Centrifuge Exhibit Operating Manual  |  Rev 2.0  |  Eureka! McConnell Science Museum  |  ENGR 140
OPERATING MANUAL
Centrifuge Exhibit
Eureka! McConnell Science Museum
ENGR 140 — Final Project
Revision 2.0  |  2026



TABLE OF CONTENTS
	1.
	Introduction & Purpose
	3

	2.
	Description of Equipment — Electronics Subsystem
	4

	3.
	Materials / Tools Needed — Electronics
	6

	4.
	Procedure — Assembly, Firmware Upload & Operation
	7

	5.
	Maintenance and Storage — Electronics Subsystem
	12

	6.
	Troubleshooting and Spare Parts — Electronics
	14

	7.
	Mechanical System Description
	16

	8.
	Package Contents — Mechanical
	17

	9.
	Materials / Tools Needed — Mechanical
	17

	10.
	Mechanical Assembly & Setup
	18

	11.
	Calibration — Mechanical
	19

	12.
	Operation — Full Exhibit
	20

	13.
	Maintenance & Storage — Mechanical
	21

	14.
	Troubleshooting — Mechanical
	22

	15.
	Spare Parts — Mechanical
	24




1. Introduction & Purpose
Centrifuge Exhibit Operating Manual  |  Rev 2.0  |  2026  |  Sections 1
The Centrifuge Exhibit is an interactive demonstration designed for the Eureka! McConnell Science Museum. The exhibit consists of a stainless‑steel bowl mounted to a DC motor housed within a wooden enclosure. Visitors control the bowl's rotational speed using a potentiometer, while an RGB LED provides real‑time visual feedback corresponding to motor speed.

The system comprises two major subsystems:
1. Mechanical Subsystem: stainless‑steel bowl, motor mount, castors, wooden enclosure, and plexiglass top.
1. Electronics Subsystem: Arduino Nano, L298N motor driver, potentiometer, RGB LED, and a five‑state firmware state machine.

This manual provides complete instructions for assembly, calibration, operation, maintenance, and troubleshooting of both subsystems.

1.1  Scope
This document covers:
1. Mechanical assembly and adjustment
1. Electronics assembly and wiring
1. Firmware upload and verification
1. Calibration procedures
1. Daily and monthly maintenance
1. Troubleshooting and spare parts

1.2  Intended Audience
	Audience
	Permitted Activities

	Museum Staff
	Setup, calibration, maintenance, troubleshooting, full system access.

	Visitors
	Operation only, under staff supervision.

	Children
	Supervised use only. No access to internal components or electronics.



1.3  Safety Warnings
	WARNING — Disconnect ALL power (mains adapter AND USB) before opening the enclosure or adjusting any mechanical or electrical components.



	WARNING — Do NOT operate the exhibit without the plexiglass top fully installed and the trim secured.



	NOTE — Keep hands, hair, jewelry, and loose clothing clear of the spinning bowl at all times during operation.



1.4  System Overview
	Component
	Description

	Wooden Enclosure
	Structural housing with four adjustable castors.

	Stainless‑Steel Bowl
	Rotating load element mounted directly to the DC motor shaft.

	Three‑Point Motor Mount
	Adjustable mount for centering the motor and minimizing bowl runout.

	Plexiglass Top
	Removable safety cover; must be installed before operation.

	Electronics Subsystem
	Arduino Nano motor control with RGB LED state feedback (see Sections 2–6).




2. Description of Equipment — Electronics Subsystem
Arduino Nano | L298N Motor Driver  |  Rev 2.0  |  2026  |  Sections 2–6
This section describes the electronic subassemblies of the PWM Motor Speed Controller. The system reads a potentiometer‑derived analog voltage via an Arduino Nano, applies a soft‑ramped PWM duty cycle through an L298N dual H‑bridge motor module, and provides real‑time visual feedback via a multi‑color RGB LED. A five‑state firmware state machine governs all operating modes including startup lockout, attract mode, idle, running, and fault.

2.1  Subassembly Overview
	Subassembly
	Description
	Key Component

	A — Microcontroller
	Central processor: reads ADC, executes state machine, outputs PWM, drives LED logic.
	Arduino Nano (ATmega328P)

	B — Speed Input
	Potentiometer voltage divider; 0–5 V analog setpoint on A0.
	10 kΩ Linear Potentiometer

	C — Motor Driver
	L298N dual H‑bridge module; Channels A and B wired in parallel to double current capacity (4 A continuous, 6 A peak) for a single brushed DC motor.
	L298N Dual H‑Bridge Module

	D — DC Motor
	Brushed DC load; speed proportional to PWM average voltage.
	Brushed DC Motor

	E — LED Indicator
	Common‑cathode RGB LED; encodes system state and speed band by color.
	5 mm Common‑Cathode RGB LED

	F — Power Supply
	120 V AC → regulated DC barrel‑jack adapter; motor rail via barrel jack; logic rail via USB to Nano.
	AC/DC Wall Adapter + USB

	G — Decoupling / Filtering
	100 µF bulk cap on motor rail; 0.1 µF ceramic on logic rail; 220 Ω current‑limit resistors (×3) for LED.
	100 µF, 0.1 µF, 220 Ω ×3



2.2  L298N Motor Driver — Key Characteristics
The L298N differs from more modern single H‑bridge drivers (e.g., DRV8871) in ways that directly affect wiring and firmware:
1. Rated up to 46 V and 2 A continuous per channel (3 A peak). This application wires both channels in parallel, doubling effective current capacity to 4 A continuous and 6 A peak for a single motor.
1. Dual‑channel parallel drive: both Channel A and Channel B drive the same motor. OUT1 and OUT3 connect to Motor Terminal 1; OUT2 and OUT4 connect to Motor Terminal 2. Current splits evenly, reducing thermal stress on each H‑bridge.
1. Six‑pin control interface (both channels tied in parallel): ENA and ENB tied to Arduino D9 (PWM speed); IN1 and IN3 tied to Arduino D8 (direction); IN2 and IN4 tied to Arduino D7 (direction complement). IN1/IN3=HIGH + IN2/IN4=LOW drives forward; all direction pins LOW coasts to stop; all HIGH applies active brake.
1. Separate 5 V logic supply pin (VSS): the L298N requires both a motor supply (VS, 6–46 V) and a 5 V logic supply. The onboard 5 V regulator can supply logic from VS when VS > 7 V; connect module 5 V output back to Arduino 5 V, or supply from the Arduino USB rail.
1. Internal voltage drops: the L298N outputs approximately 2 V less than the motor supply rail due to Darlington transistor topology. A 12 V supply delivers approximately 10 V to the motor at full PWM.

