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Abstract

In helicopter rotor systems, effective suppression of lead-lag vibration requires dampers
with reliable load transfer, appropriate stiffness matching, tunable damping, and efficient
energy dissipation. However, conventional lead-lag dampers often suffer from limited
stiffness—damping adjustability and sealing-related constraints. Here, we developed a
magnetorheological fluid elastomeric (MRFE) damper by integrating magnetorheological
fluid with a rubber elastomer. An elastomer system with a target shear modulus of 0.72
MPa was obtained through systematic design of the rubber formulation, rubber—-metal
bonding, and vulcanization process. Dynamic characterization showed that the dissipated
energy increased markedly with amplitude but only slightly with frequency, whereas ap-
plied current exerted the strongest influence on the MRFE response. As the current in-
creased from 0 to 1.5 A, the dissipated energy, effective stiffness, and equivalent damping
coefficient increased by 1901.5%, 491.0%, and 961.1%, respectively. The zero-current effec-
tive stiffness of 0.443 kN/mm closely matched the required baseline stiffness of 0.44
kN/mm. For inverse current prediction, the improved Transformer model with hyperpa-
rameters optimized using PSO achieved a 72.04% lower RMSE than the differential evo-
lution-assisted one-dimensional long short-term memory (DE-1DLSTM) model. These re-
sults suggest the potential of the MRFE for stiffness-matched support, controllable energy
dissipation, and data-driven current prediction in rotor lead-lag vibration mitigation.

Keywords: magnetorheological fluid elastomeric damper; rotor lead-lag vibration;
energy dissipation; stiffness—damping regulation; dynamic response prediction

1. Introduction

Helicopter rotor systems are high-speed rotating flexible structures whose dynamic
responses are governed by aerodynamic loads, centrifugal forces, inertial forces, hub con-
straints, and fuselage vibrations [1]. Under critical operating conditions, such as takeoff,
landing, startup, and shutdown, non-uniform aerodynamic loading and inertial imbal-
ance may induce lead-lag vibration within the rotor plane. Insufficient damping of this
vibration can intensify blade—fuselage coupling and trigger ground resonance under spe-
cific rotor speeds and support conditions [2,3]. Therefore, lead—lag dampers are essential
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for suppressing in-plane rotor vibration to reduce ground-resonance risk as well as to im-
prove helicopter operational safety [4].

Conventional helicopter rotor dampers mainly include friction dampers, hydraulic
dampers, elastomeric dampers, and fluid-elastic dampers [5-8]. Fluid-elastic dampers
provide elastic support through rubber elastomers and dissipate vibration energy through
fluid flow and material hysteresis. Although they offer compact structure, high load-car-
rying capacity, and good reliability, their passive damping characteristics are difficult to
adapt to varying flight conditions [3]. High damping is required during startup and shut-
down to suppress lead-lag vibration, whereas excessive damping during steady flight
may increase hub loads and accelerate structural fatigue [9]. Therefore, advanced damp-
ers with load-bearing capability, stiffness matching, and tunable energy-dissipation per-
formance are required.

Magnetorheological fluid (MRF) is a smart material whose rheological properties can
be rapidly and reversibly regulated by an external magnetic field. Owing to its fast re-
sponse, low power consumption, and fail-safe characteristics, MRF has begun to attract
widespread attention for semi-active vibration control in recent years [10]. By combining
the field-dependent rheological response of MRF with the elastic support and viscoelastic
energy dissipation of rubber elastomers, magnetorheological fluid elastomeric dampers
(MRFESs) can provide load-bearing support, vibration isolation, energy dissipation, and
tunable damping in a compact structure. Related hybrid magnetorheological systems, in-
cluding MRE-MRE configurations and MRF—elastomer structures, have been explored for
vibration control, sensing, and actuation [11-14]. For rotor lead-lag applications in partic-
ular, MRF-based elastomeric damping structures have demonstrated the feasibility of
combining elastic support with controllable damping. Jiang et al. [15] developed a com-
pact MRFE and verified the magnetic-field-dependent modulation of its damping force
through dynamic experiments. Hu and Wereley [16] investigated hybrid MR fluid—elas-
tomeric lag dampers for helicopter stability augmentation. Jin et al. [17] proposed an MR
fluid—elastomer damper for engine-mount applications and subsequently investigated its
dynamic performance through experiments and coupled magnetic—fluid—-structural sim-
ulations [18]. The later study reported increases of 20.6% in in-phase stiffness and 81.6%
in equivalent damping as the applied current increased from 0 to 1.6 A. Quantitative stud-
ies of MRFE prototypes for helicopter applications have also demonstrated substantial
controllable performance. Ngatu et al. [19] developed a full-scale MRFE helicopter lag
damper and reported a damping increase of approximately 200% under low-amplitude
lag-motion conditions. Kothera et al. [20] further investigated a semiactive fluid-elasto-
meric helicopter lag damper and reported an approximately 80-200% increase in energy
dissipation over the investigated displacement-amplitude range. These results demon-
strate that existing MRFE prototypes can achieve appreciable current-dependent regula-
tion of stiffness, damping, and energy-dissipation performance, although the achievable
regulation ranges vary with device configuration and operating conditions. Nevertheless,
their practical implementation in rotor systems requires the concurrent achievement of
reliable elastic support, appropriate stiffness matching, effective energy dissipation, and
stable field-tunable dynamic performance.

Existing studies have mainly focused on the sedimentation stability [21,22], rheolog-
ical characterization [23], structural design and dynamic testing of the dampers [24,25].
However, the relationships among material-level elastomer design, rubber—metal interfa-
cial integrity, vulcanization quality, stiffness—damping matching, and response prediction
remain insufficiently established. In particular, for thick rubber elastomer components,
non-uniform heat transfer during vulcanization may lead to spatial variations in curing
state, thereby affecting stiffness stability, damping performance, and service reliability
[26-28]. Temperature monitoring, bubble-point testing, sectional dissection, and layer-by-
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layer mechanical testing can determine vulcanization conditions, but these experimental
methods are time-consuming, costly, and limited in repeatability [29]. Finite element
thermo-vulcanization simulation enables the prediction of transient temperature evolu-
tion and curing uniformity in rubber components, providing a computational basis for
vulcanization-process optimization and manufacturing consistency [30]. Beyond process
optimization, accurate response prediction is required to characterize the MRFE behavior.
The force output of rotor lead-lag dampers depends on displacement, velocity, applied
current, rubber viscoelasticity, and MRF hysteresis, resulting in nonlinear and hysteretic
responses [9]. Conventional linear stiffness—damping models are inadequate for such re-
sponses, while purely data-driven models may lack robustness under varying conditions
[31]. With the advancement of artificial intelligence technology, back propagation (BP)
neural network [32-34] and long short-term memory (LSTM) models [35] have been suc-
cessfully applied to the current control of MRF dampers. However, the gradient-based BP
neural network suffers from slow convergence and tends to fall into local optimal solu-
tions [36]. When dealing with long sequences, LSTM models based on recurrent architec-
tures often suffer from vanishing gradients and difficulties in capturing long-term de-
pendencies [37]. The Transformer architecture, proposed by Vaswani et al. [38], eliminates
recurrent and convolutional operations and employs positional encoding, multi-head at-
tention, residual connections, and layer normalization [39]. Through the self-attention
mechanism, the Transformer can efficiently capture global dependencies within input se-
quences [40]. For the short-duration periodic MRFE signals considered in this study, self-
attention is employed to capture interactions among sampling points within each short
sequence rather than specifically for long-sequence modelling. Although BP neural net-
works and LSTM models have been widely used for nonlinear response prediction, they
still exhibit inherent limitations, whereas the Transformer architecture has rarely been ap-
plied to the dynamic response characterization of magnetorheological dampers.

In this study, based on an MRFE configuration previously proposed by our group
[15], a development—characterization—prediction framework was established to reveal
how material design, interfacial bonding, and manufacturing uniformity govern stiffness—
damping matching, hysteretic energy dissipation, and current-regulated MRFE perfor-
mance. Rotor-level stiffness requirements were translated into elastomer formulation op-
timization, rubber-metal bonding design, and thermo-vulcanization control, providing
the material and manufacturing basis for prototype development. The fabricated MRFE
was dynamically characterized to quantify its energy-dissipation capability, stiffness re-
sponse, damping behavior, and magnetic-field tunability. An improved Transformer
model with hyperparameters optimized using PSO was further developed to predict the
required current under multiple operating conditions, thereby supporting data-driven
regulation of the damper mechanical response.

