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Cylindrical hydraulic dampers used to reduce impacts and vibrations typically have linear strokes. In this study, a new arc-shaped
stroke-type origami hydraulic damper with a nonlinear damping performance was proposed. By examining the damping efect of
the origami hydraulic damper, the damping force was found to be proportional to the square of the motion velocity. A nonlinear
dynamics governing equation was established using the derived formula for the damping force of the origami hydraulic damper,
and a numerical analysis using the Runge–Kutta method was established. An impact test device with an arc-shaped stroke was
developed, and the error between the numerical analysis value of the impact displacement and the measured experimental value
was confrmed to be sufciently small. An impact verifcation experiment confrmed that the damping efect of the origami
hydraulic damper increases with the input energy of the impact. By varying the diameter of the orifce hole, which is an important
design factor for an origami hydraulic damper, the damping efect of the origami hydraulic damper was found to increase as the
diameter of the orifce hole decreased. To examine the efect of the type of hydraulic oil inside the origami hydraulic damper, water
and edible oil were used to conduct impact verifcation experiments, and it was found that the efect on the impact damping efect
was relatively small.

1. Introduction

Cylinder-type hydraulic dampers are widely used as energy-
absorbing parts for impact- and vibration-damping devices,
and several research results on their damping performance
against impact vibrations and the development of applied
technology have been published [1–6].

Hydraulic dampers are employed to efectively absorb
the energy of automobiles, impacting complex road vibra-
tions and obstacles, with the aim of improving passenger
comfort and safety as much as possible [7–11]. In high-speed
trains running at higher than normal speeds, problems such
as changes in the damping characteristics of hydraulic
dampers and instability with increasing running speed have
been studied [12, 13]. In the construction industry, the ef-
fectiveness of installing semiactive hydraulic dampers along
the diagonal direction of the rectangular frame of a main

structure has been verifed to reduce the damage to buildings
and bridges caused by earthquakes [14–16]. In addition,
magnetorheological (MR) dampers, which use a magnetic
feld, have been developed to improve the performance of
cylinder-type hydraulic dampers, and several research re-
sults have been published [17–22].

However, the current hydraulic damper is a cylindrical
type that can only move in one direction, and the length that
can be expanded, contracted, and used as a hydraulic
damper is limited. Terefore, it is difcult to use when the
installation space is limited. In addition, when the goal of
weight reduction is pursued, it is desirable that the cylinder
damper be constructed with a simpler shape and lighter
materials than metal cylinder dampers. Furthermore,
considering three-dimensional complex usage conditions,
if there is not only a dynamic load along the axial direction
but also a random load along the lateral direction, problems
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such as wear of the cylinder seal and stress concentration
can occur. Terefore, instead of metal cylinder-type hy-
draulic dampers, research and development of a new
lightweight nonmetallic hydraulic damper that can fexibly
cope with three-dimensional random load conditions are
required.

In recent years, origami structures, which have been
proposed to satisfy the requirements of a wide range of
industrial felds, have been studied from the basic viewpoints
of geometry and mechanics [23–27]. Among these, the
tubular origami structure, which can be freely folded along
the axial direction, has the potential to be applied instead of
the conventional metal cylinder-type damper. Te geometry
of such foldable tubular origami structures and their de-
formation properties under external forces have been in-
vestigated [28–36]. Light weight and fexibility are required
for robotic arms in the research and development of au-
tomatic control. Taking advantage of the characteristics of
foldable tubular origami structures, studies are underway to
apply them to robot arms, hands, and grippers [37–39]. In
addition, by applying an external force to the inside or
partial structure of a foldable tubular origami structure, the
movement of the origami structure can be controlled, and
the results of studies on origami-type actuators have been
published [40–43]. In addition, a study was conducted to
confgure a hydraulic damper by adjusting the size of the
outlet of an origami tube that moved in one direction with
hydraulic oil [44].

However, there are currently no research results on
origami hydraulic dampers that can handle curved strokes
and that can be applied to complex excitation conditions,
including impact, by taking advantage of an origami
structure that can be folded freely.

