the shoulder motor) have 2 degrees of freedom, 

allowing the entire arm to rotate around its central axis and move laterally in and out from the 

torso. The parts for the arm were created independently. The forearm and bicep were designed to 

be simple and lightweight to adhere to the robot's weight restriction of 33 lbs. After a simple 

initial design was created, FEA analysis was conducted to identify modes of failure and further 

optimize the design. A torque load of 10.6Nm, the maximum torque exerted by the motor, was 

applied at the elbow joints. Originally, lots of stress was prevalent around the brackets of the 

elbow (Fig. 27). To mitigate this, we decided to replace the ABS bracket with aluminum so that 

this piece is more resistant to torque. Moreover, cuts were made in parts of the arm that had 

insignificant amounts of stress, reducing the overall weight.

 

Fig. 27: Original unoptimized arm assembly 

 

 After the aluminum bracket was added and the design was optimized, we ran a second 

test of FEA to ensure the design was feasible (Fig. 28). The design was optimized to resemble a 



 

 

generic truss structure to create ease of manufacturing. While we intend to 3D print the arms, if 

necessary, the slender nature and simplified optimization give us the ability to use standard stock 

ABS blocks with a water jet to create the arm components. Each of the components was also 

tested individually. The forearm and bicep were tested with a 15 lb axial load and 10 lb shear 

load applied at the ends of the parts. This loading was chosen to approximate the portion of the 

weight of the robot borne by the arms when in the four-wheeled configuration. The forearm was 

found to have roughly 10 times less stress than the yield strength of ABS (Fig. 29). The bicep 

performed much better under the same loading conditions, with the majority of the part 

experiencing minimal stress (Fig. 30). The highest stress occurred at the screw holes in both 

parts, with relatively low stress on the rest of the part. Therefore, these attachment points should 

be made of aluminum, allowing for higher loads on the arm. Alternatively, increasing the 

thickness of the attachment points could improve these stress concentrations.  Further testing, 

such as kinematic and allowable stress before failure, will be conducted on a full-scale prototype 

to further improve the design and functionality of the arm. 

 

 



 

 

Fig. 28: Final Optimized Arm 

 

  

 

Fig 29: Forearm with 15 lb Axial Load and 10 lb Shear Load 

 

Fig 30: Bicep with 15 lb Axial Load and 10 lb Shear Load 

 

 The torso design is trapezoid-shaped with a maximum width of 13.5 inches, a minimum 

width of 8 inches, a height of 12 inches, and a depth of 5 inches. The design is hollow inside 



 

 

with a wall thickness of 0.5 inches and has been optimized with FEA. The original torso design 

has already been discussed in some detail, but the original design was found to be much too 

bulky and large. The design was reduced from a maximum width of 20 inches to a maximum 

width of 13.5 inches. This decision was made due to the suggestions from our advisor and an 

early topology optimization that was performed with basic loading scenarios (Fig. 31). The 

topology optimization revealed that we could severely cut the size and fullness of the sidewalls 

on the torso to reduce the final total weight. 

 The total weight of just the torso is 5.7 pounds and is still the heaviest single component 

on the robot. Despite the optimization, the reason this component still needs to be so bulky is that 

the size of the robot makes the torso naturally large, and the wall thickness of 0.500 inches is 

required to provide rigidity to protect the electronics that will be stored inside. Additionally, 

there is a 0.550-inch diameter vertical rod that runs through the torso, connecting at the bottom to 

a horizontal bar that serves as the connection to the hips, allowing the torso to rotate relative to 

the hips. The motors are mounted to the bottom of this bar with brackets and connected to the 

quad. This rod is used to allow the robot to rotate freely and point important censors in the 

direction of information. It also allows the robot to pick up and move components in its 

workspace without having to navigate extensively. 



 

 

 
Fig. 31: Early torso topology optimization 

 Once the final design of the torso was created, the design was tested with FEA to check if 

the shoulder mounts could distribute the load from the shoulders effectively (Fig. 32). With 20 

pounds of force applied to the center of the torso and each shoulder, the torso experienced 

several orders of magnitudes of less stress than ABS can handle. This is encouraging because 

although the robot will be carrying things in the torso, the weight of the electronics will not 

exceed 5 or so pounds, allowing the torso to operate in conditions more favorable than the ones 

tested. Additionally, the shoulders will likely not experience more force than 20 pounds unless 

the robot falls, is quickly transitioning to quadrupedal mode, or lifting something heavy.  



