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Abstract: Hydraulic dampers for the vibration damping of industrial machinery and building
structures are typically cylindrical. This study proposes a novel, axially free-folding hydraulic
damper of the origami type to improve the structural characteristics of the conventional cylinder
shape with restricted effective stroke in relation to the overall length. First, the basic design equation
of the proposed origami hydraulic damper was derived by demonstrating that the fold line cylinders
on the sidewalls will always meet the foldable condition of the origami hydraulic damper, that is,
a = m/nand t/2n < B < mw/n. Next, the fluid flow characteristics inside the origami hydraulic
damper and in the flow path were analyzed; it was determined that the actual damping force exerted
on the origami damper was proportional to the square of the velocity of motion. Equations of motion
were developed considering the derived damping force equation, and a vibration analysis method
using the Range-Kutta numerical analysis technique was established. A validation test system with
an origami hydraulic damper in a mass-spring vibration system was developed, and vibration tests
were performed with actual seismic waves to verify the damping characteristics and effectiveness
of the origami hydraulic damper. Furthermore, the orifice hole diameter at the end of the origami
structure as well as the type of internal fluid, were varied in the vibration tests. The effect of the main
components of the origami hydraulic damper on the damping effect was analyzed, revealing that the
orifice hole diameter had a more significant effect than the internal fluid.

Keywords: origami hydraulic damper; viscous damping; origami engineering; vibration damping
technology; vibration experiment; damping device

1. Introduction

Hydraulic dampers are primarily used as components for absorbing vibration and
shock energy. Several studies have focused on their damping performance and the technical
development of their application [1-5].

Hydraulic dampers have been investigated to enhance driver and passenger comfort
by absorbing forces arising from road vibrations and collisions with obstacles [6-9]. Studies
have demonstrated the effectiveness of installing semi-active hydraulic dampers along the
diagonal direction of the rectangular frame of the main structure to mitigate earthquake-
induced damage to buildings [10,11]. Magnetorheological (MR) dampers are developed by
modifying the mechanical properties of conventional hydraulic dampers using an external
magnetic field and have been the focus of numerous studies [12-16].

Nevertheless, the majority of existing hydraulic dampers are of the metal cylinder
type, wherein the actual lengths of extension and contraction are limited compared to the
total axial length, which limits their applicability when the installation space is limited.
New techniques are required for weight reduction by replacing metal cylinders with
dampers made of lightweight nonmetallic materials. Origami structures developed based
on the desired mechanical performance of the structure in use have been investigated from
fundamental perspectives such as geometry [17-22]. In some applications, tubular origami
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structures that freely fold in the axial direction could replace conventional metal cylindrical
dampers. The geometry of such foldable tubular origami structures and their deformation
characteristics under the action of external forces have been investigated [23-28].

The lateral members mounted on either side of the engine along the front and rear
of the vehicle play a significant role in absorbing collision energy in the case of a frontal
collision. However, because of its slender thin-walled plate structure, it is prone to axial
compression buckling, which can cause a sudden drop in collision energy absorption
performance. To address this problem, the conventional thin-walled beam structure has
been replaced by a tubular origami structure with a rectangular cross-section that can
absorb a large amount of collision energy for the same weight [29-31].

Lightweight and flexible robots are sometimes required for robotic arms. Studies have
used features of foldable tubular origami structures in the design of robot arms, hands, or
grippers [32,33]. The movement of the origami structure can be controlled by exerting an
external force on the interior or substructure of the foldable tubular structure, for which
origami-shaped actuator findings have been developed [34-36].

However, the application of origami structures to hydraulic dampers using their
free-folding characteristics has not yet been attempted. Origami hydraulic dampers are
promising for applications involving a limited space, strict requirements for the total length
and effective stroke of the dampers, and a need for weight reduction.

This study proposes a tubular origami hydraulic damper as an alternative to the
conventional cylindrical damper. To solve the design problem of the origami hydraulic
damper, the folding condition equation of the tubular origami structure was derived. Fol-
lowing the study of the configuration of the origami hydraulic damper, the damping force
due to fluid flow within the origami structure was examined. Moreover, an experimental
validation system using an origami hydraulic damper in a mass-spring vibration system
was established, a numerical vibration analysis method using the Range-Kutta method
was developed, and vibration experiments using actual seismic waves were conducted
to validate the damping characteristics of the proposed origami hydraulic damper. To
investigate this, vibration tests were conducted by altering the diameter of the damping
hole at the end of the origami structure and using oil and water as the internal fluid. In
addition, the effects of the main components of the paper-folding hydraulic damper on
damping were investigated by evaluating and comparing the response displacement and
acceleration of the moving body.

2. Materials and Methods

As shown in Figure 1, a conventional hydraulic cylinder damper is primarily com-
posed of a cylinder, piston, and orifice hole. When the piston moves against the cylinder
under the action of an external force, the hydraulic oil passes through the orifice hole of the
piston, generating a damping force to counteract the relative motion.

In Figure 1, L is the length of the hydraulic cylinder damper and L, is the distance
the piston can traverse. When a hydraulic cylinder damper is used, the Lo,/ L, value
indicates the percentage of available mounting space.

However, Figure 1 shows that the available L,/ L, value of the common hydraulic
cylinder-type damper is less than 0.5. This is a drawback to its use in constricted mounting
space.

In this scenario, instead of using a cylinder, if a new hydraulic damper was created
using the folding function of the inverted spiral origami structure, the available Ly« / Ly
value of the damper, as shown in Figure 2, would be significantly enhanced.

Nonetheless, it is essential to examine the configuration parameters of the inverted
spiral origami structure shown in Figure 2 to evaluate the conditions under which it can be
folded freely to use as a hydraulic damper.
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Figure 2. Inverted spiral origami structure.