Tis study proposes an origami hydraulic damper ap-
plicable to a new arc-shaped stroke. Te damping efect of
the origami hydraulic damper was theoretically analyzed,
and a formula for calculating the damping force required for
practical use was derived. For verifcation purposes, a shock
vibration system consisting of a mass block, a cantilever
elastic leaf spring, and an origami hydraulic damper was
devised. Te governing equations of nonlinear dynamics
were established, and a numerical vibration analysis method
was established using the Runge–Kutta method. An origami
hydraulic damper experimental unit was fabricated using
a thin polypropylene material, and an impact experimental
device with an arc-shaped stroke was developed. Te nu-
merical analysis value of the actual impact displacement was
compared with the measured experimental value, and its
accuracy was confrmed. In addition, the impact input
energy, diameter of the orifce hole, and type of hydraulic oil
were varied, and their efects on the impact damping were
examined in detail.

2. Materials and Methods

2.1. Origami-TypeHydraulic Damper. As shown in Figure 1,
a cylindrical hydraulic damper, which is installed to reduce
the vibration of a vehicle running under complicated road
conditions, absorbs the vertical impact load Fz.

Simultaneously, it absorbs disturbing vibration loads in the
longitudinal and lateral directions.

However, when a cylindrical hydraulic damper is used to
absorb a complex impact load, as shown in Figure 1, it is
supported by a multijoint pin attached to the tip of the load
to absorb disturbing vibrations from the lateral direction.
Terefore, it is conceivable that the stress concentration
occurs around the pin support point. Furthermore, it ap-
pears that the wear of the seal of the hydraulic cylinder
damper is signifcantly afected by the disturbing vibration in
the lateral direction.

To solve these problems, this study proposes a new
origami-type hydraulic damper, as shown in Figure 2, in-
stead of the conventional cylinder-type hydraulic damper,
by utilizing the characteristics of the fexible cylindrical
origami structure.

As shown in Figure 2, when a complex turbulent vi-
bration load is applied to an origami hydraulic damper, the
cylindrical origami structure can fexibly handle the three-
dimensional load. Furthermore, an orifce hole was installed at
the end of the cylindrical origami structure, and when the oil
flled inside passed through the orifce hole as the cylindrical
origami structure expanded and contracted, a damping efect
similar to that of an origami hydraulic damper was produced.
Te damping efect of the origami hydraulic damper could be
adjusted by changing the size of the orifce holes.

To verify the characteristics of the origami-type hy-
draulic damper, as shown in Figure 2, a study was conducted
using an arc-shaped, stroke-type verifcation test device, as
shown in Figure 3. Te verifcation test equipment consisted
of a vibration model consisting of an elastic cantilever with
a mass block attached to the tip, tubular origami hydraulic
dampers attached to both sides of the lumped mass block,
and a fxed frame.

Te fat expansion view of the origami structure is
shown in Figure 4. Te solid line is the outward folding,
and the dotted line is the inward folding. In order to meet
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Figure 1: Cylindrical hydraulic damper in a complex vibration
environment.
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the conditions for folding along the axial direction into
a cylindrical origami structure with a closed circumfer-
ence, it is necessary to consider how to identify the in-
clination angle 1, 2, 3, and 4 of the folded based on the
number of segments n of the origami structure, as shown
in Figure 5; and the subsequent segments are arranged in
an equal isosceles trapezoid array. Since angle 1 is equal to
angle 2, 3, and 4, we only need to confrm the size of angle
1 of the fold line is appropriately determined. Te con-
ditions for folding are expressed by the following
equation:

∠1 � ∠2 � ∠3 � ∠4 �
π
n

. (1)

Te folding sequence is shown in Figure 6
An orifce hole was opened at the center of the mass

block, and the interior of the cylindrical origami structure
was flled with oil. Te mass block vibrated by external
excitation, and the oil inside fowed between the cylindrical
origami structures on both sides through the orifce hole,
thereby damping the vibration of the mass block.

2.2. Vibration Characteristic Analysis. To examine the dy-
namic characteristics of the origami hydraulic damper, the
origami hydraulic damper part of the verifcation test
equipment was extracted. Due to the fact that the surface of
the origami structure was hardened at the parts of the
quadrilateral, as shown in Figure 6, we made rigid as-
sumptions about the surface of the origami structure during
simulation analysis, and the origami structure can only move
around the creases. Te analytical model shown in Figure 7
has been simplifed.