2. Elastomer Design for Energy-Dissipating MRFE
2.1. Rotor Requirements and Elastomer Stiffness Target

The dynamic response of the magnetorheological fluid elastomeric damper is gov-
erned by the coupling between the magnetically tunable dissipation of the magnetorheo-
logical fluid (MRF) and the elastic energy-storage capability of the rubber elastomer. Hel-
icopter rotor lead-lag vibration imposes a periodic mechanical-energy input on the damp-
ing path, during which vibration energy is repeatedly transferred from the rotor hub to
the MRFE. Accordingly, the damper is designed not merely to attenuate displacement and
force fluctuations, but to regulate the pathway through which mechanical energy is trans-
mitted, temporarily stored in the elastomer, and irreversibly dissipated through magneti-
cally tunable damping.
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In the proposed damper, the MRF is responsible for field-regulated viscous resistance
and yield-force generation, whereas the rubber elastomer provides baseline elastic sup-
port, restoring force, displacement transmission, and sealing. The stiffness, deformation
capacity, and cyclic stability of the elastomer therefore define the fundamental mechanical
boundary conditions for energy transfer within the MRFE. Insufficient elastomer stiffness
may compromise the restoring and load-transfer capability of the damper, whereas exces-
sive stiffness may increase hub loads and rubber-metal interfacial stress concentration,
thereby limiting the deformation range available for effective vibration-energy dissipation.
Therefore, the elastomer must be designed to satisfy rotor-level vibration-reduction re-
quirements and to establish appropriate mechanical conditions for vibration-energy trans-
fer, storage, and dissipation in the MRFE. Given the well-established field-dependent rhe-
ology and commercial maturity of MRFs, this study focuses on designing the elastomeric
component of the MRFE to achieve the required stiffness compatibility and reliable me-
chanical energy transfer for rotor lead—lag damping. Establishing an appropriate elasto-
mer stiffness target is therefore a prerequisite for subsequent material formulation and
performance evaluation.

The parameter categories and physical definitions required for the stiffness back-cal-
culation were selected with reference to published studies on rotor lead-lag dynamics [41].
The representative values reported in Ref. [41] are summarized in Table 1 solely to illus-
trate the relevant parameter types and their typical magnitudes, rather than being used as
numerical inputs in the present calculations. Instead, rotor-specific values were inde-
pendently specified for the system considered herein and are withheld because of project-
related confidentiality restrictions. Using these system-specific inputs, the target elasto-
mer stiffness was back-calculated to satisfy the prescribed lead-lag natural-frequency re-
quirement.

Table 1. Representative structural and dynamic parameters of the rotor model reported in Ref. [41].

Parameter Value
Number of rotor blades 5
Blade mass moment of inertia about the lead-lag hinge /. 157.8 kg'm?
Effective moment arm of the lead-lag damper L, 124.5 mm
Lead-Lag Hinge Offset /. 133 mm
Blade mass first moment about the lead-lag hinge S, 143.73 Kg'm
Lead-lag rotational stiffness of the elastomeric bearing K a 498.04 N-m/rad
Rotor angular velocity Q 25.12 rad/s

Accordingly, the rotor-level dynamic requirement was converted into an equivalent
stiffness criterion for the MRFE, thereby establishing a mechanical basis for the subse-
quent analysis of elastic energy storage and vibration-energy dissipation. Specifically, the

target first lead-lag natural frequency ( @ ) of the rotor blade was specified as one half of
the rotor rotational speed (), as expressed in Equation (1) [41].

@, =0.550Q (1)

This frequency constraint was subsequently used to determine the additional angular

stiffness (K‘f ?) required from the MRFE. As expressed in Equation (2), the corresponding
lead-lag dynamic relationship accounts for centrifugal stiffening, the rotational stiffness

of the elastomeric bearing (K‘f1 ) and the additional angular stiffness contributed by the

MRFE (X&),
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Substitution of the frequency constraint in Equation (1) and the rotor-specific numer-
ical inputs into Equation (2), followed by rearrangement, yielded the additional angular

. . K o
stiffness required from the MRFE ~¢?. These numerical inputs correspond to the param-
eter categories illustrated in Table 1 but differ from the representative values reported
therein, which were not used in the present calculation.

To establish a device-level design target, K was subsequently converted into the
equivalent translational stiffness of the MRFE (K') based on the inter-blade installation

geometry, as expressed in Equation (3).
K

' &2

KL ®)

where « is the configuration coefficient associated with the inter-blade arrangement of the
rotor hub MRFEs.

For the rotor-specific inputs adopted in this study, the frequency relation in Equation
(1) corresponded to a target first lead-lag natural frequency of 1.73 Hz. Application of
Equations (2) and (3) then yielded an equivalent translational stiffness requirement of 0.44
kN/mm for the MRFE. This value defines the device-level stiffness target for elastomer
design and serves as a reference for subsequent stiffness matching and performance eval-
uation.

Figure 1a illustrates the configuration and working principle of the proposed MRFE,
which consists of a magnetorheological damping unit arranged in parallel with a cylin-
drical rubber elastomer—metal assembly. In this configuration, the magnetorheological
damping unit provides field-regulated energy dissipation, whereas the rubber elastomer—
metal assembly supplies elastic support, restoring force, displacement transmission, and
sealing. The magnetic outer cylinder of the damping unit is rigidly connected to the outer
cylinder of the elastomer assembly, and the piston divides the internal chamber into two
MRF-filled working chambers connected by an annular flow channel. Under lead-lag ex-
citation, the piston-driven axial motion generates relative displacement between the inner
and outer cylinders of the elastomer assembly, inducing shear deformation of the rubber
elastomer and forming the elastic restoring force and temporary energy-storage path of
the MRFE. Simultaneously, the resulting pressure difference between the two working
chambers drives the MRF through the annular channel, where the transmitted vibration
energy is dissipated through viscous flow resistance. By regulating the excitation current,
the magnetic flux density in the flow channel can be adjusted, thereby increasing the yield
stress and apparent viscosity of the MRF and producing a field-dependent yield-force
component in addition to the viscous damping component. Therefore, the MRFE operates
as a coupled elastic-storage and magnetically tunable energy-dissipation element, in
which the rubber elastomer determines the baseline stiffness, deformation capacity, and
load-transfer path, while the MRF enables controllable dissipation of the transmitted vi-
bration energy. In this coupled energy-transfer and dissipation mechanism, the shear stiff-
ness of the rubber elastomer becomes a critical design parameter, as it governs stiffness
matching, elastic energy storage, stable mechanical-energy transmission, and the effec-
tiveness of field-regulated damping within the MRFE.
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Figure 1. MRFE configuration and the preparation and testing of rubber elastomer-metal bonding

specimens.

To quantify the contribution of the rubber elastomer to the overall stiffness of the
MREFE, its shear deformation is further analyzed. Because of the radial variation in geom-
etry, the shear strain and shear stress are non-uniformly distributed across the elastomer
thickness. To describe this non-uniform shear field and to establish the link between elas-
tomer geometry, stiffness, and elastic energy-storage capability, an equivalent radius (Req)
was introduced. Based on the force equilibrium of a unit-height annular rubber layer, the
shear force and deformation relationships can be expressed as Equation (4).

F=2rRrt, =2nR,t, =27Rt

r=Gy=G" &
dR )
F=2zR,-G' 2L
R -R,
where F is the shear force per unit height; M and " are the shear strain and shear stress

at the inner radius X , respectively; Y2 and © are the corresponding quantities at the

outer radius RZ; and G is the complex shear modulus of the elastomer. Based on Equa-

tion (4), the expression for the equivalent radius of the annular rubber elastomer can be
derived as Equation (5).

R, —R,

“ (R, /R) ©

The equivalent-radius formulation links the annular elastomer geometry to its shear

load-transfer behavior. In the energy-oriented stiffness design of the MRFE, the storage

modulus O characterizes the recoverable elastic response of the rubber elastomer and

thus determines its capacity for temporary elastic energy storage under cyclic lead-lag

deformation. The equivalent translational stiffness K’ of the MRFE is therefore related to

G’ through the annular shear geometry, as expressed in Equation (6).
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By substituting the device-level stiffness requirement of the MRFE and the geometric
parameters of the elastomer into Equation (6), the target storage modulus of the rubber
elastomer can be determined. In the present design, the outer radius Rz, inner radius R,
thickness d, and height L of the cylindrical rubber elastomer were selected as 30 mm, 18
mm, 12 mm, and 50 mm, respectively, yielding a target storage modulus of approximately
0.72 MPa. This modulus translates the equivalent translational stiffness requirement of
0.44 kN/mm into a material-level design criterion for the elastomer. More importantly, it
defines the elastic foundation required for stiffness matching, recoverable energy storage,
stable load transfer, and vibration-energy transmission within the MRFE. Therefore, the
target modulus of 0.72 MPa was adopted as the primary criterion for subsequent elasto-
mer formulation optimization, rubber-metal interfacial bonding design, vulcanization
process development, and MRFE prototype fabrication.

