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Abstract

Ferrofluid sealing is an important non-contact sealing technology for ultra-high vacuum
(UHV) equipment, but its reliability is affected by more than pressure-bearing capacity
alone. This review shows that carrier-liquid evaporation, material outgassing, thermal
degradation, magnetic-field distortion, and liquid-ring instability are the main factors limit-
ing UHV ferrofluid seals. Multiphysics simulation and parametric optimization remain
the most mature tools for analyzing magnetic-field distribution, pressure resistance, tem-
perature rise, and structural deformation. Data-driven condition identification improves
failure monitoring, whereas physics-informed neural networks, topology optimization,
and multi-objective optimization are still emerging methods for low-sample prediction and
collaborative design. Future studies should focus on low-vapor-pressure ferrofluids, bake-
out compatibility, thermal management, lifetime prediction, and integrated model–data
design frameworks.

Keywords: ultra-high vacuum; ferrofluid seal; intelligent design

1. Introduction
Ultra-high vacuum (UHV) systems are widely used in semiconductor manufacturing,

space simulation, particle accelerators, surface analysis instruments, and high-end scientific
equipment. In these systems, sealing components must satisfy strict requirements for
low leakage, low outgassing, cleanliness, thermal stability, and long-term reliability [1–3].
These requirements are especially important for rotary feedthroughs, wafer-handling
robots, transmission shafts, and multi-interface vacuum assemblies, where conventional
contact seals may suffer from frictional wear, particle generation, limited service life,
and poor compatibility with clean vacuum environments. Therefore, non-contact sealing
technologies are important for reliable motion transmission in UHV equipment.

Ferrofluid sealing is a representative non-contact sealing technology based on the
magnetic confinement of liquid sealing media. Under a magnetic-field gradient, ferrofluid
is retained in the sealing gap and forms liquid sealing rings around the shaft or seal-
ing interface. This mechanism provides low friction, self-healing capability, and high
sealing performance [4–7]. Ferrofluid seals have been applied in clean robots, vacuum
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rotary feedthroughs, wafer-handling systems, and other high-cleanliness transmission
devices [8–10]. Compared with traditional mechanical seals, ferrofluid seals reduce di-
rect solid–solid contact and particle generation, making them attractive for vacuum and
clean-environment applications.

However, UHV conditions impose stricter constraints on ferrofluid seals than ordinary
vacuum environments. Carrier-liquid evaporation, material outgassing, thermal degra-
dation, magnetic-property drift, and liquid-ring instability can increase the gas load and
weaken the sealing reliability [11–16]. At the same time, gap variation, shaft eccentricity,
assembly error, thermal expansion, and high-speed operation may distort the local mag-
netic field and accelerate liquid-film rupture or fluid loss [17–21]. These issues indicate that
UHV ferrofluid seals cannot be evaluated only by static pressure-bearing capacity. Their
design must also consider material compatibility, magnetic circuit configuration, structural
tolerance, thermal behavior, and long-term service stability.

Recent studies have gradually shifted from empirical structural design to simulation-
and data-assisted intelligent design, including multiphysics numerical simulation, parame-
ter optimization, data-driven condition identification, physics-informed neural networks
(PINNs), topology optimization, and multi-objective optimization [22–28]. Nevertheless,
research on ferrofluid seals for UHV applications remains fragmented. Existing studies
mainly focus on magnetic-field analysis, structural optimization, leakage behavior, or fail-
ure identification, while systematic reviews linking UHV service constraints with intelligent
design methods are still limited. As shown in Figure 1, this review summarizes the field
from five aspects: UHV service requirements, ferrofluid sealing mechanisms, key limiting
factors, intelligent design methods, and future research directions. The aim is to clarify the
key challenges and development routes for reliable ferrofluid seals in UHV applications.

Figure 1. Fishbone diagram showing the review framework for the intelligent design of ferrofluid
seals in UHV applications.

2. Fundamentals, Industrial Applications, and UHV Characteristics of
Ferrofluid Seals
2.1. Basic Principles of Ferrofluid Sealing

Ferrofluid is a stable colloidal suspension composed of nanoscale magnetic particles,
a carrier liquid, and surfactants. It combines the flowability of a liquid with magnetic
responsiveness, which provides the physical basis for ferrofluid sealing. Under an external
magnetic field, the magnetic particles respond to the field gradient, while the carrier liquid
allows the medium to remain deformable and mobile. This combination enables ferrofluid
to act as a liquid sealing medium that can be spatially confined by magnetic forces [29].
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In a typical ferrofluid seal, a permanent magnet or an electromagnet provides the
magnetic source, while the pole shoes, pole teeth, shaft, and sealing gap form the magnetic
circuit. As shown in Figure 2, the magnetic field is concentrated near the pole teeth, and
the ferrofluid is retained in the narrow sealing gap under the magnetic-field gradient. As a
result, several liquid sealing rings are formed in series around the shaft or sealing interface.
This mechanism enables the ferrofluid to form a magnetically retained liquid barrier in the
sealing gap, which is the physical basis of ferrofluid sealing [30].

Figure 2. Basic working principle of a multistage ferrofluid seal.

When a pressure difference is applied across the seal, the ferrofluid rings deform
but remain confined by the magnetic field. The sealing state is governed by the balance
among magnetic confinement, pressure difference, viscous resistance, interfacial effects,
and structural boundary conditions. For static or low-speed operation, the ferrofluid
Bernoulli equation is commonly used to describe the static or quasi-static equilibrium of
ferrofluid seals:

p +
1
2
ρv2 + ρgh − µ0

∫ H

0
MdH = C (1)

where (p) is the local pressure of the ferrofluid, (ρ) is the ferrofluid density, (v) is the flow
velocity, (g) is the gravitational acceleration, (h) is the height relative to the reference plane,
(µ0) is the vacuum permeability, (M) is the magnetization intensity, (H) is the magnetic field
intensity, and (C) is a constant [17,21].

For a static seal or a low-speed seal, the pressure-bearing capacity of the (i)-th pole
tooth can be approximately expressed as follows:

∆Pi = µ0Ms(Hi,max − Hi,min) (2)

where (∆Pi) is the pressure-bearing capacity of the (i)-th pole tooth, (Ms) is the saturation
magnetization of the ferrofluid, (Hi,max) is the maximum magnetic field intensity near the

https://doi.org/10.3390/pr14132171

https://doi.org/10.3390/pr14132171


Processes 2026, 14, 2171 4 of 24

(i)-th pole tooth, and (Hi,min) is the minimum magnetic field intensity near the same pole
tooth [17,21].

For a multistage ferrofluid seal, the total pressure-bearing capacity can be approxi-
mately written as follows:

∆P ≈ ∑N
i=1 ∆pi (3)

where (∆P) is the total pressure-bearing capacity of the multistage seal and (N) is the number
of effective sealing stages. This expression is an idealized approximation and assumes that
each sealing stage contributes effectively to the total pressure-bearing capacity. In practical
designs, this approximation should be used with caution because the effective contribution
of each stage depends on the magnetic circuit, gap size, and flux distribution [17,21].

This principle indicates that ferrofluid sealing is not simply the use of liquid to block a
gap. Its core is the stable magnetic confinement of ferrofluid at effective sealing positions.
The sealing capacity depends on the saturation magnetization and stability of the ferrofluid,
the sealing gap, the pole-tooth geometry, the number of sealing stages, and the local
magnetic-field gradient. If the magnetic-field gradient is weakened by gap variation,
temperature rise, centrifugal effects, or medium loss, the liquid sealing rings may become
unstable, leading to pressure transmission, local ruptures, and leakage.

