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  Abstract 

 
 The rapid proliferation of voice-controlled devices, such as smart speakers, 

virtual assistants, and IoT-enabled gadgets, has revolutionized the way users 

interact with technology, bringing unprecedented convenience to modern 

households and industries. These devices rely heavily on voice recognition 

systems to interpret and execute user commands, making them increasingly 

integrated into daily life for tasks ranging from simple inquiries to 

controlling smart home environments. However, these devices are vulnerable 

to a growing class of attacks known as voice injection, where unauthorized or 

malicious voice commands are injected into the device's system, often 

bypassing authentication mechanisms and potentially leading to severe 

security and privacy breaches.This research paper presents a comprehensive 

approach to identifying, testing, and mitigating voice injection vulnerabilities 

in smart devices and provides a detailed analysis of various attack vectors. It 

also explores the complexity of these attack vectors, examining how factors 

such as environmental acoustics, device hardware variations, and the 

sophistication of voice recognition algorithms impact the effectiveness of the 

attacks. 
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1. Introduction 

The rapid advancement of voice-controlled technology has significantly reshaped human 

interaction with digital systems, offering users an intuitive and hands-free interface for a variety of 

tasks and have become central to modern living and working environments. These devices enable 

users to perform numerous functionsfrom setting reminders and controlling smart home appliances 

to retrieving information and managing schedules - through simple voice commands. While the 

convenience and accessibility of these devices have led to their widespread adoption, they have 

also introduced new and critical security challenges. One of the most prominent threats facing 

voice-activated systems is voice injection attacks, where attackers exploit vulnerabilities in voice 

recognition systems to execute unauthorized commands, potentially leading to serious security 

breaches and privacy violations. 

Voice injection attacks leverage flaws in the way voice-controlled devices process and 

authenticate voice commands. These attacks come in various forms, including direct voice 

injection, ultrasonic attacks, replay attacks, and adversarial attacks. Each of these attack vectors 

exploits different weaknesses in voice-controlled systems, ranging from hardware limitations such 

as microphone sensitivity to vulnerabilities in the underlying machine learning models that drive 

speech recognition.This situation necessitates the development of comprehensive testing strategies 
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that can identify and address voice injection vulnerabilities across a wide range of devices and 

environments. While previous research has largely focused on isolated attack techniques or specific 

device types, there is a critical need for a holistic approach that encompasses the diverse range of 

potential threats and scenarios in which these devices operate. This paper aims to fill this gap by 

presenting a thorough framework for testing voice injection vulnerabilities in smart devices, 

offering a comprehensive understanding of the different attack vectors and providing effective 

solutions to mitigate these risks.To address the multifaceted nature of voice injection 

vulnerabilities, this paper proposes a comprehensive testing framework that incorporates four 

distinct methodologies: Penetration Testing [2], Fuzzing [3], Adversarial Testing [4], and Physical 

Environment Testing [6]. It also discusses a range of mitigation strategies designed to enhance the 

security and resilience of voice-activated systems. These strategies include implementing advanced 

signal authentication mechanisms, dynamically adjusting microphone sensitivity based on 

environmental conditions, and incorporating adversarial training to improve the recognition 

system’s ability to differentiate between authentic and malicious inputs. By adopting these 

strategies, manufacturers and developers can significantly bolster the security of their devices, 

minimizing the risk of successful voice injection attacks and ensuring a safer user experience. 

 

2. Research Method 

 

2.1 Attack Vectors and Vulnerabilities: 

Attack vectors refer to the specific methods or pathways that attackers use to exploit 

vulnerabilities in a system to carry out malicious actions. In the context of voice injection 

attacks on smart devices, attack vectors are the techniques used to manipulate voice recognition 

systems to execute unauthorized commands. Vulnerabilities are the weaknesses or flaws in a 

system's design, implementation, or configuration that can be exploited by attackers through 

these vectors. Below is an overview of the attack vectors and vulnerabilities associated with 

each type of voice injection attack: 

 

1. Direct Voice Injection: Direct Voice Injection is the simplest and most straightforward 

form of attack on voice-controlled systems. In this attack, the adversary directly issues 

voice commands to the device's microphone, often bypassing any user authentication or 

access controls. This attack is typically executed in proximity to the device, where the 

attacker speaks commands that the device's voice recognition system interprets as 

legitimate. 

2. Ultrasonic Attacks: Ultrasonic Attacks, such as the DolphinAttack [1], involve injecting 

commands into the device's microphone using sound waves at ultrasonic frequencies that 

are inaudible to humans but detectable by microphones. These attacks exploit the 

sensitivity of modern microphones to ultrasonic signals and can be executed from a 

distance without alerting nearby humans. 

