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Abstract. It is widely recognized that impact is an intricate problem that has challenged
scientific scholars for many years. Impacts, such as those occurring in high-speed aircraft
landings, vehicle accidents, or machine tool operations, pose substantial hazards to hu-
man health and safety, as well as cause damage to the structural durability, integrity and
sustainability of various facilities. This paper researches a flow-mode magneto-rheological
(MR) impact damper (ID) to reduce the effects of shocks and vibrations during sudden
impacts. By applying a magnetic field to the magneto-rheological fluid (MRF) within the
damper, the damping properties can be adjusted in real-time. The traditional approaches
typically use electric coils to generate the required magnetic field, leading to increased
complexity and high costs in structure and control systems. To address this limitation, we
replace the coils with multiple permanent magnets distributed along the linear displace-
ment of the damper, enabling the generation of a progressive damping force. Therefore,
in addition to a more streamlined design, the new configuration equips the MRID with a
stroke-activated capability that aids in creating a soft-landing effect, thereby minimizing
harm during collisions. To improve the operational efficiency, performance criteria of the
damper, including damping force in off and activated states, dynamic range and instal-
lation volume, are considered in a design optimization procedure. Optimal solutions for
the proposed MRID are simulated using the finite element method (FEM), followed by
a detailed design phase. Subsequent analyses and discussions are conducted to provide
guidance for future development.
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1. INTRODUCTION

Soft-landing generally refers to a controlled landing process that minimizes harm to
human safety while also preventing damage to the integrity of facilities. In impact sce-
narios, dampers and springs within suspension systems play a crucial role in reducing
vibrations; however, they also serve as intermediaries that transmit collision impulses to
the surroundings [1]. This transmitted force is a primary cause of danger to involved per-
sonnel and damage to equipment. In fixed damping systems, the damping force depends
on velocity. At the moment of impact, due to the high collision velocity, fixed damping
may generate a large, uncontrollable transmitted force. In contrast, variable damping
systems, such as MRIDs, can offer a controllable damping force tailored to the desired
level of force transmissibility [2]. This adaptability enables the creation of a soft-landing
effect, providing better protection for both humans and infrastructure throughout the
impact event.

In recent years, numerous studies have actively employed MRID technology to ab-
sorb impact energy, with the goal of safeguarding individuals and device structures
across a range of collision scenarios. Notable examples include MR landing gear dampers
in lightweight helicopter landing systems [3], MR energy absorbers for helicopter seat
suspension systems [4,5], MR landing gear devices for lunar-planetary landers [6], and
MR shock absorbers designed for soft landings during elevator emergency crash scenar-
ios [7]. To diminish impacts during high-speed events and mitigate vibrations at lower
speeds, essential state parameters of the controlled object, including speed, displacement,
and acceleration of the impact load, serve as crucial input conditions for the controller of
MRID systems. Following this, the control system computes the requisite MRID force
corresponding to the present state of the controlled object and triggers control mecha-
nisms. Moreover, force sensors are integrated into MRID systems to promptly capture
input and output forces, thereby enhancing system control [8,9]. The inherent complexi-
ties associated with MRID devices and their control systems can lead to an increase in the
system’s dimensions, weight, and overall cost. Traditional MRIDs with control systems
often lack the necessary reliability for emergency situations like elevator mishaps and
vehicle collisions. Consequently, the development of a compact, adaptable MRID with
enhanced reliability becomes imperative.

In this study, the authors develop an MRID aimed at mitigating the damage resulting
from sudden collisions. The proposed MRID operates based on the flow-mode principle
of MRF and is activated by the magnetic fields of permanent magnets. The new approach
eliminates the need for coil winding and a control system (including sensors, power sup-
plies, and a control scheme), which are commonly found in traditional MRIDs. This
results in a simplified design and, consequently, reduced manufacturing costs. In addi-
tion, the proposed MRID can operate independently of external power sources, offering
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fail-safe capabilities and high reliability. The permanent magnets are strategically dis-
tributed along the damper’s length to generate an impact damping force that increases
with stroke, thereby providing a soft-landing effect. The study begins with the consider-
ation of a dynamic model for a drop-induced impact, followed by the description of the
flow-mode MRID configuration. Subsequently, the MRID is modeled and optimized in
terms of geometric structure, with a focus on performance parameters such as expected
damping force, dynamic range, and operational space. Based on the optimal results, a de-
tailed design of the optimized MRID is conducted, accompanied by dedicated analyses
and discussions.