2.2. Engineering Structures and Industrial Applications

The earliest mature engineering form of ferrofluid sealing was the vacuum rotary
shaft seal. Bailey reported that magnetic liquid vacuum seals could be used in rotating
vacuum shaft systems, indicating that multistage liquid-ring sealing had already shown
practical feasibility in vacuum rotary feedthroughs at an early stage [31]. In the broader
development of magnetic-fluid technology, sealing has also been recognized as one of the
earliest and most successful commercial applications of ferrofluids [32].

A typical rotary ferrofluid seal consists of a rotating shaft, pole shoes, pole teeth,
permanent magnets, ferrofluid, and a housing. The pole teeth divide the sealing gap
into several stages, and each stage retains a ferrofluid ring under magnetic confinement.
Therefore, the structural design of a ferrofluid seal is essentially a coupled design of the
mechanical structure and the magnetic circuit.

Ferrofluid seals have been applied in several industrial and scientific systems. In
semiconductor manufacturing, wafer-handling robots require reliable sealing when ro-
tational motion is transmitted into a vacuum chamber, and magnetic-fluid rotary seals
have been studied for such operating conditions [33]. In robot joints and modular vacuum
transmission units, magnetic-fluid rotary seals have also been investigated to improve
compactness, reduce wear, and maintain sealing reliability [34]. In precision machinery,
magnetic-fluid-based seals have been used for high-speed and high-precision spindles
because they can reduce friction torque while maintaining sealing capability [35]. In
biomedical rotary devices, magnetic fluid seals have been applied to rotary blood pumps,
showing their potential in liquid-contact rotating systems where conventional contact seals
may introduce additional friction and wear [36].

For liquid-medium sealing, the main challenge is no longer only whether the seal can
bear pressure, but whether the ferrofluid can remain stable when it is in direct contact with
the sealed liquid. Liquid contact may cause washout, dilution, interface disturbance, or
gradual loss of ferrofluid, thereby shortening the service life of the seal [37]. To address this
problem, replenishment-type ferrofluid rotary seals have been proposed to compensate for
ferrofluid degradation and loss during liquid-sealing operation [38]. For large-clearance
or structurally complex conditions, studies have examined variable radial clearance and
two-stage magnetic-fluid vacuum seals to improve sealing adaptability under non-ideal ge-
ometry [39]. Radial-charged magnet structures have also been investigated to enhance seal
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pressure and magnetic-field utilization under special magnetic-circuit configurations [40].
In large scientific facilities, ferrofluid rotating vacuum seals have been introduced in rotat-
ing target systems that require simultaneous rotation and vacuum maintenance [41].

Although not all of these applications operate under UHV conditions, they reveal the
engineering advantages and practical limitations of ferrofluid sealing. These aspects are
still relevant to the reliability design of ferrofluid seals for UHV applications, especially
in relation to cleanliness, fluid retention, medium compatibility, thermal stability, and
long-term operation.

Table 1 summarizes representative application fields of ferrofluid seals and their main
engineering concerns.

Table 1. Representative industrial applications and engineering concerns for ferrofluid seals.

Application Field Typical Sealing Condition Main Engineering Requirement

Semiconductor equipment Rotary motion under clean or
vacuum environments

Low contamination, compact structure, stable
vacuum isolation

Precision spindles and rotary
feedthroughs

High-speed or high-precision
shaft rotation

Low friction, low wear, stable
liquid-ring retention

Biomedical rotary pumps Miniature rotary sealing in liquid
or biological environments

Biocompatibility, compactness, long-term
operational stability

Liquid-medium sealing Direct contact between ferrofluid
and sealed liquid

Resistance to washout, dilution, and
ferrofluid loss

Large-clearance and
special-geometry seals

Variable clearance, large-diameter
shafts, or non-ideal structures

Adaptability to gap variation and
structural deformation

Large scientific facilities and
vacuum equipment

Rotary transmission with vacuum
maintenance

Long-term vacuum reliability and
structural robustness

2.3. Performance Characteristics and Practical Constraints of Ferrofluid Seals

The main advantages of ferrofluid seals arise from their non-contact liquid sealing
mechanism. Since the sealing medium is retained by a magnetic field rather than by
mechanical compression, direct solid–solid friction is reduced. This gives ferrofluid seals
low wear, low friction torque, smooth operation, and relatively long service life. The liquid
sealing rings may also show a certain recovery capability under magnetic confinement
when the disturbance is small. These characteristics make ferrofluid seals attractive for
clean vacuum equipment, precision rotary transmission, and systems in which particle
contamination must be minimized.

However, ferrofluid seals also have inherent limitations. Their pressure-bearing capacity
is strongly dependent on the magnetic-field gradient, sealing gap, ferrofluid magnetization,
and stage arrangement. A small increase in the sealing gap or a decrease in magnetic-field
strength can significantly reduce sealing performance. Numerical algorithms for magnetic-
fluid seals and critical-pressure calculations have shown that geometric and magnetic parame-
ters directly affect the pressure-bearing capability of ferrofluid seals [42,43].

Material stability is another major limitation. The ferrofluid itself may deteriorate be-
cause of carrier-liquid evaporation, oxidation, surfactant instability, particle agglomeration,
or contamination. Under high-speed operation, temperature rise and centrifugal effects
may cause fluid loss and uneven ring distribution. Numerical and experimental studies
under high-speed conditions have shown that dynamic operation can substantially change
sealing behavior compared with static or low-speed cases [44]. Thermal characteristics
inside the sealing gap further indicate that the temperature field must be considered when
evaluating seal stability [45]. In liquid-medium applications, medium compatibility and
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washout remain important problems, especially when the sealed liquid interacts directly
with the ferrofluid [46].

Therefore, ferrofluid seals should not be regarded as universal replacements for con-
ventional seals. Their advantages are most evident in clean, non-contact, rotary, and
vacuum transmission conditions. Their weaknesses become more pronounced under high
temperature, high speed, large gap variation, liquid-medium contact, long-term operation,
and UHV processing procedures.

Table 2 summarizes the advantages and limitations of ferrofluid seals.

Table 2. Advantages and limitations of ferrofluid seals.

Aspect Main Feature Engineering Significance

Non-contact sealing
The ferrofluid is retained in the sealing gap by

magnetic force, avoiding direct
solid–solid contact

Reduces mechanical wear and is suitable for
rotary sealing applications

Clean operation No mechanical contact is required between the
sealing elements during normal operation

Helps reduce particle generation and
contamination in clean or vacuum systems

Stable pressure
resistance

Multistage pole teeth can form several
ferrofluid rings and improve

pressure-bearing capacity

Provides reliable pressure isolation under
proper magnetic-circuit design

Structural
compactness

The seal can be integrated into compact rotary
feedthroughs or special shaft structures

Useful for vacuum robots, precision
equipment, and limited installation spaces

Material instability
The ferrofluid may degrade due to evaporation,

oxidation, surfactant failure, or
particle agglomeration

May reduce long-term pressure resistance
and shorten service life

Liquid-medium
sensitivity

Direct contact with sealed liquids may cause
washout, dilution, or ferrofluid loss

Limits long-term operation in liquid
environments unless replenishment or

compatibility design is introduced

Thermal sensitivity
High speed, frictional heating, or poor heat

dissipation may increase the temperature in the
sealing gap

Can change viscosity, magnetization,
evaporation behavior, and

liquid-ring stability

Geometric and
assembly sensitivity

Clearance variation, shaft eccentricity, and
structural deformation may disturb the

magnetic-field distribution

May cause local weakening of magnetic
confinement and reduce sealing reliability

UHV compatibility
challenge

Vapor pressure, outgassing, bake-out
resistance, and contamination control become

critical under UHV conditions

Requires materials and ferrofluids with low
gas load and high long-term stability

2.4. Key Constraints Under UHV Conditions

UHV conditions impose more stringent requirements on ferrofluid seals than ordinary
vacuum environments. In conventional vacuum applications, the main concern is often
whether the seal can withstand the required pressure difference. In UHV systems, however,
sealing performance is also governed by gas load, material outgassing, surface cleanliness,
thermal history, and long-term material stability. Vacuum materials used in accelerator and
high-end scientific equipment must satisfy strict requirements related to material selection,
cleanliness, heat treatment, outgassing, and leak-tightness [47,48].

