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1 Abstract

In recent years, numerous researchers have studied metamaterials because of their
extraordinary mechanical properties that other materials do not possess. The
concept of metamaterials has been widely introduced into the field of earthquake
engineering. [1]

This thesis presents the results of research aimed at finding a metamaterial structure
with adaptive stiffness that could be used in the design of isolators and protective
barriers. Such a material would reduce impact force transmission experienced by a
vehicle in the event of an accident, and could also protect people in buildings
during an earthquake. The goal is to develop the concept of a metamaterial that
would have non-linear stiffness, and offer higher resistance against small
displacements (high stiffness) but lower resistance (low stiffness) in the event of
sudden impacts experienced during large dynamic excitations, While deformation
in the plastic zone also results in non-linearity, the metamaterial will have the
advantage of being fully elastic, and it can be used repeatedly which is
environmentally friendly and reduces maintenance costs. The reversible non-
linearity is obtained by using stiffness changes associated with change in geometry.
Theoretical analysis and numerical results show that it may be possible to develop
such a metamaterial from cells which contain adaptive mechanisms embedded in a
flexible matrix. Metamaterial can provide variable stiffness and enable significant

reductions in the transmission of dynamic forces.



1 Introduction

At the beginning of this project, the overall purpose was to find an adaptive
structure that would protect buildings from earthquake damage. To this end, the
goal was to develop a material that under normal loadings would have high stiffness
around the equilibrium state but when subjected to large forces the material would
become flexible and minimize transmission of forces. It then transpired that such a
material may also be useful in automobile industry to make shells that would
behave in the same way under accident impact loadings. Most of the anti-collision
mechanisms on the market are disposable, so they face the problem of being more
expensive because they are single-use. and are not environmentally friendly.
Therefore, this project aims to find a Material that can be reused, which can reduce
the number of injuries, save lives and reduce property losses.

In order to minimize the losses due to earthquake damage, numerous countries have
been conducting various observations and studies. At present, the earthquake early
warning system has achieved some results in reducing earthquake disaster losses,
but it is difficult to design a structure that can withstand earthquake forces only
through accurate calculations of static stress and displacement. Seismic resistance
not only depends on the required bearing capacity but also depends on the ability
of the structure to absorb energy. Due to the randomness of earthquakes and
accidents, the differences between various structures, and the complexity of the
structure itself, maximizing seismic resistance is a challenging task. In a major
earthquake, damage will be unavoidable, but structures must absorb energy and
must not collapse. Therefore, in addition to careful calculations to ensure that the
static design standards are met, structural analysis should also fully consider the

ductility and energy absorption capacity of a building.



1.1 Background

Earthquakes are one of the most threatening natural disasters to mankind. They are
sudden and unpredictable and often cause a large number of casualties. My country
(China) is a country with a high incidence of earthquake disasters. At the beginning
of the 20th century, my country has accounted for about 35% of earthquakes of
magnitude 7 or higher in the world. From 1949 to 1991, the number of deaths due
to earthquakes in China accounted for 54% of the total number of deaths from
various natural disasters. The two largest earthquakes, the Tangshan Earthquake
and the Wenchuan Earthquake, killed 242,000 and 69,000, respectively, and injured
164,000 and 374,000 [2].

Li Shengcai et al [3] recorded various domestic production safety accidents in 2021,
including traffic accidents, mining accidents, chemical accidents, construction
accidents, municipal accidents (Various safety accidents occurred in housing
construction and municipal construction projects) and other accidents. From
January to December traffic-related accidents accounted for 30.19 to 48.28% of all
accidents over this period. Thus, it can be seen that traffic-related accidents
routinely accounts for the highest proportion of deaths from accidents.

In order to better avoid disasters caused by earthquakes and accidents, the aim of
this thesis was to find a special structure that can change its overall stiffness and
adaptively reduce the transmission of external forces. For this purpose, a variable
stiffness structure made of metamaterials was considered, which only becomes
flexible when a large force is occasionally transmitted. These destructive forces are
those that may be created and transmitted by large movements (earthquakes) or

impacts (vehicle accidents).



1.2 Literature Review

Earthquakes are among the top disasters; for example, the Tangshan Earthquake
and the Wenchuan Earthquake in 2008 seriously impacted the country’s economic
and social development, and people’s lives and property. Moreover, compared with
other natural disasters, earthquakes have the characteristics of unpredictability, low
probability and high risk.

Figure 1 is a statistical chart of the death toll from major earthquakes in the world

over the past 100 years. There are many deaths due to earthquakes every year [4].
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Figure 1: Statistics of death toll from major earthquakes in the world over the past
100 years [4]
On December 27, 2008, the Sixth Meeting of the Standing Committee of the
Eleventh National People's Congress of China revised the "Law of the People's
Republic of China on Earthquake Prevention and Disaster Mitigation", which aims
to vigorously promote the modernization of earthquake preparedness and disaster
reduction in the new era. The purpose of the country's vigorous implementation of
the anti-seismic policy is to reduce the economic losses of earthquakes, reduce

economic losses, and protect people's lives. With the continuous development of



the construction industry, people's living standards are constantly improving, and
people have higher requirements and standards for the living in and using various
buildings. At present, the structural material of most of the high-rise buildings is
concrete. This is because a concrete structure has strong seismic resistance that can
maximize the safety of the building. Based on this, the performance of high-rise
concrete anti-seismic structures is one aspect currently being researched. In [5], the
main principles of high-rise concrete building anti-seismic structural design are
described, and an optimization method of building these structures is proposed.
One of the most critical aspects of the optimization method described in [5] is the
need to effectively determine building layout. Generally speaking, under the action
of horizontal seismic waves, each floor of a building will be significantly displaced,
and be subject to full deformation, global translation, global torsion, and shear
deformation. Therefore, different structures need to apply different control methods,
and only in this way can the deformation be effectively controlled. The control
methods include, among others, reducing column distance, reducing beam distance,
setting steel arms, applying double anti-side systems, and setting vertical support.
Designers need to adopt a staggered design method to increase the span of the
building, thereby effectively improving the seismic capacity of the overall structure
of the building, so that will not cause tensile effects on the weaker floors of the
building, and will not cause large displacement and deformation.

While the above design methods can improve the ability of a structure to withstand
earthquakes when ground movement induces internal forces in structures, there are
methods which can reduce the force that can be transmitted to a structure such as
isolation. As a popular passive seismic mitigation strategy, seismic isolation
technology has been widely used in urban construction all over the world. Usually,
foundation isolation means to introduce a flexible vibration isolation system (such
as rubber bearings) between the structure and the foundation to reduce the seismic
input energy of the structure. Since its inception, seismic isolation technology has
been extensively studied, and novel devices have continued to emerge in order to

adapt the seismic isolation system to different types of external impacts.



A semi-active damper was added to a seismic isolation layer, and the seismic
isolation performance of the semi-active seismic isolation system was studied
[6][7]. A distributed composite artificial foundation isolation system of rubber-soil
mixture has also been used to block horizontal and vertical vibration input [8][9].
A seismic isolation column was also proposed to replace the traditional structural
column so as to protect the structure from near-fault earthquakes [10]. However,
seismic isolation systems still have shortcomings that cannot be ignored, such as
the risk of over-displacement and overturning of these systems. Although the
addition of dampers reduces the displacement of the seismic isolation layer, it may
also significantly reduce the fitness effect of the upper structure [11].

The direct-down urban earthquake has a direct effect on those of us living in China.
Urban direct-down earthquakes, a term proposed by Japanese scholars, where the
city is in the epicenter or within the epicenter area of potential earthquakes. An
earthquake that occurs vertically below a city is called a direct-down urban
earthquake. This type of earthquake poses a direct threat to large cities, and the
casualties, social function damage, and economic losses caused by it will greatly
exceed non-urban "direct-type earthquakes". Urban direct earthquakes, especially
large earthquakes, have caused serious damage to urban buildings, structures and
related facilities, and the disasters caused are extremely tragic, and they are one of
the biggest threats to urban safety [12]. Figure 2 shows the earthquake damage in

the city of Wenchuan.



Figure 2: The direct-down urban earthquake brought disaster to Wenchuan, China on May 12,
2008 [12].

In order to ensure that when an earthquake disaster occurs, the impact of the
disaster on the building is minimized, it is necessary to prioritize the seismic design
of the building structure. A steel structure is a common feature of modern buildings,
so research on the seismic design of steel structures will have a positive impact on
research into the seismic design of building structures. Guan et al [13] introduced
the basic situation surrounding building steel structures, expounded the factors
affecting the stability of a steel structure, and analyzed the seismic design of the
structure and its application on the basis of these factors.

Earthquake loss analysis is of great significance to disaster prevention and

mitigation, and earthquake loss analysis based on actual damage is a relatively



direct and effective method. However, due to the lack of detailed seismic damage
data, current earthquake loss analysis based on actual earthquake damage mostly
relies on the analysis of building groups or the overall analysis of certain types of
buildings. The seismic damage and loss of each component, especially the damage
to non-structural components can be analyzed in detail at the component level of
the building. Based on more than 3 million detailed earthquake damage records
from16 New Zealand earthquakes, Liu Yuan et al [14] first analyzed the loss of
buildings in the earthquake from the two aspects of structural damage and non-
structural damage, and then analyzed the buildings in detail at component level
damage to the main components. The research results show that in earthquake
disasters, more than 80% of the building losses come from non-structural damage,
of which wall decoration damage is the main component of non-structural damage
loss, followed by the loss of wall covering and ceiling. Plate foundations and piles
are the main components in the damage to structural members. The results of this
study indicate that special attention should be paid to the seismic damage of non-
structural components in the future seismic design and construction of buildings.
These are also situations which show the limitation on relying of strengthening a
structure alone. Isolation devices can protect not only the structure but also non-
structural components.

