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Abstract

Shear thickening fluid exhibits a tremendous ability to dissipate energy under an un-expected attack by presenting an
abrupt increase in viscosity. In this work, a novel prototype shear thickening fluid damper was fabricated and its dynamic
characteristics were experimentally investigated. By varying the rheological properties of the shear thickening fluids, the
final shear thickening fluid dampers with different mechanical characteristics were obtained. The mechanism was qualita-
tively analyzed, and it was observed that the output force of shear thickening fluid damper sharply increased as soon as
an external stimulus was imposed. The maximum output force of this shear thickening fluid damper can reach to as high
as 2.7 kN, which was several orders of magnitude higher than the conventional shear thickening fluid damper. The model
composed of an equivalent linear stiffness term, and a power-law viscous damping term was proposed and it agreed well

with the nonlinear performance of shear thickening fluid damper.
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Introduction

Impact resistance and vibration attenuation are very
important in industrial and military applications; thus,
various methods were developed to reduce the energy
during impact and vibration. Among them, viscous
liquid dampers were proved to be very effective, and
the common viscous damper was filled with Newtonian
fluid which possessed a constant viscosity. The force
generated in damper depends on the viscosity of fluid
and the relative velocity between piston and damper
shell, in which the last point cannot be changed once
the damper was fabricated. Therefore, the smart mate-
rials whose rheological properties can be controlled by
an external field have attracted increasing interests to
construct  high-performance intelligent dampers.
During the past decades, electrorheological (ER) fluid
and magnetorheological (MR) fluid have been widely
studied and applied to intelligent dampers in seismic
protectors for high-rise buildings and automotive sus-
pensions (Dyke et al., 1996; Jolly et al., 1999; Zong
et al., 2013), due to the rheological properties of the ER/
MR fluids which can be changed when subjected to
external electric and magnetic fields, respectively. The
previous research indicated that the ER/MR fluid—based
devices such as shock absorbers, clutches, brakes,

actuators, artificial joints, and isolations show better per-
formances than other conventional devices (Bica et al.,
2013; Kim et al., 2002; Lee and Choi, 2000; Li and Du,
2003; Wereley et al., 1998). However, an external power
source is needed in these devices, and this disadvantage
increases the weight and complexity of devices. To sort
this out, novel smart fluid-based dampers with energy-
free characteristics are pressingly required due to their
special advantages in the practical application.

Shear thickening fluid (STF) is a highly concentrated
colloidal suspension that consists of monodisperse par-
ticles suspended in carry fluids. When the STF suspen-
sion is subjected to a sudden stimulus such as shear rate
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or shear stress, its rheological property changed from a
flowable behavior into a rigid behavior. Beyond a criti-
cal shear rate, STF shows a steep increase in viscosity,
transforming from a liquid to solid-like state (Barnes,
1989; Fall et al., 2012). This transformation is instanta-
neous and reversible; thus, the viscosity of STF recovers
quickly to the initial value when external shear rate or
shear stress is removed (Bender and Wagner, 1996;
Jiang et al., 2010). Over the last few decades, the pre-
paration method and the influencing factors on its
rheological properties under steady and oscillatory
shear flow were intensively investigated (Brown et al.,
2010; Jiang et al., 2010; Maranzano and Wagner, 2001;
Ye et al., 2013). A lot of efforts have been taken on its
mechanism via rheo-optical experiments, neutron scat-
tering, and numerical simulation (Boersma et al., 1995;
Cheng et al., 2011; Foss and Brady, 2000; Lee and
Wagner, 2006; Maranzano and Wagner, 2002). The
obtained order—disorder mechanism depicts that an
ordered laminar flow at low shear rates disrupts into a
disordered viscous flow at high shear rates due to parti-
cle interaction (Hoffman, 1998), while the hydrocluster
mechanism demonstrates that clusters of particles are
formed in the ST behavior because hydrodynamic lubri-
cation forces are higher than repulsive forces at critical
shear rate and the viscosity recovers due to the breakups
of clusters (Barnes, 1989). Moreover, discontinuous
shear thickening (DST) phenomenon is also investigated
to analyze the ST behavior, in which the dilation fru-
strated by boundary condition is considered to be the
key point for the discontinuous increase in viscosity by
several orders of magnitude (Brown and Jaeger, 2014).
STFs have a great potential for energy dissipation
and absorption because their viscosity can experience
an abrupt rise in critical shear rate. Therefore, they can
be applied in both energy-free protecting and damping
devices, such as speed controller, body armor, passive
damped system, and blast wave protection (Dawson
et al., 2009; Fischer et al., 2010; Iyer et al., 2013; Laun
et al., 1991; Lee et al., 2003; Srivastava et al., 2012).
STF-based dampers are novel intelligent apparatus that
the damping can increase abruptly, along with an
increase in viscosity of STF under vibration or impact,
and that it will decrease quickly when the vibration or
impact is removed. Helber et al. (1990) developed an
STF-based mount and discussed its performance of
vibration attenuation. Zhang et al. (2008) reported a
prototype STF damper in flow mode and studied its
dynamic properties under various loading conditions.
These typical studies proved the practical possibility of
an STF damper. However, the detailed analysis of the
vibration attenuation mechanism and affecting factors
is still lacking. Moreover, the STFs’ properties directly
determine the characteristics of the STF damper.
Unfortunately, no work has been done to definitely
demonstrate their inter-relationship. To our knowledge,
the previously reported STF dampers only possessed a

