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Abstract: This paper explores the design and implementation of a voice-controlled smart home system utilizing the Raspberry 
Pi platform and Node.js framework. The system aims to provide users with an intuitive method for managing household devices 
through voice commands while enhancing functionality with integrated sensors. Leveraging the Hidden Markov Model Toolkit 
(HTK) for speech recognition, the system accurately interprets user commands, facilitating control over lighting, temperature, and 
various IoT devices. In addition to voice activation, the system incorporates multiple sensors: a temperature sensor for monitoring 
ambient conditions, a motion sensor (PIR) for detecting occupancy, and a light sensor for assessing natural light levels. These 
sensors work in harmony with the voice control features, enabling automated responses such as adjusting the heating or cooling 
based on temperature readings, activating lights upon detecting movement, and regulating artificial lighting according to available 
daylight. Comprehensive testing demonstrated the system’s high accuracy in command recognition and its responsiveness to user 
inputs, as well as its robust integration with additional smart devices. User feedback was instrumental in refining the system, 
leading to improvements in command clarity and operational efficiency. This research highlights the potential of combining voice 
control and sensor technology to create a more responsive and user-friendly smart home environment.
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Introduction
In recent years, smart home systems have 

gained significant popularity, driven by advance-
ments in Internet of Things (IoT) technology  [1] 
and artificial intelligence (AI) [2]. Voice-controlled 
systems, in particular, have revolutionized the way 
users interact with devices, providing hands-free, 
intuitive control over various household functions 
[3]. Proprietary solutions like Amazon Echo and 
Apple HomeKit have dominated the market, offer-
ing integrated services that facilitate voice control 
over smart home environments [4] [5]. However, 
these solutions are limited by their commercial na-
ture, which restricts customization, scalability, and 
user control over data privacy.

To address these limitations, we propose a fully 
open-source, affordable voice-controlled smart 

home system that provides flexibility, transparency, 
and ease of customization. Our system is designed 
to operate on widely available, cost-effective hard-
ware, enabling users to create personalized smart 
home environments without the constraints of 
proprietary platforms. By combining open-source 
tools such as the HTK Tool for speech and speaker 
recognition with Node.js as the software frame-
work, this system not only provides core function-
alities but also offers modular extensibility for 
further community-driven development. The HTK 
(Hidden Markov Model Toolkit) was selected for its 
robust capabilities in speech and speaker recogni-
tion, offering a proven, adaptable framework well-
suited to accurately interpreting voice commands 
in diverse home environments [6]. Node.js was 
chosen for its efficient, event-driven architecture, 
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making it ideal for managing real-time data from 
multiple sensors and processing voice commands 
seamlessly, which are essential for responsive 
smart home control [7].

Our choice of the Raspberry Pi as a hardware 
platform ensures that the system remains afford-
able [8], accessible [9], and easy to expand, while 
integrated text-to-speech (TTS) [10] capabilities 
facilitate natural user interaction. With voice con-
trol predicted to play a crucial role in the future of 
IoT, this project contributes to the field by provid-
ing a foundation for open-source smart home sys-
tems that encourage innovation and user involve-
ment [11].

This paper presents the design, implementation, 
and potential applications of our voice-controlled 
smart home system, aiming to establish a scalable 
framework that can be utilized and extended by a 
broad user base.

Methods and materials
Our open-source voice-controlled smart home 

system was developed using affordable hardware 
and readily available software tools, ensuring ease of 
configuration, expandability, and cost-effectiveness. 
Below is a table (table 1) of the core components and 
methods applied in the system’s development:

Table 1. Core Components and Methods for the Development of 
an Open-Source Voice-Controlled Smart Home System

Component Description
Raspberry Pi Model 3, chosen for affordability, 

versatility, and support for IoT 
applications; serves as the primary 
processing unit, handling audio 
processing and integration with 
sensors/actuators.

Hardware 
components

Microphone 
and Speakers

USB microphone and speakers 
connected to the Raspberry Pi for 
capturing voice commands and 
providing audio feedback to the user.

Additional 
Sensors & 
Actuators

Integrated with various sensors 
(temperature, motion, light) and 
actuators (smart lights, plugs) for 
expanded smart home control.