With the development of the economy, more and more super high-rise buildings
have appeared in China. The number of super high-rise buildings distributed in
high-intensity areas has also increased. Therefore, the seismic design of super high-
rise buildings has become particularly important. Commonly used methods for
structural seismic design include traditional seismic methods, seismic damping or
isolation methods, and damping-seismic hybrid application methods. The seismic
isolation design and energy dissipation design of structures have been greatly
developed, and the hybrid application technology of seismic and seismic isolation
is still under development. Yu Meng et al. [15] combined the shock absorption and
isolation design with the structural design of the proposed super high-rise building,

and discussed the possibility of using the shock absorption-isolation hybrid seismic



technology in practical engineering. In this study, YJK software (YJK software is
a fully-professional design software that can provide simulations of buildings,
structures such as bridges, electromechanical systems, etc.) was used to establish
structural analysis models for three schemes: Scheme one is a traditional seismic
structure model; Scheme two is a base isolation structure model; and Scheme three
is a hybrid application structure model of vibration reduction and isolation. The
modal analysis of the structure of the three schemes was carried out, and the
dynamic characteristics of the structure of the three schemes were analyzed.

The conclusions from this paper are as follows: (1) When a small earthquake act,
compared with Scheme 1, the shock absorption effect of Scheme 2 and Scheme 3
is basically the same, and the inter-story displacement is reduced by 10% to 30%.
During the moderate earthquake, the shock absorption effect of the third scheme is
more obvious, and the inter-story displacement is reduced by 45% to 75%. When
there is a large earthquake, for the 1st to 10th floors of the structure, the third plan
has better shock absorption effect. Due to the different layout of the isolation
bearings, the second plan has a better shock absorption effect for the structure
above the seismic isolation layer, but the third plan still has a better shock
absorption effect. The mixed application of shock absorption and isolation can
effectively improve the seismic performance of the structure. (2) The results of the
elastic time history analysis of large earthquakes show that the hybrid application
technology of shock absorption and isolation provides two safety lines of defense
for the structure and increases the safety of the structure. (3) By adopting shock
absorption and isolation hybrid application technology, the amount of concrete and
steel bars in the superstructure can been significantly reduced, which improves the
economics of the structure. Therefore, it has been suggested that it is feasible to
apply the hybrid application technology of vibration reduction and isolation in
practical engineering. However, this author is not aware of any actual

implementation of this technology.

In addition to the disasters caused by the earthquake, car accidents also claim the



lives of many people. With the continuous development of the market economy,
the number of motor vehicles is also increasing, which has generated widespread
attention to road traffic and people's needs for road traffic safety. There are many
ways to protect lives ranging from prevention of a car accident to the emergency
measures after a car accident.

The low-speed crash performance of a car is an important indicator when
considering car safety and economy of maintenance [16]. The front and rear
bumpers of the car are the main protective parts of the car body structure. When a
low-speed collision occurs, the bumpers can absorb the energy of the collision,
alleviate the impact of the collision on the car body, and reduce the damage to the
car body structure. Therefore, optimizing the design of the automobile bumper
structure has always been a research focus of automobile manufacturing. Under the
general trend of lightweight automobiles, while optimizing the design of the
bumper structure and installation, the use of lightweight manufacturing materials
can not only improve the safety of the car in a low-speed collision, but it can also
improve the fuel economy of the vehicle. At this time, plastic car bumpers are
gradually replacing traditional metal car bumpers. With the development of
technology, plastics are being more widely used as automobile manufacturing
materials due to their advantages such as convenient material acquisition, excellent
performance and low price. However, plastics are made of PE products from
petroleum refining, and petroleum resources are becoming limited. In addition,
most plastics only degrade very slowly in the natural environment, so they have
become a significant ecological pollutant. Although plastics can be recycled, the
main obstacle when recycling waste plastics is sorting. Mixing different types of
plastics cannot be effectively used, which is time-consuming and labor-intensive.
And in the event of a car accident, it is possible for a fire to start after a car accident,
and plastic burns easily and produces toxic gases when burned. It also has the
disadvantages of poor heat resistance and easy aging [17]. The same study analyzed
the current situation regarding the use of plastic products and the mechanism of

how waste plastics harm the environment, and has summarized the serious



pollution caused by waste plastics landfill and incineration.

According to The New Zealand Injury Prevention Outcomes Report — June 2012,
[18] it can be seen that the degree of motorization in New Zealand is high (that is,
the proportion of vehicles per capita is high). It can be seen from Figure 3 that from
2004 to 2005, the increase in the number of hospitalizations peaked, and the
number of accidents peaked in 2005-7. This is due to increased injuries in
motorcycle accidents [19]. Being two-wheeled, a motorcycle is not as stable as a
four-wheeled vehicle, and the rider's body is exposed. It cannot be protected by the
vehicle itself. There are also some motorcyclists who ride at speed and like to
shuftle through traffic.

According to a data provided by the traffic management department, the traffic
accident death rate of motorcycles is 450 per 100,000, while the traffic accident
death rate of cars is only 0.19 per 100,000. Following the death of William Snell,
a famous baseball player, during a motorcycle race in 1956, relevant scientific
research institutions in the United States listed the design of safety helmets as a key
research project. After repeated experiments, the experts proved that the head was
hit hard during the accident, and a helmet could have effectively protected the it
[20]. Helmets (not only for motorcyclists, but also in a number of sports) could be
another use for metamaterials. So, any new metamaterial could also be beneficial

in improving the design of helmets.
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1994-2010[18]

In recent years, with the rapid economic growth, the number of cars in the world



has increased year by year, and the number of traffic accidents has also increased
year by year. The safety of vehicle occupants during automobile collisions has
attracted more and more attention from researchers. As one of the main load-
bearing and energy-absorbing components of a car in a frontal collision, the bumper
not only protects vulnerable parts of the car from damage and thus reduces
maintenance costs but it also reduces the severity of a collision between vehicles
and pedestrians. Therefore, it must have a strong comprehensive crash resistance
performance. The rear bumper of a passenger car needs to have a protective effect
on the car body in case of accidents, such as a rear-end collision, so its rigidity and
strength characteristics are very important [21].

Considering the materials used in shock-absorbing and isolating structures,
polypropylene (PP) has low density, low cost, large output, and excellent physical
properties. It has become one of the most used plastics in automobiles, but its
shortcomings such as low temperature brittleness has limited its application in
bumpers. Furthermore, polypropylene car bumpers will age due to weather factors
such as light, temperature, and humidity during service. For instance, to study the
aging mechanism of polypropylene automobile bumper materials, [21] selected
artificially accelerated aging methods to age the bumpers, and analyzed the weather
resistance of the materials by comparing the changes in the appearance and
mechanical properties of the materials before and after aging. The results show that
the toughness of polypropylene car bumpers deteriorates after aging.

Zhang Haiyang et al [21] also discussed two commonly used fiber-reinforced
composite materials for body structure—Ilong glass fiber reinforced polypropylene
composite material (LGFT) and continuous carbon fiber reinforced epoxy resin
matrix composite material (CFRP) on the bumper anti-collision beams of
automobiles’ lightweight applications. The preparation of LGFT and CFRP
materials and related mechanical performance tests were carried out, and the
relevant parameters of finite element simulation analysis were obtained based on
experiments and reverse analysis. Taking an aluminum bumper anti-collision beam

of a certain car model as a prototype, LGFT and CFRP composite materials with



equal stiffness were designed. Comprehensive analysis was conducted on
crashworthiness and lightweight performance of the composite bumper anti-
collision beams relative to the aluminum anti-collision beam. The results show that
LGFT and CFRP anti-collision beams have a significant lightweight effect when
meeting the requirements of crashworthiness. Compared with the original
aluminum bumper anti-collision beams, the mass is reduced by 11.2% and 46.1%
for LGFT and CFRP, respectively. Therefore, under the condition of equal stiffness
requirements, fiber-reinforced composite materials can better realize the
lightweight requirements of automobile bumper anti-collision beams. However, the
failure mode of carbon fiber reinforced composites is more complex, and the load-
bearing performance is not stable [21].

As can be seen from the above, while there are many solutions to reducing injuries
to people in accidents, all the materials used have some unavoidable drawbacks,
whether they be metal, plastic, fiber-reinforced or concrete. Most notably, in the
event of an accident these would probably fail and need to be replaced, which could
be very expensive and not environmentally friendly. Therefore, reusable
metamaterials would be desirable for this purpose.

As can be seen from the above discussion, both earthquake disasters and vehicle
impact events can take people's lives and damage or destroy property very suddenly,
and search for a metamaterial for the purpose of isolation is potentially very useful.

The linear theory of vibration isolation is detailed in [22]- [25]. References [26]-
[28] describe a linear vibration isolator, called dynamic anti resonance vibration
isolator, which will activate when the inertial force generated by the lever mass
offsets the spring force. The inertial force generated by the lever mass leads to an
increase in the effective mass of the system, so the resonant frequency decreases,
and the isolator is able to work in a lower frequency range. This type of isolator
has been used for helicopter rotor isolation and floor machine isolation [29]- [34].