3. Replay Attacks: Replay Attacks [5] involve capturing genuine voice commands from an 

authorized user and replaying them to the target device to perform unintended actions. This 

type of attack does not require complex equipment or high technical knowledge, making it 

accessible to many attackers. 

4. Adversarial Attacks: Adversarial Attacks involve creating specially crafted audio inputs 

using machine learning techniques [8] that are unintelligible to humans but are recognized 

as valid commands by a voice recognition system. These attacks exploit the weaknesses in 

machine learning models used for voice recognition. 
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Attack 

Type 

Vulnerability 

Exploited 

Common Targets Effectiveness Countermeasures 

Direct 

Voice 

Injection 

Weak or no 

user 

authentication, 

open 

microphones 

Smart speakers, 

smartphones, 

smart TVs, and 

other voice 

activated IoT 

devices. 

Highly effective 

in proximity and 

quiet 

environments but 

less effective in 

noisy conditions 

Implement voice 

biometrics, limit 

commands without 

additional verification, 

reduce microphone 

sensitivity, and use 

proximity-based controls. 

Ultrasonic 

Attacks 

Microphone 

sensitivity to 

ultrasonic 

frequencies; 

lack of 

filtering for 

non-audible 

signals. 

Voice-activated 

devices with 

sensitive 

microphones, such 

as smart speakers, 

smartphones, and 

some IoT devices. 

Extremely 

effective in 

controlled 

environments 

with low 

background 

noise; can be 

executed from a 

distance 

depending on the 

transmitter's 

power and 

directionality. 

Implement frequency 

filters in microphones, 

dynamically adjust 

microphone sensitivity, 

and use multi-factor 

authentication for critical 

commands. 

Replay 

Attacks 

Lack of 

mechanisms to 

detect 

replayed 

commands; 

absence of 

voice liveness 

detection or 

time-based 

verification. 

Devices with 

voice-activated 

interfaces, like 

smart home 

devices, smart 

locks, and virtual 

assistants. 

Highly effective 

when close to the 

device and in 

environments 

without proper 

user verification; 

success decreases 

with voice 

liveness detection 

or time-based 

authentication. 

Implement voice liveness 

detection, require 

contextual awareness for 

sensitive commands, add 

cryptographic 

timestamping for voice 

inputs, and use 

environmental noise 

recognition to detect 

replay attacks. 

Adversarial 

Attacks 

Weaknesses in 

machine 

learning 

models that 

power voice 

recognition; 

Any voice-

activated device 

using machine 

learning-based 

voice recognition, 

such as smart 

speakers, 

smartphones 

Highly effective 

against systems 

relying on 

machine learning 

for voice 

recognition 

without 

adversarial 

defenses 

Train systems using 

adversarial examples, use 

anomaly detection to 

reject adversarial inputs, 

integrate human-in-the-

loop verification, 

continuously update 

models against evolving 

adversarial techniques. 

Each of these attack types represents a unique threat to voice-activated devices and systems. 

Understanding the technical intricacies, vulnerabilities exploited, effectiveness, and potential 

countermeasures for each attack type is crucial in developing comprehensive testing frameworks 

and robust defense mechanisms to protect against them. 

2.2 Testing Methodologies 

The paper outlines four primary methodologies to comprehensively test for voice injection 

vulnerabilities: 
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1. Penetration Testing: It is referred to as "pen testing," is a security testing methodology used 

to simulate real-world attack scenarios on a voice-controlled device's voice recognition 

system. The goal is to identify vulnerabilities that could be exploited by attackers to 

perform unauthorized actions. This type of testing involves a systematic approach to 

probing and exploiting potential weaknesses within the device's software, hardware, and 

communication interfaces. 

2. Fuzzing: It is a testing technique that involves feeding a system a large volume of random 

or malformed inputs— in this case, voice commands— to discover vulnerabilities that 

could lead to unexpected behavior, crashes, or security breaches. For testing voice injection 

vulnerabilities, fuzzing aims to identify edge cases or weaknesses in the device’s voice 

recognition software and hardware. 

3. Adversarial Testing: It is a technique that focuses on evaluating the resilience of voice-

controlled devices against adversarial attacks—specifically, crafted inputs designed to 

deceive machine learning models. This method uses adversarial machine learning 

techniques to generate audio samples that are imperceptible or unintelligible to humans but 

are interpreted as valid commands by the device's voice recognition system. 