2.3  Power Supply Architecture
Two independent supply rails prevent motor switching noise from corrupting ADC readings:
1. Logic Rail (5 V): Delivered via USB to the Arduino Nano. Powers the Nano, RGB LED, and all logic inputs to the L298N (IN1, IN2, ENA).
1. Motor Rail (Barrel Jack DC): Delivered by the 120 V AC‑to‑DC wall adapter. Connected directly to L298N VS pin. Select adapter output to match motor nameplate rating, accounting for the ~2 V L298N internal drop (typically supply 8–14 V for a 6–12 V motor). The 10 A supply capacity provides headroom for stall events.
1. Common Ground: Arduino GND, L298N GND, and motor supply negative must share a single tie point to prevent floating references between the two rails.

2.4  Firmware State Machine Summary
The firmware implements a five‑state finite state machine (FSM):
	State
	Description
	Entry Condition
	Exit Condition
	LED

	STARTUP_LOCKOUT
	Motor blocked; waits for knob near zero.
	Power-on / MCU reset
	Pot ≤ 50 counts
	Pale blue

	ATTRACT_MODE
	LED pulse animation; motor off.
	From lockout or 15 s idle timeout
	Pot > 40 counts
	Purple pulse

	IDLE_READY
	Armed, motor off; activity watchdog running.
	Pot turned to zero from RUNNING
	Pot > 40 counts; or 15 s → attract
	Dim white

	RUNNING
	Motor active; speed ramps with knob; session timer active.
	Pot moved above off threshold
	Pot = 0; session timeout; or fault
	Speed spectrum

	FAULT_STATE
	Motor e-stopped; blink red; knob-zero required to clear.
	Stall heuristic or invalid state
	Pot ≤ 50 counts
	Blinking red




3. Materials / Tools Needed — Electronics Subsystem
Electronics Subsystem  |  Rev 2.0  |  2026  |  Section 3
The following tools and consumables are required to set up, calibrate, install, and operate the electronics subsystem. None of these items are included with the exhibit.

3.1  Tools
	Tool
	Purpose

	Digital Multimeter
	Verify supply voltages, continuity, rail polarity, and ground references.

	USB‑A to Mini‑USB Cable
	Program and power Arduino Nano from PC.

	PC with Arduino IDE ≥ 2.0
	Compile and upload firmware; view Serial Monitor debug output.

	Soldering Iron & Solder
	Permanent connections for headers, wiring, and bypass capacitors.

	Wire Strippers / Cutters
	Prepare hookup wire to correct length and strip insulation.

	Small Flathead Screwdriver
	Tighten L298N module terminal block screws.

	Oscilloscope (recommended)
	Verify PWM waveform on D9 and confirm duty cycle scaling.

	Heat‑Shrink Tubing + Heat Gun
	Insulate soldered motor wire joints to prevent shorts near driver outputs.



3.2  Consumables & Materials
	Item
	Specification
	Notes

	Hookup Wire
	22 AWG stranded
	Multi‑color; red/black for power rails mandatory.

	AC/DC Wall Adapter
	120 V AC in; barrel jack out; output = motor rating; ≥ 3 A continuous; 10 A rated
	Verify center‑positive polarity before wiring.

	USB Power Source
	5 V, ≥ 500 mA
	Separate supply from motor rail; laptop USB port acceptable.

	Rosin‑Core Solder
	60/40 or 63/37, 0.8 mm
	Standard electronics grade; no acid‑core.

	Heat‑Shrink Tubing
	3 mm and 5 mm ID
	Cover all bare wire joints near motor terminals.

	Zip Ties / Cable Clips
	3–4 mm
	Route wiring away from motor shaft and rotating parts.




4. Procedure — Assembly, Firmware Upload & Operation
Electronics Subsystem  |  Rev 2.0  |  2026  |  Section 4
	WARNING — Complete ALL assembly steps with BOTH power sources disconnected: USB cable unplugged AND barrel jack adapter unplugged from the mains outlet.



4.1  Electronics Assembly

Step 1 — Mount the Arduino Nano
	#
	Action

	1
	Orient the Nano so the USB connector faces the edge of the breadboard or PCB.

	2
	Press firmly into the breadboard center channel, or solder header pins to a PCB carrier.

	3
	Confirm all pin labels (D0–D13, A0–A7) are readable and accessible.



Step 2 — Wire the Potentiometer
	#
	Action

	4
	Connect the left terminal of the potentiometer to Arduino GND.

	5
	Connect the right terminal to Arduino 5 V.

	6
	Connect the center wiper terminal to Arduino analog pin A0.



Step 3 — Wire the L298N Motor Driver (Both Channels in Parallel)
	#
	Action

	7
	Connect L298N VS to the positive output of the barrel jack DC rail.

	8
	Connect L298N GND to the common ground rail (shared with Arduino GND and barrel jack negative).

	9
	Connect Arduino D9 to both L298N ENA and ENB (enable / PWM speed control for both channels simultaneously).

	10
	Connect Arduino D8 to both L298N IN1 and IN3 (forward direction for Channel A and Channel B).

	11
	Connect Arduino D7 to both L298N IN2 and IN4 (direction complement). All four direction pins must switch together.

	12
	Connect DC Motor Terminal 1 to both L298N OUT1 and OUT3 (tied). Connect DC Motor Terminal 2 to both L298N OUT2 and OUT4 (tied). Both channels now drive the motor in parallel. To reverse spin direction, swap the two motor lead connections only.

	13
	Connect a short jumper wire from ENA to ENB, from IN1 to IN3, and from IN2 to IN4. This ties both channels together so they switch identically from a single set of Arduino outputs.



	NOTE — Wiring both L298N channels in parallel doubles usable continuous current to 4 A and peak current to 6 A for a single motor. This significantly reduces thermal stress on each H‑bridge, especially during centrifuge spin‑up.



Step 4 — Wire the RGB LED
	#
	Action

	14
	Identify the common cathode lead (longest of four leads). Connect to Arduino GND.

	15
	Connect the Red anode through a 220 Ω resistor to Arduino D3.

	16
	Connect the Green anode through a 220 Ω resistor to Arduino D5.

	17
	Connect the Blue anode through a 220 Ω resistor to Arduino D6.



Step 5 — Install Decoupling Capacitors
	#
	Action

	18
	Mount a 100 µF electrolytic capacitor across the motor supply rail (positive leg to VS, negative leg to GND) close to the L298N VS pin.

	19
	Mount a 0.1 µF ceramic capacitor across the Arduino 5 V and GND pins.



Step 6 — Pre‑Power Ground Continuity Check
	#
	Action

	20
	Set multimeter to continuity (beep) mode.

	21
	Probe Arduino GND to L298N GND — MUST beep (same net).

	22
	Probe Arduino GND to barrel jack negative — MUST beep.

	23
	Probe Arduino 5 V to L298N VS — MUST NOT beep (different rails).

	24
	Probe Arduino 5 V to GND — MUST NOT beep (no power rail short).



4.2  Power Supply Connection
	WARNING — MAINS VOLTAGE (120 V AC) — The wall adapter converts 120 V AC. NEVER open the adapter housing or touch the AC‑side wiring. Manage only the low‑voltage DC output barrel jack. Connect the barrel jack to the circuit BEFORE plugging into the mains outlet. Disconnect from the mains BEFORE changing any circuit wiring.



