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Abstract: A hybrid damper concept is presented here using a combination of a Magnetorheological
(MR) Fluid (MRF) and Shape Memory Alloy (SMA)-based energy dissipation. A demonstration is
performed utilizing the shear operating mode of the MRF and the one-way effect of the SMA. The
damping performance of different MRF-SMA configurations is investigated and the corresponding
energy consumption is evaluated. We demonstrate that the operation of MRF and SMA dampers
complement each other, compensating for each other’s weaknesses. In particular, the slow response
from the MR damper is compensated by passive SMA damping using the pseudoplastic effect of
martensite reorientation, which can dissipate a significant amount of shock energy at the beginning
of the shock occurrence. The MR damper compensates for the incapability of the SMA to dampen
subsequent vibrations as long as the magnetic field is applied. The presented hybrid SMA-MR
damper demonstrates superior performance compared to individual dampers, allowing for up to
five-fold reduction in energy consumption of the MR damper alone and thereby opening up the
possibility of reducing the construction volume of the MR damper.

Keywords: magnetorheological fluid; shape memory alloy; adjustable damping; hybrid damper;
shock absorber

1. Introduction

Shock dampers are crucial components deployed in a variety of applications to dis-
sipate shock loading energy and thereby reduce subsequent oscillations. They have been
applied in massive structures such as buildings and bridges, automobiles, and daily ap-
plication such as doors and furniture. Many damper concepts have evolved over the past
century, with hydraulic dampers emerging as the most common type of passive shock
absorber [1]. Semi-active shock absorbers using magnetorheological dampers are gaining
popularity in automobiles owing to their adaptive shock damping capability [2]. Active
damping concepts are an option where a fast and precise response is required. The drive
towards miniaturization and enhanced integration of sensors and actuators opens up novel
damping applications on small scales, such as vibration compensation of motion sensors [3],
optical image stabilization [4], and miniature robotics [5].

Generally, there are both advantages and limitations to the choice of either passive
or active damping. Passive dampers offer design simplicity and more reliable operation
than active dampers, while active dampers enable optimal vibration control for various
excitations at the cost of complex control scheme designs. Moreover, device or power failure
in active dampers can have a catastrophic impact. A combination of both active and passive
dampers offers more reliable operation and can improve overall damping performance.
The effectiveness of combining various active and passive damper concepts has previously
been presented. Foshage et al. demonstrated complementary action of active and passive
damper elements consisting of a voice coil motor for low-frequency vibration isolation
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and a passive suspension for high-frequency vibration isolation [6]. Suda et al. developed
a hybrid suspension consisting of two DC motors, with one configured to operate as a
passive damper and the other as an active damper element, depending on the connected
load. This approach demonstrated improved vibration isolation over passive damping
alone [7]. For automotive applications, various damping concepts combining passive
dampers (e.g., hydraulic damping, eddy current damping) and active damping consisting
of electromagnetic dampers have demonstrated improvements in shock damping perfor-
mance while simultaneously achieving energy regeneration from vibrations [8,9]. Another
option in this regard is to combine semi-active and passive damping. Magnetorheological
(MR) fluid-based damping has the advantage of adjusting the blocking force based on
the applied magnetic field [10]. Depending on the loading amplitude, SMA dampers are
capable of dissipating up to 86% of the loading energy [11]. Previous research has demon-
strated high damping performance for SMA damping devices under shock loading [12].
Combining a pseudoelastic Shape Memory Alloy (SMA) and MR damping has proven
to be effective in reducing the frequency response over a large frequency range arising
from seismic loading [13]. Furthermore, the energy dissipation is adjustable depending
on the excitation of the MR damper. Pseudoelastic SMA contributes to reduced oscillation
amplitude at low-frequency excitations and MR damping suppresses the oscillations at
higher frequencies [14]. However, owing to the elastic energy of the pseudoelastic SMA,
larger magnetic field excitation of the MR damper is essential to reduce the vibrations
introduced by high amplitude shock loads.

Here, we present a shock damper concept combining an MR damper and SMA foil-
based damper, showing a one-way shape memory effect that effectively suppresses both
small and large amplitude shock loads. In contrast to the above-mentioned approaches
using pseudoelastic SMA, the high energy dissipation of up to 86% [11] for one-way SMA
in a single mechanical loading cycle enables enhanced dissipation of the shock loading
energy within the first oscillation cycle after shock loading. In this way, the SMA damper
predominantly dissipates energy during the first oscillation cycle and the subsequent
oscillations are suppressed by MR damper. With this approach that uses the SMA damper
in passive mode, there is no need to deliver a high-power heating pulse to the SMA damper
device to enable phase transformation within the first oscillation cycle after shock loading.