very small output force which largely confined their
practical applications. Therefore, a high-performance
STF damper with intense ST behavior is pressingly
needed.

In this work, STF samples composed of colloid par-
ticles dispersed in ethylene glycol (EG) were fabricated.
By changing the particle volume fractions, STF sam-
ples with different rheological properties were obtained.
Then, a prototype STF damper was conducted and its
dynamic properties under various loading conditions
were tested. The effects of particle concentration of
STF samples and geometry parameters of STF damper
were experimentally investigated. The mechanisms of
different phenomena of STF dampers were also ana-
lyzed. Based on the analysis of the energy dissipation
of the STF damper, a potential model that can well
describe the nonlinear properties of STF damper at
shear-thickened state was proposed.

Design of STF damper

The common viscous damper is usually divided into
two types with respect to the piston rod. A damper
composed of a single-ended piston rod has less size in
the axial direction than a double-ended piston damper,
but an attached compensation structure is needed to
adjust the internal volume of the single-ended piston
damper which varies with the forward and backward
movements of the piston. Thus, the structure of a
double-ended piston damper is much simpler.

In addition, according to the viscous fluid flow, the
damper can be divided into flow and shear modes. In
the two modes, the force is generated when the viscous
fluid flows through the orifices in the piston head and
the annular gap between the cylinder and piston head,
respectively. The energy dissipation and absorption of
an STF-based damper depend on the dramatic increase
in the viscosity of STF. It may be easily jammed in the
orifices with a high viscosity. Therefore, the STF-based
damper in a shear mode is more tractable.

In this work, an STF damper was designed with a
double-ended piston rod and an annular gap. Its sche-
matic and prototype are shown in Figure 1. The cylin-
der, piston, and guide sleeves are made of Q235 steel,
stainless steel, and aluminum, respectively. The guide
sleeves are placed at both ends of the cylinder to ensure
the straight reciprocating motion of piston rod. In
order to enclose STF in cylinder chamber, nitrile rub-
ber seal rings are attached to the piston rod. When the
piston moves forward or backward, the STF is pushed
through the annular gap. With an increase in piston
velocity, the viscosity of STF abruptly increases and
even transforms to the solid-like state. Therefore, the
output force of STF-based damper increases quickly.
By varying the viscosity of STF and the geometry of
the annular gap (the diameter and length of the piston
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Figure 1. The (a) schematic and (b) prototype of the STF damper.

Table |. Parameters of dampers.

