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ABSTRACT

Energy absorption materials and structures have been extensively used for protecting
personnel and infrastructure against collisions, explosions, and impacts. Current existing energy-
absorbing materials and structures, such as foams, honeycombs, composites, and thin-walled
structures, possess attractive physical and mechanical properties including extreme lightweight,
large deformability and easy fabrication. They play a crucial role in enhancing safety measures
across various sectors, including transportation, construction, and defense. However, the
performance of these materials and structures is susceptible to structural defects, which act as the
weakest chain of the system and weaken the overall efficiency. Multiple materials and structures,
such as the foam-filled thin-walled tubes, have been combined to further enhance the energy
absorption performance. Nevertheless, the bonding strength between dissimilar materials often
limits this improvement, as debonding occurs between filler and tube wall under large deformation.
Moreover, current solid-based materials lack biocompatibility, preventing direct application for
protecting biological tissues.

To address above issues, compressible fluids, specifically liquid nanofoam (LN) and
suspension hollow glass microsphere (SHGM) have been developed. The LN system, comprising
a liquid phase and hydrophobic nanoporous particles, utilizes pressurized liquid flow in nano-
channels as its energy absorption mechanism. The SHGM system, consisting of a liquid phase and
hollow glass microspheres, dissipates substantial energy as particles collapse within the
pressurized liquid surrounding them. The central hypothesis of this study is that not only the high
energy absorption efficiency of compressible fluids, but also the strong interaction between these
fluids and the surrounding structures can significantly enhance the energy absorption performance.

To test this hypothesis, this dissertation presents a systematic experimental study on the



interaction between compressible fluids and three different types of structures, specifically
structures without imperfections, structures with imperfections, and biostructures. The interaction
between compressible fluids and perfect thin-walled tubes has been quantified by an extraordinary
strengthening coefficient of 4.3, surpassing achievements by existing solid foam fillers. In
addition, compressible fluids are able to mitigate the negative effects of structural imperfections,
as the energy absorption capacity of thin-walled tubes filled with compressible fluids is inert from
the presence of structural defects. Furthermore, it has been demonstrated that compressible fluids,
specifically LN, exhibit excellent biocompatibility and energy absorption efficiency, allowing
them to directly interact with biotissues and effectively protect cells and organs from mechanical
abuse.

In conclusion, compressible fluids are effective fluid energy absorbers not only due to their
high energy absorption efficiency but also because of the strong interactions they form with
surrounding structures. Their large deformability and excellent biocompatibility enable direct
interact with engineering and biological structures with a wide range of mechanical properties.
The scientific findings of this study represent a paradigm shift in designing next generation of

advanced energy absorption materials and structures.



Copyright by
FUMING YANG
2024



To my parents for endless love and support
To Shengyuan Bai, for all kinds of encouragement and understanding.



ACKNOWLEDGEMENTS

The successful completion of this dissertation owes a debt of gratitude to a multitude of
individuals whose support and contributions were indispensable.

First and foremost, | would like to express my sincere gratitude to my advisor, Prof. Weiyi
Lu, for his guidance, encouragement, and support during my Ph.D. studies. | am profoundly
grateful for the invaluable training and resources he provided, which empowered me to navigate
the path toward becoming an autonomous and industrious researcher. His significant efforts in
refining my manuscripts and presentations, attention to inconspicuous results, and strong desire
to reveal the underlying science have inspired my dedication to excellence in both research and
life. I am truly honored to have such a great advisor in the pursuit of my Ph.D. degree.

I am deeply indebted to my co-advisor, Prof. Yun Liang, whose exceptional expertise and
guidance in her field played a pivotal role in ensuring the efficient resolution of challenges
encountered throughout my research journey. Prof. Liang's profound understanding and quick
insights not only facilitated the smooth execution of experiments but also significantly enhanced
the quality and depth of our findings. Her timely feedback and astute observations were
instrumental in steering the course of our investigations toward fruitful outcomes. Furthermore, 1
wish to express my heartfelt gratitude for Prof. Liang's unwavering support and dedication in
meticulously refining our papers. Her keen eye for detail and valuable suggestions greatly
enriched the clarity and coherence of our research contributions. Additionally, her
encouragement and constructive feedback served as a constant source of motivation, inspiring
me to strive for excellence in every aspect of my academic pursuits.

