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The Peptoid Data Bank is a project that I have been working 
on for my lab for the past six months. Our lab studies molecules 
called peptoids. These are short polymers, referred to as oligo-
mers, that mimic the structure of peptides (short sequences of 
amino acids), differing only by the position of the sidechain — 
the chemical components attached to the backbone of the 
polymer. Similarly to peptides, peptoids are also able to fold to 
produce rigid three-dimensional structures. These biomimetic 
properties have led peptoids to promising results in applica-
tions such as therapeutics, antimicrobials, nanotechnology, and 
even as coatings applied to ships to prevent marine growth. 
Because the three-dimensional structure of peptoids is deeply 
connected to their function, it is important to study their struc-
ture. We have methods for recording this structure, such as, 
X-Ray diffraction and Solution NMR. However, the question still 
remains what we can do with all of the peptoid structures,
especially as they continue to be solved. How can we effectively
catalog them all so researchers can get insights from a complete
dataset of peptoid structures? For proteins, this is a solved prob-
lem: the Protein Data Bank compiles all the known solved
protein structures for researchers to examine. However, no such
functional database exists for peptoids, which is what motivated 
my project.

Intersections

Peptoid Data Bank Web Application and API
Ethan Weisberg

Introduction

I began by building on a project I had worked on during 
Packer’s AT Computer Science course, constructing a microblog 
using Flask, a web development package for Python. Flask works 
by rendering certain pages depending on predefined routes, which 
are essentially URLs. This rendering is done by using HTML, the 
language of the web, in the form of templates that are filled in 
using the Python code (Fig. 1). I used this fundamental structure 
of routes and HTML templates to build out pages for viewing a 
gallery of the peptoids (Fig. 2), filtering the peptoids by certain 
properties, displaying all of the peptoid “residues,” which are the 
single units in the peptoid sequences, and even a special page 
dedicated to another major feature of the application, the API 
(Application Programming Interface).

 An API allows programmers to extract data from a web appli-
cation. In this case, I wanted to enable scientists to write 
programs that could extract information about the peptoids 
included in the Peptoid Data Bank. I did this by implementing two 
kinds of APIs. The first is called a RESTful API, which works 
similarly to the routes I used to make the website, but instead of 
rendering HTML templates, the routes return raw data about 
peptoids, residues, and authors in a special format called JSON, 
which just links categories of information known as keys and 
values values for the corresponding categories (Fig. 3). So, I 

The Database
My mentor James had already created a database of peptoid 

structures, but there was no application built around it. Each 
peptoid entry includes information about the DOI of their 

Building the Application

publications, crystal structures, authors, sequences, and the 
experimental method used to determine their structure. It was 
my task to build an application that could serve as an interface 
between researchers and the database James had compiled.
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defined these routes similarly to how I defined the routes for the 
pages in the website. 

I also created a GraphQL API, which serves the same 
purpose, but functions very differently. Instead of defining the 
API routes that return specific key value pairs, the user submits 
a query, also in JSON form. They send this to one all-purpose 
route that dictates, which will parse their query and return the 
appropriate information. A researcher can use the GraphQL 
route to get a very specific shape of JSON that isn’t given by any 
of the RESTful API routes. For instance, a researcher could have 
a very specific question they want to answer, requiring them to 
have each peptoid paired with the SMILES string (a string that 
can be interpreted by chemical drawing software to produce a 
chemical structure) of its residues. There is no predefined route 
that will return exactly that JSON, so a GraphQL query (shown 
below) can be used to meet their specific needs.

From there, I finalized the application by adding in an 
administrative portal with the goal of making the database as 
future proof as possible. So, whoever continues to maintain the 
Peptoid Data Bank can do so with ease. The portal gives the 
administrator the ability to create, read, update, and delete any 
entries in the database with ease. It also enables the administra-
tor to upload png images of new residues and peptoids.

Figure 1: Example of routes that render HTML templates coded in Python using Flask. For example, the /residues route will render residues.html and /search 
renders search.html.

Figure 2: The gallery route showing recent peptoid structures

Figure 5: The administrative portal
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Figure 3: Examples of API routes (a) defined in Python and the data they return (b). The first route shown, ‘/api/peptoids’, returns a list of all the peptoid objects 
and each of the keys (e.g. “experiment”, “pub_doi”, “release”, etc.) linked to their corresponding values shown in green (e.g. “X-Ray Diffraction”, “10.1021/-
ja037540r”, “Sat, 11 Oct 2003 00:00:00 GMT”).

a b

Figure 4: Example of usage of GraphQL API. a The researcher specificies they want to query all of the peptoids for all of the objects, list the title of the peptoid, 
query its residues, and list their SMILES strings. b The output for the first peptoid.

a b



In April of 2020, the New York Times began including “Two Not Touch” 

puzzles (also known as “Star Battle”) in the Arts section (next to KenKen 

and the crossword). I immediately got addicted to these puzzles. The 

premise of Two Not Touch is simple: put 2 stars in each column, row, and 

region (indicated by the bold lines). The caveat is that no two stars can 

touch each other -- not even diagonally. Check out this site to learn some 

techniques for solving these.
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Having done so many of the puzzles, I decided to write a 
JavaScript program to generate Two Not Touch puzzles random-
ly.  Here is the algorithm:

1. Start with an empty 10x10 grid

2. Randomly populate the grid with stars such that each row 
and column contains 2 stars (for a total of 20 stars), and none of 
the stars touch each other.

Occasionally, this randomized process reaches what I like to 
call a “dead end.” For example, note how there are 19 stars on 
the grid below. Try to find a place for the 20th star, following all 
of the rules of the puzzles (no more than 2 stars can be in the 
same row or column, and the stars can’t touch each other): 

Intersections

Two Not Touch
John Bloch

If you’re having a hard time, it’s because it’s impossible to 
place the 20th star on this grid while following the rules of the 
puzzle. In the program, if this “dead end” occurs, we erase all of 
the stars and try populating the grid again.

3. After we have all of our stars randomly placed on the grid
according to the puzzle’s rules, we then move onto adding the 
cells to regions (and updating the border width to demarcate the 
regions). Our first step in creating the regions is connecting 
pairs of stars on the grid (since there must be 2 stars in each 
region). By doing this, we are creating the “skeletons'' of all the 
regions.