Linear isolators only work when their natural frequency is well below the excitation
frequency. Therefore, they are limited to moderate environmental disturbances.

Under severe environmental disturbances such as shock, shock loading or ground



motion, their frequency spectrum will certainly also contain dangerous low
frequency components. Under these conditions, the isolator can exhibit excessive
deflection, which can cause excessive stress on, or even damage to, the system.
Therefore, efficient nonlinear isolators must be considered as these can serve a
variety of applications such as isolation equipment installed on ships in which may
encounter heavy seas and extreme waves. Protect buildings, bridges, liquid storage
tanks, oil pipelines, and nuclear reactor plants from the destructive effects of
earthquakes. Non-linear isolators can protect insulated electronics, cooling systems
at the front of equipment that should be protected from shaking, and passengers
from uneven surfaces [35]. Due to the urgent need to protect structural devices,
nuclear reactors, mechanical components, and sensitive instruments from seismic
ground motion, shock, and shock loads, nonlinear vibration isolation theory has
seen significant development. [35] demonstrates the latest development of
nonlinear vibration isolators without active control, which do not involve other
linear or nonlinear damping means. Firstly, the basic concept, characteristics and
inherent phenomena associated with nonlinear of nonlinear isolator are introduced,
and then the specific types of nonlinear isolators, including an extremely low
frequency isolator, are discussed.

Ref [36] proposed a new type of high-performance ship equipment impact
protection device composed of multi-layer negative stiffness cosine curved beam
connections. The impact resistance mechanism is based on the nonlinear
mechanical properties of the cosine-shaped curved beam rigidly fixed at both ends
under transverse load. The results show that the proposed impact isolation device
has excellent performance, and as the number of layers of negative stiffness beams
is increased, the impact resistance is enhanced.

Structures that can change stiffness, and are environmentally friendly and reusable
are the first choice for shock-absorbing structures.

Quasi-zero stiffness isolation is such a nonlinear system that has to be mentioned
in terms of shock absorption. Inspired by the negative stiffness characteristics of

origami metamaterials, Shiwei Liu et al [37] provides the idea of a special QZS



isolation system. According to the geometric relationship of folding angles, the
influence of the structural parameters on the stiffness was studied, and the negative
stiffness mechanism of the origami mechanism was revealed. The simulation
results show the effectiveness and advantages of the proposed origami vibration
isolator. The proposed vibration isolation system has great design flexibility and
shows great potential in the field of low frequency vibration isolation.

Due to the particularity of its own structure, the quasi-zero stiffness vibration
isolation system is more widely used in low-frequency vibration isolation than the
traditional linear vibration isolation system when the system parameters are ideally
designed. But because it belongs to a nonlinear system, a change of system
parameters may change the vibration isolation equipment from small amplitude to
large amplitude, which is not conducive to the normal operation of the equipment
[38].

Ref [39] designed a new passive quasi-zero stiffness vibration isolator (QZS-VI)
and analyzed its static and dynamic mechanical properties. After designing a novel
V-shaped lever, leaf spring and cross-shaped structure combination (VL-PS-CS)
vibration isolation platform, the researchers constructed a nonlinear QZS-VI by
paralleling VL-PS-CS and coil springs. QZS-VI achieved excellent high static and
low dynamic stiffness and nonlinear friction performance.

Vibration isolation systems with quasi-zero stiffness properties have been widely
studied because of their high static stiffness and low dynamic stiffness. However,
the effective displacement range of QZS is usually small, which greatly limits its
application in practical engineering. It is difficult for sensitive equipment in
engineering applications to be free from the interference of vibration or shock, so
isolators need to be installed to improve the anti-interference capability of the
equipment. Due to their limited vibration isolation and impact resistance capacity,
it has become more and more difficult for passive isolators to meet the higher
requirements of vibration isolation and impact resistance in complex environment.
However, the practical application of active control isolators is limited because of

their high energy consumption and high cost. Between the two, semi-active control



isolators need less external energy to provide excellent vibration control, and is
more stable than active control; Moreover, when working in a wide frequency
range, a semi-active control isolator’s performance is more flexible than passive
control [40]. The necessary innovation is to try to expand the effective
displacement range of the QZS system through a semi-active control strategy.
Guilin et al [40] designed and analyzed a QZS system with a slanted spring
structure. The dynamic stiffness of the system is directly related to the initial
inclination of the spring, and a semi-active control method with a displacement
feedback control strategy is proposed. Compared with the linear system, the
proposed new system has better vibration isolation, especially in the low frequency
band.

Systems subjected to impact and impact loads will exhibit severe vibration, and
they need special isolation devices. Impact loads are encountered in many
mechanical applications, and in order to protect a given object from these
disturbances, a vibration protection system is placed between the vibration source
and the object. Alabuzhev et al. [41] introduced some quasi zero stiffness vibration
isolation systems; this type of vibration isolator has been used for vibration
isolation of vehicles [42], shock-action hand-held machines [43]- [45], railway
vehicle suspensions and operator seats [46] [47].

while the available isolators are good for machinery and for isolation from
horizontal earthquakes, for vertical earthquakes there is a problem. The structure
needs to be able resist gravity force due to self-weight and movement of people
and furniture without moving much, in an earthquake it needs to be able to let the
ground move and minimize force from passing to the building. This means the
isolator must have non-linear force-displacement relationship and the QSZ
isolators offer a possible solution in such cases. There have been a number of
papers in this area in recent years and even after commencement of this thesis work
there have been new papers [47] - [50], but as far this author is aware they are all
on single isolator mechanism and do not include a metamaterial with a series of

such mechanisms embedded in a matrix.



Mehran Shahraeeni et al [47] focuses on the effect of damping nonlinearity on its
dynamics and performance. Quasi zero stiffness (QZS) isolators are usually studied
using linear damping elements because they take advantage of stiffness
nonlinearity. Mehran Shahraeeni et al [47] simulated a horizontal spring-type
quasi-zero stiffness isolator with geometrically nonlinear damping, which provided
basic insights for the design of a QZS isolator with geometric nonlinear damping.
The results show that the vertical damper provides pure linear damping, the
horizontal damper provides the necessary nonlinear damping.

This is why recent papers have a focus on non-linear isolators. This thesis contains
the results of an investigation into how a metamaterial can be developed for this
purpose and the mechanism used in a single cell of the metamaterial is similar to
the ones used in recent references but with the addition of a matrix and without
damping. The scope of this research is limited to studying the non-linear force
displacement relationship only and before its implementation further work is

needed to consider the effect of mass and damping in a full vibration analysis.



1.3 Goals of the project

In order to reduce the transmission of forces during an accident or earthquake, a
flexible material is needed. However, during normal operations, a building or a car
door need to be stiff as otherwise unwanted displacements (building wobbling
when people walk, or car door buckling when opened) can take place. In
equilibrium, the material should be stiff, but when subject to large forces it needs
to become flexible. So, a metamaterial with an adaptive stiffness is thus suitable.
Therefore, the overall goal of the project is to design a metamaterial with this
adaptive stiffness characteristic, taking into account the various structural
arrangements composed of different materials.

While the ultimate aim would be to use renewable resources (for example natural
fibers), in order to demonstrate the concept of this method, the scope of the project
is limited to using a combination of different materials to develop a metamaterial
that will minimize transmission of forces when it is subject to deformations away
from the equilibrium position.

The metamaterial consists of a repeating arrangement of cells, with each cell
containing flexible elements such as springs and a matrix made up of low elastic
modulus and rigid elements (reinforcements) that carry most of the load. The
concept will be developed with a mathematical model. The performance of the
model was evaluated where possible analytically or by using a Finite Element
Software package called ANSYS.

At the beginning of the project, experimental work was planned but due to COVID-
19 restrictions and the author having to take a year off (not being able to travel back
to New Zealand) and then resuming work remotely, it was not possible to conduct
any functional experiments. Some preliminary experimental work carried out to
investigate the suitability of different materials is reported in Appendix A, but it

has not been possible to progress further along this line.



2 Concept and theory of an adaptive stiffness
metamaterial cell

2.1 Description of the cell

A metamaterial for this purpose includes a matrix of very high flexibility, and a
number of structures (frames that behave like mechanisms) of identical shape.
These structures have the potential to be highly flexible as well, but only when
large dynamic displacements are caused away from the static equilibrium position.
The individual structural units are referred to as cells.

The matrix retains the cell arrangement but is not intended to carry much load,
which is taken by the cells. The ultimate purpose of the cell is to reduce cell
stiffness with displacement. As the force increases, the compressive stress in the
frame in the direction perpendicular to the loading increases, and this reduces the
stifftness of the overall structure, similar to the effect of compressive force reducing
the lateral stiffness of beams. This is called geometric stiffness or geometrical
stiffness [51] because it depends on geometry and compression rather than material
properties.

As the angle of rigid components in the mechanism measured from an axis
perpendicular to the loading decreases, the ability of the components to axially
restrain vertical forces decreases. Thus, these mechanics provides the stiffness that
decreases with load, which is required for this metamaterial.