I would also like to extend my sincere thanks to my colleagues and friends, whose

encouragement, camaraderie, and shared insights have been invaluable throughout this journey,

Vi



Dr. Mingzhe Li, Dr. Chi Zhan, Dr. Lijiang Xu, Dr. Jisheng Chen, Ms. Anqgi Zheng, Ms. Runqi
Zhu, Ms. Yilin Nie, Mr. Kam Kennicott, Mr. Robert, Bennett, Mr. Michael Schoen, Dr. Per
Askeland, Dr. Melinda Frame, Mrs. Abigail Vanderberg, Mrs. Amy Albin, Mrs. Laura Post, Ms.
Bailey Weber. | would also like to express my thanks to Dr. Robert McCoy, Mr. Dean Jaradi at
Ford Motor Company, for their help and support of my NSF-INTERN experience.

I would like to acknowledge the financial supports from the National Science Foundation
(award #1803695) and the Ford-MSU alliance program for my research.

Last but certainly not least, | wish to express my deepest gratitude to my family for their
unwavering support and encouragement throughout this journey. To my esteemed parents,
Changnian Yang and Zhongjie Feng, your boundless love, unwavering guidance, and steadfast
belief in my abilities have served as the cornerstone of my resilience and determination. From
instilling in me the value of hard work to nurturing my aspirations, your unwavering dedication
has been the guiding light illuminating my path forward.

Above all, I owe an immeasurable debt of gratitude to my boyfriend, Shengyuan Bai. His
boundless love, unwavering support, endless patience, and constant encouragement have been

the cornerstone of my inspiration and drive.

vii



TABLE OF CONTENTS

Chapter 1 INTFOTUCTION ...t bbbt 1
Y o] £\ V1 o] [OOSR PP PRSPPI 1
1.2 CUITENt CRAIBNGES ... ettt et re e b e 3
1.3 RESEAICN ODJECLIVE .....ccueiiiiiiiiete ettt bbbttt bbbt 8

Chapter 2 BaCKGIOUNG ........ccuiiiiiiiie ittt a et s s e et e b e e be e e be e baeanne e 9
2.1 TRIN-WallEd TUDES ... .ooiiiieiee ettt e sbeeteaneenreas 9
2.2 Liquid Nanofoam (LIN) ....cooiieee et ne e 10
2.3 Advantages of Liquid NanOfOam ..........ccociiiiiiiiiiciie et 14
2.4 HOHOW GIaSS MICIOSPNEIE ... 15
2.5 SUMIMIAIY .ttt ettt st e bttt e s st e e e b e e e bbbt ekt e e e bb e e e kb e e snbeeesnbeeennneeennes 20

Chapter 3 Interaction between SHGM and Thin-Walled TUDES...........cccccevviiiiiiiieniiie e 21
I T0 I 1 oo [0 ot 1 o] TSP PR PSPPI 21
3.2 Materials and MEtNOAS ..........cvoiiiiiie e et 23
3.3 RESUILS ANU DISCUSSION ....c.uvitieiienieitiesieetesiie st e sieeee e ste e sbeesbeesae s s e sbeenbesseesteeneesseesreenseans 27
B O o Tod 1115 o) o SR 40

Chapter 4 Interaction between LN and Thin-Walled Tubes with Imperfection .............cccccoeueeee. 42
g I 1o 0o [ Tod o o OSSPSR 42
4.2 EXPEriMENTAl SEIUD ...cveivieiece ettt et raenra e re e re e 44
4.3 Quasi-Static COMPIESSION TESTS......uiiiieiie ettt e ae e e e annas 45
4.4 RESUIES aNG ANGIYSIS ....cuviiiieiiieee et 46
4.5 DISCUSSION ..ttt sttt sttt b bbbt s et e b e b et b ek b e b e e st et e be st e et e bt abeeneene e 48
4.6 Dent LOCAtION EFFECE ........oiiiiiiiecie e 56
3 Tod 111 o] o OSSPSR 56
4.8 SUMIMAIY ©.eeiittie ittt ettt ettt e ettt e ettt e ekt e e e e b bt e ek b e e e bt e e e kb e e e kb e e eab b e e enbe e e snbeeennneeennneeens 57

Chapter 5 Interaction between LN and BIOTISSUES..........ccoviiiriiriiiiiiisieeeesee e 58
ST 1 oo [0 od 1 o] AT PRSP 58
5.2 Material and MethodOIOgY ........coouiiiiiiiie et 61
5.3 RESUIL N DISCUSSION ....eeveiiieiieiieitiesieeiesie st e st ee st nteasee st e steesee s e steenseareesseeneeeneenreenseans 67

Chapter 6 Conclusions and FULUIe WOIK............ccuoiieiiiii i 84
6.1 CONEIIDULIONS ...ttt st e b e e e s beenteeneesreenee e 84
8.2 FULUIE WOTK ...ttt ettt e st e e e s e e sneeneeeneenneenee e 85