To find the paths between the stars, we use an algorithm 
called breadth-first search (BFS). This algorithm allows us to 
find the shortest path between two points on a grid (in addition 
to many other interesting applications). For our purposes, the 
two points on the grid are the locations of stars.
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4. Then, we iterate through the regions, randomly selecting
adjacent cells to add to different regions until every cell on the 
grid belongs to a region. After this step, we’ve created a solved 
puzzle.

Note that some of the regions are unchanged from the 
previous step. This is because the program randomly picks a few 
regions to not add any cells to. This is so that the puzzle is not 
too hard to solve (it is easier to place stars in small regions than 
it is to place stars in bigger regions).

5. Lastly, we get rid of all of the stars, and our puzzle is ready 
to be solved!

My program’s puzzles often have multiple solutions. 
However the Two Not Touch puzzles in the New York Times 
have a single solution. In the future, I might consider trying to 
find a way to generate these puzzles with only one solution.



This is a p5 program I wrote for my precalculus class that shows the first 

16 levels of a fractal known as the “dragon curve.” Keep pressing 

“increase level” to see how the fractal evolves at each level. After level 16, 

the fractal does not look much different - and it takes a long time to 

generate. The program uses a recursive function to display the fractal.
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Fractals are so cool. The idea that something so complex 
can be created through such a simple process is amazing to me. 
In my math class, we were given the option to select a math-
art challenge - I selected one that involved drawing some 
iterations of a fractal called the “dragon curve.” I first tried 
drawing the fractal by hand. To draw the 1st iteration of the 
fractal, we start by drawing a right angle:

Intersections

Dragon Curve Generator
John Bloch

I wanted to see more iterations, but drawing the fractal was 
becoming a bit tedious. So, I wrote a program in p5.js to gener-
ate more iterations of the dragon curve.

My program uses something called a “recursive function,” a 
technique used in programming to accomplish complicated 
tasks by breaking them down into the simplest tasks. It’s an 
extremely powerful, sort of magical tool. For example, drawing 
the dragon curve seems fairly complicated as a whole, but it 
really just consists of repeatedly replacing lines with more lines.

 This line is where we declare our function, dragon(). The 
list of parameters inside the parentheses are the values that we 
need to input into the function when we invoke it.

To get to the next iteration, we replace each line with a new 
right angle (so, 2 lines). To do this, we imagine that each line in 
the previous iteration is the hypotenuse of a 45-45-90 triangle. 
We then draw the legs of each triangle, alternating which side of 
the hypotenuse we draw the legs on as we go around the curve. 
When we do this, we can imagine this shape folding into itself. 
In fact, if you were to fold a piece of paper twice, you would see 
this pattern in the directions of the folds! The same is true for 
every iteration of the dragon curve.

Fast forward six more iterations of this same process, and I 
ended up with an awesome design:

lev specifies which iteration of the dragon to draw (for 
example, we saw that the 1st iteration is just a right 
angle -- so, inputting 1 for this parameter would just 
draw a right angle)

startX and startY are the x- and y- coordinates of one 
end of the line we want to deal with (this will make 
more sense later)

endX and endY are the x- and y- coordinates of the 
other end of the line we want to deal with

This chunk of code is the piece of our program that draws 
the line. This is often referred to as the “base case.”

This block of code says that if the level is 0 (the lowest 
possible iteration, which is just a line) draw the line using the 
coordinates inputted into the function.

The chunk of code below executes if the level is anything 
except 0, which tells us that there are multiple lines to draw. 
This chunk is where the magic happens: our program breaks up 
the complicated task of drawing multiple lines by invoking 
dragon() from inside dragon(), inputting the coordinates of the 
lines of the next iteration.

We invoke dragon() twice because each line in one iteration 
leads to two new lines in the next iteration. The arguments in 
each of these method calls are the coordinates of each new line. 
Most importantly, the level inputted is 1 less than the current 
level. We do this so that the level eventually reaches 0 and 
actually draws a line.

changeX and changeY are variables used to calculate the the 3rd point in the 45-45-90 triangle

https://arbitrarilyclose.com/author/anniekperkins/page/10/
https://editor.p5js.org/jobloch@packer.edu/full/fUZ0n3NeZ
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We can picture this recursive process as a tree. Each time we 
invoke dragon() and the level is not 0, we create a fork in the 
tree. Instead of drawing a line, we are merely passing down 
coordinates to the next invocation of dragon(), which uses those 
coordinates to pass down new coordinates to the next invoca-
tion, and so on, until the level is 0, at which point a line is drawn. 
For example, here is what that process would look like if we 
invoked dragon() to generate the 2nd iteration of the dragon 
curve. Each new letter introduced represents the 3rd point in 
the 45-45-90 triangle (i.e. AB is the hypotenuse and point C is 
the other point in the triangle).

Recall that the 2nd iteration consisted of 4 different lines, 
which we also see in this tree diagram. When I had the recursion 
working, the results were mesmerizing:

Iteration #16 of the dragon curve

This project was really fun. I am still amazed that just a few 
lines of code inside the dragon() function were capable of 
producing such a beautiful and intricate shape. 



