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Design and performance of a
3D-Printed magnetorheological
fluid-based adaptive vibration
isolator

Young T. Choi†, Byungseok Yoo†, Jungjin Park†, Darryll J. Pines†

and Norman M. Wereley*†

Department of Aerospace Engineering, University of Maryland, College Park, MD, United States

Emerging additive manufacturing (or 3D printing) can be advantageous for
developing magnetorheological fluid (MRF)-based vibration isolators (MRVIs)
because their designs can be easily and efficiently customized and also in-
situ fabrication and repairing can be possible. In this study, a simple and
compact adaptive MRVI was fabricated by using a 3D printing method. A masked
stereolithography (MSLA) 3D printer was used for the fabrication of the rubber
bellow and plastic lid parts of the MRVI. The electromagnet was mounted onto
the lid, the reservoir was filled with an MRF, and the lid was simply assembled
with the reservoir using a 3D-printed large thread without traditionally machined
components. Using a material testing machine, the damper forces of the 3D-
printed MRVI were measured under a constant velocity loading condition for
different magnetic fields. From these tests, the magnetic field-controllable
performances of the MRVI such as the MR yield force, the dynamic force
range, the dissipated energy, and the secant stiffness were obtained. For the
evaluation of the long-term performance reliability of the MRVI due to the MRF
sedimentation, its magnetic field-controllable performances were tracked for
156 dayswith the variable testing intervals. Finally, the feasibility of the 3D-printed
MRVI was experimentally confirmed.

KEYWORDS

magnetorheology, magnetorheological fluids, vibration isolation, additive
manufacturing, adaptive isolator

1 Introduction

Recent increased demands for human comfort, safety, and health have driven
vibration isolation into becoming very essential design factor for developing engineering
devices and systems used both in daily life and industries. Especially, in aerospace and
construction industries, many devices and systems are inevitably operated in harsh vibration
environments and thus must be designed to survive high levels of vibration. An effective
vibration isolation strategy is to isolate payloads and occupants from vibration sources by
installing vibration isolators (VIs) into the vibration transmission paths. There are mainly
three types of VIs: passive, semi-active (or adaptive), and activemethods. Passive VIs such as
rubber and hydraulic VIs are the most common and have been widely used in the industries
because of simple configuration, ease of installation, and low cost (Kaul, 2021). But, passive
VIs have limited vibration isolation performance because they can be only tuned to a
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specific vibration spectrum. If the design point shifts, passive
VIs rapidly lose their vibration isolation effectiveness. In contrast,
adaptive VIs (York et al., 2016; Priyandoko et al., 2021; Choi
and Wereley, 2022; Shen et al., 2022) using magnetorheological
fluids (MRFs) and magnetorheological elastomers (MREs) can
continuously adapt to changing vibration spectra by adjusting
the magnetic field with an appropriate control algorithm. Active
VIs (Wang et al., 2022; Yang et al., 2022) using electromagnets
and piezoelectric materials have been also developed to cope
with such changing vibration spectra. Since active VIs provide
external energies to a target vibration system, they can cancel
the vibration by generating an opposite force. Thus, for achieving
better vibration isolation performance, active VIs require higher
power consumption, delicate control algorithms, and relatively
expensive sensors. But, different from active VIs, adaptive VIs
have low power consumption, less expense, and no control
instability.

Typically, MRF-based vibration isolators (MRVIs) have been
configured by injecting an MRF into the reservoir enclosed
by a metal cylinder and a rubber top part (Brigley et al.,
2008; Brigley et al., 2007) or a movable metal piston with the
rod (Choi et al., 2005). Traditional fabrication methods using
subtractive manufacturing and injection rubber molding have
been used to develop MRVIs. But, these traditional fabrication
methods are economical only when large numbers are produced,
which precludes customizing VIs for a specific available jitter
space, natural frequency, or static displacement. Recently, the
advent of additive manufacturing (i.e., 3D printing) can open a
new approach for developing MRVIs. 3D printing is a computer-
controlled manufacturing process that creates physical objects by
stacking successive layers of material from digital information.
Thus, 3D printing can be advantageous for developing MRVIs
because their designs can be easily and efficiently customized,
and also in-situ fabrication and repairing can be possible. But,
the majority of 3D printing studies (Wang et al., 2018; Bond et al.,
2020; Dunaj et al., 2020; Ude, 2020; Zolfagharian et al., 2022)
of VIs reported so far have been focused on developing soft
plastic-based passive VIs for structural damping, which cannot
contain an operating hydraulic fluid and thus have low damping
capability. A study of 3D-printed VIs that can produce a substantial
adaptive damping range such as hydraulic VIs and MRVIs is
seldom found in reported literature. Therefore, in this study, a 3D
printing technique was used to construct an adaptive MRVI and
its magnetic field-controllable performances were experimentally
evaluated. Using a material testing machine, a single constant rate
loading test of the 3D-printed MRVI under different magnetic
fields was conducted and the force-displacement curves were
experimentally obtained. Based on the measured data, the magnetic
field-controllable performances of the MRVI such as the MR
yield force, the dynamic force range, the dissipated energy, and
the secant stiffness were determined. For the evaluation of the
long-term performance reliability of the MRVI due to the MRF
sedimentation, its magnetic field-controllable performances were
tracked for 156 days with the variable testing intervals. Finally, the
feasibility of the adaptive 3D-printed MRVI was experimentally
confirmed.