2.1. Inverted Spiral Origami Structure

As shown in Figure 3, assuming six-fold lines og, 0b, oc, od, oe, and F drawn from the
center point of a sheet of paper, its solid line represents a mountain fold, and its dotted line
represents a valley fold. The angles composed by each fold line are 61, 6, 03, 04, 65, and 6.
The requirement for the paper to be folded flat is expressed as follows [37].

01+ 03+ 05 =6+ 04+ 66 )

Thus, the prerequisites for flattening paper must always be satisfied. Folding can be
performed by alternating the left and the right fold, maintaining an identical sum of the
angles of the left and right folds.

Figure 4 shows an example of an inverted spiral origami structure with an unfolded
view on the left and a cylindrical origami structure close to the circumference on the right.
Each node in Figure 4 consists of a node and six folds. # denotes the number of segments
in the origami structure.

To satisfy the requirement of flat folding along the axial direction, it is necessary to
consider how to identify the inclination angles « and B of the fold based on the number of
segments # of the origami structure, as shown in Figure 4.

Figure 5a shows a drawing of the inverted spiral origami structure depicted in Figure 4,
with only one section extracted and unfolded, wherein x( represents the direction of the
original axis of the strip of flat paper.



Vibration 2022, 5

714

b, b, b,

(b)

Figure 5. Condition for closing the one-point and six-fold line type cylindrical origami structure.
(a) One section of the unfolded origami. (b) One unit of the unfolded origami. (c) First folding along
angle (¢ + p) in plus direction. (d) Second folding along angle () in minus direction.
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First, a mountain-shaped fold was performed to fold the strip of flat paper into a
cylinder, using agbg of the left-most section shown in Figure 5b as the folding axis, and
the original axis direction x( was rotated by an angle 2(« + B) in the positive direction, as
shown in Figure 5c, to acquire a new axis direction xy.

Next, the axial direction x; was rotated in the negative direction at the angle of 2,
with agb; as the fold axis and the valley fold in the opposite direction, as shown in Figure 5d,
resulting in a new axial direction of x;. Because of the two folds of the left-most segment,
the original angle of rotation of the flat strip of paper in the axial direction x is expressed
by the following equation.

0=2(a+p)—28=2ua ()

The same origami operation is repeated for the number of segments n from the left to
the right, such that the total angle 2na = 27t with the original axial direction xg is folded
to close the circumference after one round. The equation for the condition of closing the
circumference is presented below.

In contrast, the circumferentially closed origami structure shown in Figure 6a is folded
flat when compressed along the axial direction, as shown in Figure 6b; the conditions
satisfied by angle § must be considered.

(b) &

Figure 6. Folding condition for the one-point and six-fold line type cylindrical origami structure.
(a) Origami circumferentially closed along the axial direction. (b) Folded flat Origami state. (c) Flat-
tened states schematic diagram.

In this case, a triangle aga;b; was extracted, and its flattened and folded states are
shown in Figure 6¢c. Because the nodes ag, 41, and a, are located on the circumference,
shown by the dotted line, resulting in a regular n angle, and the node b; in the flat folded
state is located between arcs 4,43, the conditions satisfied by angle B can be expressed as
follows, considering that the arc a1a; is 1/7 in the circumference.

s T
— < —. 4
2n — p= n @)

Once the number of segments # is established for the inverted helical origami structure
that will be used in the hydraulic damper, the angles « and § calculated using Equations (3)
and (4) can be used to generate the inverted spiral origami structure, as shown in Figure 4.
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2.2. Inverted Spiral Origami Type Hydraulic Damper

An experimental setup, shown in Figure 7, was developed to study the performance of
an inverted spiral origami-type hydraulic damper. As shown in the figure, the experimental
setup was composed of an origami damper, elastic spring, mass block, frame, fixed plate,
moving plate, and oil tube.

Polyethylene sheet Oil tube Rubber paint Spring Linear bush

Fixing bracket

Figure 7. Proposed inverted spiral origami hydraulic damper and main components. (a) Polyethylene
cylindrical sheet. (b) Thin triangular metal sheet. (c) End faces of origami damper. (d) Spring frame.
(e) Origami damper. (f) Vibration test device.

First, as shown in Figure 7a, an adhesive was used to attach a transparent polyethylene
cylindrical sheet with the paper printed on the results of the Auto CAD 2021 design.

Subsequently, as shown in Figure 7b, it was folded along the printed lines to form an
inverted spiral origami structure. A thin triangular metal plate was glued to each side of
the structure to enhance its rigidity.
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The inner and outer surfaces of the origami structure were covered with liquid rubber,
as shown in Figure 7c, and one end face was completely sealed to prevent the oil inside
from leaking out. The other end face was used as the orifice hole, and an oil tube was
attached to create an origami hydraulic damper set.

The assembled hydraulic damper set was mounted on a frame with four elastic springs,
as shown in Figure 7d, forming a vibration model with the combined elastic springs and
hydraulic dampers, as shown in Figure 7e.

Finally, a fixed base was mounted on the lower end of the assembled vibration model,
and a mass block was mounted on the upper end, forming the experimental setup to
investigate the performance of the inverted spiral origami hydraulic damper.

In experiments, the mass block vibrates up and down in the hydraulic oil inside the
folded paper hydraulic damper. The hydraulic oil enters and exits through an orifice hole
at the lower end of the origami damper, creating a vibration-damping force.

2.3. Damping Force of Origami Type Hydraulic Damper

The damping effect of the origami hydraulic damper, shown in Figure 7, consists
primarily of the resistance produced by the internal hydraulic oil as it flows through the
orifice hole at the lower end of the origami hydraulic damper and the oil tube.