	#
	Action

	25
	Verify the wall adapter output voltage matches the motor's rated supply voltage using a multimeter before connecting.

	26
	Connect the barrel jack to L298N VS/GND terminals with correct polarity (typically center‑positive).

	27
	Connect the Arduino Nano to USB power.

	28
	Plug the wall adapter into the mains outlet.

	29
	Confirm the RGB LED illuminates pale blue — system is in STARTUP_LOCKOUT.

	30
	Rotate pot fully counterclockwise; LED transitions to purple pulse — system is in ATTRACT_MODE and ready.



4.3  Schematic Netlist
[image: ]
Recreate in KiCad, EasyEDA, or Fritzing using the connections below.

	Net / Signal
	From
	To

	VCC_5V
	Arduino Nano 5 V pin
	Pot Pin 3 (+); 0.1 µF cap (+)

	GND
	Arduino Nano GND
	Pot Pin 1 (–); L298N GND; Barrel Jack (–); LED Cathode; both caps (–)

	VMOT
	Barrel Jack (+) from wall adapter
	L298N VS; 100 µF cap (+)

	SPEED_ADC
	Pot Wiper (center pin)
	Arduino A0

	PWM_ENA
	Arduino D9
	L298N ENA + ENB (tied)

	DIR_IN1
	Arduino D8
	L298N IN1 + IN3 (tied)

	DIR_IN2
	Arduino D7
	L298N IN2 + IN4 (tied)

	MOTOR_A
	L298N OUT1 + OUT3 (tied)
	DC Motor Terminal 1

	MOTOR_B
	L298N OUT2 + OUT4 (tied)
	DC Motor Terminal 2

	LED_R
	Arduino D3
	220 Ω R1 → RGB Red Anode

	LED_G
	Arduino D5
	220 Ω R2 → RGB Green Anode

	LED_B
	Arduino D6
	220 Ω R3 → RGB Blue Anode



4.4  Firmware Upload
	#
	Action

	31
	Connect Arduino Nano to PC via USB‑A to Mini‑USB cable.

	32
	Open Arduino IDE 2.0 or later.

	33
	Tools → Board → Arduino Nano.

	34
	Tools → Processor → ATmega328P (Old Bootloader) for clone Nanos; ATmega328P for genuine Arduino.

	35
	Tools → Port → select the COM/tty port that appeared when the Nano was connected.

	36
	Paste or open the full source code from Section 4.5.

	37
	Click Upload (CTRL+U). Wait for 'Done uploading' confirmation.

	38
	Open Tools → Serial Monitor at 9600 baud. Confirm State=0 output (STARTUP_LOCKOUT).

	39
	Rotate pot fully counterclockwise; observe State transition to 1 (ATTRACT_MODE) and purple LED. Firmware is verified.













4.5  Full Firmware Source Code
#include <Arduino.h>
 
// ============================================================
// PIN DEFINITIONS
// FIXME: Replace placeholder 0s with real pin numbers
// ============================================================
const int POT_PIN    = A0;   // Potentiometer wiper
 
// L298N Ch.A+B parallel (4 A continuous, 6 A peak):
//   ENA+ENB=PWM, IN1+IN3=HIGH, IN2+IN4=LOW  -> Forward
//   ENA+ENB=0, all DIR=LOW  -> Coast / stop
//   IN1+IN3=HIGH, IN2+IN4=HIGH  -> Active brake (use sparingly)
const int MOTOR_IN1  = 9;    // PWM output (Timer1, ~490 Hz)
const int MOTOR_IN2  = 8;    // Direction pin
 
const int LED_R_PIN  = 3;    // RGB Red   (220 ohm series)
const int LED_G_PIN  = 5;    // RGB Green (220 ohm series)
const int LED_B_PIN  = 6;    // RGB Blue  (220 ohm series)
 
// ============================================================
// CONSTANTS
// ============================================================
 
// Pot / input
const int POT_SAMPLES         = 8;
const int POT_DEADBAND        = 6;
const int POT_OFF_THRESHOLD   = 40;
const int POT_ARM_THRESHOLD   = 50;
 
// Motor speed
const int MIN_ACTIVE_PWM      = 80;
const int MAX_ACTIVE_PWM      = 180;
const int PWM_RAMP_STEP       = 2;
 
// Timers (ms)
const unsigned long IDLE_SLEEP_TIME_MS      = 15000;
const unsigned long SESSION_TIMEOUT_MS      = 45000;
const unsigned long FAULT_BLINK_MS          = 300;
const unsigned long ATTRACT_UPDATE_MS       = 25;
const unsigned long LOOP_DELAY_ACTIVE_MS    = 15;
const unsigned long LOOP_DELAY_IDLE_MS      = 60;
 
// Stall heuristic
// NOTE: True stall detection requires a current sensor or encoder.
//       This is a time-at-high-PWM fallback only.
const unsigned long HIGH_PWM_STALL_TIME_MS  = 8000;
const int           HIGH_PWM_STALL_THRESHOLD = 170;
 
// ============================================================
// SYSTEM STATES
// ============================================================
enum SystemState {
    STARTUP_LOCKOUT,  // Blocks motor until knob confirmed near zero
    ATTRACT_MODE,     // LED pulse animation; motor off; waiting for user
    IDLE_READY,       // Armed and ready; motor off
    RUNNING,          // Motor active under knob control
    FAULT_STATE       // Motor e-stopped; requires knob-zero to clear
};
 
// ============================================================
// GLOBALS
// ============================================================
SystemState currentState    = STARTUP_LOCKOUT;
 
int rawPotValue             = 0;
int smoothedPotValue        = 0;
int lastSmoothedPotValue    = 0;
int targetMotorPwm          = 0;
int currentMotorPwm         = 0;
int redValue = 0, greenValue = 0, blueValue = 0;
 
unsigned long lastUserActivityTime  = 0;
unsigned long sessionStartTime      = 0;
unsigned long highPwmStartTime      = 0;
unsigned long lastFaultBlinkTime    = 0;
unsigned long lastAttractUpdateTime = 0;
 
bool faultLedOn = false;
 
// ============================================================
// PROTOTYPES
// ============================================================
int  readSmoothedPot(void);
void updateStateMachine(void);
void updateMotorControl(void);
void updateLedControl(void);
void setMotorForward(int pwmValue);
void stopMotor(void);
void setRgbColor(int r, int g, int b);
void setSpeedSpectrumColor(int pwmValue);
void runAttractMode(void);
void runFaultBlink(void);
void enterFaultState(void);
bool isPotNearZero(void);
bool userAdjustedKnob(void);
 