A single unit of the mechanism is shown in Figure 4. This will be called a
metamaterial cell. The angle referred to in the previous paragraph is labeled ¢ In
this figure. Later, some of these units of cells are embedded in the matrix to form

metamaterials as shown in Figure 33.

There are two factors that affect the performance of the cell, one is the initial angle
0 and the other is the ratio of K, and Kj. The following section gives the

relevant derivations.



2.2 Analysis of a single cell

springs

(a) (b) ()

Figure 4: Single structure

The analysis of this single cell mechanism is similar to the ones available in the
literature for such non-linear isolators, but the author derived these from first principles,
to understand it better. Both the force and displacement are given in terms of the angle
of inclination of the arms. A force analysis was performed on this structure. In Figure 4
(a), the black solid lines represent the fibers which are embedded in a matrix such as
resin (which is not shown). The broken lines indicate the equivalent lateral and
longitudinal forces (from the resin). Figure 4(c) is a schematic of the upper half of the
structure, which is used in the subsequent MATLAB analysis.

For lateral force is Fj, and Kprepresents the stiffness. Similarly, for the longitudinal
force F,, K,, represents the stiffness. The subscripts v and /4 were initially chosen to
indicate the directions of gravity force (vertical) and the one perpendicular to it but in
general v refers to the direction of the external force and / is the direction of the induced
compression that helps to reduce the stiffness, and these may be considered as lateral

and longitudinal.

Consider the equilibrium of Point A in Figure 4 by using the free body diagram in Figure



Figure 5: Free-body diagram of the point A

For equilibrium,

F =F, + 2F;sin0 (1)

Consider the equilibrium of Point B in Figure 4 by using the free body diagram in Figure

6.

Figure 6: Free-body diagram of the point B
F, = 2F;cos 8 (2)
Put (2) into (1)



F—F, —F,tan0 =0
F=F,+F,tan0 (3)

Figure 7: Analytical displacement
A,=Lsinf, — Lsin6@ (4)
F, = K,A,= K,L(sin 8y —sin8) (5)
F =K,L(sinf, —sin @) + F, tan 6 (6)
Fy, = KpAp= KpL(cos 8 — cos8,) (7)
F =K,L(sinf, —sin @) + K, L(cos 8 — cos 6,)tané (8)
Equations (4) and (8) are used to obtain the force displacement curves using a
MATLAB code with different points chosen by varying the parameter 6.
These are valid for a mechanism shown in Figure 4 only. If only the top half is

considered then the term Kj,should be multiplied by 2.



3 MATLAB Results

The system in Figure 4(c), half of the structure, is the one used in the process of
MATLAB analysis.

In the MATLAB results section, the influence of several different factors on the force-
displacement curves is discussed, such as initial angle of rigid components, horizontal
stiffness and vertical stiffness.

In order to get a stiffness that is initially large and decreases as the force increases, the
curve of force-displacement has to rise initially and then its slope should decrease as
the force increases. Therefore, the ultimate goal of this part of the discussion is to find
the curves of force-displacement that can achieve the ideal state with the best
coordination of initial angle, and horizontal and vertical stiffness. It is also important
to make sure that the total stiffness does not become negative as this would make the

system unstable.

In order to scientifically analyze the experimental results, control variables are used.
First of all, the horizontal and vertical stiffness remains consistent, and different initial
angles are changed to compare the curves of force-displacement in order to
understand how the behavior changes with angle and, if possible, to find the most
appropriate angle.

Then the initial angle and horizontal stiffness are controlled (remain unchanged) and
the value of vertical stiffness is varied. This is used to compare the results of graphs of
forces-displacements due to different vertical stiffness. Similarly, the comparison
diagram of horizontal stiffness is obtained by controlling the initial angle and vertical

stiffness.



3.1 Curve of force and deformation of the full structure

We assume that the values of K,, and K, are both 5000. According to formula (7), it

1s assumed that L = 100 centimeters.
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Force and displacement curves at different
initial angles
O O
500

450
400
350

= 300

250

200

150

100 -

50 &5

Force(N

0 0.02 0.04 0.06 0.08 0.1

Displacement(M)

Figure 8: Force-displacement curves at different initial angles for K,=5000 and
K,=5000

Figure 8 is the curve of force-displacement at different angles when both K; and K,
are 5000.
From the comparison of the three force-displacement figures, it can be seen that the
trends for initial angles of 30 degrees and 45 degrees are similar, almost straight,
which means that the slope (stiffness) is almost constant. But this is not a desired
result. The goal of the experiment is to change the stiffness during structural
deformation. However, when the initial angle is 60 degrees, the situation changes. In
the force-displacement diagram, the curve gradually becomes flat, which indicates
that the stiffness changes. This is a very interesting situation because it means that the
overall stiffness of the structure has changed significantly. From Figure 8, it can be
judged that a larger initial angle makes the test material functions have the

characteristics of a metamaterial.



Subsequently, in order to observe which of K; and K, can affect the experimental
results more, different values of K, and K, were assigned, while keeping one or the
other and the initial angle constant.

Figures 9 to 11 are the results obtained by changing the value of K,, when the

constant K, value is 5000 at initial angles of 30, 45, and 60 degrees, respectively.

The force and displacement curves of different

Kv
The initial Angle is 30 degrees, Kh is equal to 5000.
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Figure 9: Force-displacement curves at different K, at K, =5000 and 30 degrees.

The force and displacement curves of different

Kv
The initial Angle is 45 degrees, Kh is equal to 5000.
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Figure 10: Force-displacement curves at different K,, at K,=5 000 and 45degrees.



The force and displacement curves of different
Kv

The initial Angle is 60 degrees, Kh is equal to 5000.
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Figure 11: Force-displacement curves at different K,, at K,=5000 and 60 degrees.

It can be clearly seen from these three graphs that no matter what the initial angle,
when K, isless than K}, the more obvious is the change in the straightness of the
graph, which indicates a change in stiffness. When the slope of the graph becomes
negative, the stiffness is negative, which implies the structure has become unstable.
The change in stiffness is the desired result, and the best state is that the stiffness is
very high at the beginning and then reduces to 0.
However, stiffness should not be allowed to become negative because the structure
will then change from a stable state to an unstable state. This means that although the
overall structural stiffness has changed greatly when the K, is smaller, the structure
may reach an unstable state in the later stages, which should be avoided.

It would be desirable if the structure could be used repeatedly (a subsidiary aim of
this study). With this aim in mind, stiffness should become lower to reduce force
transmission, but it should not be close to zero as this would lead to result in very

large displacement and could lead to instability.



Figures 12 to 14 are the results obtained by changing the value of K, when K, hasa

constant value of 5000 at initial angles of 30, 45, and 60 degrees, respectively.

The force and displacement curves of different
Kh

The initial Angle is 30 degrees, Kv is equal to 5000.
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Figure 12: Force-displacement curves at different K, at K,=5000 and 30 degrees.

The force and displacement curves of different
Kh

The initial Angle is 45 degrees, Kv is equal to 5000.
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Figure 13: Force-displacement curves at different K, at K,=5000 and 45 degrees.



The force and displacement curves of different
Kh

The initial Angle is 60 degrees, Kv is equal to 5000.
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Figure 14: Force-displacement curves at different K, at K,=5000 and 60 degrees.

It can be concluded from these three graphs that regardless of the angle, the larger the
K;, of the structure, the more it meets the requirements that stiffness decreases with
displacement, which also confirms the relationship between K;, and K,: When K,
is small or K}, is large, the state of the structure is more in line with the results

expected for variable stiffness.



3.2 Curve of force and deformation of half structure

It was recognized that the results could be obtained by only considering half of the
structure using symmetry. Figure 15 shows the MATLAB analysis of a half structure,

and the same method for controlling variables.
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Figure 15: Force-displacement curves at different initial angles K,=5000 and

K,=5000.

Figure 15 is the curve of force-displacement at different angles when both K; and K,
are 5000.

As with the analysis result of the entire structure, the larger the angle, the more obvious
the change in structural stiffness.

What can be seen from this figure is that the results for half the structure and the whole
structure are consistent as expected.

Subsequently, the control variables of K, or K, were analyzed. The same parameters
were set, and the results obtained for the half structure were consistent with those
obtained for the full structure. Consequently, the graphs and discussion are similar, so
they do not need to be repeated.

As with initial angle variable and K values constant, the force and displacement curves

of half the structure are consistent with those of the whole structure. As can be seen



from these comparison graphs, the result is the same when K,, is much smaller than

K, no matter what the angle is. It is not difficult to find from the process that the

premise of data change is to control some variables, so the ratio of the two stiffness can
v Kn

. . . . . K, .
simplify the existence of a variable. Either ~ or -~ can be considered, one of them
h v

is selected here for demonstration. It was then decided to consider the force-

displacement relationship for different values of the ratio of % , and under the premise
h

of controlling variables (keeping another stiffness value constant), it is found that a

difference in the actual value of stiffness does affect the shape of the curve, so this

means that the most critical factor is actually the ratio.



The ratio of Ky, and K,

Figure 16 and Figure 17 show the force-displacement curves at the same ratio of

Ky

Kn

The force and displacement curves of different Kv
The initial Angle is 60 degrees, Kh is equal to 5000.
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Figure 16: Force-displacement curves at different =
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K;, in Figure 16 is 5000, and K,, of the three curves is 5000, 500 and 5 respectively.