2.2. Material and Processing Design
2.2.1. Rubber-Metal Interfacial Bonding Design

The rubber—metal interface plays a critical role in the coupled energy-transfer and
dissipation mechanisms of the MRFE. In addition to providing structural continuity, it
serves as a key pathway for transmitting cyclic mechanical energy induced by rotor exci-
tation to the elastomer and the MRF damping unit. During operation, repeated shear de-
formation and localized stress concentrations can develop at the bonded interface. Inade-
quate interfacial bonding may therefore promote debonding, crack initiation, and rubber-
layer delamination, disrupting mechanical-energy transfer and compromising the stabil-
ity of hysteretic energy dissipation. These interfacial defects can ultimately degrade the
vibration attenuation performance of the MRFE. Robust rubber-metal adhesion is thus
essential for preserving elastic restoring capability, stable load transfer, sealing integrity,
and overall structural reliability under cyclic lead-lag excitation. Accordingly, appropri-
ate design of the rubber—metal bonding process is important for ensuring stable mechan-
ical energy transfer, durable elastic support, and reliable overall performance of the MRFE.
The bonding strength between the rubber elastomer and metal substrate was evaluated
according to GB/T11211-2009 [42] (Determination of the Adhesion Strength between Vul-
canized or Thermoplastic Rubber and Metal —Two-Plate Method). The bonded specimen
consists of two parallel cylindrical metal blocks connected by an intermediate rubber layer,
with the metal blocks having a thickness of 3.0 + 0.1 mm and a diameter of 35.0-40.0 mm.
To ensure dimensional accuracy, uniform rubber thickness, and consistent loading condi-
tions during testing, a dedicated mold was designed for specimen fabrication. As shown
in Figure 1b, the mold consists of upper, middle, and lower sections. The lower mold is
used to position the lower metal cylinder, the middle mold defined the molding space of
the rubber layer, and the upper mold applies molding pressure while maintaining the
coaxial alignment of the two metal cylinders. To prevent secondary damage to the bond-
ing interface during demolding, a specially designed extraction mechanism was devel-
oped, as illustrated in Figure 1c. The bonded specimen could be smoothly removed by
gradually rotating the extraction knob, thereby minimizing additional disturbance to the
rubber—metal interface after vulcanization. The fabrication of the rubber—-metal bonded
specimen is illustrated in Figure 1d, involving metal surface treatment, adhesive applica-
tion, mold filling with rubber compound, and vulcanization molding. Prior to bonding,
the metal surfaces were cleaned and roughened to remove contaminants and enhance in-
terfacial activity. A primer and cover adhesive were then uniformly applied to form a
continuous bonding layer. After partial curing of the adhesive, the rubber compound was
placed between the upper and lower metal cylinders, followed by mold assembly and
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vulcanization at 143 °C and 5 MPa for 10 min. Upon completion of vulcanization, the
bonded specimens were carefully removed using the extraction mechanism to preserve
the integrity of the rubber—metal interface.

The interfacial bonding strength was measured using the dedicated fixture shown in
Figure 1le. During testing, a uniformly distributed shear load perpendicular to the bonded
interface was applied at a constant crosshead speed of 25 + 5 mm/min until failure. The
bonding strength was determined from the ratio of the maximum failure load to the
bonded area. To identify a bonding process suitable for cyclic energy-transfer applications,
the effects of surface pretreatment, adhesive system, and adhesive curing condition were
systematically investigated. Specimens prepared using shot blasting and the ChemLok
205/220 adhesive system achieved a bonding strength of 0.8 MPa after adhesive curing at
60 °C for 1 h before vulcanization. Under the same curing condition, replacing the surface
treatment and adhesive system with electrical discharge machining (EDM) and the
211/411 adhesive system increased the bonding strength to 3.4 MPa. Further adjustment
of the adhesive curing parameters to 100 °C and 20 min increased the bonding strength to
6.8 MPa. The results demonstrate that rubber-metal bonding strength is highly dependent
on surface activation, adhesive system, and adhesive curing condition. Specifically, the
highest bonding strength of 6.8 MPa was obtained when EDM surface treatment was com-
bined with the 211/411 adhesive system and adhesive curing at 100 °C for 20 min before
vulcanization. The enhanced bonding strength provides a robust rubber-metal interface
that supports effective load transfer within the MRFE. Accordingly, the developed bond-
ing process provides a reliable manufacturing basis for subsequent MRFE prototype fab-
rication and dynamic characterization.

2.2.2. Formulation and Processing Parameter Design

To achieve the target shear modulus required for the MRFE, the rubber elastomer
was systematically designed through matrix selection, vulcanization control, and carbon
black reinforcement. The formulation and processing parameters were adjusted to obtain
suitable mechanical properties for subsequent MRFE prototype fabrication and dynamic
characterization.

Rubber elastomers were prepared using a conventional mechanical blending process.
To investigate the influence of matrix materials on elastomer performance, natural rubber
(NR), chloroprene rubber (CR), and high-temperature vulcanized silicone rubber (HTV)
were selected as the rubber matrices. The formulation consists of activators, accelerators,
antioxidants, reinforcing fillers, plasticizers, adhesives, and curing agents. NR, CR, tetra-
methylthiuram disulfide (TMTD), and naphthenic oil were supplied by Wuhu Huzhan
Rubber Chemical Co., Ltd., Wuhu, China. HTV silicone rubber was obtained from
Dongguan Xubai New Material Technology Co., Ltd., Dongguan, China. Zinc oxide (ZnO)
and stearic acid (SA) were purchased from Chengdu Kelong Chemical Co., Ltd., Chengdu,
China. Accelerator CZ, antioxidants RD and 4010NA, sulfur (S), and carbon black (Neso)
were supplied by commercial manufacturers and used as received.

The fabrication procedure of the rubber elastomer is illustrated in Figure 2a. Elasto-
mer compounds were prepared through a conventional plastication-mixing—vulcaniza-
tion process, in which the rubber matrix, reinforcing fillers, curing agents, and other ad-
ditives were uniformly blended and subsequently vulcanized to form a stable crosslinked
network. By varying the matrix material, carbon black content, and vulcanization condi-
tions, the mechanical and viscoelastic properties of the elastomers could be tailored to
satisfy the stiffness requirements of the helicopter rotor MRFE. To identify an elastomer
system suitable for MRFE development, comprehensive mechanical characterization was
performed, including dynamic shear, tensile, interfacial bonding, and low-temperature
tests. Dynamic shear properties were measured using a rotational rheometer (MCR302,
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Anton Paar, Graz, Austria) to determine the shear modulus and damping characteristics
under small-amplitude deformation. Tensile properties and rubber-metal bonding
strength were evaluated using a universal testing machine (YF-900) through stress-strain
and failure analyses. Low-temperature performance was characterized using a dynamic
mechanical analyzer (DMA1, Mettler Toledo, Greifensee, Switzerland), from which the
glass transition temperature (Tg) was determined. The resulting experimental data were
used to evaluate the effects of material composition and processing parameters on elasto-
mer performance, providing the basis for target shear modulus verification, material sys-
tem optimization, and subsequent MRFE prototype development.
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Figure 2. Fabrication procedure and mechanical characterization of the rubber elastomers. (a) Fab-
rication procedure; (b,c) dynamic shear and tensile properties of NR, CR, and HTV elastomers; (d,e)
interfacial bonding and low-temperature performance of NR and CR elastomers; and (f-i) dynamic

shear properties of NR elastomers with varying vulcanization times and carbon black contents.

