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Abstract: Cylindrical hydraulic dampers are commonly utilized to mitigate vibrations in machinery
and structural applications. These devices generally feature a single linear stroke and are often
linked to rotary joints to handle complex loading conditions. However, their installation in confined
spaces, such as vehicle suspensions, poses considerable difficulties. In this research, we introduce an
innovative bifurcated origami hydraulic damper with nonlinear damping capabilities. Initially, we
formulated the collapsible conditional equations essential for the design of the bifurcated origami
hydraulic dampers. We then examined the fluid dynamics within the damper and its flow channels,
determining that the damping force is proportional to the square of the velocity. Furthermore, we
developed motion equations based on the derived damping force and suggested vibration analysis
methods using the Runge-Kutta approach. For the mass-spring vibration system, we created an
experimental setup with the bifurcated origami hydraulic damper and performed vibration tests
using noise signals recorded from a vehicle traveling on a gravel road, thus validating its damping
performance and efficacy. Additional tests, which varied the orifice size at the end of the origami
structure, as well as the type and temperature of the internal fluid, showed that the orifice size had a
more pronounced effect on damping efficiency than the fluid type and temperature. This confirmed
the vibration-damping effectiveness of the bifurcated origami hydraulic damper.

Keywords: bifurcated origami hydraulic damper; origami structure; nonlinearity damping characteristics;
origami engineering; damping device

1. Introduction

Hydraulic dampers are damping elements that convert the kinetic energy of moving
parts into thermal energy. This avoids hard impacts or excessive vibration amplitudes. They
have been widely utilized as energy-absorbing components in vibration-damping systems
and devices. Numerous studies have investigated their performance and advancements
for various applications [1-5].

These dampers are highly effective at mitigating road vibrations and impact forces
from obstacles, thereby enhancing passenger comfort [6-10]. Furthermore, magneto-
rheological dampers, which enhance traditional hydraulic dampers by modifying their
mechanical properties through an external magnetic field, have been developed [11-13].
In the construction industry, the installation of semi-active hydraulic dampers along the
diagonals of rectangular frames in buildings and bridges has been shown to significantly
reduce seismic damage [14-16].

However, most available hydraulic dampers are of the metal cylinder type, which can
only move in one direction. Their actual retractable length is limited by their total axle
length and the available mounting space, making them difficult to use. For lightweighting,
new lightweight, nonmetallic hydraulic dampers must be developed to replace metal
cylindrical dampers. Origami structures developed according to the requirements of the

Appl. Sci. 2024, 14, 6374. https:/ /doi.org/10.3390/app14146374 https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14146374
https://doi.org/10.3390/app14146374
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3668-7732
https://orcid.org/0000-0002-4488-6208
https://doi.org/10.3390/app14146374
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14146374?type=check_update&version=3

Appl. Sci. 2024, 14, 6374

20f19

mechanical properties of the structure, which typically involve intricate folding patterns
that transform a flat sheet of paper into complex and surprisingly sturdy forms and have
been studied in terms of basic aspects such as geometry [17-22]. Tubular origami structures,
which can freely collapse in the axial direction, can be used as alternatives to conventional
metallic dampers. The geometries of these collapsible tubular origami structures and their
deformation characteristics when subjected to external forces have been investigated [23,24].
Lightweight and flexible robotic arms are required in the field of automation research.
Currently, research is being conducted on the application of collapsible tubular origami
structures to robotic arms, hands, and grippers by flexibly utilizing their properties [25-27].

In addition, hydraulic dampers have been investigated by injecting hydraulic oil
into a unidirectionally moving origami tube and adjusting the outlet size [28]. Moreover,
considering the complex working conditions in two dimensions, an origami hydraulic oil
damper that is freely foldable, capable of coping with bending strokes, and suitable for
complex vibration conditions, such as impacts, was used instead of metallic cylindrical
hydraulic dampers. This type of damper has been studied previously [29].