The pressure at a given location in a vacuum system can be expressed as follows [47,49]:

P =
Q

Seff
(4)
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where (P) is the actual pressure at a given location in the vacuum system, (Q) is the total
gas load, and (Seff) is the effective pumping speed [1].

This relationship indicates that, even if there is no macroscopic leakage, an increase in
gas load caused by material outgassing or carrier-liquid evaporation can still deteriorate
the vacuum level. Analytical studies of accelerator vacuum systems also show that gas
desorption, wall outgassing, and pumping conditions jointly determine the vacuum-state
evolution in complex beamline structures [49].

The first constraint is carrier-liquid evaporation and material outgassing. The carrier
liquid determines the flowability, viscosity, vapor pressure, and thermal stability of the
ferrofluid. Under UHV conditions, slow evaporation may change the viscosity and mag-
netic response of the ferrofluid while increasing the background gas load. This issue is
particularly important because medium-temperature bake-out and material treatment are
often used to reduce outgassing rates in UHV systems [50]. For ferrofluid seals, low-vapor-
pressure carrier liquids and vacuum-compatible magnetic fluids are therefore essential to
reduce contamination and maintain sealing stability [51].

The second constraint is leakage-path sensitivity. Ferrofluid sealing relies on a stable
liquid ring in a narrow gap, but UHV systems are also sensitive to microscopic leakage paths,
surface defects, and contact-interface imperfections. Studies on metallic seals show that even
non-magnetic conventional sealing structures can be affected by microscopic leakage channels
formed by surface roughness and contact conditions [52]. This comparison indicates that
UHV ferrofluid seals must be evaluated not only from the perspective of magnetic pressure
capacity, but also from the perspective of leakage-path control and vacuum cleanliness.

The third constraint is magnetic-field distortion caused by geometric errors. Shaft
eccentricity, radial runout, assembly error, thermal expansion, and deformation of thin-wall
parts may change the local magnetic flux density. As a result, liquid rings may become
unevenly distributed, and weak regions may develop into leakage paths.

The fourth constraint is thermal and high-speed coupling. A temperature rise can
alter viscosity, accelerate carrier-liquid evaporation, reduce magnetic stability, and weaken
liquid-ring retention. High-speed rotation may further induce centrifugal throwing and
fluid loss. Therefore, UHV ferrofluid seal design must include thermal management rather
than relying only on room-temperature magnetic-field analysis.

The fifth constraint is compatibility with UHV processing procedures. UHV systems
often require leak detection, cleaning, baking, and long-term pumping before operation.
Ferrofluid seals containing organic carrier liquids may have lower thermal tolerance than
all-metal UHV components. Therefore, bake-out compatibility, low-vapor-pressure carrier
liquids, low-outgassing materials, and differential pumping strategies are important for
UHV-oriented ferrofluid seal design.

Overall, the key constraints on ferrofluid seals under UHV conditions can be summa-
rized as medium stability, gas-load control, magnetic-field retention, thermal management,
leakage-path control, and long-term reliability. These constraints explain why the design of
UHV ferrofluid seals cannot remain limited to traditional pressure-bearing formulas. A
more suitable design framework should integrate ferrofluid material selection, magnetic
circuit configuration, structural tolerance, thermal behavior, industrial operating conditions,
and reliability prediction.

3. Research Progress in Intelligent Design and Performance Prediction
Methods for Ferrofluid Seals in UHV Applications
3.1. Multiphysics Simulation and Modeling

The design of ferrofluid seals was initially dominated by theoretical pressure-bearing
formulas and static magnetic-field calculations. This approach is useful for estimating the
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basic pressure capacity of a sealing structure, but it cannot fully describe seal behavior under
realistic rotary operation. In practical rotary seals, magnetic-field distribution, ferrofluid
retention, viscous heating, shaft motion, gap variation, and structural deformation are
coupled with each other. For UHV-oriented ferrofluid seals, these interactions become
more critical because local magnetic-field weakening, temperature rise, or microscopic gap
variation may directly affect liquid-ring stability and leakage-path formation. Therefore,
ferrofluid seal modeling is gradually moving from single-field magnetic analysis toward
coupled multiphysics simulation.

Finite element analysis remains the main numerical tool for this transition. In magnetic-
fluid seal studies, finite element models are commonly used to calculate the magnetic
flux density, magnetic-field gradient, and local magnetic force in the sealing gap. These
quantities are then used to estimate the pressure-bearing capacity of each sealing stage.
However, the value of finite element modeling is not limited to static pressure calculations.
It also provides a basis for evaluating how structural parameters, shaft motion, and material
properties influence the local field distribution. For example, numerical and experimental
studies on magnetic fluid seals with large sealing gaps and multiple magnetic sources have
shown that the relationship between theoretical pressure capacity and measured pressure
capacity may become less consistent when the sealing gap increases beyond a certain
range [53]. This result indicates that idealized magnetic-field models may lose accuracy
under large-clearance or non-ideal geometric conditions.

For rotary ferrofluid seals, the rotating shaft should be treated as an active part of the
magnetic circuit rather than a simple geometric boundary. The ferrofluid rings are retained
between the pole teeth and the shaft surface; therefore, shaft eccentricity, radial runout,
surface deformation, and centrifugal effects can disturb the local sealing gap and cause
nonuniform magnetic confinement. Recent work on high-speed magnetic fluid sealers
with shaft eccentricity further shows that shaft misalignment can change the magnetic
field, velocity field, and pressure distribution in the working gap, thereby reducing the
retained pressure difference in the seal [54]. This issue is especially important for UHV
applications because even local weakening of the ferrofluid ring may increase the risk
of pressure transfer, fluid thinning, or microscopic leakage. Therefore, magnetic-field
simulation for UHV-oriented rotary seals should gradually move from ideal axisymmetric
models to rotating-shaft-based models that include eccentricity, gap variation, centrifugal
force, and thermal deformation.

In numerical modeling, multiphysics simulation of ferrofluid seals is usually con-
structed by coupling magnetostatic analysis, flow-field calculation, heat-transfer analysis,
and, when necessary, structural deformation analysis. The specific governing equations
and coupling terms depend on the modeling assumptions, such as whether the ferrofluid
is treated as an incompressible Newtonian liquid, whether magnetization is assumed to be
linear or nonlinear, whether thermal effects are solved in a steady or transient form, and
whether shaft deformation and gap variation are included. Therefore, this review does not
list a unified set of governing equations for all ferrofluid seal models. Instead, it focuses on
the modeling strategies, coupled physical fields, and remaining limitations that are most
relevant to UHV-oriented ferrofluid seal design.