Figure 2b,c compare the dynamic shear and tensile properties of NR, CR, and HTV
elastomers. As shown in Figure 2b, the storage modulus of all elastomers remains nearly
constant at low strain levels and decreased progressively with increasing shear strain, in-
dicating the typical Payne effect. The Payne effect values of the CR, NR, and HTV elasto-
mers were 87.1%, 66.8%, and 9.0%, respectively. Among the three materials, the CR elas-
tomer exhibits the highest storage modulus, whereas the HTV elastomer shows the lowest.
At a shear strain of 0.1%, the modulus reductions in the CR, NR, and HTV elastomers
were 19.8%, 14.1%, and 1.3%, respectively, indicating that the HTV elastomer possesses
the widest linear viscoelastic region, whereas the CR elastomer exhibits the narrowest,
with the NR elastomer demonstrating intermediate characteristics. The tensile properties
of the three elastomers are compared in Figure 2c. The HTV elastomer exhibits relatively
low tensile strength, indicating insufficient load-carrying capacity for damper applica-
tions. Although the CR elastomer shows a relatively high modulus, its limited elongation
at break suggests poor deformation adaptability under large cyclic strains. In contrast, the
NR elastomer exhibits a superior balance between strength and ductility, combining high
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tensile strength with large elongation at break. Given the inadequate dynamic shear sta-
bility and tensile load-bearing capacity of the HTV elastomer, it was excluded from fur-
ther matrix selection for rotor MRFE applications. The remaining NR and CR elastomers
were further evaluated in terms of rubber-metal bonding performance and low-tempera-
ture adaptability, both of which are important for maintaining interfacial integrity, defor-
mation compliance, and stable load transfer under practical operating conditions, as
shown in Figure 2d,e. The bonding strengths of the CR-metal and NR-metal interfaces
were 10.7 and 6.8 kN, respectively. Although the CR elastomer exhibits higher bonding
strength, the NR elastomer still demonstrated a practically acceptable level of bonding
performance based on the our prior experimental experience. In addition, the NR elasto-
mer exhibits a lower glass transition temperature (-54 °C) than the CR elastomer, indicat-
ing better flexibility and environmental adaptability under low-temperature conditions.
Based on the comprehensive evaluation of dynamic shear behavior, tensile performance,
interfacial bonding strength, and low-temperature adaptability, the NR-based elastomer
was selected as the preferred matrix material. It combines a suitable linear viscoelastic
operating range (strain < 0.1%), a moderate shear modulus (~0.8 MPa), high tensile
strength (17.6 MPa), large elongation at break (1097%), adequate bonding strength (6.8
kN), and excellent low-temperature resistance down to —54 °C.

Furthermore, vulcanization temperature was optimized as a key processing param-
eter governing crosslinking kinetics, network formation, and the stability of recoverable
energy storage under cyclic deformation. NR-based specimens were vulcanized at 143,
150, and 160 °C, and the corresponding optimum cure times were determined by rheo-
metric analysis to reveal the temperature-dependent curing behavior. The results showed
that increasing the vulcanization temperature from 143 to 160 °C reduces the optimum
cure time from 20 to 10 min, indicating an accelerated curing process at elevated temper-
atures. However, when the curing time was adjusted to match the vulcanization temper-
ature, only minor variations were observed in hardness (59, 59, and 58.5 HA), tensile
strength (21.54, 20.67, and 20.69 MPa), and elongation at break (441.70%, 436.59%, and
449.84%), respectively. These results suggest that appropriate matching of curing time and
vulcanization temperature can yield comparable mechanical properties over a relatively
broad temperature range, providing a practical approach to improving property con-
sistency during MRFE prototype fabrication.

Following the optimization of vulcanization temperature, the practical curing time
was further investigated as an important processing parameter affecting the mechanical
and viscoelastic behavior of the NR-based elastomer, which is relevant to its energy-stor-
age and energy-dissipation performance. Although the rheometrically determined opti-
mum cure time provides a useful reference, the actual curing process can also be influ-
enced by specimen geometry, heat transfer, and processing conditions. Therefore, NR-
based elastomers vulcanized for 3, 5, 7, 10, and 15 min at the same temperature were ex-
perimentally evaluated. As shown in Figure 2f,g, all specimens exhibit a strain-dependent
decrease in storage modulus, which is characteristic of the Payne effect and is generally
associated with the disruption and rearrangement of the filler network. The Payne effect
values were 46.5%, 20.6%, 42.6%, 21.9%, and 40.8%, respectively. Notably, the specimens
vulcanized for 5 and 10 min exhibit substantially lower Payne effects and smaller modulus
reductions at 0.1% strain (4.1% and 3.8%, respectively), indicating enhanced structural
stability and a broader linear viscoelastic region. Furthermore, the specimen cured for 5
min exhibits a higher maximum storage modulus (about 0.5 MPa) than that cured for 10
min (about 0.4 MPa), suggesting the formation of a more effective load-bearing network
capable of providing greater elastic support. The loss factor results in Figure 2g further
reveal the strain-dependent energy-dissipation behavior of the NR-based elastomers. For
all curing time, the loss factor increases with shear strain, indicating enhanced viscoelastic
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energy dissipation under larger deformation. Within the linear viscoelastic region (<0.1%
strain), the increase in loss factor was relatively limited. At higher strain levels, however,
a pronounced increase was observed, with the loss factor rising by 185-519%, indicating
enhanced energy-dissipation behavior under large deformation. Considering the storage
modulus, Payne effect, linear viscoelastic range, energy-dissipation response, and pro-
cessing efficiency, 5 min was selected as the preferred vulcanization time for the 1 mm-
thick NR specimens under the investigated conditions. This screening result provides a
reference for the subsequent determination of vulcanization conditions for the elastomer
used in MRFE prototype fabrication.

With the elastomer matrix and vulcanization conditions established, the carbon black
(CB) content was subsequently varied to identify a suitable formulation for achieving the
target stiffness of the NR-based elastomer. Accordingly, specimens containing 30, 80, 100,
and 110 phr of Neso carbon black were prepared and characterized by dynamic shear test-
ing. As shown in Figure 2h, all formulations exhibit a typical Payne effect, characterized
by a gradual decrease in storage modulus with increasing strain. As the Neso loading in-
creases from 30 to 110 phr, the Payne effect increases from 46.5% to 87.0%, indicating a
greater strain-dependent reduction in storage modulus at higher filler contents. Corre-
spondingly, the reduction in storage modulus at 0.1% strain increases from 10.7% to 25.1%,
further demonstrating enhanced strain sensitivity with increasing carbon black loading.
Despite this increased strain sensitivity, higher carbon black loading also produces a sub-
stantial increase in elastomer stiffness. Within the linear viscoelastic region, the storage
modulus increases from 0.35 MPa at 30 phr to 2.17 MPa at 110 phr, indicating that carbon
black content is an effective parameter for tailoring the elastomer stiffness toward the tar-
get level. The loss factor curves in Figure 2i show that all carbon-black-filled elastomers
exhibit increasing energy-dissipation behavior with increasing shear strain. Only moder-
ate changes were observed within the linear viscoelastic region (<0.1% strain), whereas a
pronounced increase occurred at higher strain levels, with the loss factor increasing by
481.8-1798.3%. Comparison of the dynamic shear results with the target shear modulus
of 0.72 MPa established in Section 2.1 showed that the formulation containing 80 phr Neso
provide the closest match to the design target, with a measured modulus of 0.74 MPa. By
contrast, the formulations containing 100 and 110 phr Neeo exhibited stiffness values well
above the target level. Accordingly, 80 phr Neso was selected as the preferred formulation
because its measured stiffness most closely matched the design target.

Based on the above results, the NR-based elastomer containing 80 phr Neeo carbon
black was selected for MRFE prototype development. The vulcanization time of 5 min
determined for the 1 mm specimens served as a reference for establishing the curing con-
ditions for subsequent MRFE prototype fabrication.

3. MRFE Development and Dynamic Characterization
3.1. Transient Thermal Analysis of the Rubber Elastomer

The rubber elastomer in the MRFE is a relatively thick-walled annular component,
for which limited thermal diffusivity and heat transfer can result in delayed internal heat-
ing and non-uniform temperature fields during vulcanization [43]. Therefore, the opti-
mum cure time (T90) obtained from rotorless rheometry was treated as a material-level
curing reference rather than directly applied as the curing condition for the actual elasto-
mer component. A transient thermal analysis was consequently performed to evaluate the
temperature evolution within the elastomer—-metal assembly and to determine an appro-
priate vulcanization condition. The simulation procedure was as follows.

(1) Geometric model construction
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A two-dimensional axisymmetric transient thermal model of the cylindrical elasto-
mer—metal assembly and curing mold was established, as shown in Figure 3a. The ax-
isymmetric representation was adopted based on the rotational symmetry of the assembly
to reduce computational cost while capturing the transient heat-transfer behavior within
the elastomer. Temperature monitoring locations were defined along the axial and radial
directions to characterize the internal thermal response, and local mesh refinement was
applied near the elastomer—metal interfaces to resolve the corresponding temperature gra-
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Figure 3. Thermo-vulcanization simulation results of the cylindrical rubber elastomer-metal assem-
bly. (a) Geometry model and mesh distribution; (b) temperature-time curves at monitoring points;

and (c) temperature distribution during vulcanization.

