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Project Overview
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Project Overview

Background: 

● Space Debris is growing concern, as more and more satellites 
are put into orbit. 

● Astroscale is working on end of life satellite servicing for 
cooperative and noncooperative satellites.

● In order to attempt at de-orbiting debris its attitude and 
position must be accurately measured. 

Motivation: 

● Accuracy & Complexity: Current ground based satellite 
tracking has large margins of positional error, and is ineffective 
at determining attitude and pointing.

● Safety: The servicing satellite must have a way to sense the 
client satellite’s attitude and position without increasing the risk 
of a collision or creating more debris.
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Space Debris Field Timeline 
https://upload.wikimedia.org/wikipedia/commons/3/3d/Tough_Love_ESA19243296.gif

ISS Space Debris Damage https://spacenews.com/wp-

content/uploads/2021/06/canadarm-debris-2021.png
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https://spacenews.com/wp-content/uploads/2021/06/canadarm-debris-2021.png


Mission Statement

“Close Range Orbital Attitude Characterization System 
(CROACS) will remotely sense and analyze data of a client 

satellite to determine and predict relative position, 
relative velocity, attitude, and angular velocity.”
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Concept of Operations



Baseline Design
CROACS System
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Electronics 
Enclosure

Hardware 
Stand

Computer

Cooling Fan LiDAR 
Sensor

Swivel Mechanism

Wheels & Rails

*Enclosure dimensions 
subject to change

360° ∡ Rotation
3 ft

5 ft



Baseline Design
Client System (Testing)
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Functional Block Diagram
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Critical Project Elements
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CPE Description 

[E1] Sensors and Imaging -Imaging sensor collects and transmits data to on-board computer software verifies data is 
usable.

[E2] CROACS Hardware -Physical enclosure housing all CROACS electronics and sensors.
-Capable of translation during testing.

[E3] Space Debris Model -Physical model of space debris with three axes of motorized rotation simultaneously.
-Onboard Sensors must report truth data.

[E4] Data Processing -Software differentiates debris from background and models tumble.

[E5] Prediction and Accuracy
-Software calculations must match truth data to a <10% margin of error.
-At a 10°/sec angular rotation rate for each axis,  the software is capable of making future 
predictions up to 5 minutes forward with <25% deviation after the first minute.  



Design Feasibility
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Design Feasibility - CROACS Software
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The software must be capable of processing LIDAR data and calculating a 
known client satellite’s relative position, velocity, attitude, and angular 

velocity.
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Software Feasibility: Data Processing
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● Object detection and isolation is an 
important step for our software. 

● Range masking is a common 
technique. 

○ Eliminating range outside of 
specified bounds

● Our ability to work with LiDAR data 
will be facilitated by the LiDAR toolbox 
in MatLab

○ Has the built in ability to process 
raw point cloud LiDAR data

Example of Range Masking in a LiDAR Capture



Software Feasibility: Data Processing
LiDAR Data

● Object 
○ Soda Can

● Captured using iPhone 12 Pro LiDAR 
capabilities

○ App: Poly Cam
○ Number of Points: 16440
○ Data: 409 kB

● Processing
○ Intel(R) Core(TM) i5-8350 CPU @ 1.7 GHZ, 1.9 

GHz
○ RAM: 16 GB

Overview Software Electronics Hardware Financial Summary Future Work Back-up

15

Figure: Processed LiDAR Point Cloud



Software Feasibility: Attitude Calculations
Algorithm Flowchart 
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Software Feasibility: Attitude Calculations
Offline: Template Database

Database Parameters

Δ = 30°, 20°, 10°

Φ , Ѱ = (-180°, 180°)

Θ = (-90°, 90°)
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Figure: Point Cloud Templates with Z-Axis 
Rotation [ Δ = 10° ]

Terminology

Φ : X-Axis Rotation , Θ : Y-Axis Rotation , Ѱ : Z-Axis Rotation



Software Feasibility: Attitude Calculations
Centroid Computation

μ = Centroid

NP = Number of Points

P(j) = j-th Point
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Figure: Centroid-Centered Point Cloud Figure: Origin-Centered Point Cloud