Software 
Components

HTK (Hidden 
Markov Model 
Toolkit)

Used for speech and speaker 
recognition; robust algorithm 
for interpreting voice commands 
accurately. Commands are pre-
defined and trained in HTK to optimize 
accuracy.

Node.js 
Framework 

Serves as the primary software 
platform, processing commands, 
handling sensor data, and managing 
device states; includes custom 
modules to interpret HTK output and 
process commands.

Text-to-Speech 
(TTS) Module

Integrated within Node.js to enable 
verbal responses for user interaction, 
status updates, and answering 
questions.

System 
Architecture

Input 
Processing

Microphone captures user commands, 
which are processed by HTK to identify 
command content and speaker identity 
(when multiple users are set up).

Command 
Interpretation

Node.js matches interpreted 
commands with pre-defined functions, 
triggering appropriate responses 
like turning on lights or adjusting 
temperature.

User Feedback TTS module synthesizes responses for 
playback through speakers, confirming 
command execution or providing 
additional info.

Evaluation 
and Testing

Testing 
Approach

Tested for command accuracy, 
response time, and ease of integration 
with additional devices. Repeated 
commands in varied conditions (e.g., 
background noise, different voices) to 
assess HTK recognition accuracy and 
robustness.

User Feedback Collected from user trials to refine the 
command set and enhance response 
clarity.

For this research, we implemented a voice-con-
trolled smart home system in five selected house-
holds, utilizing Raspberry Pi as the central processing 
unit. The process involved developing custom mod-
ules in Node.js, configuring affordable hardware, and 
integrating low-cost sensors and actuators. Below 
are the key steps:

1. Selection of Households
Five households were chosen based on diverse 

family structures and varying levels of familiarity 
with technology. This ensured a representative sam-
ple for evaluating user experiences.

2. Deployment of Raspberry Pi
The Raspberry Pi Model 3 was installed in each 

household due to its affordability, versatility, and 
compatibility with IoT applications. It served as the 
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central unit for processing voice commands, integrat-
ing sensors, and controlling actuators.

Setup Procedure: The Raspberry Pi was pre-con-
figured with the latest Raspbian OS to ensure compat-
ibility with the software. Each device was connected 
to the household Wi-Fi network to enable seamless 
communication with sensors and actuators.

3. Software Components Installation
To enable system functionality, the following soft-

ware components were installed:
Node.js Framework was installed using Node Ver-

sion Manager (nvm) to manage software versions 
and host the custom application for processing com-
mands and managing device states. HTK (Hidden 
Markov Model Toolkit) was configured for accurate 
speech recognition and optimized for predefined 
command sets.

4. Sensor and Actuator Integration
Sensors and actuators were installed to extend the 

system’s functionality:
 - Temperature Sensors: For monitoring ambi-

ent conditions and enabling automatic climate 
control.

 - Motion Sensors: Positioned near entry points 
to trigger actions like turning on lights or send-
ing alerts.

 - Light Sensors: To detect natural light levels and 
adjust artificial lighting accordingly.

 - Voice Control: USB microphones and speakers 
were installed for voice command input and 
audio feedback.

5. Testing and Calibration
After installation, the system was tested and cali-

brated for: Sensor accuracy and reliability under dif-
ferent environmental conditions;

Command recognition accuracy using HTK in sce-
narios with varying background noise; 

Integration and response times between the Rasp-
berry Pi, sensors, and actuators.

6. User Training and Feedback Collection
Households received training on system usage, 

followed by a feedback collection phase to identify 
usability issues and inform system refinements.

Proposed System Architecture
The proposed architecture for the voice-controlled 

smart home system is designed to offer a modular, 
flexible, and scalable solution for smart home au-

tomation (Figure 1). The system integrates various 
components that work together to provide seamless 
user interaction and control over home devices. The 
main elements of the system include the Raspberry 
Pi as the central unit, voice processing through the 
HTK (Hidden Markov Model Toolkit), and real-time 
control of smart devices using Node.js.

Figure 1. System Architecture for Voice-Controlled Smart Home

At the core of the system, the Raspberry Pi serves 
as the processing hub. It connects to a microphone to 
capture voice commands from the user. These audio 
signals are first processed through the HTK module, 
which performs speech recognition and speaker iden-
tification. The HTK system is responsible for convert-
ing the user’s voice into text commands, allowing the 
system to interpret and act upon the user’s requests.
Once the voice command is processed, it is passed to 
Node.js, which serves as the platform for interpret-
ing these commands and controlling smart devices. 
Node.js executes the necessary logic to map voice 
commands to corresponding actions, such as turning 
on lights, adjusting temperature, or activating other 
connected devices. The system integrates various 
smart devices, such as temperature sensors, motion 
detectors, and smart lights, which can be controlled 
based on voice inputs or environmental triggers.