Number Piston Piston Annular
length (mm) diameter (mm) gap (mm)
Damper-| 8 20 25
Damper-2 8 22 1.5
Damper-3 10 22 1.5

head), the output force of STF damper can be altered.
In this work, three pistons with different geometries
were prepared. The maximum stroke of STF damper is
8 mm, and the parameters of dampers used in the
experiment are shown in Table 1.

Experiment details
Preparation of STF samples

All reagents used in this work were purchased from
Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China). The polystyrene (PSt)—ethyl acrylate (EA) par-
ticles were prepared by styrene (St), EA, and acrylic
acid (AA) via emulsion polymerization. St was purified
with NaOH before being used. The polymerization was
conducted in a three-necked flask, which was in a 70°C
water bath, and fixed with a mechanical stirrer, a reflux
condenser, and a nitrogen inlet. Potassium persulfate
(KPS) was added as initiator. After 6 h in water bath,
the resultants were collected by centrifugation after the
polymerization. The PSt-EA particles were cleaned by
distilled water three times and dried in a vacuum oven
at 50°C. The microstructure of PSt-EA particles was
investigated by scanning electron microscope (SEM;
Sirion 200, FEI Co., Holland). As shown in Figure 2,
the particles were monodisperse spheres with an aver-
age diameter of 390 nm. The STF samples were
obtained by dispersing the PSt-EA particles into EG
with milling in a ball crusher for 24 h. Then, the

Pistonrod | -
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SpotMagn “Det WD |
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Figure 2. SEM image of PSt—EA copolymer particles.

samples were handled by ultrasonic processing for 1 h
to remove air bubbles. Three kinds of STF samples
with particle volume fraction of 60%, 65%, and 67%
were prepared.

Rheological testing

A cone-plate rheometer (MCR 301; Anton-Paar
Company, Germany) was used to measure the rheolo-
gical properties of samples under oscillation loading
conditions. The diameter of the cone-plate is 25 mm
and the cone angle is 0.2°. The surface roughness of the
cone-plate is less than 0.5 wm. The experiments were
performed with a gap size of 0.05 mm by dynamic
amplitude sweep in which angular frequency was fixed
at 20 rad s~ '. The shear strain amplitude changed from
1% to 2000%, corresponding to a shear rate from 0.2
to 400 s~ .

Fabrication and dynamic testing of STF damper

After incorporating the STF into the damper, the final
STF damper was obtained. They were defined as
Damper-x-y%STF, in which x represents the geometry
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Figure 3. Schematic picture of the experiment setup.

of the damper listed in Table 1 and y the particle vol-
ume fraction of STF. The MTS809 TestStar Material
Testing System was used to test the dynamic perfor-
mance of the STF damper. As shown in Figure 3, the
STF damper was vertically located in the testing heads.
Both ends of it were fixed by two V block fixtures. The
excitation signal was driven by the hydraulic system in
the bottom of MTS, and it was measured by the linear
variable differential transformer (LVDT). When the
under-head of MTS moved upward and downward by
a command signal generated from the control com-
puter, the force and displacement signals were obtained
from the sensors in the testing head and fed to the con-
trol computer. All the signals were collected in the con-
trol computer by a data sampling system for further
operation. In each test, the excitation signal was a
sinusoidal-varying displacement of fixed frequency and
amplitude. The excited frequencies were varied from
0.1 to 5 Hz, and the displacement amplitudes were 1, 2,
and 3 mm, respectively. All the tests were repeated for
at least 20 cycles, and the data were obtained from the
stabilized hysteresis loops.

Results and discussion

Rheological properties of STF

Three kinds of STF samples with different particle vol-
ume fractions of 60%, 65%, and 67% were measured
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Figure 4. Complex viscosity versus shear strain amplitude for
STFs and silicon oil.