A simplified analytical model of the origami hydraulic damper, oil pipe, etc., is shown
in Figure 8, where x is the height of the origami hydraulic damper, corresponding to the
actual working distance of the hydraulic damper. d represents the diameter of the center of
the origami hydraulic damper, d; indicates the diameter of the orifice hole of the origami
hydraulic damper flowing to the oil pipe, and d; represents the diameter of the oil tube. P
represents the pressure at the top of the origami damper, P, indicated the pressure at the
bottom orifice hole of the origami hydraulic damper, v shoes the flow rate of the hydraulic
oil inside the origami hydraulic damper, P; and v represent the pressure and flow rate at
the outlet of the orifice, and P> and v, indicate the pressure and flow rate at the end of the
oil tube.

N
Origami damper N > X
~
l Oil tank
L S~ ———
Fixed base d, —
\ [+ v —
. Py L

Small hole

Oil tube

0 o
‘e o
0 .

. .
------
------
....................

.
.
''''
. .
. .
.....
.......
...............

Figure 8. Analysis model of an inverted spiral origami-type hydraulic damper.
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The flow rate of the hydraulic fluid through the orifice hole in the body of the origami
hydraulic damper can be derived using the following equation [38]:

Q—C&;@—H% 6)

where C is the flow coefficient, A; is the cross-sectional area of the orifice hole, and p
is the density of the hydraulic fluid. Considering the relationship Q = v1A; between
flow quantity and flow rate, the internal pressure of the origami hydraulic damper can be
formulated as follows:

P =P+ 55500, 7)

The pressure loss of the hydraulic fluid as it flows through the tube can be computed
using the following Darcy—Weisbach equation [38].

2
L
p—p =222 ®

where A is the friction coefficient of the oil pipe, and L is the length of the oil tube. The
pressure loss due to the rapid expansion of the cross-sectional area when the hydraulic
fluid enters the tank from the oil tube can be evaluated using the following equation [38]:

2
v
P =KE2, ©)
where, K, is the loss coefficient.

By rearranging Equations (7)—(9), the following equation can be derived.

_ P 2 ML, Kp o
P—26201+2d202+ 5 U2 (10)

As the relationship between the flow velocities of each part of the origami hydraulic
damper is equal, the relationship between the velocity x at its upper-end face and the
internal flow velocity can be expressed as follows.

d> .

U1 = ;%x’ (11)
d> .

’02 - ;%x. (].2)

Substituting Equations (11) and (12) into Equation (10), the internal pressure exerted
on the upper surface of the hydraulic damper of the origami can be expressed as

Cpdt (1 AL K\ .2

Furthermore, by multiplying the cross-sectional area of the origami hydraulic damper
with Equation (13), the forces exerted on the origami hydraulic damper in actual use can be
expressed as follows.

mpd® (1 AL Kc\ .2
Fdamper = g(czd%—'—dg_'—;ig)x . (14)
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Equation (14) shows a nonlinear relationship between the force Fygyper 0f the origami
hydraulic damper and velocity x. The coefficient part of Equation (14) is defined as the new
origami hydraulic damper coefficient, as expressed in the following equation.

mod® [ 1 AL K.
Cdamper = 8 <C2d4 + e + rak (15)
1 2 2
The acting force of the origami hydraulic damper can be expressed as follows.
2
Fdamper = CdampaerX - (16)

Equation (16) can be applied to the analysis of a vibration system employing an
origami hydraulic damper. Figure 9 shows the relationship between the acting force and

velocity of the proposed origami hydraulic damper with the configuration parameters
listed in Table 1 calculated using Equations (15) and (16).

200

150 A

Force (N)
S

0 L) T
0 0.1 0.2 0.3 0.4 0.5
Speed (m/s)

Figure 9. Relationship between the applied force and speed of the cylindrical origami hydraulic
damper.

Table 1. Examples of configuration parameters for cylindrical origami hydraulic dampers.

Items Parameters
Hydpraulic oil density p 860 kg/m3
Orifice flow coefficient c 0.61
Coefficient of friction of oil tube A 0.005
Pressure drop coefficient of rapid expansion tube K. 0.65
Qil tube length L 300 mm
Average diameter of cylindrical origami hydraulic damper 4 50 mm
Orrifice hole diameter d; 12 mm
QOil tube diameter d, 15 mm

When the origami hydraulic damper is used in a vibration model, as shown in Figure 7,
the velocity value is considered relatively small as it continues to oscillate and deform,
alternating between positive and negative values, with zero velocity as the center point.
However, Figure 9 shows a nonlinear relationship between the force and velocity of the
origami hydraulic damper.
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2.4. Vibration Analysis Method

The dynamic analysis model used to study the damping effect of the origami-type
hydraulic damper (Figure 7) is illustrated in Figure 10, where m is the mass of the mass
block, ¢ is the damping force due to the friction effect, Fjypqer is the force of the origami-
type hydraulic damper expressed by Equation (14), and x. represents the acceleration of
the external excitation signal.

X

|
K t j F:Iumper

Figure 10. Analytical model for examining the damping effect of an inverted spiral origami hydraulic
damper.

Considering the forces acting on the hydraulic damper for paper folding, the equations
of motion can be described as follows:

M3+ X% + Champerk. + Kx = —mie, (17)

where ¢;qper represents the origami hydraulic damper coefficient provided by Equation
(15), dictated by the configuration parameters of the origami hydraulic damper.

The equation of motion (16) for a vibrating system with an origami-type hydraulic
damper incorporates a squared term for the velocity, suggesting a nonlinear differential
equation.