In Figure 7, θ is the angular vibration displacement of the
mass block, R is the average radius of curvature of the
angular vibration trajectory of the mass block,D is the center
diameter of the origami hydraulic damper, and d is the
diameter of the orifce hole at the center of the mass block. In
addition, p1 and p2 are the internal pressures of the origami
hydraulic dampers on both sides of the mass block, and Q is
the fow rate of the fuid inside the origami hydraulic
dampers. Te fow rate through the orifce hole was cal-
culated as follows [45]:

Q � cfA1

����������
2
ρ

p1 − p2( 



, (2)

where cf is the fow coefcient and cf � 0.61. A1 is the cross-
sectional area of the orifce hole, and ρ is the density of the oil
inside. When a mass block vibrates, the internal fow rate of
the origami structure can be calculated using the following
equation:

Q � A2R
_θ, (3)

where A2 is the average cross-sectional area of the origami
structure. _θ is the angular vibration velocity of the mass
block. Assuming that the fow rate through the origami
structure and the orifce hole is the same, we obtain the
following equations:

A2R
_θ � cfA1

����������
2
ρ

p1 − p2( 



. (4)

Te average cross-sectional areas of the orifce hole and
origami structure are expressed as follows:

θx θy

Fz

Figure 2: Conceptual diagram of origami hydraulic damper.
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Figure 3: Origami-type hydraulic damper verifcation test
equipment.

Figure 4: Flat expansion view of origami structure.
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Figure 5: Closing the one unit of cylindrical origami structure.
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A1 �
πd

2

4
, (5)

A2 �
πD

2

4
. (6)

By substituting equations (5) and (6) into equation (4),
the following equation is obtained:

p1 − p2 �
ρR

2
D

4

2c
2
fd

4
_θ
2
. (7)

Te damping force acting on the origami hydraulic
damper is expressed as follows:

Fd � p1 − p2(  A2 − A1( . (8)

By substituting equations (5) and (6) into equation (8),
we get

Fd �
πρR

2
D

4
D

2
− d

2
 

8c
2
fd

4
_θ
2
. (9)

Equation (9) indicates that the damping force of the
origami hydraulic damper has a nonlinear relationship with
motion velocity. Te coefcient part of equation (9) is de-
fned as the new origami hydraulic damper coefcient, as
shown in the following equation:

Cd �
πρR

2
D

4
D

2
− d

2
 

8c
2
fd

4 . (10)

Te damping force of the origami hydraulic damper is
expressed by the following equation.

Fd � Cd
_θ
2
. (11)

Te equation of motion for the vibration system con-
sidering the damping force of the origami hydraulic damper
is expressed as follows:

mR€θ + cR _θ + cd
_θ
2

+ kRθ � −mR€θe, (12)

where m is the mass of the mass block, c is the damping
coefcient due to friction, k is the stifness coefcient of the
cantilever beam, and €θe is the external angular acceleration.
Equation (12) shows that the equation of motion of the
vibrating system using the origami hydraulic damper in-
cludes the squared term of the angular velocity and is
a nonlinear diferential equation.

For the numerical analysis, the equation of motion (12)
was rewritten as the Runge–Kutta standard equation as
follows:

d _θ
dt

� −
c

m
_θ −

Cd
mR

_θ
2

−
k

m
θ − €θe,

(13)

_θ �
dθ
dt

. (14)

If the Runge–Kutta iterative analysis method is applied
to equations (13) and (14), the time-series vibration dis-
placement solution as shown in the following equations can
be obtained as follows:

θ0, θ1, θ2, θ3, · · · , θn. (15)

2.3. Verifcation Experiment Unit. Figure 8 shows the ex-
perimental unit of the fabricated origami-type hydraulic
damper. As shown in Figure 8, frst, we installed a rubber
sealing O-ring on the surface of an aluminum cylinder, then
nested the metal cylinder at the end of the origami structure,
and fnally rigidly connected the metal cylinder to the fxed
frame. Te inside of the origami structure was flled with oil,
which was made of thin polypropylene, so that the oil within
would not leak. Te detailed confguration parameters of the
original hydraulic damper experimental unit are listed in
Table 1.