The rest of this paper is organized as follows: in Section 2, a theoretical overview of
MR fluid and SMA operation is provided. In Section 3, the design of the MR and SMA
dampers is illustrated. In Section 4, the configurations of the test rig, loading conditions,
and shock response of the hybrid damper are presented. The results are evaluated and
summarized in the last chapter, followed by our conclusions and prospects for future
research.

2. Theoretical Background
2.1. Magnetorheological Fluid

Magnetorheological fluids are substances with rheological behavior that can change
over a wide range under the influence of magnetic fields. The rheological behavior of a
fluid material is determined by its physical qualities, namely, shear stress T and shear rate
. For magnetorheological fluids, these two physical quantities are related as follows:

T = ¥ + Tme(B) sgn(y), (1)

following the classical Bingham model. In this relation, #, is the dynamic viscosity and Tmr
is the yield stress due to the influence of the applied magnetic field B.
In this work, the magnetorheological fluid AMT-SMARTEC™ from Arus MR Tech is

used. Its properties are listed in Table 1.
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Table 1. Physical properties of the magnetorheological fluid AMT-SMARTEC™ [15].

Physical Property Value Unit
Dynamic viscosity 1, 0.37 Pas
Density p 2900 kg/m3
Operating temperature T —20-150 °C
Yield stress Ty at 140 KA/m 69 kPa

The relationship between the applied magnetic field density B (in T) and the generated

MR fluid yield stress T (in kPa) can be found in the datasheet of the [15] fluid, where the
yield stress

Tmr = —11.56B° + 16.15B% + 49.76B 2)

is a third order polynomial function of the applied magnetic field.

2.2. Shape Memory Alloy (SMA)

The unusual behavior of SMA materials is attributed to their underlying phase transfor-
mation behavior between the martensite and austenite phases. Depending on the operating
temperature, SMA materials exhibit either pseudoelasticity or a one-way shape memory
effect. Operating temperatures above the austenite finish temperature (A¢) induce pseudoe-
lasticity, while those below the martensite finish temperature (M) result in a one-way shape
memory effect. In pseudoelastic SMA, the stress-induced phase transformation between
the starting austenite phase and the martensite phase results in pseudoelastic deformation
upon loading and strain recovery. For a one-way SMA, in the absence of mechanical load,
the material exists in the martensite phase below M¢ and in the austenite phase above Ay.

Figure 1 illustrates the one-way shape memory effect using a qualitative stress—
strain-temperature plot (c-e-T). At ambient temperature under stress-free conditions (o,
€ = 0), the material is in the unoriented martensite state (UM), usually consisting of several
martensite variants that self-accommodate to minimize strain energy. Reorientation of
martensite initiates above the critical loading stress. Thereafter, the material undergoes a
large deformation strain until the completion of martensite orientation. Upon unloading,
most of the material deformation is retained. In this cyclic mechanical loading, a large
portion of the loading energy is dissipated (AE). Subsequent thermal loading of the material
is necessary for strain recovery. On heating above A¢, the material transforms to austenite.
The material returns to the UM state upon cooling below M. Owing to the high energy
dissipation of one-way SMA under passive operation (i.e., without application of heating
pulse) attributed to the pseudoplastic effect of martensite reorientation, this material is
used here to develop our proposed hybrid damper.

Figure 1. Illustration of phase transformation for one-way shape memory material.

3. Design of the Hybrid Damper

In this section, the configuration of the test setup is elaborated. Each utilized damper
element and their combination in a shock loading setup is explained individually.
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3.1. Experimental Setup Configuration

Figure 2 shows the complete test setup where the SMA and MR dampers are integrated.
The physical properties of the dampers and system are consolidated in Table 2.

MR damper ¢

pe

moving mass

4 B ¢ . /AARLALLRY s
\ e ggrllg(c)r I electromagnet ;\llmlllt“‘m\w 4
[ o

Figure 2. Experimental setup for investigating the proposed hybrid damper concept in dissipating
the energy from shock loading.

Table 2. Parameters of each damper element and the vibratory system in the experimental setup.