FIGURE 1
Schematic of the 3D-printed MRVI.

2 Adaptive 3D-Printed MRVI

Figure 1 presents the schematic of the 3D-printed MRVI
proposed in this study. The MRVI consisted of a rubber bellow,
a plastic lid, an electromagnet (i.e., electromagnetic coil with
the ferromagnetic bobbin), and an MRF. The electromagnet was
attached to the top plastic lid using an M3 bolt. The bottom rubber
bellow works as the container of an MRF and its wall can contract
or expand to accommodate the vertical motion during vibration.
The top lid was simply assembled with the bottom rubber bellow
using a 3D-printed large thread without traditionally machined
components. The total size of the MRVI was compact and can be
applied to the vibration isolation of avionics or small-sized precision
devices. The working fluid mode of this MRVI is squeeze-mode
and thus an MRF was only filled so that the bottom portion of
the electromagnet keeps being sufficiently submerged in the fluid
during the vertical motion.The initial vertical fluid gap between the
bottom of the electromagnet and the rubber bellow was 1 mm and
the initial radial gapwas 2 mm.When the electromagnet ismoved by
the vertical vibration, the MRF pushed by the electromagnet will be
squeezed out from the vertical flow gap. Such a fluid flow produces
a viscous damper force in the absence of a magnetic field. But, when
the electromagnet is activated by an applied current, the MRF can
make particle chains or columns at the vertical flow gap along the
magnetic flux lines produced by the electromagnet. Such particle
chains resist the squeezed fluid flow and cause theMRVI to produce
additional MR yield force in the presence of a magnetic field. Also,
this MR yield force can be continuously and rapidly controlled by a
current input.

Figure 2 presents the photograph of the fabricated 3D-printed
MRVI. The rubber bellow and the plastic lid were rapidly fabricated
by using a masked stereolithography (MSLA) 3D printer (Elegoo,
Mars 2 Pro, 405 nm UV (ultraviolet) light source). The top lid
material was a hard (84D Shore hardness) UV photopolymer rapid
resin (Elegoo, standard resin), but the rubber bellow material
was an elastic (50–60A Shore hardness) UV photoresin (Resione,
F80) so as to sufficiently accumulate the vertical motion. It is
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FIGURE 2
Photograph of the fabricated 3D-printed MRVI. (A) Parts. (B) Assembly.

worth noting that many flexible photoresin-printed parts show hard
rubber characteristics with low flexibility and slow rebound at room
temperature. Such rubber characteristics are improved when the
operating temperature becomes above 35°C. But, the F80 material
has low-temperature resistance, fast rebound, and good flexibility.
Thus, the F80-based rubber bellow behaves like a general silicone
rubbermaterial over the operating temperature range of 20°C–35°C,
and can remain flexible even at temperatures as cold as 10°C,
but begins to soften at temperatures above ∼40°C. The printing
resolution (i.e., layer height) for bothmaterials was set to 50 μm, and
the resinmanufacturers’ recommended settings12 were used to print
theMRVI parts. A commercial off-the-shelf electromagnet (Gikfun,
EK 1909) was chosen as the electromagnet to activate the MRF by
considering the size, and its wire diameter and turn number were
0.36 mm and 480, respectively. The resistance and inductance of
the electromagnetic coil were 3.9 Ω and 3.7 H, respectively. Seven
grams of MRF was filled in the MRVI. The composition of the MRF
was 35% volume fraction (vol%) of carbonyl Fe powder (Alfa Aesar,
particle size: 6–10 μm) as solid particles and 65 vol% of silicone oil

1 Elegoo, https://www.elegoo.com/products/elegoo-standard-resin

2 Resione, https://www.resione.com/products/f80-dental-gum-color-elastic-
resin-3d-printer-resin

FIGURE 3
Experimental setup for the damper force measurement of the
3D-printed MRVI (the bottom steel disc configuration case).