 

 

 

Fig. 32: Optimized torso FEA 

 As mentioned while discussing the degrees of freedom, the torso only has one degree of 

freedom despite originally planning to be able to lead forward. The reason this degree of freedom 

was eliminated was because the degree of freedom posed a threat to the balance of the robot and 

offered very little in return. The legs can achieve a little bend without creating the worry of 

instability. By adding a degree of freedom in the torso that would allow the robot to bend 

forward, we would have been creating another potential point of failure and a structural 

instability that would have potentially compromised the robot’s ability to stand upright. 

 Moving forward with the design of the torso, we need to determine the best way to print 

and assemble it. The large component means it needs to be printed across multiple sessions using 

multiple printers. This means dividing the torso into regions of print with cracks that can be 

attached to assemble the full torso. This does not pose as large of a problem as it does with the 

other components, however, because the torso experiences a rather insignificant loading case, 

and it has thick side walls.  



 

 

Design Refinement 

 After testing the initial design, several changes had to be made before the prototyping 

stage. Although the FEA demonstrated that the designed models would be able to bear the 

intended loads, the designs needed to be altered. Mainly, the knee connections, hip design, and 

shoulder design needed to be updated to ensure the robot could be appropriately manufactured 

and assembled. Additionally, the manufacturing processes and infill values of 3D printed parts 

needed to be tested in order to balance manufacturability and component strength.  

 The first element of the design refinement stage was changing the knee connection 

components. Originally, the knee was designed to have a spring-damper system that acted as a 

passive support rod that allowed the leg to bend as the motors in the knee bent the leg. The 

system was designed to emulate a hamstring muscle and to reduce the passive power 

consumption required to keep the robot upright while in a standing or bent-over position. After 

being designed, the spring system was manufactured and assembled on a single leg. While the 

spring system functioned in an upright position, the final assembly could not consistently remain 

intact while being run through a general bending motion (Figure 33). The main identifiable 

reason for this was the method of assembly that did not allow for a tight enough connection to 

hold components together while they experienced uneven stress while bending. 



 

 

 

Fig. 33: Image of a passive and half-bent leg with the damping system 

  

 The result of identifying this design deficiency was the redesign of the knee connection 

component. Originally, it was a major concern that the PLA would not be durable enough to 

withstand bending and rotating forces, but the switch to ABS granted increased flexibility that 

gave us confidence in a simplified redesign. Upon redesigning the part, the component was 

attached to the same original connection points on the calf to maintain the same range of motion. 

The profile, however, was designed so that the force was borne by a triangular profile and placed 

at the closest point to the mounting pegs (to reduce bending stress). After a few iterations of 

manufacturing to align the holes and optimize the triangular shape, the final knee-to-calf 

connection component was installed on the robot (Figure 34). 

 



 

 

 

Fig. 34: New calf to knee connection bracket 

 The second major element of our design refinement was to redesign the hip component. 

There were several major difficulties that led to a required redesign of the hips. The first, which 

was a concern with every large component, was the need to split large prints into multiple pieces. 

The hips were originally 24 inches wide, which we figured would create an increased leg base 

and increase the stability (Figure 35). This presumption, however, was ill-founded. The wide 

base made maneuvering the robot difficult and increased the moment arm to the central 

mounting point. This meant that as the legs bore more weight, the bending stress the hips 

experienced was increased, ultimately leading to a fatigue-related failure.  

 



 

 

 

Fig. 35: Intermediate hip design without added support or width 

 The redesigned hips had a few key changes that increased their strength. The first of these 

changes was the reduction in their width. They were shortened from the original 20 inches to 15 

inches. This reduction led to a moment reduction of roughly 100 in-lbs at the central mounting 

point. Another change was the increase in wall thickness and a slight shape redesign. The walls 

were increased in width in order to increase the cross-sectional area and moment of inertia. The 

final major change was an increase in the gap in the hip motor mount slot. When working with 

ABS, we often experienced shrinking or warping of certain features due to the cooling 

complexity associated with ABS. This meant that while our components were designed with 

some tolerance in mind, the warping caused a change greater than that tolerance. This led to 

motors experiencing a press fit instead of a loose fit that was originally intended. By making 

these changes, the hips became more functional, durable, and were better suited for the 

environment specified in the original contract.  