under oscillation loading conditions. As a comparison,
pure methyl silicon oil (Si-Oil) with a constant viscosity
of 12,500 ¢St was also used to construct an Si-Oil dam-
per. The complex viscosity, m, was a function of shear
strain amplitude for STF and Si-Oil. Figure 4 shows
the typical shear strain amplitude—dependent viscosities
of the STFs and Si-Oil solutions. As a traditional fluid,
the viscosity of the Si-Oil was kept as a constant over
the test range. However, the STFs exhibited a special
manner, and the ST effect was highly influenced by the
volume fraction. By increasing shear strain amplitude,
the viscosities of 65 and 67 v/v% STF first decreased
and then increased abruptly. Due to the low concentra-
tion, an increase in viscosity of the 60 v/v% STF was
relatively small. In this work, ST behavior appeared
once the volume fraction increased beyond 60 v/v%.
The increase in viscosity was relatively mild for low
concentrated STF due to the hydroclustering in micro-
structure transition (referred to as “continuous shear
thickening” (CST)). With an increase in the particle
concentration beyond 65 v/v%, the viscosity jumped
discontinuously by orders of magnitude (referred to as
DST). Obviously, such a large increase in viscosity is
not responded to the lubrication forces in hydrocluster-
ing but can be ascribed to the dilation with boundary
confinement. The maximum viscosity of 67 v/v% STF
is 180 Pa s, which is much higher than that of 65 v/v%
STF (60 Pa s) and 60 v/v% STF (2 Pa s). Since severe
shear thickening leads to a fluid—solid phase transition,
a slipping will happen at the interfaces between STF
and the cone-plate during the testing. In this case, the
viscosities of 65 v/v% STF and 67 v/v% STF declined
quickly at high shear strain amplitude after they
reached the maximum value. The viscosity of Si-Oil
sample kept a constant value of 10 Pa s and showed a
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Figure 5. Dynamic properties of damper-2-67%STF at various frequencies and amplitudes: (a) A = 3 mmand (b) f = 5 Hz.

perfect Newtonian fluid behavior over the test range.
The initial viscosities of 67 v/v% STF and Si-Oil were
both 10 Pa s, larger than that of 65 v/v% STF and
60 v/v% STF (1 Pa s). It can be deduced that the vis-
cous force generated from Si-Oil will be larger than that
from 60 v/v% STF, but lower than that from 65 v/v%
STF at high shear strain amplitude. Furthermore, we
can also find that the critical shear strain amplitude for
65 v/v% STF and 67 v/v% STF are about 300%, cor-
responding to the shear rate of 60 s~', as the onset of
shear thickening behavior.

Properties of STF damper

The dynamic properties of damper-2-67%STF were
measured under sinusoidal-varying displacement sti-
muli, and the force versus displacement at different fre-
quencies and amplitudes was obtained (Figure 5).
Typical hysteresis loops of STF damper at certain
amplitude and frequency are shown in Figure 5(a) and
5(b), respectively. The force of STF damper was very
sensitive to excited frequency and amplitude, which
indicated that the dynamic property of STF damper
was rate-dependent. As shown in Figure 5(a), when the
excited frequency was lower than 1 Hz, ST behavior
did not appear in the damper and the force was much
smaller. Beyond a certain frequency (or critical fre-
quency), the viscosity of STF increased suddenly and
the output force of STF damper reached a maximum
value of 2.7 kN, which was dozens of times larger than
that obtained below critical frequency. However, the
frequency showed little influence on the output force
when it was larger than 4 Hz, which demonstrated that
the force reached saturation at high frequency.
Moreover, when the amplitude was 1 mm, the

Force (kN)

3 -2 -1 0 1 2 3
Displacement (mm)

Figure 6. Force versus displacement of STF dampers with
different pistons (67 v/v% STF).

hysteresis loop of force was an ellipse, which indicated
the damper presented a linear viscoelastic behavior
(Figure 5(b)). As the amplitude increased, the force
increased and also reached a stable value. The shape of
the loops departed from an ellipse, which demonstrated
an obvious amplitude-dependent nonlinear viscoelastic
behavior. The maximum output force of STF damper
was 2.7 kN, which was several orders of magnitude
higher than the conventional STF damper and proved
a more widely practical possibility for engineering
application (Zhang et al., 2008).