(2) Governing heat-conduction model

During thermo-vulcanization, heat is primarily transferred by conduction through
the mold, metallic components, and rubber elastomer. The rubber—metal interfaces were
assumed to be in ideal thermal contact as a modelling simplification, consistent with pre-
vious finite-element studies of rubber in-mold vulcanization [44]. In addition, an isother-
mal DSC test at 143 °C yielded a vulcanization reaction enthalpy of approximately 7.4 J/g,
and quantitative evaluation of rubber curing reaction heat has also been reported in pre-
vious studies [45]. The measured reaction enthalpy corresponds to a theoretical adiabatic
temperature rise of approximately 3.5 °C based on cp = 2.1 J/(g-K). Since this value repre-
sents a conservative upper-bound estimate without considering heat transfer to the sur-
rounding metallic components and mold, the contribution of vulcanization reaction heat
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was considered limited under the present curing conditions and was not explicitly in-
cluded in the thermal model. Accordingly, under these modelling assumptions, the gov-
erning heat-conduction equation was therefore simplified as Equation (7) [46]:

00 2’0 00 0 0

—= e 7
o o ey T @

where 9, t /1, P and € denote temperature, time, thermal conductivity, density,
and specific heat capacity, respectively. The thermal diffusivity ¢ is defined as Equation

(8):
a=—— ®)

Because the upper and lower surfaces of the mold were in direct contact with the
heating plates of the plate vulcanizing machine, these interfaces were assumed to be in
ideal thermal contact. Accordingly, these surfaces were subjected to a prescribed-temper-
ature (first-type) boundary condition, as given in Equation (9):

t>0,0, =T (, ¢, z, 1) 9)

The outer surface of the mold was exposed to ambient air, where heat exchange oc-
curred through natural convection and thermal radiation. Therefore, a third-type bound-
ary condition was applied, as expressed in Equation (10):

00 4 4
—ﬂ(a)w = h(ew - Hf) + EO'(&W - ef) (10)

where 7’ is the convective heat transfer coefficient, 9, is the mold surface temperature,

9 is the ambient air temperature, ¢ is the surface emissivity, and ¢ is the Stefan-
Boltzmann constant, with a value of 5.67x10™ W/(m*xK*).

(38) Transient thermal simulation and analysis

The cylindrical rubber elastomer—metal assembly and its curing mold were modeled
using three material types. The upper, middle, and lower mold parts were assigned the
thermophysical properties of structural steel, with a density of p=7850 kg-m™, thermal

conductivity of 2=60.5W/(m™-K™), and specific heat capacity of ¢, =434 J/(kg-K).
The outer cylinder was assigned those of aluminum, with values of p=2689 kg-m™',
A=2375W/(m™"-K") and ¢, =951J/(kg-K). The rubber elastomer was modeled as
natural rubber (NR), with p=930kg-m™, 1=013W/(m"'-K™"), ¢,=211/(g-K)

and its hyperelastic response was described by the Yeoh model. The heating temperature
was set to 155 °C, and the 5-min T90 obtained from the 1-mm-thick rheometer specimens
was used as a material-level reference. Considering the substantially greater thickness of
the MRFE elastomer and the corresponding increase in heat-penetration time, the thermal
response was simulated for 1800 s to ensure that the subsequent temperature evolution
could be fully captured.

Figure 3b presents the temperature—time histories at representative axial and radial
monitoring locations (H1-H9 and R1-R5) within the elastomer. All monitoring points ex-
hibit similar temperature evolution trends. During the initial heating stage, the tempera-
ture rises rapidly and approaches the prescribed curing temperature of 155 °C at approx-
imately 500 s. Subsequently, the temperature variations become relatively small, indicat-
ing that the elastomer approaches a thermally stable state under the prescribed heating
conditions. The gradual convergence of the axial and radial temperature responses further
indicates that the temperature distribution becomes increasingly uniform with continued
heating. Figure 3c illustrates the transient temperature fields within the elastomer—metal
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assembly at the representative curing time. During the initial heating stage, heat is trans-
ferred from the surrounding metallic components toward the elastomer, resulting in rel-
atively rapid heating near the elastomer-metal interfaces and a temporary temperature
lag in the central region. With continued heating, the thermal gradient progressively de-
creases and the temperature field becomes more uniform. At approximately 500 s, the
elastomer approaches the prescribed curing temperature of 155 °C, after which the tem-
perature distribution remains relatively stable. These results indicate that the designed
mold structures provide effective heat-transfer paths to the elastomer and that sufficient
thermal exposure is required for the thick-walled component to approach a uniform cur-
ing temperature.

Overall, the transient thermal analysis served as a supporting tool for evaluating heat
transfer and temperature uniformity within the thick-walled elastomer during vulcaniza-
tion. The simulated results, together with the material-level T90 obtained from rotorless
rheometry and the actual elastomer thickness, provided a basis for determining the vul-
canization condition. Accordingly, a curing temperature of 155 °C and a vulcanization
time of 1200 s were selected for subsequent MRFE fabrication.

3.2. MRFE Prototype Development

The performance of the MRFE damper depends on the fabrication quality of the cy-
lindrical rubber elastomer—metal assembly and the field-dependent damping characteris-
tics of the MRF. Figure 4a illustrates the configuration of the rubber elastomer—metal as-
sembly and the corresponding curing mold, represented by the gray-blue and gray-white
regions, respectively. The rubber elastomer-metal assembly comprises an inner metal cyl-
inder, an outer metal cylinder, and a rubber elastomer, while the curing mold consists
primarily of a plunger, a rubber chamber, and a base. During fabrication, the inner and
outer cylinders were positioned by the base to maintain coaxial alignment, and the rubber
compound was introduced into the annular gap through the rubber chamber. Overflow
holes in the rubber chamber and base allowed trapped air and excess rubber compound
to escape during molding. Because the rubber elastomer and metal cylinders form an in-
tegrated assembly after vulcanization, threaded demolding features were incorporated
into the plunger and base. Before vulcanization, these threaded holes were sealed with
short screws to prevent rubber ingress. Following vulcanization, the short screws were
replaced with longer ones to gradually separate the plunger from the base by mechanical
ejection, thereby reducing direct impact on the fabricated assembly during demolding.

Figure 4b shows the fabrication procedure of the rubber elastomer—metal assembly.
Based on the preceding formulation screening and transient thermal analysis, the elasto-
mer was formulated with natural rubber (NR) and 80 phr Neeo carbon black, with vulcan-
ization conducted at 155 °C under 10 MPa for 1200 s. Before vulcanization, the bonding
surfaces of the inner and outer metal cylinders were roughened by electrical discharge
machining (EDM), followed by application of the 211/411 double-coating adhesive system.
After the adhesive had dried, the two cylinders were mounted on the base to form the
annular mold cavity. The pre-cut rubber compound was then placed into the cavity, fol-
lowed by installation of the rubber chamber, addition of rubber compound, and insertion
of the plunger to complete the compression-molding assembly. During vulcanization,
rubber overflow was observed from both the upper and lower overflow holes, indicating
adequate filling of the annular cavity. After vulcanization, the mold was disassembled
using the threaded demolding structure, yielding the cylindrical rubber elastomer—metal
assembly for subsequent MRFE assembly.
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Figure 4. Fabrication process of the MRFE damper prototype. (a) Cylindrical rubber elastomer—
metal assembly and curing mold; (b) fabrication process of the cylindrical rubber elastomer-metal

assembly; (c,d) state and rheological properties of the MRF; and (e) MRFE prototype.

With the elastomeric component fabricated, the rheological response of the MRF was
further characterized to assess its suitability for field-dependent damping regulation in
the MRFE. The MRF supplied by Chongqing Materials Research Institute Co., Ltd.,
Chongging, China was tested using a rotational rheometer. Figure 4c illustrates the field-
induced state transition of the MRF under different applied currents. Without current ex-
citation, the MRF remains in a fluid-like state with good flowability, whereas application
of a5 A current produces a pronounced field-induced change in its macroscopic state. The
corresponding rheological results are presented in Figure 4d. The shear stress of the MRF
increases nonlinearly with increasing shear rate, indicating typical Bingham-fluid behav-
ior. Increasing the applied current, and consequently the magnetic field strength, leads to
corresponding increases in the apparent viscosity, yield stress, and normal force of the
MRE. These results confirm the field-dependent rheological response of the MRF and pro-
vide the material basis for subsequent evaluation of the variable-damping performance of
the MRFE.

