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Thrust vector control (TVC) is commonly used in rocketry to enhance vehicle stability. Active
stabilization can be achieved through various TVC methods. One method of active stabilization
involves gimbaling the rocket motor, which allows for controlled attitude adjustments by pivoting
the motor to generate pitch and yaw moments. The GNC Project in the Ramblin’ Rocket Club
aims to design, build, and launch a low-powered rocket stabilized using a gimbaled mechanical
guidance system. The gimbal consists of two servos connected via linkages to a ball-and-socket
joint that allows for the actuation of the motor about the pitch and yaw axes. The gimbal receives
servo input from a custom flight computer which uses an Inertial Measurement Unit (IMU)
and microcontroller in a closed-loop system. All components were built in-house, including
the 3D-printed internal components and custom PCB design. A simulation was also created
to help tune the controller and analyze projected flight performance. This rocket builds upon
a previous GNC gimbaled rocket, incorporating multiple iterative design improvements. The
project establishes a framework for testing TVC systems, laying the groundwork for future
large-scale TVC implementations. This paper outlines the redesign, software development,
simulations, manufacturing, and testing of a gimbaled motor rocket.

I. Nomenclature

𝜓𝑜 = Output Yaw Angle from PID
𝜃𝑜 = Output Pitch Angle from PID
𝜙 = Roll of Rocket
𝜓𝑠 = Output Yaw Angle of the Servo
𝜃𝑠 = Output Pitch Angle of the Servo
∠ = General Angle
𝑇 = Thrust
𝜏 = Tuned Thrust
∠𝑎 = Adjusted Angle

II. Introduction and Background
High and low-power model rockets traditionally rely on fins for passive stabilization. However, this method has

limitations; fins cannot actively respond to atmospheric conditions, nor can they offer precise attitude adjustments to
the rocket. For example, a well-documented phenomenon for passively stabilized rockets is ‘windcocking’, or rockets
turning into the wind as they launch [1]. Alternatively, rockets can be actively stabilized. Methods to do so take various
forms; one is gimbaling motors. The GNC project within the Ramblin’ Rocket Club at Georgia Tech has explored
gimbaling for thrust vector control (TVC) for two years. During Spring 2024, GNC launched two low-powered rockets
called Gru and Vector. Using the lessons learned from those designs, the team launched Scarlet in early 2025 as the
next iteration in the process to achieving TVC via a gimbaled system.

This paper outlines the process of designing Scarlet, focusing on design requirements derived from shortcomings in
Gru and Vector’s systems. It also covers the simulation, manufacturing, and testing processes that shaped the final
rocket design.
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III. Rocket/Design Improvements Overview
Several design improvements were implemented in Scarlet based on previous launches. The primary concern was

reducing dry mass, as Gru and Vector had low thrust-to-weight ratios that resulted in limited flight data. To address
this, 3D-printing techniques were used to minimize the weight of nonstructural components, and lighter commercial
off-the-shelf (COTS) components, such as the flight computer battery, were selected. A target mass of 2 lbs. was set
to ensure the rocket’s weight remained above the motor’s axial thrust at all times. For the current project (Scarlet),
the TVC mount was redesigned to provide a greater angular range of motion. Additionally, the flight computer was
upgraded from the previous iteration of the breadboard setup to a fully integrated, custom-designed PCB, significantly
improving reliability, ease of integration, and software testing. One of the most critical shortcomings in the previous
iteration was the lack of a proper TVC simulation for controller tuning before launch. This time, a Simulink model was
developed, allowing for pre-launch tuning and performance analysis.

Scarlet features a structural design optimized for weight, strength, and cost, as shown in Fig. 1. From top to bottom,
the rocket houses the recovery system, which includes a lightweight, 3D-printed nosecone made from PETG filament, a
recovery bulkhead, a shock cord, and a parachute. Below the recovery system is the PCB mount, with the TVC mount
positioned towards the base. This design allowed for weight reduction and relative ease in integration, eliminating the
need for additional subsystems in the rocket. Additionally, a custom launchpad was developed to ensure clearance for
the TVC mount above the pad.

