ASIAN JOURNAL OF CIVIL ENGINEERING (BHRC) VOL. 14, NO. 1 (2013)
PAGES 47-70

FABRICATION AND EXPERIMENT OF AHYDRO-PNEUMATIC
SEMI-ACTIVE RESETTABLE DEVICE

A. Keyhani®, S. M. Sajjadi Alehashem™*° and Y. Q. Ni"
“Shahrood University of Technology, Shahrood, Iran
"The Hong Kong Polytechnic University, Hong Kong, China

Received: 2 February 2012; Accepted: 10 May 2012

ABSTRACT

A new innovative Hydro-pneumatic Semi-active Resettable Device by using MR-Fluid
(MR-HSRD) is introduced for vibration suppression of structures. The novel device consists
of a cylinder-piston system with control valve and magneto-rheological valve (MR-valve)
mounted on a bypass pipe connecting two sides of the cylinder. The MR-HSRD is set by
changing the stiffness and the damping of the device independently. Moreover, the
hysteresis behavior can be adjusted by using different control logics for control valve. A
mathematical model is presented for behavior of the device. The experimental results of
MR-HSRD under cyclic and static loadings are presented and are compared with the
mathematical models.

Keywords: semi-active control; resettable device; variable stiffness; MR-fluid; MR-valve;
hydro-pneumatic actuator

1. INTRODUCTION

Semi-active control of structures offers two main benefits over active and passive control.
First, a large power/energy supply is not required. Second, semi-active systems provide the
broad range of control that a passive system cannot. These two features make them an
alternative to both passive and active control. A comprehensive literature about semi-active
control systems can be found in reference [1].

The heart of a semi-active control system is the semi-active control device. Resettable
devices are among semi-active devices. A resettable device usually consists of a hydraulic
cylinder-piston system with a bypass valve connecting two sides of the cylinder [2].
Resettable devices act as hydraulic or pneumatic springs, resisting displacement in both
direction and their un-stretched spring length can be reset to extract maximum energy
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dissipation from the excited structure [3]. However, they possess the ability to store the
vibration energy and dissipate/release the stored energy at appropriate time. The control
logic of a resettable device is often aimed at finding suitable time for reducing the stiffness
(resetting the device by opening the control valve) and then increasing it back to the high
value (by closing the control valve). Up to now, different types of resettable devices have
been proposed and studied for possible application to the vibration control of structures.
Bobrow et al. [3] proposed and studied a hydraulic resettable actuator. Kurino et al. [4]
developed a switching semi-active oil damper that is able to dissipate energy twice an
ordinary passive damper. They also developed a passive device with semi-active
characteristics [5]. Chase et al. [6] proposed a two-chambered resettable device that utilizes
each chamber independently. In this device air is used as the working fluid and the
surrounding atmosphere have been used as the fluid reservoir. A new adaptive passive fluid
spring and damper (ASD) is proposed and tested by Nagarajaiah et al. [7]. The ASD is
capable of varying the stiffness and damping independently. Many researchers have studied
the resettable actuators similar to the one studied by Bobrow with pressured gas as working
fluid [2, 8-11]. The effect of hydraulic resettable actuator in seismic response control of
structures is also investigated [3, 12-15]. In the literature, the effects of two-chambered
resettable device in response to seismic loads have evaluated [16-21]. Moreover, a nonlinear
model for this kind of resettable devices is proposed by Mulligan et al. [22,23] and validated
by experiments. The control approaches for structures equipped with semi-active variable
stiffness devices are also studied [10, 16, 24-27].