For vibration analysis, the equation of motion (16) is reformulated as the Runge-Kutta
standard equation, as follows.

dx o C . Cdumper .2 K .

T Tw T T, N T mY e (18)
dx .
ax _ . 19
Frik (19)

At the time step t;, using x;, X;, X,;, and the time step length At, applying the Runge-
Kutta iterative analysis method to Equations (18) and (19) leads to the solution of the
vibrational displacement and velocity of the time series, as follows.

) c . Cdamper .2k -
Ay = At =i — K ), 20
X1 < mxl m X; mxz xe1> (20)
Axy = Atx;, (21)
. . 2
. c (. Axq Cd . Axq k Axq .
Axy = At - (xi + 2) — arr;tlper (Xl‘ + 2> T x; + > )~ Xei | (22)

Axy = At<5c,- + A2x1> (23)
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. c (. Axo Cd . Axy k Axr .
AX3 = At —% (Xi + 2) - ﬂ:{lper <Xl' + 2> — % X -+ T — Xei |, (24)
. Ax
Axz = At(xi + ;2> (25)
. . ) c . . k .
Axy = At {:1 (xl- + AX3) _ Cdamper (Xl' + AX3>2 — a(xi + AX3) — xei:| , (26)
Axy = AE(X; + Axz). (27)

The new time-step solution can be updated as follows.

tiig =t + At, (28)
1
Xiy1 = X; + 5 (Ax1 4+ 2Axp 4+ 2Ax3 + AX4), (29)
. . 1, . . . .
Xig1 = Xit 2 (Ax1 4 2A% + 2Ax3 + Axy), (30)

By repeating the above calculation procedure, the following solution is obtained.
X0, X1, X2, 77575 Xn- (31)

2.5. Vibration Verification Experiment

The vibration test system designed to verify the damping effect of the hydraulic
dampers for origami studied in the previous section is composed of a shaker, amplifier,
signal generator, laser displacement meter, accelerometer, fast Fourier transform (FFT)
analyzer, and PC for processing the results, as shown in Figure 11.

Accelerometer

Laser vibrometer
sl
O O O O

FFT Analyzer

B
4 :l»\« —

Shaker

Signal generator Amplifier

Figure 11. Origami hydraulic damper damping effect measurement experiment flow chart.

The actual measurements were performed as detailed in the flow chart (Figure 11).
The shaker of the origami hydraulic damper vibrates because of a vibration signal that is
amplified and supplied from the signal generator to the shaker.

The displacements of the bottom fixed base and top-end surface of the origami hy-
draulic damper were detected using a laser displacement meter and recorded by a data
logger. Meanwhile, the acceleration signal of the top-end surface of the origami hydraulic
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Laser vibrometer

damper was measured by an accelerometer and recorded by an FFT analyzer. Finally, the
measured vibration response results were processed and delivered using a computer.

An image of the actual experimental equipment developed is shown in Figure 12; the
specific parameters of each component of the experimental equipment and the measure-

ment instruments are listed in Table 2.

Accelerometer Mass block

Laser vibrometer

Oiltank  Data logger

Origami damper

Fixed base  Oil tube

FFT analyzer

Amplifier  Signal generator

Figure 12. Vibration experiment system to confirm the damping effect of origami hydraulic damper.

Table 2. Detailed parameters of the experiment system of the origami hydraulic damper.

Items Parameters
Spring length Iy 110 mm
Spring coefficient K 280 N/m
Mass of mass block m 1.431 kg
Friction damping coefficient c 0.35Ns/m

FFT analyzer

Shimadzu Corporation DS-3000

Laser vibrometer

Optex FA CD100 + 50

Accelerometer

Onosokki NP-3421

Shaker

SAN-Esu SSV-60S

Signal generator

NF Corporation WF1973

Data logger

HIOKI Corporation LR8431

Experiments and numerical analyses were performed with the vibration model of the
origami hydraulic damper shown in Figure 7 using a sinusoidal signal (frequency 4 Hz).
The results of the vibration displacements are shown in Figure 13.
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Figure 13. Comparison of vibration displacement measurement experiment and numerical analysis
results.

3. Results and Discussion

Figure 12 shows the equipment used to test the damping effect of origami hydraulic
dampers in a complex vibration environment using actual seismic wave excitation. The
vibration experiments were conducted using two scenarios, one with and one without
hydraulic oil in the origami damper. The results of the response displacement and response
acceleration of the mass block were compared. The acceleration waveforms of the seismic
waves used in the shaker experiments are shown in Figures 14 and 15, respectively. The
acceleration waveforms of the EI Centro NS seismic waves are shown in Figure 14, and
those of the Taft seismic waves are displayed in Figure 15.

4.0

o N
(=] (=]
; .

[ 3%
(=}
1
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o

0 10 20 30 40 50 60
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Figure 14. Acceleration waveform of EI Centro NS seismic wave used for excitation experiment.
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Figure 15. Acceleration waveform of Taft seismic wave used for excitation experiment.
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3.1. Vibration Verification Experiment

Figure 16 shows the results when shaking was measured using the EI Centro NS seis-
mic waves. Figure 16a illustrates the response displacement of the time series;
Figure 16b illustrates the results of the spectral analysis of the response displacement
in the frequency domain; Figure 16¢ illustrates the response acceleration of the time series;
Figure 16d illustrates the results of the spectral analysis of the response acceleration in the
frequency domain. The solid blue line indicates the measurement results without hydraulic
oil, whereas the red dotted line indicates the measurement results with hydraulic oil.