This study is a promising topic for the development of a new type of bifurcated origami
hydraulic dampers, which utilizes the free expansion and contraction characteristics of origami
structures to address the problems caused by narrow installation spaces and the difficulty of
directly mounting cylindrical hydraulic dampers in automobile suspension systems.

To address the limited installation space, we propose a new type of bifurcated origami
hydraulic damper and fabricate an experimental unit made of thin-walled polypropylene
material. We theoretically analyzed the damping effect of bifurcated origami hydraulic
dampers and derived a formula for the damping force required for practical applications.
We conceptualized and developed a vibration system consisting of a moving mass block,
an elastic spring, a connecting hose, and bifurcated origami hydraulic dampers. We pro-
posed nonlinear dynamical governing equations for the vibration system and established a
numerical vibration analysis method using the Runge-Kutta method. For validation, we
conducted vibration tests using random vibration wave data measured when the vehicle
traveled on a real gravel road and compared the measured experimental values of response
acceleration to the numerical analysis values for a comprehensive investigation. Further-
more, the effects of different orifice holes, hydraulic oil types, and temperatures on the
vibration-damping effect were investigated.

2. Materials and Methods

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

Cylinder

N

Hydraulic fluid __|

Orifice hole ___|

Piston

(a) Cylinder damper (b) Origami structure

Figure 1. Stroke comparison of conventional cylinder dampers and origami structures.
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In Figure 1a, L,); is the length of the hydraulic cylinder damper, and Lyl is the length
of the movable piston. In practice, the utilization rate of the hydraulic cylinder damper
Lstroke / Lan is less than 0.5, which makes it difficult to apply in spaces where installation
space is limited.

If a new hydraulic damper is developed to replace the cylinder by utilizing the
collapsible function of the origami structure, as shown in Figure 1b, the utilization of the
damper can be significantly increased, and it can be applied to compact spaces.

However, as shown in Figure 1a, stress concentrations may occur around the pin
support point when a cylindrical hydraulic damper is used to absorb complex vibration
loads. In addition, these stresses can significantly impact the wear of the seals of the
cylindrical hydraulic damper. To address these concerns, a cylindrical origami structure
can be used to flexibly adapt to three-dimensional loads when complex vibration loads are
applied to an origami hydraulic damper, as shown in Figure 2.
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Figure 2. Conceptual diagram of the origami hydraulic damper.

2.1. Bifurcated Origami Hydraulic Damper

To efficiently apply origami hydraulic dampers in compact spaces, we propose a
bifurcated origami hydraulic damper, as shown in Figure 3. A tube connects the main and
branch origami dampers, allowing hydraulic oil to flow back and forth between them.
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Figure 3. Inner workings of bifurcated origami hydraulic damper.
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In addition, an orifice hole is placed at the end of the bifurcated origami hydraulic
damper. Accompanying the expansion and contraction changes in the cylindrical origami
structure, the origami hydraulic damper induces a damping effect when the hydraulic oil
passes through the orifice hole. The damping effect of the origami hydraulic damper can
be adjusted by changing the size of the orifice holes.

In this study, we used polyethylene materials, which can be easily and quickly pro-
duced in the laboratory. The flat expansion view of the origami structure is shown in
Figure 4. To achieve folding along the axial direction into a cylindrical origami structure
with a closed circumference, it is essential to identify the inclination angles 61, 6, 63, and
64 of the folds based on the number of segments 7 in the origami structure, as shown in
Figure 4. The subsequent segments are arranged in an equal isosceles trapezoid array.
Given that all the angles are the same, we only need to determine the appropriate size of
one angle. The conditions for folding are expressed by the following equation.

7
91292293294=; 1)

1 2 3 n
) 94

9 63

Figure 4. Closing the one unit of cylindrical origami structure.

The one unit of origami structure folded is shown in Figure 5.

Figure 5. The folded one unit of origami structure.