2. EQUATION OF MOTION AND MODELING OF THE FLOW-MODE MRID

2.1. Equation of motion

The damping force generated by MRID
is typically confined within a specific range,
determined by the design structure. This j
restricted range influences the efficiency of x(Y)
MRID. To ensure the device functions effec- Fa | Fi
tively, the damping force of the MRID must be VJ
suitably tailored for various types of impacts,
based on different input excitations. Therefore,
it is imperative to optimally design the struc-
ture and parameters of MRID, as well as to

develop a dynamic model that accurately de- Fig. 1. A single degree of freedom
system subjected to an impulse

scribes the characteristics of the collision pro-
cess.

During the collision process, the system experiences vibrations caused by an impulse
excitation. This impulse, acting over a very short period of time, results in a sudden
change in the momentum of the system. Firstly, we consider the response of a single de-
gree of freedom system subjected to an impulsive excitation (Fig. 1). The system consists
of a spring and an MR damper, firmly affixed to the base below. The equation of motion
for the system can be written as follows

mi + cx + kx = 0. (1)
Solution to the equation results in

Xo + gCUnXQ

x(t) = e bwnt {xo cos wyt +
Wy

sin wdt} . (2)
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In the above equation, m is the mass of the post-collision system, ¢ and k are the
damping coefficient and spring stiffness, respectively. x(t) is the relative displacement of
the suspension system caused by the impulse excitation. The damping ratio {, natural
frequency wy, and damped frequency wy are given by the following equations

c k
_ _ _ _
(= G 9=\ @a=on/1-22 ©

Assuming the system is initially at rest before the impulse excitation is applied (x =
¥ =0fort <Ooratt=0")and the magnitude of the impulse is f, the initial velocity %o
is determined as f/m. Referring back to Eq. (2), the steady-state response of the system
can be inferred as follows

fefgw”t
mdwy

x(t) sin wyt. 4)
In this research, the design of the MRID is based on the quasi-static model approach.
The behavior of the MRID can be regarded as similar to that of a dry friction damper.
Therefore, by using an equivalent damping coefficient c,,, such that the work done per
half-cycle due to this coefficient equals the work produced by the MRID damping force,
as in [10], we have
T/ wy T/ Wy
W, = / Fopx(t)dt = / Cog ¥ (t)dt = 2|Fg| X. (5)
0 0

In the above, X denotes the magnitude of the system’s vibration, while F,; represents
the required damping force of the system. By substituting c,; = 2mw,( from Eq. (3) and
the first-order derivative of Eq. (4) into Eq. (5), F,4 is determined by

fzceq(e*”TCwn/wd _ 1) B f2(672néwn/w‘1 _ 1)
8XIm2w, N 4Xm '

Fg= (6)

Based on the performance index ITAE (Integral of Time multiplied by Absolute Er-
ror) [11], the damping ratio for the second-order oscillatory system is selected as 0.7 to
ensure an appropriate response of the suspension system to the impact.

