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Abstract: Smart contracts are digital agreements that automatically enforce their terms and conditions on a blockchain network.
The terms and conditions are encoded directly into computer code. Smart contracts make transactions quicker, safer, and cheaper
by doing rid of the need for middlemen like banks and attorneys. They are a strong tool for building trust and lowering conflicts in
many situations since they can work on their own and be open about what they do. This article goes into extensive detail on the
basic ideas of smart contracts, such as how they are designed, deployed, and carried out on blockchain platforms like Ethereum,
which allow decentralized apps. It also looks at the rising number of businesses that are using smart contracts, such banking,
supply chain management, healthcare, insurance, and real estate, where they make complicated tasks easier and make sure that
contractual obligations are checked in real time. The article also talks about some of the main problems that are stopping smart
contracts from being used more widely. These include code mistakes that might lead to security holes, the fact that existing
blockchain systems don't scale well, and the fact that the legal and regulatory contexts are not clear in different countries. To get
the most out of them, it is important to stress the need for standardized frameworks and better security measures. In conclusion,
smart contracts are a big step forward in digital technology that might change the way contracts are managed and carried out.

Their continuous growth and use in mainstream systems might make things a lot better.
Keywords: NFT, Tokenization, Smart Contract, Blockchain, On-chain Transaction, Solidity

L. INTRODUCTION

The manner in which we interact with the world, work, and live is
perpetually evolving as a result of technology. Blockchain
technology is currently one of the most captivating and rapidly
expanding in the world. One of its most potent capabilities is the
smart contract [1], [2], [6]. Although the term "smart contract"
may appear complex, its fundamental concept is straightforward:
it is a computer program that executes the provisions of an
agreement automatically when specific criteria are satisfied.

In the past, individuals required intermediaries, such as banks,
attorneys, or government offices, to ensure that agreements were
adhered to. For instance, if you are purchasing a vehicle, you may
require the services of a bank to manage the payment and a
counsel to handle the documentation. However, all of this can be
accomplished through the use of smart contracts. The smart
contract will execute all tasks independently, without the
necessity for any individual or third party to ratify or verify any
aspect of the agreement [3], [4].

Let us examine a straightforward illustration. Assume that you are
leasing an apartment. Rather than signing documents and
transferring funds to a landlord or agency, a smart contract could
be established with the following conditions: "The digital key to

the apartment will be unlocked if the tenant pays the rent on the
first of the month." The smart contract grants access immediately
upon receipt of the payment. The key will not be dispatched if the
payment is received after the deadline. Fairly, promptly, and
without delay, everything transpires.

Smart contracts are functional due to their storage on the
blockchain, a unique database that is shared among numerous
computers and is impervious to modification. This renders smart
contracts secure, transparent, and reliable [5], [6]. [7], [8]. No one
can covertly alter the provisions of the contract once it
commences operation, as it is publicly visible. This fosters trust
between individuals or organizations that may even be strangers.

In numerous locations, smart contracts are currently in use.
Automated trading, digital payments, and online financing are
among the applications of these technologies in the finance sector,
particularly in the emerging field of decentralized finance (DeFi)
[7], [8]. Smart contracts are used by businesses in supply chains
to follow goods from the production to the retail location,
ensuring that nothing is lost or altered and that deliveries are
made on schedule. In the medical field, they provide the safe and
secure exchange of patient data between physicians and hospitals
[9], [10], [11]. Smart contracts manage ownership and payment in
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digital art and games, even in the entertainment industry.

There are several benefits to smart contracts. They are quick since
they don't have to wait for approval [3], [12], [13]. By eliminating
the need for middlemen, they save money. Since everything is
based on code, they are correct. Additionally, they are fair since,
once the contract is in effect, it will always abide by the
regulations [14], [15], [16].

To understand the role and impact of smart contracts in modern
digital systems, it is essential to examine how this concept has
evolved and how it differs from traditional agreements. The
sections that follow explore the historical development of smart
contracts, their structural characteristics, and the different types
used across industries. This background provides the necessary
context for analyzing their applications, operational workflow,
vulnerabilities, development tools, and the broader challenges
associated with their adoption.

IT HISTORY OF SMART CONTRACTS

The history of smart contracts illustrates how the concept of using
computer programs to automatically execute agreements has
evolved alongside the development of blockchain technology. In
the early 1990s, computer scientist Nick Szabo introduced the
idea of smart contracts [1]. In 1994, he proposed the notion of
self-executing contracts that function similarly to vending
machines for instance, a machine that dispenses a product once
payment is made. Szabo believed that such contracts could save
time and reduce reliance on intermediaries such as lawyers or
banks. However, at the time, the necessary technology to
implement these contracts securely did not yet exist.