Thermal effects are a necessary part of rotary ferrofluid seal modeling. A temperature
rise may change the viscosity, magnetization, carrier-liquid stability, and evaporation
tendency of the ferrofluid. In miniature rotary pump applications, thermal analysis has
shown that the temperature of the magnetic fluid seal is affected by heat transfer conditions
around the seal housing and by heat input from the motor, while the influence of viscous
friction in the magnetic fluid may depend on the specific seal structure and operating
conditions [55]. For large rotating equipment, thermal expansion becomes more important
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because temperature-induced radial displacement of the shaft and pole shoes can change
the sealing gap. Recent coupled thermal–hydraulic–mechanical simulations of magnetic
fluid seals for large centrifuges showed that rotational speed, thermal expansion, shaft
material, and pole-shoe material can jointly affect the sealing gap and pressure response [56].
From the perspective of structural reliability, thermal and mechanical loads may further
affect seal housing strength and fatigue life. Reliability-oriented thermal–mechanical
modeling has therefore been introduced to evaluate and optimize magnetic fluid dynamic
seal structures under coupled load conditions [57]. These studies indicate that thermal
analysis should not be treated as an auxiliary calculation after magnetic-field simulation,
but as part of the coupled performance evaluation of rotary ferrofluid seals.

From the perspective of UHV service, multiphysics simulation should also consider
vacuum-related constraints. Static magnetic-field models can estimate pressure capacity, but
they cannot directly predict the gas load, carrier-liquid evaporation, bake-out influence, or
long-term degradation of ferrofluid properties. Similarly, purely thermal models cannot fully
describe leakage-path formation if the magnetic field, gap evolution, and ferrofluid retention
state are not included. Therefore, UHV-oriented simulation should gradually develop toward
a coupled framework involving magnetic field, flow behavior, thermal response, structural
deformation, gas-load evolution, and seal-state degradation. To clarify the modeling scope
and remaining limitations of the existing approaches, Table 3 summarizes representative
multiphysics simulation methods and their relevance to ferrofluid seal design.

Table 3. Representative multiphysics simulation methods for ferrofluid seals.

Method or Model Main Coupled Fields Research Object Main Contribution

Magnetostatic finite
element analysis Magnetic field Pole teeth, sealing gap,

and magnetic circuit

Calculates magnetic flux density,
field gradient, and theoretical

pressure-bearing capacity

Large-gap
magnetic-field

simulation

Magnetic field and
structural clearance

Large-clearance
magnetic fluid seal with

multiple magnetic
sources

Shows that theoretical and
experimental pressure capacities

may diverge under large
clearance conditions

Rotating-shaft
eccentricity modeling

Magnetic field, velocity
field, and pressure field

High-speed magnetic
fluid sealer with shaft

misalignment

Reveals the influence of shaft
eccentricity and centrifugal effects

on retained pressure difference

Thermal analysis of
miniature rotary seals

Thermal field and
magnetic-fluid

temperature

Magnetic fluid seal in a
rotary pump

Evaluates heat transfer and
temperature control in compact

rotary sealing systems

Thermal–hydraulic–
mechanical coupling

Magnetic field, thermal
field, structural

deformation, and pressure
response

Large rotating magnetic
fluid seal

Links temperature rise, thermal
expansion, material selection, gap

variation, and sealing
performance

Thermal–mechanical
reliability modeling

Thermal field, mechanical
load, and structural

reliability

Magnetic fluid dynamic
seal structure

Evaluates seal structural
reliability under coupled thermal

and mechanical loads

UHV-oriented coupled
simulation framework

Magnetic field, flow,
thermal, structural, and

gas-load behavior

UHV ferrofluid rotary
seal

Provides a future route for
reliability-oriented design and

degradation prediction

Overall, multiphysics modeling provides the most mature technical basis for intelligent
design of ferrofluid seals. Its role should not be limited to calculating theoretical pressure
capacity. For UHV ferrofluid seals, future simulations should focus on rotating-shaft-based
magnetic-field modeling, eccentricity-induced gap variation, thermal expansion, material-
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property changes, and vacuum-related gas-load behavior. A more scientific modeling
framework should couple magnetic confinement, ferrofluid motion, heat transfer, structural
deformation, and long-term degradation so that seal design can move from static pressure
estimation to reliability-oriented prediction.

3.2. Data-Driven Condition Identification

Compared with structural design and multiphysics simulation, data-driven condition
identification for ferrofluid seals is still at an early stage. However, it is an important
prerequisite for intelligent design, online monitoring, and predictive maintenance. During
operation, the sealing gap of a ferrofluid seal is usually very small, and the distribution,
migration, thinning, and rupture of the ferrofluid rings are difficult to observe directly
after assembly. For UHV-oriented ferrofluid seals, direct visualization becomes even more
difficult because the sealing process occurs inside a closed vacuum system. Therefore,
condition identification based on external sensing signals provides a possible route for
evaluating the internal sealing state without disassembling the device.

Acoustic emission (AE) monitoring provides a useful sensing route for enclosed rotary
systems because it is sensitive to transient elastic waves caused by friction, impact, leakage,
crack initiation, and local failure events [58]. For ferrofluid seals, this method is relevant
because liquid-ring rupture, pressure transfer, and local interface disturbance may produce
indirect dynamic signals even when the sealing gap cannot be directly observed. From
a broader intelligent fault-diagnosis perspective, machine learning and deep learning
methods have been widely used to establish nonlinear mappings between monitoring
signals and equipment health states [59,60]. Therefore, AE features, vibration signals,
temperature signals, pressure signals, and vacuum-level signals may be used as external
indicators for ferrofluid seal condition identification. However, direct application to UHV
ferrofluid seals still requires dedicated datasets, controlled degradation tests, and validation
under vacuum-related operating conditions.

For ferrofluid seals, data-driven condition identification has two main advantages.
First, it improves the observability of an otherwise enclosed sealing system. Since the
ferrofluid ring cannot be directly observed during operation, sensing signals such as AE,
temperature, vibration, pressure, and vacuum level can provide indirect information about
liquid–film rupture, pressure transfer, and seal degradation. Second, data-driven models
can capture complex nonlinear relationships between external signals and internal sealing
states, especially when the failure process is difficult to express using an explicit analytical
model. These advantages make data-driven methods useful complements to multiphysics
simulation, particularly for monitoring and diagnosis under operating conditions.

Nevertheless, current research remains limited. Most existing diagnostic models are
trained in laboratory or controlled operating conditions. The available datasets are usually
small, and the transferability of trained models across different seal structures, ferrofluid
materials, rotational speeds, pressure ranges, and vacuum levels has not been fully verified.
This issue is closely related to a domain shift in intelligent fault diagnosis, where models
trained under one operating condition may show reduced accuracy when applied to differ-
ent structures, speeds, loads, or environments. Deep transfer learning has therefore become
an important direction for improving the generalization ability of diagnostic models across
working conditions [61]. In addition, many diagnostic models output discrete condition
categories rather than continuous health indicators. For UHV ferrofluid seals, continuous
indicators such as remaining pressure-bearing margin, leakage probability, degradation
rate, and remaining useful life are more useful for reliability-oriented maintenance. Remain-
ing useful life prediction has been widely studied in prognostics and health management,
but its application to ferrofluid seals remains insufficient [62]. The main data-driven condi-
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tion identification methods and possible extensions for ferrofluid seals are summarized in
Table 4.