It has been demonstrated, through extensive simulations and experimental studies that
the resettable devices possess promising performance in suppression vibration response of
structures [2, 8, 10, 12-14, 17, 28-30]. However, the studied resettable devices have some
limitations and shortcomings. A resettable device with small capacity (approximately about
100N) was tested by Jabbari and Bobrow [2]. It offers the capability of releasing all the
stored energy effectively in a short time. Generally, for devices with larger capacity the rate
of energy dissipation may be more critical as the required flow rates to release large
amounts of stored energy will potentially be very high. Hence, the energy dissipating time
maybe significant in comparison with the structural response. Previous results of
experiments carried out on two-chambered resettable devices with air as working fluid
showed some limitations in their energy dissipation capacity for high frequency excitation
[23, 31, 32]. Moreover, for higher resistance force, discharging the air through the valves to
dissipate the stored energy requires a significant times for some test cases [6, 23, 31, 32].
Unsymmetrical behavior of device is observed due to decentralizing the piston [6, 32, 33]
that is probable to be happened during installation of device in the structure. In addition,
because the pressure of gas in two-chambered semi-active resettable device is equal to the
pressure of atmosphere, so the resistance force and stiffness of the device are limited and
cannot be changed [32]. However, the idea of connecting high-pressure tank to the active
chamber of device to increase the resistance force and overcome this limitation is proposed
by [31, 32] but it cause other difficulties and complexities in device [32]. This paper
presents an innovative hydro-pneumatic resettable device by using MR-fluid to overcome
the prescribed shortcomings of the current resettable devices.

In the resettable devices, dissipation of stored energy usually occurs by flow of the



FABRICATION AND EXPERIMENT OF A HYDRO-PNEUMATIC... 49

working fluid (gas or oil) through a control valve due to pressure difference between the
chambers of device. The controllable valve can alter the amount of dissipation of the stored
energy. The main goal in the resettable device is to dissipate the stored energy as soon as
possible preventing release of the stored energy to the structure. Therefore, the mechanism
of energy dissipation is very important. If the device cannot dissipate the energy rapidly,
then the efficiency of resettable device decreases.

In the proposed novel device as shown in Figure 1, a different mechanism is utilized for
dissipating the stored energy. The proposed device is a hydro-pneumatic actuator that
utilizes two working fluids (i.e. pressurized gas and MR-fluid). The pressurized gas works
as a spring and when the control valve is closed, the device serves as a stiffness element in
which the stiffness is provide by the bulk modulus of the pressurized gas. Energy dissipation
occurs by flowing MR-fluid through the external bypass MR-valve. In this paper,
experimental tests on the MR-HSRD have been reported and the relation between the device
stiffness and the gas pressure and the length of the gas reservoir is established. The
correlation between the experimental results and that of the theoretical ones has been
assessed. Experimental results are also used to obtain the relation between the stiffness of
MR-HSRD and the gas pressure and the initial length of the gas reservoir.

Control Valve MR-valve

Bypass pipe
(X)) ! /

( Pressured gas

MR Fluid MR Fluid
i V.
J L Separator piston L Separator piston
Pressured gas (not fixed to the shaft) ] (not fixed to the shaft)
Central piston
(fixed to the shaft)

Figure 1. Schematic of the proposed device

2. HYDRO-PNEUMATIC SEMI-ACTIVE RESETTABLE DEVICE BY USING
MR-FLUID

The novel resettable device consists of a cylinder-piston system with a control valve as well
as a MR-valve mounted on a bypass pipe that connected two sides of the cylinder. The
schematic of the proposed device is shown in Figure 1. The cylinder is filled with MR-fluid
and pressured gas separated by a movable piston. The pressured gas performs as a spring
and by changing either the gas pressure or the initial length of the gas reservoir, the stiffness
of the device is adjusted. The MR-fluid and MR-valve perform as energy dissipater.
MR-fluid is a controllable fluid that responds to an applied magnetic field with a
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dramatic change in its rheological behavior. The essential characteristic of MR-fluid is the
ability to reversibly change from a free flowing, linear viscous liquid to a semi-solid having
a controllable yield strength in milliseconds when exposed to a magnetic field. Normally,
this change is appeared as a large change in the resistive force of devices in which MR-fluid
is used. The MR-fluid is utilized in proposed device to achieve the maximum energy
dissipation during device resetting. When the device is excited, the input energy is stored in
the pressured gas. Resetting the device by opening the control valve at the due time releases
the stored potential energy in the pressured gas and pushes the MR-fluid to flow across the
MR-valve to other side of the cylinder. At this time, by changing the shear yield stress of
MR-fluid in few milliseconds (by changing the electrical current/voltage in MR-valve) most
part of the stored energy dissipates as heat transfer.