BIBLIOGRAPHY ...ttt ettt et et et e s e s et enbestesteesaereeneeneens 88

viii



Chapter 1 Introduction

1.1 Motivation

Energy absorption materials and structures such as thin-walled structures -3, sandwich panels
45, plates ¢7, foams 814, and bio-inspired materials 1> have been widely used in contact sports to
mitigate personal injuries, and in ground vehicles to enhance the crashworthiness of vehicles
(Fig. 1-1). With the impact of technology on today’s fast-paced society, advanced energy
absorption materials structures are needed. According to data from the National Safety Council
(NSC), the total motor-vehicles death number was 42,339 in 2020, within which 41.3% cases were
related to crashes with other motor vehicles (Fig. 1-2). In addition, the number of annual registered
motor vehicles in the US increased from 218 million in 2000 to 290 million in 2020 with a steady

increase rate of 13% 7.

Figure 1-1: Collisions in (a) car }icc‘idents, (b) motor-é)}cles, (cj ékiing, and (d) American football.
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Figure 1-2: Death numbers in 2020 by type of crashes (NSC).

In the field of sports like American football, skiing, ice hockey, boxing, and auto racing,
helmets, gloves, and other protective gears are used to prevent athletes from injuries, especially
concussions. For instance, skiing and snowboarding are popular winter sports in the United States,
with 10.3 million participants and 59.3 million visits to U.S. ski resorts in the 2018/2019 season
alone®®. Over the past decade, more people have started wearing helmets, with 81-90% of
participants in ski resorts now using them. However, head injuries, including traumatic brain
injuries (TBIs), are still a major concern. Despite the increase in helmet use, the rate of head
injuries hasn't gone down significantly. About 15-20% of the 600,000 annual snow sport injuries
in North America involve head injuries. Among younger participants, TBIs are the main cause of
fatalities, accounting for 67% of cases 292,

From 2017-2021, the National Football League (NFL) players wearing top-performing
helmets increased from 41% to 99% 2. However, the concussion cases only dropped by 33% 2.
These facts suggest that current energy absorbing liners are still far from satisfactory for the

prevention of concussion.



TBI is a common type of blunt force trauma (BFT), wherein damage to the brain can lead to
long-term cognitive, physical, or emotional impairments. Other types of BFT such as blunt
abdominal trauma are also common consequences of collisions in auto accidents and sports fields,
which can cause failure or rupture of vital organs such as liver, kidneys, heart and lungs. It is
expected that BFT will become the 3™ largest contributor to the burden of disease with 46,980
deaths and 5.4 million injuries caused by motor vehicle crashes in 2021 alone 2*. However, the
performance of current materials is still far from satisfactory for protecting against BFT.

This research project aims to develop novel fluid-based energy absorption material systems
with much higher energy absorption efficiency. Firstly, the mechanical behavior of these
compressible fluids sealed in thin-walled structures with or without structural defects has been
investigated under both quasi-static and dynamic tests. Secondly, it has been demonstrated that the
interaction between the compressible fluids and the thin-walled structures is much stronger than
solid-solid systems, which significantly improves the energy absorption performance and stability
of the energy absorption material systems. Lastly, the interaction between the developed fluid-
based energy absorption material systems has been proven effective in protecting biological tissues

at both cellular and organ scales in BFT.
1.2 Current Challenges

Current existing energy materials, including foams, composites and bio-inspired materials
have the following three main challenges.
Challenge 1 — Drawbacks of Current Energy Absorption Materials

Solid foams such as metallic foam such as aluminum foam % (Fig. 1-3a) and polymeric foam

2627 (Fig. 1-3b) are widely used for energy absorption. The working mechanism is based on the

buckling and bending of structural members 2829, Polymeric foams such as polypropylene and



polyurethane foams, have limited capability to absorb energy under mechanical abuse because of
the low working pressure. Therefore, most of the input energy is transmitted to the protected object
30, To increase the energy absorption efficiency, stronger or density-graded metallic foams 3232 are
developed. However, the increased stiffness of the cell structure and the strain rate effect require
relatively large stress to initiate the energy absorption process, which makes those foams not ideal
for the protection of soft tissues. Under high strain rate impact condition, the foams cannot
response immediately to respond to the external mechanical abuse, and thus have much lower

efficiency in energy absorption.

Figure 1-3: (a) Aluminum foam (copyright: Wuxi Forest Trade Co., Ltd), (b) Polymer foam
(copyright: Gautam ZEN UK LTD).