To verify the characteristics of the bifurcated origami hydraulic damper depicted in
Figure 3, an experimental setup was developed and analyzed, as shown in Figure 6. This
validation setup included the main origami damper, the bifurcated origami damper, an
elastic spring, a mass block, a frame, and a fixed plate.

The validation experimental setup was structured as follows: First, in order to be
easily and quickly produced, we used the transparent polyethylene cylinder sheet with a
thickness of approximately 0.1 mm, as shown in Figure 6a, folded along the printing line to
form a cylindrical origami structure. Moreover, the manufacturing process of the bifurcated
origami hydraulic damper is the same as that in reference [28]. A trapezoidal acrylic sheet
was attached to the side of the origami structure with an adhesive to further increase its
rigidity. The finished origami structure damper film is shown in Figure 6b.

An aluminum connector was attached to the end face of the collapsed polyethylene
cylinder, as shown in Figure 6¢, to obtain the origami hydraulic damper set. Furthermore,
as shown in Figure 6d, the assembled hydraulic damper set was attached to a frame with
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four elastic springs to obtain a vibration model with elastic springs and the main origami
hydraulic damper (Figure 6e).

Figure 6. Main origami hydraulic damper device. (a) Polyethylene cylindrical tube. (b) Origami
damper film. (c) Mian origami damper. (d) Spring frame. (e) Vibration test device.

As shown in Figure 7, by fabricating bifurcated origami hydraulic tanks (Figure 7a)
and mounting them on the frames of the bifurcated tanks (Figure 7b), a bifurcated origami
hydraulic tank system (Figure 7c) was created by combining the two bifurcated hy-
draulic tanks.

Figure 7. Cont.
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Figure 7. Bifurcated origami hydraulic tanks. (a) Bifurcated origami tanks. (b) the frame of bifurcated
origami tank. (c) Assembly completed for the two bifurcated origami tanks. (d) Overall view of the
test device.

Finally, As shown in Figure 7d, a fixed base was connected to the lower end of the
assembled main origami hydraulic damper vibration model, an oil tube was connected
to the lower end, and a bifurcated hydraulic oil tank was connected to the other end to
validate the experimental system of the bifurcated origami hydraulic damper.

In the actual measurement experiment, hydraulic oil was injected into the bifurcated
origami hydraulic damper. When the upper fixed plate of the main vibration model
frame vibrated up and down, the hydraulic oil flowed through the orifice hole and oil
tube between the main origami damper and the bifurcated hydraulic oil tank, repeatedly
pushing forward and producing a damping force on the vibration system.

2.2. Damping Force Analysis of Bifurcated Origami Hydraulic Damper

To investigate the mechanical properties of the bifurcated origami hydraulic damper,
we verified the damper on the test stand and simplified the analytical model, as shown in
Figure 8.

T
1

Origami damper

Sub origami oil tank

Fixed base

\

Orifice hole

Oil tube
Figure 8. Experimental setup of the bifurcated origami hydraulic damper.

For the purposes of discussion, let D represent the center diameter of the origami
hydraulic damper, dj is the orifice hole leading from the damper to the oil tube, and d; is
the diameter of the oil tube. The pressure at the top surface of the damper is denoted as P,
while Py is the pressure at the orifice hole at the bottom of the damper. Additionally, Py
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and vy indicate the pressure and flow rate at the orifice hole’s outlet, respectively, whereas
P; and v; represent the pressure and flow rate at the ends of several oil tubes, analogous to
P5 and v,.

The flow rate of the hydraulic oil through an orifice hole in the body of the bifurcated
origami hydraulic damper can be determined using the following equation [30]:

szliw—%» @)

where ¢ is the flow coefficient, which is assumed to be 0.61, A; is the cross-sectional area of
the orifice hole, and p is the density of the internal oil.