// ============================================================
// SETUP
// ============================================================
void setup() {
    Serial.begin(9600);
 
    pinMode(MOTOR_IN1, OUTPUT);
    pinMode(MOTOR_IN2, OUTPUT);
    pinMode(LED_R_PIN,  OUTPUT);
    pinMode(LED_G_PIN,  OUTPUT);
    pinMode(LED_B_PIN,  OUTPUT);
 
    stopMotor();
    setRgbColor(0, 0, 0);
 
    smoothedPotValue     = readSmoothedPot();
    lastSmoothedPotValue = smoothedPotValue;
    lastUserActivityTime = millis();
    sessionStartTime     = 0;
    highPwmStartTime     = 0;
 
    currentState = STARTUP_LOCKOUT;
}
 
// ============================================================
// MAIN LOOP
// ============================================================
void loop() {
    smoothedPotValue = readSmoothedPot();
 
    updateStateMachine();
    updateMotorControl();
    updateLedControl();
 
    // Serial debug output
    Serial.print("State=");    Serial.print(currentState);
    Serial.print(" Pot=");     Serial.print(smoothedPotValue);
    Serial.print(" Target=");  Serial.print(targetMotorPwm);
    Serial.print(" Current="); Serial.print(currentMotorPwm);
    Serial.print(" RGB=(");    Serial.print(redValue);
    Serial.print(",");         Serial.print(greenValue);
    Serial.print(",");         Serial.print(blueValue);
    Serial.println(")");
 
    delay(currentState == RUNNING ? LOOP_DELAY_ACTIVE_MS
                                  : LOOP_DELAY_IDLE_MS);
}
 
// ============================================================
// readSmoothedPot()
// Averages POT_SAMPLES ADC readings to reduce noise.
// ============================================================
int readSmoothedPot(void) {
    long total = 0;
    for (int i = 0; i < POT_SAMPLES; i++) {
        total += analogRead(POT_PIN);
        delay(2);
    }
    return (int)(total / POT_SAMPLES);
}
 
// ============================================================
// isPotNearZero()
// ============================================================
bool isPotNearZero(void) {
    return (smoothedPotValue <= POT_ARM_THRESHOLD);
}
 
// ============================================================
// userAdjustedKnob()
// Returns true only if change exceeds noise deadband.
// ============================================================
bool userAdjustedKnob(void) {
    if (abs(smoothedPotValue - lastSmoothedPotValue) >= POT_DEADBAND) {
        lastSmoothedPotValue = smoothedPotValue;
        lastUserActivityTime = millis();
        return true;
    }
    return false;
}
 
// ============================================================
// updateStateMachine()
// ============================================================
void updateStateMachine(void) {
    userAdjustedKnob();
 
    switch (currentState) {
 
        case STARTUP_LOCKOUT:
            targetMotorPwm = 0;
            if (isPotNearZero()) {
                currentState = ATTRACT_MODE;
                lastUserActivityTime = millis();
            }
            break;
 
        case ATTRACT_MODE:
            targetMotorPwm = 0;
            if (smoothedPotValue > POT_OFF_THRESHOLD) {
                currentState     = RUNNING;
                sessionStartTime = millis();
                lastUserActivityTime = millis();
                highPwmStartTime = 0;
            }
            break;
 
        case IDLE_READY:
            targetMotorPwm = 0;
            if (smoothedPotValue > POT_OFF_THRESHOLD) {
                currentState     = RUNNING;
                sessionStartTime = millis();
                lastUserActivityTime = millis();
                highPwmStartTime = 0;
            } else if ((millis() - lastUserActivityTime) >= IDLE_SLEEP_TIME_MS) {
                currentState = ATTRACT_MODE;
            }
            break;
 
        case RUNNING:
            if (smoothedPotValue <= POT_OFF_THRESHOLD) {
                currentState   = IDLE_READY;
                targetMotorPwm = 0;
            } else {
                targetMotorPwm = map(smoothedPotValue,
                                     POT_OFF_THRESHOLD, 1023,
                                     MIN_ACTIVE_PWM, MAX_ACTIVE_PWM);
                targetMotorPwm = constrain(targetMotorPwm,
                                           MIN_ACTIVE_PWM, MAX_ACTIVE_PWM);
            }
 
            // Session timeout
            if ((millis() - sessionStartTime) >= SESSION_TIMEOUT_MS) {
                currentState   = IDLE_READY;
                targetMotorPwm = 0;
            }
 
            // Stall heuristic
            if (targetMotorPwm >= HIGH_PWM_STALL_THRESHOLD) {
                if (highPwmStartTime == 0)
                    highPwmStartTime = millis();
                else if ((millis() - highPwmStartTime) >= HIGH_PWM_STALL_TIME_MS)
                    enterFaultState();
            } else {
                highPwmStartTime = 0;
            }
            break;
 
        case FAULT_STATE:
            targetMotorPwm = 0;
            if (isPotNearZero()) {
                currentState = ATTRACT_MODE;
                lastUserActivityTime = millis();
                faultLedOn = false;
            }
            break;
 
        default:
            enterFaultState();
            break;
    }
}
 
// ============================================================
// updateMotorControl()
// Soft-ramps currentMotorPwm toward targetMotorPwm.
// ============================================================
void updateMotorControl(void) {
    if (currentMotorPwm < targetMotorPwm)
        currentMotorPwm = min(currentMotorPwm + PWM_RAMP_STEP, targetMotorPwm);
    else if (currentMotorPwm > targetMotorPwm)
        currentMotorPwm = max(currentMotorPwm - PWM_RAMP_STEP, targetMotorPwm);
 
    if (currentState == RUNNING && currentMotorPwm > 0)
        setMotorForward(currentMotorPwm);
    else
        stopMotor();
}
 
// ============================================================
// updateLedControl()
// ============================================================
void updateLedControl(void) {
    switch (currentState) {
        case STARTUP_LOCKOUT: setRgbColor(80, 80, 120);              break;
        case ATTRACT_MODE:    runAttractMode();                       break;
        case IDLE_READY:      setRgbColor(120, 120, 120);            break;
        case RUNNING:         setSpeedSpectrumColor(currentMotorPwm);break;
        case FAULT_STATE:     runFaultBlink();                        break;
        default:              setRgbColor(0, 0, 0);                  break;
    }
}
 
// ============================================================
// setMotorForward()
// L298N: ENA+ENB=PWM, IN1+IN3=HIGH, IN2+IN4=LOW -> forward drive.
// Both channels switch together; current splits evenly across each H-bridge.
// ============================================================
void setMotorForward(int pwmValue) {
    analogWrite(MOTOR_IN1, pwmValue);
    digitalWrite(MOTOR_IN2, LOW);
}
 
// ============================================================
// stopMotor()
// L298N: ENA+ENB=0 -> coast stop. IN1+IN3=IN2+IN4=HIGH for active brake.
// Both HIGH = active brake; use sparingly to avoid heat.
// ============================================================
void stopMotor(void) {
    digitalWrite(MOTOR_IN1, LOW);
    digitalWrite(MOTOR_IN2, LOW);
}
 