The development of blockchain technology began with the
creation of Bitcoin in 2008 by an individual or group operating
under the pseudonym Satoshi Nakamoto [17], [18], [19], [24].
Bitcoin introduced blockchain as a secure and decentralized way
to record transactions without the need for a central authority [1],
[5], [12]. While Bitcoin enabled peer-to-peer digital payments, its
scripting language was limited and could not support the
implementation of smart contracts.

A significant advancement occurred in 2015 with the launch of
Ethereum by Vitalik Buterin and his collaborators [2]. [13].
Ethereum was designed specifically to support smart contracts,
allowing developers to create decentralized applications that

automatically execute actions when predefined conditions are met.

This innovation greatly expanded the potential use cases for
blockchain technology.

During the late 2010s, several other blockchain platforms began
to adopt smart contract capabilities, focusing on improving
transaction speed and reducing costs [5], [6], [7], [8]. As a result,
smart contracts found applications across various sectors,
including finance (e.g., for loans and investment), supply chain
management (e.g., for tracking goods), and healthcare (e.g., for
managing patient data) [7], [8], [10], [11].

In the 2020s and beyond, smart contracts continue to gain
adoption, though they still face notable challenges, including
vulnerabilities in code and the absence of clear legal frameworks.
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Ongoing efforts by developers and policymakers aim to enhance
the reliability of smart contracts and establish regulatory clarity
[2], [3], [13], [14]. Looking ahead, smart contracts have the
potential to streamline everyday processes such as property
transactions, voting systems, and automated billing, making them
faster, more secure, and less reliant on third parties.

III TRADITIONAL CONTRACT VERSUS SMART
CONTRACT

A traditional contract is a written or verbal agreement between
two or more parties, usually enforced through legal systems such
as courts or lawyers. It requires manual processing like signing
documents, physical presence, and sometimes escrow services to
ensure trust. Traditional contracts are time-consuming, can take
several days to complete, and often involve high costs due to the
need for legal professionals and administrative procedures [10],
[11]. They are also prone to human errors, require physical or
centralized storage, and may lack transparency.

In contrast, a smart contract is a digital agreement written in code
and deployed on a blockchain. It automatically executes when the
predefined conditions are met, without the need for intermediaries.
Smart contracts are fast, reliable, and cost-effective, completing
transactions within minutes [15], [16]. They offer high security
through cryptographic technology and provide full transparency,
as all transactions are recorded on a public blockchain. They are
also tamper-proof, cannot be altered once deployed, and often do
not require lawyers, physical presence, or escrow services.

In summary, traditional contracts rely on human involvement and
legal enforcement,
technology to automate, secure, and simplify the process. Table 1
presents comparison of traditional organization with smart contract.

while smart contracts use blockchain

Table 1: Comparison of Traditional Contracts and Smart
Contracts [10], [11], [15], [16]

Traditional Smart Contract

Contract

Manual remittance Automatic remittance

Takes 1-3 days Executes within minutes

Expensive Costs a fraction of

traditional methods

Requires physical Works with virtual
presence presence (digital

signature)

Involves lawyers or
middlemen

Lawyers may not be
necessary

Escrow is necessary Escrow may not be

necessary

Prone to human error | Eliminates human error

Limited transparency Fully transparent
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Needs physical Stored on blockchain

storage or paper

IVINTRODUCTION TO SMRAT CONTRCTS

A smart contract is a self-executing program stored on a
blockchain that automatically enforces the rules and terms of an
agreement when predefined conditions are met. It eliminates the
need for intermediaries like lawyers or institutions by using code
to verify and enforce the contract. Smart contracts operate in a
decentralized, transparent, and immutable environment, making
them secure and tamper-proof [3]. They are commonly used in
blockchain platforms like Ethereum for applications such as token
transfers, digital asset sales, voting systems, supply chain tracking,
and more. Since they are executed automatically, smart contracts
significantly reduce the time and cost involved in traditional
agreements.

Table 2: Key Features of Smart Contracts

Feature Description

Code-Based Terms and conditions are written in

Agreement computer code, not legal language.

Self-Executing | Automatically performs the contract’s
actions (e.g., payments, transfers) when
conditions are fulfilled.

No Middlemen | Removes the need for lawyers, banks, or
government bodies to enforce the contract.

Immutable Once deployed to the blockchain, it cannot

be changed or tampered with.

Fast and Cost- | Transactions occur instantly and reduce

Effective administrative and legal costs.