Most model-scale rockets are passively stabilized, as they employ tail 

fins to generate corrective torques that correct a rocket’s rotation as 

the fins rotate into the air stream. However, larger-scale rockets that 

require more precise orientation use active control, whereby the 

direction of the rocket’s thrust or the angle of aerodynamic con- trol 

surfaces are controlled to generate the precise amount of torque 

needed to correct orientation errors. Such active control is also neces-

sary when rockets must follow specific trajectories other than straight 

up. As active control is rare in model rockets, implementing the mech-

anisms, sensing, and guidance algorithms necessary to actively control 

a rocket presents an intriguing challenge. In this paper, a PID control-

lerbased method of actively controlling a gimballed motor mount that 

can rotate a solid rocket motor to precise angles is presented. The 

necessary telemetry and guidance algorithms are also detailed.
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The simplest method of rocket stabilization is the use of 
fins on the aft-end of a rocket (Fig. 1). The effect of this is that 
the rocket’s center of pressure is shifted aft-ward relative to its 
center of mass. Thus, aerodynamic forces, which act on the 
center of pressure, will generate corrective torques about the 
rocket’s center of mass. If the rocket rotates in the positive 
direction on either the pitch or yaw axes, the forward and aft of 
the rocket will be deflected into the airstream such that oppos-
ing torques are generated by pressure on the forward and 
aft-ends of the rocket (Fig. 2). With increased surface area from 
the fins, a greater force is generated on the aft-end than on the 
forward end and the net torque is negative. Such torque opposes 
any rotation that causes the rocket’s orientation to be offset 
from its direction of flight. If the center of pressure were 
forward of the center of gravity, the torque would be positive 
and the effect would be reversed such that torques generated 
would magnify the difference between the rocket’s orientation 
and its direction of flight. As such, this effect causes a flying 
body to orient itself such that its center of pressure is behind its 
center of mass relative to the direction of flight. Therefore, a 
rocket can be passively stabilized by moving its center of 
pressure toward the direction opposite that of its intended 
flight using fins.

Alternatively, more complex rockets employ stabilization 
through aerodynamic control surfaces or thrust-vector control 
(TVC). Using aerodynamic control surfaces, such as actuating 
fins, a rocket's trajectory can be controlled much like an 
airplane. In certain cases, roll-generating torques are produced 
by such fins. When a rocket rotates around its roll axis rapidly, 
the conservation of angular momentum means the rocket is less 
susceptible to changes in orientation due to wind or other 
disturbances. However, such control surfaces require significant 
aerodynamic pressure to generate the torque sufficient to 
correct the rocket's orientation or induce stabilizing roll. The 
necessary pressure is not always available as a rocket may be in 

Intersections

PID Control of a Thrust-Vector-Controlled Model Rocket
John Wallace

Introduction

Fig. 1: A rocket’s coordinate system, including the yaw, pitch, and roll axes. In 
this case, the forward-end of the rocket is in the positive x-direction and the 
aft-end is in the negative x-direction. Since the x, y, and z axes represent a 
body frame of reference, as opposed to an inertial (stationary) frame of 
reference, the x-axis will always point in the direction of the rocket’s intended 
flight. A rocket is said to have pitched 5 degrees if the angle between the body 
x-axis and the inertial x-axis and the body z-axis and the inertial z-axis is 5 
degrees. If the positive end of an axis is pointing toward the viewer, positive 
rotation around that axis is counterclockwise.

(Insert picture of actual rocket in real life here)

the upper atmosphere where air density is decreased or may be 
moving at low velocities where there is not much airflow over 
control surfaces.

For such cases, stabilization control can be achieved 
through TVC. With TVC, the direction of the rocket’s thrust can 
be controlled such that thrust is not only generated along the 
positive inertial x-axis (Fig. 1). As such, a TVC motor or engine 
can generate precisely controlled amounts of thrust along the 
inertial y and z-axes as it is rotated in the pitch and yaw direc-
tions. Since this thrust is acting upon the rocket at the point at 
which the motor is connected to the rocket’s body, which is 
typically offset from the rocket’s center of mass, precise torques 
can be generated equivalent to
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Figure here

Fig. 2 Aerodynamic forces on a finned rocket in flight, where counterclockwise 
torques are in the positive direction and clockwise torques are in the negative 
direction. [1]

where α(t) represents one axis of the motor’s orientation at time 
t, θe(t) is the error between the rocket’s orientation and its 
desired orientation in one axis (yaw or pitch) at time t, and Kp, 
Ki, and Kd are coefficients, known as gains, used to tune the PID 
controller. In this rocket, the same coefficients are used for both 
the yaw and pitch axes even though the PID equation is evaluat-
ed independently for each axis as the rocket can be rotated 
further from its desired orientation along one axis than another.

The terms in the equation can be thought of as the propor-
tional term, the integral term, and the derivative term. Concep-
tually, the proportional term accounts for the magnitude of the 
orientation error such that the proportional term is proportion-
al to θe. The derivative term accounts for the rate of change of 
θe such that if the error is changing rapidly, a larger angle will be 
commanded. This also has the effect of decreasing the angle 
commanded as the error decreases, preventing an overshoot 
that creates an error in the opposite direction. Finally, the 
integral term accounts for a persisting error such that the longer 
θe is nonzero, the greater the integral term becomes. For exam-
ple, a small error may not be corrected by the proportional term, 
but if it remains uncorrected, the integral term will increase as 
it persists, ultimately commanding an angle large enough to 
generate torques sufficient to correct the error.

By altering Kp, Ki, and Kd, these terms can be preferentially 
suppressed or magnified so that the PID controller more effec-
tively corrects error. Depending on the system in which the 
controller is implemented, the ideal gains may vary drastically. 
For example, in a heavier, larger rocket that is more resistant to 
angular acceleration (having a higher moment of inertia), larger 
gains are required to rotate the motor to a large enough angle 
from the x-axis in order to provide the torque necessary to 
correct the rocket’s orientation error. On the other hand, a 
rocket that is less resistant to angular acceleration (having a 
smaller moment of inertia) will require less torque so smaller 
gains are necessary to correct the error; if this rocket had the 
same gains as were effective in the previous rocket, a larger 
commanded motor angle would generate large torques that 
would cause the rocket to rotate past its desired orientation, 
leading to oscillation as it attempts to correct subsequent 
overshooting.