// ============================================================
// setRgbColor() -- common cathode assumed.
// Invert values (255 - x) if using common anode.
// ============================================================
void setRgbColor(int r, int g, int b) {
    redValue = r; greenValue = g; blueValue = b;
    analogWrite(LED_R_PIN, r);
    analogWrite(LED_G_PIN, g);
    analogWrite(LED_B_PIN, b);
}
 
// ============================================================
// setSpeedSpectrumColor()
// Maps PWM duty to smooth 4-segment color spectrum:
//   Blue -> Cyan -> Green -> Yellow -> Red
// ============================================================
void setSpeedSpectrumColor(int pwmValue) {
    int pos = constrain(map(pwmValue, MIN_ACTIVE_PWM, MAX_ACTIVE_PWM, 0, 255), 0, 255);
    int r, g, b;
 
    if (pos <= 63) {
        r=0; g=map(pos,0,63,0,255);    b=255;               // Blue->Cyan
    } else if (pos <= 127) {
        r=0; g=255;                     b=map(pos,64,127,255,0);  // Cyan->Green
    } else if (pos <= 191) {
        r=map(pos,128,191,0,255);       g=255; b=0;          // Green->Yellow
    } else {
        r=255; g=map(pos,192,255,255,0); b=0;                // Yellow->Red
    }
    setRgbColor(r, g, b);
}
 
// ============================================================
// runAttractMode()
// Triangle-wave brightness pulse; soft purple-blue color.
// ============================================================
void runAttractMode(void) {
    if ((millis() - lastAttractUpdateTime) < ATTRACT_UPDATE_MS) return;
    lastAttractUpdateTime = millis();
    int phase      = (millis() / 10) % 512;
    int brightness = (phase < 256) ? phase : (511 - phase);
    setRgbColor(brightness / 4, 0, brightness / 2);
}
 
// ============================================================
// runFaultBlink()
// Blinks solid red at FAULT_BLINK_MS interval.
// ============================================================
void runFaultBlink(void) {
    if ((millis() - lastFaultBlinkTime) < FAULT_BLINK_MS) return;
    lastFaultBlinkTime = millis();
    faultLedOn = !faultLedOn;
    setRgbColor(faultLedOn ? 255 : 0, 0, 0);
}
 
// ============================================================
// enterFaultState()
// ============================================================
void enterFaultState(void) {
    currentState    = FAULT_STATE;
    targetMotorPwm  = 0;
    currentMotorPwm = 0;
    stopMotor();
}

4.6  Operating Procedure
	#
	Action

	40
	Apply mains power to wall adapter; connect Arduino USB.

	41
	Confirm pale blue LED (STARTUP_LOCKOUT). Rotate pot fully counterclockwise.

	42
	LED transitions to purple pulse — ATTRACT_MODE active.

	43
	Rotate pot clockwise past the dead zone (> 4% of range). Motor soft‑starts; LED follows speed band (see table below).

	44
	After 45 s the session auto‑ends; motor ramps down; system enters IDLE_READY.

	45
	Turning knob to zero at any time ramps motor to stop and returns to IDLE_READY.

	46
	After 15 s of inactivity in IDLE_READY, system returns to ATTRACT_MODE.

	47
	To shut down: reduce pot to zero → unplug wall adapter from mains → unplug USB.



	LED Color
	Duty Cycle Band
	Speed Range
	System Status

	Red
	0%
	Off
	STARTUP_LOCKOUT — rotate knob to zero to arm.

	Red
	0%
	Off
	ATTRACT_MODE — waiting for input.

	Red
	0%
	Off
	IDLE_READY — armed, motor not running.

	Blue → Cyan
	~31–44%
	Low
	RUNNING — low speed.

	Cyan → Green
	~44–58%
	Low‑mid
	RUNNING — rising.

	Green → Yellow
	~58–71%
	Mid‑high
	RUNNING — high.


5. Maintenance and Storage — Electronics Subsystem
Electronics Subsystem  |  Rev 2.0  |  2026  |  Section 5
5.1  Routine Maintenance
5.1.1  Pre‑Use Visual Inspection
	#
	Check

	48
	Inspect all wiring for fraying, cracked insulation, or loose terminal connections.

	49
	Inspect L298N IC and PCB for discoloration or thermal stress marks.

	50
	Confirm the 100 µF capacitor shows no swelling or electrolyte leakage.

	51
	Verify potentiometer rotates smoothly through full range without binding.

	52
	Apply power and confirm pale blue LED on startup, then purple pulse after knob‑zero confirmation.



5.1.2  Monthly Electrical Checks
	#
	Check

	53
	With system fully de‑energized, measure resistance VMOT to GND. Expect > 1 kΩ (no short on motor rail).

	54
	Apply power; measure +5 V at Arduino 5 V pin. Expect 4.75–5.25 V.

	55
	Measure VMOT at L298N VS pin. Expect adapter rated voltage ± 0.5 V.

	56
	With motor running at mid‑speed, confirm D9 shows PWM waveform on oscilloscope (not stuck high or low).



5.1.3  Firmware Backup
	NOTE — Maintain firmware source on at least two independent storage locations (local drive + cloud or USB backup). If anomalous behavior is observed, re‑upload firmware before replacing any hardware component.



5.2  Cleaning
1. Use a dry anti‑static PCB brush to remove dust from component leads and PCB surfaces.
1. Do NOT use compressed air directly on IC packages; it can force debris under device housings.
1. Isopropyl alcohol (IPA) ≥ 90% applied sparingly with a cotton swab may be used to remove flux residue. Keep IPA away from the potentiometer wiper element and LED lenses.

5.3  Storage Procedure
	#
	Action

	57
	Reduce potentiometer to zero. Confirm motor has fully stopped.

	58
	Unplug wall adapter from mains first, then disconnect USB.

	59
	Allow L298N to cool at least 2 minutes after sustained motor operation.

	60
	Coil all wiring loosely (minimum 5 cm bend radius). Do not kink wire.

	61
	Place electronics in an anti‑static bag or foam‑lined enclosure.

	62
	Store at 0–40 °C, relative humidity < 60%, away from direct sunlight and strong magnetic fields.

	63
	Label storage container with date of last use and firmware revision number.




6. Troubleshooting and Spare Parts — Electronics
Electronics Subsystem  |  Rev 2.0  |  2026  |  Section 6
6.1  Troubleshooting Guide
	Symptom
	Probable Cause(s)
	Diagnostic Steps
	Corrective Action

	LED does not light on power‑on
	No power; LED miswired; firmware not uploaded; open cathode
	Measure 5 V at Nano 5 V pin; check LED lead orientation; verify firmware upload
	Verify USB supply; correct LED wiring; re‑upload firmware

	Motor does not run; LED shows running‑state color
	VMOT absent; L298N ENA not receiving PWM; faulty L298N
	Measure VMOT; probe D9 with oscilloscope in RUNNING state; inspect IC for burn marks
	Verify barrel jack polarity and adapter output; check D9–ENA wire; replace L298N module