Physical Property Value Unit
MR Damper
Shear mode
- effective plate length 50 mm
- effective plate width 30 mm
- gap height 0.5 mm
- operating area 1500 mm?
Electromagnet
- length 100 mm
- width 50 mm
- height 113.6 mm
MR damper size
- total length 221 mm
- total width 149 mm
- total height 113.6 mm
Shape Memory Alloy
- Length 40 mm
- Width 3 mm
- Thickness 30 pm
Vibratory System
Moving mass, m 2.53 kg
Total stiffness, k 25 kN/m
Natural frequency, fy 15.82 Hz
Natural period, Ty 63.2 ms

The test system consists of a mass of m = 2.53 kg connected to four springs with a
total stiffness of k = ky +ky = 25kN/m (6.25 kN/m on each spring). This results in a
characteristic time (Tp) of 62 ms for the oscillating system. The movement of the mass is
guided along the x-direction using linear guides. The SMA bridges and MR damper are
attached to the mass in parallel. Each end of SMA bridge is clamped between two blocks
of Plexiglas. The shock loading is introduced using an electromagnet, which is installed
on the right side of the mass at an initial distance of d. In this way, the exact same loading
can be used repeatedly in the test system. The movement of the mass itself is then tracked
using an OFV-3001 laser vibrometer from Polytec. The force of the MR damper is varied
by changing the applied current. For the SMA, its state is initialized by a current pulse.
Therefore, the SMA is connected to a current source and the current pulse is regulated by
the control system. By analyzing the displacement of the mass for various damper states,
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the damping behavior of the hybrid concept can be investigated. An ADwin Pro-II is used
to conduct both actuation and data acquisition in real time. A schematic of the test setup is
shown in Figure 3.

Data acquisition
and control

Figure 3. Schematic of SMA-MR damper system test setup with vibrational system (k, m). Legend:
m—Mass, EM—Electromagnet, LV—Laser vibrometer, MRD—MR damper, SMA (L,R)—SMA damper
(left, right), kq, kp—spring constants, [—unstrained length of the SMA damper device.

3.2. Magnetorheological Fluid-Based Damper

The magnetorheological fluid damper used for this investigation has a special feature.
The construction is designed such that the damping force in the absence of the magnetic
field is significantly lower than a conventional construction. This is achieved by using a
special MR damper design in which the MR fluid is contained in a porous medium. Figure 4
shows the design of the constructed MR damper. As can be seen in the figure, the damper
consists of an electromagnet (the configuration of the magnetic circuit is shown in the right
figure), a fluid chamber, and a shear plate connected to linear guides. The electromagnet
is separated from the shear plate to minimize the moving mass. In our first investigation,
the iron core is constructed from three iron blocks. The geometry parameters of the MR
damper are listed in Table 2.

linear guide

\ shear plate

fluid chamber
porous medium

Figure 4. Design of the MR damper (left) and a cut section showing the magnetic circuit (right).

The MR damper uses the shear operating mode. The shear plate is intentionally installed
with a gap of 0.5 mm to the surface of the porous medium, as shown in Figure 5.
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OFF-state ON-state
shear plate

porous medium

Figure 5. Working principle of the MR damper utilized in this work, with a porous medium as the
fluid container.

In this way, when no magnetic field is applied (OFF-state) there is no contact between
the shearing plate and the porous medium. This configuration results in a small frictional
force in the OFF-state, with the only friction caused by mechanical contact with the linear
guides. In the ON-state, when the magnetic field is applied, the contained MR fluid draws
away from the porous medium and contacts the surface of the shear plate. As the shear
plate moves, a damping force is generated, the magnitude of which depends on the plate’s
movement velocity x and the magnitude of the magnetic field applied within the fluid
chamber. The measured damping force Fy4 of the damper’s velocity x characteristic of the
MR damper is presented in Figure 6. It can be seen in this figure that there is an increment
of the total damping force when a magnetic field (current) is applied. The force offset in the
OFF-state (I = 0) comes from the friction F; of the linear guides, which have a magnitude
of 0.8 N. This friction force is much smaller than conventional MR dampers, thanks to
configuration with a porous medium that is used in thie proposed setup.

»measurement ¢ = 0A ——model ¢ = 0A
«~measurement 7 = 1A model ¢ = 1A
+measurement ¢ = 3A ——model i = 3A
omeasurement ¢ = 5A ——model ¢ = 5A

10

Damper force Fy in N
=)
T

1
-20 0 20

Damper velocity & in mm/s

Figure 6. Comparison between the measured and modeled force—velocity characteristic line of the
MR damper.