2.2. Modeling of the flow-mode MRID

The proposed configuration of the flow-mode MRID featuring permanent magnets
with stroke-activated capability is illustrated in Fig. 2. The damper comprises two main
components: a cylinder and a piston assembly unit. The cylinder serves as the outer
housing, guiding and securing the piston while enclosing the MRF. The piston assembly
unit (referred to as “piston” hereafter) consists of the piston rod, piston core, and piston
guides, combined into a valve-like structure.
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Fig. 2. Configurations of the MRIDs

The MREF is distributed and fully contained within the upper and lower chambers,
enabling movement through orifices in the annular duct as the piston shifts position.
The ring-shaped permanent magnets are arranged in opposite pole directions and in-
terspersed with magnetic pole pieces. They are positioned within the cylinder from the
midpoint to the stroke’s end. Additionally, the MRID incorporates a gas chamber iso-
lated from the MRF chambers by a floating piston, which functions as an accumulator,
ensuring effective communication of the MRE.

In the initial state, the piston core resides beyond the magnetic field region of the
permanent magnets, resulting in an open electromagnetic circuit. Upon exposure to the
impulse, the MRID undergoes downward movement of the piston towards the floating
piston, as illustrated in Fig. 2. Subsequently, the MRF in the lower chamber flows up-
ward through the annular duct. At this point, the piston core enters the effective region
of the magnets, closing the electromagnetic circuit. This action initiates the generation
of a magnetic field that passes across the MRF gap, thereby producing additional damp-
ing force. The further the piston moves towards the end of the stroke, the more MRF is
activated, leading to a greater generated damping force. As a result, a soft-landing ef-
fect is guaranteed, and the proposed flow-mode MRID can be activated according to its
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stroke without any control. This mechanism prevents the MRID from producing a sud-
den high-resistance force that could result in injury to humans or damage to the device’s
mechanical structure. Furthermore, the number of permanent magnets and their distri-
bution can be adjusted intentionally for specific impact damping performance objectives.

Fig. 3. Geometry of the MRIDs (fully activated state)

The structural geometry of the proposed flow-mode MRID is depicted in Fig. 3. As-
suming a quasi-static behavior and a linear velocity profile of the MRF in the annular
duct, the damping force F; is determined according to the formula

F;=F+F,. ()

In the above equation, F is the off-state force, F; is the damping force caused by the
MREF yield stress. The off-state force comprises the bias damping force due to the pressure
in the accumulator Fg;s, the viscous damping force F;, and the Coulomb friction force
between the piston and the O-rings, represented as follows

FOZFBius+P17+Por~ (8)
The bias damping force Fgj,s is calculated by the following equation

_ Vo \"
FBilZS - ASPO m 7 (9)
S

where Aj is the cross-sectional area of the piston shaft, x is the displacement of the piston,
« is the coefficient of thermal expansion, Py and Vj are the initial pressure and volume of
the gas chamber, respectively. Considering L as the operating length of the MRF in the
duct, A, as the cross-sectional area of the piston core, v as the velocity of the piston, 17 as
the post-yield viscosity of the MRF, 7, and t, as the average radius and thickness of the
MREF gap, respectively, the viscous damping force F; is calculated using the formula

6nL 2,
F, = e (Ap — As) (10)
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The damping force caused by the MRF yield stress F; is the controllable dominant
component of the damping force F;. Neglecting minor losses of the MRF flow in the duct,
F; can be determined in the form of:

2c,lpTy

; (A][J — As) , (11)
8

T
where T, is the yield stress of the MRF, [, is the length of each magnetic pole segment,
and ¢y, is the coefficient characterizing the MRF flow profile [12].

In this study, the MRF type 132-DG manufactured by Lord Corporation was used
to model the proposed MRID. The yield stress 7, dependent on the magnetic field H is
calculated by the formula

T, = 2.717 % 10°CP>* tanh(6.33 x 10 °H), (12)

where C is the medium fluid coefficient set to 1, ® represents the volume fraction of
iron set to 0.32. To solve the electromagnetic circuit, the finite element method (FEM) is
employed. This method leverages the computational power of modern computers while
providing a significantly precise solution, as it considers both a large number of magnetic
flux links and the non-uniform distribution of magnetic density throughout the MRF duct
length. The finite element model of the proposed MRID structure is constructed using the
2D axisymmetric element (PLANE 233) in the ANSYS software.

