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Abstract. In recent years, debates have been persisting about the future survival and development 
trends of Hard Disk Drives (HDD) and Solid-State Drives (SSD), the two most mainstream storage 
devices. One prevailing view is that SSD, with their overwhelming speed advantage over HDD, will 
eventually fully replace HDD. Another perspective argues that competition between mainstream 
storage devices extends beyond speed, and HDD strengths in other dimensions will secure their 
continued existence. This study begins with an analysis of the fundamental physical structures and 
working principles of both devices: first, examining the operational differences between HDD and 
SSD; next, analyzing the performance gaps caused by these differences; and finally, concluding 
their respective optimal application scenarios. Based on the market demand corresponding to these 
scenarios, the study further deduces the future development space and trends for these two 
mainstream products. Through this research, the author concludes that SSD and HDD each have 
unique advantages and disadvantages in different application scenarios. Users’ product choices 
depend on their practical needs and which specific performance metrics they prioritize. Therefore, 
the two technologies currently coexist in the market not as replacements but as complementary 
solutions, each dominating its specialized fields. Additionally, future advancements in hybrid storage 
technologies, feasible new storage mechanisms, and related fields may help HDD and SSD 
overcome their inherent weaknesses, unlocking opportunities for renewed vitality. These 
conclusions also provide valuable references for major storage device manufacturers, such as 
Western Digital, Seagate, Samsung, SK Hynix, in strategizing and planning future product directions. 
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1. Introduction 

HDD has been in commercial use since 1956, spanning approximately 70 years. During this period, 

HDD technology and products have undergone continuous iterative upgrades. Across generations of 

products, advancements in head technology, motor technology, and platter technology have pursued 

faster read/write speeds, higher data recording density, larger storage capacities, and lower per-unit 

storage costs. 

In 2006, SSD commercial products entered the market. With significantly superior data read/write 

speeds compared to HDD and prices gradually declining to a few times that of HDD, SSD rapidly 

captured the personal computer (PC) market. This has led many to believe that SSD will inevitably 

replace HDD entirely, rendering HDD obsolete. 

For individual users, this debate may hold little significance. However, for commercial users or 

professional storage device manufacturers, the conclusion could be a matter of survival. 

For example, a newly planned large-scale data center may hesitate while choosing either HDD or 

SSD as its core storage devices, since a wrong choice could lead to massive cost losses or even 

jeopardize the entire project’s success. Similarly, a leading enterprise in the storage device 

manufacturing industry would try everything to accurately predict the future direction of mainstream 

products and make correct investment decisions based on that, since it will undoubtedly impact the 

company’s current operations and long-term viability. 

This study aims to address these questions. Its logical structure progresses from analyzing product 

principles grounded in physics to evaluating performance strengths and weaknesses based on these 

principles, and finally deducing optimal product matches for specific application scenarios. Through 

this approach, the study seeks to derive conclusions about the future development trends of these two 
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product categories, providing actionable insights for commercial users and professional storage 

device manufacturers. 

2. Basic Principle 

2.1. Physical Structure and Working Principles of HDD 

Like all the storage devices, the fundamental functional logic of an HDD is to enable data writing 

and reading, while its core performance logic ensures that data can be precisely written, stably stored, 

and reliably retrieved later. As shown in Fig. 1, an HDD consists of six main modules, Platters, 

Read/Write Heads, Spindle, Actuator, Connections, and Logic Board. 

 

Figure 1. HDD Internal Structure 

The Platters and Read/Write Heads modules are responsible for data storage and read/write 

operations. The Spindle and Actuator modules ensure precise positioning of the platters and 

read/write heads during these operations. Connections serve as the interface for data input and output. 

The Logic Board module controls the real-time operation of the aforementioned five modules. 

As shown in Fig. 2, the Read/Write Heads are composed of coils wound around a magnetic core. 

When the hard drive operates, the heads read data by sensing changes in the magnetic field on the 

rotating Platters and write data by altering the magnetic field on the disks. 

 

Figure 2. HDD Read/Write Head 
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The magnetic functional layer on the Platters enables data recording. As shown in Fig. 3, this 

120nm-thick cobalt chromium tantalum alloy layer consists of magnetic microblocks. The magnetic 

polarity direction of these microblocks can be altered under the influence of the heads. Opposite 

polarity directions represent binary 0 and 1, respectively, which is the physical principle behind data 

writing onto the Platters [1]. 

 

Figure 3. HDD Data Writing 

Furthermore, once data is written, the magnetic polarity direction of the microblocks remains 

stable for decades. This ensures that highly consistent data retrieval results can be obtained whenever 

the heads read data from the disks, as illustrated in Fig. 4. This is one of the key advantages of HDD 

over SSD. 