The special configuration of the proposed resettable device can produce a large control
action by changing its dynamic characteristics. Air is used as working gas in this device and
the pressure of gas could be adjusted easily. Stiffness of the device is adjusted by changing
the gas pressure or the length of gas reservoir. Also, the damping of the device is adjustable
by changing the electrical current/voltage in MR-valve. Moreover, setting the control valve
could change the hysteresis behavior. Therefore, stiffness, damping and the hysteresis
behavior of the novel device all are controllable.

In developing the force-displacement relationship for the device, when the control valve
is closed, the volume of the gas reservoir in each chamber can be related to the piston
displacement which in turn leads to a change in the pressure and resistive force. In the novel
device, both gas and MR-fluid resist against piston movement and so are important in the
resistant force of the device. First, the effect of gas is considered. In the case of an ideal gas
(i.e. air) as the working gas, the following equation can be written:

PV =¢ (1)

Where y is the ratio of specific heats (y=1.4 for air), c is a constant, and ps and Vg are the
pressure and volume of the gas in chambers of the device, respectively. Assuming that the
initial pressure of gas pos, and the initial volume Vg, are equal in both chambers, the
resistive force of the pressured gas is a function of piston displacement (x) and could be
written as:

Fo (X) = (Pae — Pic) A=[Vos —AX) 7 = (Vos + AX) " ]AcC (2)

Where, A is the piston area, p;c and pyc are the pressure of chamberl and chamber2 after
displacement, respectively. Expanding the right hand side of Eq. (2) and keeping the linear
part, the approximate force is:

2
Fox) =28 1P x ®

0G

Indeed the Eq. (3) shows a linear force-displacement relationship. The effective stiffness of
the pressured gas, Kg, is readily defined as:
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If MR-fluid is a compressible liquid (e.g. water, oil, silicon) then the resistance force and
the stiffness of the MR-fluid depend on the bulk modulus. For many fluids, the pressure-
volume relationship is linear and may be characterized by a proportionality constant called
the bulk compressibility modulus, x. The relationship between a change in pressure (A4p)
and the corresponding change in specific volume for MR-fluid, AV/Vwug, is written as:

Ap=—k (5)

VOMR

Where, Vomr is the initial volume of MR-fluid in the chamber. The minus sign is necessary
because a positive change in pressure (a pressure increase) results in a negative change in
volume (a volume decrease). Considering the pressure change in MR-fluid on both sides of
the piston, the resistive force of MR-fluid is:

FMR (X) = 24pA (6)

Where, A is the piston area. By assuming a negative change in the volume of MR-fluid due
to compression and by substitution of Eq. (5) in Eq. (6), leads to:

Fun ()= oo X )

OMR

And the effective stiffness of the MR-fluid will become:

2N’
VOMR

Kwr (8)

The MR-fluid and pressurized gas work as two springs connected in series. Hence, the total
stiffness of the device is:
KK
p=— S MR 9)
Kg + Kur
As the bulk compressibility modulus (x) is very large for MR-fluid, so the stiffness of the
MR-fluid is much bigger than stiffness of the gas (Kur>>Kg) and the stiffness of the device
could be written as:
Ko = Ke (10)

Rewriting Eq. (4) in terms of device dimensions lead to a linear stiffness for the device:
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KD — KG — 2(727:D2/4)27p06 (11)
[(ﬂD /4) LOG +Vcon]

Where D is the diameter of the piston, Lo is the initial length of the gas reservoir that can
be initially set to different values by adjusting the location of the separator pistons to the
proper location, and V¢, is the constant volume in the air reservoir (e. g. volume of air
trapped in the connections of the cylinder head and etc.).