In addition, the hysteresis loops distorted at the ends
of stroke when the frequency just exceeded the critical
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value (such as the loop at frequency of 1 Hz in
Figure 5(a)). The load direction of the hysteresis loops
was clockwise and the force kept a relatively large value
when the piston approached the ends of stroke. It is
ascribed to the unrecovered solidification of STF.
Because of the sinusoidal-varying excited displacement,
the piston velocity reached maximum when the displa-
cement was 0. At the critical frequency, the maximum
piston velocity exceeded the critical value, and this led
to the shear thickening. When the piston compressed to
the ends of stroke, STF recovered due to the decrease
in the piston velocity. However, the compressing force
did not decrease rapidly until the piston stopped at the
ends of stroke on account of the remains of solidifica-
tion. Finally, the piston changed moving direction, and
the force decreased to 0 and then increased with piston
velocity again.

Effects of geometry on the STF damper

In order to investigate the effect of geometry on the
STF damper, dampers with various pistons were also
prepared and tested (Figure 6). The geometry para-
meters are shown in Table 1. It was observed that the
force increased dramatically from 1 to 2.7 kN when the
annular gap between the cylinder and the piston head
decreased from 2.5 to 1.5 mm. However, when the pis-
ton length increased from 8§ to 10 mm, a small increase
in the output force was obtained. Interestingly, similar
phenomena were also found at high frequency and
amplitude. Here, the ratio of viscous force to total force
decreased due to the solidification of STF; thus, the
force increased slowly with the piston length. The nar-
rowing of annular gap led to a large increment in out-
put force, but the piston length had little influence on
the STF damper.

(a) 400F —=—1.0Hz —8—2.5Hz —A—3.0Hz
| —&—4.0Hz —v—5.0Hz

200F

Force (N)
=)

-200
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Effects of STF rheological property on the STF
damper

Output force. The rheological property of the STF had
a high influence on the damper’s characteristics. Figure
7 presents the force versus displacement behavior of
damper-2-65%STF at various frequencies and ampli-
tudes. It can be seen that the force was kept at almost a
constant value at low frequency. As soon as the testing
frequency exceeded a certain value, the force mildly
increased. Interestingly, with an increase in the ampli-
tude, the critical frequency decreased from 3 to 2 Hz.
In comparison with damper-2-67%STF (Figure 5(a)),
the maximum viscosity of 65 v/v% STF reduced from
180 to 60 Pa s; thus, the critical frequency increased
from 1 to 3 Hz and the maximum output force reduced
from 2.7 to 0.3 kN at a frequency of 5 Hz. The con-
tinuously increased force was different from the discon-
tinuously increased force in damper-2-67%STF beyond
the critical frequency, which resulted from the differ-
ence between the CST behavior of 65 v/v% STF and
DST behavior of 67 v/v% STF. Moreover, the shape
of hysteresis loop of damper-2-65%STF looked more
like an ellipse, which showed the linear viscoelastic
characteristics. Based on the above analysis, we can
conclude that the damper’s characteristics are highly
influenced by the rheological property of STF.

Here, the ST behavior plays a key role on the high
performance of the STF damper. Replacing the STF by
pure Si-Oil, a traditional damper-2-SiOil was obtained.
Figure 8 gives the curves of force—displacement at vari-
ous frequencies and amplitudes for damper-2-SiOil.
The Si-Oil sample is a Newtonian fluid and has a con-
stant viscosity of 10 Pa s, which is higher than that of
60 v/v% STF (1 Pa s). For damper-2-60%STF, a con-
stant damper force of 60 N was observed and the loops

(b) 400k —=—0.1Hz —8—1.0Hz —d—2 OHz
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Figure 7. Force versus displacement at various frequencies and amplitudes of damper-2-65%STF: (a) A =2 mm and (b) A = 3 mm.
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Figure 8. Force versus displacement at various frequencies and amplitudes of damper-2-SiQil: (a) f = 5 Hz and (b) A = 2 mm.
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Figure 9. Force versus displacement at various frequencies and amplitudes of damper-2-60%STF: (a) f = 5 Hzand (b) A = 2 mm.