To ensure interactive communication with the user, 
the system also includes a Text-to-Speech (TTS) mod-
ule. After the system performs the requested actions, 
the TTS component provides feedback to the user, con-
firming the actions or providing additional informa-
tion, such as the status of a device or an error message.

Additionally, the system includes a feedback loop 
for testing and evaluation. User feedback is gathered 
through interactions with the system, allowing for 
continuous improvement. This feedback helps refine 
the voice recognition and response accuracy, ensur-
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ing that the system evolves to meet user needs and 
preferences effectively.

This architecture provides a robust and user-
friendly platform for controlling and automating 
smart home devices, allowing for easy customization 
and expansion. The use of open-source components 
and affordable hardware makes the system accessible 
while maintaining high scalability and performance. 
The integration of speech recognition, real-time con-
trol, and user feedback creates a system that is not 
only functional but also adaptable to a wide range of 
applications in smart home environments.

Results
The implementation and testing of the smart 

home system across five households yielded valuable 
insights into the system’s functionality, user satisfac-
tion, and overall performance. The results are pre-
sented across several key areas: sensor performance, 
system responsiveness, voice command accuracy, 
and user feedback.

Table 2. Summary of Smart Home System Performance and User 
Feedback

Category Result Observations
Temperature 
Sensors

Accuracy rate of ~95% 
in maintaining set 
temperature levels.

Users reported improved 
comfort due to automatic 
temperature adjustments.

Motion Sensors High detection accuracy 
with occasional false 
triggers in households 
with pets.

Calibration adjustments 
helped reduce false 
triggers in households with 
frequent pet movement.

Light Sensors Effective in gauging 
ambient light, enabling 
automatic lighting 
adjustments.

Users noticed energy 
savings, particularly in 
daylight hours.

System 
Responsiveness

Average response time 
of 1-2 seconds from 
command input to 
action execution.

Smooth and timely 
interaction for users; met 
expected responsiveness 
benchmark.

Node.js 
Processing

Efficient handling 
of multiple sensor 
data inputs and voice 
commands with no 
noticeable latency.

Node.js provided reliable 
real-time processing, 
enhancing the user 
experience.

HTK Voice 
Processing

Achieved ~92% 
accuracy in recognizing 
voice commands, with 
slightly lower accuracy 
in noisy environments.

Microphone sensitivity 
adjustments and HTK fine-
tuning helped mitigate 
noise interference.

Multiple User 
Recognition

Successful in 
differentiating between 
multiple users’ voices, 
enabling personalized 
responses.

Personalization allowed for 
tailored interactions based 
on individual users within 
each household.

User 
Satisfaction 
with 
Automation

High satisfaction with 
temperature and 
lighting automation 
features. 

Users cited convenience 
and energy savings as 
major advantages of the 
system’s automation.

Voice 
Interaction

Users found voice 
commands intuitive 
and enjoyed hands-free 
control.

Suggested expansion of 
recognized command set to 
improve flexibility.

Suggestions for 
Improvement

Users recommended 
better noise filtering 
and support for 
additional devices (e.g., 
smart locks, cameras).

Future updates could 
include enhanced noise 
filtering and expanded 
device integration for more 
comprehensive home 
automation.

The table 2 summarizes the effectiveness and user 
experience of the implemented smart home system. 
Overall, the system demonstrated reliable sensor ac-
curacy, prompt responsiveness, and a high level of 
user satisfaction, particularly in automation features 
like temperature and lighting control. Minor chal-
lenges, such as occasional false triggers and voice 
recognition sensitivity in noisy environments, were 
addressed with system adjustments and calibrations. 
Users expressed an interest in further expanding the 
system’s capabilities to include additional smart de-
vices, indicating both the system’s value in enhancing 
household convenience and opportunities for future 
improvements.

During the testing phase, two key types of evalua-
tions were carried out: technical system testing and 
user feedback collection.