Within the flight computer, instantaneous yaw and pitch 
errors are determined around every 10 ms. With samples being 
taken 100 times per second, it is a sufficient approximation to 
say that an instantaneous error sample is representative of an 
entire 10ms time period. As such, the integral term of the PID 
equation is given by the recursive equation

A relatively simple method of controlling a TVC motor is 
through the use of a PID (proportional, integral, derivative) 
controller, where certain motor angles are commanded accord-
ing to the error between the rocket’s current orientation and its 
desired orientation. Specifically, the commanded angle is given 

PID Control of a TVC System

where τ is the torque on the rocket in one axis, d is the distance 
between the motor-body connection and the center of mass, F is 
the motor’s thrust, and α is the angle from the x-axis to which the 
motor has been angled in either the pitch or yaw directions. Note 
that F sin α is the component of the motor’s force orthogonal to 
the x-axis (and F cos α is the component of the motor’s force in 
the x-axis). As it is generally easiest to consider the rocket’s orien-
tation in terms Euler angles, three angles that correspond to the 
angle that the body frame has been rotated about the yaw, pitch, 
and roll axes (denoted by φ, θ, and ψ) relative to the inertial frame 
of reference, the motor’s angle can be considered in terms of an 
angle α for each of the two axes along which the motor can be 
rotated (yaw and pitch). Therefore, the motor’s generated torque 
can be considered to have a pitch component and a yaw compo-
nent. The use of TVC stabilization is quite common in orbit-
al-scale rockets that require more precise orientation control. 
However, smaller-scale model rockets rarely use such a method 
due to size constraints and the use of more practical passive stabi-
lization methods. Therefore, implementing a small-scale TVC 
system presents unique challenges in a TVC system’s required 
components such as a motor mount, a flight computer, and a 
guidance and control algorithm, which are explored throughout 
the rest of this paper.

by the equation
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Fig. 3 The simulation of the rocket’s flight in two dimensions, including the vector reso- lution subsystem, PID controller subsystem, and the 3DoF block.

where θe0 is the previous sample’s error, and the proportional term 

Simulation
To gain key insights into the rocket’s performance, I created 

a Simulink model to simulate flight in 2 dimensions (horizontal 
and vertical). With the Simulink Aerospace Blockset’s three-de-
gree-of-freedom (3DoF) body dynamics solver, this task is made 
relatively simple. As Simulink is a block programming environ-
ment, the 3DoF block takes 3 inputs: force in the body x-axis, 
force in the body z-axis, and a pitch torque. The plane of the 
simulation can represent either the inertial xz-plane or the 
yz-plane such that the orientation tracked in the simulation can 
represent rotation in either the yaw or pitch axes. These inputs 
are evaluated using the equations of motion while considering 
the the rocket’s mass and moment of inertia, ultimately output-
ting 2-dimensional orientation, position, velocity, and accelera-
tion. Presently, the simulation assumes that no aerodynamic 
forces, such as wind or air resistance, are at play. In the future, 
random wind forces and air resistance may be added. However, 
the rocket’s coefficient of drag must be determined first, which 
is not an easy task.

As shown in Figure 3, the simulation can be accomplished 
with not much more than the 3DoF block, a vector resolution 
subsystem, and a PID controller subsystem. In the vector resolu-
tion system, the motor thrust vector is separated into its 
components in the x and z body axes according to

where Fx and Fy are the thrust components in the x and z axes, F 
is the motor’s thrust, and α is the angle of the motor away from 
the x-axis. The thrust in the x-axis is passed as an input to the 
3DoF block and the thrust in the z-axis is multiplied by the 
distance between the motor-body connection and the rocket’s 
center of mass to obtain the torque exerted upon the rocket, 
which is also passed to the 3DoF block. Since the direction of the 
x-axis thrust vector passes through the center of mass, it does
not contribute to torque. Conversely, as the direction of the
z-axis thrust vector does not pass through the center of mass, it
only contributes to torque. As such, there is only a force exerted
upon the rocket along the x- axis and a torque exerted upon the
rocket about the y-axis, though the simulation could be rotated
so that F sin α is the force along the y-axis and torque is exerted
about the z-axis. As the simulation loops, the 3DoF block will
output an orientation each cycle according to its inputs, which
is then input itself into the PID subsystem which ultimately
outputs a new motor angle that can be fed back into the vector
resolution subsystem to close the loop.

In the PID subsystem, the opposite of the rocket’s orienta-
tion is used as θe to carry out the PID equation and determine α. 
Then, α is limited to a range of ±6.85 degrees, or the maximum 
angle to which the rocket’s motor can be actuated by the TVC 
mount in the direction that corresponds to pitch control. The 
yaw direction’s limit is greater than this, so the more rigorous 
constraint was chosen for the simulations. Finally, α is passed to 
the vector resolution subsystem to determine the thrust and 
torque acting upon the rocket.

Using this simulation, values for Kp, Ki, and Kd can be 
plugged in and used to determine whether the PID controller 
can effectively correct an initial error in the rocket’s orientation. 
After rough estimations for the gains are determined they can 
be fined-tuned using hold- down tests, in which the rocket is 
held down in a stand while the motor fires and the rocket 
attempts to keep itself vertical. Currently, I have determined 
rough values for the gains using the simulation, but I must 

andwhere Ij is the integral term at sample j, Ij−1 is the integral term 
at the previous sample, θe is the current sample’s error, and ∆t is 
the time elapsed between the current sample and the previous 
sample. ∆t is generally around 10 ms but may vary depending on 
how long it takes for the computer to carry out the required 
calculations and sensor reading. The derivative term is given by 
the equation
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However, as the gyroscope outputs angular velocity in 
terms of rotations about the 3 body axes, rather than a 
combined rotation about a single axis, q is better defined using

 perform hold-down testing to refine them.

Fig. 4  The PID controller subsystem. Note the PID terms on the left and the angle limiter on the right.

Guidance
Critical to controlling the rocket’s flight is understanding 

its current orientation and calculating the error relative to its 
desired orientation. For these purposes, I used an Adafruit 
BNO055 inertial measurement sensor in the rocket’s flight 
computer. While the sensor contains a gyroscope, accelerome-
ter, and a magnetometer, the rocket’s guidance algorithm only 
uses the gyroscope and accelerometer to determine the rocket’s 
angular velocity in the yaw, pitch, and roll axes and the direction 
of the gravitational acceleration vector in the body frame. Each 
sensor outputs instantaneous data at a sample rate of about 100 
Hz, or about every 10 ms. 