Natural livings like plants 2334, insects and animals often possesses many unique structures to
protect themselves from mechanical abuse (Fig. 1-4). Those biological structures usually have high
energy absorption efficiency, high strength and low density 3. Inspired by these natural structures,
novel structures for energy absorbers have been designed 3637 (Fig. 1-5). However, the
extraordinary mechanical properties of biological structures are achieved by the natural processing
of the complex multiscale microstructures. It is extremely challenging to mimic the complicated

microstructures through the conventional manufacturing processes. Even with the aid of additive



manufacturing %, it is challenging to achieve the manufacturing resolution and the complex

structural design at smaller length scale.
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Figure 1-4: Bamboo- |nsp|red structures. (a) with the bionic element close to the vascular
structures, (b) with different bionic elements, (c) with modified bionic element, (d) with
simplified bionic element, (€) novel bionic elements %,

Conventional lattice m l T N
> TAC -

2
U -

lnsert

} .
Critical situation \

Vertex Modified  vM-Bcc
(m = 1/4)

Figure 1-5: Schematics of the design strategy partially |nsp|red by the skeletal system of deep-
sea glass sponge (Euplectella aspergillum), from conventional BCC lattice to center modified
BCC (CM-BCC) lattice to vertex modified BCC (VM-BCC) lattice.

Challenge 2 — Negative Effect of Structural Defects

The energy absorption performance as well as other mechanical properties are highly
dependent on the structural integrity. It has been demonstrated that the load carrying capacity, the
post-buckling strength and the energy absorption capacity of structures are significantly
compromised when structural imperfections exist 344, Unfortunately, structural imperfections are
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inevitably introduced during the manufacturing, transporting, and handling processes. In addition,
the structural imperfection significantly reduces the service life and can lead to unexpected sudden
failure of the structures. There is lack of solutions to effectively suppress the negative impact of
structural imperfections on the mechanical performance.

Challenge 3 — Poor Soft Tissue Protection

Traumatic brain injuries caused by head-to-head collisions in the sports of ice hockey and
American football (Fig. 1-6a and b) are an important public health issue. It is necessary to develop
headgear to prevent brain injuries 447, which is extremely challenging as bio-tissues can be
damaged at a pressure in the range of 0.1-0.2 MPa “. The current headgear liners are made of
polymeric cellular materials “°. However, medical studies have shown that the presence of padded
headgear does not reduce the rate of head injuries °-°2, This is because traditional solid energy
absorption materials are too rigid and robust to effectively protect biological tissues from
mechanical abuse.

Additionally, forceful impacts like falls and motor vehicle crashes can cause serious injuries
to vital organs, potentially leading to life-threatening situations >3. About 65% of severe trauma
cases involve organs such as the liver, kidneys, heart, and lungs, requiring urgent medical attention
and possibly resulting in long-term complications or death. While foam materials are good for
cushioning and protecting structures, shielding biological tissues from blunt force trauma poses a

challenge 4. The energy-absorbing efficiency of current foam materials for biotissue protection is



limited to around 0.5 J/g to 20 J/g *° due to working pressure constraints, which is insufficient for

effective protection from blunt force trauma.
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Figure 1-6: Blunt force trauma.

The same challenge exists for current armor materials. The main functioning of the armor (Fig.
1-7c¢) is to protect the body from casualties and damages caused by ballistic impacts, stabbing,
fragmentation, etc. 6. With recent efforts, today’s armors are stronger, but also lighter and more
flexible 7. For example, Shear Thickening Fluid (STF), woven fibers and Epoxy have been used
to combine with the Kevlar fabrics to fabricate lightweight and flexible body armors 8. These
strong armors can fully stop high-velocity projectiles, but lack of energy dissipation capabilities °.
Only a small amount of the impact energy can be dissipated by the composite material, which
leaves solders a great possibility to get traumatic injuries after the impact (Fig. 1-7b).

Airbags are a type of soft, but efficient energy absorber based on fluid (Fig. 1-7c). They lower
the risk of hitting head and body against hard surfaces, being ejected from the vehicle, or suffering
severe injuries due to glass and debris. However, they do not come without risk and can often lead

to their own kinds of injuries. Damage to the soft tissue is still common, as face, chest, neck, and



back are vulnerable to directly contact with the highly pressurized airbags during car crash. In

addition, the thickness of the airbag is not feasible for most of the wearable protective devices.

PC shell EPS liner comfort liner

Figure 1-7: (a) Cross-sectional area of typical helmet, (b) Bullet-proof armor (copyright: daily
mail), (c) Airbag.