 

Figure 4. HDD Data Reading 

The reason why HDD require the Spindle and Actuator modules to achieve precise positioning of 

the Platters and Read/Write Heads during data read/write operations is directly related to the 

microscopic structure of the Platters [2]. 

As shown in Fig. 5, each disk is divided into over 500,000 concentric circular tracks. Then, along 

the diameter direction, all tracks are further divided into multiple sectors, with data recorded within 

each sector. Therefore, whenever data is read from or written to any sector on the disk, the Read/Write 

Heads must be precisely aligned with that sector. This alignment is achieved through the mechanical 

coordination between the Spindle and the Actuator. 
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Figure 5. Disk Track & Sector 

2.2. Physical Structure and Working Principles of SSD 

Compared to the "mechanical" structure of HDD, SSD are fully "electronic" in design, with a 

simpler and more straightforward functional logic. As shown in Fig. 6, the entire printed circuit board 

inside an SSD contains only three main modules: the NAND Flash module for data storage, the 

Controller for overall SSD operation management, and the optional Cache for buffering and 

acceleration. Additionally, a Connections module, similar to that in HDD, is located at the SSD’s 

edge, serving as the interface for data, commands, and power supply between the SSD and the 

computer [3]. 

 

Figure 6. SSD Internal Structure 

As a newer-generation product, roughly 50 years younger than HDD, the most fundamental 

difference and the greatest leap of SSD lies in their use of NAND Flash as the memory medium. The 

hierarchical structure of NAND Flash, from largest to smallest, includes Device, Target, LUN, Plane, 

Block, Page, and Cell. The Cell, technically termed a floating-gate transistor, is the most basic unit 

for data storage in NAND Flash [4]. 

A floating-gate transistor has a unique internal structure, as shown in Fig. 7, it contains two 

polysilicon gates. One gate is electrically connected and functions as a conventional gate, called the 

Control Gate. The other gate, with no external wiring, is "sandwiched" between upper and lower 

silicon dioxide insulating layers, giving it a "floating" state, hence the name Floating Gate. 
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Figure 7. Floating Gate Transistor 

During data writing, the floating-gate transistor utilizes Channel Hot Electron Injection effect, as 

shown in Fig. 8. The principle involves applying a high voltage to the Control Gate and Source, 

accelerating electrons in the Channel region between the Source and Drain. These electrons gain 

enough energy to penetrate the Tunnel Oxide insulating layer and become injected into the Floating 

Gate. This injection of electrons, which charges the Floating Gate negatively, constitutes the data 

writing process. 

 

Figure 8. Channel Hot Electron Injection 

During data reading, to determine whether the stored data is a "0" or "1," the number of electrons 

in the Floating Gate is evaluated. Typically, a Floating Gate with fewer than a threshold number of 

electrons represents a "1," while one with more than the threshold represents a "0." A threshold 

voltage predefined in the SSD controller is applied to the Control Gate and Drain. If electron flow is 

detected at the Drain, it indicates insufficient electrons in the Floating Gate, for data "1". Then if no 

flow is detected, it signifies excess electrons, for data "0". This is the physical basis of data reading. 

During data erasure, the floating-gate transistor utilizes Fowler-Nordheim Tunneling physical 

effect. This process is the exact opposite of the hot electron injection mentioned earlier. The principle 

involves applying a negative voltage to the Control Gate, causing electrons in the Floating Gate to 

penetrate the insulating layer via quantum tunneling and return to the Channel. Thus, the data erasure 

process is essentially the loss of charge from the Floating Gate, as shown in Fig. 9. 
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Figure 9. Fowler-Nordheim Tunneling 

After data is written, the electrons injected into the Floating Gate are hindered from escaping easily 

due to the blocking by the upper Gate Oxide and lower Floating Oxide insulating layers, ensuring 

good stability of the written data. However, over time, a slow electron leakage from the Floating Gate 

to the groove region still occurs. Once this leakage accumulates to a certain extent, it will lead to data 

loss or corruption. 

3. Performance Comparison 

3.1. Read/Write Speed 

For HDD, both data writing and reading processes rely on mechanical interactions between the 

read/write head and the magnetic platters. When a computer system issues a data read request, the 

HDD controller first identifies the target track location. The controller then sends commands to the 

motor driving the head actuator arm, which requires electrical power to initiate movement. This 

process, known as "seeking," involves mechanical actions, like startup, acceleration, and deceleration, 

that introduce significant delays, severely slowing down the overall read/write process. 