 The shoulder component experienced troubles similar to hips. Mainly, the use of ABS 

resulted in warping that created a fit that was too tight for the motors to be removed after 

insertion. This was fixed, so an increased tolerance was added. Another problem was the wiring 



 

 

access within the component. The wiring channels had to be relocated to increase the ease of 

installation and decrease the stress on the wires (Figure 36). Finally, additional mounting 

brackets needed to be ordered so there would be a sufficient connection of the arm to the 

shoulder motor.  

 

 

Fig. 36: Finalized shoulder component 

 

 By changing these identified elements and components of our design, we could continue 

into the prototyping and testing stage, where we could observe how whole systems interacted 

with each other. Although certain elements had been printed and “prototyped” before the official 

prototype stage, a key element differentiating these examples would be the actual installation of 

motors and the preliminary testing to ensure desired functionality.  

 

Prototyping and Testing 

 The prototyping stage was the most iterative part of the entire design process. One major 

challenge throughout the prototyping stage was getting the motors to function in a coordinated 



 

 

manner. The actual code structure will be discussed below, but the syncing of motors was an 

issue that presented the need to iterate the design frequently. Because of the estimated weight of 

the robot, the knees and hips were designed to use two motors acting in parallel. These parallel 

motors, although sufficiently strong to bear the weight of the robot, were incredibly difficult to 

sync. This failure in syncing led to many components experiencing moments about their central 

axes while testing, resulting in the occasional fracturing of the component.  

 During the prototyping stage, we also changed minor details with each reprinted version 

of a part. We started with a bottom-up approach, focusing on the legs first. This was reasoned 

because the legs would experience the most stress while under regular load cases. They were also 

seen as the most complex system, so the most time was dedicated to getting them to work. Some 

small changes that were made include increasing wall thickness, creating calf mounting points, 

changing side cutout geometries and locations, and tweaking infill percentages. A constant 

struggle throughout this project was balancing the infill percentage with the manufacturability 

and weight. While increasing the infill made components much stronger, it also increased the 

amount of material and time needed to manufacture a single part. Additionally, it increased the 

weight of the robot. By variably adjusting the infill percentage, we hoped to achieve a level that 

could be impact-resistant and strong, but lightweight and manufacturable. Because of strength 

requirements in the legs, leg components were often manufactured with higher infill percentages 

than other components. They also support increased weight from the foot mechanisms designed 

by our advisor.  

 The arms were much easier to work with than the legs. Although there was a 3-degree-of-

freedom motor cluster in the shoulder, the lack of parallel motors meant that syncing did not 

result in any fractures or damage to components. The one difficulty of prototyping the arms, 



 

 

however, was the manufacturability aspect. The arm components are not as large as the leg 

components, so they did not need to be split into separate prints, but they were very thin and 

narrow. This meant that when trying to attach motors axially, the working space was tight and 

often resulted in improper connections. Additionally, there was an incident during the 

prototyping stage where the arm assembly fell off a workstation and broke the bicep component. 

Despite this setback, it taught us where the weak point in the bicep was, and changes were made 

to the final design.  

 The final element of the prototyping phase was assembling subassemblies and finding a 

place to mount the robot. Although not our first choice, to connect components that had to be 

separated during printing due to size restrictions of the printing bed, we used Loctite plastic 

adhesive. This choice was made largely due to weight restrictions and time restraints. By adding 

collars with screws and bolts, additional weight would be added that we could not afford to add. 

Adding collars and screws increased the complexity of the design while only creating stability at 

points instead of along the entire seam. The Loctite solution allowed our team to apply the 

adhesive and wait for it to cure and then receive a level of strength that was greater than the yield 

stress of the 3D printed ABS component.  

 

Coding Infrastructure and Programming 

The humanoid robot was programmed using ROS (Robotic Operating System) and C++. 

This enables the mobility of the robot via a remote control. We decided to use ROS because it 

provides a flexible and well-supported framework for developing robotic systems. ROS allows 

for the software to be more modularized using special components called nodes. Each node can 

either send or receive information to other nodes. This modularity ensures real-time 



 

 

communication and scalable infrastructure. Another major benefit of ROS is its wide range of 

open-source packages. This facilitates the motor and remote control connections.  