After confirming the fabrication quality of the cylindrical rubber elastomer-metal as-
sembly and the field-dependent rheological response of the MRF, the MRFE prototype
was assembled according to the structural design, followed by filling the damping cham-
ber with a prescribed volume of MRF through a dedicated filling port. After filling, the
prototype was positioned with the filling port facing upward and kept stationary for 24 h
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to allow entrapped air to rise and escape. The filling port was then sealed using a screw
coated with sealant. The resulting device, denoted as prototype 1#, is shown in Figure 4e.
The developed MRFE combines elastic support with field-dependent damping regulation,
providing the structural and functional basis for subsequent characterization of dynamic
stiffness, damping behavior, energy dissipation, and response prediction.

3.3. Dynamic Stiffness-Damping and Energy Dissipation

During operation, helicopter rotor lead-lag dampers are subjected to periodic oscil-
latory excitation and are required to provide stable elastic support and effective damping.
For the developed MRFE, the elastomeric structure provides the primary elastic response,
while the MRF contributes field-dependent damping through its flow resistance. Accord-
ingly, dynamic tests were conducted to characterize the stiffness response, damping be-
havior, hysteretic energy dissipation, and field-dependent tunability of the MRFE.

The dynamic tests were performed on an electro-hydraulic servo dynamic fatigue
testing machine, as shown in Figure 5a. The test system mainly consists of the testing ma-
chine, MRFE damper, current source, force sensor, displacement sensor, and data acqui-
sition and control system. Before testing, the MRFE specimen was carefully mounted and
aligned to ensure axial loading accuracy. The excitation amplitude and frequency were
specified through the actuator controller, while the applied current was controlled using
the current source. All dynamic mechanical tests were conducted at room temperature,
and the measured responses reported in this study therefore represent the room-temper-
ature characteristics of the MRFE.
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Figure 5. Dynamic testing system and performance results of MRFE dampers. (a) Test system; (b—
d) amplitude response, frequency response and current response of 1# MRFE; and (e,f) equivalent
stiffness and equivalent damping coefficient of the 1# MRFE and 24 MRFE.

During testing, a sinusoidal displacement excitation was applied to simulate the
lead-lag motion of the helicopter rotor. The displacement input signal is expressed as
Equation (11):

x = x, sin(at) = x, sin(2r ft) (11)

where xo is the displacement amplitude, f is the excitation frequency, x is the excitation
displacement, ¢t is time, and w is the angular frequency. The force and displacement re-
sponses were synchronously measured using the force and displacement sensors and rec-
orded through the data acquisition system. All tests were conducted at room temperature.
For each test condition, 1000 data points were collected at a sampling frequency of 1000
Hz. The acquired signals were subsequently processed to obtain the force—displacement
and force—velocity hysteresis curves. The energy dissipated per cycle was calculated from
the enclosed area of the force-displacement loop, as shown in Equation (12) [47].

AU = qSF(t)dx = IOL F(t)x(t)dt (12)

Figure 5b shows the amplitude-dependent force-displacement hysteretic response of
the MRFE damper. As the excitation amplitude increases from 0.8 to 2.0 mm, the force-
displacement loops expand in both stroke and load ranges. The enclosed loop area in-
creases accordingly, indicating increased mechanical-energy dissipation. The energy dis-
sipated per cycle increases from 0.606 ] at 0.8 mm to 0.993, 1.245, and 1.707 J at 1.2, 1.6, and
2.0 mm, corresponding to increases of 63.9%, 105.4%, and 181.7%, respectively. This result
confirms that larger displacement excitation enhances the absolute energy-dissipation ca-
pability of the MRFE damper. It should be noted that the measured force represents the
overall output response of the MRFE damper, which mainly consists of contributions from
the elastic restoring force of the rubber elastomer and the controllable damping force gen-
erated by the MR fluid. The field-dependent yield force of the MR fluid exhibits a Cou-
lomb-like characteristic, and its magnitude is primarily governed by the magnetic field
induced by the applied current rather than the excitation amplitude. Therefore, the in-
crease in energy dissipation with increasing stroke amplitude is mainly associated with
the enlarged displacement range during each loading cycle and the corresponding energy
dissipated by the MR fluid damping force. The average slope of the force—displacement
loops mainly reflects the effective stiffness contribution of the rubber elastomer. The re-
duction in the effective stiffness response at larger amplitudes is related to the nonlinear
viscoelastic behavior of the rubber elastomer under larger deformation amplitudes. Alt-
hough the elastomer may contribute to the overall energy dissipation due to its viscoelas-
tic nature, the contribution of MR fluid damping is expected to be predominant in the
overall energy dissipation under the tested conditions. In addition, the force—velocity
loops expand with increasing excitation amplitude, reflecting the increase in energy dis-
sipation during each loading cycle. This expansion mainly results from the increased mo-
tion range at larger deformation amplitudes and the enhanced contribution of the MR
fluid damping force. Overall, increasing excitation amplitude increases the absolute en-
ergy-dissipation capability of the MRFE damper while reducing its effective stiffness re-
sponse.

Figure 5c presents the frequency-dependent response of the 1# MRFE damper at an
applied current of 0 A and an excitation amplitude of 1.2 mm. As the excitation frequency
increases from 0.73 to 3.73 Hz, the force—displacement loops remain highly similar in slope
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and enclosed area, indicating that the equivalent stiffness and single-cycle energy dissi-
pation exhibit limited sensitivity to frequency within the tested range. The energy dissi-
pated per cycle increases slightly from 0.780 J at 0.73 Hz to 0.842, 0.919, and 0.998 ] at 1.73,
2.73, and 3.73 Hz, corresponding to increases of 7.9%, 17.8%, and 27.9%, respectively.
Compared with the amplitude-dependent responses, this variation is relatively limited.
This suggests that the MRFE maintains a stable hysteretic energy-dissipation behavior
under different excitation frequencies. The weak frequency dependence observed in the
force-displacement response indicates that the stiffness contribution of the rubber elasto-
mer and the damping contribution of the MR fluid remain relatively stable under zero-
current conditions within the investigated frequency range. In contrast, the force—velocity
loops expand with increasing frequency due to the increased excitation velocity at a fixed
displacement amplitude, reflecting the frequency-dependent variation in the velocity-do-
main response. Therefore, frequency mainly affects the velocity-domain response, while
its influence on the effective stiffness and hysteretic energy dissipation capability of the
MRFE damper remains relatively limited under zero-current conditions.

Figure 5d shows the current-dependent dynamic response of the MRFE damper. As
the applied current increases from 0 to 1.5 A, the force—displacement loops expand signif-
icantly along the load direction, demonstrating a strong magnetic-field-regulated en-
hancement in force output and hysteretic energy dissipation. The energy dissipated per
cycle increases from 1.009 ] at 0 A to 3.086, 6.737, 11.252, 16.220, and 20.195 ] at 0.3, 0.6, 0.9,
1.2, and 1.5 A, corresponding to increases of 205.8%, 567.7%, 1015.2%, 1507.5%, and
1901.5%, respectively. At 1.5 A, the dissipated energy is approximately 20.0 times the zero-
current value, indicating that the applied current is the dominant factor governing the
energy-dissipation capacity of the MRFE. The force—velocity curves further show a pro-
nounced current-dependent response. With increasing current, the output force rises rap-
idly, especially in the low-velocity region, and the curves gradually exhibit a yield-like
behavior. This behavior may be attributed to the field-induced formation of particle chains
in the MRF. Under the applied magnetic field, magnetic particles align along the field
direction and form chain-like structures, thereby increasing the shear yield stress and flow
resistance of the fluid. These field-dependent rheological changes contribute to the en-
hanced damping force and energy dissipation of the MRFE. Overall, compared with exci-
tation amplitude and frequency, applied current plays the most significant role in regu-
lating the stiffness response and hysteretic energy-dissipation capacity of the MRFE.