This means that ﬁ—” values are 1, 0.1 and 0.001, respectively.
h

The force and displacement curves of different Kv
The initial Angle is 60 degrees, Kh is equal to 1000.
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Figure 17: Force-displacement curves at different PR
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in Figure 17 is 1000, and K,, of the three curves is 1000, 100 and
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This means that g—" values are 1, 0.1 and 0.001, respectively.
h

By comparing Figures 16 and 17, it can be seen that the two figures have different

values of Ky and Kj, but the changing trend of the figures is consistent.

There may be different values for K;, and Kj,, but the ratio of g—" is the same, which
h

proves that the most critical factor is the ratio rather than a single value of either K.
The shape of the curves of force-displacement for any given initial angle is affected
only by the ratio of K, and Kj, and the best result for non-linear variation occurs

when this ratio is as low as possible.

The force and displacement curves of different Kv
The initial Angle is 60 degrees, Kh is equal to 1000.
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Figure 18: Force-displacement curves at different :—"
h

Figure 18 explores what ratio can achieve better results. It can be seen from Figures
17 and 16 that no matter what the specific values of K,, and K}, are, a ratio between
1 and 0.1 will have better stiffness changes. Therefore, after further exploration, a
target ratio was set between 0.4 and 0.6. The results obtained are shown in Figure 18.
When the ratio is 0.5, the slope (stiffness) of the latter part of the curve is close to 0. If
the ratio is higher than 0.5 the system becomes unstable. A lower ratio means less

nonlinearity, so 0.5 is the best value for nonlinearity.
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Force and displacement curves at different
initial angles
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Figure 19: Force-displacement curves at different initial angles

v

This is a graph identifying which initial angle is the best angle when the ratio of 2—
h

is constant at 0.5. It can be seen from the figure that if the angle is too small, the

nonlinear stage cannot be reached, while if the angle is too large, the system will

. . Ky, .
eventually become unstable. So, 60 degrees is chosen as a suitable angle when K—" is
h

0.5.

This can also be proven using the following theoretical derivations, which the author
carried out only after getting the numerical results presented above, but it explains
how the best ratio of the stiffnesses can be calculated. As the displacement and force
are both expressed in terms of 8 chain rule is used to find the stiffness.

Let Av =y = Lsinf, — Lsin0

F = K,L(sinBy — sinf) +Ky L(cosd — cosb,)tanb

dF cosf,
¥T = —K,LcosO + KL <c059 — cosze)
d
% = —LcosO
cos@
d_F _ d_de_Q _ = —K,LcosO + K,L (c059 - coszg) _ K, — K, (1— cos@o)
dy do dy —Lcosé O S Y



: . d
The best answer for the force-displacement curve is when é =0

cos 6,

K, = Kh(l - )

If static equilibriumis at 8 =0, K, = K,(1 — cos8,)

cos 63

When 8 = 60°,K, ="



3.3 Discussion

This part belongs to the analysis of MATLAB. MATLAB is used because it can
simulate the results of nonlinear equations under the premise of given partial
conditions through formulas and is convenient when doing a parametric study.
Through the force analysis of a single cell, the formulas relating the force, angle and
stiffness were obtained. Therefore, the results in three different situations were
analyzed, and the method of controlling variables was used. First, with the horizontal
and vertical stiffness remaining the same, it was possible to find out what initial angle
would be more suitable to obtain the results, which turned out to be 60 degrees. Then
the best results for variable stiffness with an initial angle of 60 degrees was searched
for. It was decided to limit the angle to 60 degrees as a further increase could make
the system become unstable sooner, and in practice this reduced the distance between
the two arms limiting the length of the horizontal spring. Then keeping the initial
angle and horizontal stiffness constant, varying the vertical stiffness showed the effect
of vertical stiffness on the force-displacement relationship. Then keeping the initial
angle and vertical stiffness constant, the horizontal stiffness was varied to study its
effect on the overall stiffness.

MATLAB image analysis showed that the greater the initial angle, the non-linearity
increased. It was also found that the smaller the K, for a given Kj, the higher the
range of non-linearity, and the opposite trend was observed when changing K}, for a
given K, the larger the Kj,, the higher the non-linearity.

An improved analysis method was used to examine the relationship between K,, and

K. A plot of the force and displacement using different ratios of % showed that
h

when the ratio is 0.5, the result is the best result for nonlinearity for the chosen angle
of 60 degrees. The analysis presented later explains why this is the best ratio but in
general the following equation gives the best ratio for any chosen angle

K,/K, = (1 —cos8,)



3.4 Summary

Whether the whole structure or half of the structure is considered, the force-
displacement relationship for the metamaterial cell is consistent. Among the three
angles with the same horizontal stiffness and vertical stiffness, 60° is thought to be the
best angle. Generally, one can see that the higher the initial angle, higher the change
in geometry, and therefore the best angle would the highest possible. However,
practical implementation is likely to create limitations on this, and in this study the
highest angle is chosen as 60°. When the horizontal stiffness and the initial angle are
constant, a smaller vertical stiffness produces a more obvious the stiffness change.
Similarly, when the initial angle and vertical stiffness remain unchanged, a greater
horizontal stiffness produces a more obvious the stiffness change. Further analysis

shows that the determining factor that controls the shape of the curve for any given

. . K .
initial angle is the K—” ratio.
h

Thus, the analyses show that the lower the %, the closer the result is to the desired
h

nonlinear behavior, and the larger the initial angle, the closer the result is to the

desired nonlinear behavior. However, the ratio is limited to 0.5 to avoid instability.



4 Analysis discussion and results

A cell problem has been solved with MATLAB. But solving it with MATLAB would
be very difficult if it was put into matrix to form a composite material, so ANSYS was
used for further simulations.

In order to test the effectiveness of ANSYS, the results of analyzing a single cell were
first compared with MATLAB to check whether the results are consistent and the
ANSYS modelling is correct.

The completed comparison between MATLAB and ANSYS shows that both results
agree fully. The subsequent simulation involving multiple cells and the addition of a
matrix will be carried out using ANSY'S.

In the subsequent ANSY'S modeling, most of the settings are held the same; for
example, the spring is the spring element; arms of all frame parts are truss elements;
arms in frame structure are all structural steel; and all the matrix is Neoprene rubber.
The variables are the different boundary conditions of each model, which are listed in

the following sections of each model.



4.1 Comparison of the ANSYS and MATLAB results

for a single cell

The horizontal and vertical stiffness of a given spring is used for comparison

The process is as follows: the stiffness value of the spring is given in ANSYS and
analyzed in MATLAB. The MATLAB code enables easy calculation of the force for a
given displacement as there is an explicit expression for this, but computing the
displacement for a given force would involve finding the roots of a non-linear
equation, so it was avoided. However, when using ANSY'S the displacement can be
computed for any given force quite easily. So, the force obtained from the MATLAB
code for any given displacement is brought back to ANSY'S and the corresponding
displacement computed. The result agreed with the displacement input used in the
MATLAB code. The force-displacement curves obtained using both methods were

compared and analyzed. Figure 20 shows the ANSYS model of 1-Cell without matrix.
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Figure 20: A cell with an initial Angle of 30 degrees
The colors in the graph are the way ANSYS represents the results of the modeling
problem, and do not specifically represent the magnitude of the displacement in each
segment. In fact, the arm should be a rigid body, and the force and displacement
bearing force of each position should be consistent.
The boundary conditions are: the bottom point is the fixed point, the force is applied

to the vertex, and the top point can only move up and down.



In a 30-degree (initial angle) structure, the inclined bar has a length of about 200 mm
and a cross section of 10mm. The stiffness of the horizontal spring is 5000 N/m, and
the stiffness of the vertical spring is 500 N/m.

The stiffness is entered into MATLAB to get the curve of force-displacement.

clear all
close all
Kv =1000;

Kh = 1poee ;
L =0.2;

X = pi/6;
1=1;

for i=1:30

Y =i*pi/180;

F(1) = Kv*L*(sin(X)-5in(Y))+Kh*L* (cos(¥)-cos(X))*tan(¥);
y(i) = 2*L*(sin(X)-sin(Y));

end

plot(y,F)

Figure 21: MATLAB Running Process
L is length of arms;
k, is Stiffness in the vertical direction;
ky, is Stiffness in the horizontal direction;
X in the figure is the initial Angle;
11s a parameter for the program to run;
Y is the Angle of change which means from the initial angle to 0;
y(i) is displacement from the initial angle to 0;

F(i) is force;



Because the upper and lower parts of cells are analyzed separately in MATLAB
software, the stiffness that ANSYS produces needs to be multiplied by 2 in MATLAB.
In addition, in order to facilitate the comparison with ANSYS results, the

displacement of MATLAB needs to be doubled.
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Figure 22: Force-displacement curves
In the figure, the blue line represents ANSY'S results and the gray line is the result
from MATLAB, and they are hard to distinguish because they are very consistent.
The steel truss element appears to have acted as anticipated (as a rigid element).
This means that ANSYS programs can take over the work of MATLAB, and it is
easier to add multiple cells and matrix. It should be noted that ANSY'S results are
limited to about 0.11 m displacement (after which there are no ANSYS results) as the

system becomes unstable beyond this point and ANSYS does not execute a solution.



4.2 Cells with springs
Initial modelling was done using bars of very small cross section because the author
was unsure of how to incorporate springs into the model, but this caused numerical
problems. However, once the problem was solved, horizontal and vertical springs
were used in the model.