Transparent All contract activity is recorded and
viewable on the blockchain ledger.

Secure Uses  cryptography and  distributed
consensus to ensure trust and resistance to
fraud.

Used In NFT sales, automatic insurance payouts,

supply chain automation, crowdfunding,
digital identity systems.

The layered architecture of smart contract systems is illustrated in
Figure 1. It shows how user interactions move through the
application and smart contract layers before being executed on the
blockchain and stored in the distributed data layer. This structure
highlights the modular organization and flow of operations within
decentralized applications.
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Figure 1 Layered architecture of a smart contract system
V. TYPES OF SMART CONTRACTS

Smart contracts are among the most transformative features of
blockchain technology. A smart contract is a self-executing piece
of code that runs on a blockchain network and performs specific
actions automatically when predefined conditions are met. By
eliminating the need for intermediaries such as banks, lawyers, or
brokers, smart contracts make transactions faster, cheaper, and
more secure.

Similar to traditional contracts, which serve purposes like legal
agreements, business deals, and rental arrangements, smart
contracts also fulfill different roles depending on their design and
use case [1], [2], [3]. As blockchain technology has developed,
smart contracts have evolved into various types, each tailored for
distinct applications and industries. Understanding these types is
crucial for several reasons: it helps demonstrate how smart
contracts function in real-world scenarios, it provides insights into
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how decentralization is applied across sectors like finance,
healthcare, logistics, and governance, and it highlights the
difference between simple rule-based automation and fully
decentralized digital organizations.

A. Smart Legal Contracts

A Smart Legal Contract is a type of smart contract designed to be
legally binding between two or more parties. It combines the
structure of traditional legal agreements with automated execution
through blockchain code [7], [9]. Once the predefined conditions
coded into the contract are met, it automatically performs actions
such as transferring money or sending a notification. Smart legal
contracts can be connected to real-world data through oracles for
example, data about weather, GPS locations, or flight status
which allows them to interact with external environments. These
contracts are especially useful in industries such as insurance,
logistics, and rentals. If properly designed, they can even be
recognized under formal legal systems.

For instance, consider a flight insurance contract that promises a
payout of 1000 if a passenger's flight is delayed by more than
three hours. If a delay occurs, the smart contract checks live flight
data via an oracle, confirms the delay, and automatically sends the
payment to the passenger’s wallet, without any need for
paperwork, claims processing, or human involvement. This kind
of automation eliminates delays, ensures fairness, and removes
the potential for fraud.

B. Decentralized Autonomous Organizations (DAOs)

A Decentralized Autonomous Organization (DAO) is a fully
digital organization that runs without any central leadership,
governed entirely by smart contracts and community voting
mechanisms [10], [11], [15]. All rules, financial decisions, and
operations are encoded on the blockchain and executed only when
a predefined voting threshold is met. DAOs are widely used to
manage pooled investments, coordinate community initiatives,
and operate blockchain-based projects [2], [3]. What makes
DAOs unique is that every member has a say in decision-making,
and no single authority controls the system.

For example, imagine 100 individuals each contribute ¥5000 to
form an investment group and receive governance tokens. The
DAO sets a rule: if more than 60% of members vote “Yes” on a
proposed investment, the contract will release 350,000 to that
project. If this threshold is met, the funds are automatically
transferred without any manual approval. DAOs promote
transparency, remove the risk of centralized fraud, and ensure that
community rules are followed through code rather than trust [13],

[14].
C. Application Logic Contracts (ALCs)

An Application Logic Contract (ALC) is a smart contract
responsible for controlling the core logic and internal workflows
of decentralized applications (DApps) [5], [6]. Unlike smart legal
contracts or DAOs, ALCs do not directly interact with users.
Instead, they function as the backend engine, deciding when and
how different components of the application operate. ALCs
manage complex workflows, permissions, and inter-contract
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communication, ensuring that the system behaves consistently
and according to predetermined rules.

They are especially useful in areas such as financial automation,
healthcare systems, games, and supply chain applications. For
example, a hospital may use a blockchain-based health record
system powered by an ALC. A typical rule might state: if a doctor
updates a patient’s report and the patient grants consent, the
contract will automatically send the report to a certified lab. Once
both conditions are satisfied, the ALC verifies them and triggers
the data transfer, ensuring privacy, eliminating manual processing,
and maintaining regulatory compliance [8], [11].