1.3 Research Objective

The above challenges are common for most of the solid-based energy absorption materials
and structures. New mechanisms and material systems having higher energy absorption efficiency,
defect suppression and the ability to protect soft tissues are desired. To this end, we have developed
liquid suspensions of glass bubble (GB) or nanoporous particles as new types of fluid-based energy
absorbers. Their energy absorption performance under various loading conditions have been
systematically investigated. The research objectives of the thesis are:

= To understand the different deformation mechanisms of the dry and wet GBs, to quantify
the interaction between the liquid suspension of GB and the thin-walled tubes, and to
demonstrate the extraordinary energy absorption performance of the liquid-based energy
absorber.

= To demonstrate that the compressible fluid system, i.e., liquid nanofoam (LN) can
transform regular thin-walled structures into dent-inert energy absorbers.

= To evaluate the effectiveness of protection of the compressible fluids on soft tissues.

8



Chapter 2 Background

2.1 Thin-Walled Tubes

The common use of thin-walled tubes components as energy absorbing devices is due to many
important aspects including superior performance under dynamic loading, cost-effective, high
efficiency, and ease of manufacturing and installation . The energy absorption mechanism of
thin-walled tubes is based on progressive plastic deformation under axial loading due to the
ductility nature of the metallic materials 6266, There are three collapse modes of the thin-walled
tubes — axisymmetric, non-symmetric mode and mixed deformation mode (Fig. 2-1a). The critical
structural parameters of the thin-walled structures are the wall thickness to diameter and the length
to diameter ratios.

Despite the lightweight and low-cost features, their energy absorption performance has been
limited by the high initial peak force and low energy absorption efficiency during the crushing
process (Fig. 2-1b). To address these challenges and improve the energy absorption efficiency of
the post-buckling as well as the crushing stability of thin-walled structures, novel hybrid structures
have been developed by altering the tube topologies ¢/-%° or filling the thin-walled tubes with foams
7071 attice "3, and honeycombs 747>, However, the post-buckling performance of polymer foams
filler contributes zero effect on the thin-walled tubes indicated in Fig. 2-2a. The Al foam filler
enhances the post-buckling performance of the thin-walled tubes. However, the Al foam filler
detaches from the tube wall when the local stress reaches a critical value, due to the stiffness
mismatch between the filler and the tube wall as well as the stress concentration effect generated

by the interfacial imperfections (Fig. 2-2b).
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Figure 2-1: (a) Various buckling modes of thin-walled tubes. (b) Typical mechanism axial
compression of thin-walled tubes.
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Figure 2-2: (a) Post-buckling performance of polymer foam filler thin-walled tube, (b) Post-
buckling performance of Al foam filler thin-walled tube.

2.2 Liquid Nanofoam (LN)

The LN system is composed of the nanoporous particles and the non-wettable liquid phase
(Fig. 2-3). Typical matrix material for the nanoporous particles includes silica, carbon, zeolites,
celytes, metals, polymers. The typical size of the particles is in the range of 1-100 um and the
specific surface area is in the range of 100 m?/g ~ 2000 m?/g. The nanoporous particles can be
classified into three categories based on the nanopore size as (1) microporous (< 2 nm),

mesoporous (2-50 nm), and macroporous (> 50 nm).
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Nanoporous Particles

Figure 2-3: Schematic of the LN system and typical SEM image of the nanoporous silica
microparticles.

Most nanoporous particles are hydrophilic, and thus absorb the liquid spontaneously when
mixing with the liquid and no energy can be dissipated (Fig. 2-4a). In order to make the inner
surface hydrophobic, the particles have to be processed by specific surface treatment. After the
surface treatment, the nanopore surface is covered by a layer of hydrophobic alkyl chain (Fig. 2-

4b). The chemical reaction during the surface treatment is described by the following equation:

CH, CH;
| I
Si0, —OH +R—Si — Cl === Si0, — O — Si — CH; + HCl 2-1)
| |
CH; CH;
@ (b)
%-'40- ‘... s o ."."-._.'.‘_.
% Alkyl Group
& 5 Inner Surface

o B8 B 8 5 8 0

0
0.0 02 04 0.6 0.8 1.0 12 14 186

Specific Volume Change (cm®/g)

Figure 2-4: (a) Typical compressive behavior of LN containing nanoporous silica without surface
treatment. (b) Schematic of surface modification.
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The detailed surface treatment procedure is described as follows (Fig. 2-5). About 0.5 g of
raw silica nanoporous particles are firstly vacuum dried at 100 °C for 2 h to remove moisture.
Then, the particles are immediately immersed in 40 mL dry toluene, which is stirred at 90 °C for
3 hours for well mixing. After cooling to room temperature, 10 mL of surface reagent and 1 mL
of pyridine as catalyst are added into the mixture, which is stirred and refluxed at 95 °C in a
heating mantle for 5 hours. The surface treated nanoporous particles are washed with dry ethanol

and dried in vacuum at 70 °C for two days.