Q=14 3)

By substituting this into Equations (2) and (3), the following equation was obtained:
2
VoAl = CA1 ;}(P — Po) (4)

According to Equation (4), the pressure inside the bifurcated origami hydraulic damper
can be expressed using the following equation:

2
— po

P=P,+ 27; )
The hydraulic oil flows from the orifice hole through the oil tube to each branch
hydraulic tank, and the pressure loss in this process can be calculated using the Darcy—

Weisbach equation [30]:
Py~ Py —Py= 2P (L1} + Loo3) ©)

2 dt 1 2

Here, A is the friction coefficient of the oil tube, and L denotes the length of each oil
tube. The pressure drop resulting from the sudden expansion of the cross-sectional area

when the hydraulic fluid enters each branch origami tank from the tubes can be calculated
as follows [30]:

2
1%
H:h%> )
2
1%
P = k2, ®

where k. is the loss factor.
By reorganizing Equations (6)—(8), the following equation can be obtained:

P, = ;\TZ (le% + Lﬂ%) + k%p (v% + U%) 9)

The relationship between the flow rate at the top of each branch of the origami
hydraulic damper and that at the lower part of the orifice hole can be expressed as follows:

D2

(]

Z)Qd% = d%l)l + d%vz (11)
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As shown in Figure 8, the inner diameter of the branch hydraulic tank oil tube is d;.
The ratio relationship of the flow rate of each branch is set as shown in Equation (11).

0 -
el k (12)
Substituting Equation (12) into Equation (11) yields the following equation:

_ vodd  D%d}
dFk+1)  d2(k+1)

(%) (13)

Summarizing Equations (13), (9), and (5) yields the following equation:

Apvgdy 2 kepvpdy 2 Y%
= Lik* + L) + K+1)+ 14
2d?(k+1)2< ' 2) 2d‘}(k+1)2( ) 2c (9

Substituting Equation (10) into Equation (14) yields the following equation:

4
p= ApiDz (L1k2 + Lz)jcz +
282 (k+1)

kch4 2 .2 PD4 -2
— (kT +1)x" + ——x (15)
2d44(k +1)* ( ) 2c

The average cross-sectional area of the bifurcated origami hydraulic damper is given
by Equation (16):
nD?

Az =— (16)

The force is expressed by the following equation, based on the actual use of the
bifurcated origami hydraulic damper:

A
42 (k +1)

mpD®
F damper — p8

k 1 2
Lik*+L — ¢ (K+1)+ =" 17
(Lak+ 2>+d‘}(k+1)2( + )+C2d31 > M

Equation (17) shows that a nonlinear relationship exists between the force and velocity
of the bifurcated origami hydraulic damper. The coefficient part of Equation (17) can now
be calculated as the new bifurcated origami hydraulic damper coefficient, as shown in the
following equation:

rpD®
Cdamper = 3

A
& (k+1)?

(lez + Lz) + d;l(kk-cu)z (k2 + 1) + C;d%] (18)

Therefore, the damping force of the bifurcated origami hydraulic damper is expressed
as follows:

-2
Faamper = CdampaerX 19)

Considering the damping force of the bifurcated origami hydraulic damper, the motion
equation of the vibration system is expressed as follows:

1% A+ CE+ Champer X+ kx = —mie (20)

where m is the weight of the mass block, ¢ is the damping coefficient owing to friction, k is
the stiffness coefficient of the elastic spring, and X, is the external vibration acceleration.
Equation (18) shows that the damping coefficient of the bifurcated origami damper is
related to the center diameter of the bifurcated origami hydraulic damper, the diameter
and the length of the pipe, the density of the liquid, and the diameter of the orifice hole.
Together, they form the damping coefficient ¢ gpe;. Therefore, the motion equation of a
vibration system with a bifurcated origami hydraulic damper contains a motion velocity
squared term, which is a nonlinear differential equation.