VI APPLICATIONS OF SMART CONTRACTS

Smart contracts have become one of the most impactful
innovations in blockchain technology. These self-executing
agreements can automatically enforce without the
involvement of intermediaries such as banks, brokers, or legal

terms

agents. Because they are transparent, tamper-proof, and efficient,
smart contracts are being rapidly adopted across various
industries. They reduce operational costs, eliminate fraud, and
enhance trust between parties. With ongoing advancements in
blockchain ecosystems, the scope of smart contract applications
continues to expand. Below are some of the key areas where
smart contracts are currently being implemented:

A. Financial Services and Banking

Smart contracts are widely used in financial services, particularly
within decentralized finance (DeFi) [3], [4], [10]. They facilitate
automatic payments, lending, borrowing, and insurance without
relying on traditional banks or brokers. For instance, platforms
like Aave and Compound allow users to lend and borrow assets
through smart contracts that manage collateral, interest rates, and
repayments. These applications remove the need for financial
intermediaries, resulting in faster transactions, lower costs, and
improved security.

B. Supply Chain Management

In supply chains, smart contracts help track the movement of
goods from manufacturers to end consumers with complete
transparency [3]. [4], [8]. Each step as production, shipping, and
delivery is recorded on the blockchain, making the data tamper-
proof. Companies such as Walmart utilize smart contracts to
verify the origin and freshness of food products. This use case
prevents fraud, and provides
customers and partners with a reliable view of the product’s

improves quality assurance,

journey.
C. Real Estate and Property Deals

Smart contracts are revolutionizing the real estate sector by
automating the processes of buying, selling, or renting property
[4], [6], [8]. They enable direct transactions between buyers and
sellers without the need for real estate agents or legal
intermediaries. For example, a smart contract can transfer
property ownership automatically once payment is completed,
eliminating paperwork and reducing the risk of fraud. This leads
to faster closings, reduced transaction costs, and greater trust
between parties.
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D. Healthcare Industry

In healthcare, smart contracts enable secure and consent-based
access to patient records [10], [11], [15], [16]. Only authorized
parties, such as hospitals or insurance companies, can access the
data if the patient grants permission through a smart contract.
This ensures privacy while enabling timely access to critical
information. Moreover, smart contracts can be used to automate
insurance claim processing, reducing administrative delays and
human error.

E. Voting Systems

Blockchain-based voting systems use smart contracts to ensure
election integrity. Voters can cast their votes digitally, which are
then securely recorded and automatically counted on the
blockchain [11], [12]. Several governments and institutions have
experimented with such systems to ensure transparent and
tamper-proof electoral processes. Smart contracts in voting help
eliminate fraud, provide real-time results, and build public trust
through verifiable audit trails.

F. Intellectual Property and Copyright

Smart contracts empower creators such as artists, musicians, and
writers by automating royalty payments and protecting
intellectual property rights [11], [12], [15], [16]. When a user
streams or purchases content, the smart contract executes
payment directly to the creator [4], [8]. Platforms like Audius and
various NFT marketplaces use this model to ensure fair and
timely compensation. This gives creators full control over their
work while reducing reliance on intermediaries like publishers or
distributors.

G. Government and Public Sector

Governments can use smart contracts to improve service delivery
and transparency. For example, taxes can be automatically
deducted from online transactions, or licenses and subsidies can
be distributed directly to eligible recipients without bureaucratic
delays [4], [8], [7]. Smart contracts reduce corruption and
increase accountability, as all records are stored on the blockchain
and cannot be manipulated. This helps create faster, fairer, and
more trustworthy public services.

H. Gaming and NFTs (Non-Fungible Tokens)

In the gaming industry, smart contracts enable players to truly
own digital assets such as in-game items or collectibles [4], [8].
Games like Axie Infinity and platforms like OpenSea allow users
to buy, sell, and trade these assets securely. Each item is uniquely
verified via NFTs, and transactions are executed instantly through
This
counterfeiting, and opens
developers and players.

smart contracts. ensures secure ownership, prevents

new revenue opportunities for

1. Insurance Sector

Smart contracts simplify and automate insurance processes. They
can verify claims such as flight delays or crop damage using real-
time data and execute payouts automatically [3], [4], [6], [7]. For
example, Etherisc uses smart contracts to offer flight delay
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insurance where the payout is made instantly if a delay is detected.
This eliminates manual claim filing, prevents delays, and ensures
an unbiased, transparent settlement process.

J. Internet of Things (IoT)

Smart contracts are increasingly integrated with IoT devices to
enable autonomous decision-making and payments. Smart
appliances, for instance, can interact with vendors directly. A
smart fridge can detect low milk levels, place an order online, and
pay via a smart contract without any human input. This type of
automation enhances convenience, reduces human intervention,
and opens the door to highly efficient, interconnected systems.