4. Physical Environment Testing: It examines how different environmental factors such as 

background noise, echo, overlapping voices, and room acoustics—affect the vulnerability 

of smart devices to voice injection attacks. This testing approach focuses on assessing how 

environmental conditions can be manipulated to increase or decrease the effectiveness of 

attacks. 

Testing 

Type 

Approach Tools Used Outcomes 

Penetration 

Testing 

Conduct both manual 

and automated attacks, 

such as direct voice 

injection, replay 

attacks, and ultrasonic 

attacks. 

Kali Linux, Metasploit, 

custom scripts for 

automated voice 

command injection and 

response recording. 

Identifies weak 

authentication mechanisms, 

open microphones, and other 

vulnerabilities, providing 

actionable insights to 

strengthen security controls. 

Fuzzing Generate a wide range 

of randomized and 

malformed audio 

inputs using mutation-

based or generation-

based techniques. 

AFL (American Fuzzy 

Lop) adapted for audio, 

Peach Fuzzer, custom 

fuzzing frameworks 

tailored to audio data. 

Identifies bugs or 

vulnerabilities that are not 

detected through regular 

testing, particularly those 

that could lead to 

unexpected behavior or 

crashes in voice recognition 

systems. 

Adversarial 

Testing 

Use adversarial 

machine learning 

models to generate 

crafted audio samples 

that fool the voice 

recognition system. 

CleverHans, ART 

(Adversarial Robustness 

Toolbox), custom ML 

models for creating 

adversarial samples. 

Helps understand 

vulnerabilities in deep 

learning models and 

implements countermeasures 

like adversarial training and 

anomaly detection to 

mitigate adversarial attacks. 

Physical 

Environme

nt Testing 

Place devices in 

different acoustic 

environments (e.g., 

echo, background 

noise) and attempt 

voice injection attacks 

under these 

conditions. 

Acoustic testing 

equipment, audio 

playback devices, noise 

generators, custom 

setups to simulate varied 

environments. 

Identifies scenarios where 

devices are more susceptible 

to misinterpreting or 

accepting malicious 

commands, aiding in the 

optimization of microphone 

sensitivity and noise 

filtering. 
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2.3 Mitigation Strategies 

Voice injection attacks exploit various vulnerabilities in smart devices voice recognition 

systems, and effective mitigation requires a multi-layered approach [7]. The following 

strategies address the weaknesses identified in each type of attack: 

1. Advanced Signal Authentication Mechanisms: Implementing robust authentication 

mechanisms that verify the legitimacy of voice commands before execution is critical. 

Advanced signal authentication combines cryptographic techniques, voice biometrics, and 

multi-factor authentication to ensure that only authorized users can execute commands on a 

voice-activated device.  

2. Dynamic Microphone Sensitivity Adjustment: Dynamically adjusting the sensitivity of a 

device's microphone based on real-time environmental analysis can help mitigate ultrasonic 

and replay attacks. This strategy involves using contextual awareness and adaptive signal 

processing to modify the microphone's sensitivity and responsiveness to voice commands. 

3. Adversarial Training and Anomaly Detection: Adversarial training involves retraining 

machine learning models used in voice recognition systems with adversarial examples to 

improve their robustness against such attacks. Additionally, anomaly detection 

mechanisms can identify and reject suspicious or manipulated audio inputs. 

4. Context-Aware Verification and Command Filtering: Implementing context-aware 

verification and command filtering mechanisms ensures that commands are executed only 

under legitimate conditions. This involves checking additional contextual information 

before allowing certain commands to proceed. 

5. Enhanced Input Validation and Error Handling: Input validation and error handling are 

critical for preventing system crashes or unintended behaviors resulting from malformed or 

random inputs. Robust validation mechanisms can filter out potentially harmful inputs 

before they reach the core recognition system. 

Mitigation 

Strategy 

Techniques Used Effectiveness 

Advanced 

Signal 

Authenticatio

n 

Voice Biometrics, Challenge-

response authentication, 

Cryptographic Voice Signature 

Reduces the risk of direct voice injection, 

replay attacks, and adversarial attacks by 

requiring multiple layers of verification. 

Dynamic 

Microphone 

Sensitivity 

Adjustment 

Environmental Noise Detection, 

Directionality Filtering, Distance 

Based Sensitivity Modulation 

Helps prevent ultrasonic and replay 

attacks by minimizing acceptance of 

unintended commands in noisy or 

unauthorized environments. 

Adversarial 

Training and 

Anomaly 

Detection 

Adversarial Training with 

adversarial examples, Real-Time 

Anomaly Detection, Audio 

Fingerprinting and Hashing 

Reduces the success rate of adversarial 

attacks by making the voice recognition 

system more resilient and adaptive. 