3. CONSTRAINED OPTIMIZATION PROBLEM FORMULATION

In this paper, the Adaptive Multiple-Objective Optimization (AMO) method is ap-
plied to address the MRID design problem. AMO is a multi-objective optimization tech-
nique that combines the Kriging response surface algorithm and the direct optimization
Multiple-Objective Genetic Algorithm (MOGA). This method follows a similar approach
to MOGA but with a focus on time efficiency. Notably, the optimization process does
not assess all design points. By using a Kriging error predictor, the necessary number of
evaluations for finding solutions on the first Pareto front is reduced. AMO, with the Krig-
ing response surface algorithm, can refine continuous input parameters, including those
with potential usability. By generating and adding refined points within regions of the re-
sponse surface, it enhances areas where such refinement is most crucial. The integration
of the Kriging model into the MOGA framework offers key advantages by significantly
improving computational efficiency and enabling intelligent guidance through the de-
sign space. It not only reduces the reliance on costly full evaluations but also identifies
regions of high uncertainty for targeted refinement, thereby ensuring a more comprehen-
sive and effective exploration of optimal design solutions. Fig. 4 illustrates the workflow
of the AMO optimization method. Reference [13] provides more detailed and compre-
hensive information.
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Fig. 4. Workflow of AMO

In this design scenario, the piston core and housing are made of magnetic material
C45 steel, while the piston shaft, piston guides and floating piston are made of non-
magnetic material. The ring-shaped permanent magnets are composed of NdFeB ma-
terial, grade N35. The MRF in the chambers is sealed with 70-durometer NBR rubber
O-rings, compressed at a rate of 15%. The gas chamber, separated by the floating piston,
contains Nitrogen gas, known for its chemical inertness under normal conditions.

The proposed flow-mode MRID is designed for an impact damping system, assum-
ing a mass of 20 kg free-dropping from a height of 1 m. Given that after impact, the
dropping object adheres to and moves together with the suspension system. The spring
stiffness is set at 14 kN /m. Using the equation of motion (4), the displacement amplitude
of the piston is calculated to be 0.07 m, with an average velocity of 2.15 m/s. In this case,
the required damping force for the system, as determined from Eq. (6), is 1117 N. This
is also the expected damping force value F, for the design optimization problem. Upon
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impact, the piston sequentially passes through each permanent magnet, progressively
closing the magnetic circuit and gradually activating the yield stress damping force of
the proposed MRID. The design objective is to ensure that the required damping force is
achieved, allowing the MRID to stop at the end of its working stroke while providing an
effective soft-landing.

In order to facilitate installation in confined workspaces, the operating length of the
MREF in the duct L and the radius of the piston R are limited to 40 mm and 25 mm, respec-
tively. To enhance compatibility with various impact scenarios, the MRID is expected to
have a high dynamic range D,, defined by the ratio of the damping force F; and off-state
force Fy. This design feature also allows the MRID to generate the necessary maximum
damping force during impacts without causing sudden resistance forces that might affect
individuals or the device structure.

Considering the above, the optimization problem for the proposed flow-mode MRID
can be stated as follows: Determine the optimal geometric parameters of the MRID to
maximize the dynamic range D,, subject to the maximum damping force F; being greater
than the expected damping force value F..

4. RESULTS AND DISCUSSIONS

Based on the modeling and optimization outlined above, this section presents the
optimal solutions for the proposed flow-mode MRID design. The magnetic flux lines
and magnetic flux density for the optimized MRID with stroke-activated capability are
showcased in Figs. 5 and 6, respectively.

As the MRID experiences the impulse, the piston core gradually enters the operat-
ing region of each magnet, successively closing the electromagnetic circuits, as shown in
Fig. 5. Consequently, the MRID progressively attains its peak damping force. In Fig. 6, it
is noticeable that the flux passing through the thin section between the magnets and the
MRF gap almost reaches saturation. The magnetic flux is then directed through the MRF
gap and distributed along the entire length of the magnetic pole pieces.