Software Feasibility: Attitude Calculations
Online: Template Matching
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Figure: Point Clouds with Overlapping 
Centroids

Correlation Function
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Software Feasibility: Attitude Calculations
Online: Template Matching

TEST CASE
Ω = [-132°, 56°, 8°]
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Angular Step Attitude Estimate
[3-2-1]

Total Attitude Error

30° [-120°, 60°, 30°] 5.91%

20° [-140°, 50°, 0°] 4.58%

10° [-130°, 60°, 10°] 2.36%
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Figure: Point Cloud at Test Case Orientation

Initial attitude characterization is feasible within accuracy requirements, 
future work required for velocity and determining object from background.



Design Feasibility - Electronics
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Sensors and other electronic hardware must have specifications capable of 
meeting accuracy requirements.
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Point Cloud at Test Case Orientation

Electronics Feasibility: CROACS Electronics
LIDAR Sensor Error

Angular 
Step

Attitude 
Estimate

Total 
Attitude

Error

Total Attitude 
Error with 1% 
LIDAR range 

error (FOS > 3)

30° [-120°, 60°, 30°] 5.91% 5.91%

20° [-140°, 50°, 0°] 4.58% 4.58%

10° [-130°, 60°, 10°] 2.36% 2.36%

Maximum expected LIDAR error is 
±0.06m at 20m (0.3%)
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TEST CASE
Ω = [-132°, 56°, 8°]

Point Cloud at Test Case Orientation 
with 1% range error



Electronics Feasibility: CROACS Electronics
Onboard Processing - File Size

● LAS - typical LiDAR point cloud data format
● LIDAR sensor points per second (pps) varies: roughly 100,000 to 2M

○ Does not account for elimination of background information
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Ladra, 2019 [1]
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Electronics Feasibility: CROACS Electronics
Onboard Processing - Transfer Speeds
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● 2M pps for worst case → 38.1 MBps maximum data transfer rate
○ Typical read/write speeds on the order of GB/s

● Sensor running continuously for 15 minutes → 34.29 Gb of total storage

24

Expected data transfer 
rates are feasible, but 

required storage 
might affect processor 

choice or data 
acquisition time.



Using General Rule Error Propagation:
● δθ= 0.013
● δΦ= 0.022
● δΨ= 0.029

Electronics Feasibility: Client Electronics
Truth Data Sensor System

From IMU Specifications:
● Accelerometer error (ax, ay, az): ±4%

○ Reduces to ±2.83% for 2 IMU’s
● Magnetometer error (mx, my, mz): ±8%  

○ Reduces to ±5.66% for 2 IMU’s
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Fundamental equations:
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Truth Data Sensor 
System is feasible

based on Euler angle 
error less than 3%



Electronics Feasibility: CROACS Electronics 
CROACS Power Diagram
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CROACS electronics are power feasible as the project is not power limited and wall power is 
accessible. 



Electronics Feasibility: Client Electronics 
Client Power Diagram
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Client electronics are power feasible as the project is not power limited and wall power is accessible. 



Design Feasibility - CROACS Hardware
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The test bench shall have sufficient dimensions capable of enclosing the 
onboard computer and LIDAR sensor. The enclosure must be able to rotate 

and translate to perform testing.
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Hardware Feasibility: CROACS Hardware
Test Bench & Sensor Suite Housing
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Swivelling Sensor Suite 
Housing

Translating Test Bench

● Test Bench: 80/20 T-slot 
components

● Housing: ABS plastic & 
foam sheets

3 
ft

5 
ft

29

CROACS hardware 
can feasibly meet 
requirements to 

swivel and translate.