(Clearco, viscosity: 1,000 cSt at a temperature of 25°C) as a carrier
fluid. The weight of the 3D-printed MRVI was 42 g.

3 Experimental

3.1 Testing setup

Figure 3 presents the experimental setup for the damper force
measurement of the 3D-printed MRVI. For these tests, Instron
material testing machine (DynaMight 8841) was used. The 3D-
printed MRVI was placed between the top and bottom discs. The
bottom steel disc was fixed to the stationary load cell and the top
non-steel (aluminum) disc was connected to the hydraulic actuator
of the testing machine. By using the top disc, the MRVI was
compressed by 0.8 mm and was returned back to the initial position
with a constant speed of 0.5 mm/s. At this time, the current input
applied to theMRVIwas varied from 0 to 1.5 Awith an increment of
0.25 A.Here, 1.5 Awas selected by amaximumcurrent sufficient not
to burn out the coil wire during testing. On the other hand, when the
top disc of theMRVIwas compressed by the hydraulic actuator of the
Instron material testing machine, the MRF was squeezed out from
the fluid gaps and produced a resisting force.This resisting force was
transmitted to the bottom disk and the load cell connected to the
bottom disc measured the transmitted resisting force.

3.2 Results

Figure 4 presents the measured magnetic field at the bobbin
center of the 3D-printed MRVI. In this case, two different
measurement configurations were considered: one is the MRVI

Frontiers in Materials 03 frontiersin.org

https://doi.org/10.3389/fmats.2023.1142590
https://www.elegoo.com/products/elegoo-standard-resin
https://www.resione.com/products/f80-dental-gum-color-elastic-resin-3d-printer-resin
https://www.resione.com/products/f80-dental-gum-color-elastic-resin-3d-printer-resin
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Choi et al. 10.3389/fmats.2023.1142590

FIGURE 4
Measured magnetic field at the bobbin center of the 3D-printed MRVI.

between the top non-steel disc and the bottom steel disc (refer to
Figure 3) and the other is the MRVI between the top and bottom
non-steel discs. The magnetic fields at the bobbin center of the
MRVI with respect to the current inputs were measured by using
the gauss/teslameter (F.W. Bell, 5080). As seen in this figure, the
magnetic field curve behaviors for both configurations were almost
the same, which were almost linearly proportional to the applied
current input up to 1.5 A. But, the bottom steel disc configuration
case showed a 21% larger magnetic field magnitude at 1.5 A than
the bottom non-steel disc configuration case because the bottom
steel disc worked as themagnetic return guide for the electromagnet
inside theMRVI.Thus, the bottom steel disc configuration was used
for the damper force testing of the 3D-printed MRVI in this study.

Figure 5 presents the magnetic field-controllable performances
of the 3D-printed MRVI at the initial testing day. In this case, the
damper force of the MRVI was measured right away after the MRF
was filled into the MRVI. As seen in Figure 5A, both the damper
force magnitudes and hysteretic loops of the MRVI increased as
the applied current increased. The increase in the damper force
magnitude physically implies the increased stiffness of the MRVI,
and the increased area of the hysteretic loop means the increased
damping capability of theMRVI.Themaximum damper force of the
MRVI at the initial testing day was Fd,on = 53 N at a current input
of 1.5 A and a displacement of 0.8 mm. Here, Fd,on is the field-on
damper force. The MR yield force in the compression direction of
the MRVI with respect to applied current inputs was presented in
Figure 5B. Here, the MR yield force, FMR, was defined by

FMR = Fd,on − Fd,of f (1)

where, Fd,off is the field-off (i.e., viscous) damper force of the MRVI.
The MR yield force, FMR, physically implies the additional damper
force due to the yield stress of MRFs. As seen in this figure, the
MR yield force continuously increased with the applied current
input and was also strongly dependent on the displacement. Since
the vertical flow gap between the bottom of the electromagnet
and the rubber bellow of the MRVI decreased with the increased
displacement, the MR yield force significantly increased as the