As shown in Table 1, the elastic cantilever was made of
a SUS304 stainless-steel plate with a length of 500mm,
a width of 50mm, and a thickness of 2.5mm.Te block mass
was 0.617 kg. Te average diameter of the origami structure
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R

θ

Figure 7: Analysis model of origami-type hydraulic damper.
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Figure 6: Te folding sequence of origami structure.

4 Shock and Vibration



was 45mm. Four acrylic ring boards with circular holes 40,
35, 30, and 25mm in diameter were prepared to examine the
damping efect of the origami hydraulic damper. Te size of
the orifce hole of the origami hydraulic damper can be
adjusted by fxing the acrylic ring board to the center of the
mass block. Te moment of inertia of the cantilever beam
can be calculated as follows [46]:

I �
bh3

12

�
0.05 × 0.00253

12

� 6.51 × 10− 11
m

4
.

(16)

Te bending stifness coefcient of the cantilever beam
was calculated using the following equation (42):

k �
3EI
L
3

�
3 × 193 × 109 × 6.51 × 10− 11

0.53

� 301.54
N

m
.

(17)

By substituting the confguration parameters in Table 1
into equation (9), the relationship between the diameter of
the orifce hole and the damping coefcient of the origami
hydraulic damper is expressed as shown in Figure 9.

Figure 9 shows that the damping coefcients of the
origami hydraulic dampers are 3.88, 1.50, 0.58, and 0.18
when the orifce hole diameters are 25, 30, 35, and 40mm,

respectively. Tis indicates that the orifce hole diameter
signifcantly infuences the damping efect of the origami
hydraulic damper.

To determine the linear viscous damping coefcient c by
friction, the origami structure was removed from the ori-
gami hydraulic damper experimental unit, and a basic vi-
bration system consisting of only a mass block and an elastic
cantilever was constructed. Subsequently, an initial forced
displacement was applied to the basic vibration system, and
the response acceleration of the free vibration was measured.
Te results are presented in Figure 10.

Using the free vibration measurement results shown in
Figure 10, damping coefcient c was obtained as follows:

c �

���
mk

√

π
ln

a1

a2
 

� 0.1
Ns
m

,

(18)

where m is the mass of the mass block, k is the bending
stifness of the cantilever beam calculated using equation
(17), and a1 and a2 are the adjacent amplitude values, as
shown in Figure 10.Te results of equation (18) indicate that
the frictional linear viscous damping coefcient of the
origami hydraulic damper was 0.1Ns/m.

2.4. Impact Verifcation Experiment. Te impact test appa-
ratus shown to examine the damping efect of the origami
hydraulic damper, an impact test apparatus shown in
Figure 11 was fabricated. As shown in Figure 11, a steel
ball dropped from height h rolls down along the curved
rail and impacts the origami hydraulic damper vibration
system by colliding with the mass block at the lowest point
of the rail.

To measure the motion displacement of the mass block,
measurement markers were attached to the fxed frame and
mass block, as shown in Figure 11. During the experiment,
the motion of the mass block colliding with the steel ball was
photographed using a high-speed camera. Te obtained
moving image data can be read on a personal computer, and
tracking software can be used to create the vibration angular
displacement data of the mass block. Figure 12 shows
a photograph of the developed verifcation test device.

Table 1: Detailed parameters of the experimental unit of the
origami hydraulic.

Items Parameters
Size of cantilever spring (SUS304) 500mm× 50mm× 2.5mm
Mass block weight m 0.617 kg
Average diameter of origami
damper D 45mm

Orifce hole diameter d 40mm/35mm/30mm/
25mm

3.88 
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0.58 
0.18 
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Figure 9: Relationship between diameter of orifce hole and
damping coefcient of origami damper.
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Figure 8: Experimental unit of the origami-type hydraulic damper.
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Table 2 lists the confguration parameters of the verif-
cation test equipment. Te mass of the steel ball used as the
impact body was 371 g. To change the magnitude of the
impact energy, the heights at which the steel ball started to
move were set to 250, 150, and 50mm.