To develop a nonlinear mathematical model for the device behavior and to obtain an
accurate model, with rewriting Eq. (2) and expanding the right hand side of Eg. (2) and
ignoring the parts with order higher than three, the approximate nonlinear force-
displacement relation can be written as:

Fo () o = Fs () nonpin = 2(”D2/4)27poe X+(”D2/4)4(7+1)(7+2)poe «2 (12)
D Nonlin G Nonlin [(7ZD2/4)LOG +Vcon] 3[(7ZD2/4)LOG +Vcon]3

Depend on the ratio of piston displacement to the initial length of the gas reservoir (x/Log),
Eq. (11) and Eqg. (12) both can be used to model the pressure-stiffness relation of the device
and will be discussed later.

Lo is the initial length of the gas reservoir that can be initially set to different values by
adjusting the location of the separator pistons on the shaft. Hence, it can be used to
parameterize the design space to determine the appropriate device configuration. This is one
of the particular characteristics of the novel device that the previous resettable devices lack.
Moreover, the maximum stroke of the piston can be adjusted according to the predicted
displacement in the structure just by changing the initial length of the gas reservoir (Log) and
consequently by changing the initial volume of MR-fluid (Vomg), Not by changing the whole
device necessarily. The relationship between the device dimensions, initial pressure of gas
and stiffness of the device according to Eq. (11) is shown in Figure 2 for pog=500 kN/m?. As
it is shown in Figure 2, with a constant diameter for the piston (D), a wide range of stiffness
is available from low stiffness to very high stiffness either by changing the initial length of
the gas reservoir (Log) or initial pressure of gas (poc). This is an advantage of the proposed
device that can be attributed to its special utilization of two gas chambers with separator
pistons. Also by using separated gas reservoir in special configuration in the novel device,
gas reservoirs can work as accumulator of the common fluid dampers. So, desirable stiffness
can be achieved by changing the pressure of gas without needing any accumulator.
Furthermore, unlike the previous types of the resettable devices, the proposed device is
insensitive to centralizing main piston during the installation of MR-HSRD in the structure
and it can behave completely symmetric in both directions. This is a unique feature of the
device. It is attributed to the fact that during installation (while the control valve is open);
the volume and the pressure of gas are equal in the both chambers irrespective of the
position of main piston. Beside the unique benefits of MR-HSRD, it is a fail-safe device and
it can serve as an ordinary passive damper when the control valve and/or MR-valve failed.
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Figure 1. Relationship between the device dimensions and device stiffness for po = 500 kKN/m?

3. ENERGY DISSIPATION MECHANISM

Magneto-rheological fluid (MR-fluid) is a type of smart fluid that its rheological properties
change when subjected to a magnetic field. Rheological properties are related to the
deformation and flow of a material, including elasticity, plasticity, and viscosity. In the case
of MR-fluid, the shear yield stress of the fluid (the point after which the fluid flows freely)
can alter from zero (a Newtonian fluid) to some finite value (a non-Newtonian fluid). This
change in rheological properties is induced by application of a magnetic field to the fluid.
The change is completely reversible and occurs within milliseconds. MR-fluid consists of a
carrier fluid, which is usually water or some type of oil, with micron-sized magnetic
particles suspended in it. The magnetic particles usually compose 20-40% of the volume of
the fluid [34]. Commercially available MR-fluid also contains some type of additives to
keep the particles suspended in the fluid. In the absence of a magnetic field, MR-fluids
exhibit Newtonian behavior and under shear stress MR-fluid flows just as the carrier fluid.
The flowing fluid follows the equation:

T=ny (13)

Where 7 is the shear stress, 7 is the viscosity of the carrier fluid, and y is the shear strain
rate. This relates to the off-state of the MR-fluid (when there is not any magnetic field).
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When a magnetic field is applied, the magnetic particles in the fluid align with the magnetic
flux lines and interaction between the resulting induced dipoles causes the particles to form
chain-like structures, parallel to the applied field (Figure 3). These chain-like structures
restrict the motion of the fluid, thereby increasing the viscous characteristics of the
suspension and significantly increasing the fluid’s resistance to flow. The fluid does not
flow until the shear stress applied reaches a threshold value (the shear yield stress of the
fluid), after which the fluid flows. The yield stress increases as the applied magnetic field
increases, resulting in a field dependent shear yield stress.
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Figure 2. Dipole alignments of magnetic particles in MR-fluid; a) Off-state of fluid (in absence
of magnetic field), b) On-state of fluid (with magnetic field) [35]