Hardware Feasibility: CROACS Hardware
Swivel Structural Analysis
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12-way seat swivel

● Structural Feasibility:
○ Intended support load ≈ 250 lb
○ Estimated weight of enclosure with 

electronics < 20 lb, including:
■ Housing structure
■ Harnessing
■ Sensor suite
■ On-board processor

○ Required load 20 lb <<  max load 250 lb
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Hardware Feasibility: CROACS Hardware
Test Bench Structural Analysis

31

Vertical Deflection at Center of Cross Beam

Shear Strength of Wheel Axials

𝜹𝜹y

Fshear

● Deflection Feasibility:
○ Estimated applied load 21.14 lb w/ FOS
○ FOS = 1.5
○ Assumptions: center point load, 2-fixed ends
○ 𝞭𝞭y = 0.0008 inches ≈ 0

● Shear Strength Feasibility:
○ Tensile Strength = 7980 psi
○ Estimated Shear Strength = 4788 psi
○ Estimated applied load (w/ FOS)

■ 24.65 lb total
■ 6.16 lb per wheel

○ Cross-sectional Area of Axial = 0.0192 in2

○ Required Shear Strength =  320.9 psi << 4788 psi

80/20 T-Slot Profile

Material: Aluminum Nylon PA Glass Fiber 
Reinforced

Grade: 6105-T5 K222-D

Yield Strength: 35 ksi / 241.32 MPa 7.98 ksi / 55 MPa

Young’s Modulus: 10,200 ksi / 7.033 
GPa

174 ksi / 1.20 GPa

Wheels
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Design Feasibility - Client Hardware
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The client satellite model must be able rotate around 3 axes simultaneously 
without interfering with the CROACS sensing.
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Hardware Feasibility: Client Hardware
Rotational Stand Lidar Interference Diagram
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FOV of Sensor

Sensor suite should have a clear, 
unobstructed view of client model 

during rotation.

Client stand is LiDAR 
FOV feasible based 
on current design 

and LiDAR masking 
techniques. 



Hardware Feasibility: Client Hardware
Stepper Motor Torque Analysis
● Estimate torque experienced by Motor 3 to see if solution is 

feasible
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Mass Estimation: Items rotated by Motor 3 Torque Calculation: 
T = torque ;  m = total mass
r = expected moment arm
g = acceleration due to gravity

T = mgr = (2.35)(9.81)(0.1778)
T = 4.01Nm
T = 4.0Nm

From initial design, the moment arm that motor 3 
sees is expected to be 7in = 0.1778m
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Hardware Feasibility: Client Hardware
Stepper Motor Torque Analysis

● Expected torque, T = 4.0Nm becomes Ts= 8.0Nm (Factor of Safety = 2)
○ Numerous motors exist that have sufficient torque ratings
○ Many fall within desired price window (< $150)
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Example:
Nema 34 CNC Stepper Motor

● 9 Nm torque rating
● Cost = $118

○ Via DHL

35

https://www.omc-stepperonline.com/s-series-nema-34-closed-loop-stepper-motor-9-nm-1274-76oz-in-encoder-1000cpr.html?search=Nema%2034%20closed%20loop

https://www.omc-stepperonline.com/s-series-nema-34-closed-loop-stepper-motor-9-nm-1274-76oz-in-encoder-1000cpr.html?search=Nema%2034%20closed%20loop


Hardware Feasibility: Client Hardware
Stepper Motor Torque Analysis - Motors 1 & 2  

36

∝ = 0.1745 [rad/sec2]

Nema 17 Stepper Motor
● 59 [N cm] 

○ Well over FOS = 2
● $13.99

○ Ships from U.S

Expected Moment: IY = 0.0306 [kg m2] Iz = 0.034 [kg m2]

Required Torque: T2 = 0.5 [N cm] T1 = 0.6 [N cm]

https://www.amazon.com/STEPPERONLINE-Stepper-Bipolar-Connector-compatible/dp/B00PNEQKC0/ref
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Client hardware 
motors are feasible
based on current 

client designs and 
motor options
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https://www.amazon.com/STEPPERONLINE-Stepper-Bipolar-Connector-compatible/dp/B00PNEQKC0/ref


Design Feasibility - Financial 
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Cost of all purchase should under $4800 after deducting $200 for tool kit 
damage deposit.  
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Finances
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Subsystem Est. Cost

Hardware $600 ± 100

Electrical $2500 ± 750

Manufacturing Budget $500

Total $3600 ± 850 (<$4800)

