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Abstract— This paper presents the design and
implementation of a proximity-based collision detection
system using an HC-SR04 ultrasonic sensor and an Arduino
Uno R3 microcontroller. The system provides audible
feedback through a passive buzzer whose beeping frequency is
dynamically adjusted according to measured distance. Three
distinct operational zones are defined: continuous slow
beeping for distances above 15 cm, progressively increasing
beep rate in the 5-15 cm range using the Arduino map ()
function, and a constant tone for distances below 5 cm. The
ultrasonic ranging function is implemented manually without
any external library. Experimental results confirm consistent
distance readings within £1 cm over the rated 2-400 cm range,
and audible zone transitions proved intuitive during user
testing. The design is compact, low-cost, and directly
extensible to multi-sensor or visual-feedback configurations.

Keywords— Arduino Uno R3; audible proximity alert;
buzzer driver; collision avoidance; HC-SR04; proximity
sensing; ultrasonic sensor.

l. INTRODUCTION

PROXIMITY detection is one of the most fundamental
sensing primitives in embedded systems engineering. From
robotic obstacle avoidance and automotive parking assistance to
industrial machine guarding and smart-home presence detection,
the ability to non-invasively measure the distance to a nearby
object drives a wide range of safety-critical and convenience
applications. Among the many available sensing modalities —
infrared, capacitive, laser time-of-flight, and structured light —
ultrasonic transduction occupies a unique position: it is
inherently insensitive to ambient light, colour, and surface
transparency, and it operates reliably in dusty or smoky
environments where optical sensors fail.

The HC-SR04 module, combining a 40 kHz piezoelectric
transmitter and a matched receiver in a single compact package,
has become the de facto standard for low-cost ultrasonic ranging
in the maker community and in undergraduate engineering
education. When coupled with an Arduino Uno R3, the complete
system requires no analogue signal processing hardware: all
measurement logic is executed in software using only two digital
GPIO pins and the built-in pulseln() timing function.

Despite the abundance of published tutorials on the HC-
SR04, the majority rely on third-party libraries that abstract away
the sensor-level timing protocol. This abstraction, while
convenient, prevents practitioners from understanding the
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underlying hardware handshake and complicates firmware
porting to alternative microcontroller families. The present work
therefore implements the complete ranging sequence in bare-
metal Arduino code, exercising the TRIG/ECHO protocol
directly and computing distance from first principles.

The paper also addresses a practical user-interface challenge:
how to communicate proximity information to an operator who
may not be looking at a display. The solution adopted here — a
progressive audio alert via a passive buzzer — has precedent in
automotive parking sensors and medical infusion pumps, where
graduated tonal feedback is both intuitive and attention-
capturing without requiring visual attention. The Arduino map()
function provides a one-line linear interpolation that scales the
inter-beep interval continuously across the intermediate distance
zone, avoiding the abrupt step changes that would result from a
simple conditional ladder.

The remainder of this paper is organised as follows. Section
I1 describes the hardware components and their interconnection.
Section 1l details the firmware architecture, including the
manual ranging function, the beep-rate mapping algorithm, and
the serial diagnostic interface. Section IV presents experimental
results and a performance discussion. Conclusions and directions
for future work are given in Section V.

Il. SYSTEM DESCRIPTION

A. Hardware Components

The collision detector is built from four principal
components, all of which are widely available and low-cost:

* Arduino Uno R3 — An 8-bit ATmega328P-based
development board operating at 16 MHz with 32 kB of
Flash and 2 kB of SRAM. It provides the computational
core, the PWM-capable digital outputs for buzzer drive,
and the UART peripheral used for diagnostic output.
+ HC-SR04 Ultrasonic Sensor — A 5 V module
incorporating a piezoelectric transmitter and a matched
receiver, capable of measuring distances from 2 cm to 400
cm with a stated accuracy of +£3 mm and a measurement
angle of approximately 15°.
» Passive Buzzer — A piezoelectric or electromagnetic
transducer with a positive (+) and a negative (—) terminal.
The buzzer emits a tone when driven from a digital output,
and is silent when the output is LOW
e Breadboard and Jumper Wires — Standard
prototyping accessories for connection without soldering.
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(a) Arduino Uno R3

(b) Passive Buzzer

(c) HC-SR04 Ultrasonic Sensor
Fig. 1. Hardware components: (a) Arduino Uno R3, (b) passive buzzer,
(c) HC-SR04 ultrasonic distance sensor.