SSD, on the other hand, use NAND flash memory chips to store data. When receiving a data 

request, the SSD controller retrieves the data by referencing the FLE mapping table which tracks the 

physical location of stored data, and accesses the corresponding memory cells. The retrieved data is 

then decoded, error-checked, and transmitted back to the system via the interface. Since SSD 

eliminate mechanical components, their data flow is streamlined, enabling much faster read/write 

operations. Additionally, SSD leverage parallel data transfer technology, allowing simultaneous 

read/write operations across multiple flash chips and their internal memory cells. 

These fundamental physical differences give SSD a read/write speed advantage of at least 5 times 

faster than HDD [5]. 

3.2. Shock and Vibration Resistance 

HDD, with their intricate mechanical structures, are far more vulnerable to shocks and temperature 

fluctuations compared to SSD. 

For HDD, external vibrations or impacts can misalign internal components or cause physical 

deformation. During read/write operations, the platters spin at 4,000–7,000 RPM, while the read/write 

head hovers nanometers above the platter surface. Any sudden movement can disrupt this precision, 

causing the head to collide with the platter and scratch its magnetic coating. Such scratches destroy 

the orderly alignment of magnetic particles, leading to permanent data loss. Moreover, debris from 

damaged areas can spread during platter rotation, triggering chain reactions that further corrupt data. 
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High temperatures also degrade HDD stability. Heat alters the electrical properties of components, 

such as resistors or capacitors, and induces thermal expansion in platters, disrupting the critical head-

to-platter spacing and causing read/write errors. 

SSD reliability is primarily limited by wear and tear on memory cells. SSD store data using 

floating-gate transistors. During data erasure, a reverse voltage is applied to the control gate to release 

electrons trapped in the floating gate. While seemingly straightforward, repeated erase/write cycles 

degrade the floating gate and its insulating layer. Over time, electron leakage increases, 

compromising data integrity and read accuracy. 

3.3. Size, Noise, and Power Consumption 

From a size perspective, the complex mechanical structure of HDD makes their size control 

significantly more challenging compared to SSD. For example, typical HDD sizes for personal 

computers include 3.5-inch and 2.5-inch formats, designed for desktops and laptops, respectively. In 

contrast, SSD not only offer 2.5-inch models but also much smaller options. Taking the M.2 interface 

SSD as an example, its planar dimensions are 22mm x 42mm, with a thickness under 2mm, making 

it a truly compact marvel. 

HDD consume more power primarily due to the significant heat generated during operation. First, 

the motor inside the HDD drives the high-speed rotation of the platters. To sustain this motion, 

resistance within the motor continuously generates heat via Joule’s Law. Additionally, friction 

between mechanical components during movement further raises temperatures. Second, during 

read/write operations, rapid current fluctuations in the magnetic head’s coils also contribute to heat 

buildup. Finally, the enclosed internal structure of HDD hinders heat dissipation, while the high-

speed spinning platters partially obstruct heat conduction and convection, leading to internal heat 

accumulation and further temperature increases. 

HDD also produce noticeable noise during operation. When the motor operates at high speeds, 

friction in the bearings generates noise. Simultaneously, vibrations from the head’s movement during 

seeking transmit sound through the housing. 

The heat generation mechanism of SSD differs. When an SSD’s core components process large 

volumes of data and instructions, the internal transistors continuously switch on and off, generating 

heat. Thus, a more powerful controller chip handling greater data loads will heat up more noticeably 

during operation. Not only the controller chip but also flash memory chips produce heat during data 

writing and erasure. This occurs because charging or discharging storage units during read/write 

operations causes energy loss, converting into heat. Moreover, increased storage density in flash 

memory chips significantly exacerbates heat generation [6]. 

Therefore, even though SSD generate heat during intensive workloads, they still outperform HDD 

comprehensively in terms of size, noise, and power consumption. 

3.4. Data Retention and Recovery Capabilities 

From the perspective of data retention capabilities, HDD significantly outperform SSD due to 

differences in their mechanical storage and flash memory structures. Under normal conditions, data 

on HDD is recorded on the magnetic coating of the platters and does not degrade over time. Magnetic 

particles, as a highly stable storage medium, enable HDD to retain data for 5–10 years or even longer. 

In contrast, data retention is a notable weakness for SSD, especially when powered off for extended 

periods. Based on the physical principles of SSD, data is stored by injecting electrons through an 

insulating layer into a floating gate. However, over time, these electrons gradually leak through the 

insulating layer, weakening or destroying the stored data. As a result, SSD cannot maintain data 

integrity during prolonged power-off periods, and even when powered on, their data retention time is 

significantly shorter than that of HDD [7]. 