of force—displacement were rectangular (Figure 9).
However, the loops of force—displacement of damper-2-
SiOil were elliptic and no obvious incline in its major
axis was found (Figure 8). Therefore, the damper-2-
60%STF and damper-2-SiOil were worked on two dif-
ferent mechanisms. When the damper was pushing or
drawing, a small amount of STF was driven into the
seal groove and attached to the seal rings. It resulted in
a considerable increase in friction force applied on the
piston rod by seal rings. Thus, the friction force and
viscous force dominated the output force of damper-2-
60%STF and damper-2-SiOil, respectively. Because the
maximum viscosity of 60 v/v% STF is smaller than
that of Si-Oil sample, the viscous force resulting from
the slight ST behavior should be lower in damper-2-

60%STF. Similarly, the same results were observed in
the damper-2-65%STF and damper-2-67%STF at low
frequency and small amplitude, in which the ST beha-
vior did not appear.

The dynamic properties of STF damper were sensi-
tive to the frequency and amplitude; thus, the peak
force as a function of peak velocity was investigated
(Figure 10). For damper-2-67%STF with DST beha-
vior, the curve of force—velocity can be divided into
three states (see Figure 10(a)): the pre-shear-thickening
state where the force is a small constant resulting from
friction; the transition state where the force increases
suddenly and the shear-thickened state where the force
reaches a plateau value and increases slowly due to the
viscoelasticity of STF. At the pre-shear-thickening state
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Figure 10. Peak force versus peak velocity at various amplitudes: (a) damper-2-67%STF and (b) damper-2-65%STF.

(with low piston velocity), the force generated from the
friction between the piston rod and rubber seals was
below 100 N. At the transition state (beyond critical
velocity), the viscosity of STF increased sharply and a
fluid—solid transition happened for a more densely
packing suspension of 67 v/v% STF, which led to a
sudden increase in the force of STF damper. At the
shear-thickened state (with high piston velocity), a
high-velocity stimulus was imposed and the STF
showed a solid-like behavior. Thus, the viscoelastic
force led to an increase in force with the amplitude.
The effect of viscoelasticity generated from the solidifi-
cation of STF contributed to the slowly increased force
at high velocity. However, for damper-2-65%STF with
CST behavior, the properties were different at high
velocity (Figure 10(b)). The force increased continu-
ously beyond critical velocity and the amplitudes per-
formed nearly no influence on the force. Therefore, the
viscous force dominated the output force of damper-2-
65%STF.

Energy dissipation. The energy dissipation capacity of
STF damper was also studied in this work. Figure 11
shows the dissipated energy per cycle of different dam-
pers as a function of peak velocity. Damper-2-SiOil
showed a perfect Newtonian behavior and thus led to a
linear increase in dissipated energy with the peak velo-
city. Similarly, three states could be obviously seen
from the curve of damper-2-67%STF. The dissipated
energy of damper-2-67%STF increased severely at
transition state and reached a plateau which was much
higher than the others at shear-thickened state. The
dissipated energy of damper-2-65%STF increased
continuously and its slope was larger than that of dam-
per-2-SiOil, which showed the damper-2-65%STF
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Figure I 1. Dissipated energy per cycle versus peak velocity

with different materials.

performed a quasi-Newtonian behavior with a higher
viscosity. The curve of damper-2-60%STF was a hori-
zontal straight line because of the friction-dominated
force. The tremendous difference demonstrates that the
STF damper with more densely packing suspension has
a greater ability of energy dissipation than the others,
which can be utilized for devices of shock absorption
or impact resistance.

Modeling of STF damper at shear-thickened state

Equivalent linear model. An equivalent linear model was
used to depict the force—displacement characteristics of
the STF damper. The model consists of an effective
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stiffness term and an effective viscous damping term.
The damper force can be expressed as (Zhang et al.,
2008)

F = keggx + copx (1)

where k. is the effective stiffness and ¢, is the effective
viscous damping constant.