Figure 23 to 25 shows the simulation process and results of a single cell
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Figure 23: A single cell with springs
Figure 23 is the initial state of a single cell with springs. In this model, the initial
boundary conditions are: the bottom point is the fixed point, the force is applied to the
vertex, and the top point can only move up and down.
Angle of 60 degrees was chosen, with k,= 500 k,=1000, because the results
obtained using MATLAB showed that these are best for obtaining the stiffness

changes. As already mentioned, k, brings better results if it is smaller than kj,. The



inclined bars still maintain the diameter of 10 mm, 2Z=200 mm.
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Figure 24: The final shape of the displacement on a single cell
Figure 24 is based on Figure 23 and the final shape is obtained by applying 160N
pressure to the top. The horizontal spring is stretched and the vertical spring is

compressed.
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Figure 25: Curves of force-displacement of a single cell

Finally, the force-displacement curve of a single cell model is obtained. In the figure,



the stiffness increases at the beginning, but gradually decreases with the application of
force.

Figures 26 to 28 shows the simulation process and results of two cells

Figure 26: two cells with springs

The boundary conditions are: the bottom point is the fixed point, the force is applied
to the vertex, and the top point and the middle connecting point can only move up and
down.

The modeling process in Figure 26 is similar to that in Figure 23 above. The same
length and diameter are selected for the inclined bar, and the initial angle and stiffness

of spring are also kept the same.
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Figure 27: The final shape of the displacement on two cells

Figure 27 is the final shape of Figure 26 with a force of 300N at the top
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Figure 28: Curves of force-displacement of two cells

Figure 28 also conforms to the expected change.




Figure 29 to 31 shows the simulation process and results of four cells

0.100 0.300

Figure 29: four cells with spring
Figure 29 shows a model of four cells where the data for individual cells remains the
same as before
The boundary conditions are as follows: the right point at the bottom is a fixed point,
the force is applied to two vertices, and the bottom left point can only move in the
horizontal direction; The vertex on the right, and the point connecting the middle on

the right, can only move up and down.
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Figure 30: The final shape of the displacement on four cells

Figure 30 is the final shape of Figure 28 with a force of 290N at the top
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Figure 31: Curves of force-displacement of four cells
The trend of force-displacement curve given by the model of four cells shown in

Figure31 is also very consistent with expectations.
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Figure 32: Curves of force-displacement of cells

Figure 32 shows a partial composite of the data from the 1,2 and 4 cell diagrams.




4.3 cell with matrix

4.3.1 30 degrees four cells with the matrix

The following is a matrix addition to the cell.

Placing both horizontal and vertical springs in the frame may cause unnecessary
contact and thus affect the performance of the model. Therefore, the horizontal spring
was removed from the frame structure and placed externally to better connect the
matrix.

The model in Figure 33 was anatomically analyzed using half of the cross-section of
the entire model. This state of the model is more conducive to modeling operations
and collection of results.

Since the thickness of the substrate is generally halved, it is easier to build a model
and observe the changes in the internal structure. Therefore, it is important to note that
not only the base thickness is reduced, but also the rebar diameter, force and spring

stiffness need to be halved compared to the entire model..

a300(m)

0.225

Figure 33: Four spring cells with matrix, 30 degrees
The boundary conditions are as follows: the bottom surface is a fixed surface; the
force is applied to the top surface.
Figure 34 and Figure 35 are the analysis diagrams of the part without matrix and the

part with matrix respectively. Both of them show the ANSYS model of 4-Cell
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Figure 34: The displacement of the frame after applying force
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Figure 35: Deformation diagram of the structure with 4 cells spring on the outside
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Figure 36: The force-displacement curve with 100N applied
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Figure 37: The force-displacement curve with 100N applied
When analyzing the results, it was found that when the force applied was to 100N,
neither the frame without matrix nor the 4 cells reached a good nonlinear state.
(Figure 36) nor the curves of force-displacement (Figure 37) reached a good nonlinear
state. The loss of non-linearity when the horizontal springs are placed externally to the
cell is likely to be due to the lack of lateral support at the boundaries to provide
sufficient compression force, whereas for the cases with internal springs the spring
force would have been induced due to the tension in the spring.
According to the empirical analysis, there should be a problem of too a small force, so
increasing the force by either decreasing horizontal stiffness or decreasing vertical

stiffness can make the model more nonlinear.
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Figure 38: The force-displacement curve with 110N applied



Thus, Figure 38 is obtained. When the force applied is increased to 110N, a longer
nonlinear section is obtained.

Another trial to adjust the lateral stiffness of the model was made. The longitudinal
stiffness of the six springs in the horizontal direction were reduced (previously 1000
N/m).

In both the horizontal and vertical directions). The spring stiffness was changed to 800
N/m and 500 N/m, but the result was the same. The maximum force that the model
can handle successfully remains at 110N.

When the spring stiffness was further adjusted to 100 N/m, a change occurred and the

maximum allowable force increased to 120N.
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Figure 39: The force-displacement curve with 120N applied



4.3.2 60 degrees four cells with the matrix

4.3.2.1 The spring is outside the frame
In the 60-degree model, the diameter of bars is Smm,
k, =250 N/M kj; =500 N/M and the thickness of rubber is 7.5mm.
110N pressure is applied on the top plane.
Figure 40 shows the 4-cell ANSYS model with an initial Angle of 60 degrees. Figure

41 shows the final change state of Figure 40.

0,000 0250 0500(m)
| EEEaa— [ ES—

0125 0375

Figure 40: four spring cells with matrix 60degree
The boundary conditions are as follows: the bottom surface is a fixed surface; the

force is applied to the top surface.

Figure 41: Deformation diagram of the structure of 4cells spring on the outside with

matrix under 110N force



Figures 42 and 43 show the force and displacement curves with and without matrix,

respectively.
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Figure 42: The force-displacement curve with 110N applied

The curves of force-displacement in Figure 42 are obtained.

It can be seen from the graph that the curve trend gradually flattens out and the

structure gradually appears to reach a critical stage where the stiffness approaches

Z€10.
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Figure 43: The force-displacement curve with 10N applied



k, =250 N/M kj; =500 N/M and the thickness of rubber is 7.5mm.

At the same time, 159N pressure is applied on the top plane.
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Figure 44: 8 cells with matrix at 60degree
Figure 44 shows the 8-cell ANSYS model with an initial Angle of 60 degrees. Figure
45 shows the final change state of Figure 44.
The boundary conditions are as follows: the bottom surface is a fixed surface; The

force is applied to the top surface.

0.000 0450 0.900(m)
|

0.225 0.675



Figure 45: Deformation diagram of the structure of 8cells spring on the outside with
matrix under 159N force

Figures 46 and 47 show the force and displacement curves with and without matrix,

respectively.
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Figure 46: The force-displacement curve with 159N applied
> o C
8cells without matrix
7
6
5
g 4
5 ¥ o
23 —e—8cells frame
2
1
0
0 0.005 0.01 0015 0.02 0025 0.03 0.035
displacement(m)
b r C

Figure 47: The force-displacement curve with 6.66N applied



4.3.2.2 The spring is inside the frame

In the above analysis process, it was found that if only the frame structure is analyzed,
in order to easily facilitate the stability of the structure, it is necessary to control the
number of horizontal cells. These to be singular or of odd number to ensure the
symmetry of the model with the center having a node at the base, so that it is
convenient to set the middle point at the bottom as the fixed point.

Figure 48 shows the model simulation of three groups of cells. In order to ensure the
consistency of boundary conditions with or without a matrix, the bottom surface can
only be moved laterally when there is a matrix. When there is no matrix, center point
is set as a fixed point, and the rest of the bottom endpoints can only perform lateral
movement.

Figure 48-52 shows the 6-cell model in which cells are directly connected.

Figure 48 shows the ANSYS model of 6-cell with matrix, and Figure 49 shows the

force-displacement curves of 6-cell with matrix.
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Figure 48: 6 cells with matrix at 60 degrees
The boundary conditions are as follows: the bottom surface is a fixed surface; the

force is applied to the top surface.
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Figure 49: The force-displacement curve

Figure 50 shows the ANSYS model of 6-cell without matrix, and Figure 52 shows the

force-displacement curves of 6-cell without matrix.
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Figure 50: 6 cells without matrix at 60degree
The boundary conditions are: the point in the middle of the bottom is the fixed point;
The force is applied at all points on the top; The points on the left and right of the
bottom can only move horizontally; And the middle vertex can only move vertically

with its middle connection point.



Figure 51: Deformation diagram of the structure of 6 cells spring on the inside with

matrix under 245N force

Figure 51 shows the final compressed state diagram of 6-cell without matrix
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Figure 52: The force-displacement curve
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Figure 53: 10 cells with matrix at 60degree
Figure 53-56 shows the 10-cell model in which cells are directly connected
The boundary conditions are as follows: the bottom surface is a fixed surface; the
force is applied to the top surface.
Figure 53 shows the ANSYS model of 10-cell with matrix, and Figure 54 shows the

force-displacement curves of 10-cell with matrix
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Figure 54: The force-displacement curve
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Figure 55: 10 cells without matrix at 60degree
Figure 55 shows the ANSYS model of 10-cell without matrix, and Figure 56 shows
the force-displacement curves of 10-cell without matrix
The boundary conditions are: the point in the middle of the bottom is the fixed point;
The force is applied at all points on the top; The points on the left and right of the
bottom can only move horizontally; And the middle vertex can only move vertically

with its middle connection point.
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Figure 56: The force-displacement curve



The comparison between Figure 54 and Figure 56 shows that the stiffness of the
overall structure changes more obviously after a matrix is added. After the addition of
matrix, the confining effect of the matrix makes the structure more complicated but
increases the rigidity of the structure to a certain extent and allows horizontal
compression forces in the springs to develop sufficiently to cause non-linearity in

force-deflection curve.