	Motor runs full speed regardless of pot
	Pot wiper (A0) open‑circuit; ADC floating high
	Open Serial Monitor; observe Pot= value while rotating — should span 0–1023
	Re‑solder A0 wiper connection; replace potentiometer

	Motor speed erratic or jumps
	ADC noise; shared ground loop
	Check Pot= in Serial Monitor; add 0.1 µF cap from A0 to GND
	Increase POT_SAMPLES; ensure single‑point ground between Arduino and L298N

	System enters FAULT on startup
	Motor at high PWM before last power‑off; stale timer
	Power cycle with pot at zero; check Serial Monitor for State output
	Power cycle with pot at zero; re‑upload firmware if fault persists

	Blinking red during normal run
	Stall heuristic triggered (high PWM > 8 s); mechanical obstruction
	Check shaft for obstruction; review Target= values in Serial Monitor
	Clear obstruction; reduce MAX_ACTIVE_PWM or HIGH_PWM_STALL_THRESHOLD in firmware

	L298N overheating
	Motor overloaded or stalled; VMOT too high; insufficient air circulation
	Measure motor current; verify VMOT matches motor rating
	Add heatsink to L298N package; reduce load; verify supply voltage

	Session timeout too fast or too slow
	SESSION_TIMEOUT_MS not matching requirement (default 45000 ms)
	Confirm value in firmware constants section
	Modify SESSION_TIMEOUT_MS and re‑upload firmware

	Arduino not recognized by PC
	Missing CH340 USB driver (clone Nano); bad cable; bad USB port
	Check Device Manager (Windows) for unknown device in COM ports
	Install CH340G driver; try different cable; try different host USB port



6.2  Spare Parts — Bill of Materials
Recommended on‑hand spare components for field repair. Prices are approximate USD list pricing as of 2024.

	Part Name
	Specification
	Source
	Est. Price
	Qty Rec.

	Arduino Nano
	ATmega328P, Mini‑USB
	Arduino.cc / Amazon / AliExpress
	~$5–$25
	2

	L298N Dual H‑Bridge Module
	L298N, dual H‑bridge module with screw terminals
	Amazon / AliExpress / DigiKey
	~$5–$10
	2

	10 kΩ Linear Potentiometer
	10K Lin, panel or PCB mount
	DigiKey / Mouser / Amazon
	~$1–$4
	2

	5 mm RGB LED (Common Cathode)
	CC, 4‑lead, 5 mm through‑hole
	DigiKey / Amazon / AliExpress
	~$0.10–$0.50
	5

	220 Ω Resistor, 1/4 W
	220R, 5%, axial
	DigiKey / Mouser / Amazon
	~$0.02–$0.10
	10

	100 µF / 25 V Electrolytic Cap
	Radial, 25 V rated
	DigiKey / Mouser
	~$0.15–$0.40
	3

	0.1 µF Ceramic Capacitor
	100 nF, 50 V, X7R
	DigiKey / Mouser / Amazon
	~$0.05–$0.15
	5

	USB‑A to Mini‑USB Cable
	0.5–1 m
	Amazon / Best Buy
	~$3–$8
	1

	22 AWG Hookup Wire Kit
	Stranded, multi‑color assortment
	SparkFun / Amazon / DigiKey
	~$8–$15
	1 set

	AC/DC Wall Adapter (spare)
	120 V AC in; barrel jack out; output = motor voltage; ≥ 3 A
	Amazon / DigiKey / Mouser
	~$10–$30
	1



	WARNING — Disconnect BOTH power sources (mains adapter AND USB) before modifying any circuit wiring. Never open the wall adapter enclosure — 120 V AC is present on the primary side. Verify correct polarity on the 100 µF electrolytic capacitor before applying motor rail power. Reverse polarity will destroy the component and may cause rupture. Allow the L298N to cool at least 2 minutes after sustained high‑current operation before handling.




7. Mechanical System Description
Mechanical Subsystem  |  Rev 2.0  |  2026  |  Sections 7–14
The mechanical subsystem provides the structural support, safety containment, and precise positioning required for the spinning bowl demonstration. It is designed for museum‑floor durability, ease of staff servicing, and visitor safety. The subsystem includes five major assemblies:

7.1  Subassembly Overview
	Subassembly
	Description
	Key Component

	A — Enclosure
	Wooden housing that contains all internal components. Provides structural rigidity and isolates internal components from visitor contact.
	Wooden Enclosure with four adjustable castors

	B — Spinning Bowl
	The primary exhibit element. Rotates under motor control to demonstrate centripetal force effects.
	Stainless‑Steel Bowl

	C — Motor & Mount
	Brushed DC motor with a three‑point adjustable mount. Allows fine centering to minimize bowl runout and vibration.
	DC Motor + Three‑Point Adjustable Mount

	D — Castor Assembly
	Four adjustable threaded castors that contact the bowl, providing radial support during high‑speed rotation.
	Adjustable Threaded Castors (×4)

	E — Safety Cover
	Clear plexiglass top with a locking trim piece. Prevents contact with the spinning bowl while allowing full visibility of the demonstration.
	Plexiglass Top + Trim Piece



7.2  Design Intent and Safety
Each mechanical component is selected to support safe, reliable public‑facing operation:
1. The stainless‑steel bowl is corrosion‑resistant and easy to clean, withstanding the contact and impact of museum operation.
1. The three‑point motor mount allows staff to re‑center the motor after shipping without tools beyond those listed in Section 9.
1. The plexiglass top is secured by a trim piece that requires tools to remove, preventing unauthorized access by visitors.
	WARNING — The plexiglass top MUST be installed and the trim secured before applying power or allowing visitors to interact with the exhibit.




8. Package Contents — Mechanical
Mechanical Subsystem  |  Rev 2.0  |  2026  |  Section 8
Verify all items below are present before beginning assembly. Contact the project team if any component is missing or damaged.

	Item
	Description
	Qty

	Exhibit Enclosure
	Wooden housing with four pre‑installed adjustable castors.
	1

	Stainless‑Steel Bowl
	Primary rotating demonstration element.
	1

	DC Motor with Adjustable Mount
	Motor with three‑point mount attached; ready for installation.
	1

	Plexiglass Top
	Clear acrylic safety cover sized to fit the enclosure.
	1

	Trim Piece
	Locking trim that secures the plexiglass top.
	1

	Fastener Kit
	Assorted screws, nuts, and washers for assembly.
	1 bag

	Pre‑Assembled Wiring Harness
	Motor power leads with labeled terminals.
	1

	Electronics Subsystem
	Arduino Nano control unit (see Sections 2–6).
	1




9. Materials / Tools Needed — Mechanical
Mechanical Subsystem  |  Rev 2.0  |  2026  |  Section 9
The following tools are required for mechanical assembly and calibration. None of these items are included with the exhibit.

	Tool
	Purpose

	Phillips Screwdriver
	Install and tighten enclosure fasteners and motor mount screws.