Fig. 1 Overall rocket structure of Scarlet

Scarlet was launched with a AeroTech G12ST motor, chosen due to its long burn time of about 12.7 seconds and
consistent thrust. It was also the most powerful motor with these characteristics that would qualify as a low-powered
rocket. This allowed Scarlet to be launched at nearby launch sites which proved to be crucial in allowing two additional
test flights.

IV. Rocket Subsystems

A. TVC Assembly
The TVC can gimbal the G12ST motor ±20 degrees in any direction, actively stabilizing Scarlet and correcting

deviations from its intended flight path. This marks the second major iteration of a TVC system developed and flown by
the GNC project team, incorporating significant improvements from the previous design.

1. TVC Engineering Goals and Improvements
After analyzing footage and flight data from the Gru and Vector 2024 launches, increasing the TVC mount’s range

of motion was identified as a primary design priority to enhance control authority and overall flight performance. The
previous mount, closely derived from [2], had a limited angular range of motion of ±2.86° in yaw and ±4.60° in pitch.
This constraint stemmed from the gimbal design, which was restricted by the 3” Blue Tube airframe, preventing a
greater range of motion.

Additional design requirements for the new TVC mount included minimizing mechanical play, or looseness in
connection, achieving full 360-degree actuation, and utilizing primarily 3D-printed and COTS components.
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Fig. 2 Front cross-section of TVC mount

2. Mount Design
To increase the range of motion of the TVC, the gimbal was replaced with a unique articulation system previously

prototyped in [3]. As depicted in Fig. 2, this system has a central ball-and-socket joint that allows the motor to pivot
around the fixed top plate.

The servos pitch and yaw the G12 rocket motor through a rotational joint connected to a linkage bar and a side
ball-socket joint. See the cross-sectional view below of the assembly in Fig. 2. The rotational joint was formed from the
COTS servo horn, an M2 screw, and an FDM linkage adapter as shown in Fig. 4. This moment is then transferred
through a COTS linkage rod to a side ball-socket joint. The two side ball-socket joints allow each axis to rotate and
move independently of the other, allowing for uncoupled controls.

Scarlet utilized two KST X08 digital micro servos to gimbal the motor. With an output torque of 2.8 kg-cm at 8.4
volts and an angular speed of 0.09 seconds per sixty degrees, these servos provided high performance and structural
reliability as they held up through all of the launches. This was an improvement from the MG90S servos used previously
that had a larger footprint and greater mass that would have hindered the new design. The smaller footprint of the X08
servos allowed for intentional vertical positioning in line with the pitch and yaw axes within the constraining 3" body
tube to achieve precision movements.

Since Scarlet used an Aerotech G12ST motor with an expendable single-use casing system, the motor sleeve shown
in Fig. 4 was purposefully designed to be single use and easily removable by unscrewing 4 M4 screws. The motor
sleeves are 3D-printed from PETG.

3. Additive Manufacturing Techniques and Assembly
Figure 4 shows an exploded view of the various COTS and 3D-printed components on the TVC mount. Of these,

the top plate that housed the servos, the motor sleeve, and the linkage adapter were all FDM printed from PETG. PETG
was chosen because of its higher heat deflection temperature compared to comparable materials such as PLA, while
balancing ease of printing and cost. The center socket and center socket lock plates for the ball-socket joint were printed
on a Form 4 MSLA 3D-printer with standard Formlabs White V4.1 resin. Resin was chosen for this ball and socket joint
due to its smoothness and fine layer height, which was essential to allow the ball to rotate and glide while minimizing
friction.

The Top Plate of the TVC was split in two parts to be FDM 3D-printed, before being glued together. This was chosen
as there wasn’t an ideal flat surface for the mount to be supported on during printing. After the first test flight, it was
discovered that the portion of the top plate holding the servos was a weak point. Design tweaks were made to increase
the contact surface, as well as using modifiers in the 3D slicer to increase the wall thickness and infill for those weak
spots accordingly. Additionally, modifiers were used to add more material for the ball connection joint to screw into.
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Overall, the TVC mount performed well and will be refined in the future. Some areas tof improvement include
reducing the play in the mount when the servos are engaged, refining the assembly procedure, and redesigning it to be
more inherently stable.

(a) TVC Isometric View (b) TVC Top View (c) TVC Right View

Fig. 3 TVC Mount Views

Fig. 4 Exploded View of TVC Mount
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