VII KEY COMPONENTS OF SMART CONTRACTS

A smart contract functions like an automatic machine that carries
out agreements without requiring human supervision. Once a
smart contract is created and uploaded to a blockchain, it operates
independently according to the rules written into its code. It
constantly checks for predefined conditions and executes specific
actions when those conditions are met. Every step is recorded on
the blockchain, ensuring transparency and trust. The following are
the key components of a smart contract system [5], [6], [7], [11],
[12],[15], [16]:

Participants are the people, organizations, or systems involved in
the agreement. Each participant typically uses a digital wallet to
send or receive cryptocurrency. For example, in a digital purchase,
the buyer and seller are the two main participants.

Smart Contract Code refers to the actual agreement written in a
programming language such as Solidity. This code contains the
logic and conditions under which the contract executes. An
example might be: “If the buyer sends 1 ETH, then send the file.”
Although these rules are simple, they must be written carefully to
prevent unintended behavior or errors.

Blockchain Platform is the underlying infrastructure like
Ethereum where the contract is stored and executed. Once
deployed, the contract becomes immutable (cannot be altered),
transparent (publicly visible), and decentralized (not controlled by
any single entity).

Trigger Event is the input or condition that activates the contract.
Common triggers include a payment being made, a certain time or
date being reached, or a specific data input being received. Once
the trigger occurs, the smart contract begins executing.

Automatic Execution is the core feature of a smart contract.
After a trigger, the contract checks whether all conditions are met.
If they are, the contract executes the appropriate action
automatically—without human intervention or delay. For instance,
if a payment is received, the system may automatically deliver the
product.

Output or Result is the action taken once the conditions are met.
This may include transferring cryptocurrency, delivering a digital
file, or updating a database. All actions are executed instantly and
securely.

Recording the Transaction is crucial for transparency and trust.
Each activity performed by the contract is recorded permanently
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on the blockchain. These records serve as a digital receipt that
cannot be altered or deleted, making dispute resolution
straightforward and reliable.

User Interface is an optional but helpful component. Many smart
contracts are accessed through a user-friendly web or mobile app
that allows users to interact with the contract without needing to
understand the underlying code. A good interface provides clear
instructions, displays contract status, and helps prevent user
mistakes.

VIII OPERATIONAL WORK FLOW OF SMART
CONTRACT

To fully understand how a smart contract works in practice, it
helps to break the process into a series of clear, sequential steps
[11], [15], [16], [17] as shown in figure 2.

fa ™y
Developer
A oy
¥
P ™y
Solidity Code
p "y
¥
Fa ™y
Compiler
A S
¥
P ™
Deploy
p "y
¥
i ™
Execute
p oy
¥
£ ™y
Record
p A

Figure 2 Smart Contract Workflow
Step 1: Creating the Smart Contract

A developer begins by writing the agreement’s rules in the form
of “if-then” logic. For example, the rule might state: “If Person A
pays 5 ETH, then send access to an online course.” Before
deploying the contract, it is tested to ensure the code behaves as
expected.

Step 2: Deploying the Contract to the Blockchain

Once the code is finalized, it is uploaded (or “deployed”) to a
blockchain platform like Ethereum. After deployment, the smart
contract becomes visible to all users, cannot be modified, and is
ready to accept inputs for execution.

Step 3: Waiting for Input (Trigger)

The contract then waits for a trigger—an interaction from a user.
This could be a payment, submission of specific data, or another
form of input. The interaction becomes a blockchain transaction
that must be confirmed by the network.
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Step 4: Checking the Conditions

Once triggered, the contract evaluates whether the input meets the
specified conditions. For example, it checks whether the correct
amount was paid and if the input came from the correct party. If
any condition is unmet, the contract does nothing. If all conditions
are satisfied, it proceeds to the next step.

Step 5: Executing the Contract

Upon successful validation, the smart contract performs the coded
action—such as transferring funds, sending a digital product, or
unlocking a feature. These actions are carried out instantly and
automatically, without the need for further input or approval.

Step 6: Saving the Result

The result of the contract’s action is saved permanently on the
blockchain This includes transaction details, confirmations, and
timestamps. The immutable nature of blockchain ensures that this
record cannot be tampered with, making it a reliable source of
truth for both parties involved.

Step 7: Confirmation to Users

Finally, the users receive confirmation of the transaction. Through
a user interface or blockchain explorer, they can verify whether
the payment was successful, the product or service was delivered,
and the transaction is complete.

IX SMART CONTRACT VULNERABILITIES

Smart contracts automatically implement agreements, but they
have hazards. Due to its coded nature and deployment on an
immutable blockchain, contract errors can lead to money loss,
data breaches, and system manipulation. Smart contracts are
unpatched and unmodifiable, making pre-deployment security
essential [11], [15].