To confrm the measurement accuracy of the impact test,
a measurement test and numerical analysis were performed
under the same conditions, and the comparison results are
shown in Figure 13.

Figure 13 shows that the trend of change in the
measured experimental value and the numerical analysis
value match, and the error between the average values of
both is 1.57%. However, the peak measurement value of
the displacement obtained in the impact experiment was
slightly smaller than that in the numerical analysis. Tis is
because the damping coefcient c considered in the an-
alytical model uses a simple approximation. However, in
an actual experimental apparatus, the origami structure
and friction efect of the internal oil are relatively com-
plicated, and it seems that the approximate value of the
analytical model is slightly larger than that of the
analytical model.

3. Results and Discussion

To quantitatively evaluate the motion when the mass block
was impacted, the standard deviation value calculated by the
following formula was used for the motion displacement
results obtained in the impact experiment:

S �

�������������

1
N



N

i�1
θi − θ0( 

2




, (19)

where θi is the measured angular displacement value, θ0 is
the average angular displacement value, andN is the number
of sample points used in the measurement experiment.

3.1. Efects of Impact Energy. A steel ball with a mass of 371 g
was dropped from altitudes of 50, 150, and 250mm. Te
angular displacement results for the impactedmass block are
shown in Figures 14–16. Te solid blue line represents the
angular displacement without oil, and the dotted red line
represents the angular displacement with oil.

Figures 14–16 show that the angular displacement of the
oiled case is obviously smaller than the angular displacement
of the nonoiled case. Terefore, it is shown that there is
a damping efect due to the damping of the origami hy-
draulic damper.

Furthermore, to evaluate the damping efect quantita-
tively, the angular displacement measurement data shown in
Figures 14–16 were used to calculate the standard deviation
of each angular displacement. Te results are presented in
Figure 17.

Figure 17 shows that the higher the height at which the
steel ball starts to move, the higher the damping efect due
to the damping of the origami hydraulic damper. Te
impact displacement standard deviation decreased by
39.68%, 43.82%, and 47.37% when the starting motion
heights of the steel ball were 50, 150, and 250mm,
respectively.
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Figure 10: Free vibration result of a system consisting only of
a mass block and cantilever.
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surement of the origami hydraulic damper.
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Figure 12: Experiment system to confrm the damping efect of the
origami hydraulic damper.
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Furthermore, to investigate the damping efect in the
frequency domain, the displacement measurement data
shown in Figures 14–16 were subjected to Fourier transform,
and the results are shown in Figures 18–20. Te red line
shows the results without oil, and the blue line shows the
results with oil.

Figures 18–20 show that the main frequency component
of the impact load generated in the impact experiment is
represented by a frequency of 4.41Hz, which corresponds to
the peak value of the no-oil response graph indicated by the
red line. When the origami hydraulic damper is flled with
oil, the dominant frequency corresponding to the peak value
of the response graph with oil, indicated by the blue line,
becomes smaller than that without oil.

Te corresponding shock-response peak values for each
dominant frequency are listed in Table 3. From the table, it
can be confrmed that as the height at which the motion of

Table 2: Detailed confguration parameters of the verifcation experiment settings.

Items Parameters
Mass of steel ball 371 g
Initial height of steel ball motion 250mm/150mm/50mm
Video camera GZ-E765 (JVC Co. Ltd)
Marker tracking software MOVIS Neo V3.0 (NAC Image Technology Inc.)
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Figure 13: Comparison of experimental and analytical values for
impact displacement.
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Figure 14: Angular displacement response under the impact of
height 50mm.

-4.0

-2.0

0.0

2.0

4.0

A
ng

ul
ar

 d
isp

la
ce

m
en

t (
de

g)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.00.0
Time (s)

No oil
With oil
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the steel ball starts increases, the energy input to the impact
increases, and the damping efect of the origami hydraulic
damper clearly increases. For steel-ball starting motion
heights of 50, 150, and 250mm, the corresponding impact
response peak values of the main frequencies were reduced
by 53.73%, 62.23%, and 65.86%, respectively.

3.2. Efects of Orifce Holes. Figure 21 shows the measure-
ment results of the impact displacement of the mass block
when a steel ball with a mass of 371 g was dropped from an
altitude of 250mm, and the orifce hole diameters were 40,
35, 30, and 25mm. From Figure 21, it can be confrmed that
a change in the size of the orifce hole afects the angular
displacement.