As in [16], using the shear operating mode of an MR fluid-based damper, Equation (1)
can be transformed using the mechanical factors (operating area and gap width) into the
relation between the damping force F4, the damper’s velocity %, and the current i, as
follows:

Fq = d(i)x + Fme(i) sgn(x) . 3)

Due to the existence of frictional force from the guides, the total force from the damper is
then

Fq =d(i)x + (Fmr(i) + 5) sgn(x) : 4
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As a result of the special design of the MR damper, the gradient of the force—velocity
characteristic line (the damping constant d) is a function of the magnetic field. For the
damper used in this work, the following functions

d(i) = 1.0648 1% — 14.322 4 63.86i + 5913, (5)

Fanr (i) = 0.0074 % — 0.1198 i% + 1.9601 i, (6)

are used to obtain the value of the damping constant d (in Ns/m) and the yield force Fyr
(in N) based on the applied current i in A.

The shear mode of the damper only requires a shear plate with a dimension of
50 mm x 30 mm, as listed in Table 2. However, the construction volume of the MR damper
is quite large. This is due to the iron core and the coil used to generate the required magnetic
field. Therefore, it is important to reduce the force requirement in the system to permit a
smaller coil and iron core of the electromagnet.

3.3. Shape Memory Alloy

Starting from a 30um-thick cold-rolled Niyg g, Tiso 1 foil, the phase transformation
temperatures are adjusted by heat treatment at 450 °C for 30 min to show a one-way effect
at room temperature. Figure 7 shows Differential Scanning Calorimetry (DSC) measure-
ments illustrating the phase transformation behaviour of this foil. The material undergoes
one-stage transformation to austenite during heating and two-stage transformation from
austenite to martensite through an intermediate R phase. The transformation tempera-
tures can be determined as follows: As =47.2, Ap =542, Af =59.1, Ry, =479, M5 = 2,
M, = —=5.09 °C, Mg = —28.5 °C. The latent heat associated with the transformation from
martensite to austenite (Lyja) is determined from the area enclosed by the transformation
peak as 18.62 J/g. Even though the material is not entirely in the martensite state when
it is at room temperature and in a stress-free situation, no visible influence in term of its
mechanical loading behaviour is observed. Usually, the effect of the R-phase is observed
as a small plateau at low loading strains of about 0.5%. In this material, this behaviour is
observed only in the first training cycle. Therefore, the effect of the R-phase is not further
discussed here.

0.6
0.4
=)
£ - Martensit
artensite
E 0.2 - |
g i \_’-—l&
o
T 0.0
£ J Exo M,
I «—
-0.2 1
Me |
; R,
0.4 1 Lo
T T T T T T T
-100 -50 0 50 100 150

Temperature (°C)

Figure 7. DSC measurement showing phase transformation of NiTi SMA material.
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The SMA bridge damper devices used in this research are shown in Figure 8a.
The force—displacement characteristic of this device under uniaxial tensile loading is shown
in Figure 8b.

@) (b)

XA | x sma
15 Y bridge

Force (N)
5

T>A

0.0 0.5 1.0 1.5 2.0
Displacement, x (mm)

Figure 8. Picture of SMA bridge damper (a) and the damper’s mechanical behaviour under tensile
loading (b).

The device requires a critical force of about 14 N to initiate martensite reorientation.
It is designed for a maximum shock loading amplitude of 2 mm, under which the maximum
strain reaches 5%. This device has a stiffness of 28 N/m in the unoriented martensite state.
The major design parameters of the SMA damper device are the length and width of the
SMA bridge. Here, a length of 40 mm is used for the SMA bridges in order to limit the
loading strain to 5% under the maximum shock loading of 2 mm. The width of the SMA
bridge is a critical design parameter that determines the energy dissipation under shock
loading. Maximum energy dissipation via material hysteresis is the key to obtaining high
shock damping performance. External springs are used in this shock damper test setup,
introducing an effective stiffness of k = 25kN/m. By designing the width of the SMA
bridge device, the critical force required for martensite reorientation is adjusted to ensure
that the first oscillation after shock loading utilizes maximal hysteresis. Another aspect
to be considered in the width design is the range of the applied shock loading amplitude.
A minimum shock loading amplitude of 1.5 mm is considered for our proposed design,
which corresponds to a strain of 3.75%. Assuming that the first oscillation after shock
loading of 1.5 mm has an amplitude up to 0.75 mm, the maximum force exerted by the
external springs is 18.75 N. The width of the SMA damper device has to be designed
to adjust the critical force below the maximum spring force during the first oscillation.
Therefore, a width of 3 mm is chosen to achieve a critical force of 14 N, enabling sufficient
energy dissipation for shock loading from 1.5 mm.

4. Experiments and Measurement Results

In this section, the experimental procedure and its results are elaborated. The first
experiments focus on finding the best configuration for the damper in order to suppress the
vibrations arising from shock loading. The resulting best configuration is then investigated
under various shock loads.