Context-

Aware 

Verification 

and Command 

Filtering 

Two-Factor Context Verification, 

Time-Based Command Validity, 

Keyword and Content Filtering 

Minimizes risk of unauthorized actions by 

executing commands only when the 

correct context and verification conditions 

are met. 

Enhanced 

Input 

Validation 

and Error 

Handling 

Sanitization of Audio Inputs, Error 

Handling Routines, Rate Limiting 

and Input Throttling 

Reduces the risks associated with fuzzing 

attacks and maintains stability and 

integrity of the voice recognition system. 
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3. Results and Analysis 

This section presents the generalized findings from the application of four comprehensive testing 

methodologies—Penetration Testing, Fuzzing, Adversarial Testing, and Physical Environment 

Testing across various types of voice-controlled devices. The goal is to identify common 

vulnerabilities, assess the effectiveness of different attack vectors, and provide insights into the 

robustness of voice recognition systems widely used in smart speakers, smartphones, and other 

IoT-enabled gadgets. 

Testing 

Method 

Findings Insights 

Penetration 

Testing 

Direct Voice Injection: Success rate 

of 70-80% in quiet environments 

within a 2-3 meter range. 

Weak or single-factor authentication makes 

devices highly vulnerable. 

Replay Attacks: High success rate of 

75-85% using high-fidelity 

recordings; vulnerable due to lack of 

replay detection mechanisms. 

Need for robust replay protection and voice 

liveness detection to prevent unauthorized 

access. 

Ultrasonic Attacks: Varying success 

rates from 60-85%, depending on 

device sensitivity and environmental 

noise levels. 

Devices lacking frequency filtering and 

proper environmental awareness are more 

susceptible to ultrasonic attacks. 

Fuzzing Generated over 10,000 randomized 

audio inputs; 3-7% caused 

unexpected behaviors like partial 

command recognition, crashes, or 

unintended actions. 

Reveals a lack of input validation and error 

handling in voice recognition software.  

Discovered buffer overflow 

vulnerabilities that could lead to 

system crashes or denial of service. 

Identifies critical bugs that regular testing 

misses, necessitating more comprehensive 

validation processes. 

Adversarial 

Testing 

Adversarial audio samples deceived 

voice recognition systems in 50-70% 

of cases. 

Machine learning-based voice recognition 

systems are vulnerable to adversarial inputs; 

adversarial training can enhance model 

robustness. 

Success rate increased to 60-75% 

when adversarial samples included 

background noise combined with 

subtle perturbations. 

Combining natural noise with adversarial 

perturbations can significantly enhance the 

success rate of attacks, necessitating better 

anomaly detection mechanisms. 

Physical 

Environment 

Testing 

Ultrasonic Attack success rates 

dropped from 80% in quiet 

environments to 50-60% in noisy or 

overlapping voice environments. 

Demonstrates the impact of environmental 

factors on attack effectiveness; devices 

should adapt microphone sensitivity and 

employ context-aware verification for better 

security. 

Direct Voice Injection attacks 

maintained a success rate of 65-75% 

even with moderate background 

noise. 

Suggests that these attacks remain effective 

under various conditions, highlighting the 

need for robust multi-factor authentication 

and noise filtering. 

 

To enhance the security of voice-controlled devices against these attacks, manufacturers and 

developers must adopt a multi-layered defense strategy. This includes implementing stronger user 

authentication methods, improving input validation and error handling, training voice recognition 

systems against adversarial inputs, and dynamically adjusting system settings based on 

environmental factors. The results emphasize the importance of continuous improvement in both 
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software and hardware aspects of smart devices to safeguard against evolving voice injection 

threats. 

 

4. Conclusion 

 

The rapid integration of voice-controlled smart devices into everyday life has significantly 

enhanced user convenience but has also introduced a wide range of security vulnerabilities. This 

research paper provides a comprehensive analysis of the voice injection vulnerabilities inherent in 

these devices through a robust testing framework encompassing Penetration Testing, Fuzzing, 

Adversarial Testing, and Physical Environment Testing. The results from these methodologies 

demonstrate that many voice-activated devices, regardless of brand or model, share common 

vulnerabilities such as weak authentication mechanisms, insufficient input validation, lack of 

replay protection, and susceptibility to adversarial manipulation. 

 

The insights provided by this research highlight the need for manufacturers and developers to adopt 

more sophisticated security practices to continuously assess and enhance the security of voice-

activated systems. Future research should focus on exploring novel defense mechanisms, 

integrating emerging technologies such as blockchain for secure command authentication. 
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