The nonzero yield stress makes the MR-fluid as a non-Newtonian fluid. The behavior of the
fluid is described by the Bingham’s equation:

r=7,(H)+ny (14)

Where 7,(H) is the shear yield stress of the fluid. In Eq. (14), when the shear stress surpasses
the shear yield stress of the fluid, the fluid flows. This is referred to the on-state of MR-
fluid. A simple Bingham plasticity model is shown in Figure 4 that describes the essential
field dependent fluid characteristic. Aside from simply being on or off, the MR-fluid can
obtain a shear yield stress anywhere in a range by varying the strength of the applied
magnetic field. The response time of the fluid to change its properties once a magnetic field
is induced is about a few milliseconds.

There are two main modes that MR-fluid can operate in the devices that utilized it [36].
In both modes, the fluid is between two parallel plates that serve as the poles for the
magnetic field. The first mode is known as direct shear mode (Figure 5(a)). In this mode, the
plates are moving relative to each other. Shear mode dampers are typically used for low-
force applications. The second mode is flow mode, also known as valve mode (Figure 5(b)).
In this mode, the plates are stationary, and pressure drives the fluid flow. Flow mode
devices are capable to produce very high forces, but are more difficult to design.
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Figure 4. Shear modes in MR-fluids; (a) Direct shear mode, (b) Pressure driven flow mode [36]

In the proposed MR-HSRD (Figure 1), the MR-valve performs as an energy dissipater. In
fact, after resetting the MR-HSRD (by opening the control valve), due to pressure drop
between two sides of the cylinder the MR-fluid flows through the MR-valve (in the flow
mode). Then, the appropriate magnetic field (according to the pressure drop) is applied to
increase the yielding stress of MR-fluid so that most part of stored energy dissipated at the
minimum time by shearing the excited MR-fluid. By now, different kinds of external bypass
MR-valve are proposed and their characteristics are studied [37-45].

The Bingham plastic theory is used to develop the theoretical model for MR-valve. The
flow of the MR-fluid in MR-valve is assumed incompressible. In Figure 6, the schematic of
the MR-valve and the velocity profile for the flow of a Bingham fluid in the concentric
annulus of MR-valve is shown. The geometric dimensions used in the theoretical
formulation based on the axi-symmetric diagram of the annular gap also are shown in Figure
6. When Bingham fluid flows in a concentric annulus, always there is an un-sheared portion
of the fluid which moves as a solid plug [46, 47], as illustrated by the velocity profile in
Figure 6. The velocity across the plug (upyg) is constant and it is assumed that the pressure
difference, Ap, along the entire annulus is insufficient to overcome the yield stress inside
this plug. The plug is bounded between r=a and r=b, and the values of a and b are unknown.
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The existence of a plug flow requires that any shear stress associated with viscosity must be
equal to zero inside the plug, as well as on the plug boundaries, a and b. In Figure 6, the
ratio of the inner radius to the outer radius of the annulus is denoted by « and R is the outer
radius. Any velocity and force vector is assumed to be positive in the direction of the flow.
The shear stress in the fluid is represented by the symbol 7.
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Velocity Profile
’7 MR-valve head cover d rx C—
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Figure 5. Velocity profile for the flow of fluid with a yield stress in a concentric annulus
A force balance over length L of any cylindrical element of the fluid can be written as:
d[-2arLz, ] = Apx 2zrdr (15)
The negative sign on the left-hand side of Eq. (15) is to account for the differential force,

which is acting against the direction of flow. Integrating this equation for the region
between r=aR and r=a and rearranging the solution in terms of z,:

er:—£+ﬁ for aoR<r<a (16)
2L r

Where A; is a constant of integration yet to be determined. Using a similar approach for the
region between r=R and r=b, the shear stress can be written as:

er=£+ﬁ for  b<r<R (17)
2L r

The total shear force at the walls of the annulus is equal to the force exerted by the overall
pressure Ap acting on the entire body of fluid inside the annulus, hence:

Apﬂ'(RZ —(ZZRZ) = 27T0RL[Trx]r:aR + 2ﬂRI-[Trx]r:R
2
N ApR(A-a”) [r
2L

18
rx]r:R +[Trx]r:R ( )
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Substituting Eqg. (16) and (17) for the 7, term in Eq. (18) gives:

2
APRA-a”) o] ApoR N
2L 2L

%M[%ﬂit%] = 0=%(A1+Az) (19)

A non-trivial (and physically realizable) solution for Eq. (19) is A;=-A,. To simplify the
formulation, A; is replaced by a single constant -A, so that:

A=-A and A=A (20)

Substituting the Eqg. (20) in Eq. (16) and (17):

Try =—(£+é) for oR<r<a
2L r (21)
er=£+é for b<r<R
2L r

The total shear force acting on the cylindrical surfaces of the un-sheared annular plug is
equals to the pressure difference (4p) multiplied by the cross sectional area of the plug:

2LTy
ap

7, (2mal)+7,(272bl) = Aprr(b* —a’) = b-a= (22)

Eq. (22) can be used to compute the minimum pressure difference Apnin required to start the
flow where 7 is the yield stress that acting on cylindrical surfaces of the un-sheared annular
plug. Using a=aR and b=R, the minimum pressure difference is:

2Lz'y
R(l-a)

Api = (23)

As it is seen in Eq. 23, the minimum pressure difference depends on the yield stress of MR-
fluid and the geometric dimensions of annulus of MR-valve. Subsequently, the yield stress
of MR-fluid, z(H), depends on magnetic field. The minimum required force to start the
flow of MR-fluid in MR-valve connected to the MR-HSRD can be calculated as:

min — ZLTV A (24)
Rl-a)

Where A is the piston area of the MR-HSRD.
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In fact, once the MR-HSRD is excited, the resistive force of device can be measured by a
load-cell. At the resetting time, when the resistive force is maximum, the controller
commands to open the control valve and let the MR-fluid flowing across the MR-valve.
Simultaneously, the controller calculates the required yield stress of MR-fluid according to
measured resistive force of device by using Eq. (24). Then, by altering the magnetic field in
MR-valve, the yield stress is adjusted to its threshold value continuously until most of the
stored energy in MR-HSRD is dissipated and the device resistive force return to zero.
Afterward, the magnetic field is set to zero (MR-fluid flow in off-state) and device waits for
next reset time. All this processes happens in few milliseconds.

4. CONTROL LOGICS

Resettable devices offer the unique opportunity to re-shape the structural hysteresis loop
to satisfy design needs. This opportunity is achieved by selecting the opening time and
closing time of the control valve. Based on control algorithm, there are a number of points
at which the control valve can practically be opened to reset the device. For a
straightforward algorithm, these points occur where the piston movement changes
direction or crosses an initial zero position. The control valve commands and timing of
commands can specify a range of possible device responses. There are three basic control
logics based on the control valve commands. In the first control logic (called resetting
logic); the control valve is opened for a very short time at the peaks of piston
displacements (when the piston velocity is zero). As a result, practically all stored energy
is released and dissipated suddenly. For a sinusoidal piston displacement, Figure 7(a)
shows the behavior of MR-HSRD when the resetting logic is selected and all stored
energy is released at the peak of each sine-wave. As it is seen, the resetting control logic
provides damping in all four quadrants of the force-displacement diagram. In the second
control logic (called type-1 switching logic), the valve is opened at the peaks of piston
displacements and remains in the open status until the piston returns to initial zero position.
The force-displacement curves for this logic are shown in Figure 7(b) for a sine-wave. In
type-2 switching logic (Figure 7(c)), the valve is opened at the zero position and remains in
the open status until the piston reach to peak displacements. The comparison of different
control logics in structural response control is reported in reference [16].