4.4 The analysis of a honeycomb-like structure:

A better model can be used to avoid the problem of too little spring space caused by

large angles.

Figure 57: Honeycomb structure
Figure 57 shows a structure resembling a honeycomb. The initial Angle is still 60
degrees.
The boundary conditions are: the bottom point is the fixed point, the force is applied
to the vertex, and the top point can only move up and down.

Figure 58 shows the final compressed state of a Honeycomb structure without matrix.
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Figure 58: Deformation diagram of the structure of 1 honeycomb structure spring

on the inside without matrix under 67N force

o O O
Honeycomb structure
80
70
60
50
£}
w
o g% 0
30 —&— Honeycomb
structure
20
10
0
o 0.005 0.01 0.015 0.02 0.025 0.03 0.035
displcement(m)
o O Q

Figure 59: The force-displacement curve with 67N applied
Figure 59 shows the force-displacement curves of a Honeycomb structure without

matrix
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Figure 60: Three Honeycomb structure without matrix
Figure 60 is the ANSYS structure diagram of three honeycomb structures without
matrix.
The boundary conditions are: the point in the middle of the bottom is the fixed point;
The force is applied at all points on the top; The points on the left and right of the
bottom can only move horizontally; And the middle vertex can only move vertically
with its middle connection points.

Figure 61 is the ANSYS structure diagram of three honeycomb structures with matrix.
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Figure 61: Three Honeycomb structure with matrix
The boundary conditions are as follows: the bottom surface is a fixed surface; the
force is applied to the top surface.
Figure 62 and 63 show the force and displacement curves of three honeycomb

structures without and with matrix, respectively.

I'hree honeycomb structures without matrix

Figure 62: The force-displacement curve with 29N applied
It was found that when the structure was without matrix, if the bottom center point
was taken as the fixed point, the whole structure would become very unstable and

could bear very little force.
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Figure 63: The force-displacement curve with 84N applied



Figure 62 and Figure 63 maintain the same boundary conditions.
Figure 64 and 65 show the force and displacement curves of three honeycomb

structures without and with matrix, respectively
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Figure 64: The force-displacement curve with 340N applied
When the boundary condition of without matrix is adjusted from the bottom center
point as a fixed point to the bottom side as a fixed point, the structure becomes very

stable.
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Figure 65 The force-displacement curve with 82N applied

Figure 64 and Figure 65 maintain the same boundary conditions.



4.5 The effect of tangential loading

While in some cases it may be possible to know the most likely force direction, it is
often difficult to predict this. Therefore, it is important to understand how
metamaterials behave under vertically oriented forces in order to test the performance
of the device in the horizontal direction, two kinds of simulation are carried out
because the force in the earthquake will never exist purely in the vertical direction, but
will also have components in the horizontal directions.

The only difference between the two simulations is the position of force application.
Figure 66 shows the application of a tangential force on the top surface of the
structure, while Figure 69 shows the application a horizontal force on the side of the
structure. Other parameters, such as boundary conditions, are fixed on the bottom, and
spring Settings, such as the horizontal stiffness and vertical stiffness of both are
consistent.

Figure 66-68 shows a set of figures of force applied on the top plane, which are
ANSYS model diagram, final state diagram after force application, and force-

displacement curve diagram respectively.
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Figure 66: Horizontal force is applied at top surface



Figure 67: The final shape of the horizontal force at top surface
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Figure 68: The force-displacement curve with SON applied

Figure 69-71 shows a set of figures of force applied on the side plane, which are

ANSYS model diagram, final state diagram after force application, and force-

displacement curve diagram respectively.
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Figure 69: Horizontal force is applied at side surface
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Figure 71: The force-displacement curve with SON applied



It can be seen from Figure 68 and Figure 71 that although the force directions are
different, SON force is applied in both simulations, and the obtained force and
displacement images tend to be straight lines.

It was also found that the stiffness in the horizontal direction is greater compared to
the model where the force in the vertical direction is applied. It may due to the

different boundary conditions with respect to the different loading directions.



4.6 Discussion

Model Verification

Comparison of MATLAB and ANSYS Results for a Single Cell Structure.

At first, MATLAB was chosen because it could analyze and study the behavior of a
single cell, but when trying to use MATLAB for more complex analysis, it was found
that MATLAB is not the appropriate software without a mathematical model to use,
when a matrix and more cells were added. The author was unfamiliar with ANSYS, so
the ANSY'S model was checked by comparing it with the model analysis results of
MATLARB for the case without any matrix.

The results show that the force-displacement plots obtained by ANSYS and MATLAB
were in good agreement. Consequently, ANSYS was used to complete the more
complex parts of the study.

Multiple celled structure without matrix

From the behavior of a single cell, it was found that a single cell can indeed bring
nonlinear results of variable stiffness. Therefore, the superposition of cells in two
different directions, horizontal and vertical, was introduced in the following
simulation. In the subsequent process, various simulations were carried out, including
the analysis of one cell, analysis of two cells arranged vertically one below the other,
and analysis of four celled structure cells arranged as two rows and two columns of
cells. From a comparison of the results, it can be seen that even one cell can show
good variable stiffness results. When cells are added vertically, the flexibility
increases but when cells are added horizontally the stiffness increases. However, when
the cells are added horizontally, the load at which the structural stiffness becomes zero
also increases.

By comparing the curves of force and displacement shown in Figure28 and Figure 31,
it can be seen that when cells are added in the horizontal direction, the curve as a
whole tends to be smoother, and also tends to be horizontal at the end of the graph
line. This means that stiffness changes from large to small are more pronounced.

However, there was a loss of non-linearity in some cases when the horizontal springs



were placed externally to the cell, possibly due to insufficient horizontal forces
because of the lack of any side support to give the necessary compression in the

springs.

The Effect of the Matrix

Once multi-celled structures were analyzed, another material was added as a matrix.
Overall, the structures with an initial angle of 30 degrees and 60 degrees were
compared. In this part of the simulation, in order to make the experiment as close as
possible to reality, some details were adjusted (the spring is removed from the inside
of the structure and placed at both ends). The reason for this operation is that in frame
construction, the internal space is small, and placing two springs close to each other
can cause friction and placement difficulties. Another important reason is that spring
deformations (stroke) are usually possible only up to about 50% of the initial length of
the spring. This means the change in geometry needed for non-linear behavior may
not be possible. Placing it outside the structure solved this problem.

However, when more cells were added later, it was found that because the number of
horizontal directions of the internal frame was even, the bottom fixed point could not
be in the middle of the structure and thus could not be symmetrical. (If the number is
even, there is no easy way to set the fixed point in the middle, which will lead to
uneven and asymmetric forces in the whole structure). In order to better observe the
influence of a matrix, there was always an odd number of cells. in the subsequent
process.

From the experimental results of placing the spring at both ends (e.g. Figure 42 and
Figure 43) it is indeed seen that the structure exhibits more nonlinear states as the
spring is moved outward. As the number of cells increases (for example, Figure 46
and Figure 47), it is found that the nonlinear state of the structure increases with the
addition of matrix. This may be because the vertical boundaries at both ends of the
matrix can move freely, resulting in no effect of the horizontal spring. When more
cells are added, there are more connecting springs in the middle, and the influence of

ability of the springs at both ends to move freely can be gradually ignored.



Therefore, in order to solve this problem, a more appropriate structural shape was
proposed, which could ensure there is sufficient space inside the frame for the
horizontal and vertical springs to be telescoped (in real life, the springs in a cell
structure cannot be compressed or stretched by more than 50% because the stroke of a
spring is limited to about 50% of its length). In this shape, there is enough space for
the springs not to interact with each other, but also enough tension for the springs to
move. As described in Section 4.4, a pattern similar to a honeycomb structure was
used for analysis.

Limitations and Recommendations for Further Research:

The results presented and the above findings are all based on numerical analysis and
need to be verified experimentally.

Further work is needed to understand whether this idea can be used to make
metamaterials for the purpose of reducing force transmission. The challenges include
whether it is easy to produce metamaterials with springs. One possible way to do this
would be to 3D print the metamaterial. Ideally, the fibers are evenly distributed in the
frame and then soaked in the matrix. However, it may be challenging in practical
experiments, because the accuracy of 3D printing will not be high enough if the
structure is too small. In the later stage of this study, 3D printing experiments were
indeed carried out. However, due to the spread of COVID-19, the author was unable
to return to the University or use a laboratory to conduct complete tests.

To maximize sustainability, ideally the springs need to be replaced by elements such
as natural fiber which would give same flexibility. For example, the spring part could
be made of the same material as the frame. The difference is that in order to ensure the
characteristics of the spring, the shape of the material should be consistent with a
spring.