Toluene Surface Reagent Washed by Ethanol
90 °C, stir 3h 95 °C, stir Sh . dry at 70 °C, 48h
Silica Gel Mixture Treated Particle Dry Surface-Treated
Particle
Pyridine

Figure 2-5: Typical surface treatment procedure.

To evaluate the energy absorption performance of the LN, an SS316 testing cell is adopted to
seal the LN samples as sketched in Fig. 2-6. The LN is sandwiched by two pistons in a cylindrical

sleeve. The sealing is accomplished by the O-ring fixed on each piston. An external force (F) is

12



applied on the testing cell and the corresponding hydrostatic pressure (P) applied on the sealed LN

system is calculated as P = F/A.

< \\
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@ I s icle
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\ @ . P J’Non-wcuing
7 liquid Phase

Figure 2-6: Schematic of LN specimen sealed in a testing cell with two pistons.

The energy absorption mechanism of the LN is illustrated in Fig. 2-7a. As the inner surface
of the treated particles is hydrophobic, the liquid cannot enter the nanopores spontaneously under
ambient conditions. Once the compressive pressure reaches a critical value, namely the infiltration
pressure, the capillary effect is overcome, and the liquid molecules are driven into the nanopore.
As the nanopore surface is exposed to the liquid, a solid-liquid interface with large area is formed

and large amount of energy is dissipated as the interfacial energy’®’" (Fig. 2-7b).

(a) (b) 50| —— SP300-based LN system

Nanopore

]..-,
Pressure (MPa)
8

“ Liquid phase 10{ Pin

@ Nanoporous particles - EA

0.0 05 1.0 15 2.0
AV (em?/g)

Figure 2-7: (a) Schematic of the liquid infiltration mechanism in a nanopore. (b) Typical
compressive behavior of LN containing nanoporous silica with surface treatment.

The liquid infiltration pressure is governed by the Young-Laplace equation,
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_2y-cos@

Pin = 2-2)

r
Where y is defined as the effective solid-liquid interfacial tension, @ is defined as the contact
angle between the liquid and nanopore surface, and r is the effective nanopore radius. Thus, P;,

can be controlled by adjusting the parameters in equation 2-2.

2.3 Advantages of Liquid Nanofoam

The liquid nanofoam has a number of advantages,

High energy absorption efficiency. Because of the specific large surface area of the nanopore,
the LN system has higher energy absorption capacity compared with the traditional energy
absorption materials.

Light weight and soft. The materials are light weight and soft, which can protect soft tissue
from getting injured by mitigating huge amount of energy induced by the impact.

Ultra-fast response and energy mitigation rate. The liquid infiltration activation takes less
than millisecond, making LN a promising energy absorber in high strain rate impact 2.

Tunability and fluidity. The LN system can be shaped and filled into customized structures
due to the fluidity property °.

Stable performance under a wide temperature range. The LN system can sustain
performance under extreme weather conditions, which makes it a potential material for the
building, automobile, and aerospace fields.

Higher strengthening coefficient and strong interacting bonding. The interaction between
the LN filler and tube is much stronger than solid foam-tube wall interaction which can enhance

the post-buckling performance compared to the traditional materials &°.
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2.4 Hollow Glass Microsphere

Hollow glass microsphere (HGM), also known as glass bubbles, is made of soda-lime
borosilicate glass, are finely dispersed and free-flowing powders consisting of thin-walled (0.3-
1.5 um) hollow glass microspheres (Fig. 2-8). They have a high strength-to-density ratio (density:
0.12-0.60 g/cm?d), so they are both ultra-light weight and strong enough to survive processing. The
size of the particles is in the range of 15-135 pm with the pore surfaces of 1.9 m?/g-2.7 m?/g. Due

to the variety of the pore size, the crush strength is in a wider range of 1-185 MPa.

(a)

Figure 2-8: (a) Glass Bubble property (copyright: 3M Glass Bubble), (b) and (c) Typical SEM
image of the glass bubble.

The properties of chemically inert and nonporous surface offer the glass bubbles the
opportunity of a variety of advantages over irregularly-shaped additives or fillers. They render
polymers with improved mechanical 8482, electrical 8, thermal 886 and dimensional properties.
The advantages of glass bubbles as a type of composite reinforcement are summarized below.

Weight reduction. Glass bubbles are used to reduce weight in applications from plastics,
thermosets and sheet- or bulk-molded composites to structural foams and elastomers. All without
requiring significant material or process changes, and without compromising the mechanical
integrity of the finished product.