Through the optimization process, the performance parameters of the MRID un-
dergo significant enhancements. The device now achieves the desired objectives of a
wide dynamic range of 32.45 and a maximum damping force of 1198.5 N, greater than the
expected damping force of 1117 N. This results in an optimal design, where the proposed
MRID can flexibly address diverse impact scenarios, exhibiting a low off-state force of
36.8 N, thereby diminishing abrupt resistance forces on individuals and the device struc-
ture. Additionally, the device is characterized by its compactness, lightness, safety, and
effectiveness for an impact damping system. The optimal solutions using the AMO opti-
mization algorithm for the proposed flow-mode MRID are detailed in Table 1.
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Table 1. Optimal solutions of the proposed MRID

Bounds .
Parameters (mm) Optimal values
Lower Upper

MREF duct length L - 40 40
PM height [, 5 15 9.17
Magpnetic pole length [, - - 2.08
MRD radius R - 25 25
PM width t,, 4 10 8.57
Shaft radius 7, 8 16 11.27
MREF gap thickness t, 0.8 1.6 0.81
Thin wall thickness 7, 0.8 1.2 0.92
Housing thickness ), - - 3.43
Max. damping force F; (N) - - 1198.5
Off-state force (N) - - 36.8
Dynamic range - - 32.45

The results also indicate that in order to achieve the necessary damping force, the
thickness of the MRF gap t, and the thickness of the thin section r;, tend to decrease
towards their lower bounds. This trend is consistent with some previous studies [14, 15].
Nevertheless, it is essential to maintain these dimensions above 0.8 mm to ensure the
MREF can effectively transition between chambers and to uphold the manufacturability of
the thin section. On the other hand, while reducing the shaft radius r; may offer beneficial
outcomes, this approach is constrained by the structural integrity of the device.
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Based on the optimal results outlined above, a 3D design model of the optimized
MRID is developed for subsequent research in the upcoming phase, as depicted in Fig. 7.

1

2 3 4

1. Plate 8. Bolt

2. Spring 9. Magnetic pole
3. Top cover cap 10. Piston core

4. Inner housing 11. Piston guide
5. Floating piston 12. Outer housing
6. Bottom cover cap  13. O-ring

7. Permanent magnet  14. Piston rod

Fig. 7. Quarter-section 3D view of the optimized flow-mode MRID

5. CONCLUSIONS

In this study, a flow-mode MRID incorporating permanent magnets, designed to
self-actuate based on the working stroke without requiring a control system, was pro-
posed for impact damping applications. Contrasted with traditional flow-mode MRIDs,
this new damper has a simple structure without any magnetic coils, thus eliminating the
need for intricate control mechanisms, thereby enhancing reliability. Moreover, these ad-
vantages facilitate manufacturing and maintenance, leading to substantial reductions in
production costs and enhancing commercial competitiveness. Based on the quasi-static
model, the AMO optimization process using FEM was conducted for the basic geometric
parameters of the damper. The optimal results facilitate enhancements in the MRID’s
performance characteristics, including dynamic range and damping force. Additionally,
the study suggests that configurations incorporating multiple magnets or coils can yield
heightened damping forces, meeting the requirements for high-load applications. How-
ever, when transferring the proposed MRID design from simulation to actual production
and system implementation, several practical issues may arise. First, environmental fac-
tors such as temperature and contamination can alter MRF behavior, impacting damping
consistency. Second, changes in the mechanical properties of MRF during extended pe-
riods of inactivity must also be considered. Lastly, regulatory standards, safety testing,
and scalability for mass production must be addressed to ensure commercial viability
and compliance. In the subsequent research phase, the proposed flow-mode MRID with
stroke-activated capability will undergo prototyping, testing, and comprehensive evalu-
ation to validate its functionality further. Moreover, modern modeling and optimization
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tools such as NURBS-based isogeometric analysis, NURBS response surface, and bal-
ancing composite motion optimization [16,17] will be considered to improve solution
accuracy.
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