5
Noail ”§ No oil
With oil 4
g 11 1 e With oil
L
< 3 4
=
=
32
a
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=¥
T T T T T 0 T T T T T T T T
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(@ (b)
15
No il = No oil
T 1 e ith of =12 4 L
With oil %-l ....... With oil
£
<
=
3
20
2 3
E ) 1 3
A - :
T T T T T 0 . : : s . "' Y .
0 10 20 30 40 50 60 o 1r 2 3 4 5 6 7 8 9
Time (s) Frequency (Hz)
(c) (d)

Figure 16. Measurement results when excited by EI Centro NS seismic wave. (a) Response displace-
ment. (b) Spectral distribution of displacement. (c) Response acceleration. (d) Spectral distribution
of acceleration.

Figure 16 indicates that the response displacement and acceleration of the scenario
wherein hydraulic fluid is included are apparently smaller than the response displacement
and acceleration of the scenario in which no hydraulic fluid is included when vibrations are
applied using EI Centro NS seismic waves. The results of the spectrum analysis indicate
that the addition of the hydraulic fluid reduces the vibration response over a wide range of
frequencies and offers a damping effect.

The results for the response displacement in Figure 16a and response acceleration in
Figure 16¢ are summarized in Table 3. The maximum value of the response displacement
was reduced by 53.33%, and the average was reduced by 55.78%. The maximum value of
the response acceleration was reduced by 87.07%, and the average was reduced by 39.05%.
The kurtosis value of the response displacement was increased by 2.18%, and the skewness
value was increased by 0.98%. The kurtosis value of the response acceleration was reduced
by 56.73%, and the skewness value was reduced by 26.39%.



Vibration 2022, 5

725

40

(3%
o

Displacement (mm)
S o

A
o

Acceleration (m/s?)

Table 3. Comparison of measurement results when excited by EI Centro NS seismic wave.

Displacement Acceleration

No oil 37.72 No oil 10.85

Maximum value With oil 24.60 With oil 5.80
Change —53.33% Change —87.07%

No oil 2.88 No oil 0.45

Average value With oil 1.85 With oil 0.32
Change —55.78% Change —39.05%

No oil 7.46 No oil 25.12

Kurtosisvalue With oil 7.63 With oil 16.03
Change 2.18% Change —56.73%

No oil 2.54 No oil 3.97

Skewness Value With oil 2.56 With oil 3.14
Change 0.98% Change —26.39%

Figure 17 and Table 4 present the results for the displacement and acceleration of
the reaction when the Taft seismic waves were used. As was the case of excitation using
EI Centro NS seismic waves, the response displacement and acceleration are smaller for
hydraulic oil; the results of the spectral analysis show that the vibration response is smaller
over a wide range of frequencies.
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------- With oil

0 10 20 30 40 50 60
Time (s)
(a)
No oil
4 e With oil

20

30 40 50 60
Time (s)

()

[39] w = o [}

Power spectral desity (10%)
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Power spectral desity (10)
» ) > s

o

No oil
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A
1 2 3 4 5 6 7 8 9
Frequency (Hz)
(b)
No ail

seeeees With oil

Frequency (Hz)
(d)

Figure 17. Measurement results when excited by Taft seismic wave. (a) Response displacement. (b) Spec-

tral distribution of displacement. (c) Response acceleration. (d) Spectral distribution of acceleration.
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standard deviation

Table 4. Comparison of measurement results when excited by Taft seismic wave.

Displacement Acceleration

No oil 3341 No oil 12.04

Maximum value With oil 22.73 With oil 7.33
Change —46.99% Change —64.26%

No oil 3.99 No oil 0.61

Average value With oil 2.64 With oil 0.38
Change —50.88% Change —59.02%

No oil 1.62 No oil 18.52

Kurtosisvalue With oil 1.84 With oil 17.33
Change —11.80% Change —6.91%

No oil 1.42 No oil 3.61

Skewness Value With oil 1.45 With oil 3.38
Change —2.13% Change —6.79%

Table 4 shows that the maximum value of the response displacement was reduced
by 46.99%, and the average was reduced by 50.88%. The maximum value of the response
acceleration was reduced by 64.26%, and the average was reduced by 59.02%. The kurtosis
value of the response displacement was reduced by 11.80%, and the skewness value was
reduced by 2.13%. The kurtosis value of the response acceleration was reduced by 6.91%,
and the skewness value was reduced by 6.79%.

To assess the complex vibration damping effect quantitatively, the standard deviation
S indicated in Equation (32) was used as the evaluation reference value.

(32)

where x; is the measured displacement or acceleration of the vibration response, X repre-
sents the average value of the measured x;, and N is the number of sample points in the
measurement experiment.

The results derived by substituting the measurement results in Figures 16 and 17 into
Equation (32) are shown in Figure 18. Figure 18a illustrates the results of the measurement
with the EI Centro NS seismic wave, and Figure 18b shows the results of the measurement
with the Taft seismic wave.

Displacement

ENo oil 6.24 mNo oil

m With oil

m With oil

standard deviation
=S
L

Acceleration Displacement Acceleration
(a) (b)

Figure 18. Comparing standard deviations of displacement and acceleration. (a) EI Centro NS seismic
waves. (b) Taft seismic waves.
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Figure 18a shows that when shaken by the EI Centro NS seismic wave, the standard
deviation of the response displacement decreased by 34.83% from 5.16 to 3.37; the standard
deviation of the response acceleration decreased by 42.35% from 1.31 to 0.76. Figure 18b
indicates that when shaken by the Taft seismic wave, the standard deviation of the response
displacement decreased by 33.58% from 6.24 to 4.31 and the standard deviation of the
response acceleration decreased by 43.82% from 1.78 to 1.00. The measurement results
indicate that the origami hydraulic dampers provide effective damping.