Leftover* + $350

Hardware Est. Cost

CROACS Hardware
- Cost Breakdown of CROACS Hardware 

$300 ± 50

Client Hardware 
- Cost Breakdown of Client Hardware

$300 ± 50

Total $600 ± 100

Electrical Est. Cost

Client Electronics 
- IMU x2 
- Stepper Motors 
- Hardware Controller
- Misc./Power

$500 ± 150

CROACS Electronics 
- LIDAR Sensor
- Onboard Computer 
- Power System
- Misc. Electrical

$2000 ± 600

Total $2500 ± 750

Est. Cost = Mean(Price Points) ± Est. Margin = (avg) ± σ
Total Est. Margin = √(σ₁)²+(σ₂)²+(σ₃)²+...

*Leftover: Buffer in budget accounting for max Est. Cost
Used for miscellaneous parts, damaged parts, expedited shipping fees...etc.

CROACS project is 
financially feasible
based on current 

designs and current 
market prices. 
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Feasibility Conclusions 
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System CPE Feasible Reasoning

Software E4, E5 Yes* Attitude can be found within accuracy requirements, need to implement method of 
determining object from background. Computational time is also a concern.

CROACS 
Electronics

E1, E2 Yes* LiDAR range accuracy is acceptable for attitude characterization. Onboard processor 
can handle data transfer rates but storage might affect processor choice or data 
acquisition time.

Client 
Electronics

E3, E5 Yes Truth data sensors give measurements within acceptable limits.

CROACS 
Hardware

E2 Yes CROACS hardware meets functional requirements (swivel and translation), also 
meets structural needs.

Client 
Hardware

E3 Yes Custom rotational stand doesn’t interfere with sensor line of sight, motors can 
feasibly torque weight of model.

Cost N/A Yes Total cost of parts, accounting for alternate selections, manufacturing costs, and tool 
kit deposit, is below $4800.

Feasibility Conclusions 

Overview Software Electronics Hardware Financial Summary Future Work Back-up
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Future Work
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Future Work 
Software
● Object Detection (Edge tracking, 

range masking, etc)
● Research and testing for Iterative 

Closest Point (ICP) method for 
angular velocity

● Research and testing for integration 
of position data to get translational 
& angular velocity 

● Further research into template 
matching Algorithm Optimization

Overview Software Electronics Hardware Financial Summary Future Work Back-up

42

Object detection in LiDAR data [7]



● Down selecting specific LiDAR sensor
● Determining specific onboard 

processor
○ Further investigate minimum hardware 

specifications for reliable software execution. 
● Interfacing between selected LiDAR 

sensor and on board processor
● IMU selection
● Selecting specific power converters

43

Future Work 
Electronics
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● CROACS Hardware
○ Determine electronics enclosure dimensions
○ Ensure electronics compatibility
○ Analyze electronic thermal output to determine 

required cooling
● Client Hardware

○ Ensure no rotation stand LiDAR interference
○ Integrate electronic pathing into design
○ Designing motor interfacing

■ Specifically motor 1 with client model

44

Future Work 
Hardware
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Questions? 

46



References 
[1]  - Ladra S., Luaces M.R., Paramá J.R., Silva-Coira F. (2019) Space- and Time-Efficient Storage of LiDAR Point Clouds. In: Brisaboa N., Puglisi 
S. (eds) String Processing and Information Retrieval. SPIRE 2019. Lecture Notes in Computer Science, vol 11811. Springer, Cham. https://doi-
org.colorado.idm.oclc.org/10.1007/978-3-030-32686-9_36

[2] - “Lidar toolbox,” Matlab Documentation Available: https://www.mathworks.com/help/lidar/index.html

[3] - Harwell   based   Astroscale   completes   successful   space   demonstration",   Harwell   Campus   Ox-ford   
Available:https://www.harwellcampus.com/news/astroscales-demonstrates-repeated-magnetic-capture/?home=1.

