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Agenda

• Project Requirements: Translating the "Voice 
of the Customer" into technical targets.

• Design Research: Benchmarking state-of-
the-art systems and establishing 
mathematical models (Newtonian & 
Lagrangian).

• Concept Selection: Functional 
decomposition and the "Big Pivot" in Robot 
#2's architecture.

• Project Management: A $5,000 budget 
audit and Bill of Materials (BOM) 
breakdown.

• Prototyping & FMEA: Iterative testing and 
quantitative risk mitigation.

• Final Results & Future Work: Physical 
verification against 36-inch drop tests and 
next steps for fleet deployment

What are we talking about today?



The Mission

Why are we doing this?



Project 
Description

Design, validate, and manufacture two low-

cost, transportable educational robots 

demonstrating core control-system 

engineering concepts for K-12 outreach. 



Success Metrics 
for the Acro-Bots

1) Educational Value
oTangible demonstration of 

continuous feedback control

2) Classroom Safety
oU.S. CPSC qualification 

(no sharp edges, fully enclosed 

wiring, etc.)

3) Reliability
oSurvive standard classroom handling 

and repetitive active demonstrations

4) Mass Producibility
oMaximize cost-effectiveness against 

current market alternatives.







QFD



Concept 
Generation 

and Selection
Why our designs?



Concept Generation Robot One:
• The team evaluated three primary architectures: 

• 2-Wheeled Pendulum (based on Sackett’s design) [1]

• Cart-Inverted Pendulum (standard rail system) [2]

• Reaction Wheel Pendulum (based on the "Wheelbot" momentum-exchange principle) [3]



Pugh Chart: Robot 1 Architecture Selection

Selection Criteria 2-Wheeled Pendulum 
(Baseline)

Inverted Pendulum on 
Cart (Winner)

Reaction Wheel 
Pendulum

Static Stability (Safety) 0 + (Stays upright when 
unpowered)

– (Unstable when off)

Classroom Durability 0 + (4-point contact reduces 
tip-over)

– (Sensitive flywheels)

Educational Clarity 0 + (Classic textbook Euler-
Lagrange)

0 (Abstract momentum)

Control Feasibility 0 + (Standard pole-
placement)

– (Non-linear complexity)

Manufacturing Cost 0 0 (Uses COTS 
motors/wheels)

– (High-precision IMUs)

Drop Test Survivability 0 + (Reinforced split-frame) – (High impact risk)

Total (+) 0 5 0

Total (–) 0 0 5

Net Score 0 +5 –5



Concept Generation Robot Two:
• The team evaluated three primary architectures: 

• 2-Axis Ball-on-Plate (inspired by Hammje’s OpenCV bot) [4] 

• 1-Axis Ball-on-Beam [5] 



Pugh Chart: Robot 2 Architecture Selection

Selection Criteria 2-Axis Ball-on-Plate 
(Baseline)

1-Axis Ball-on-Beam 
(Final Design)

Magnetic Levitation 
(Filtered Early)

Safety (CPSC 
Compliance)

0 0 (Standard 
electrical)

– (High 
voltage/heat)

Educational Clarity 0 + (1-DoF isolation) – (Abstract physics)

Mass Producibility 0 + (Single 
motor/Simplified)

– (Complex coil 
winding)

Manufacturing Cost 0 + (Lowest per-unit 
cost)

– (Specialized 
sensors)

Control Complexity 0 + (Linearizable 
dynamics)

– (Highly non-
linear)

Total (+) 0 4 0

Total (–) 0 0 5

Net Score 0 +4 –5



PROJECT 
MANAGEMENT

When did this happen and 

how much did it cost?