One of the most well-known vulnerabilities was the 2016
Ethereum DAO reentrancy issue, which stole millions. This event
showed how well-intentioned but badly designed programming
may be crippling. Integer overflows, access control failures,
timestamp manipulation, and DoS attacks are also frequent [16].

Smart contracts transmit Ether to an external address before
altering their internal state, causing reentrancy attacks [17].
Fallback functions allow malicious actors to continually contact
the contract and drain cash. When a number wraps around its
maximum or lowest value, integer overflows and underflows can
create logic errors and unexpected contract behavior [16], [17].
Timestamp dependence lets miners slightly affect contract
execution depending on block timestamps. Finally, poorly
managed gas limitations or sophisticated logic might deplete
computing resources and cause denial of service.

Smart handle important
interaction, thus detecting and addressing risks is crucial.

contracts assets without human

Developers must know blockchain programming, secure code,
formal verification, and peer review before deployment.

X SMART CONTRACT AUDITING

The process of auditing smart contracts is a rigorous review
procedure that analyzes the validity, functionality, and security of
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smart contract code prior to its deployment on the blockchain [17].
The immutability of smart contracts and the sensitive nature of
their financial transactions make auditing an extremely important
component in the process of preventing expensive errors and
assaults. Figure 3 presents the major stages involved in auditing a
smart contract from analysis to reporting.

STATIC
ANALYSIS

FORMAL
VERIFICATION

G
ANALYSIS

%

AUDIT
REPORT &
FIXES

Figure 3 Sequential workflow of the smart contract auditing
process

Manual code review is often the first step in the auditing process
[9]. During this step, professionals examine the logic of the
contract, look for any vulnerability, and make sure that it adheres
to best standards. Automated tools that search for known concerns
like as reentrancy, arithmetic faults, uninitialized variables, or
access control weaknesses are what often provide help for this
stage. Compliance with standards, such as the ERC-20 or ERC-
721 token specifications, in the event that they are appropriate, is
another aspect that auditors assess.

Formal verification is another strong way that is used in auditing.
This method entails mathematically showing that a smart contract
works precisely as intended under all possible scenarios [17].
Formal verification is used on smart contracts. Auditors are able
to uncover vulnerabilities and evaluate the validity of logic with
the use of tools such as MythX, Slither, and Certora.

In addition to technical examination, an audit may also involve
tests on gas economy, a review of upgradeability patterns, and the
testing of interactions between smart contracts in simulated
scenarios [21], [22], [23]. Auditor reports often provide a
comprehensive overview of the problems discovered, the levels of
risk involved, the proposed solutions, and an overall assessment
of the security situation.

The auditing of smart contracts is currently regarded to be a
standard in the industry and is frequently necessary prior to the
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public launch of the contract or its placement on reputable
platforms. A comprehensive and competent audit greatly
decreases the danger of exploitation and fosters confidence
among users and investors. Although no audit can ensure
complete security, a thorough audit can significantly minimize the
risk of exploitation.

XI SMART CONTRACT DEVELOPMENT TOOLS

Developing secure and reliable smart contracts requires a
combination of specialized tools for coding, testing, debugging,
and deploying on blockchain networks. These tools help reduce
development errors, simulate real blockchain environments, and
ensure the safe execution of smart contracts before they are
deployed with real assets. Below are some of the most commonly
used tools in the smart contract development ecosystem:

Remix IDE

Remix IDE 1is a browser-based Integrated Development
Environment designed specifically for smart contracts written in
Solidity [26], [30], [31]. It provides an accessible interface for
writing, compiling, deploying, and debugging contracts directly
from the web, without requiring installation. Remix is ideal for
beginners and small-scale developers, offering essential features
such as real-time code analysis, auto-suggestions, a Solidity
compiler, and an in-browser Ethereum virtual machine (EVM) for
test runs. Its ease of use and quick feedback cycle make it a
widely used educational and prototyping tool.

Truffle Suite

Truffle is a comprehensive development framework that allows
for smart contract compilation, deployment, and testing in a
structured manner [27] , [30], [31]. It integrates with Ethereum
and supports automated testing using JavaScript or Solidity.
Truffle provides migrations for deploying contracts, a built-in
console for interaction, and powerful debugging tools. When
combined with Ganache and front-end libraries like Web3.js,
Truffle enables full-stack dApp development. It is best suited for
large projects and professional teams.