[4] - Opromolla, R., Fasano, G., Rufino, G., and Grassi, M., “A review of cooperative and uncooperative spacecraft pose determination techniques for 
close-proximity operations,”Progress in Aerospace Sciences,  Vol. 93,  2017,pp.  53–72. https://doi.org/https://doi.org/10.1016/j.paerosci.2017.07.001

[5] - Rangwala, S., “The iphone 12 - LIDAR AT YOUR FINGERTIPS,” Forbes Available: 
https://www.forbes.com/sites/sabbirrangwala/2020/11/12/the-iphone-12lidar-at-your-fingertips/?sh=f950d063e285

[6] - Lee , T. B., “Lidar used to cost $75,000-here's how Apple brought it to the iPhone,” Ars Technica Available: 
https://arstechnica.com/cars/2020/10/the-technology-behind-the-iphone-lidar-may-be-coming-soon-to-cars/

[7] - Wojtech, R., “Object detection using LIDAR - head in the (point) clouds,” Blickfeld Available: https://www.blickfeld.com/blog/lidar-data-
processing-for-object-detection/

[8] - Sanatkar, M., “Lidar 3D Object Detection Methods,” Towards Data Science Available: https://towardsdatascience.com/lidar-3d-object-detection-
methods-f34cf3227aea

47

https://doi-org.colorado.idm.oclc.org/10.1007/978-3-030-32686-9_36
https://www.mathworks.com/help/lidar/index.html
https://www.harwellcampus.com/news/astroscales-demonstrates-repeated-magnetic-capture/?home=1
https://doi.org/https:/doi.org/10.1016/j.paerosci.2017.07.001
https://www.forbes.com/sites/sabbirrangwala/2020/11/12/the-iphone-12lidar-at-your-fingertips/?sh=f950d063e285
https://arstechnica.com/cars/2020/10/the-technology-behind-the-iphone-lidar-may-be-coming-soon-to-cars/
https://www.blickfeld.com/blog/lidar-data-processing-for-object-detection/
https://towardsdatascience.com/lidar-3d-object-detection-methods-f34cf3227aea


References 
[9] - “RotaryEncoder,”,2021.URLhttps://create.arduino.cc/projecthub/MisterBotBreak/how-to-use-a-rotary-encoder-16e079.

[10] - “Titan S1 - Neuvition: Solid-state lidar, LIDAR sensor suppliers, Lidar Technology, Lidar Sensor,” Neuvition Available: 
https://www.neuvition.com/products/titan-s1.html

[11] - “Ad-96TOF1-EBZ,” Analog Devices Available: https://www.analog.com/en/design-center/evaluation-hardware-and-software/evaluation-boards-
kits/ad-96tof1-ebz.html#eb-overview

[12] - “2D/3D dual solid state tof lidar,” CYGBOT Available: https://www.cygbot.com/2d-3d-dual-solid-state-tof-lidar

[13] - “Cepton Vista®-P Lidar,” Cepton Available: https://www.cepton.com/products/vista-p

[14] - “Intel® NUC kit NUC5CPYH - product specifications,” Intel Available: https://www.intel.com/content/www/us/en/products/sku/85254/intel-nuc-
kit-nuc5cpyh/specifications.html

[15] - “Nvidia Jetson TX2: High performance ai at the edge,” NVIDIA Available: https://www.nvidia.com/en-us/autonomous-machines/embedded-
systems/jetson-tx2/

[16] - “Optiplex 3080 Micro Form Factor Desktop,” Dell Available: https://www.dell.com/en-us/work/shop/desktops-all-in-one-pcs/optiplex-3080-micro-
desktop/spd/optiplex-3080-micro

[17] - “MSI Cubi,” MSI USA Available: https://us.msi.com/Business-Productivity-PC/Cubi/

48

https://create.arduino.cc/projecthub/MisterBotBreak/how-to-use-a-rotary-encoder-16e079
https://www.neuvition.com/products/titan-s1.html
https://www.analog.com/en/design-center/evaluation-hardware-and-software/evaluation-boards-kits/ad-96tof1-ebz.html#eb-overview
https://www.cygbot.com/2d-3d-dual-solid-state-tof-lidar
https://www.cepton.com/products/vista-p
https://www.intel.com/content/www/us/en/products/sku/85254/intel-nuc-kit-nuc5cpyh/specifications.html
https://www.nvidia.com/en-us/autonomous-machines/embedded-systems/jetson-tx2/
https://www.dell.com/en-us/work/shop/desktops-all-in-one-pcs/optiplex-3080-micro-desktop/spd/optiplex-3080-micro
https://us.msi.com/Business-Productivity-PC/Cubi/