3.2. Effects of Orifice Hole

The size of the damping hole through which the hydraulic fluid flows significantly
affects the damping effect. The response displacement and response acceleration for
different orifice hole diameters d; were tested in vibration experiments, as shown in
Figure 8.

Figures 19 and 20 show the results of the vibration experiments conducted with the
orifice hole diameter divided into two scenarios when adding hydraulic oil with a normal
diameter of 12 mm and a small diameter of 8§ mm.

Ordinary hole 20 - Ordinary hole
Small hole Q151 F e Small hole
=
£ 10 1
£ 0
2
D -5
Q
£-10 4
-15 4
T T T T T -20 T T T T T
10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s)
(a) (b)

Figure 19. Effect of attenuation hole diameter when excited by EI Centro NS seismic wave. (a) Re-
sponse displacement. (b) Response acceleration.
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Figure 20. Effect of attenuation hole diameter when excited by Taft seismic wave. (a) Response
displacement. (b) Response acceleration.

Figure 19 shows the results of the response displacement and response acceleration
when shaken by the EI Centro NS seismic waves. It can be observed that the response
displacement and response acceleration decreased as the size of the orifice hole decreased.
The standard deviation of the response displacement decreased by 45.42% from 6.80 to 4.67,
and the standard deviation of the response acceleration decreased by 33.37% from 2.07 to
1.55. Similarly, Figure 20 shows the measured results of the response displacement and
response acceleration when subjected to Taft seismic wave excitation. By decreasing the
size of the orifice hole, the standard deviation of the response displacement decreased by
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31.28% from 6.70 to 5.11, and the standard deviation of the response acceleration decreased
by 36.60% from 2.19 to 1.60.

Therefore, it was established that the damping effect of the origami hydraulic damper
increases as the orifice hole diameter decreases.

3.3. Effect of Fluid Type

The characteristics of the fluid used in an origami hydraulic damper may affect the
damping effect. An experiment was set up to investigate this issue by placing a hydraulic
fluid and water in the origami damper of the setup shown in Figure 12. The response
displacement and response acceleration in the experiment were examined.

Figures 21 and 22 show the results acquired from the shaking tests conducted using
hydraulic oil and water, respectively.

10

— With water —— With water
With oil

s4 b eeesees With oil

-5

Acceleration (m/s?)
o

T T T T T -10 T T T T T

10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s)
(a) (b)

Figure 21. Effect of type of liquid when excited by EI Centro NS seismic wave. (a) Response
displacement. (b) Response acceleration.
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Figure 22. Effect of type of liquid when excited by Taft seismic wave. (a) Response displacement.
(b) Response acceleration.

Figure 21 illustrates the measured results of the response displacement and response
acceleration when shaken by the EI Centro NS seismic wave. A trend of smaller response
displacement and response acceleration can be observed by adding hydraulic oil rather
than water. The standard deviation of the response displacement decreased by 6.82%,
falling from 3.59 to 3.37, and the standard deviation of the response acceleration decreased
by 24.48%, falling from 0.71 to 0.57. Similarly, Figure 22 shows the measured response
displacement and response acceleration when shaken by Taft seismic waves. The standard
deviation of the response displacement decreased by 6.96%, from 4.44 to 4.15; the stan-
dard deviation of the response acceleration decreased by 23.52%, from 0.91 to 0.74, when
hydraulic oil was used compared to water.
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As the viscosity of hydraulic oil exceeds that of water, it is probable that the damping
effect of the origami damper is higher with the addition of hydraulic oil than with water.
However, in comparison with the results of the previous section, the effect of adjusting the
fluid type tends to be smaller than the effect of adjusting the orifice hole size in terms of the
effect of the origami damper on the damping effect.

4. Conclusions

This study proposed an inverted spiral-type origami hydraulic damper to replace
the conventional cylindrical hydraulic damper. The geometric conditions and mechanical
properties of the origami hydraulic damper were examined. A validation test setup using
the origami hydraulic damper was fabricated to perform practical vibration tests. The
following conclusions were drawn from the results:

(1) The free-folding conditions of the inverted spiral origami structure for hydraulic
dampers revealed that the necessary conditions are that the inclination angles of the folding
lines on the sidewalls should be « = 7r/nand 7t/2n < g < 7t/n.

(2) Theoretical study on the damping force of the origami hydraulic damper showed
that the damping force of the origami hydraulic damper is proportional to the square of
the velocity of motion. An equation for the damping coefficient of the origami hydraulic
damper was derived. In addition, the nonlinear equations of motion, including mass block,
elastic spring, and a damping element, were formulated as vibration-damping objects. A
vibration analysis method employing the Range-Kutta method was devised.

(3) Detailed studies on the damping performance of the origami hydraulic damper
were conducted using experimental equipment. Using seismic waves as a test input, it
was evident that the proposed origami hydraulic damper provided a dependable damping
effect under complex excitation conditions. It could be used as a vibration-damping device.

(4) This experimental study on the effect of the major configuration parameters of the
origami hydraulic damper on the damping performance indicates that the size of the hole
at the end of the origami hydraulic damper is rather significant, depending on the fluid
characteristics used in the damper.

However, compared to the conventional cylinder-type hydraulic damper, the origami
hydraulic damper was constructed with a thin origami structure, so it was difficult to apply
to the problem of large vibration loads such as heavy trucks.

In future work, we will apply the origami hydraulic damper proposed in this research
to problems such as the problem of narrow installation space, the problem of weight
reduction, and the problem of unstable vibration direction.

Author Contributions: Writing—original draft preparation, ].G.; writing—review and editing, J.G.
and X.Z.; data curation, ].Z.; investigation, N.G.; software, W.Z.; conceptualization, W.Z. and X.Z;
methodology, J.G. and J.Z.; validation, N.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data available in a publicly accessible repository.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Balasubramanian, K.R.; Sivapirakasam, S.P.; Anand, R. Hydraulic Circuit in Damper: An Overview. Appl. Mech. Mater. 2014,

592-594, 2056-2065.