Table 4. Data-driven condition identification methods and possible extensions for ferrofluid seals.

Method Signal or Feature Function in Ferrofluid
Seal Monitoring Current Limitation

Acoustic emission
monitoring

RMS value, transient response,
and spectral features

May infer liquid-film rupture,
pressure transfer, and local

interface disturbance

Needs validation under
actual ferrofluid seal

degradation conditions

Machine-learning-
based diagnosis

Statistical, spectral, or learned
features

Provides nonlinear mapping
between sensor signals and

health states

Depends on sufficient data
and stable feature

distribution

Deep-learning-
based diagnosis

Automatically learned signal
or image features

Reduces dependence on
manual feature extraction

Requires labeled samples
and may suffer from poor

interpretability

Transfer-learning-
based diagnosis

Source-domain and
target-domain feature

adaptation

May improve model transfer
across different structures and

operating conditions

Has not yet been fully
validated for UHV ferrofluid

seal datasets

RUL-oriented
prediction

Time-series health indicators
and degradation trends

Can support prediction of
pressure-bearing margin and

remaining service life

Requires long-term
degradation data under

realistic operating conditions

Potential
extension:

data–mechanism
fusion

Sensing data combined with
magnetic, thermal, or

pressure-transfer constraints

May improve interpretability
and early warning ability

Requires validated physical
models and synchronized

multi-source data

The data–mechanism fusion row represents a possible extension summarized in this
review, rather than a mature method already established for UHV ferrofluid seals.

Overall, data-driven condition identification has the potential to improve the mon-
itoring capability of ferrofluid seals by converting indirect sensing signals into internal
state information. Compared with multiphysics simulation, it is closer to online diagnosis
and maintenance decision-making. However, the current stage of development is still
mainly condition recognition, rather than true performance prediction. For UHV ferrofluid
seals, future research should focus on establishing reliable datasets under vacuum and
UHV-related conditions, developing transferable models across different seal structures
and operating conditions, and integrating sensing data with physical models to predict
continuous degradation indicators rather than only discrete leakage states.

3.3. From Mechanism-Constrained Surrogate Models to Low-Sample Performance Prediction
Physics-Informed Neural Networks

Physics-informed neural networks (PINNs) provide a possible route for low-sample
modeling and mechanism-constrained prediction. Unlike purely data-driven neural net-
works, PINNs incorporate governing equations, boundary conditions, initial conditions,
and observational data into the loss function, thereby constraining model training with
physical residuals when labeled data are limited [63,64]. This characteristic is particularly
relevant to UHV ferrofluid seals, because experiments under UHV conditions are difficult,
expensive, and often limited by closed structures, long pumping processes, and strict
cleanliness requirements.

From the perspective of ferrofluid seal modeling, PINNs may be useful in three aspects.
First, they can be used as surrogate models for magnetic-field prediction. In conventional
design, the magnetic flux density and magnetic-field gradient in the sealing gap are usu-
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ally obtained through finite element simulation. However, repeated finite element scans
are computationally expensive when the pole-tooth geometry, sealing gap, magnet size,
and material parameters are varied. A mechanism-constrained surrogate model could
map design parameters to magnetic-field distribution and pressure-bearing indicators
while reducing the number of repeated simulations. Second, PINNs may help establish
coupled magnetic–flow–thermal models. Since ferrofluid sealing involves magnetic con-
finement, pressure transmission, viscous flow, and heat generation, a model that embeds
flow and thermal equations into the training process could improve prediction under
sparse experimental data. Third, PINNs may support inverse identification of uncertain
parameters, such as effective viscosity, local heat source, boundary heat-transfer coefficient,
and degradation-related material parameters.

However, direct applications of PINNs to ferrofluid seals are still scarce. Most avail-
able evidence comes from general physics-informed machine learning, fluid mechanics,
magnetic-field modeling, and numerical methods for interface or conservation-law prob-
lems. Therefore, PINNs should not be described as a mature method for ferrofluid seal
design at the present stage. Instead, they should be regarded as a mechanism-constrained
modeling strategy that may be introduced into ferrofluid seal research by drawing on
progress in related fields.

Karniadakis et al. summarized the concept of physics-informed machine learning and
emphasized its value in combining data with physical laws for scientific computing [65].
Cuomo et al. further reviewed the development of PINNs and discussed their advantages
and open challenges in solving differential equations and inverse problems [66]. In fluid
mechanics, Cai et al. showed that PINNs can be used for flow-field reconstruction, inverse
parameter identification, and data assimilation in systems governed by partial differential
equations [65]. These studies provide methodological support for introducing PINNs into
ferrofluid seal modeling, but they do not directly solve the specific problems of magnetic-
fluid sealing.

A more closely related direction can be found in magnetic-field modeling. Hou et al.
applied a physics-informed neural network to the magnetic-field simulation of coaxial
magnetic gears. By incorporating governing equations and interface continuity conditions
into the loss function, the model improved magnetic-field prediction and showed potential
as a surrogate modeling tool for magnetic devices [66]. The key methodological point is
not only the use of PINNs themselves, but also the treatment of material interfaces and
discontinuous field properties. For ferrofluid seals, this issue is important because the
seal contains multiple interfaces among permanent magnets, pole shoes, air gaps, shafts,
and ferrofluid. Therefore, magnetic-field PINN studies should be used as methodological
references rather than as direct evidence that PINNs have already matured in ferrofluid
seal design.

The application of PINNs to UHV ferrofluid seals should therefore be understood as
a future-oriented research direction rather than a mature design method. At the current
stage, PINNs are more suitable as mechanism-constrained surrogate models, inverse-
identification tools, or auxiliary models coupled with a finite element simulation. Their
reliability depends on the correctness of the embedded governing equations, the treatment
of discontinuous material interfaces, the quality of sparse experimental data, and the
stability of training. Existing studies have shown that PINNs may suffer from training
instability, imbalance among different loss terms, spectral bias, and reduced accuracy for
multiscale or stiff problems [67]. These issues are especially important for ferrofluid seals,
where magnetic-field gradients, narrow sealing gaps, and thermal–fluid coupling can
produce strong spatial nonuniformity.
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In addition to general PINN frameworks, several methodological developments are
also relevant to ferrofluid seal modeling. DeepXDE provides a general framework for
solving forward and inverse differential-equation problems, which is useful for building
prototype PINN models [68]. Conservative PINNs introduce domain decomposition and
flux-continuity constraints across subdomains, which may be useful for sealing problems
involving narrow gaps, material interfaces, and localized field gradients [69]. For fluid-
related problems, Navier–Stokes flow networks provide a direct example of embedding
incompressible-flow equations into neural-network training [70]. These studies suggest
that PINNs are not limited to solving isolated equations, but can be extended to coupled or
domain-decomposed physical systems.

For UHV-oriented ferrofluid seals, a realistic development path is to combine PINNs
with existing multiphysics simulation and sensing data. In the design stage, finite element
simulation can provide baseline magnetic-field and temperature-field data for training a
surrogate model. In the experimental stage, limited measurements of temperature, pressure,
acoustic emission, and vacuum level can be introduced as additional constraints. In the
prediction stage, the trained model can be used to estimate the pressure-bearing margin,
thermal risk, or early leakage tendency under parameter variations. In this way, PINNs
may help bridge the gap between mechanism-based modeling and data-driven diagnosis.
Based on the above discussion, Table 5 summarizes the potential roles, physical constraints,
methodological basis, relevance, and limitations of PINNs in ferrofluid seal modeling.