Appl. Sci. 2024, 14, 6374

90f19

For numerical analysis, the motion Equation (20) is rewritten as the standard Runge-
Kutta equation:

dx C . Cdamper .2 k .

dt m m - omr @1
dx .
P 22
TR (22)

Applying the Runge-Kutta iterative analysis to Equations (21) and (22), as shown in
the following equations, yields the vibrational velocity solution along the time series.

jCO/ .7'C1, 5C2, 5C3, e /xn (23)

Additionally, the respective solutions for motion acceleration can be derived from the
following equations:

. dx
_ 24
=g (24)
-5&0/ jé]/ j(.'.21 jé?)/ e /5&1’1 (25)

The actual orifice hole at the lower end of the bifurcated origami hydraulic damper
and its cross-section are shown in Figures 9 and 10, respectively. The detailed configuration
parameters of the bifurcated origami hydraulic damper experimental setup are presented
in Table 1.

Layer interface

Orifice hole
114 Al o

_— Origami

Orifice hole |—|
D !

Layer p— i E\ Tube
(a) Bottom interface decomposition diagram. (b) Bottom interface assembly diagram.

Figure 10. Bottom interface orifice structure.
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Table 1. Detailed parameters of the experiment conducted on the bifurcated origami hy-
draulic damper.

Items Parameters
Spring K 830 N/m
Mass block weight m 1.62 kg
Average diameter of origami damper D 45 mm
Orrifice hole diameter d, 40 mm /35 mm/30 mm/25 mm
Orifice tube diameter dy 12 mm
Oil tube length L 350 mm
Coefficient of friction of oil tube A 0.005
Orifice flow coefficient ¢ 0.61
Hydpraulic oil density p 910 kg/m?

As depicted in Table 1, the average diameter of the origami structures is 45 mm. To
investigate the damping effect of the bifurcated origami hydraulic damper, four acrylic
ring plates with diameters of 40, 35, 30, and 25 mm were prepared. The orifice hole size in
the bifurcated origami hydraulic damper could be adjusted by securing the acrylic ring
plate to the mass block.

2.3. Vibration Verification Experiment

The vibration test system developed to verify the damping effect of the bifurcated
origami hydraulic damper consisted of a shaker table, an amplifier, a signal generator, an
accelerometer, an FFT analyzer, and a personal computer to process the results, as shown
in Figure 11.

Signal generator

[
[ONONG)
[OXOX6)

FFT Analyzer

o0 or

Amplifier

Shaker

Figure 11. Bottom interface orifice structure.

The actual measurements were performed according to the flowchart shown in
Figure 12. First, vibration signals were generated with the signal generator and sent
to the amplifier. The amplified vibration signal was then sent to the shaker table to induce
the vibration model of the bifurcated origami hydraulic damper fixed on the shaker table.

In addition, the acceleration signal at the upper face of the bifurcated origami hy-
draulic damper was detected using an acceleration sensor and recorded using an FFT
analyzer. Finally, the measured vibration response results were computed and output.
Table 2 lists the detailed parameters of the components of the experimental setup and
measurement equipment.

For the purpose of this study, measurement experiments and numerical analyses were
conducted on the bifurcated origami hydraulic damper vibration model system shown in
Figure 12 using sinusoidal signals (frequency 6.2 Hz, intensity 1.2 m/s?), and the results
of the vibration acceleration are summarized in Figure 13. In the figure, the solid blue
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line represents the experimentally measured value, and the red dashed line represents the
numerically analyzed value. These two results are in agreement with each other.

Single generation FFT analyzer PC

Accelerometer

Origami damper devise

Bifurcated origami Shaker Bifurcated origami

hydraulic tanks hydraulic tanks (right)

Figure 12. Experimental setup for vibration testing using the bifurcated origami hydraulic damper.

Table 2. Detailed parameters of the experimental setup.