2. Wu,Z,;Xu,G.; Yang, H; Li, M. Analysis of Damping Characteristics of a Hydraulic Shock Absorber. Shock. Vib. 2021, 2021, 8883024.

[CrossRef]

3.  Czop, P; Slawik, D.; Wszolek, G. Development of an optimization method for minimizing vibrations of a hydraulic damper.
Simulation 2013, 88, 1073-1086. [CrossRef]

4. Sun,],;Jiao, S.; Huang, X.; Hua, H. Investigation into the Impact and Buffering Characteristics of a Non-Newtonian Fluid Damper:
Experiment and Simulation. Shock. Vib. 2014, 2014, 170464. [CrossRef]


http://doi.org/10.1155/2021/8883024
http://doi.org/10.1177/0037549713486012
http://doi.org/10.1155/2014/170464

Vibration 2022, 5 730

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gao, H.; Cui, M.; Dai, L.; Yang, J.; Zhou, X. Mathematical Modelling and Computational Simulation of the Hydraulic Damper
during the Orifice-Working Stage for Railway Vehicles. Math. Prob. Eng. 2020, 2020, 1830150. [CrossRef]

Jugulkar, L.M.; Shankar, S.; Sawant, S.M. Fluid flow modeling and experimental investigation on automobile damper. Construct.
Build. Mater. 2016, 121, 760-772. [CrossRef]

Dharankar, C.S.; Hada, M.K.; Chandel, S. Experimental identification of non-hysteresis algebraic force model of automotive
hydraulic damper. Int. ]. Vehicle Perform. 2019, 5, 2. [CrossRef]

Ahmed, M.R;; Yusoff, A.R.; Romlay, ER.M. Numerical Investigation of Continuous Damping of The Semi-Active Suspension
System for Passenger Car. IOP Conf. Ser. Mater. Sci. Eng. 2019, 530, 012014. [CrossRef]

Dobre, A. Modelling the dynamic behaviour of car hydraulic dampers. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1091, 012018.
[CrossRef]

Go, C,; Sui, C.; Shih, M.; Sung, W. A Linearization Model for the Displacement Dependent Semi-active Hydraulic Damper. . Vib.
Contr. 2010, 16, 2195-2214. [CrossRef]

Azimi, M.; Rasoulnia, A.; Lin, Z.; Pan, H. Improved semi-active control algorithm for hydraulic damper-based braced buildings.
Struct. Contr. Heal. Monit. 2017, 24, 11. [CrossRef]

Hu, K,; Li, F; Zhang, Z.; Wang, S.; Jiang, H. A Magnetoelectric Hybrid Hydraulic Damper for the Mining Robot Suspension
System. Shock. Vib. 2021, 2021, 5479423. [CrossRef]

Goldasz, J.; Sapinski, B.; Jastrzebski, L.; Kubik, M. Dual Hysteresis Model of MR Dampers. Front. Mater. 2020, 2021, 5479423.
[CrossRef]

Raut, L.B.; Khedkar, Y.M.; Salunke, S.Y.; Jadhav, S.V. Modification of Classical Hydraulic damper into Semi active damper using
MR Approach. Int. ]. Sci. Res. Publ. 2019, 9, 676—683. [CrossRef]

Jin, G,; Zhao, Z.; Liu, B.; Cun, W.; Zhao, Z.; Hou, M.; Chen, G. Design of a particle damper and experimental study on vibration
damping of the pipeline. Advan. Mech. Eng. 2021, 13,9. [CrossRef]

Wang, C.; Qiu, Z.; Zheng, Q.; Liu, Y.; Miao, G. Energy Dissipation Mechanism and Control Model of a Digital Hydraulic Damper.
Shock. Vib. 2019, 2019, 1432910. [CrossRef]

Lv, C,; Krishnaraju, D.; Konjevod, G.; Yu, H.; Jiang, H. Origami based Mechanical Metamaterials. Sci. Rep. 2014, 4, 5979. [CrossRef]
Shen, T.; Nagai, Y. An Overview of Folding Techniques in Architecture Design. World J. Eng. Tech. 2017, 5, 12-19. [CrossRef]
Dureisseix, D. An Overview of Mechanisms and Patterns with Origami. Int. ]. Mech. Mater. Des. 2021, 17, 801-829. [CrossRef]
Lebee, A. From Folds to Structures, a Review. Int. ]. Space Struct. 2015, 30, 55-74. [CrossRef]

Liu, X.; Gattas, ].M.; Chen, Y. One-DOF Superimposed Rigid Origami with Multiple States. Sci. Rep. 2016, 6, 36883. [CrossRef]
[PubMed]

Hu, Y,; Zhou, Z.; Kwok, K.W.; Sze, K.Y. Simulating flexible origami structures by finite element method. Int. . Mech. Mater. Des.
2021, 17, 801-829. [CrossRef]

Chen, Y.; Lv, W.; Li, ].; You, Z. An Extended Family of Rigidly Foldable Origami Tubes. J. Mech. Robot. 2017, 9, 021002. [CrossRef]
Yue, W.; Qi, J.; Song, X.; Fan, S.; Fortino, G.; Chen, C.; Xu, C.; Ren, H. Origami-Inspired Structure with Pneumatic-Induced
Variable Stiffness for Multi-DOF Force-Sensing. Sensors 2022, 22, 5370. [CrossRef] [PubMed]