The effective stiffness is calculated from the experi-
mental force—displacement curves of the STF damper
and expressed as

F* —F~
ke = 4= )
where F* and F~ are the forces at the displacements
of A" and 4=. A" and A~ are the displacement at
the end of compression and tension amplitudes of the
piston from the original position, respectively.
Therefore, k. is approximately the slope of the peak-
to-peak value of the experimental hysteresis loop.
However, the k., may not be accurate enough to char-
acterize the damper before the transition because of the
step change in the friction-dominated force at the ends
of stroke.

The effective viscous damping constant is expressed
as

(o]
I rad? )

where @ is the dissipated energy per cycle of the hyster-
esis loop and 4 is the amplitude for the displacement.
The curves of effective stiffness and damping con-
stant versus peak velocity are shown in Figure 12. The
tests were carried out on damper-2-67%STF at applied
amplitude of 3 mm. The effective stiffness increased
significantly at transition state. Then, it reached a pla-
teau value of about 500 N mm~' at shear-thickened

_ —8-— F ffective stiffness J90 g
g 600 | —e— Effectvie viscous damping é’
z AN g
@ 400 b o 1600 %
L o
o 1 o
= on
n | e, g
%200 / N 130 £
2 I g
= J <
2ol e :
= - 523 Jo ¢
10 100 ﬁ

m

Peak Velocity (mm sh

Figure 12. Effective stiffness and viscous damping constant
versus peak velocity for damper-2-67%STF.

state. The effective viscous damping constant also
increased abruptly at a critical peak velocity, but it
reached a maximum value of about 75 N s mm ™' at
the beginning of shear-thickened state and decreased as
the peak velocity increases. The significant increase in
effective stiffness and effective viscous damping con-
stant was ascribed to the severe shear thickening. With
an increase in the peak velocity, the STF showed a
solid-like behavior and became hard to flow. The vis-
coelasticity resulted in an intense nonlinear characteris-
tic of damping force. Therefore, the viscoelastic force
dominated in the output force of the STF damper. This
explains why the force keeps a relative stable value at
higher velocity. Hence, the effective stiffness reached a
plateau value at shear-thickened state in terms of equa-
tion (2), in which the numerator as a difference between
the positive and negative forces had no obvious change.
Moreover, it is easy to understand the decrease in effec-
tive viscous damping constant at shear-thickened state.
The effective viscous damping constant is the ratio of
the dissipated energy and the product of angular fre-
quency and the square of amplitude according to equa-
tion (3). No obvious increase in the dissipated energy
was found at higher frequency and amplitude because
of the stable output force so that the ratio decreases
with an increase in the excited frequency at shear-
thickened state.

Equivalent nonlinear model. The characteristics of stiffness
and viscous damping of STF damper can be generally
given by the equivalent linear model shown in equation
(1). However, the STF damper possessed obvious non-
linear characteristic at shear-thickened state. The linear
model cannot accurately describe the STF damper’s
characteristics at shear-thickened state. A model that
introduced power law to the equivalent linear model
was employed to describe the output force of STF dam-
per. The model is expressed as

F = kx + c[x|" - sgn(x) (4)

where £ is the stiffness, c is the viscous coefficient, sgn()
is the sign function, and « is the power-law index, also
known as velocity index.

The parameters were calculated by genetic algorithm
according to the experimental data. The result showed
that the parameters varied with different frequencies
(Figures 13 and 14). In order to better describe the char-
acteristics of STF damper, the relations between the
parameters of equivalent model and frequency were
fitted with two-order polynomial functions. The func-
tions can be expressed as

k=a +byf +cf? (5a)

c=ay + byf + orf* (5b)
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Figure 13. Polynomial fitting of parameters as a function of
frequency for damper-2-65%STF: (a) stiffness, (b) viscous
coefficient, and (c) velocity index.

a =az + bif + c3f? (5¢)

where a, b, and c¢ are the fitting coefficients and f'is the
frequency.

o 1 2 3 4 5 6
Frequency (Hz)

Figure 14. Polynomial fitting of parameters as a function of
frequency for damper-2-67%STF: (a) stiffness, (b) viscous
coefficient, and (c) velocity index.