4.1. Experimental Procedure

Shock excitation mathematically corresponds to an impacting force acting on the
vibrational system (k,m). This is ideally represented by the initial conditions x(0) =
0, %(0) = vo. Experimentally easier to realize and more reproducible, however, is an initial
displacement x(0) # 0, x(0) = 0. For this loading, shock behavior can be interpreted at
the time instant of the first zero-crossing of the displacement. Thus, it is appropriate to
carry out experimental investigations under initial displacement excitation.

We conduct our investigation based on the aforementioned case as follows. First,
the shock load is introduced to the test system by activating the electromagnet, whereby
the vibrational system is pulled away from its steady state position. Upon deactivation of
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the electromagnet, the mass starts to oscillate. The free oscillation behaviour of the system
after shock loading is analysed to estimate the effectiveness of the SMA-MR damper.
The effectiveness of the damper is evaluated by how quickly the vibration caused by the
shock loading can be suppressed.

The operation cycle of this experiment is illustrated in Figure 9. Initially, the mass
is kept at a distance of d from the electromagnet (a). The shock loading is provided by
activating the electromagnet (b), whereby the mass is pulled, with an initial displacement
of d. Under this condition, the SMA (L) together with springs on the left side is elongated
by the displacement d. At the other side of the mass, the SMA (R) undergoes buckling
owing to lack of compressive stress in the foil. The springs on the right side are compressed.
When the electromagnet is deactivated, the mass begins to oscillate about the initial neutral
position. The MR damper is activated at the same time instant when the electromagnet is
deactivated. When the mass reaches the neutral position for the first time (c), the SMA (L)
undergoes buckling owing to the residual strain after shock loading. The mass movement
starting from this neutral position in the negative x-direction results in loading of the
SMA (R) until Xgpr4, as shown in (d). When the mass reaches the neutral position for the
second time, both SMA devices are in buckled condition (e) owing to the residual strain.
Thereafter, the SMA bridges do not take part in further dissipation. However, the SMA
bridges contribute to energy dissipation in this first cycle through martensite reorientation
(see Figure 1) starting from the beginning of the shock occurrence. The SMA undergoes
shape recovery and returns to its neutral state (a) when a heating pulse is applied.

SMA(R)
XSMA =

SMA(L)
t > ,‘:'_. .

Figure 9. Illustration of operation cycle of experimental setup.

The MR damper, on the other hand, undergoes a delay before its activation. Starting
from the time it is activated (at the instant of mass release from the electromagnet), it
takes several tens of milliseconds to generate the magnetic field and therefore attain its
steady-state damping force. Nevertheless, it is always able to dissipate the energy as long
as the magnetic field is applied.

Combining the effects of SMA and MR damping through a tandem operation forms the
basis of this hybrid damper concept. In addition, depending on the dissipation provided
by the SMA bridge, there exists a possibility of miniaturizing the size of the MR damper
even further.
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4.2. Identification of Best Damper Configuration

An overview of test configurations investigated in this research is shown in Figure 10.
The initial test focuses on identifying the best damper configuration among four configura-
tions, named ‘Config. A to D’, based on their suppression of free oscillations after shock
loading. The shock damping performance of the MR damper alone is studied as ‘Config.
A, The effect of the MR combined with SMA damper devices at both sides of the mass
is investigated as ‘Config B’. The contribution of the left and right side SMA damper are
individually studied as ‘Config. C" and ‘Config. D’, respectively.

(a) Config. A (b) Config. B

(c) Config. C

(d) Config. D

d@

k;

Figure 10. Various test configurations of the experimental setup.

4.2.1. Magnetorheological Damper

The individual damping performance of the MR damper for various current excita-
tions is investigated using ‘Config. A’ to establish a benchmark for further comparison.
The response to a shock load amplitude of 1.5 mm is shown in Figure 11. The mass is
released at time instant ¢ = t;. A latency in mass release is observed due to the residual
magnetization in the electromagnet. Without current excitation, the shock loading energy
is predominantly dissipated by the viscous friction of the MR damper. The MR damper is
then activated at t = ts by applying a current to the magnet’s coil. With increasing current,
the damping force of the MR damper is increased, reducing the oscillation amplitude and
settling time. The first overshoot amplitude reduction is not influenced by the increase in
MR damper excitation above 3 A. The magnetic field measurement from the MR damper
indicates that a time period of up to 100 ms is required in order to attain its steady state
damping behaviour after activation. This suggests that the overshoot amplitude is not
reduced any further when the oscillation is within the activation time constant of the MR
damper. The second overshoot amplitude is more distinctly reduced by the increase in cur-
rent excitation. For excitations above 3 A, the oscillations settle down after one oscillation.
The current excitation of 3 A is therefore considered as a benchmark excitation for all the
remaining shock loading measurements at 1.5 mm.
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Figure 11. The mass displacement behaviour and the generated magnetic field in the MR damper
with time at various current excitations based on ‘Config. A’.