FIGURE 5
Magnetic field-controllable performances of the 3D-printed MRVI at
the initial testing day. (A) Fd. (B) FMR in compression direction. (C) DR in
compression direction.

displacement increased.The maximumMR yield force of the MRVI
at the initial testing day was FMR = 40 N at a current input of 1.5 A.
The dynamic range in the compression direction of the MRVI was
presented in Figure 5C. Here, the dynamic range, DR, was the force
ratio defined by

DR =
Fd,on
Fd,of f

(2)

The dynamic range of the MRVI in Figure 5C also continuously
increased with the increased applied current input. But, different
from the MR yield force behavior in Figure 5B, the dynamic range
was much less dependent on the displacement. The maximum
dynamic range of the MRVI at the onset of initial testing occurred
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FIGURE 6
Magnetic field-controllable performances of the 3D-printed MRVI
after 156 days. (A) Fd. (B) FMR in compression direction. (C) DR in
compression direction.

at around 0.8 mm, that was DR = 4.0 at a current input of 1.5 A. By
considering the typical desired dynamic range of manyMRVIs (that
is DR ≥ 2), such a DR = 4.0 implies that the 3D-printed MRVI used
in this study can produce a sufficiently large controllable damper
force.

Figure 6 presents the magnetic field-controllable performances
of the 3D-printed MRVI after 156 days. In this case, 156 days do
not mean the downtime of the MRVI but the elapsed time of the
MRF after being filled in the MRVI. During the elapsed time of
156 days, the downtime was varied and the maximum downtime
was 35 days. It should be noted that, once the MRF was filled in
the MRVI, the sedimentation process of the Fe particles in the MRF

started because of the significant density difference between the Fe
particles (about 7.9 g mL−1) and the carrier fluid (about 1 g mL−1).
Generally, the sedimentation of fluids can be evaluated by the
particle settling velocity, and the particle settling velocity is inversely
proportional to the particle concentration because of the hindering
of the particles. Based on our previous MRF sedimentation studies
(Choi et al., 2016; Chambers and Wereley, 2017; Wen et al., 2019),
the sedimentation of the MRF (35 vol% Fe particles) used in this
study was expected to be low since the particle settling velocity of
an MRF with over 25 vol% Fe particles became significantly low.
Compared with the results at the initial testing day in Figure 5,
both the damper force magnitudes and hysteretic loops of theMRVI
significantly increased after 156 days.This phenomenon results from
the fact that Fe particles of theMRF settled down toward the bottom
of the MRVI by the sedimentation process. This may make the
effective flow gap of the MRVI smaller and thus both the field-
off and field-on damper forces increased after 156 days. But, the
increase in the field-on damper force of the MRVI due to the
fluid sedimentation was larger than the increase in its field-off
damper force. It is also well known thatMRF sedimentation tends to
reduce both the field-off and field-on performances of typical MRF-
based dampers and devices operating by flow-mode (Zhang et al.,
2019; Aruna et al., 2020) or shear-mode (Thakur and Sarkar, 2021)
because the effective particle concentration of the MRFs goes down.
But, interestingly, the squeeze-mode design proposed in this study
improved themagnetic field-controllable performances of theMRVI
against the MRF sedimentation rather than deteriorated them.
The maximum damper force of the MRVI after 156 days became
Fd,on = 112 N at a current input of 1.5 A and a displacement of
0.8 mm. Thus, the maximum MR yield force of the MRVI became
FMR = 89 N at a current input of 1.5 A, which was about 122%
larger than that at the initial test day. Also, the maximum dynamic
range of the MRVI became DR = 4.8 at a current input of 1.5 A
after 156 days, which was 20% larger than that at the initial test
day.

Figure 7 presents the long-term history of the magnetic field-
controllable performances of the 3D-printed MRVI for 156 days. In
this figure, the dissipated energy,Wd was determined by

Wd = ∫
loading

Fd dx − ∫
unloading

Fd dx (3)

Here, x is the displacement. The dissipated energy, Wd implies the
damping capability of the MRVI. Also, to evaluate the stiffness
increment of the MRVI, the secant stiffness, Ks, was calculated at
the maximum displacement, xmax, during loading as follows:

Ks =
ΔFd
Δx
=

Fd|x=xmax

xmax
(4)