Table 5. Potential roles and limitations of PINNs in ferrofluid seal modeling.

Potential Role Physical Constraint Methodological
Basis

Relevance to
Ferrofluid Seals Main Limitation

Magnetic-field
surrogate modeling

Magnetostatic
equations and

interface continuity

Magnetic-field
PINNs [66,69]

Reduces repeated
finite element
simulations

Interface
discontinuity and

nonlinear materials

Coupled-field
prediction

Flow, heat-transfer,
and magnetic-force

constraints

PINNs for fluid
mechanics [65,70]

Supports magnetic–
flow–thermal

modeling

Requires reliable
equations

and boundary
conditions

Inverse parameter
identification

Physical residuals
and sparse data

PINN inverse
modeling [63,65,68]

Identifies viscosity,
heat-transfer, or

degradation
parameters

Parameter
non-uniqueness

Narrow-
gap/interface

modeling

Subdomain and
flux-continuity

constraints

Conservative PINNs
[69]

Improves treatment
of sealing gaps and
material interfaces

Complex
implementation

UHV degradation
prediction

Physical constraints
and degradation

indicators

PINN-based
surrogate modeling

[64,67,69]

Supports leakage
and thermal-risk

prediction

Lack of long-term
UHV datasets

Overall, PINNs provide a promising but still immature route for ferrofluid seal perfor-
mance prediction. Their main value lies in reducing dependence on large finite element
datasets, incorporating physical constraints into low-sample learning, and enabling inverse
identification of difficult-to-measure parameters. However, direct PINN applications in
ferrofluid seal research remain limited. For UHV applications, future studies should avoid
treating PINNs as a purely fashionable algorithm. Instead, they should focus on physically
meaningful problem definitions, validated governing equations, reliable sparse measure-
ments, interface treatment, and comparison with finite element and experimental results.
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3.4. Topology Optimization: From Parametric Optimization to Magnetic Circuit Material
Distribution Optimization

Topology optimization provides a design strategy that is different from conventional
parameter optimization. In parameter optimization, the basic structure is usually fixed in
advance, and only geometric dimensions such as the pole-tooth width, pole-tooth height,
sealing gap, magnet thickness, or pole-shoe profile are adjusted. In topology optimization,
by contrast, the material distribution within a prescribed design domain is optimized
directly under specified objective functions and constraints. This approach can determine
the spatial distribution of permanent magnets, ferromagnetic materials, nonmagnetic
materials, and air regions with greater design freedom. For ferrofluid seals, this idea
is particularly relevant because the pressure-bearing capacity depends strongly on the
magnetic-field gradient and flux distribution in the sealing gap.

In related magnetic devices, topology optimization has already shown clear poten-
tial. General topology optimization theory and comparative reviews have established
the methodological basis for material distribution design under structural, physical, and
manufacturing constraints [71–73]. Bjørk et al. applied topology optimization to perma-
nent magnet systems composed of permanent magnets, high-permeability iron, and air
regions. Their study showed that topology optimization could improve magnetic efficiency
and generate magnetic-field distributions that are difficult to obtain using conventional
structural design [74]. Huber et al. further combined topology optimization with additive
manufacturing of polymer-bonded permanent magnets, showing that optimized magnetic
structures could be fabricated to generate predefined external magnetic fields [75]. In
stellarator design, Zhu et al. developed a topology optimization approach for permanent
magnet systems and used it to determine the spatial distribution of magnets under engi-
neering constraints [76]. In electric motor design, multi-material topology optimization
has also been introduced to distribute ferromagnetic materials, air regions, and perma-
nent magnets while considering magnetization direction [77]. These studies indicate that
topology optimization is especially suitable for magnetic systems in which field distribu-
tion, material utilization, and spatial constraints are strongly coupled. Recent reviews on
topology optimization for magnetic devices further show that this method has become
an important route for improving magnetic-field performance, material utilization, and
structural innovation in electromagnetic systems [78].

For ferrofluid seals, however, topology optimization in the strict sense remains limited.
Existing studies still mainly rely on candidate structure comparisons, dimensional optimiza-
tion, and finite element verification. For example, large-clearance ferrofluid seals have been
improved by introducing divergent magnetic circuits and dual magnetic sources, aiming to
increase the magnetic flux density in the sealing gap and improve pressure-bearing capacity
under non-ideal clearance conditions [79]. This type of work is important for structural
innovation, but it is not yet topology optimization in the strict sense because the design
domain and material distribution are not automatically optimized.

In addition to application-oriented studies, the methodological development of elec-
tromagnetic topology optimization should also be considered. Recent surveys on topology
optimization for electromagnetics have shown that density-based methods, level-set meth-
ods, phase-field methods, evolutionary methods, and hybrid strategies have all been used
in electromagnetic device design [80]. Among these approaches, level-set and phase-field
methods are useful for generating clear material boundaries, while density-based methods
are more convenient for continuous material interpolation and sensitivity analysis [81,82].
Hybrid strategies that combine global search with local topology refinement have also been
proposed to improve the diversity and quality of optimized magnetic structures [83]. For
practical magnetic-circuit design, nonlinear magnetic materials and manufacturability are
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also important. Material-density-based topology optimization with magnetic nonlinear-
ity has been proposed to treat nonlinear iron-core behavior in realistic electromagnetic
devices [84]. Multi-material topology optimization considering permanent-magnet non-
linearity further indicates that the interpolation of magnetic properties can significantly
affect optimized geometry and performance [85]. In addition, the integration of topology
optimization with additive manufacturing has opened the possibility of fabricating com-
plex magnetic components that are difficult to obtain with conventional machining [86].
Level-set-based optimization of permanent magnets for generators also shows that topol-
ogy optimization can be used to improve magnetic-field performance under engineering
constraints [87].

The gap between structural innovation and topology optimization is important. In
many ferrofluid seal studies, a new magnetic circuit or pole-tooth structure is proposed first,
and then its performance is evaluated by a finite element simulation or experiment. This
approach can improve specific designs, but it still depends heavily on designer experience.
Topology optimization would allow the design process to start from a broader design
domain, where the algorithm determines whether a local region should be occupied by
permanent magnet material, soft magnetic material, nonmagnetic structural material, or
air. In this way, it may discover magnetic-circuit layouts that are difficult to obtain through
manual design.

From the perspective of objective functions, ferrofluid seals are suitable for topology
optimization. The objective may be defined as maximizing the magnetic flux density
difference in the sealing gap, increasing the magnetic-field gradient near the pole teeth,
reducing magnetic leakage, improving the effective utilization of permanent magnet mate-
rial, or enhancing the robustness of magnetic-field distribution under gap variation and
shaft eccentricity. For UHV applications, additional constraints should also be considered,
including compactness, manufacturability, thermal deformation, bake-out compatibility,
low-outgassing material selection, and structural tolerance. Therefore, a UHV-oriented
topology optimization framework should not only maximize pressure-bearing capacity,
but also maintain magnetic-field stability under long-term operation, assembly deviation,
and thermal loading.