	5 mm Hex Key (Allen Wrench)
	Adjust and lock castor height and motor mount positioning screws.

	Spirit Level
	Verify enclosure is level before final castor locking to ensure even bowl contact.


10. Mechanical Assembly & Setup
Mechanical Subsystem  |  Rev 2.0  |  2026  |  Section 10
	WARNING — Ensure the electronics subsystem is fully de‑energized (both mains adapter and USB disconnected) before beginning mechanical assembly.



10.1  Positioning the Enclosure
	#
	Action

	1
	Place the enclosure on the intended display surface. Choose a location clear of high‑traffic walkways, with at least 0.5 m of clearance on all sides.

	2
	Use a spirit level placed on the enclosure top to verify the unit is level. Adjust individual castor heights using the 5 mm hex key until the bubble is centered in both axes.


10.2  Bowl Installation
	#
	Action

	4
	Lift the stainless‑steel bowl and align the central hub with the motor shaft located at the center of the enclosure.

	5
	Lower the bowl onto the motor shaft. The bowl should seat fully without resistance. Do not force.

	6
	Verify the bowl sits flush and does not rock. If the bowl rocks, lift it, inspect the hub and shaft for debris, and reseat.






10.3  Motor Centering
The three‑point adjustable motor mount allows the motor to be shifted laterally to minimize bowl runout (wobble during rotation).

	#
	Action

	8
	Loosen (do not remove) all three motor mount adjustment screws using the Phillips screwdriver.

	9
	Gently slide the motor in small increments toward the direction that reduces visible bowl wobble. Observe by spinning the bowl slowly by hand.

	10
	Once runout is minimized, tighten all three mount screws evenly in a star pattern to prevent introducing tilt.

	11
	Spin the bowl by hand again and verify runout is acceptably small. Repeat Steps 8–10 if needed.

	NOTE — Bowl runout is acceptable when the rim does not visibly move more than approximately 3 mm relative to the castor contact points during hand‑rotation.



10.4  Castor Adjustment
	#
	Action

	12
	Adjust each of the four castors upward using the 5 mm hex key until each castor just makes light contact with the underside of the bowl rim.

	13
	Spin the bowl slowly by hand. It should rotate freely with no binding, catching, or heavy drag.

	14
	If any castor causes binding, back it off by one‑quarter turn at a time until the bowl rotates freely.

	15
	Confirm all four castors are making contact by gently pressing the bowl rim outward toward each castor while spinning. Each should resist the push equally.



10.5  Plexiglass Top Installation
	#
	Action

	16
	Insert the plexiglass top panel into the enclosure frame, seating it flush in the channel on all four edges.

	17
	Install the trim piece around the perimeter of the plexiglass top, pressing it firmly into the retaining groove.

	18
	Attempt to remove the trim by hand. It must resist removal without tools. If the trim lifts easily, re‑seat and inspect the retaining groove for obstructions.

	WARNING — Do NOT proceed to power‑on until the plexiglass top is installed and the trim piece cannot be removed by hand.




11. Calibration — Mechanical
Mechanical Subsystem  |  Rev 2.0  |  2026  |  Section 11
Perform full calibration after initial assembly, after transport, and any time excessive vibration is observed during operation.

11.1  Bowl Clearance Verification
	#
	Action

	1
	Using a feeler gauge or ruler, measure the gap between the bowl rim and each castor.

	2
	All four castors must make light, even contact with the bowl rim. Maximum gap: 0.5 mm at any castor.

	3
	If any gap exceeds 0.5 mm, adjust the corresponding castor inward per Section 10.4 Steps 12–15.

	4
	Re‑measure after each adjustment until all four gaps are within specification.



11.2  Vibration Check
	#
	Action

	5
	Power on the electronics subsystem (see Section 4.6, Steps 40–42) and run the motor at low speed (LED = Blue, approximately 30% duty cycle).

	6
	Observe the enclosure for vibration. Minor vibration is expected; excessive shaking (enclosure moves visibly on the display surface) is not.

	7
	If vibration is excessive, power off, allow the bowl to stop completely, then re‑center the motor per Section 10.3 and re‑adjust castors per Section 10.4.

	8
	Repeat the vibration check at mid‑speed (LED = Green). If vibration is still excessive after two re‑centering attempts, do not operate. Contact the project team.

	NOTE — A small amount of surface‑transmitted vibration is normal at higher speeds. The calibration pass/fail criterion is whether the enclosure moves across the display surface — if it does not walk or slide, vibration is within acceptable limits.




12. Operation — Full Exhibit
Mechanical Subsystem + Electronics Subsystem  |  Rev 2.0  |  2026  |  Section 12
12.1  Startup Checklist
	#
	Check

	1
	Confirm plexiglass top is installed and trim piece is secured (cannot be lifted by hand).

	2
	Confirm no objects are inside the enclosure and bowl rim is clear.

	3
	Power on electronics per Section 4.6 Step 40. Confirm Red light is on.

	4
	Rotate pot fully counterclockwise. Exhibit is ready for visitor use.



12.2  Visitor Use
	#
	Action

	5
	Instruct the visitor to turn the knob slowly clockwise to start the bowl spinning. The LED will change color as speed increases.

	6
	Observe the LED color to monitor speed level. Refer to the LED color table in Section 4.6.

	7
	Monitor the exhibit for unusual noise, vibration, or any indication the bowl is contacting the plexiglass top or trim.

	9
	After 45 seconds of continuous operation, the session times out automatically and the motor ramps down. The visitor may begin a new session by turning the knob past the dead zone.

	WARNING — Do NOT allow visitors to touch the bowl or reach through or under the plexiglass top during operation. Keep all bystanders at least 0.5 m from the exhibit sides while the bowl is spinning.



12.3  Shutdown
	#
	Action

	10
	Rotate the knob fully counterclockwise to zero. Confirm that the LED is Red.

	11
	Unplug the wall adapter from the mains outlet.

	12
	Disconnect the Arduino USB cable if the exhibit will be unattended for an extended period.




13. Maintenance & Storage — Mechanical
Mechanical Subsystem  |  Rev 2.0  |  2026  |  Section 13
13.1  Daily Maintenance
	#
	Check

	1
	Inspect the plexiglass top for cracks, scratches that impair visibility, or warping. Replace if cracked.

	2
	Inspect the trim piece. Confirm it cannot be lifted by hand without tools. Re‑seat if loose.

	3
	Spin the bowl by hand with the system de‑energized. It should rotate freely without catching, grinding, or heavy drag. If resistance is felt, inspect castors for debris.



13.2  Weekly Maintenance
	#
	Check

	4
	Inspect all four castors for wear, cracking, or debris buildup. Clean with a dry cloth. Do not lubricate.

	5
	Check all three motor mount fasteners for tightness using the Phillips screwdriver. Tighten if any are loose.

	6
	Visually inspect the wiring harness from motor to electronics subsystem for chafing, kinking, or loose connectors. Report any damage to the project team.