Guest, S.D.; Pellegrino, S. The Folding of Triangulated Cylinders, Part I: Geometric Considerations. J. Appl. Mech. 1994, 61,
773-777. [CrossRef]

Shen, W.; Cao, Y,; Jiang, X.; Zhang, Z.; Kremer, G.E.O.; Qin, H. Experimental and Numerical Investigation on Radial Stiffness of
Origami-Inspired Tubular Structures. J. Appl. Mech. 2022, 89, 031001. [CrossRef]

Reid, A.; Lechenault, F; Rica, S.; Adda-Bedia, M. Geometry and design of origami bellows with tunable response. Phys. Rev. E
2017, 95, 013002. [CrossRef]

Agarwal, V.; Wang, K.W. On the nonlinear dynamics of a Kresling-pattern origami under harmonic force excitation. Extrem. Mech.
Lett. 2022, 52, 101653. [CrossRef]

Yang, Y.; Ishida, S.; Zhao, X.; Hagiwara, I. Vehicle energy absorbers consisting of foldable cylinders using response surface
methodology. Int. . Vehicle Perform. 2017, 3, 380-394. [CrossRef]

Terada, K.; Kadoi, K.; Tokura, S.; Sushida, T.; Hagiwara, I. The deformation mechanism on origami-based foldable structures. Int.
J. Vehicle Perform. 2017, 3, 334-346. [CrossRef]

Zhao, X.; Hu, Y.; Hagiwara, I. Shape Optimization to Improve Energy Absorption Ability of Cylindrical Thin-Walled Origami
Structure. J. Comput. Sci. Tech. 2011, 5, 148-162. [CrossRef]

Huang, J.; Zhou, J.; Wang, Z.; Law, ].; Cao, H.; Li, Y.; Wang, H.; Liu, Y. Modular Origami Soft Robot with the CAD Perception of
Interaction Force and Body Configuration. Adv. Intell. Syst. 2022, 4, 2200081. [CrossRef]

Onal, C.D.; Wood, RJ.; Rus, D. An Origami-Inspired Approach to Worm Robots. IEEE/ASME Tran. Mech. 2013, 18, 430-438.
[CrossRef]

Wu, S.; Qiji Ze, Q.; Dai, J.; Udipi, N.; Paulino, G.H.; Zhao, R. Stretchable origami robotic arm with omnidirectional bending and
twisting. Proc. Natl. Acad. Sci. USA 2021, 118, 2110023118. [CrossRef] [PubMed]

Huang, Z.; Wei, C.; Dong, L.; Wang, A.; Yao, H.; Guo, Z.; Mi, S. Fluid-driven hydrogel actuators with an origami structure. iScience
2022, 25, 104674. [CrossRef]

Ye, S.; Zhao, P; Zhao, Y.; Kavousi, F; Feng, H.; Hao, G. A Novel Radially Closable Tubular Origami Structure (RC-ori) for Valves.
Actuators 2022, 11, 243. [CrossRef]


http://doi.org/10.1155/2020/1830150
http://doi.org/10.1016/j.conbuildmat.2016.05.142
http://doi.org/10.1504/IJVP.2019.098999
http://doi.org/10.1088/1757-899X/530/1/012014
http://doi.org/10.1088/1757-899X/1091/1/012018
http://doi.org/10.1177/1077546309349433
http://doi.org/10.1002/stc.1991
http://doi.org/10.1155/2021/5479423
http://doi.org/10.3389/fmats.2020.00236
http://doi.org/10.29322/IJSRP.9.03.2019.p8795
http://doi.org/10.1177/16878140211044923
http://doi.org/10.1155/2019/1432910
http://doi.org/10.1038/srep05979
http://doi.org/10.4236/wjet.2017.53B002
http://doi.org/10.1260/0266-3511.27.1.1
http://doi.org/10.1260/0266-3511.30.2.55
http://doi.org/10.1038/srep36883
http://www.ncbi.nlm.nih.gov/pubmed/27830732
http://doi.org/10.1007/s10999-021-09538-w
http://doi.org/10.1115/1.4035559
http://doi.org/10.3390/s22145370
http://www.ncbi.nlm.nih.gov/pubmed/35891049
http://doi.org/10.1115/1.2901553
http://doi.org/10.1115/1.4052799
http://doi.org/10.1103/PhysRevE.95.013002
http://doi.org/10.1016/j.eml.2022.101653
http://doi.org/10.1504/IJVP.2017.086907
http://doi.org/10.1504/IJVP.2017.086911
http://doi.org/10.1299/jcst.5.148
http://doi.org/10.1002/aisy.202200081
http://doi.org/10.1109/TMECH.2012.2210239
http://doi.org/10.1073/pnas.2110023118
http://www.ncbi.nlm.nih.gov/pubmed/34462360
http://doi.org/10.1016/j.isci.2022.104674
http://doi.org/10.3390/act11090243

Vibration 2022, 5 731

37. Kawasaki, H. An Application of a Theorem of Alternatives to Origami. J. Oper. Res. Soc. Jpn. 2017, 60, 393-399. [CrossRef]
38. Cengel, Y.A,; Cimbala, .M. Fluid Mechanics: Fundamentals and Applications; McGraw-Hill: New York, NY, USA, 2006; pp. 347-430.


http://doi.org/10.15807/jorsj.60.393

	Introduction 
	Materials and Methods 
	Inverted Spiral Origami Structure 
	Inverted Spiral Origami Type Hydraulic Damper 
	Damping Force of Origami Type Hydraulic Damper 
	Vibration Analysis Method 
	Vibration Verification Experiment 

	Results and Discussion 
	Vibration Verification Experiment 
	Effects of Orifice Hole 
	Effect of Fluid Type 

	Conclusions 
	References