Items Parameters
FFT analyzer Onosokki Corporation DS-3000
Accelerometer Onosokki NP-3572
Shaker San-Esu SSV-605
Signal generator NF Corporation WF1973
Amplifier San-Esu SVA-ST-30
12
Experiment ---#-- simulation

8
o
£ A X ’ ‘ 5
E 4 : A
g o0
<
2
g . ’ .
S |

-8

-12 4 T T T
0 1 2 3 4
Time (s)

Figure 13. Comparison of the vibration displacement from the measurement experiment and numeri-
cal analysis results.



Appl. Sci. 2024, 14, 6374

12 of 19

2.4. Vibration Wave When Driving on Gravel Road

To verify the damping effect of the bifurcated origami hydraulic damper in a complex
vibration environment, a vehicle traveling on a real gravel road was used, as shown in
Figure 14a. Inside the vehicle traveling on a real gravel road, we prepared an acceleration
sensor and a signal recording device. An acceleration sensor was installed inside the vehicle
at a speed of 30 km/h (Figure 14b). Random vibration signals on a real road were measured
using an acceleration sensor installed inside the vehicle, as shown in Figure 14c.

(a) Car driving on gravel road (b) Vibration collection equipment ~ (¢) Accelerometer

Figure 14. Collection of the acceleration vibration waves when driving on a gravel road.
The acceleration waveforms and Fourier-transform frequency components obtained
from the actual measurements are shown in Figures 15 and 16, respectively. As shown

in the figures, the vibration signals were randomly distributed, and the main frequency
components were concentrated at approximately 2.0 Hz.

Acceleration (m/s?)
v o

]
ESN

'
(=)}

0 20 40 60 80 100 120
Time (s)

Figure 15. Acceleration waveform measured during actual driving.

140

120 A

® =3
S S
L L

Power spectral density
(=3
o

20

0 1 2 3 4
Freq (Hz)

Figure 16. Spectral distribution of acceleration waveform measured during actual driving.
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3. Results and Discussion

To perform a quantitative assessment of the response vibration of the mass blocks of a
vibration system when subjected to random signal vibrations on a real gravel pavement,
we applied the standard deviation values calculated using the following formula to the
results of the kinematic acceleration obtained from the vibration experiments.

1
5= \/NZ?Ll(ai —ag)?, (26)

where g; is the measured acceleration, ay is the average acceleration, and N is the number
of experimental samples.

3.1. Damping Effects

In this study, an experimental setup was vibrated using recorded gravel road vibration
waves running on a vibration test stand. The acceleration results for the vibrating mass
block with an orifice hole measuring 40 mm are shown in Figure 17. The blue solid line
indicates the acceleration response without oil injection, and the red dashed line indicates
the acceleration response with oil injection.

12 80
—— No damping control

—— No damping control

w©
=
=)

,,,,,,, With damping control ------- With damping control

IS
Y
2

3

A

Acceleration (m/s?)
o
w
8

Power spectral density
=
5

)
S

5

o

0 10 20 30 40 50 60
- 0 1 2 3 4
Time (s) Freq (Hz)

(a) Response acceleration. (b) Spectral distribution of acceleration.

Figure 17. Measurement results when excited under the vibration waves on a gravel road.

As shown in Figure 17a, the acceleration response with oil injection is smaller than
that without oil injection. In addition, to investigate the damping effect in the frequency
domain, as shown in Figure 17b, we performed Fourier transforms on the acceleration
measurements separately, and the results showed that the damping effect was small in
each frequency domain. This indicates that the bifurcated origami hydraulic damper has a
damping effect.

To further assess the damping effect quantitatively, the acceleration measurements in
Figure 17 were substituted into Equation (26), and the standard deviation of acceleration
was calculated separately. The results are shown in Figure 18.

12
10.43
®mNo oil ®With oil
9 .
L
s
>
(]
4 64 5.29
S
g
~
3 B
1.23
0.63

Maximum Average

Figure 18. Comparison of the average and maximum response.
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Figure 18 shows that the maximum value of the response acceleration was reduced by
49.28%, and the standard deviation was reduced by 48.95%, indicating that the bifurcated
origami hydraulic damper has a vibration-damping effect.