The ability to manipulate the overall hysteretic behavior through proper control logic,
allows the MR-HSRD to be effectively applied to a much wider range of structural
situations as compared to other semi-active and passive devices. Moreover, the control
logics are decentralized, as they just require local measurement (e. g. relative displacement
or velocity of two ends of device). Since the mass and stiffness properties of the structure do
not affect the control logics explicitly, the control law is robust with respect to modeling
errors in mass and stiffness properties of the structure or some nonlinearity that may occur.
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Figure 6. Schematic of control logics for MR-HSRD

5. TEST SETUP

For evaluating the proposed device and validating the mathematical models, a series of
experiments were conducted at the Structural Dynamics Laboratory of the Hong Kong
Polytechnic University. For this purpose and to realize the force-displacement relation of the
proposed device, the configuration shown in Figure 8 is adopted for MR-HSRD. In the first
phase of the experiments, the stiffness of the device is considered and the effects of different
parameters that change the stiffness are examined. In this stage, the prototype#l was
manufactured where the air cylinders are split from the main cylinder and are connected to
it by high-pressure rubber pipes (Figure 8). Hence, the initial length of the air cylinder (Log)
could be adjusted easily. Furthermore, in the first stage of test, there is not any MR-valve in
bypass pipe and a simple on-off manual valve was installed in the bypass pipe. Moreover,
the hydraulic oil is used instead of MR-fluid because in this stage, it is not needed to use
MR-fluid. The piston diameter (D) of the prototype#1 is chosen 3 cm both for air and main
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cylinder. The maximum initial length of the air cylinder (Loc) can be adjusted up to 5 cm
depending on required maximum displacement. The manufactured device and test setup
photos are shown in Figure 9. The drawing and dimensions of the main cylinder and air
cylinder are shown in Figure 10 and Figure 11, respectively.
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Figure 7. Schematic of the prototype#1

Load-cell

Oil cylinder

Actuator

(a) (b)

Figure 8. Test setup of the prototype#1 (a) Main cylinder (oil cylinder) with bypass pipe and the
manual control valve (b) Air cylinders and the adjustable stand for changing the length of gas
reservoirs
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Figure 10. Drawing of air cylinder (all dimensions are in mm)
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According to Eqg. (11), the effective parameters in linear model of device stiffness are D
(piston diameter), pos (the initial pressure of gas), Loc (the initial length of the gas reservoir)
and Vo, (the constant volume in the gas reservoir). In the prototype#1, among of these four
parameters two of them are constant, the piston diameter (D=3 cm) and the constant volume
in the gas reservoir (Veon=10 cm?). Therefore, adjusting pos and Log can change the device
stiffness. The graph of device stiffness Kp versus Lqg, for different initial pressures of gas
(pog) is shown in Figure 12. The amounts of linear stiffness of the prototype#1 according to
Eq. (11) for different Lo and different pos are shown in Table 1 as well.

Table 1: Stiffness of theprototype#1 with different Loc and poc

Kp (KN/m)
Device model number Log (cm) Pos (KN/m?)
250 500 600
1 20.49 40.98 49.18
2 14.49 28.98 34.78
Prototype#1 3 11.21 22.42 26.90
4 9.14 18.28 21.93
5 7.71 15.43 18.51
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Figure 11. Relation between linear stiffness (Kp) versus Log, for different initial pressures of gas

Stiffness of Device- K (kN/m)
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6. TEST RESULTS

In order to realize the effect of large displacement and high initial gas pressure (poc) on the
device stiffness, the quasi-static test with speed of 1 mm/sec and maximum available
displacement of the piston is carried out. The test was conducted for maximum amplitude

4.5 cm with Log=5 cm and four different gas pressures, pos =500, 750, 1000, 1250 kN/m?.

To compare the test results with predicted behavior, the force-displacement response is
depicted along with linear and nonlinear mathematical model predictions in Figure 13.
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Figure 12. Force-displacement response of prototype#1 and linear and nonlinear model with
Los=5 cm and V,,,=10 cm® for 4.5 cm quasi-static piston motion (a) poc=500 KN/m?, (b) poc=750
KN/m?, (€) poc=1000 KN/m?, d) poc=1250 kN/m?