 

Why C++   

We chose C++ as the main programming language because of its low speed and compatibility 

with hardware interfaces. Since the robot communicates directly with the motors and needs to 

process real-time feedback, performance and efficiency were important. The language gives us 

more control over memory usage and timing, which are crucial in mitigating any delays. C++ 

also integrates well within the ROS ecosystem and the Dynamixel Software Deployment Kit 

(SDK). The extensive documentation of the Dynamixel SDK in C++  provided a framework for 

integrating our software to allow motor control.  

 

Architecture Design  

We designed the software architecture of the robot to ensure scalability and real-time 

performance. All metadata from the controller is published and centralized to ensure a single 

point of access. Each limb is organized into clusters, which contain a set of motors. These 

clusters subscribe to unique segments of the shared data source, which are then communicated to 

the motors for execution.  

 

Motor Communication  

To control each motor, we use the Dynamixel SDK to provide direct low-level access to the 

motor's internal registers. The communication is handled over a serial USB port using the packet 

protocol version 2.0. Through this interface, we can send precise instructions to each motor and 



 

 

receive real-time feedback. Common operations include writing data to configure the motor’s 

behavior, such as setting target positions, and reading data to retrieve the motor’s current 

position. These read/write operations are performed via specific register addresses defined in the 

Dynamixel SDK documentation.  

 

 

Fig. 37: General coding architecture 



 

 

 

Fig. 38: Motor establishment function 

 

Fig. 39: Motor movement function 

 

Fig. 40: Current motor position function 

 



 

 

Sync and Motor Homing Issues 

 During testing, we encountered several challenges related to syncing and motor homing. 

Our goal was to have each motor align to a default “zero” position that corresponded to the 

desired neutral posture of the robot’s limbs. One issue was using multiple motors in parallel, 

particularly in the hips and knees, to support the robot’s weight. These motors often failed to 

remain synchronized, which resulted in imbalanced motion and unexpected forces on 

components. Differing positions and torques between motors in the same joint caused torsion 

around the joint, risking damage to components. Another issue was motor homing. Due to 

mechanical offsets during assembly, a motor set to 0 degrees did not always correspond to the 

correct physical alignment. This offset made it difficult to ensure symmetry and consistency 

through mirrored parts. Furthermore, without an absolute reference, even small errors could 

accumulate over time and cause unpredictable behaviour. These challenges highlighted the need 

for a reliable zeroing calibration process, which was done by manually setting each limb to its 

natural default position, then calculating the number of degrees moved by the motor and 

subtracting this number from the original value. Additionally, the motors experienced issues 

related to negative position values, leading to a sudden and violent repositioning on robot startup. 

This issue necessitated additional code to ensure the correct starting position of each motor when 

the robot starts. All of this motor calibration was done through Dynamixel Wizard. 

 

Final Robot Design  

 The final robot design was the culmination of a year’s worth of work. While not entirely 

dissimilar from the original mockup proportions or shape, the final robot is significantly 

improved in design and verified by component testing. Although not all of the project’s original 



 

 

goals were achieved throughout the course of this working year, a serious and significant step 

has been made from where we began toward the final project’s goals.  

 As we began finalizing the robot and polishing the final design, we wanted to define our 

testing goals. Originally, we set out to have the robot fully functional with the ability to walk and 

roll. Along the way, we experienced several delays and setbacks that made these goals 

unrealizable. We refined our test goals to have operational arms and rotatable, and inflatable 

wheels. We ended up meeting this goal and achieving an end state that we were proud of. The 

final robot (Figure 41) was even capable of forming the ‘UVA’ arm symbols often seen at 

sporting events.  

 

 

Fig. 41: Final seated robot unwired 



 

 

 A portion of the semester was spent planning the electronics placement on the robot. The 

wiring for the wheels was attached to the back of the hips to prevent any dragging along the 

ground (Figure 42). The robot also had an onboard series of pumps and valves that inflated the 

wheels. The wheels were designed so that when they were not inflated, the rubber exterior was 

pulled taught around the inner shape that was flat on two sides. This allowed the wheel to act as a 

foot when not inflated and transform into a wheel for rolling when inflated. This design is an 

applied version of what can be seen in Figure 9.  

 

 

Fig. 42: Final wiring installed on the robot 

 Because we were unable to achieve everything we wanted to this year, our group has a 

list of things we believe could be improved on to get the final product even closer to the final 

desired end state. These topics vary from changes to our design we believe would improve it to 

areas and tasks to focus on when granted additional time to work.  