A possible workflow for introducing topology optimization into ferrofluid seal design
can be summarized as follows. First, the design domain is defined around the pole shoe,
pole-tooth root, magnet region, magnetic-conducting region, and surrounding installation
space. The sealing gap and shaft space should be treated as non-design domains or eval-
uation regions, because they must preserve the functional space required for ferrofluid
retention and shaft rotation. Second, the candidate materials are specified, such as per-
manent magnet, soft magnetic material, nonmagnetic structural material, and air. Third,
the objective function is constructed using magnetic-field indicators in the sealing gap,
such as magnetic flux density difference, field-gradient strength, and leakage-flux penalty.
Fourth, engineering constraints, including minimum feature size, manufacturability, ther-
mal deformation, and available installation space, are introduced. Finally, the optimized
material distribution is reconstructed into a manufacturable magnetic-circuit structure and
verified using multiphysics simulations and experiments. Based on the above discussion,
Table 6 summarizes topology optimization and related structural optimization methods for
magnetic devices and ferrofluid seals.

Overall, topology optimization offers a promising but still underdeveloped route for
ferrofluid seal design. Compared with traditional parameter optimization, it provides
greater freedom for magnetic-circuit design and may improve magnetic-field utilization under
compact or constrained geometries. However, current ferrofluid seal research has not yet
established a mature topology optimization framework. Most studies remain at the levels
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of structural innovation, dimensional adjustment, and finite element comparison. For UHV
applications, future work should focus on defining physically meaningful objective func-
tions, incorporating manufacturability and material compatibility constraints, and combining
topology optimization with multiphysics simulation and experimental validation.

Table 6. Topology optimization and related structural optimization methods for magnetic devices
and ferrofluid seals.

Method or Strategy Design Focus
and Variables Main Contribution Relevance to

Ferrofluid Seals Main Limitation

General topology
optimization

Structural domains;
material distribution

and boundaries

Provides theoretical
and numerical basis

[71–73,81–83]

Supports pole-shoe
and pole-tooth
contour design

Requires
problem-specific

objectives

Permanent-magnet
and multi-material

optimization

Magnetic devices;
magnet, iron, air,

magnetization direction

Improves magnetic
efficiency and field

layout
[74,76,77,80,84,85]

Relevant to
magnet–pole–gap

distribution

Material
interpolation

remains difficult

Additive-
manufacturing-
assisted design

Magnetic components;
printable

magnetic-material
layout

Links optimized
magnetic fields with

fabrication [75,86]

Useful for compact
customized seal

structures

UHV material
compatibility must

be verified

Divergent magnetic
circuit design

Large clearance seals;
magnetic circuit

geometry

Enhances
magnetic-field

concentration in
large gaps [79]

Shows value of
non-standard

magnetic circuits

Not automatic
topology

optimization

UHV-oriented
topology

optimization

Seal structures;
magnetic and structural

material layout

Improves field
gradient, leakage
flux, compactness,

and tolerance
robustness

Directly matches
UHV ferrofluid

seal design needs

Requires coupled
magnetic, thermal,

structural, and
material validation

3.5. Multi-Objective Optimization: From Single Pressure-Bearing Enhancement to Collaborative
Performance Design

Multi-objective optimization is one of the most practical routes for intelligent de-
sign of ferrofluid seals. Traditional ferrofluid seal design often focuses on improving the
pressure-bearing capacity by adjusting one or several structural parameters, such as the
sealing gap, pole-tooth width, pole-tooth height, pole-tooth angle, magnet thickness, and
ferrofluid volume. However, UHV-oriented ferrofluid seals cannot be evaluated only by
maximum pressure resistance. They must also consider thermal stability, friction torque,
structural compactness, material compatibility, manufacturing tolerance, outgassing risk,
and long-term reliability. Therefore, the design problem gradually shifts from single-
objective pressure enhancement to collaborative performance design.

Existing optimization studies on magnetic-fluid sealing systems have mainly focused
on geometric parameter selection and pressure-bearing improvement. Parmar et al. op-
timized several design parameters affecting the performance of a magnetic fluid rotary
seal by combining finite element magnetic-field calculation with regression-based analysis,
showing that numerical simulation data can support parameter optimization and design
decision-making [88]. This type of work indicates that ferrofluid seal design has moved be-
yond purely empirical parameter selection. However, it remains closer to multi-parameter
single-objective optimization than strict multi-objective optimization, because the final
objective is often still the improvement of pressure-bearing capacity.
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For UHV applications, single-objective pressure enhancement is insufficient. A seal
structure with high pressure-bearing capacity may still be unsuitable if it causes excessive
temperature rise, high gas load, poor bake-out compatibility, or strong sensitivity to assem-
bly error. In related magnetic-fluid sealing technologies, multi-objective optimization has
begun to show clearer engineering value. Shen et al. proposed a multi-objective optimizer
for magnetorheological fluid sealing structures, where maximum sealing pressure and
minimum rotational friction torque were used as two objective functions [89]. Although
this work is not a ferrofluid seal study in the strict sense, it provides a useful reference for
magnetic-fluid-related sealing systems, because pressure capacity and rotational resistance
are also conflicting objectives in many ferrofluid sealing applications. In general multi-
objective optimization, Pareto-based algorithms have been widely used to obtain trade-off
solution sets when objectives conflict with each other [90–95]. These characteristics are
consistent with ferrofluid seal design, where finite element simulation, experiments, and
reliability assessments are often costly.

For UHV ferrofluid seals, the objective functions should be expanded according to the
service requirements. The first objective is still pressure-bearing capacity, which is usually
related to the magnetic flux density difference and magnetic-field gradient in the sealing
gap. The second objective is thermal safety, including temperature rise, heat dissipation,
and thermal influence on viscosity and carrier-liquid evaporation. The third objective
is low friction and low disturbance during rotation, especially for high-precision rotary
feedthroughs and clean motion systems. The fourth objective is vacuum compatibility,
including low vapor pressure, low outgassing, and reduced contamination risk. The fifth
objective is robustness, including tolerance insensitivity, resistance to shaft eccentricity, and
stability after thermal deformation. The sixth objective is service reliability, which involves
lifetime retention, maintenance convenience, and degradation prediction.

The optimization objectives of ferrofluid seals should not be restricted to improving
the instantaneous pressure-bearing capacity. A high initial pressure-bearing value does
not necessarily indicate reliable long-term operation, especially in UHV equipment where
maintenance is difficult and contamination risk must be strictly controlled. Under long-
term rotary operation, the ferrofluid may suffer from carrier-liquid evaporation, thermal
degradation, particle aggregation, centrifugal loss, or local depletion. Therefore, future
optimization should gradually include service-life retention, a ferrofluid replenishment
strategy, and maintenance convenience. Replenishment-oriented design is particularly
meaningful for dynamic seals because it can compensate for fluid degradation and loss,
maintain the effective liquid-ring volume, and reduce the frequency of disassembly or
replacement. Studies on centrifugal magnetic fluid seals for rotating shafts also indicate
that seal design should consider not only the sealing capacity, but also lifetime, friction
torque, and performance under variable rotational speeds [96].

The design variables should also be extended from geometric dimensions to material
and operating parameters. In addition to pole-tooth width, pole-tooth height, sealing gap,
and magnet dimensions, future optimization should include ferrofluid volume, saturation
magnetization, carrier-liquid viscosity, pole-shoe material, magnet grade, cooling structure,
and operating speed. For UHV applications, constraints such as available installation space,
manufacturability, minimum feature size, bake-out temperature, material outgassing rate,
and allowable temperature rise should also be included. This means that the optimization
framework should be built not only for magnetic-field enhancement, but also for the
integrated design of structure, material, thermal behavior, and reliability.