Due to differences in storage mechanisms, data recovery difficulty also varies greatly between 

HDD and SSD. 
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For HDD, one recovery method involves analyzing the file management system. Common file 

systems like File Allocation Table (FAT) and New Technology File System (NTFS) allow data 

recovery software to scan the entire system. When data is deleted, it is not immediately erased; only 

its file record is removed. This means the original data remains until overwritten by new data. In cases 

of physical damage, HDD data recovery is still possible if the platters are not severely compromised. 

Professional recovery equipment can read magnetic signals from the platters without relying on the 

HDD’s own read/write heads. These devices use high-precision magnetic sensors to detect subtle 

magnetic changes on the platters [8]. 

Compared to HDD, SSD data recovery is far more challenging. The first recovery method involves 

analyzing the Flash Translation Layer (FTL) mapping table, a dynamic list that tracks and updates 

the physical locations of stored data. However, this approach has low success rates because FTL 

tables are constantly changing and difficult to access directly. From a hardware perspective, SSD data 

loss often stems from controller chip failures. Recovering data from a faulty controller is extremely 

difficult due to its complex internal circuitry, densely packed transistors, and intricate signal pathways, 

making targeted repairs nearly impossible [9, 10]. 

3.5. Capacity and Price 

In terms of capacity and price, HDD hold a clear advantage due to their technological maturity. In 

consumer markets, mainstream HDD capacities range from 4TB to 10TB, while SSD typically offer 

1TB to 4TB. HDD thus provide higher capacity options. Price-wise, a 4TB HDD is roughly 

equivalent in cost to a 1TB SSD, giving HDD a significant price advantage per unit capacity. This 

makes HDD ideal for bulk, static data storage in performance-insensitive scenarios like backups and 

surveillance systems [9]. 

For SSD, their adoption depends on balancing their aforementioned advantages (speed, durability, 

etc.) with consumer needs. However, as SSD technology advances and production matures, there is 

substantial room for improvement in capacity and cost-effectiveness, paving the way for broader 

future applications. 

4. Conclusion 

The greatest advantages of HDD are their large capacity and low cost, making them highly suitable 

for the following application scenarios: Firstly, large-capacity storage scenarios. Examples include 

storage, logistics, order management, and user data for large-scale production enterprises or 

international e-commerce platforms. HDD achieve an excellent balance between large capacity and 

cost-effectiveness. Secondly, sequential read/write scenarios. For applications where data is written 

sequentially, such as video surveillance systems or enterprise/personal data backups, HDD deliver an 

optimal balance of speed and stability. Thirdly, scenarios with low requirements for read/write speeds. 

Examples include historical data, archives, or infrequently accessed materials in scientific research 

institutions, archival centers, or libraries. These "cold data" have low access frequency but require 

massive storage capacity. 

SSD, compared to HDD, excel in read/write speeds, low power consumption, and reliability, 

giving them clear advantages in the following scenarios: First, personal computers and gaming 

devices. The superior read/write performance of SSD significantly improves system boot times, 

software loading speeds, and operational smoothness, enhancing both work efficiency and gaming 

experiences. Second, servers and data centers. The high performance and low latency of SSD not 

only accelerate data access and processing but also reduce energy consumption and cooling demands, 

thereby lowering operational costs. Third, mobile devices. With high-speed, low-power SSD widely 

used in smartphones and tablets, these devices achieve excellent computational performance while 

continuously improving battery life. Fourth, industrial control and embedded systems. In industrial 

control and embedded systems, the reliability and shock resistance of SSD make them ideal storage 
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solutions. Their high reliability and low power consumption are particularly critical in automotive 

electronics, medical devices, and aerospace applications. 

Through a comparison of HDD and SSD in terms of principles, performance, and advantageous 

application scenarios, this paper concludes that as storage devices, while SSD hold an absolute speed 

advantage over HDD, considerations of cost and their respective differentiated performance 

characteristics, including strengths and weaknesses in specific scenarios, the two technologies shall 

remain complementary in the market. A complete replacement of one by the other has not yet 

occurred. In March 2025, Western Digital, a U.S. storage industry giant, announced its exit from the 

SSD market, transferring its SSD business entirely to its subsidiary brand SanDisk, while continuing 

to focus on traditional HDD operations. This event reflects the industry’s leading companies’ 

understanding and judgment of future storage trends. 

As for future prospects, the author believes outcomes will depend on technological exploration 

and evolution, rather than adhering to a simplistic "either-or" conclusion. For example, current 

research directions, such as SSD/HDD hybrid storage, and novel storage media like magnetic-optical-

electric hybrid storage technology, may provide more possibilities for future product and industry 

development. 
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