 

 

 

Future Work 

 While we were not able to achieve all the goals we set out to at the beginning of the 

semester, we were still able to get a deeper understanding of the design process and successfully 

created a lightweight robot frame using 3D printing. With more time, money, and a larger 3D 

printer, we likely could have greatly improved on our design through multiple iterations.  

One of the main sources of weight on our robot came from the Dynamixel motors that 

were used. The robot’s frame and the motors together were a total of 21.6 lbs, with 13.6 lbs 

accounting for the motors alone. The robot used a total of 19 motors, which were 0.72 lbs each. 

They are also rather large motors, and they made it difficult to incorporate them into the design. 

They also had a hard time syncing with each other and moving at the same time. The knee joint 

was designed with two motors to lift the calf and hold the weight of the robot, and during testing, 

the two motors had extreme difficulty moving at the exact same time as they were programmed. 

This resulted in the light-weight knee components snapping repeatedly and needing to be 

replaced. The motors also do not encode. This is a device mounted onto a motor shaft that uses 

rotational motion in order to monitor the speed, position, and direction of the motor. This is an 

extremely important feature when you need precise motor movement, as the robot does. Instead, 

the Dynamixel motors  keep track of their position based on the inputs to the motor, leading to 

small offsets from the true position that accumulate over time. The main goal with new motors 

would be to find ones with a higher torque-to-weight ratio, which will help decrease the weight 

added to the robot while still ensuring the motors have enough torque to move the components 

and hold up the weight of the robot. This could be done through the purchase of a new type of 

servo motor or by designing a gearbox that would mechanically increase the torque of the motor 



 

 

and therefore the load that can be placed on the motor. A potential new motor that could be used 

is a DC brushless motor, which has extremely high efficiency and a compact and lightweight 

design that has a high torque output, making them ideal for mobile robots. They also require low 

maintenance and have relatively long lifespans, and have precise control that allows you to 

control the speed and the torque. When used with encoders that have positional feedback, they 

are extremely useful for coding the movement of the robot. 

Additionally, replacing the motors in the two-motor joints with single larger motors 

would be beneficial. This would remove the synchronization issues in the two-motor joints and 

also simplify the construction of these joints, allowing for a more compact design. While the 

single motor would be larger than the two motor setup, it is likely that removing the duplicate 

supports, attachment points, and electrical components would both reduce the total weight as 

well as decrease the complexity of these areas of the robot and simplify the motion of these 

joints. Using encoders would reduce the synchronization issues in these joints; however, it is 

likely to persist to some degree unless a single motor setup is adopted. 

The wiring of the final robot can also be improved. The final wiring was an 

amalgamation of different types and colors of wire. Run from the back of the hips, the wiring job 

could be improved by soldering wires of calculated length to components instead of using long 

strands of daisy-chained wires. The onboard electronics could also be modified to reduce the 

total number of wires needed to be run through the robot. While including mechanical relays 

makes the logical processes simple, it significantly increases the wiring complexity onboard the 

robot. By instead using smartpin microcontrollers with access to higher voltage capabilities, such 

as the Arduino Uno, which can use 12V, we could eliminate the need for physical relays that 

require a large amount of wire. Another key aspect of the wiring that needs to be modified is the 



 

 

electronics’ locations on the robot chassis. While the back of the hips is an acceptable location 

for the time being (due to the robot’s limited mobility), the final location needs to be padded or 

compartmentalized so bumps or falls will not interfere with their function. This could be most 

easily achieved by using the central torso compartment more efficiently or other portions of the 

hollow components. Finally, another aspect of the wiring that needs to be fixed is the impromptu 

and uncommunicated locations of holes. While it may be convenient to drill a hole wherever 

needed, the removal of material from certain places on the robot results in the inherent 

weakening of the structure. To reduce the weight of the robot, we are required to operate at a 

much lower factor of safety, meaning that these components cannot experience much more than 

the designed maximum loads without breaking. By removing the material, it increases the 

variability and unknowns associated with these maximum allowed loads.    