The secant stiffness evaluation is a linearization technique to
approximate the non-linear behavior with a quasi-linear elastic
model. The secant stiffness implies the quantity of the resistance
at a displacement. The testing intervals (i.e., downtimes) were
varied. From the initial test day to the 17th day, the testing
interval was 1 day. The longest testing interval was 35 days at the
156th day. As seen in this figure, the magnetic field-controllable
performances of the MRVI considerably fluctuated with the time
when the testing interval was 1 day. This may imply that the
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FIGURE 7
Long-term history of the magnetic field-controllable performances of the 3D-printed MRVI. (A) Fd. (B) FMR. (C) DR. (D) Wd. (E) Ks.

displacement applied to the MRVI at the testing interval of 1 day
could remix the MRF to a certain level and thus the effective flow
gap size of the MRVI could also fluctuate. But, when the testing
interval was longer than 10 days, its magnetic field-controllable
performances were continuously improved until 121 days. After
121 days, the controllable performance started to decrease. The
maximum damper force and MR yield force of the MRVI occurred
at 121 days, those were Fd,on = 135 N and FMR = 113 N at a current
input of 1.5 A. The maximum secant stiffness of the MRVI also
occurred at 121 days. At the initial day, the secant stiffness was
Ks,off = 17 N/m at no current input and Ks,on = 67 N/m at a current
input of 1.5 A. After 121 days, the secant stiffness became Ks,off
= 28 N at no current input and Ks,on = 169 N/m at a current
input.

It should be noted that the fluctuation in the damper
performances of the MRVI will be not desirable if the MRVI will
be used as a passive actuator without a control algorithm. But, if
this MRVI will be used as an adaptive actuator with a feedback
control algorithm, such a fluctuationmay be not an issue because the
control algorithm will compensate for the performance variation.
Instead, their performance deterioration by the sedimentation will
be more problematic because the actuator cannot produce the
desired damper force determined by the control algorithm.

Figure 8 presents the power consumption of the 3D-
printed MRVI. As expected, the power consumption increased
exponentially as the current input. But, the maximum power
consumption of the adaptive 3D-printed MRVI was as small as
10.5 W at a current input of 1.5 A.
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FIGURE 8
Power consumption of the 3D-printed MRVI.

4 Conclusion

The design and performance of an adaptive 3D-printed
magnetorheological fluid (MRF)-based vibration isolator (MRVI)
were presented in this study. To this end, a simple and compact
adaptive MRVI design was proposed and successfully fabricated
by using a masked stereolithography (MSLA) 3D printer. Different
from previously reported studies on 3D-printed VIs, the 3D-printed
MRVI in this study could contain an MRF and be operated under
the squeeze fluid mode where the MRF was squeezed out from the
fluid gaps. Using the Instron material testing machine, the damper
forces of the 3D-printedMRVIwith respect to applied current inputs
were measured during loading-unloading compression motions.
From the measured damper forces, the magnetic field-controllable
performances of the 3D-printed MRVI such as MR yield force,
dynamic force range, dissipated energy, and secant stiffness were
experimentally presented. At the initial testing day, the damper
force of the 3D-printed MRVI increased from Fd,off = 13 N at no
current input to Fd,on = 53 N at a current input of 1.5 A and a
displacement of 0.8 mm.Thus, the dynamic range of the 3D-printed
MRVI at the initial testing day was DR = 4.0 at a current input of
1.5 A. These results imply that the 3D-printed MRVI proposed in
this study could sufficiently produce the typical desired magnetic
field-controllable performance (i.e.,DR ≥ 2). On the other hand, for
the evaluation of the long-term performance reliability of the 3D-
printed MRVI due to the MRF sedimentation, its magnetic field-
controllable performances were tracked for 156 days with variable

testing intervals. After 156 days, the damper force of the 3D-printed
MRVI became Fd,off = 23 N at no current input and Fd,on = 112 N
at a current input of 1.5 A and a displacement of 0.8 mm. Thus, the
dynamic range of the 3D-printed MRVI after 153 days became DR
= 4.8 at a current input of 1.5 A. These magnetic field-controllable
performances were improved with the MRF sedimentation. Such a
performance improvement of the MRVI in this study was different
from the typical behaviors of many MRF-based dampers and
devices operating by flow or shear fluidmodes.These sedimentation
test results indicate that the 3D-printed MRVI operated by the
squeeze mode could exhibit good performance reliability against
the MRF sedimentation. In future works, the durability test of a
3D-printed MRVI will be conducted. Also, an adaptive 3D-printed
MRVI will be applied to a specific target vibration system and its
vibration isolation performance in the frequency domain will be
evaluated.
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