4.2.2. SMA Damper

The effect of the SMA damper alone on shock damping is estimated using ‘Config.
A’ and ‘Config. B’. Here, the MR damper is not electrically activated. The resulting system
response is shown in Figure 12. By inserting the SMA dampers SMA (R) and SMA (L),
the oscillation amplitudes is reduced owing to the energy dissipated by the SMA damper.
There is a slight increase in the stiffness of the system due to the presence of the SMA
damper. The number of oscillations before the vibrational system settles down remains
almost identical for both configurations. This implies that the SMA damper is not effective
in damping the oscillations from the second overshoot due to the buckling of the SMA
damper device.

No SMA, MRD (0A) {Config. A}
1.5 Q‘\ —— SMA, MRD (0A) {Config. B}

E 1.0
£
€ 054
£
[0}
o
S 00
2
a

05-

1.0+

T T T
0 100 200 300 400

Time (ms)
Figure 12. The displacement behaviour of mass with time showing the effect of SMA on shock
damping based on ‘Config. B’.
Heating Pulse:

Thus far, SMA damper is used only in passive mode during shock loading. The impact
of phase transformation to austenite upon application of a heating pulse to the SMA
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damper is investigated using ‘Config. B’, and is shown in Figure 13. A heating pulse of
3.3 W for 300 ms is applied at upon mass release from the electromagnet. At this heating
pulse, the maximum temperature exerted on the SMA damper rises to 80 °C, meaning that
more than 90% of the bridge is above the austenite finishing temperature of 59 °C. The
SMA device is expected to generate a high recovery force at this point due to the phase
transformation, which could potentially reduce the oscillation amplitude and improve the
settling time. However, it is observed in this experiment that the heating pulse does not
improve the damping behavior. Apparently, 300 ms is too long a pulse duration to initiate
the effect of he phase transformation within the first few oscillations. A further increase in
the heating current to enable phase transformation does not seem to be a viable approach
for this combinational SMA-MR damper, as the target is to reduce the current requirement.
Therefore, material dissipation using the martensite orientation alone is available for the
damping of shock loading energy. However, a heating pulse is inevitable to enable strain
recovery in the SMA damper (see Figure 9). This adds to the total energy consumption of
the hybrid damper. Here, the phase transformation to austenite is achieved using a slower
current pulse of 1s at 1.2 A after shock loading.

; —— SMA (L&R), MRD 0A {Config. B}
—— SMA (L&R) (3A), MRD 0A {Config. B}

Displacement (mm)

Heating Power SMA (W)
N

T T T T
0 ft 100 200 300 400

Time (ms)

Figure 13. The displacement behaviour of the mass when a heating pulse is applied on the SMA
damper.

SMA Position:

The contribution of the individual SMA dampers on the overall damping behaviour is
studied using ‘Configs. B,C,D’, as shown in Figure 14. In ‘Config. C’, with an SMA damper
on the left side, enhanced oscillation amplitudes are observed. In this configuration, the
SMA damper device is already deformed during shock loading. It remains in a buckled
state after the release of the mass from the electromagnet. Therefore, the left SMD does not
contribute to energy dissipation. Among ‘Config. B” and ‘Config. D’, ‘Config. D" shows
slightly better dissipation than ‘Config. B’. The elastic recovery of the left SMA damper in
‘Config. B’ results in slightly higher oscillation amplitude for this configuration. From this
study, it can be inferred that ‘Config. D" allows for maximal energy dissipation.
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15 —— SMA (L&R), MRD (0A) {Config. B}
: — SMA (L), MRD (0A) {Config. C}
—— SMA (R), MRD (0A) {Config. D}
/E\ 1.0
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Figure 14. The mass displacement behaviour illustrating the effect of SMA devices on the right and
left sides.

Identification of Best Operating Conditions:

From the above-mentioned test conditions, the best configuration for the individual
SMA and MR dampers can be identified. For the MR damper at 3A activation, a comparable
settling behaviour to 5A activation in terms of oscillation number is demonstrated before it
enters its steady state position. The SMA damper shows its best performance in the absence
of a heating pulse and with a single SMA bridge on the right side of the mass (‘Config. D’).
Therefore, the best configuration for the combined SMA-MR damper is ‘Config. D’ with
3A activation for the MR damper.