The polynomial fitting curves and coefficients were
determined by the least square fitting. The results are,
respectively, shown in Figure 13, Figure 14, and Table
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2. It can be seen that the stiffness and the viscous coef-
ficient increased with the frequency for damper-2-
65%STF, and the velocity index was around 1 and
decreased with the frequency (Figure 13). It is similar
to the equivalent linear model where the velocity index
is fixed at 1 (equation (1)). The stiffness of damper-2-
67%STF also increased with the frequency, but the vis-
cous coefficient decreased and the velocity index was
smaller than 1 (Figure 14). Because of the solidification
of STF, the viscoelastic force dominates and dissipated
energy cannot increase apparently as the velocity
increases. Finally, the velocity index becomes smaller
than | and the ratio of viscous force to total force
decreases as the frequency increases. Therefore, the vis-
coelastic force dominates and the effect of viscous force
is weakened at high frequency, which is similar to the
experimental results.

Figure 15 shows the comparison between the experi-
mental force and calculative force at various frequen-
cies for damper-2-65%STF and damper-2-67%STF,
respectively. The coefficients used in the calculation are
listed in Table 2. It can be seen that this model agreed
well with the experimental results. Thus, it is possible to
characterize and predict the performance of STF

(a) 600
| O 3Hz-Experiment 3Hz-Calculation
AN 4Hz — A7
400F o s, ——5Hz
— 200}
< |
S ot
—
£ L
-200 |
400 . 1 . 1 . 1
4 2 0 2 4

Displacement (mm)

damper at shear-thickened region via the equivalent
nonlinear model.

Conclusion

In this work, a prototype STF damper was designed
and developed. The maximum viscosity of the STF
samples was tunable by adjusting particle volume frac-
tion; thus, STF-based dampers with different mechani-
cal properties can be constructed. The dynamic
properties of these dampers were examined by MTS
through a series of loading conditions. The hysteresis
loops of force—displacement were obtained, and the
effects of particle concentration and piston geometry on
the damper were investigated. The experimental results
showed that the particle concentration had a great
influence on the STF damper’s characteristics, in which
the output force could be varied from 0.1 to 2.7 kN.
With less densely packing STF of 60 v/v%, the ST
behavior was slight and the damper force was kept con-
stant at 60 N due to the friction between the seal rings
and piston rod. With 65 v/v% STF, the damper force
increased continuously to 0.3 kN and exhibited a quasi-
Newtonian behavior with a higher viscosity. With more

(b) O 1.2Hz-Experiment === 12Hz-Calculation
412 20Hz ——2.0Hz
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~
Q
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—
o
e L
2
4 4

Displacement (mm)

Figure 15. Comparison between experimental force and calculative force at various frequencies: (a) damper-2-65%STF and (b)

damper-2-67%STF.

Table 2. The polynomial fitting coefficients for damper-2-65%STF and damper-2-67%STF.

Parameters Damper-2-65%STF Damper-2-67%STF
a b 4 a b 4
50.162 —21.070 3.0251 190.98 105.55 —12.793
c 4.600 —0.8938 0.1616 359.82 —29.295 0.3526
a 1.320 —0.1223 0.0103 0.5103 —0.00134 —3.26E—4

STF: shear thickening fluid.
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densely packing STF of 67 v/v%, the damper force was
raised to 2.7 kN and a nonlinear viscoelastic behavior
was obtained due to the solidification of STF.
Moreover, the annular gap had a greater influence on
the output force than the piston length. The damper
with smaller annular gap and longer piston provided
larger output force and lower critical frequency. The
dissipated energy per cycle of damper with more den-
sely packing STF was much higher than the other dam-
pers, which implied a great ability for devices of shock
absorption or impact resistance. A model composed of
an equivalent stiffness term and a power-law viscous
damping term was employed to characterize the non-
linear behavior of STF damper at shear-thickened state.
The parameters in the equivalent nonlinear model were
investigated as a function of excitation frequency. The
calculative damper force agreed well with the experi-
mental results, which demonstrated a possibility for
predicting the performance of STF damper at shear-
thickened state.
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