Ganache

Ganache is a personal blockchain simulator that allows
developers to test their contracts locally in a safe and fast
environment [28], [30]. It provides a graphical user interface
(GUI) or command-line interface (CLI) and pre-funded test
accounts with test Ether. Ganache records all blockchain activity,
enabling detailed inspection of transactions, gas usage, and
contract storage. This tool is particularly useful for testing and
debugging contracts before deploying them on the mainnet or
testnet.

Hardhat

Hardhat is a modern and powerful development environment
designed for Ethereum-based smart contracts. It provides flexible
plugins, fast local testing environments, and advanced debugging
capabilities [29], [30], [31]. Hardhat allows developers to write
tests in JavaScript or TypeScript and features automatic error
reporting and stack traces for Solidity. Its integration with
Hardhat Network (a built-in local Ethereum node) enables precise
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control over mining, block timestamps, and forking the mainnet
for realistic simulations. Hardhat has become a popular choice for
professional teams due to its speed, flexibility, and rich plugin
ecosystem.

Foundry

Foundry is a fast, Rust-based smart contract development toolkit
that emphasizes speed, simplicity, and composability. It offers
tools like forge for building and testing smart contracts and cast
for on-chain interactions via the command line [30], [31].
Foundry supports Solidity and integrates tightly with Ethereum
JSON-RPC endpoints. It is well-suited for developers looking for
a minimalistic yet high-performance alternative to JavaScript-
based frameworks like Truffle and Hardhat.

MythX

MythX is a security analysis tool for smart contracts that scans
Solidity code for vulnerabilities such as reentrancy, integer
overflows, and access control issues. It integrates with IDEs like
Remix or CLI tools to perform static and dynamic analysis,
reporting detailed risk assessments and recommendations. Using
MythX during development helps detect security flaws before
contracts are deployed, thus enhancing the safety of blockchain
applications.

OpenZeppelin Contracts

OpenZeppelin provides a library of secure, audited, and reusable
smart contract templates for common use cases such as ERC-20
and ERC-721 tokens, access control, and upgradability [30].
These contracts follow best practices and have undergone formal
security audits. Developers can import OpenZeppelin contracts to
avoid writing vulnerable code from scratch and reduce the risk of
introducing bugs or exploits.

Tenderly

IDE & Coding

Contract
Libraries

|§_Q| Monitoring &
Debugging

ISO 3297:2007 Certified

ISSN (Online) 2456-3293
Figure 4 Smart contract development tools ecosystem and
workflow.

Tenderly is a platform that provides real-time monitoring,
debugging, and simulation for smart contracts. It supports testnet
and mainnet deployments, allowing developers to simulate
transactions before submitting them. Its dashboard offers detailed
analytics, including gas usage, function traces,
diagnostics. Tenderly is particularly useful post-deployment for
monitoring live smart contracts and responding quickly to failures
or unexpected behavior.

and error

Figure 4 presents a structured overview of the commonly used
smart contract development tools, categorized based on their role
in the development workflow.

The following table provides a structured summary of these tools
and their key functionalities.

Table 3. Smart Contract Development Tools

Tool Purpose Best For Language
Remix Write/test Beginners, solo | Solidity
IDE contracts in developers
browser
Truffle Full project Professional Solidity +
Suite management teams, large JS
and deployment | projects
Ganache | Local Testing with N/A
blockchain for fake ETH
testing locally
Hardhat | Advanced Flexible Solidity +
development workflows, JS/TS
and debugging | plugins
Foundry | High-speed, Fast testing and | Solidity
low-level dev CLI interaction | (Rust
toolkit backend)
MythX Security Pre-deployment | Solidity
analysis and security checks
bug detection
OpenZe | Audited Reusing secure | Solidity
ppelin contract standard
templates contracts
Tenderly | Live monitoring | Post- Solidity
and simulation | deployment
debugging

XII CHALLENGES OF SMART CONTRACTS

While smart contracts bring significant benefits such as
automation, security, and transparency, they also come with
several important limitations and risks. These drawbacks must be

carefully considered before using smart contracts in real-world
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applications [11], [15], [16], [17].

Lack of Flexibility

Smart contracts are immutable, meaning that once they
are deployed on the blockchain, they cannot be easily modified.
This inflexibility poses a serious challenge in dynamic situations
where contracts may need to be adjusted due to new conditions,
errors, or changes in agreement. Unless the possibility of updates
was explicitly written into the code from the beginning, correcting
even a small mistake becomes very difficult. In traditional
contracts, parties can renegotiate terms, but with smart contracts,
the lack of adaptability creates risk if unforeseen circumstances
arise.