Surrogate-assisted optimization may become useful when repeated finite element sim-
ulations are computationally expensive. Since multi-objective optimization usually requires
many evaluations of objective functions, direct coupling with finite element simulation
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may lead to a high computational cost. Surrogate models, such as response surface models,
Kriging models, Gaussian-process models, neural networks, or other regression-based
approximations, can be introduced to approximate the relationship between design vari-
ables and performance indicators. In general engineering optimization, surrogate-based
and surrogate-assisted evolutionary computation have been widely discussed as effective
ways to reduce the cost of expensive objective-function evaluations [97–101]. For UHV
ferrofluid seals, this idea is relevant because pressure-bearing capacity, temperature rise,
leakage risk, and reliability indicators may all require repeated multiphysics simulations or
difficult experiments. However, surrogate models should be used with caution because
their prediction accuracy depends strongly on sample coverage, model validation, and
extrapolation ability. Based on the above discussion, Table 7 summarizes representative
optimization methods for ferrofluid seal design and related sealing systems.

Table 7. Representative optimization methods for ferrofluid seal design and related sealing systems.

Optimization
Method

Design Focus
and Variables Main Contribution Relevance to UHV

Ferrofluid Seals Main Limitation

FEM-based
regression

optimization

Seal geometry,
magnetic field,

ferrofluid volume

Supports parameter
optimization using
simulation data [88]

Provides a practical
route for

pressure-capacity
design

Accuracy depends
on sample coverage

Multi-objective
optimization for

magnetic-fluid seals

Magnetic circuit, seal
structure,

pressure–torque
objectives

Demonstrates
trade-off

optimization [89]

Useful for balancing
pressure capacity

and friction torque

Not directly
validated for

UHV ferrofluid seals

Pareto-based
evolutionary
optimization

Structural, material,
and operating

variables

Provides trade-off
solution sets [90–95]

Suitable for
balancing pressure,
heat, torque, and

reliability

Requires many
evaluations

Surrogate-assisted
optimization

Simulation or
experimental

samples; surrogate
models

Reduces the cost of
expensive

evaluations [97–101]

Useful for
high-fidelity UHV

simulations and tests

Requires strict
validation

UHV-oriented
collaborative
optimization

Geometry, magnet,
ferrofluid, material,

and cooling
parameters

Integrates pressure,
thermal safety,

outgassing, and
robustness

Matches
reliability-oriented
UHV seal design

Requires coupled
models and

experimental
verification

Overall, multi-objective optimization provides a practical framework for moving fer-
rofluid seal design from isolated parameter improvement to collaborative performance
design. Compared with topology optimization and PINNs, it is closer to current en-
gineering practice because it can be directly combined with finite element simulation,
experimental data, and design constraints. However, the field has not yet established a
mature UHV-oriented multi-objective optimization framework. Most studies still focus on
the pressure-bearing capacity and structural parameters, while the thermal behavior, out-
gassing, material degradation, tolerance robustness, and service life are not fully integrated.
Future work should therefore develop optimization models that combine magnetic-field
performance, thermal safety, vacuum compatibility, and reliability prediction, and should
use Pareto analysis to clarify the trade-off relationships among these objectives.

Overall, the intelligent design and performance prediction methods reviewed in this
section show different levels of maturity. Multiphysics simulation is currently the most
mature approach and provides the main basis for pressure-bearing, thermal, and structural
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analysis. Data-driven condition identification has improved the observability of enclosed
ferrofluid seals, but it remains limited by small datasets and poor transferability. PINNs
and topology optimization are promising for low-sample modeling and magnetic-circuit
innovation, but their direct use in ferrofluid seals is still exploratory. Multi-objective
optimization is closest to engineering implementation because it can combine the pressure
capacity, thermal safety, vacuum compatibility, and reliability requirements within a unified
decision framework.

4. Conclusions and Future Directions
This review focuses on the intelligent design and performance prediction of ferrofluid

seals for ultra-high vacuum (UHV) applications. Its main objective is to clarify how
UHV service constraints, ferrofluid sealing mechanisms, failure factors, and intelligent
design methods can be connected within a reliability-oriented framework. Compared
with general reviews on ferrofluid sealing structures or magnetic-fluid applications, this
review emphasizes the specific challenges imposed by UHV environments, including
low outgassing, low vapor pressure, thermal stability, liquid-ring retention, leakage-path
control, and long-term reliability. Instead of simply classifying ferrofluid seals by structure
or discussing intelligent algorithms separately, the literature is organized according to the
chain of “UHV service requirements–failure constraints–intelligent design methods–future
reliability objectives.”

The analysis shows that UHV ferrofluid seals cannot be evaluated only by their static
or instantaneous pressure-bearing capacity. Although pressure resistance remains a basic
performance indicator, long-term reliability is also affected by carrier-liquid evaporation,
material outgassing, thermal degradation, shaft eccentricity, magnetic-field distortion,
liquid-ring instability, and ferrofluid loss. Therefore, the design objective should shift from
single pressure enhancement to integrated reliability design.

Among the reviewed methods, multiphysics simulation is currently the most mature
approach. It links magnetic-field distribution, pressure-bearing capacity, thermal behavior,
structural deformation, and liquid-film failure. For rotary ferrofluid seals, future simula-
tions should pay more attention to rotating-shaft-based magnetic-field modeling, because
shaft eccentricity, radial runout, rotational speed, and thermal deformation can change
the magnetic-field distribution in the sealing gap. Data-driven condition identification
provides a route for online monitoring, but it remains limited by small datasets, laboratory
test conditions, and insufficient prediction of continuous health indicators.

PINNs, topology optimization, and multi-objective optimization represent three
emerging directions for intelligent design. PINNs may support low-sample prediction and
inverse identification, but direct applications to ferrofluid seals are still scarce. Topology
optimization may enable non-intuitive magnetic-circuit design, but current ferrofluid seal
studies remain mainly at the stage of structural comparison and finite element verification.
Multi-objective optimization is closer to engineering implementation because it can inte-
grate the pressure capacity, thermal safety, vacuum compatibility, tolerance robustness, and
reliability into one design framework.

Future research should focus on five aspects. First, low-vapor-pressure and low-
outgassing ferrofluids should be developed together with UHV-compatible structural
materials, because heat treatment, coating, bake-out history, and material surface state can
directly affect the gas load and attainable vacuum level [102]. Second, thermal management
should be strengthened by coupling magnetic fields, flow behavior, temperature rise, struc-
tural deformation, evaporation, outgassing, and leakage-path evolution. Third, long-term
reliability and durability should be evaluated under realistic operating conditions, includ-
ing shaft eccentricity, clearance variation, thermal cycling, ferrofluid loss, and service-life
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retention. Fourth, online monitoring and fault diagnosis should be developed by integrat-
ing acoustic emission, temperature, vibration, pressure, and vacuum-level sensing with
data–mechanism fusion models and condition-based maintenance strategies [96,103,104].
Fifth, intelligent optimization and reliability-oriented design methodologies should move
beyond instantaneous pressure capacity and include thermal safety, low gas load, ferrofluid
replenishment, maintenance convenience, shaft-tolerance robustness, and long-term reliability.

In conclusion, ferrofluid seals remain attractive for UHV rotary transmission because
of their non-contact operation, low wear, and clean sealing potential. However, their future
development depends on whether intelligent design can move beyond static pressure-
bearing evaluation and address long-term reliability under realistic UHV service conditions.
A reliable UHV ferrofluid seal should be designed not only to resist pressure at the initial
state, but also to retain ferrofluid, suppress gas load, tolerate shaft and thermal deviations,
support monitoring and prediction, and remain maintainable throughout its service life.
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