Gantt Chart



The Acro-Bots Project Timeline 2025-2026



Financials



Component Quantity Designation Cost Total Cost

520 Motors 12V 4 Mechanical $7.98 $31.56 

Wheels included^ Mechanical - -

6010 bearings (6mm) 2 Mechanical $0.75 $1.70 

Aluminum Rods 3 Mechanical $1.20 $3.60 

Acrylic 4"X6" 1 pack Mechanical $1.60 $1.60 

PLA ( grams) 1 roll Mechanical $17.99 $17.99 

Dupont Jumper Wire Set 1 Pack Electrical $6.98 $6.98 

Header Pins 1 Pack Electrical $7.39 $7.39 

Voltage Step-Down 1 Electrical $1.30 $1.30 

BMS Board (14.8V) 1 Electrical $8.69 $8.69 

Microcontroller (RP2040/Pico) 1 Electrical $8.99 $8.99 

LiFePO4 Battery Charger 4 Electrical $12.99 $38.97 

Protoboard Set 1 Electrical $14.59 $14.59 

Rocker Switch (On/Off) 1 Electrical $17.99 $17.99 

Motor Driver (DRV8871) 2 Electrical $4.33 $8.66 

Battery Charger 1 Electrical $14.99 $14.99 

Mag Encoder 1 Electrical $2.60 $2.60 

Longer M3 Threaded Inserts 1 pack Mech/Shared $9.99 $5.00 

Shorter M3 Threaded Inserts 1 pack Mech/Shared $9.99 $5.00 

M2 Threaded Inserts 1 pack Mech/Shared $9.99 $5.00 

M3 x 12mm Socket Screws 1 pack Mech/Shared $8.95 $4.48 

M3 x 8mm Socket Screws 1 pack Mech/Shared $8.95 $4.48 

M2 Screw Assortment Box 1 pack Mech/Shared $14.99 $7.50 

M3 Zinc Hex Nuts (5-piece) 1 pack Mech/Shared $3.75 $1.88 

LCD Screen (4-inch) 1 UI $20.99 20.99

Bill of Materials – Robot One



Component Quantity Designation Cost Total Cost

Nema 17 Stepper Motor 1 Mechanical $14.99 $14.99 

LiFePO4 Batteries 4 Mechanical $12.99 $38.97 

PLA ( grams) 1 roll Mechanical $17.99 $17.99 

Acrylic 4"x6" 1 pack Mechanical $16.99 $6.80 

686 Ball Bearings (10-pack) 1 Mechanical $8.59 $0.86 

Longer M3 Threaded Inserts 1 pack Mechanical $9.99 $5.00 

Shorter M3 Threaded Inserts 1 pack Mechanical $9.99 $5.00 

M2 Threaded Inserts 1 pack Mechanical $9.99 $5.00 

M3 x 12mm Socket Screws 1 pack Mechanical $8.95 $4.48 

M3 x 8mm Socket Screws 1 pack Mechanical $8.95 $4.48 

M2 Screw Assortment Box 1 pack Mechanical $14.99 $7.50 

M3 Zinc Hex Nuts (5-piece) 1 pack Mechanical $3.75 $1.88 

Ping Pong Ball 1 Mechanical $2.39 $0.27 

22 AWG Hookup Wire 1 roll Electrical $15.29 $15.29 

Dupont Jumper Wire Set 1 pack Electrical $6.98 $6.98 

Header Pins 1 pack Electrical $7.39 $7.39 

ToF Sensor (VL53L0X) 1 Electrical $12.99 $12.99 

Voltage Step-Down 1 Electrical $8.69 $8.69 

BMS Board (14.8V) 1 Electrical $8.99 $8.99 

Microcontroller (RP2040/Pico) 1 Electrical $12.99 $12.99 

Battery Charger 1 Electrical $14.99 $14.99 

Protoboard Set 1 Electrical $13.59 $13.59 

Rocker Switch (On/Off) 1 Electrical $7.99 $7.99 

LCD Screen (4-inch) 1 UI $20.99 $20.99 

Bill of Materials – Robot Two



MATHEMATICAL 
MODELING 

How do they work?







FMEA

What could go wrong?



Robot 1: Failure Modes and Effects Analysis 
(FMEA)

Potential Risk Engineering Mitigation Trade-off / Result

Chassis Fracture (36" Drop) Increased wall thickness to 16.94 

mm (PETG/PLA+).

FoS of 23-44; 90+ hour print 

time,.

Mechanical Drag

(Potentiometers)

Upgraded to Contactless Hall-

Effect Encoder.

Eliminated friction; improved 

PID resolution.

Sensor Noise (Shared 

Bottleneck)

Integrated Moving Average 

Filters in software.

Achieved <5.0s settling time

target (ER7).

Processing Lag (Rapid Fall 

Rate)

Migrated logic to Raspberry Pi. Higher power draw; handled 

real-time math.



Robot 2: Failure Modes and Effects Analysis 
(FMEA)

Potential Risk Engineering Mitigation Trade-off / Result

Ambient Light Interference Upgraded to VL53L0X Time-of-

Flight (ToF) lasers.

Reliable distance tracking 

despite classroom lighting.

Stepper Motor Skipping 

Steps

Applied 1/16 micro-stepping; 

reduced beam to 290.8 mm.

Increased holding torque; 

achieved high Factor of Safety 

(FoS).

Sensor Noise Integrated Moving Average 

Filters in software.

Achieved sub-5.0 second 

settling time target (ER7).

Mechanical Slop/Lag Scrapped edge-pivot for Direct-

Drive center mount.

Isolated motion to a single 

rotational axis; simplified 

math.



FINAL 
DESIGNS

So what does it look like today?



Final CAD



Final Builds Both Robots



Testing

Does it work?



Test/Exp. Linked 

Requiremen

t

Objectiv

e

Actual 

Result

Status

EXP1: 

Drop Test

Survivability

(ER5)

36-inch 

vertical 

fall

0% 

structural 

failure

PASS

EXP2: 

Battery

Runtime 

(ER2)

> 30 

minutes 

run

~1.4 hours 

achieved

PASS

EXP3: 

Physical

Safety 

(ER1/ER9)

< 12” 

cubed / 

0.65” 

pinch

7” x 7.5” x 

11”

PASS

EXP5: 

PID

Settling Time 

(ER7)

< 5.0s 

recovery

Recovered 

in 

< 5.0s

PASS

EXP7: 

BOM

Mfg. Cost 

(ER6)

< $500 

per unit

$241.90 per 

unit

PASS

Testing Results – Robot One



Test/Exp. Linked 

Requirement

Objective Actual Result Status

EXP2: 

Battery 

Endurance

ER2 (Runtime) > 30 

minutes

~1.4 hours PASS

EXP3: 

Physical 

Specs

ER1 

(Dimensions)

< 12" × 12" 

× 12"

8.5” × 12” × 5.5” PASS

EXP4: E-

Stop / UI

ER10 (Safety) < 1.0s 

cutoff

Instant (0 

seconds)

PASS

EXP5: PID 

Settling

ER7 (Balance) < 3.0 

seconds

< 5.0 seconds PASS

EXP6: ToF

Accuracy

ER3 (Sensing) < 5% error 

margin

< 5% margin PASS

Testing Results – Robot Two



Future 
Work

What’s left to do?



On The Road To The Classroom



Thank You
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