In subsequent experiments, there can be more numerical modeling of the spring shape
of the fibers, such as the following figures. For example, Figures 72 and 73 below
show two types of fibers that can be tried in real experiments. Figure 72 is the spring
structure a similar two-dimensional plane, and Figure 73 is the natural growth form of

some plants, such as bitter gourd plants and some ferns.



Figure 72 : Common spring type construction

Figure 73 : The spiral structure of natural plant fibers[52]
The above provides some ideas about the shape of the spring for the follow-up work.
For future work, dynamic modeling to study the transmission of force also needs to be
done. This should include random forces such as earthquake forces and impulse to
represent forces during accidents.
The method of vibration mitigation tested throughout this article is isolation, but this
is not the only solution because the springs only convert the energy into potential
energy, so testing the effect of damping should be considered in future studies as it
allows the energy that could cause damage to be absorbed. Metamaterials could be
designed not only to isolate a structure from forces due to vibration but also to absorb

vibrational energy. This work is currently in the static analysis stage, and better



products will be designed by adding damping design into dynamic analysis in the
future.

The damping shock absorber has the advantages of compound vibration isolation and
noise reduction, low natural frequency and good vibration isolation effect. In seismic
instruments, dampers are used to absorb the natural vibration energy of the vibrating
system [53].

A new frame-damping frame-tube structure system composed of outer frame, inner
frame and damping wall is proposed. Twin two-story single-span 1:2 scaled sub-
structure models were designed and fabricated, and the seismic performance of the
frame-damping frame-tube structure system was studied through low-cycle
reciprocating loading tests. The results show that the frame-damping frame-tube
structural system has excellent seismic performance and can be applied to super high-
rise buildings [54].

In conclusion, although it is difficult to say whether variable stiffness metamaterials
are feasible in practice from the work completed, the theoretical analysis and
numerical results are encouraging and therefore further research including

experimental study is recommended.



5 Conclusions

From the thesis, the following conclusions can be drawn:

The use of cells containing springs and rigid elements embedded in a matrix can result
in a non-linear force-displacement relationship, with stiffness decreasing with
displacement. This can ensure that in the event of an earthquake or a collision or
accident, transfer of damaging forces can be reduced, thus protecting people from
injury or ensuring human safety.

This method of relying on the overall deformation of the metamaterial has great
advantages as it provides isolation of the structure from the forces that could
potentially cause damage. For example, the material and structure will not be
damaged, and all the deformation is in non-permanent elastic deformation, which
ensures repeated utilization and thus is environmentally friendly.

MATLAB or ANSYS simulations, metamaterial can be designed to find the best
stiffness variation, whether it is applied to a building foundations or anti-collision
items. The metamaterial can rely on the deformation in the elastic phase to isolate the
forces created during an accident or earthquake.

It was found that the most critical factor that determines the degree of non-linearity of

force-displacement curve is the ratio of K—" Theoretically, when the initial angle is
h

v

60 degrees, the closer the ratio of 11:_ is to 0.5, the more non-linear the result is. If the
h

ratio is above 0.5, The system becomes unstable, while a lower ratio means less
nonlinearity, so 0.5 is the best value for variable stiffness. When the ratio of K,, and
K, remains the same, 60° is the best initial angle for achieving a non-linear state. If
the angle is less than 60 degrees, a satisfactory range of nonlinear state cannot be
reached, and if the angle is more than 60 degrees, the system will eventually become
unstable for the above stiffness ratio, and the inner space of the cell will be too small
for the spring to move. So, 60 degrees is the best angle.

After verifying that the results of MATLAB and ANSYS were consistent for a single
cell mechanism without a matrix, ANSYS was used to simulate multiple cells and the

full metamaterial structure incorporating a matrix. By just adding a cell without



matrix, it was found when cells are added vertically, the flexibility increases but when
cells were added horizontally the stiffness increases. When matrix was added it is
found that the nonlinear state of the structure increases

The position of the spring was initially located inside the frame structure, but due to
the limited space inside, and because the springs can only be extended by about 50%
of their length at most, the range of non-linearity was limited. This means the change
in geometry needed for non-linear behavior may not be possible. Placing the springs
outside the structure solved this problem. However, there was still a drawback after
the spring was removed from the inside: the springs at either end of the structure had
no anchoring points to exert the compressive force, which meant that the horizontal
spring did not work very well. So, another structure similar to a honeycomb was used.
This honeycomb-like structure provides enough internal space to ensure that the
spring can be stretched or compressed internally, and also ensures that the nonlinearity
of the structure is well maintained. This is different from the traditional honeycomb
structure. The special honeycomb structure used in this paper is like a mechanism; the
components include springs which allow large displacements. The commonly used

honeycomb structure does not allow large elastic displacements.
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Appendices

Appendices A and B present the procedures and results of some preliminary work,

which could not be continued, due to Covid lockdowns.

Appendix A. Experimental Methods and Results

The properties of the resin were tested first, and two types were selected, namely
epoxy and vinyl ester resins.

Health & Safety Precautions

During the entire experiment, it is necessary to wear gloves and masks to avoid skin

contact with liquids and avoid exhaling chemical gases.

A.1 Experimental steps:

1: A male mold was designed with Solidworks sotware, and made using a 3D

printer (See Figure. 74).

2: Using the male mold prepared, a female mold was made of silicone rubber, after
pouring into silicone, it was left in the oven at a controlled temperature of 70°C

3: A layer of mold release agent was sprayed in the silicone mold for easy removal
after the resin is fully formed.

4: To prepare epoxy resin samples, first mix epoxy and hardener in a ratio of 5: 1, and
stir well with a stirring rod for one minute and pour the mixed liquid into a silicone
mold. (Figure 75).

5: Gently shake the silicone mold by hand to help eliminate bubbles faster.

6: Move the sample into oven, the temperature should be controlled at 50 °C, and the

storage time should be more than 12 hours.



Figure 75: Mold after pouring resin



A.2 Experimental results

After following the above steps, the sample was obtained as shown in figure 76.

Some strip-shaped gaps only existed in the required samples, and at the same time, the
ordinary strip-shaped resin samples under the same environmental conditions did not
show cracks.

Because the difference between the two samples is only in the shape, it may be
because the thickness of the required sample is 7mm larger than the ordinary sample
(5mm), and the curing speed of the surface layer and the bottom layer is not the same
when curing. The gap that appears is like bubbles at the edges trying to gather
toward the center, but because the surface layer has cured, the bubbles cannot reach

the surface, leaving a trail of traces.

g.

Figure 76: Comparison of required samples and ordinary samples
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Figure 77: Crack of desired sample

In the second experiment, the curing temperature was adjusted, and the sample was
left in the fume hood for curing.

This time the result was different. The previously observed cracks did not appear in
the required sample. Although there are some small bubbles on the surface, it could be

eliminated by grinding. (Figure 77).



Figure 78: Second sample



Due to the COVID-19 outbreak, the author could not return to the original laboratory,
and the subsequent experimental materials and equipment have been partially
adjusted.

In the initial preparation stage, as the availability of materials changed due to the
relocation of the work, and the difficulty of experimental operation in the new lab,
made it difficult to source the same materials to continue with the planned
experiments. It was decided to test the characteristics of long straight fiber first as it
was easily available.

In this stage, due to some limitations, easily available epoxy resins and amine curing

agents, as well as sisal fibers, were initially selected.

Figure 79: The second type of epoxy resin and curing agent



Because of the desired target shape and the nature of the fiber, it was not straight and
it was a little wet.

Therefore, for the pretreatment of the fiber, it was chosen to first soak the fiber in
water (30 minutes) and then hold the fiber in the oven with a heavy weight (4 hours)

in order to achieve the purpose of straightening. In this way, the processed fibers

become dry and straight.

Figure 80: Sisal fiber preimpregnated



Figure 81: The fiber has been straightened and shaped by the oven

Then at the assembly stage, the fibers were prepared to minimize the formation of

bubbles.



=~ i ! ' i i
~ :ﬁ:\ i) (L » t\
B ﬁl T IS
{;g ~

Figure 82: The mass fraction is about 5% of the sample

Then a sample with a mass fraction of about 5% was obtained.
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Figure 83: Tensile test results

The curves in the figure are stress-strain curves. Due to the inability to access the lab



again, it was not possible to obtain the digital data to present better graphs.

Simplified experimental procedure

Because the ideal fiber arrangement was too difficult to operate in the actual

experiment, the operation part was then planned to be simplified as in Fig. 84.

Figure 84: A simplified model

The blue part of the picture is made of fiber, filled with resin.
The inclined reinforcements are thick and broad.
The vertical and horizontal ones are much thinner behave like springs.

The stress analysis of the structure was carried out.



Appendix B
Stiffness of Bars Used in ANSY'S Modelling

In this section, the initial modelling process for the planned experiments is described.
In order to analyze the system in ANSYS and MATLAB, initially the vertical and
horizontal stiffnesses were found using the force-displacement relationship.

Since bars were replaced by springs in the subsequent process, no detailed calculation

will not be carried out here. Only one concept is explained here.
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Figure 85 Simplified model
The point of this process is that instead of springs, bars were placed inside the
structure. In this way, it can also be calculated. Firstly, the appropriate length and
diameter of bars are given, and the stiffness value of bar in horizontal and vertical

directions is obtained through the following equations:
k, = o (B.1)
k, =— (B.2)

Then the process is the same as the spring, put into MATLAB to get the result of the

force, and then put the force into ANSYS to get the curve of the force-displacement.