4.3. Hybrid Damper Configuration

Based on the above investigations, the best configuration for the hybrid concept
is found by combining both SMA and MR dampers and having the SMA on the right-
hand side of the mass. This corresponds to the side in which the mass is being pushed
during loading. Therefore, the shock damping performance of the combined SMA-MR
damper is analyzed here only using ‘Config. D’ starting from this point. The performance
improvement for the shock loading of 1.5 mm is shown in Figure 15.

No SMA, MRD (0A) {Config. A}
No SMA, MRD (5A) {Config. A}
———SMA (R), MRD (3A) {Config. D}

NANN
vV

0.0
-0.5 vv

T T T
0 100 200 300 400

Displacement (mm)

Time (ms)

Figure 15. The mass displacement versus time allowing for the comparison of shock damping
performance of individual SMA and MR dampers and combined SMA-MR damper.

It can be seen in this figure that the performance of the MR damper alone activated at
5 A results in a significant reduction of the oscillation in comparison to the case when the
MR damper is not excited. The hybrid SMA-MR damper with an SMA bridge installed and
the MR damper excited by a current of 3 A demonstrates a comparable settling time with a
further reduction in the amplitude of the first overshoot. This implies that the SMA damper
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effectively reduces the first overshoot amplitude. In addition, less current is required on
the MR damper to achieve similar results, enabling further miniaturization of MR damper
without affecting the performance of the hybrid damper.

The free oscillation behavior when using ‘Config. D’ confirms that the strengths of
the individual dampers are effectively utilized in the hybrid damper, achieving improved
reduction in first overshoot amplitude and suppression of subsequent oscillations after the
second overshoot. This means that the hybrid concept is able to both improve performance
and reduce the required input.

4.4. Trend in Damping Performance with Shock Load of 2 mm

To determine the trend of SMA-MR damping behaviour, a shock load of 2 mm is
applied. The system response is illustrated in Figure 16. Evidently, ‘Config. D’ shows
significant reduction in oscillation amplitude and settling time. By increasing the shock
loading amplitude, the SMA damper can be loaded to a higher deformation strain, thereby
dissipating more energy within the loading cycle. This implies that the excitation of the
MR damper can be further reduced at this shock load condition.

No SMA, MRD (0A) {Config. A}
No SMA, MRD (3A) {Config. A}
—— SMA (R), MRD (3A) {Config. D}

. JANIN
\/

Displacement (mm)

T T T
0 100 200 300 400
Time (ms)

Figure 16. The displacement behaviour with respect to time showing the effect of hybrid SMA-MR
damper (‘Config. D’) and MR damper (‘Config. A’) at a loading amplitude of 2 mm.

The current excitation of the MR damper is further reduced to 2 A and the correspond-
ing shock damping performance is analysed in Figure 17. The oscillations with an MR
damper excitation of 2 A has a similar settling time as ‘Config. A’ with 5 A excitation. Yet,
‘Config. D’ has reduced oscillation amplitudes compared to ‘Config. A’. The SMA-MR
damper demonstrates better damping performance and reduces the MRF damper excitation
current by 60% (3 A).

The energy consumption of the MR damper is expressed as

E = I’R¢ 7)

where I is the applied current, R is the resistance offered by the MR damper, and ¢ is the time
duration of the applied excitation. Assuming that the resistance of the MR damper remains
constant at various current excitations, the percentage reduction in energy consumption of
the MR damper is estimated using

D, =
1

1— Gzﬂ x 100% ®)

Accordingly, a reduction in energy consumption by D, = 84% is achieved for the MR
damper, as the excitation current requirement is reduced from5 A to2 A .
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No SMA, MRD (2A) {Config. A}
No SMA, MRD (5A) {Config. A}
—— SMA (R), MRD (2A) {Config. D}

Displacement (mm)

. A
v

T T T
0 100 200 300 400
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Figure 17. The displacement behaviour versus time demonstrating the effect of hybrid SMA-MR
damper (‘Config. D’) and MR damper (‘Config. A’) for a loading of 2 mm.

4.5. The Extent of Downscaling

The interesting question now arises of the amount to which the current excitation of
the MR damper can be reduced while retaining improved damping performance. As ob-
served from the trend in damping behaviour with respect to shock loading amplitude,
the maximum reduction in current excitation should be achieved under the maximum
shock loading amplitude allowed by the damper design, which is 2 mm for the SMA
damper. In this case, the SMA damper is loaded by about 0.9 mm, as observed in the first
overshoot amplitude in Figure 17 (blue line). When further increasing the shock loading
amplitude to 3.6 mm, the SMA damper is loaded to 2 mm. The corresponding system
response is shown in Figure 18.