This data is used to generate a quaternion that represents 
the rocket’s orientation in the world frame. Much like complex 
numbers in 2-dimensional space, quaternions can represent 
vectors and rotation in 3-dimensional space. While complex 
numbers follow the form

where i2 = −1, quaternions follow the form

where

When a = 0, a quaternion can represent the vector

which can then be rotated by the angle θ about the unit vector 
(qx,qy,qz) by the quaternion

according to the equation

where

where φ, θ, and ψ are Euler angles representing the rocket’s 
rotation in the yaw, pitch, and roll directions. The inverse of this 
operation is given by the equation

Every 10 ms during flight the gyroscope will output the rocket’s 
instantaneous angular velocity in the yaw, pitch, and roll direc-
tions (ωφ, ωθ, ωψ). As is, the gyroscope readings are filled with 
with statistical noise caused by environmental factors, such as 
vibration, that are independent of the valuable angular velocity 
data. As such, a filter is needed to remove this noise. In this case, 
a simple filter given by the equation

can be used, where ωf is the current filtered angular velocity 
sample, ω0 is the previous filtered angular velocity sample, and ω1 
is the current unfiltered angular velocity sample. This filter is 
effectively a low-pass filter, where rapid (high-frequency) oscilla-
tions are filtered out, while persisting changes remain. Therefore, 
any angular velocity that does not persist for more than a few 
milliseconds will not affect the angular velocity readings. On the 
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other hand, significant, persisting changes to the rocket’s angular 
velocity will be reflected in the readings.

Multiplying ωf by the time elapsed since the last reading, an 
estimation for φ, θ, and ψ can be obtained. Since the computer has 
a high sampling rate, this method of approximation is sufficiently 
accurate, but imperfect. Combining this with the expression for a 
rotation quaternion given above, a quaternion, q, which 
represents the rocket’s rotation since the last sensor sampling, 
can be determined. A vector quaternion that represents the 
rocket’s current orientation in the inertial frame is then calculat-
ed by rotating the previous orientation’s quaternion by q.

As this orientation is calculated recursively, it requires a 
starting point. This initial orientation is calculated prior to flight 
based on accelerometer readings of the gravity vector in the body 
frame, G = (gx,gy,gz). Since the gravity vector represents the direc-
tion of the gravitational force, the inertial vector gravitational 
vector is (0, 0, −1). However, since the body frame is fixed to the 
body of the rocket while the world frame is fixed to the Earth, the 
body gravity vector will be different. Understanding what it 
should be in the world frame allows the initial relationship 
between the two coordinate systems, given as a set of Euler 
angles, to be derived. The body gravity vector is determined by the 
flight computer’s accelerometer as the average of 100 readings, 
with one taken every 10 ms. As the rocket’s roll is not controlled, 
the initial roll angle can be assumed to be 0 deg. The initial yaw 
and pitch angles are given by

and

Converting these Euler angles into quaternion form, they can 
rotate the vertical unit vector (0, 0, 1) to find the unit vector 
representing the rocket’s initial orientation. With a recursive 
algorithm for the rocket’s orientation in quaternion form, yaw, 
pitch, and roll values are then given by the aforementioned 
quaternion-to-Euler conversion.

Finally, if a rotation quaternion can be found such that it 
rotates the rocket’s current orientation (given by a vector 
quaternion) to the rocket’s desired orientation (also as a vector 
quaternion), the yaw and pitch error can be determined. Handily, 
the rotation quaternion that transforms one unit vector, u = 
(ux,uy,uz), into another, v = (vx,vy,vz), can be calculated. This 
quaternion’s real component is given by quaternion’s real 
component is given by

Converting the resulting quaternion to Euler angles gives us the 
rocket’s error in the yaw and pitch directions, which is then fed 
into the flight computer’s PID algorithm. Theoretically, the error 
to any desired orientation can be calculated using this method so 
a rocket could be programmed to fly along any assigned flight 
path assuming it is physically capable of doing so. However, this 
rocket is intended to fly vertically so the vertical vector is used as 
the desired orientation.

State Detection
Another key category of data that must be collected is the state 
of the rocket during flight. It is critical to understand whether 
the rocket is on the launchpad, under powered ascent, under 
unpowered ascent, at its maximum altitude, under descent, or on 
the ground after landing. Depending on the rocket’s state, 
various systems will be in use or not in use (Fig. 5). The flight 
characteristics with respect to the inertial frame and usage of 
various systems during the different stages of flight are given in 
the following table:

State
Flight

Characteristics Systems

Ready for launch

Powered ascent

Unpowered
ascent

Apogee

Descent

Landed

vz= 0
az= 0

+vz
+az

+vz
-az

vz= 0
-az

-vz
-az

vz= 0
az= 0

Sensing

Sensing
TVC

Sensing

Sensing
Parachute

Sensing

SD logging

The rocket’s state can be inferred based on the state’s respec-
tive flight characteristics. For instance, launch can be detected by 
the onset of positive vertical velocity and positive vertical accel-
eration. Once that acceleration becomes negative due to the force 
of gravity, it can be inferred that the motor has burnt out since its 
thrust is no longer present. Apogee can then be detected when the 
rocket’s vertical velocity is instantaneously equal to zero. Finally, 
the rocket’s landing can be detected when the rocket’s vertical 
velocity and vertical acceleration once again become zero.

With the ability to detect the rocket’s state of flight, various 
systems can be selectively enabled or disabled. TVC is only used 
during the powered ascent portion of flight, as it requires the 
motor’s thrust for stabilization. Upon apogee, the rocket’s 
parachute is ejected to slow its descent. Once landed, sensor data 
stored in a flash chip is logged to an SD card, which can be 
removed for analysis. As the rocket will experience significant 
forces and vibrations during flight and landing, the mechanical 

and its vector component is given by

Practically, this is used to calculate the rocket’s error where the 
vector component of the orientation quaternion is u and the 
vertical vector in the inertial frame of reference (0, 0, 1) is v. 
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connections between an SD card and its port will be less reliable 
than the solid state, non-mechanical connections of a flash chip. 
It is possible, for example, that the SD card could become momen-
tarily disconnected due to in-flight vibrations. As such, data is 
logged to the flash chip during flight, then from the flash chip to 
the SD card after landing, when the rocket is assumed to be 
stationary.

Figure 5: The rocket’s flight profile including pre-flight, ascent, descent, and post-flight stages. The flight profile is shown here as parabolic in order to demon-
strate the different stages, however the actual flight is much more vertical.