3.2. Effects of Orifice Holes

The damping effect is significant, evident from the sizes of the orifice holes through
which hydraulic fluid passes in the bifurcated origami hydraulic damper. To investigate
this, the acceleration of vibration test responses was measured for orifice hole diameters
dp of 40, 35, 30, and 25 mm, as depicted in Figure 10. Figure 19 confirms that changes in
orifice hole diameter influence the acceleration response.

6

--------- No damping control
----- Orifice hole diameter 40 mm
= = = Orifice hole diameter 35 mm

Orifice hole diameter 30 mm

Orifice hole diameter 25 mm  §

Acceleration (m/s?)
o (]

'
[§)

Time (s)

Figure 19. Effect of different diameters of the orifice hole on the bifurcated origami damper.

To compare these effects quantitatively, Figure 20 summarizes the standard deviation
values corresponding to each orifice hole experimental case (Figure 19). The standard
deviation values were 0.59, 0.52, 0.38, and 0.30 for orifice hole diameters of 40, 35, 30,
and 25 mm, respectively. As the orifice diameter decreased, the standard deviation of the
response acceleration decreased nearly linearly.

1.0

0.8 A

0.6 A

0.59
0.52
o | 0.38
0.30
- I
0.0
40 35 30 25

Orifice hole diameter (mm)

STDEV of acceleration

Figure 20. Relationship between the orifice hole diameter and the standard deviation of acceleration.

3.3. Effects of Liquid Types

Based on the characteristics of the liquid filled in the bifurcated origami hydraulic
damper, it was hypothesized that it would affect the damping effect and that the damping
effect of using cooking oil would be relatively better than that of using water. For this
study, we set up two experimental cases, water and cooking oil, in the bifurcated origami
hydraulic damper and performed vibration tests; the results are shown in Figure 21. A
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comparison of the acceleration data for the vibration masses shows that the standard
deviation is 0.61 with water and 0.57 with cooking oil, which is a reduction of 5.99%.

4

water

----- cooking oil

Acceleration (mn/s?)

-4 T T T T

Time (s)
Figure 21. Effect of liquid type on the bifurcated origami hydraulic damper.

3.4. Effects of Temperature

Furthermore, considering weather changes or the repeated use of bifurcated origami
hydraulic dampers over a long period, a continuously increasing internal fluid temperature
can likely affect the damping effect. To investigate this, we performed vibration experiments
by heating cooking oil and filling it up to 20 and 50 °C, and the results are shown in Figure 22.
A comparison of the results showed that the standard deviation of cooking oil at 20 °C was
0.60, whereas that at 50 °C was 0.57, which is a reduction of 4.25%.

4

oil temperature 50°C

----- oil temperature 20°C

T

Acceleration (m/s?)
(=}

'
[\S]
1

-4 T T T T

Time (s)
Figure 22. Effect of liquid temperature on the bifurcated origami hydraulic damper.

Here, the average density of cooking oil was approximately 924 kg/m? at 20 °C and
890 kg/m? at 50 °C. When the temperature of cooking oil increased from 20 to 50 °C, the
density difference changed by 3.6%. Meanwhile, the observed difference in the damping
effect of the bifurcated origami hydraulic damper was 4.25%. This suggests that the
influences of hydraulic oil type and temperature are relatively minor.
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3.5. Effects of Vibration Loads

The damping effect of the bifurcated origami hydraulic damper in complex envi-
ronments was determined when it was simultaneously subjected to multiple vibration
forces from different directions. Therefore, as shown in Figure 23a, the mass block was
set at a certain distance from the center of the platform to make the platform vibrate at
multiple angles.

(a) Position of the mass on the platform. (b) Distance between mass block and platform center.

Figure 23. Eccentrically placed mass block on the vibration platform and its weight mass.