Dimensional stability. Glass bubbles can reduce shrinkage and warpage in plastics, spackling
compounds, wood composites and other materials, which helps to reduce rejections and
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reprocessing. They allow high filler loading, which can improve part stiffness and dimensional
stability, helping prevent sink marks and uneven solidification.

Thermal insulation. The addition of glass bubbles to a resin system can decrease thermal
conductivity. The low thermal conductivity of glass bubbles makes them ideal for use in thermally
insulating syntactic foams for deep sea applications.

To better understand the deformation mechanism of glass bubble, the mechanical response of
HGM was characterized by a series of quasi-static compression under the Intron tester with the
same 2 mm/min loading speed (Fig. 2-9a). The loading curve can be divided into three regions: 1-
linear, 2-stress plateau and 3-densification as indicated in Fig. 2-9b. The schematic of deformation
mechanism of HGM in three regions can be referred to Fig. 2-10 accordingly. In region 1, an
inhomogeneous force chain network is gradually building up in the dry HGM granular media #’.
Once the critical fracture strength in the force chain network is reached, larger HGM collapse first
due to the particle size distribution, followed by the fracture of smaller ones. This critical fracture
strength is related to the geometrical parameters of the HGM, such as the microsphere diameter
and wall thickness . Therefore, the stress plateau with a positive slope is formed in region 2.
Once glass bubbles are crushed, the system reaches densification after the end of the plateau
(region 3). Upon unloading, the stress drops abruptly to zero and the system shows a hysteric
behavior. The energy absorption can be calculated by the area enclosed by loading and unloading

curve.
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Figure 2-9: (a) Schematic of glass bubble particles sealed in a testing cell with two pistons, (b)

Typical quasi-static compression of dry glass bubbles.
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Figure 2-10: Schematic mechanism of HGM under quasi-static compression.

The new configuration of glass bubbles suspended in water (SHGM) overlooked before is
studied in this work. When mixed with water, glass bubbles will be suspended in water and stay

in a uniform hydrostatic status (Fig. 2-11).
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Hollow Glass Microsphere
Figure 2-11: Glass Bubbles suspend in water.

To study the deformation mechanism of SHGM, the quasi-static compression test is conducted.
The loading curve is divided into three regions similar to the HGM but with much higher stress
values as 4-linear, 5-stress plateau and 6-densification (Fig. 2-12). The schematic of deformation
mechanism of HGM in three regions are referred to in Fig. 2-13 accordingly. In region 4, the linear
pressure increases, no force chain network is formed because the presence of excess water
minimizes the contact force between adjacent microspheres. Instead, a hydrostatic pressure builds
\up in the SHGM, which is similar to that in soil consolidation 8. This is confirmed by the higher
range of the elastic behavior. At the end of the elastic region, a turning point with a much-reduced
slope is observed in region 5. This is due to the collapse of the microspheres under hydrostatic
loading condition. With the larger size of glass bubbles damaging first, liquid gets into the hollow
core of glass bubbles, followed by smaller size of glass bubbles. Once all glass bubbles are crushed
and filled with liquid, the systems become incompressible, leading the stress to go up steeply in

region 6.
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Figure 2-12: (a) Schematic of SHGM sealed in a testing cell with two pistons, (b) Typical quasi-
static compression of SHGM.
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Figure 2-13: Schematic of mechanism of SHGM under quasi-static compression.

The deformation mechanism comparison of HGM system and SHGM system is shown in Fig.
2-14. The HGM system is highly deformable due to the hollow core inside of glass bubble and the
air gaps between the GMs. The SHGM system is less deformable as the air gaps between the GMs
are filled by water. However, the energy absorption capacity of both systems is close, because the

hydrostatic pressure built up in the SHGM brings up the working pressure of the system.

19



— HGM
5|~ sHoM
'a; /i /
= 2
Sol /L /
2 I / |
o f' '
o .
54 ’EASI‘
l’ "
W, EA, J
0- A ' ' '
0.0 0.2 04 0.6 0.8 1.0

Strain (mm/mm)
Figure 2-14: Typical quasi-static mechanical response of the SHGM and HGM.