Avionics
To carry out the sensing, guidance, and TVC control described 
previously, a flight computer was required. Specifically, a flight 
computer with the ability to sense (directly or indirectly) orienta-
tion in the pitch and yaw directions and velocity along the inertial 
z-axis, to record such data to a flash chip and then an SD card, to
carry out guidance algorithms, and, finally, to control the 2 servos
in the TVC mount to control orientation in the pitch and yaw
directions. In the table below, a flight computer configuration
that can achieve the aforementioned goals in an effective, yet
simple manner is described.

In addition, a buzzer, 3 LEDs, and a button were used so that 
a user can read the state of the flight computer and can have some 
control over it. 4 voltage regulators were used to change the 
battery’s 11.1 V into the 5 V used for the sensors and servos on the 
computer (one regulator for each of the three servos plus one for 
the rest of the components). 3 mosfets were used to switch 
current to the entire computer and to each of the computer’s two 
ignition ports used for igniting the rocket motor. The first mosfet 
allows a switch with a lower current capacity to switch the larger 
current used by the entire computer on or off, while the other two 
mosfets can be controlled by the microcontroller. Mosfets were 
specifically chosen as opposed to mechanical relays so that vibra-
tions would not accidentally cause the relays to close or open, 
allowing or preventing the flow of current in a manner that is 
undesirable. Of course, additional passive components such as 
resistors and capacitors were used as needed to supplement the 
aforementioned components (resistors to decrease the
microcontroller’s output voltage to the LEDs’ operational voltag-
es, for example).

Component Description

Teensy 3.2

Adafruit BNO055

Adafruit BMP280

Adafruit SD Card Reader

Windbond W25Q32FV

72 MHz, 32 bit
Microcontroller
9-Axis Inertial

Measurement Unit

Barometer

SD Card Reader/Writer

Flash Chip

TVC Mount
The rocket’s TVC mount is a 2-axis gimbal that can angle a 

motor tube in two axes, corresponding to the rocket’s yaw and 
pitch. Each axis is controlled by a single MG90S servo. The mount 
is composed of 3 parts: the motor tube, the yaw gimbal, and the 
pitch gimbal (Fig. 6a). The parts are nested within each other such 
that the motor tube rotates within the yaw axis gimbal, corre-
sponding to yaw control, which then rotates within the pitch axis 
gimbal, corresponding to pitch control. The yaw and pitch servos 
are secured to the yaw and pitch gimbals, respectively, and are 
attached to the component that they manipulate via a control rod, 
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which transmits rotation from the servo to the part it rotates (for 
more detailed information on the mount’s construction, see Fig. 
9).

The parts were 3D printed from Polylactic acid (PLA) plastic 
on a Creality Ender 3 printer. As the gimbal’s parts are intended to 
rotate within each other, shoulder screws were used as pivot 
points for such rotation. Shoulder screws are threaded at the end 
furthest from their head, with an unthreaded part between the 
head and the threads that can act as a bearing for rotation. To 
securely screw the shoulder screws into the 3D printed parts, 
threaded heat-set inserts were used. Each part was designed with 
holes for the inserts. By heating the inserts, they can be pushed 
into these holes as surrounding plastic is melted. As the plastic 
solidifies, the inserts are secured within the part, at which point 
the shoulder screws can be screwed into the inserts (Fig. 6b).

Essential to the rocket’s control is understanding the 
relationship between the servo’s angle and the motor’s angle in 
one axis. If the motor needs to be commanded to 3 degrees in the 
yaw axis, for example, the required servo angle must be calculat-
ed. It can be derived geometrically that this relationship is given 
by

Figure 6: TVC mount. a The entire assembly, including servos. b Cross-section view of the gimbal. Note the position of the shoulder screws, which act as 
bushings for the gimbals’ rotation, and the heat-set inserts, which secure the shoulder screws.

considered the actual properties of the TVC mount to determine 
that this approximation is not possible. In the yaw direction, la is 
0.32 and the maximum value for θ1 is 7.0 deg. With the maximum 
angle, the worst possible approximation can be simulated. 
According to the approximation, the servo should be angled to 22 
deg. However, using the real expression, a servo angle of 22 deg 
results in a motor angle of 6.9 deg. Based on the rocket simulation, 
the 7.0 deg motor angle results in an angular acceleration of 8.2 
deg/s2  and the 6.9 deg angle results in 8.1 deg/s2. While this differ-
ence is small, the approximation will lead to more orientation 
error that must be corrected by the PID controller. Thus, using the 
exact expression is more likely to lead to a successful flight. If the 
computation time associated with that calculation leads to a 
significant increase in the time it takes to complete a loop of the 
flight computer’s guidance algorithms, a lookup table can be used 
to speed up computation if the memory space is available. In such 
a lookup table, the required servo angle for a finite amount of 
possible motor angles is stored in a large array. Finding the correct 
angle in the lookup table would take significantly less time than it 
would to calculate the angle at each iteration of the algorithm. 
Because there are not infinite possibilities in the lookup table, it 
will require some approximation; however, being able to store 
hundreds of possible angles will mean the difference between 
them will be tiny. As such, the worst approximation in the lookup 
table would be better than the linear approximation given above. 
Currently, more testing must be done to determine whether the 
lookup table is necessary.

where θ1 is the motor’s angle, θ0 is the servo’s angle, la is the 
distance from the control rod’s connection point on the servo arm 
to the servo arm’s point of rotation, and lb is the distance from the 
control rod’s connection point on the motor tube to the motor 
tube’s rotation point. It is tempting to consider this as the linear 
relationship

for small values of θ0 or values of la/lb that approach 1. However, I 

Propulsion
Like most other small-scale model rockets, this TVC-stabi-

lized rocket will be propelled using commercially available solid 
rocket motors. After simulating the rocket’s flight under thrust 
from different commercial motors using a Simulink simulation, I 
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decided to use a single Estes E12-0 motor.
The E12-0 has a peak thrust of 33.3 N, an average thrust of 