The first-harmonic method based on the equivalent linear complex-stiffness formu-
lation [48] was used here to characterize the effective stiffness (Kett) and damping stiffness
(Kc). The measured force and displacement responses were first expanded into Fourier
series, as expressed in Equations (13) and (14):

N
F= Z(anF cosnwt +b, . sin nwt) (13)

n=1

N
x= Z(anx cosnwt+b, sinnawt) (14)
n=1
where anr and brr are the n-th-order cosine and sine coefficients of the force response, re-
spectively, and anx and bnx are the corresponding Fourier coefficients of the displacement
response. For the fundamental harmonic response, the force generated by the MRFE can
be decomposed into an elastic component in phase with displacement and a damping
component in phase with velocity, as expressed in Equation (15):

K, .
F=K,x+—x (15)
@
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where Ker and K¢ denote the effective stiffness and damping stiffness of the specimen,
respectively. By retaining the first harmonic terms [49] of the measured force and displace-
ment responses in Equations (13) and (14) and substituting them into Equation (15), Equa-
tion (16) can be obtained:
Ay = Keff a,, +chlx
) (16)
blF = Keﬁ‘blx - Kcalx
Solving the system of equations in Equation (16) yields the expressions for the effec-

tive stiffness Kett and damping stiffness K. , as given in Equation (17):

K _ alFalx + blFblx
off 2 2
alx + blx (17)
K = alFblx _blFalx
&+
1x 1x

c

The damping behavior of the specimen was characterized by the equivalent damping
coefficient C¢ , which was determined from the energy AU dissipated by the specimen
over one loading cycle. The expressions for AU and C, are given in Equation (18) [47]:

C,=AU/rox; ~K, |o (18)

To further quantify the equivalent dynamic response of the MRFE, the effective stiff-
ness (Ketf) was used to characterize the overall force-displacement response of the MRFE
damper, while Ce was used to represent its equivalent viscous damping contribution. Fig-
ure 5e summarizes the Kett and Ce values of the 1# MRFE damper under different excita-
tion conditions. In the amplitude-dependent test, as the excitation amplitude increases
from 0.8 to 2.0 mm, Kett decreases from 0.522 kN/mm to 0.434 kN/mm, corresponding to a
reduction of approximately 16.9%. Meanwhile, Ce decreases from 0.027 kN-s/mm to 0.012
kN-s/mm, corresponding to a reduction of approximately 55.6%. This result is consistent
with the amplitude-softening behavior observed in the force—displacement loops, sug-
gesting that the reduction in the effective stiffness response at larger deformation ampli-
tudes may result from the combined effects of the nonlinear viscoelastic response of the
rubber elastomer and amplitude-dependent changes in the MR fluid contribution. Alt-
hough the hysteresis-loop area and the absolute energy dissipated per cycle increase with
amplitude, the equivalent damping coefficient decreases because the increase in dissi-
pated energy is insufficient to compensate for the quadratic amplitude normalization in
the calculation of Ce. In the frequency-dependent test, as the excitation frequency increases
from 0.73 Hz to 3.73 Hz, Kett increases only slightly from 0.432 kN/mm to 0.446 kN/mm,
corresponding to an increase of approximately 3.2%. This indicates that the effective
force—displacement response is weakly affected by excitation frequency within the tested
range. In contrast, Ce decreases from 0.036 kN-s/mm to 0.009 kN-s/mm, corresponding to
a reduction of approximately 75.0%. This trend agrees with the force—displacement and
force—velocity responses. The force-displacement loops show only minor changes in
shape and enclosed area, whereas the force—velocity curves expand mainly along the ve-
locity axis. Therefore, when the energy dissipated per cycle changes only slightly with
frequency, the frequency-normalized equivalent damping coefficient decreases. In the
current-dependent test, both Keif and Ce increase significantly with increasing applied cur-
rent, demonstrating pronounced magnetic-field tunability. As the current increases from
0 A to1.5 A, Kert increases from 0.443 kN/mm to 2.618 kN/mm, corresponding to approx-
imately 5.9 times its zero-current value. Meanwhile, Ce increases from 0.018 kN-s/mm to
0.191 kN-s/mm, corresponding to approximately 10.6 times its initial value. The increase
in Kett reflects the enhancement of the overall force—displacement response of the MRFE
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damper rather than an increase in the intrinsic stiffness of the rubber elastomer. With in-
creasing current, the enhanced field-dependent damping contribution of the MR fluid in-
creases the total output force, which consequently affects the Ket calculated from the over-
all force-displacement response. Notably, the zero-current Ker of 0.443 kN/mm is close to
the required baseline stiffness of 0.44 kN/mm for the target helicopter rotor lead-lag
damping system. The applied current further broadens the adjustable range of the overall
stiffness response and damping capability of the MRFE damper, demonstrating its semi-
active tunability. Moreover, the applied current provides a much stronger regulation ef-
fect on the effective stiffness response and damping characteristics than excitation ampli-
tude and frequency. This indicates that the field-dependent rheological response of the
MRE is the primary mechanism governing the current-dependent mechanical response of
the MRFE damper. As the applied current increases, the strengthened magnetic field pro-
motes particle alignment and the formation of chain-like structures along the field direc-
tion, thereby increasing the shear yield stress and flow resistance of the MRF. Conse-
quently, the MR fluid damping contribution increases significantly, leading to higher hys-
teretic energy dissipation and an increase in C.. Meanwhile, the enhanced MR fluid force
contribution modifies the overall force—displacement response, resulting in an increase in
the calculated Kett. At higher current levels, stronger field-induced particle interactions
further enhance the resistance of the MRF to shear flow, leading to increased damping
force and hysteretic energy dissipation. Accordingly, the MRFE exhibits higher output
force, a larger hysteresis-loop area, and increased Ketf and C., demonstrating the current-
dependent tunability of the MRFE damper for semi-active control.

Although the baseline effective stiffness of prototype 1# was close to the design target
for the helicopter rotor system, an elastomer formulation with higher stiffness was addi-
tionally prepared to investigate the influence of elastomer stiffness on the coupled effec-
tive stiffness response, damping, and energy-dissipation behavior of the MRFE. To isolate
the effect of carbon black reinforcement, the Neso content was increased from 80 to 100 phr,
while the MRF configuration and all other rubber formulation parameters were kept un-
changed. A second damper prototype, denoted as the 2# MRFE damper, was then fabri-
cated using the same processing and assembly procedure as the 1# prototype. Figure 5f
shows the effective stiffness (Kett) and equivalent damping coefficient C. of the 2# MRFE
damper under different applied currents. Both Kef and Ce of the 2# MRFE damper increase
with increasing applied current, indicating that the 2# prototype maintains current-de-
pendent tunability. As the applied current increases from 0 A to 1.5 A, Ketf increases from
0.470 KN/mm to 2.881 kN/mm, while Ce increases from 0.021 kN-s/mm to 0.165 kN-s/mm.
Compared with the 14 MRFE damper, the 2# MRFE damper exhibits a higher effective
stiffness response over the entire current range. Its zero-current Kett increases from 0.443
kN/mm (1#) to 0.470 kN/mm (2#), corresponding to an increase of approximately 6.1%. Its
maximum Kett increases from 2.618 kN/mm (1#) to 2.881 kIN/mm (2#), corresponding to an
increase of approximately 10.0%. This indicates that increasing the Neeo content enhances
the reinforcing effect and intrinsic stiffness of the rubber elastomer, thereby increasing the
overall force-displacement response and effective stiffness level of the MRFE damper.
However, the damping response does not increase monotonically with elastomer stiffness.
The zero-current equivalent damping coefficient increases slightly from 0.018 kN-s/mm
(1#) to 0.021 kN-s/mm (2#), whereas the maximum equivalent damping coefficient de-
creases from 0.191 kN-s/mm (1.5 A, 1#) to 0.165 kN-s/mm (1.5 A, 2#). Relative to the 14
prototype, Ce of the 2# prototype increases by approximately 16.7% at 0 A and 13.0% at
0.3 A, remains nearly unchanged at 0.6 A, and decreases by approximately 7.8-13.6% over
0.9-1.5 A. This transition suggests a current-dependent coupling between the elastomer
response and the field-dependent MR fluid contribution. As the MR fluid contribution
becomes more pronounced with increasing current, the lower compliance of the stiffer 24
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elastomer may alter the deformation transmitted to the MR fluid region, thereby affecting
local flow-gap deformation and effective shear motion. Consequently, increasing elasto-
mer stiffness enhances the effective stiffness response but does not necessarily increase
the overall damping performance, particularly at higher current levels. Therefore, the
elastomer stiffness should be properly matched with the MRF damping contribution to
achieve a balanced stiffness—damping response.

Overall, the developed MRFE exhibited stable hysteretic energy dissipation and ef-
fective current-dependent damping regulation over the tested excitation amplitudes, fre-
quencies, and applied currents. Through optimization of the elastomer formulation and
rubber-metal bonding process, together with the selection of vulcanization conditions
guided by transient thermal analysis, the MRFE showed appropriate baseline effective
stiffness and field-dependent damping characteristics. Its zero-current effective stiffness
(Kerf) closely matched the design requirement of the helicopter rotor lead-lag system,
while increasing the applied current substantially extended the adjustable ranges of the
overall effective stiffness response and damping capability. Compared with representa-
tive MRFE studies discussed in the Introduction, the present MRFE exhibits a compara-
tively broad current-dependent response under the tested conditions, although differ-
ences in device configuration, test conditions, and parameter definitions should be con-
sidered. Comparison of prototypes 1# and 2# further showed that increasing the elastomer
stiffness enhanced the overall force—displacement response and effective stiffness level,
but was accompanied by reductions in the maximum damping coefficient and energy dis-
sipation. These results suggest that the elastomer formulation mainly influences the base-
line stiffness characteristics, whereas the applied current mainly regulates the MR fluid
contribution to the overall mechanical response. These findings highlight the importance
of balancing baseline stiffness, energy dissipation, and current-dependent tunability in
MREFE design and provide an experimental basis for subsequent response prediction.