B. Sensor Specifications

Table | summarises the key electrical and functional
specifications of the HC-SR04 sensor as stated in the
manufacturer's datasheet [2]. The ranging distance of 2—400 cm
encompasses all three operational zones defined in this work,
with substantial margin.

TABLE | HC-SR04 Key Specifications

Parameter Value
Supply Voltage 5V DC
Ranging Distance 2cm—400cm
Accuracy +3 mm
Measuring Angle 15°
Trigger Pulse Width 10 ps (min.)
Operating Frequency 40 kHz
Quiescent Current <2mA
Echo Timeout 30 ms (firmware)
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The firmware imposes an additional constraint through the
pulseIn() timeout of 30 ms, which corresponds to a
maximum measurable distance of approximately 510 cm —
comfortably beyond the sensor's rated limit.

C. Pin Mapping and Circuit Connections

Fig. 2 shows the complete wiring diagram. The red wire
carries the 5 V power rail from the Arduino to the HC-SR04
VCC pin. The green wire connects ECHO (Pin 10), blue
connects TRIG (Pin 9), the yellow wire drives the buzzer (Pin 8),
and the black wire is the common ground. All signal and power
connections are routed directly between the Arduino headers and
the component pins.

Fig. 2. Complete wiring diagram of the collision detection system (HC-
SR04 + Buzzer — Arduino Uno R3).

Table Il lists the complete pin connections between the
Arduino Uno R3 and the peripheral components. The HC-SR04
requires a stable 5 V supply and ground in addition to the two
signal pins. The buzzer negative terminal is connected directly to
any GND pin on the board; no current-limiting resistor is
required for a passive piezoelectric buzzer driven at 5 V through
a digital output pin rated at 40 mA sink/source current.

TABLE |l Complete Pin Mapping

Component Arduino Pin
HC-SR04 VCC 5V
HC-SR04 TRIG Pin 9
HC-SR04 ECHO Pin 10
HC-SR04 GND GND

Buzzer (+) Pin 8
Buzzer (-) GND




D. Sensor Operating Principle

The HC-SR04 measures distance by exploiting the time-of-
flight (ToF) principle applied to acoustic waves in air. When the
TRIG pin is asserted HIGH for a minimum of 10 ps, the on-board
control IC fires eight ultrasonic pulses at 40 kHz from the
transmitter transducer. These pulses propagate outward in a cone
of approximately 15° half-angle. Upon striking a surface, a
fraction of the acoustic energy is reflected back towards the
receiver transducer. The control IC raises the ECHO pin HIGH
at the instant of transmission and pulls it LOW when the first
echo is detected. The duration for which ECHO remains HIGH
is therefore equal to the round-trip travel time of the acoustic
pulse.

The speed of sound in dry air at 20 °C is approximately 343
m/s, equivalent to 0.0343 cm/us. Because the pulse must travel
to the target and back, the one-way distance is:

d=tx0.034/2 1)

where d is the distance in centimetres and t is the ECHO pulse
duration in microseconds. This formula is used verbatim in the
firmware. Note that the speed of sound has a temperature
coefficient of approximately +0.6 m/s per °C; over the operating
range of 0-40 °C the resulting ranging error is below 3.5%,
which is acceptable for the intended proximity-alert application.

1. FIRMWARE IMPLEMENTATION

A Software Architecture Overview

The firmware is structured as a standard Arduino sketch
consisting of a setup() initialisation function and a continuously
executing loop() function. Three additional helper functions
encapsulate the key operations: measureDistance() handles all
sensor-level interaction, beep() drives the buzzer for
configurable on and off intervals, and the main loop()
implements the three-zone distance-to-beep-rate mapping. The
complete firmware compiles to approximately 2.6 kB of Flash
and requires fewer than 20 bytes of SRAM, leaving the vast
majority of the Arduino Uno's resources available for application
extensions.

All global pin assignments are defined as const int constants
at the top of the file, making it straightforward to remap the
circuit to different GPIO pins without modifying application
logic. The serial interface is initialised at 9600 baud and
transmits a distance reading on every loop iteration, enabling
real-time monitoring with the Arduino IDE Serial Monitor or any
terminal emulator.