11.2 N, and a burn time of 2.4 s (Fig. 7) [2]. This relatively long 
burn time provides a period through which the rocket’s orienta-
tion can be actively stabilized. According to the simulation, the 
E12-0 will propel the rocket to around 25 m, without considering 
air resistance. For the first few flights, this is a manageable height, 
but a more powerful, longer burning motor may be chosen for 
future flights. A good candidate for this motor is the F15-0, which 
has a peak thrust of 25.2 N, an average thrust of 14.4 N, and a burn 
time of 3.45 s. The rocket would reach a maximum height of 105 m 
under this motor [3] (higher speeds would mean air resistance 
would have a greater effect, though this effect is currently 
unknown). E12-0 Thrust Curve

Th
ru

st
 (N

)

Time (s)

Figure 7: Estes E12-0 thrust curve. Note the maximum thrust of 33.3 N early in 
the 2.4 s burn time and the average thrust of around 11 N. [2]

Figure 8: The rocket’s parachute ejection mechanism. a Cross-sectional view of the mechanism inside the rocket’s body tube, including the parachute. In this view, 
the servo’s arm is in the locked position. b View of the mechanism outside the rocket’s body tube, without the parachute.

Parachute Ejection
The simplest method for parachute ejection at a model scale 

is the use of black powder ejection charges. Upon ignition, these 
charges rapidly release a high volume of gas which serves to eject 
a rocket’s nosecone, and the enclosed parachute, that is friction 
fit to the rocket’s body tube. Because of the amount of gas 
produced, a nosecone can be fit tightly to the tube such that it will 
not accidentally come off during flight but still reliably eject when 
needed.

In an effort to reduce the amount of pyrotechnics in the 
rocket, I designed a different ejection system. In particular, a 
mechanism was designed so that the parachute and nosecone 
could be ejected using the tension stored in a rubber band. Before 
flight, the parachute can be rolled up, placed in the nosecone, and 
loaded into the rocket’s body tube. As the nosecone is loaded, it 
pulls back rubber bands, storing tension. Once fully loaded, a 

servo’s control arm can be rotated 90 degrees to lock the nosec-
one in place. To eject the parachute, this arm can be rotated 
back to allow the rubber bands to push out the nosecone, 
releasing the parachute (for more detailed information on the 
mechanism’s construction, see Fig. 10).

The parachute chosen is a Rocketman Parachutes 3 
foot-diameter parachute. According to manufacturer informa-
tion, it has a drag coefficient of 0.97 and a maximum descent 
rate of 4.8 m/s while carrying the rocket’s 0.77 kg mass [4]. The 
parachute has a shock cord that attaches to the nosecone and 
rocket body tube. The shock cord is used to wrap the parachute 
after it is packed tightly, and is unwrapped when the parachute 
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after it is packed tightly, and is unwrapped when the parachute 
falls out of the nosecone after ejection at apogee. Once 
unwrapped, the parachute catches air as the rocket falls, open-
ing in the process and slowing the rocket’s descent.

References
[1] Widmark, S. A. Rocket physics. The Physics Teacher 36, 148–153 (1998).
[2] Thrustcurve hobby rocket motor data. URL https://www.thrustcurve.org/motors/Estes/E12/.
[3] Thrustcurve hobby rocket motor data. URL https://www.thrustcurve.org/motors/Estes/F15/.
[4] High, mid, and low power rocket parachutes. URL https://the-rocketman.com/chutes-html/.



14 March 2021 1

Intersections

Figure 9: A 2-dimensional drawing of the TVC mount (units in mm).
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Figure 10: A 2-dimensional drawing of the parachute ejection mechanism (units in mm).
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Our Environmental Science class aims to explore the 
climate crisis and its inequities, as well as Earth systems, 
agriculture, and economics. We have covered basic concepts in 
ecology, learned about how race, income, and geography affect 
how climate change is experienced, and read the works of sever-
al climate scientists, ecologists, and journalists. 

Ecology, by Michael Begon, John L. Harper, and Colin R. 
Townsend, explores the science of environments, diversity of 
organisms, and natural selection (Begon, Harper, Townsend 
2006). Other sources outwardly express opinions on the climate 
crisis. The Madhouse Effect, by Michael E. Mann and Tom Toles, 
comments on climate politics, a blatant disregard for science, 
and the importance of reducing CO2 emissions (Mann, Toles, 
2018). This Changes Everything, by Naomi Klein, describes how 
capitalism threatens the stability of our climate (Klein, 2015). 
The effects of human activity on the environment is also 
explored through a historical and scientific lens by Damian 
Carrington in his article, “The Anthropocene epoch: scientists 
declare dawn of human-influenced age” (Carrington, 2016). 
Together, these sources acknowledge the threat climate change 
poses to our society, and they critique humanity’s failure to 
address the crisis--as well as those responsible. 

Michael E. Mann and Tom Toles, the authors of The 
Madhouse Effect, make clear the limitations of our earth and 
exactly how much more CO2 we can release into the atmosphere 
without surpassing 2°C of planetary warming: “[n]o more than 1 
trillion or so tons of CO2” (Mann, Toles, 2018). The Madhouse 
Effect also states the known path to avoid environmental 
collapse: “[t]o remain within the budget, we have to reduce 
emissions by several percent a year, bringing them down to 33 
percent of current levels within twenty years” (Mann, Toles, 
2018). The conclusions put forth by Mann and Toles are not up 
for debate, and they stress the importance of reducing emis-
sions because humanity will face grave consequences if we do 
not adhere to the recommendations of scientists. 

Fossil fuel companies’ actions are a direct contradiction to 
the course of action necessary to avoid surpassing 2°C warming. 
For fossil fuel companies to continue turning a profit, the rate at 
which they extract oil and gas must remain constant, and their 
untouched, to be extracted supply of fossil fuels cannot deplete 
(Klein, 2015). The financial burden to be borne by fossil fuel 
companies--should they choose to gradually reduce emissions 
annually--is explained by Naomi Klein in This Changes Every-
thing: “[a]t minimum, an energy company is expected to have as 
much oil and gas in its proven reserves as it does in current 
production, which would give it a ‘reserve-replacement ratio’ of 
100 percent” (Klein, 2015). A company’s reserve-replacement 
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ratio dropping, even to just 95 percent, tanks the company’s 
stock and puts their investors at risk (Klein, 2015). 