For this study, as shown in Figure 23b, we placed a mass block weighing 834 g at a
distance of 60 mm from the horizontal and vertical centers of the device and conducted
vibration experiments using vibration waves on a gravel road with and without oil injection.
We installed a three-dimensional accelerometry sensor on the device. The results for the
X, y, and z directions are shown in Figures 24-26. In addition, the acceleration vectors in
the three directions were added to the same time-step point, and the obtained vector-norm
data are shown in Figure 27.

Figure 27 shows that the acceleration values with oil injection were lower than those
without. In addition, the standard deviation of the case with oil injection was 53.44%
smaller than that of the case with no oil injection. Thus, the bifurcated origami hydraulic
damper has a damping effect in complex environments when simultaneously subjected to
multiple vibratory forces from different directions.

No daming control
g4 == With damping control

e (S

Acceleration (m/s?)
o

'8 T T T T T

0 10 20 - 30 40 50 60
Time (s)

Figure 24. Comparison of the acceleration response of the bifurcated origami hydraulic damper on
the x-axis.
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Figure 25. Comparison of the acceleration response of the bifurcated origami hydraulic damper on
the y-axis.
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Figure 26. Comparison of the acceleration response of the bifurcated origami hydraulic damper on
the z-axis.
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Figure 27. Comparison of the modulus of the sum of the acceleration vectors under multi-
dimensional vibration.
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4. Conclusions and Future Work

This study introduced a design for a bifurcated origami hydraulic damper. The
following conclusions were drawn from theoretical analyses and validation experiments:

(1) Through analysis of the mechanical characteristics and derivation of a new damping
force formula, it was demonstrated that the damping force of the bifurcated origami
hydraulic damper is directly proportional to the square of the velocity of motion;

(2) A vibration test apparatus incorporating a bifurcated origami hydraulic damper was
developed. Summarizing the main components—mass block as the damping object,
elastic spring device, bifurcated origami hydraulic damper, and friction-induced
damping elements—we established control equations for nonlinear motion and pro-
posed a numerical analysis approach using the Runge-Kutta method. Numerical
results aligned well with actual experimental measurements;

(38) Vibration experiments were conducted using random vibration waves recorded on a
gravel road. Results showed that damping effectiveness was nearly halved when oil
was injected into the bifurcated origami hydraulic damper compared with conditions
without oil injection, underscoring the significant vibration-damping capability of
the damper;

(4) The impact of orifice hole diameter, a critical design parameter of the bifurcated
origami hydraulic damper, on damping performance was investigated experimentally.
Collision-damping effectiveness decreased as the orifice hole diameter increased;

(5) Validation experiments examined the influence of hydraulic oil type and temperature
within the bifurcated origami hydraulic damper. The effects of oil type and tem-
perature on damping effectiveness were found to be 5.99% and 4.25%, respectively,
indicating a relatively minor impact on collision-damping performance;

(6) The response acceleration values of the mass blocks were measured using a three-
dimensional accelerometer under asymmetric vibration with off-center loads. It was
observed that the standard deviation of the response acceleration values was reduced
by 53.44% compared with those without oil injection. This finding highlights the
effectiveness of the bifurcated origami hydraulic damper in managing vibrations in
complex environments.

The bifurcated origami structure damper proposed in this paper allows for better
adjustment of the origami posture according to specific load directions compared with
conventional hydraulic dampers. Additionally, due to its unique characteristics, the oil
inside the main origami damper can be discharged through pipes to the oil origami tank
placed in a less constrained area, thereby enhancing space utilization efficiency. These
dampers do not require complex mechanical connection structures, offering significant
advantages in lightweight and compact spaces.

However, due to the bifurcated origami hydraulic damper constructed with a thin
origami structure, it is difficult to apply to large loads such as heavy trucks. Future research
should focus on improving the performance of bifurcated origami hydraulic dampers and
on promoting further research on their practical applications in automobile suspensions
and other areas.
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