13.3  Monthly Maintenance
	#
	Check

	7
	Re‑check bowl runout per Section 11.1. Adjust motor mount and castors if runout exceeds 3 mm.

	8
	Inspect the enclosure exterior for dents, cracks, or loose joints. Minor cosmetic damage is acceptable; structural damage must be repaired before continued operation.

	9
	Perform the full Vibration Check per Section 11.2.



13.4  Storage Procedure
1. Power off the electronics subsystem per Section 12.3 before any storage preparation.
1. Wipe the plexiglass top with a clean, dry microfiber cloth to remove dust and fingerprints.
1. Inspect the bowl surface for spills or contamination. Wipe clean with a damp cloth and dry thoroughly before storage.
1. Store the exhibit indoors, away from direct sunlight, moisture, and temperature extremes (0–40 °C, RH < 60%).
1. If transporting, loosen castor locking nuts and lower castors to their minimum height to reduce transport vibration. Re‑level and re‑calibrate on arrival per Sections 10 and 11.


14. Troubleshooting — Mechanical
Mechanical Subsystem  |  Rev 2.0  |  2026  |  Section 14
Use this guide when the exhibit displays abnormal mechanical behavior. Always de-energize the system before inspecting or adjusting any mechanical component. If a symptom persists after completing all corrective actions, contact the project team before returning the exhibit to service.

14.1  Troubleshooting Guide
	Symptom
	Probable Cause(s)
	Diagnostic Steps
	Corrective Action

	Excessive vibration during operation
	Bowl runout too large; motor not centered; castor contact uneven; enclosure not level.
	Power off and spin bowl by hand. Observe rim movement at castor contact points. Place level on enclosure top.
	Re-level enclosure per Section 10.1. Re-center motor per Section 10.3. Re-adjust castors per Section 10.4. Repeat vibration check per Section 11.2.

	Bowl binds or drags during hand-rotation
	One or more castors adjusted too high, pressing the bowl rim upward; debris on castor surface or bowl rim.
	Rotate bowl slowly by hand. Identify which castor causes resistance by pressing the bowl rim toward each castor in turn.
	Back off the binding castor by one-quarter turn at a time until bowl rotates freely. Clean castor and bowl rim contact surface with dry cloth.

	Bowl wobbles visibly at all speeds
	Motor not centered; bowl not fully seated on motor shaft; retaining fastener loose.
	Power off. Remove plexiglass top. Check that bowl hub sits fully on shaft with no gap. Check retaining fastener with Phillips screwdriver.
	Tighten retaining fastener. Reseat bowl. Re-center motor per Section 10.3. Recalibrate per Section 11.

	Enclosure walks or slides on display surface during operation
	Castor locking nuts not tightened after leveling; enclosure not level; vibration too high.
	Check castor locking nuts. Check level. Listen for asymmetric vibration pattern (louder on one side).
	Tighten castor locking nuts. Re-level enclosure per Section 10.1. Perform full vibration check per Section 11.2 and resolve root cause before returning to service.

	Plexiglass top rattles during operation
	Trim piece not fully seated; plexiglass panel not seated in channel on all four edges; high-frequency vibration transmitted from motor.
	With system off, press trim piece firmly around full perimeter and confirm it clicks into retaining groove. Check plexiglass edges are seated flush.
	Re-seat plexiglass top fully. Re-press trim piece into groove. If rattling continues at all speeds, check for excessive vibration and resolve per Section 11.2.

	Trim piece can be lifted by hand without tools
	Trim piece worn or deformed; retaining groove in enclosure damaged.
	Inspect trim piece for cracks, deformation, or missing retaining tabs. Inspect groove on enclosure for damage.
	Replace trim piece per Section 15. If groove is damaged, do not operate exhibit until repaired — the safety guard is compromised.

	Unusual grinding or scraping noise
	Debris lodged between bowl rim and castor; castor bearing worn; bowl contacting plexiglass or enclosure wall.
	Power off immediately. Remove plexiglass top with system de-energized. Inspect bowl rim and all castors for debris or contact marks.
	Remove debris with dry cloth. If castor bearing is worn (rough rotation by hand), replace castor per Section 15. If bowl contacted plexiglass, inspect both for damage before resuming.

	Motor mount screws become loose repeatedly
	Vibration-induced loosening; incorrect fastener size; motor mount damaged.
	Check motor mount screws after each operation session. If they loosen within one session, inspect mount for cracking or stripped threads.
	Apply thread-locking compound to motor mount screws (removable grade only — do not use permanent grade). If mount is cracked or threads are stripped, replace mount before operating.

	Bowl cannot be removed from motor shaft
	Retaining fastener overtightened; corrosion at shaft-hub interface.
	Inspect retaining fastener for damage. Check hub-shaft interface for rust or debris.
	Loosen retaining fastener fully and gently lift bowl vertically off shaft. Do not pry laterally — this can damage the motor shaft. Apply a light coat of food-safe lubricant to shaft before reinstalling.



14.2  When to Stop Operation
	WARNING — Remove the exhibit from service immediately if any of the following conditions are observed: plexiglass top is cracked; trim piece cannot be secured; bowl contacts the plexiglass or enclosure wall during rotation; grinding noise that cannot be resolved by debris removal; or vibration so severe that the enclosure cannot be kept stationary on the display surface.



Do not return the exhibit to service until the root cause has been identified and corrected. Document the fault, corrective actions taken, and the date of repair for museum maintenance records.


15. Spare Parts — Mechanical
Mechanical Subsystem  |  Rev 2.0  |  2026  |  Section 15
Recommended on‑hand spare components for field repair and replacement. Staff should verify actual specifications against the installed hardware before ordering.

	Component
	Specification
	Source
	Notes

	Stainless‑Steel Bowl
	Match installed OD (mm — verify against installed unit)
	Restaurant supply or online kitchenware
	Use only stainless steel; do not substitute aluminum or plastic.

	Adjustable Castors (×4)
	Threaded stem; match thread diameter and height range of installed castors
	Hardware store or industrial supplier
	Purchase a set of four to ensure consistent height range.

	DC Motor
	Match model number and shaft diameter of installed motor
	Electronics supplier or original vendor
	Record motor model number on storage label during first installation.

	Plexiglass Top Panel
	Match thickness (mm — verify) and dimensions of enclosure opening
	Acrylic sheet supplier or hardware store
	Cut to fit; request polished edges to prevent cracking during installation.

	Trim Piece
	Match profile of installed trim
	Original vendor or fabricated to specification
	Check that replacement trim locks without tools when pressed into groove.

	Fastener Assortment
	Phillips‑head screws in sizes used during assembly
	Hardware store
	Keep at least 5 of each fastener size used in original assembly.



	NOTE — Record the motor model number and plexiglass panel dimensions on a label affixed to the inside of the enclosure during first assembly. This information is required for accurate spare parts ordering.
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