Given oil, gas, and coal supply is finite, and their combus-
tion is the main contributor to climate change, the reserve-re-
placement ratio does not model the limitations of our resourc-
es--nor does it consider humanity’s condition after 2°C of 
planetary warming. Fossil fuel companies’ current prioritization 
of profit, over the habitability of our planet, is also explained by 
Klein: “[f]or a fossil fuel major, keeping up its reserve-replace-
ment ratio is an economic imperative; without it, the company 
has no future. It has to keep moving just to stand still. And it is 
this structural imperative that is pushing the industry into the 
most extreme forms of dirty energy” (Klein, 2015). Klein 
communicates to readers that maintaining these reserve-re-
placement ratios of 100 percent is going to lead to economic 
failure, environmental collapse, and a host of crises unsuitable 
for human life. If companies “up their replacement ratios, year 
after year after year,” the necessary annual emission reductions 
outlined by Mann and Toles will be impossible (Klein, 2015). 

The meaning of evolution, or adaptation, can easily be 
misconstrued; for clarity, authors of Ecology explain the truth of 
organisms’ ability to adapt: “[o]rganisms are not designed for, or 
adapted to, the present or the future-they are consequences of, 
and therefore adapted by, their past” (Begon, Harper, Townsend 
2006). This important distinction communicates to the reader 
that humans do not possess the ability to evolve within one 
lifetime or generation to better fit their surroundings (Begon, 
Harper, Townsend 2006). The significance of adaptation, as 
explained by Begon, Harper, and Townsend, is that if humans 
are faced with drastic climatic changes, we will not be able to 
adapt to ensure our survival--at least not collectively within our 
lifetimes. The speed at which global climate change is occurring 
renders adaptation unfeasible, and defines a new era. 

In Damian Carrington’s article, “The Anthropocene epoch: 
scientists declare dawn of human-influenced age,” the classifi-
cation of our current and imminent epoch is discussed: “the 
Holocene, is the 12,000 years of stable climate since the last ice 
age during which all human civilisation developed. But the 
striking acceleration since the mid-20th century of carbon 
dioxide emissions [and other significant changes]...mark the 
end of that slice of geological time” (Carrington, 2016). The 
author clearly argues the sole reason for our changed epoch is 
humans’ effect on the planet, largely in relation to the appear-
ance of radio isotopes from bomb testing, as well as increased 
CO2 emissions: “[t]he Anthropocene marks a new period in 
which our collective activities dominate the planetary machin-
ery” (Carrington, 2016). Like authors of The Madhouse Effect 
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Figure 1: Nuclear test explosion in Mururoa atoll, French Polynesia, in 1971. 
The official expert group says the Anthropocene should begin about 1950 and 
is likely to be defined by the radioactive elements dispersed across Earth by 
nuclear bomb tests. Photograph: AFP/Getty Images (Carrington, 2016). 

resources and disenfranchisement of Black and brown people. 
Martin Rees’ striking statement, “environmental catastrophes 
could foreclose humanity’s immense potential,” resonates 
because it aptly forces the reader to consider what humanity 
could have been if colonization and late stage capitalism never 
occurred, and what we still have the potential to be--if our 
governments and fossil fuel companies decide to prioritize the 
health of the planet and its people, over profits (Carrington, 
2016).

and This Changes Everything, Carrington has an understanding 
of the profound impact of human fossil fuel consumption and 
the time sensitive nature of solutions. 

Hence the classification of a new epoch, humans have 
already permanently altered the planet, and to prevent further 
global, environmental, and societal changes we need to trans-
form the way we consume resources. In Carrington’s article, the 
gravity of our situation is expressed by Martin Rees, former 
president of the Royal Society: “[t]he darkest prognosis for the 
next millennium is that bio, cyber or environmental catastro-
phes could foreclose humanity’s immense potential, leaving a 
depleted biosphere” (Carrington, 2016). Rees speaks with a tone 
of urgency similar to that of Mann and Toles, but his description 
of what is to be lost if fossil fuel emissions are not reduced 
evokes desperation in a way only Klein conveys when describing 
the moral-financial dilemma fossil fuel companies face. All 
authors express the disastrous effects of humans’ fossil fuel 
consumption and the need for emission reduction, but Rees’ 
forecast for our future, if for-profit industries take precedence, 
is unflinchingly honest and dark. 

Humans did not collectively get us into the crisis we face 
today; negligent governments and recklessly selfish fossil fuel 
companies did, and before these monsters, colonialism. Coloni-
zation introduced the idea of a dehumanizing hierarchy, one 
which now manifests itself in our for-profit systems, humanity’s 
separation from nature, and in the ways in which people of color 
are disenfranchised by capitalism and disproportionately expe-
rience the effects of the climate crisis. Klein’s description of 
reserve-replacement ratios in This Changes Everything perfect-
ly represents how capitalism directly contributes to the destruc-
tion of the Earth through the commoditization of its finite 

Bibliography
Begon, M., Townsend, C. R., & Harper, J. L. (2006). Ecology: From  

individuals to ecosystems. Malden, MA: Blackwell Publish 
 ing. 
Carrington, D. (2016, August 29). The Anthropocene epoch:  

Scientists declare dawn of human-influenced age.  
Retrieved October 15, 2020, from 
https://www.theguardian.com/environment/2016/aug/29/d  
clare-anthropocene-epoch-experts-urge-geological-con  
gress-human-impact-earth  

Klein, N. (2015). This changes everything: Capitalism vs. the 
climate. Toronto: CNIB. 

Mann, M. E., & Toles, T. (2018). The madhouse effect: How  
climate change denial is threatening our planet, destroying  
our politics, and driving us crazy. New: Columbia University  

 Press.



14 March 2021 22

Intersections



14 March 2021 2

Intersections



14 March 2021 24

Intersections



14 March 2021 2

Intersections


	Publication.pdf
	CoverandPeptoidDB

	TableOfContents.pdf
	Publication
	CoverandPeptoidDB
	TwoNotTouch.pdf
	Dragon.pdf
	Rocket.pdf

	Publication
	Rocket
	ToCandCapitalism.pdf
	Limericks.pdf