The final physical change that needs to be made to the robot is the reduction of weight 

from the final design. The intention of using 3D printed ABS was to reduce the total weight of 

the robot, but by adding heavy pneumatic equipment, it neutralizes any of the benefits of using 

ABS. We estimated that roughly 23 pounds of pneumatic-related components were added to the 

robot to accommodate the wheels. If we used pneumatics instead of traditional servo motors for 

the legs and arms, we would be able to accommodate this weight. Instead, however, we have 

added an insurmountable amount of weight to the robot so it can no longer walk as intended. 

Because of the weight increase as a result of the pneumatics, it is recommended that if there is 

onboard pneumatics for the feet, there should also be pneumatics for the arms and legs. 

Pneumatics would increase the strength of the legs and arms past what is achievable on a 

relatively similar weight servo motor.  



 

 

Apart from the physical changes that need to be made to future versions of our robot, 

there are next steps that should be taken to improve the capabilities of our robot. The first subject 

is finishing and polishing the algorithms for walking and rolling. While the motors create the 

capability for these motions, the code to make it happen needs to be written. This means 

developing complex matrices for referential position data that we could use to always know 

where components are when motors are moved. Additionally, there needs to be an element of 

feedback that can help the robot communicate with its surroundings. Using electronics like a PID 

controller paired with an IMU. These devices will give the robot the ability to sense where it is 

positionally, check if it is level, and make smooth adjustments by increasing or decreasing motor 

function to achieve levels of balance.  

While this short list is bound to expand and change as the project receives more attention 

and work, it serves as a great jumping off point for the future. Our work this year has made great 

improvements to the design given to us, and by improving upon these identified weaknesses and 

goals, we know our design can be improved.  

 

 

Summary and Conclusions 

 

 One of the biggest challenges in robotics today is creating a humanoid robot that can act 

functionally while still maintaining heightened mobility. There are dozens of companies creating 

general prototypes and simplistic humanoid robots for commercial use to address these design 

needs. From Boston Dynamics to Tesla to Ascento and Unitree, each company addresses this 

design challenge uniquely. Our team, when tasked with creating a humanoid robot capable of 

completing day-to-day tasks relevant to aircraft carrier maintenance and support, is no different. 



 

 

In fact, we have drawn inspiration from several of these commercially available models to create 

our initial design. 

 While the design objectives we have been given as a team are unique, we have found 

ways to draw inspiration and combine successful elements from different sources. The two main 

functions the robot must be able to do are climb a 63-degree ladder and quickly navigate down 

an aircraft carrier hallway. To have the ability to climb the ladder and for accurate proportions, 

we looked to the Unitree G1 as a source of inspiration. To have a sense of mobility, we have 

referenced the successes of the Ascento Pro. Additionally, the Navy, who is the sponsor of our 

project, has tasked us with creating transforming limbs to achieve the mobile robot they have 

challenged us to design. This means that the hands and feet must be capable of transforming into 

wheels and back into their respective traditional appendages. This transformation poses a variety 

of engineering design challenges, and while the scope of our project was reduced to not include 

the designing and engineering of these transformable limbs, we are still tasked with designing a 

frame capable of supporting the transforming kinematics and other movements of the robot. 

 To achieve this ambitious goal, we started by creating a rough draft of proportions for our 

robot and focused on motor placement. We then worked with our advisor to devise a plan for the 

number and locations of the degrees of freedom we would need to be able to support the 

transforming movements. We also referenced last year’s documentation to find out what did and 

did not work with respect to limb design and motor placement. It was found that the weight of 

last year’s robot was significantly heavier than could be supported, so the number of motors per 

limb was increased and the weight of each limb was reduced via optimization. We also decided 

to divert from their design decision to use aluminum for the body and instead opted to use 3D 

printing to create an ABS frame.  



 

 

 After deciding to use ABS and determining the degrees of freedom, the component 

design period began. The legs, arms, and torso were designed in a parallel fashion, where the 

designers could incorporate feedback from the other subteams into their design as each of the 

designs evolved. The legs were designed to reduce weight while maintaining functional 

capability. This was mainly seen in the designed range of motion of the leg to bend at a 90-

degree angle to climb a steep ladder. This motion required a large range of motion but a strong 

support. The force of the entire body acting on the leg in bending rather than in compression 

means that the legs needed to be designed correctly to withstand increased stress. A basic design 

was created, and using FEA with higher-than-expected load cases, the components of the leg 

were optimized. This led to a leg design with a total length of 37.6 inches and a weight of 4.8 