Backup Slides

Overview Software Electronics Hardware Financial Summary Future Work Back-up

49

Administrative/Financial
Software

Electronics
Hardware



Administrative/Financial

50

Return to Top

Overview Software Electronics Hardware Financial Summary Future Work Back-up



The Team - Team Organization
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Critical Feasibility Statements
Category Statement CPE Functional 

Requirement

Electronics Sensors and other electronic hardware must have specifications capable of 
meeting accuracy requirements. E1,E3 FR1,FR3

CROACS 
Hardware

The test bench shall have sufficient dimensions capable of enclosing the 
onboard computer and LIDAR sensor. The enclosure must be able to rotate and 

translate to perform testing.
E2 FR4

Client Hardware The client satellite model must be able rotate around 3 axes simultaneously 
without interfering with the CROACS sensing. E3 FR5

Software The software must be capable of processing LIDAR data and calculating a 
known client satellite’s relative position, velocity, attitude, and angular velocity. E4,E5 FR2

Financial
Cost of all purchase should under $4800 after deducting $200 for tool kit 

damage deposit. E1,E2,E3 N/A

52
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Cost Breakdown of CROACS Hardware
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Cost Breakdown of Client Hardware
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Cost Breakdown of Onboard Processor
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Cost Breakdown of LiDAR Sensor
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Cost Breakdown of Client Electronics
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Software
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Return to Top
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Software - Computation Time
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Angular Step Attitude Estimate
[3-2-1]

Total Attitude Error Computation
Time

30° [-120°, 60°, 30°] 5.91% ~20 s

20° [-140°, 50°, 0°] 4.58% ~75 s

10° [-130°, 60°, 10°] 2.36% ~680 s

● Intel(R) Core(TM) i5-8350 CPU @ 1.7 GHZ, 1.9 GHz
● RAM: 16 GB



Software - Edge Detection

● Involves finding the nearest 
neighbors to each point

○ Euclidean Distance
● Finds the deviation of each 

point to its neighbors
● The points whose deviation 

passes a threshold are 
classified as “edge points”

Overview Electronics Hardware Software Financial Summary Future Work Back-up
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Figure: LiDAR Point Cloud with Edge 
Detection
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Figure: Nearest Neighbor



Software - ICP Algorithm
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1. Get an initial guess for the transformation and translation

2. Associate each point in the transformed point cloud with the nearest point in the 

original point cloud

3. Solve for the optimal transformation and translation 

4. Repeat until convergence



Step 3: Singular Value Decomposition

Software - ICP Optimization
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Step 1: Centroid Computation Step 2: Point Cloud Spread

Step 4

62
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Software - Programming Language

● MATLAB
○ Already known to our team
○ Robust signal processing toolbox
○ More efficient matrix algebra operations
○ Proprietary code
○ Portability Issues
○ Multi-threading

● Python 
○ Object-based language
○ More versatile class and function definitions
○ Not as good documentation for python LiDAR processing libraries
○ Does not have true multi-threading capabilities, only multiprocessing

● Conclusion: MATLAB

Overview Electronics Hardware Software Financial Summary Future Work Back-up
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Software - OS

● Windows
○ System instabilities due to oversimplified design
○ Higher resource usage
○ More user-friendly GUI
○ Limited Customization options
○ Widespread and well-known to team 

● Linux
○ Deep-rooted emphasis on process management, system security, and uptime
○ Lighter resource usage
○ More versatile
○ Easier integration between software modules

Overview Electronics Hardware Software Financial Summary Future Work Back-up
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Software - iPhone LiDAR

● Flash Illumination and No Scanning
○ Emission

■ Vertical Cavity Surface-Emitting Lasers (VCSELs)
○ Detector

■ Single Photon Avalanche Diode (SPAD)
○ Wavelength

■ 800-899 nm
○ Range

■ 5 m

References

1. Forbes
2. Ars Technica
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Electronics
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Electronics - Sensor Suite