The system testing covered the accuracy of voice 
commands, response time, and integration with addi-
tional devices. Commands were tested under various 
conditions, such as background noise and different 
user voices, to assess the accuracy and robustness 
of speech recognition using HTK (Hidden Markov 
Model Toolkit). The response time of the system and 
its ability to interface with other smart home devices 
were also evaluated. Commands were repeated un-
der varying conditions to ensure stable and accurate 
system performance in real-world usage scenarios.

User feedback was collected through trial runs of 
the system, allowing for refinement of the command 
set and improvement of response clarity. Users test-
ed the system in everyday settings, using voice com-
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mands to control devices and interact with sensors. 
Based on their feedback, adjustments were made to 
the system’s settings, and further optimizations were 
applied to improve accuracy and ease of use.

Testing showed that the system correctly recogniz-
es voice commands in various conditions and efficient-
ly controls smart devices. The user interface was rated 
as intuitive, and users expressed satisfaction with the 
system’s response speed and recognition accuracy.

Discussion
The implementation of a smart home system 

across five households has offered significant insights 
into the capabilities and limitations of low-cost home 
automation solutions. Overall, the system proved re-
liable in managing basic tasks through components 
like the Raspberry Pi and sensors for temperature, 
motion, and light. The high accuracy rates of these 
sensors highlight the effectiveness of low-cost tech-
nology in providing comfort and energy efficiency 
in everyday household operations. However, minor 
challenges, such as false triggers in homes with pets, 
indicate that further adjustments and calibrations 
would improve sensor reliability, especially in house-
holds with unique environmental factors.

Voice recognition, facilitated by HTK and managed 
through Node.js, was a well-received feature, achiev-
ing high accuracy in quieter settings. Yet, background 
noise presented occasional difficulties in command 
recognition, particularly in homes near busy streets. 
Users appreciated the ease of hands-free control, but 
the need for further noise filtering became apparent, 
suggesting that enhanced audio processing could 
strengthen the system’s usability across diverse 
household environments. Additionally, participants 
expressed a desire for a broader set of recognized 
commands, indicating that an expanded command 
repertoire would increase interaction flexibility and 
overall user satisfaction.

Feedback from users also revealed a high level of 
satisfaction with automated features, such as lighting 
and temperature adjustments. These functions not 
only added convenience but also contributed to ener-
gy savings, fulfilling one of the project’s primary ob-
jectives. However, several users suggested integrating 
additional smart devices, such as security cameras 
and smart locks, to extend the system’s functional-
ity beyond home automation to include security and 

monitoring. This interest in added features points to 
a growing user expectation for more comprehensive 
smart home ecosystems. 

This study’s findings resonate with the global trend 
toward accessible, modular smart home technology. 
Using affordable components like the Raspberry Pi 
and basic sensors, the system demonstrated that ef-
fective home automation can be achieved on a budget, 
aligning with industry efforts to make smart home so-
lutions more widely available without high costs.

Feedback on voice control limitations also reflects 
a broader industry focus on refining accuracy in di-
verse home environments. Major companies are en-
hancing noise filtering and multi-user recognition, 
addressing similar challenges faced in this study [12] 
[13]. 

Conclusion
This study demonstrates the feasibility and impact 

of implementing a low-cost smart home system in 
enhancing household comfort, energy efficiency, and 
convenience. The system, based on the Raspberry Pi 
and supported by various sensors, performed reli-
ably in automating essential functions, such as tem-
perature and lighting adjustments. Additionally, the 
integration of voice command functionality provided 
an intuitive, hands-free experience that was well-re-
ceived by users, though some minor challenges with 
background noise highlighted areas for refinement in 
audio processing.

User feedback indicated high satisfaction with the 
automation features, especially regarding energy sav-
ings and ease of use. Suggestions for expanding the 
system’s functionality to include additional devices, 
such as smart locks and security cameras, reflect the 
growing interest in comprehensive smart home eco-
systems that go beyond basic automation.

In summary, this smart home system offers a 
promising solution for accessible and efficient home 
automation. Future enhancements, including im-
proved noise filtering, broader command recogni-
tion, and compatibility with a wider range of smart 
devices, could further elevate its usability and appeal. 
With these refinements, the system has the potential 
to bring smart home technology into everyday use for 
a diverse range of households, promoting a more in-
tegrated, energy-conscious living environment.
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