pounds. The design process for the arm assembly was similar. The arms had rudimentary 

proportions for their initial draft, and after discussion with our advisor, the total length of the 

arms was greatly reduced to create better proportions for the final design. Since the arms must be 

able to rotate to grab the handles of the ladder for support, they must have three degrees of 

freedom in the shoulders. These degrees of freedom were the focal point for the design process, 

and the bicep and forearm were created as truss-like structures to maximize the strength of the 

components while reducing their weight. The bicep and forearm were also optimized through 

various rounds of FEA to best achieve a good balance of weight and strength. Finally, the torso 

was designed originally as a large cabinet, but when determined to be unnecessarily large and 

bulky, the torso was significantly shrunk and optimized with FEA. The hips were also designed 

to mesh the leg assemblies with the torso assembly, and the shoulders to mesh the arms with the 

torso.  



 

 

 After designing these components, we proceeded into the second semester of our project, 

dedicated to the goal of manufacturing the robot. This led to a refinement period where we 

discovered that while many elements of our design were achievable and very practical, several 

elements were unrealistic. We began by fixing several issues we identified through the initial 

manufacturing and testing phases. These changes were mainly the removal of the suspension 

components in the leg, the changing of tolerances and shapes in the hips, and the redesigning of 

the shoulder motor mount. We also took time to understand how the motors and systems would 

begin to interact. 

 From there, we proceeded into a more formal prototyping and testing stage, where we 

started implementing larger systems in a manner more similar to what we would expect them to 

act like on our final robot. We encountered issues with motor syncing and began working out to 

kinks with coordinating motor movements. We polished and improved our coding infrastructure 

and developed workarounds for complex motor limitations.  

 Finally, we moved on to the stage where we assembled the entire robot. We realized 

along the way that the scope of our project was far too much for us to achieve in the time we had 

been given, so we reduced the number of things we wanted to make sure were finalized and 

working before the semester ended. In the end, we managed to get the wheels working and the 

arms working. We tested each in a manner respective to their designed goals and were met with 

glaring success. The wheels attached to the feet could spin freely, and the arms could lift up and 

stay in an upward position. Meeting these two goals demonstrates that our design has a lot of 

potential, and with some additional work, it could meet all of the design challenge goals. 

 Despite a year filled with obstacles and uncertainty, our group overcame adversity to 

produce a final product capable of many of the original design goals. The transition from an all-



 

 

aluminum frame to a 3D printed chassis with working inflatable appendages marks a large step 

toward fulfilling the Navy’s contract. Our team went through a rigorous design and selection 

phase matched with a critical design refinement period to create an end robot capable of moving 

freely. While there is still a lot to be done, our final design is a large step toward success that we 

are very proud of.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Appendix A: Bibliography for Research 

 

References 

Ascento Robotics. (2024). Ascento Pro. Ascento - Secure Assets with Robotics and AI. 

Retrieved December 12, 2024, from https://www.ascento.ai/ 

ASIMO. (2024). Wikipedia. Retrieved December 12, 2024, from 

https://en.wikipedia.org/wiki/ASIMO 



 

 

Atlas. (2024). Boston Dynamics. Retrieved December 12, 2024, from 

https://bostondynamics.com/atlas/ 

Humanoid robot G1_Humanoid Robot Functions_Humanoid Robot Price. (2024). 

Unitree Robotics. Retrieved December 12, 2024, from https://www.unitree.com/g1 

US Navy. (2021, October 20). Shipboard Autonomous Firefighting Robot (SAFFIR). 

America's Navy. Retrieved December 12, 2024, from 

https://www.navy.mil/Resources/Fact-Files/Display-FactFiles/Article/2160601/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B: Detailed Drawings 



 

 

 
Leg Drawings: 

 



 

 

 

 



 

 

 
 



 

 

 

 



 

 

 

 



 

 

Arm Drawings: 

 

 



 

 

Original Hip Drawing: 

 
 

Updated Hip Drawing: 

 



 

 

Shoulder Joint Drawing: 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Torso Front: 

 
Torso Top View: 

 
 



 

 

Torso to Arm Connection: 

 
 

Torso Bottom View: 

 
Spine Rod: 



 

 

 
Motor to Torso Connector: 
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Volume estimate for the mass of ABS needed per robot calculation 

 

 
Bill of Materials 