4 —— No SMA, MRD (0A) {Config. A}
—— No SMA, MRD (5A) {Config. A}
3] ——SMA (R), MRD (1A) {Config. D}

—— SMA (R), MRD (5A) {Config. D}

Displacement (mm)

ol [\/\/\
\/\/

T T T T
0 100 200 300 400 500
Time (ms)

Figure 18. The displacement behaviour with respect to time allowing for the comparison of damping
performance of hybrid SMA-MR damper (‘Config. D’) with the MR damper (‘Config. A’) for a
loading amplitude of 3.6 mm utilizing the maximal energy dissipation of the SMA device.

The first overshoot amplitude of the oscillation (in negative displacement) shows the
loading of the SMA (R) by 2 mm. The settling behaviour shows comparable performance
for the MR damper activated individually with 5 A and the combined SMA-MR damper
activated with 1 A. Thus, we are able to obtain a 96% reduction in energy consumption (D;)
for the MR damper by reducing the excitation current from 5 A to 1 A. This proves that a
higher loading amplitude improves the energy dissipation from the SMA. It is noteworthy
that the MR-SMA hybrid damper (‘Config. D) with 5A MR damper activation shows only
a slight improvement in damping performance.
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4.6. Summary

For a better overview, the reduced energy consumption of the MR damper based on
various loadings is listed in Table 3.

Table 3. Achieved energy reduction of MR damper in combination with SMA under various load-
ing conditions.

d XSMA Ieq D,
1.5 mm 0.8 mm 3A 64%
2.0 mm 1.0 mm 2A 84%
3.6 mm 2.0 mm 1A 96%

As can be seen in the above table, the shock loading amplitude d results in the SMA
loading amplitudes xgpa in the first overshoot (see Figure 9). The SMA damper contributes
to the dissipation during the first overshoot, as mentioned in Section 4.1. By increasing
the SMA loading amplitude, more energy is dissipated in the first cycle of oscillation,
resulting in the reduction of the excitation current of the MR damper. This equivalent
current, represented as qu in the above table, is the excitation current that is needed to
achieve a similar damping performance from the MR damper with 5 A excitation current
(see Figure 11). With the maximum loading of 2.0 mm for the SMA, the MR damper requires
an excitation current Iq of only 1 A, thereby achieving a D, of 96% for the MR damper.
Using this hybrid configuration, the MR damper can be used to reduce the subsequent
vibrations after energy dissipation by the SMA. This indicates the potential of miniaturizing
the MR damper in real applications.

It should be noted that real shock loading has a direction opposite to the initial velocity
considered in this experimental setup (see Section 4.1). Therefore, in order to use this
hybrid concept in real application, the SMA needs to be placed on the other side of the
mass (on the side from where the shock comes). In this way, dissipation by the SMA begins
immediately at the instant of shock occurrence.

5. Conclusions

In this work, a hybrid damper concept combining an MRF damper and an SMA
damper is proposed and verified experimentally. The combination of these two dampers
demonstrates complementary operation, with each covering the other’s weaknesses. The de-
lay of the MR damper is addressed by the passive damping effect of the SMA, which is
able to dissipate a significant amount of the shock energy starting from the instant of shock
occurrence. The inability of the SMA to continuously dampen the subsequent vibration is
taken care of by the MR damper, which is able to dissipate the energy as long as a magnetic
field is applied. As a result, the SMA can be used in wider application, while the energy
consumption of the MR damper can be reduced. The energy needed for the MR damper
decreases with increasing shock loading amplitudes, showing improved settling behavior
owing to enhanced energy dissipation by the SMA damper. A reduction of up to 96% in
energy consumption is achieved for the MR damper, as the current excitation requirement
can be reduced from 5 A to 1 A. This mutual integration concept in a hybrid form opens
up the possibility of reducing the MR damper’s construction volume, allowing this hybrid
damper concept to be applied in a miniature small vibration damping system.

In potential further investigations, the hybrid configuration proposed in this work
could be used to design a new damper in which MRF and SMA dampers are integrated
into one structure. The dimensions of the SMA can be adjusted based on the shock loading
requirements. Furthermore, laminated iron sheets can be used to replace the iron blocks
to reduce the eddy current effect and thereby improve the reaction time of the MR damper.
It is to be noted that this improved reaction time when replacing the iron block with
laminated iron sheets does not eliminate the delay that the MR damper possesses due to the
coil inductance. Therefore, this will not change the fact that the dissipation from the SMA is
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beneficial in the proposed combination. Moreover, a further reduction in the construction
volume of the MR damper is to be expected.
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