4. Dynamic Response Prediction of MRFE

Accurate current prediction is essential for semi-active regulation of the MRFE be-
cause the applied current governs the magnetic-field strength and, consequently, the field-
dependent rheological response, damping force, and energy-dissipation behavior of the
MRE. Therefore, a data-driven current prediction model was developed to establish the
mapping between the measured dynamic response and the required control current.

4.1. Differential Evolution with One-Dimensional Long Short-Term Memory

With the rapid development of deep learning, various neural network architectures,
including convolutional neural networks (CNNSs), recurrent neural networks (RNNs), and
long short-term memory (LSTM) networks, have been increasingly applied to nonlinear
system modeling and prediction. For the developed MRFE, the current-dependent non-
linear coupling among displacement, velocity, force, and damping response makes con-
ventional parametric modeling challenging. Data-driven approaches therefore provide an
effective alternative for identifying the inverse relationship between the measured dy-
namic response and the required control current. Among existing studies, Saufi [35] em-
ployed a differential evolution-assisted one-dimensional long short-term memory (DE-
1DLSTM) model to predict the control current of a magnetorheological damper and re-
ported favorable prediction performance. Following this approach, a DE-1DLSTM model
was established in the present study as the baseline model for MRFE current prediction.

4.2. Improved Transformer Model Optimized by Particle Swarm Optimization
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To improve the prediction accuracy of the current prediction model, this paper de-
velops an improved Transformer model based on the original Transformer model. Com-
pared with the original model proposed by Vaswani, this work discards the multi-layer
stacked encoder and decoder architectures. A hybrid network is constructed with a self-
attention layer, BILSTM, dropout layers, etc. In addition, the particle swarm optimization
(PSO) algorithm is adopted to optimize the hyperparameters of the improved Trans-
former model. Figure 6 illustrates the PSO-ITransformer-based current prediction frame-
work, and the detailed procedure was described as follows.

[Calculate displacement and unwrapped phase

Data sorting

( Initialize population parameters )

|

(90% data) ( 0% data) l_( Generate initial population )

(Data settmg) (Obtam experimental data) Sequence input layer Obtain RMSE

________ J l;————_ = lTyperparameters

(Posmon enthioding layer):()% [ Update Pbest and Gbest j

Hydraulic
device

= Magnetorheological
flll| fluid-elastic damper
4 Currem E

(Selfattentlon layer iL
@ [Update velocities and positionsj

( Indexing 1d layer ]

Bilstm layer
Dropout layer

F ully connected layer

Regression layer

Figure 6. Flowchart of PSO-ITransformer-Based Current Prediction for the MRFE.

(1) The experimental data are calculated to construct a new dataset S = {vi, Fi, xi, 0;, Ii}.
vi and Firepresent the velocity and force obtained from experimental test, respectively. i
denotes the current under different vi and Fi. The displacement xi is calculated using the
velocity vi. The formula is given as Equation (19) [50].

X, = cumtrapz(v,)dt 19)

where t denotes the sampling time.
The phase angle 0i is calculated based on vi and xi, as shown in Equation (20) [51].

6, =unwrap(atan2(v,,x,)) (20)

(2) Define the optimization variables and their ranges. The optimization variables
consist of the number of neurons in BiLSTM, initial learning rate, L2 regularization coef-
ficient, dropout probability, and the dimension of the self-attention layer.

(3) Initialize the population parameters and randomly generate an initial particle
swarm.

(4) The root mean square error (RMSE) of each particle is calculated via the improved
Transformer model. A total of 90% of samples from the dataset are allocated as the train-
ing set to train the improved Transformer model. The sequence input layer receives the
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input sequences, and the addition layer sums the input sequences with the positional en-
coding generated by the position embedding layer. Subsequently, the fused data are fed
into the self-attention layer to extract self-attention features. The extracted features are
further processed through the indexing 1D and BiLSTM layers. A dropout layer is then
adopted to randomly mask partial hidden neurons to mitigate overfitting. Finally, the
fully connected layer and regression layer perform feature transformation and regression
output. After training, the remaining 10% of samples are utilized as the test set for predic-
tion, and the corresponding RMSE value is computed.

(5) Calculate the personal best Pbest value and global best Gbest value.

(6) Update the velocity and position of each particle.

(7) Judge whether the algorithm reaches the maximum number of iterations. If the
termination condition is satisfied, output the optimal hyperparameters and the corre-
sponding prediction results. Otherwise, return to Step (4).

4.3. Prediction Performance and Model Validation

Figure 7 compares the convergence behavior and current prediction performance of
the DE-1DLSTM and PSO-ITransformer models. The DE-1DLSTM model exhibited rela-
tively slow convergence, with the RMSE gradually stabilizing after approximately 10 iter-
ations. By contrast, the PSO-ITransformer converged more rapidly, as its RMSE decreased

sharply during the initial iterations and subsequently fluctuated only slightly within a
narrow range.
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Figure 7. Comparison of convergence curves and prediction results for the two models. (a,b) Con-
vergence curves of DE-1DLSTM and PSO-ITransformer, respectively; (c,d) current prediction com-
parisons of DE-1DLSTM and PSO-ITransformer, respectively.

The DE-1DLSTM model exhibits consistently higher RMSE values, ranging from
0.046 to 0.053 throughout the optimization process. In contrast, the RMSE of the PSO-
ITransformer model decreases rapidly from an initial value of 0.055 to approximately
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0.016. This pronounced improvement indicates that PSO-based hyperparameter optimi-
zation effectively enhances the prediction performance of the ITransformer model. Quan-
titatively, the PSO-ITransformer achieved a 72.04% reduction in RMSE compared with the
DE-1DLSTM model. As shown in Figure 7c,d, direct comparison with the experimentally
measured current indicates that the PSO-ITransformer predictions show closer agreement
with the experimental data than those of the DE-1IDLSTM model. The PSO-ITransformer
model can accurately predict current values under various conditions, with only minor
deviations at a few discrete points. Although the DE-1DLSTM algorithm can capture the
overall variation trend of current, its predicted results show obvious discrepancies with
the experimental data. For PSO-ITransformer, self-attention layer is used to extract non-
linear correlation features among sampling points for the MRFE response. BiLSTM layer
is then adopted to perform bidirectional temporal feature mining. Meanwhile, PSO is in-
troduced to optimize the hyperparameters of the model. These results indicate that the
proposed PSO-ITransformer model can reliably predict the required current under differ-
ent operating conditions, providing a basis for subsequent semi-active regulation of
MREFE stiffness and energy dissipation.

5. Conclusions

We characterized the dynamic stiffness—damping evolution, hysteretic energy-dissi-
pation performance, and current prediction capability of an MRFE damper for helicopter
rotor lead-lag vibration reduction. A rubber elastomer system with a target shear modu-
lus of 0.72 MPa was obtained through formulation design, rubber-metal bonding devel-
opment, and transient thermal analysis. Dynamic tests showed that the MRFE exhibited
stable force—displacement hysteresis and effective energy dissipation. As the excitation
amplitude increased from 0.8 to 2.0 mm, the dissipated energy increased by 181.7%,
whereas increasing the frequency from 0.73 to 3.73 Hz caused only a 27.9% increase. More
significantly, increasing the current from 0 to 1.5 A increased the dissipated energy by
1901.5%, while the effective stiffness and equivalent damping coefficient increased by ap-
proximately 491.0% and 961.1%, respectively. The zero-current effective stiffness differed
from the required baseline stiffness of 0.44 kN/mm by only 0.68%, demonstrating close
stiffness matching. For current prediction, the proposed PSO-ITransformer achieved a
72.04% reduction in RMSE compared with the DE-1DLSTM model. The ITransformer also
exhibited marked sensitivity to hyperparameter settings, with the RMSE varying by up to
76.55% during hyperparameter optimization. Overall, the developed MRFE suggests the
potential for stiffness-matched support, current-tunable energy dissipation, and data-
driven current prediction in rotor lead—lag vibration mitigation.
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