LIDAR Sensor Points per Second (pps) Range Accuracy

Neuvition Titan S1 [10] 230,000 ± 3cm at 50m

Yujin YRL Series 3d 
LiDAR [11]

130,000 ± 1cm at 20m

Analog Devices AD-
96TOF1-EBZ [12]

300,000 ± 6cm at 20m

Vista X90 [13] 1,000,000 ± 2.5cm at 50m

Background Information:
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Electronics - Onboard Processing

Processor Storage (GB) Read/Write Speed 
(GB/s)

RAM (GB)

MSI Cubi [17] 500 0.6 4

OptiPlex 3080 Micro  
[16]

128 3.5 8

Jetson TX2*  [15] 32 5 8

Intel NUC  [14] 64 0.6 16

*Optimized for AI and computer vision performance

Background Information:
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Electronics Feasibility: CROACS Electronics
Onboard Processing

With 16GB of RAM ⇒ Under 2 minutes 
processing for current algorithm

● Used 72% of total RAM
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Electronics - Truth Data Sensor System

Micro Controller 
& IMU

Nano 33 BLE

Power

BNO055

Fully Contained IMU 
Sensor System

Overview Electronics Hardware Software Financial Summary Future Work Back-up

70

GOAL - Truth data sensor system must be self-contained and fit inside the physical model.

Component Size Volume

Nano 33 
BLE

45 mm x 18 mm 
x 5 mm

4050 mm3

BNO055 27 mm x 20 mm 
x 3 mm

1620 mm3

Battery 21 mm x 19 mm 
x 2 mm

798mm3

TOTAL 6468 mm3

Physical Model Dimensions - 1.6988 e6 mm3
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Translation Truth Data

https://www.electroniclinic.com/arduino-dc-motor-speed-control-with-encoder-arduino-dc-motor-encoder/

Motor encoders will be used on the axles 
of the wheels along with the known 
circumference of the wheels on the rail 
system to determine the true translation of 
the CROACS test bench
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Truth Data Transformation
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Diebel, James (2006). Representing Attitude: Euler Angles, Unit Quaternions, and Rotation Vectors 
https://www.astro.rug.nl/software/kapteyn-beta/_downloads/attitude.pdf

To calculate Xm, Ym and the Euler angles (ɸ, θ, Ѱ) here
when the IMU is not aligned with the physical model axes 
i.e. the body axes are not aligned with the inertial axes, the 
following equations can be used.
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After converting the vector to the body frame, all the 
equations here can be applied.

https://www.astro.rug.nl/software/kapteyn-beta/_downloads/attitude.pdf
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Electronics - Motor System - Power
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GOAL - All the client hardware shall run off of the 
wall power outlets and the drivers should be able 
to drive the motors from commands given by the 
microcontroller.
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Electronics - Feasibility Analysis - Testing
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Stepper Motor Torque Rated Current Driver

NEMA 17 0.59 Nm 2.0 A A4988

NEMA 23 P series 1 Nm 5.5 A EASON DM556

NEMA 34 4.5 Nm 5.5 A EASON DM556

NEMA 34 7.07 Nm 2.12 - 4.24 A EASON DM556
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Hardware
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CROACS Hardware Weight Estimates
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Hardware Feasibility: Estimation of Support weight
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● Support components are likely to be made 
out of PLA

● Rough models were made using CAD
○ Mass was taken from properties list

● Expected of combined PLA support is 
approx. 0.25kg
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Hardware Feasibility: Torque Estimation (Motors 1&2)
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Source: https://amesweb.info/inertia/hollow-cylinder-moment-of-inertia.aspx

m = 1.7385 [kg];  R1= 6 [in] = .1524 [m];  

R2= 5 [in] = 0.127 [m]; 

h = 12 [in] = 0.3048 [m]

W = 2( 10 [०/sec] ) = 0.349 [rad/sec];  t = 2 [sec]

∝ = Δw/ t; T = I∝
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