B Distance Measurement Function

The measureDistance() function implements the full
TRIG/ECHO protocol without relying on any third-party library.
The sequence begins with a 2 ps LOW pulse on TRIG to ensure
a clean signal edge before the measurement pulse. TRIG is then
driven HIGH for exactly 10 ps — the minimum duration
required to trigger the HC-SR04 — before being returned LOW.
The built-in pulseln() function then blocks execution while it
measures the duration of the HIGH pulse on the ECHO pin, with
a 30 ms timeout to prevent indefinite blocking when no object is
present within range.
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When pulseln() returns zero (timeout), the function returns a
sentinel value of 999 cm, which falls far outside all three alert
zones and causes the loop to emit a slow periodic beep — the
safest default behaviour. Non-zero durations are converted to
centimetres via equation (1).

long measureDistance () {
digitalWrite (TRIG_PIN,
delayMicroseconds (2) ;
digitalWrite (TRIG PIN,
delayMicroseconds (10) ;
digitalWrite(TRIGfPIN, LOwW) ;
long dur = pulselIn(ECHO PIN, HIGH, 30000);
if (dur == 0) return 999;
return dur * 0.034 / 2;

}

LOW) ;

HIGH) ;

Fig. 3. Firmware listing: manual HC-SR04 distance measurement function.

C. Buzzer Drive Function

The beep () helper function accepts two integer parameters:
onTime (buzzer active duration in milliseconds) and
offTime (silent interval in milliseconds). The function drives
the buzzer pin HIGH for onTime ms, then LOW for of fTime
ms. This simple blocking implementation is adequate for the
update rates involved — even the shortest off-time used in Zone
B is 50 ms, giving the sensor ample time for a fresh
measurement on the subsequent loop iteration.

For a passive electromagnetic buzzer, the digital output pin
sources the drive current directly. For a piezoelectric disc
buzzer, which presents a capacitive load, no additional driver
circuitry is required at the current levels involved with an
Arduino digital pin.

void beep (int onTime, int offTime) {
digitalWrite(BUZZERﬁPIN, HIGH) ;
delay (onTime) ;
digitalWrite(BUZZERiPIN, LOW) ;
delay (offTime) ;

}

Fig. 4. Firmware listing: buzzer drive helper function.

D. Three-Zone Distance Response

The system defines three operational distance zones, each
eliciting a distinct audible behaviour. The boundaries — 15 cm
and 5 cm — were chosen empirically to match the alert
characteristics of commercial automotive parking sensors
scaled to the short ranges typical of laboratory and desktop
scenarios.

Zone A (d > 15 cm) represents the safe operating range. The
buzzer emits a slow 100 ms / 500 ms on/off pattern — one beep
every 600 ms — to indicate that the sensor is active and no
immediate hazard is present.

Zone B (5 cm < d < 15 cm) is the warning zone. As the
object approaches, the off-time is reduced linearly from 400 ms
(at 15 cm) to 50 ms (at 5 cm) using the Arduino map() function
(2):

offTime = map(distance, 5, 15, 50, 400) 2
This produces a continuously accelerating beep rate that
provides an intuitive analogue of decreasing clearance. The



effective beep rate increases from approximately 1.5 Hz at the
zone boundary to 6.7 Hz at the inner boundary, a 4.5x
acceleration that is clearly perceptible to human hearing.

Zone C (d <5 cm) represents the critical proximity threshold.
The buzzer is driven continuously HIGH, producing an unbroken
tone that unambiguously signals an imminent collision. A 50 ms
delay () call prevents the CPU from spinning at full rate while
the condition persists, reducing unnecessary power consumption
without perceptibly delaying the alert.

void loop () {
long distance = measureDistance();

Serial.print ("Distance:
Serial.print (distance) ;
Serial.println(" cm");

LY
s

if (distance > 15) {
beep (100, 500);
beep
} else if (distance > 5) {
int offTime map (distance,
400) ;
beep (100, offTime);
accelerating
} else {
digitalWrite (BUZZER PIN, HIGH); // Zone C:
constant
delay (50);
}
}

// Zone A: slow

5, 15, 30,

// Zone B:

Fig. 5. Firmware listing: main control loop with three-zone
distance-to-beep mapping.

E. Serial Diagnostic Interface

On every iteration of the main loop, the firmware transmits
the measured distance in human-readable ASCII format over the
Arduino hardware UART at 9600 baud. This allows real-time
distance monitoring via the Arduino IDE Serial Monitor, or
logging and graphing via any UART-capable terminal
application. During development, this interface was used to
verify the linearity and repeatability of the ranging function
against a calibrated steel ruler. The interface can be disabled by
removing the Serial.begin() call and the three
Serial.print () statements, reducing the Flash footprint
by approximately 1.5 kB and eliminating the 10 ms UART
initialisation delay at startup.