To quantitatively compare the efects, the maximum
impact-angle displacement values corresponding to each
orifce-hole test case shown in Figure 21 are summarized in
Figure 22. As shown in Figure 22, when the orifce-hole
diameters were 25, 30, 35, and 40mm, the maximum
impact-angle displacements were 2.07°, 2.18°, 2.25°, and
2.29°, respectively.

3.3. Efects of Oil Types. For this investigation, the origami
hydraulic damper was flled with water and cooking oil, and
impact experiments were conducted. Te results are
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Figure 18: Power spectrum distribution of angular displacement
under the impact of height 50mm.
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Figure 20: Power spectrum distribution of angular displacement
under the impact of height 250mm.

Table 3: Comparison of response peak values corresponding to the
main frequencies.

Impact
of height (mm) No oil With oil Damping efect (%)

50 52.43 24.26 −53.73
150 104.52 39.47 −62.23
250 132.98 45.40 −65.86
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Figure 21: Efect of orifce hole diameter on the damping efect of
origami hydraulic damper.
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presented in Figure 23.Te period of damped vibration after
impact was relatively longer when cooking oil was used than
when water was used. In addition, the maximum angular
displacement after impact was 2.39 when using water and
2.25° when using cooking oil, which was 5.86% smaller.

Here, the average viscosity of cooking oil is 0.07 Pas,
whereas the viscosity of water is 0.001 Pas. Although the
diference in viscosity between the two was approximately 70
times, the diference in the damping efect of the origami
hydraulic damper was 5.86%. Tis indicated that the in-
fuence of the hydraulic oil type was relatively small.

4. Conclusions

In this study, an arc-shaped stroke-type origami hydraulic
damper was proposed as a new impact energy absorption
structure. Te following conclusions were drawn from the
theoretical examination and verifcation experiments:

(1) Te mechanical characteristics of the proposed arc-
shaped stroke-type origami hydraulic damper were
investigated, and a formula for the damping force of
the origami hydraulic damper was derived. It was
proven that the damping force of the origami hy-
draulic damper was proportional to the square of the
angular velocity.

(2) A shock-test device using an arc-shaped stroke-type
origami hydraulic damper was developed. A non-
linear motion governing equation including a mass
block that absorbs impact energy, a cantilever spring,
an origami hydraulic damper, and a damper due to
friction was established, and a numerical analysis
method using the Runge–Kutta method was pro-
posed. A numerical solution for the impact dis-
placement was obtained, which was consistent with
the results of the actual measurement experiment.

(3) Verifcation experiments were conducted on the
impact-vibration damping performance with dif-
ferent impact input energies by varying the motion
start height of the steel ball. Te impact damping
efect strengthened as the impact input energy
increased.

(4) Verifcation experiments were conducted to de-
termine the efect of the orifce hole diameter, which
is the main design factor of the origami hydraulic
damper, on impact damping performance. Te
impact damping efect decreased as the orifce hole
diameter increased.

(5) To examine the infuence of the type of hydraulic oil
inside the origami hydraulic damper on the impact
damping performance, impact verifcation experi-
ments were conducted using water and cooking oil.
Te diference in the impact damping efect was only
5.86% despite the 70 times diference in viscosity
between water and cooking oil. Terefore, the type of
hydraulic oil had a relatively small efect on the
impact damping performance of the origami hy-
draulic damper.

(6) In the research for this paper, we researched a basic
performance of the origami damper, mainly con-
sidering the above main efects, and we can ignore
other infuencing factors due to their smaller impact
such as the material of the origami structure, the
temperature of the oil, etc. Due to its shape, can
adapt to the multidirectional loads, the advantage
about the origami damper is that it can be used
without any universal joints or other related me-
chanical structures or in a compact space. Compared
with conventional cylinder hydraulic damping de-
vices, they do not require complex mechanical
connection structures, which can play a greater
advantage in lightweight and compact space. In
future work, we will consider the practical applica-
tions of the origami dampers problems such as the
durability of origami damper and the control of this
nonlinear damping characteristic.
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