Experimental results are in agreement with the linear relation between the gas pressure and
the stiffness of the MR-HSRD for small displacement of piston (less than 50% of the gas
reservoir length) as predicted by linear mathematical model (Eqg. (11)). However, for
relatively large length of the gas reservoir and with increasing displacement, especially in
higher pressure, the difference between the linear model and test result increases
dramatically. But, the nonlinear model prediction is quite well and has good correlation with
test results.

To consider the effect of frequency and amplitude in the device behavior, dynamic tests
for sinusoidal displacements with different amplitudes and frequencies are conducted. The
device is tested with different initial gas pressures. At each pressure, different air volumes
(that can be adjusted by altering the length of the gas reservoir) are considered. The tests are
carried out for two valve situations; on-state which valve is close and the device resist
against piston displacement and off-state which valve is open. The off-state test is
performed to find resistance force due to friction between ceiling rings and moving part and
viscose force of the moving oil through the connecting pipes.

The tests are conducted for three different length of gas reservoir (Loc=2, 3 and 4 cm)
and three different gas pressures (poc=250, 500 and 600 kN/m?). The piston displacements
are sinusoidal with three different frequencies (i.e. f=0.1, 0.5 and 1.0 Hz) and different
amplitudes. The test results for p,c=500 kN/m? and 1 cm amplitude are shown in Figure 14
to Figure 16 for different Loc. As shown in the Figure 14(a), Figure 15(a) and Figure 16(a),
the linear model prediction captures most of the device behavior for tested frequencies.
Moreover, the test carried out in the off-state valve status. As shown in Figure 14(b), Figure
15(b) and Figure 16(b), the device resistance force is almost constant (about 0.1 kN) in off-
state status for tested frequencies regardless of the initial length of the gas reservoir.
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Figure 13. First quarter force-displacement response of the device with Log=2 cm, V=10 cm?
and poc=500 kN/m? for 1 cm sinusoidal piston motion at 0.1, 0.5 and 1.0 Hz (a) On-state
(control valve is close), (b) Off-state (control valve is open)
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Figure 14. First quarter force-displacement response of the device with Log =3 cm, V¢,,=10 cm?®
and pos=500 kN/m? for 1 cm sinusoidal piston motion at 0.1, 0.5 and 1.0 Hz (a) On-state
(control valve is close), (b) Off-state (control valve is open)
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(control valve is close), (b) Off-state (control valve is open)
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7. CONCLUSIONS

A new innovative semi-active resettable device by using MR-fluid (MR-HSRD) is
introduced and studied. The novel device consists of a cylinder-piston system with a control
valve as well as a MR-valve mounted on a bypass pipe connecting two sides of the cylinder.
The cylinder has two chambers; each chamber contains two parts, pressured gas and MR-
fluid that are separated by a movable piston. The MR-HSRD is set by changing the stiffness
and the damping of the device independently. Moreover, the hysteresis behavior can be
changed by using different control logics for control valve. Two mathematical models i.e.,
linear and non-linear models were established for the device force-displacement relation.
For evaluating the device performance and validation of the mathematical models, a series
of quasi-static and dynamic experiments were carried out. In the first phase of the
experiments, the quasi-static and dynamic tests were conducted at various lengths of gas
reservoir (Log) and gas pressure (pog). The following conclusions can be drawn based on the
test results of the first phase:

e Experimental results show a linear relation between the gas pressure and the
stiffness of the MR-HSRD for small displacement of piston (less than 50% of the
gas reservoir length) as predicted by linear mathematical model.

e  For the large displacement of the piston (more than 50% of the gas reservoir length),
the linear model cannot depict device behavior well and the difference between the
linear model and device behavior increase dramatically. But the nonlinear model
prediction is quite well and has good correlation with device behavior.

e The behavior of the device in off-state (control valve open) is quite same for tested
frequencies and it is almost constant (about 0.1 kN).

e Significant changes in the stiffness of the device can be obtained by adjusting either
the initial pressure of gas (pos) or the initial length of the gas reservoir (Log). It
makes the device adaptable for different structural control situations.
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