Code Errors and Vulnerabilities

Smart contracts are written in programming languages such as
Solidity, and like all software, they can contain bugs or security
flaws. If vulnerabilities exist in the code, hackers can exploit them,
potentially leading to major financial losses. A well-known
example is the DAO hack in 2016, where attackers exploited a
bug in a smart contract to steal millions of dollars' worth of Ether.
Because smart contracts execute automatically and without
human oversight, even minor coding errors can lead to serious
and irreversible consequences.

Legal and Regulatory Issues

Despite their technical capabilities, smart contracts are not yet
fully supported or recognized by legal systems in many countries.
There is often uncertainty about how disputes involving smart
contracts should be resolved, and whether these digital
agreements are legally enforceable under contract law. In cases of
fraud, error, or unintended outcomes, it is often unclear who holds
responsibility or how legal remedies can be pursued. This
regulatory gap limits the use of smart contracts in formal legal
contexts.

Dependence on External Data (Oracle Problem)

To perform real-world tasks, smart contracts often require
external data—such as weather conditions, market prices, or flight
statuses—which is provided by oracles (third-party data services).
However, if the oracle delivers incorrect, hacked, or manipulated
data, the smart contract will still execute based on it. Since
blockchain systems cannot access external data on their own, they
rely on oracles, which introduces a central point of failure. This
dependency undermines the decentralized and trustless nature of
blockchain systems.

High Gas Fees and Scalability Issues

Executing smart contracts on platforms like Ethereum requires
users to pay gas fees, which can fluctuate significantly depending
on network demand. During periods of high congestion, these
fees can become extremely expensive, making it impractical to
run even simple contracts. Additionally, blockchains generally
process transactions more slowly than traditional systems. When
many simultaneously, network
performance can degrade. This lack of scalability limits the
feasibility of smart contracts for large-scale or high-volume
applications.

contracts are executed
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Not User-Friendly for Non-Developers

Although smart contracts are publicly visible on the blockchain,
they are written in code and are often difficult for non-technical
users to understand. This makes it hard for ordinary people to
verify what a smart contract does or ensure that its terms are fair.
As a result, despite the promise of transparency, smart contracts
may remain inaccessible or confusing for end users, reducing trust
and adoption among non-developers.

Irreversible Transactions

Blockchain technology is built on the principle of immutability:
once a transaction is recorded, it cannot be reversed. While this
feature enhances security, it also introduces risk. If users make a
mistake such as sending funds to the wrong address the
transaction cannot be undone unless the smart contract was
specifically coded to allow reversals. This irreversibility can be
dangerous for inexperienced users or in cases of accidental errors,
and it limits the ability to recover from mistakes.

Table 4: Challenges of Smart Contracts and risk level

Issue Description Risk
Level

Lack of Smart contracts cannot be High
Flexibility easily changed after

deployment, even if mistakes

are found.
Code Errors and | Bugs in code can lead to High
Vulnerabilities | exploitation, causing financial

loss or malfunction.
Legal and Laws and regulations are Medium
Regulatory unclear, making enforcement
Issues difficult in legal disputes.
Dependence on | Oracles may provide incorrect | High
External Data data, leading to incorrect
(Oracle contract execution.
Problem)
High Gas Fees | Gas fees can be high, and Medium
and Scalability | performance issues may occur
Issues during heavy usage.
Not User- Contracts are hard to Medium
Friendly understand for non-technical

users, reducing accessibility.
Irreversible Once executed, transactions High
Transactions cannot be undone, even if

made in error.

XIIT CONCLUSION

Similar to digital contracts, smart contracts use blockchain
technology to operate autonomously via the internet. They vary
from standard paper contracts in that no intermediary, such as a
bank, agency, or attorney, is required. The smart contract verifies
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becomes more secure, quicker, and less expensive as a result.
Nowadays, a lot of people and businesses are beginning to
employ smart contracts in a variety of fields, including online
payments, real estate sales, medical data, insurance, and even
government services. Developers may quickly write, test, and
execute these smart contracts with the use of tools like Ganache,
Truffle, and Remix IDE. Even if smart contracts have several
drawbacks, such as coding mistakes, legal concerns, and
comprehension challenges, many of them may be resolved with
time, improved tools, and unambiguous regulations. Smart
contracts will continue to grow in strength and use in the future.
They will make many legal and corporate procedures automated
and equitable, and they will let individuals trust one another
without the need for a third party. In summary, smart contracts
are the way of the future for data sharing, economic transactions,
and agreement-making; they are not merely a new technology.
Smart contracts have the potential to increase the speed,
intelligence, and reliability of our systems with increased
awareness and development.
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