IVV. RESULTS AND DISCUSSION

A. Ranging Accuracy

The ranging function was validated by positioning a 20 cm x
30 cm flat acrylic panel perpendicular to the sensor axis at
measured distances of 5, 10, 15, 20, 30, 50, 75, 100, 150, and 200
cm. At each position, 20 successive distance readings were
recorded via the serial interface and averaged. The mean absolute
error across all test points was 0.6 cm, and the maximum error at
any single distance was 1.4 cm at 200 cm. These results are
consistent with the £3 mm accuracy specification and confirm
that the manual firmware implementation introduces no
additional timing error compared to library-based solutions.

At distances below 5 cm, the sensor occasionally returned a
zero-duration echo (triggering the 999 cm sentinel), likely due to
the acoustic near-field zone of the transducer. In practice, the
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continuous-beep zone is typically reached before the object
enters this zone, so the sentinel path is not encountered during
normal operation.

B. Audible Feedback Assessment

Ten volunteer participants were asked to approach a flat wall
from a starting distance of approximately 80 cm while listening
to the buzzer. None had prior knowledge of the zone boundaries.
All ten reported that the transition from slow beeping (Zone A)
to faster beeping (Zone B) was immediately noticeable and that
the continuous tone (Zone C) was unambiguously alarming.
Seven of ten preferred the audio feedback to a visual LED
indicator for eyes-free operation. Average detection of the 15 cm
boundary by sound alone — defined as the distance at which
participants first reported hearing an acceleration in the beeping
—was 17.3 cm, demonstrating that the zone transition is audible
with approximately 2 cm of lead time.

C. Timing Considerations

The total loop execution time is dominated by the buzzer
on/off delays (100-600 ms in Zone A, 150-500 ms in Zone B)
and the pulseln() blocking call (up to 30 ms). A new distance
measurement is therefore taken at most approximately every 130
ms in Zone C, and at most every 630 ms in Zone A. This is
adequate for the quasi-static proximity scenarios targeted by this
design. For fast-moving objects or applications requiring higher
measurement bandwidth, an interrupt-driven or DMA-based
echo timing approach would be preferable, as discussed in
Section V.

D. Power Consumption

Power consumption of the complete circuit was not formally
characterised in this work. However, some qualitative
observations can be made. The HC-SR04 draws approximately
15 mA during active ranging and less than 2 mA in standby. The
Arduino Uno R3 draws approximately 50 mA at 16 MHz with
all peripherals active. The passive buzzer, when driven at 5 V,
draws approximately 25-40 mA depending on its impedance.
Total system current is therefore in the range of 90-105 mA,
consistent with USB-powered operation from a laptop or a
standard 5 V mobile power bank. The duty-cycled nature of both
the TRIG pulse and the buzzer activation in Zones A and B
means that average power consumption is substantially lower
than the worst-case (Zone C) figure.

V . CONCLUSION

A compact and effective proximity-based collision detection
system has been implemented on the Arduino Uno R3 platform
using an HC-SR04 ultrasonic sensor and a passive buzzer. The
firmware requires no external libraries: distance is computed
from raw echo timing using the standard speed-of-sound
formula (equation 1), and the Arduino built-in map () function
(equation 2) is used to produce a distance-proportional beep rate
in the intermediate proximity zone. Experimental validation
confirmed mean absolute ranging errors of 0.6 cm and intuitive
audible zone transitions across all user trials.

The design is readily extensible in several directions. First,
additional distance thresholds can be introduced by adding
conditional branches in the main loop, enabling finer-grained
proximity granularity. Second, the buzzer can be replaced or



supplemented by an RGB LED or a seven-segment display to
provide visual feedback for hearing-impaired users. Third, the
measured distance data are already available on the UART,
making it straightforward to forward readings to a host
computer, an 12C display module, or a wireless transmission
module for remote monitoring. Fourth, the three zone-threshold
values (5 cm and 15 cm) could be made user-configurable via a
potentiometer or a serial command interface, eliminating the
need for firmware recompilation to adapt the system to different
use cases.

Future work will investigate two improvements to the
firmware architecture.  First, replacing the blocking
pulselIn () call with an interrupt-driven echo capture using
the ATmega328P's Input Capture Unit (ICU) would allow the
CPU to perform other tasks — such as updating a display or
servicing a communication interface — during the echo wait
period, and would increase the maximum achievable
measurement rate. Second, incorporating a DHT22 temperature
and humidity sensor would enable real-time correction of the
speed-of-sound estimate, reducing ranging error at extreme
temperatures from approximately 3.5% to below 0.5%.
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