2.5 Summary

This Chapter introduced the basic mechanism of the emergency advanced energy absorption
material and thin-walled tube, which lays the foundation for the future study in Chapter 3-5.
Chapter 3 will discuss the energy absorption performance of SHGM as a filler material in the thin-
walled tubes comparing with the HGM filler. Chapter 4 will demonstrate the energy absorption
performance of LN, as a filler in thin-walled tubes with imperfection. Chapter 5 will investigate

whether the LN system is effective to protect soft tissues under mechanical abuse.
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Chapter 3 Interaction between SHGM and Thin-Walled Tubes

This chapter introduces hollow glass microsphere (SHGM) used as a filling material of thin-
walled tubes to tackle the challenge of deviation between the high initial peak force and low
mean crushing force of thin-walled tubes that significantly limited its energy absorption
efficiency. The axial crushing behavior of SHGM-filled tubes is evaluated by a series of quasi-
static compression tests as well as dynamic drop weight impact tests. The filler-tube wall
interaction effect contributes to the overall performance through the load transfer effect and
inward buckling suppression effect is studied in this chapter. 3D digital image correlation
technique is introduced to directly observe the tube wall deformation during the energy
absorption process. These results demonstrate the SHGM is a superior filling material for thin-
walled structures and the findings from this study can facilitate the design of next generation
lightweight composite structures for energy absorption purposes. The material presented in this

chapter was published in Composite Structures.

3.1 Introduction

Thin-walled structures have been widely used as energy absorbing components to prevent
personnel injuries and facility damages in automotive, acrospace, and aviation industries 992,
Despite the lightweight and low-cost features, their energy absorption performance has been
limited by the high initial peak force and low energy absorption efficiency during the crushing
process. To address these challenges, metallic foams have been commonly used as the filling
materials to promote the post-buckling force as well as the crushing stability of thin-walled
structures °3%. A number of strategies such as graded foam filling *>%, bionic structure 9%,

topology optimization %1%, multi-cell structure 19192, tube-reinforced foam %3104 have also

been developed to further improve the energy absorption performance of thin-walled structures.
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Regarding the underlying reinforcing mechanism of foam-filling method, researchers have
found that the overall performance of the composite tube is composed of three parts: the axial
buckling of the tube wall, the deformation of the foam, and their interaction effect 1°51%, Santosa
et al. demonstrated that the effect of filler-tube wall interaction contributes as much as 80% of
the foam filler, leading to a strengthening coefficient of 1.8 for the foam filler 1%, Thus, tailoring
this filler-tube wall interaction through strengthening the bonding at the interface is a promising
approach to further improve the crushing response of the composite tube. By applying a layer of
adhesive, the contribution from the filler-tube wall interaction effect increases to 180% of the
foam filler 1911 However, the epoxy curing process is time-consuming and not cost-effective.
What’s worse, structural defects like molten metal drainage, pore coalescence and foam
shrinkage ! are inevitably introduced during the foaming process. These defects lead to the
filler-tube wall debonding during tube crushing and finally weaken the interaction effect as well
as the overall performance of the composite tube.

Recently, compressible liquid fillers have shown great potential in strengthening the
interfacial bonding as well as the resulted energy absorption of the thin-walled structures 12113,
Due to its intrinsic flexibility, the liquid filler forms seamless contact with the tube wall,
resulting in a much stronger “bonding” between the liquid filler and tube wall. However, liquid
fillers with high deformability for thin-walled tubes are still scarce and more effective and
efficient liquid filling material are desired to satisfy the growing demand for vehicle
crashworthiness applications.

Hollow glass microsphere (HGM), also known as glass bubble, is a type of hollow spherical
inorganic powder. Despite these recent progresses of HGM-enabled applications, its liquid

counterparts, namely liquid suspension of hollow glass microsphere (SHGM), has long been
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ignored. In this work, we propose to use SHGM as the filling material for thin-walled tubes. To
this end, SHGM-filled steel tubes have been prepared and the crushing responses under both
quasi-static compression and dynamic drop weight impact have been evaluated. The underlying
reinforcing mechanisms have also been investigated and the enhanced filler-tube wall interaction
induced plastic deformation of the tube wall has been visualized.

Advantages of Glass Bubble Functionalized Liquids

In conclusion, glass bubble functionalized liquids have a number of advantages,

Ultralight weight and higher energy absorption capacity. The volume of the GB system can
be minimized due to the lower density (0.12-0.60 g/cm3). When mixing with sufficient water,
the energy absorption capacity reaches its highest value.

Tunability and fluidity. Similar to the LN system, the GB system can be shaped and filled into
any structure according to the project's needs.

Eliminating the weak network of force chain in the dry glass bubble and enhanced the stress

performance during compression.
3.2 Materials and Methods

3.2.1 Specimen Preparation

Commercial seamless thin-walled tubes made of the 304 stainless steel (Product No.
304F10500X006SL, MicroGroup Inc.) were used in current study. The outer diameter and wall
thickness of the circular tube were D = 12.7 mm and t = 0.15 mm, respectively. The steel tubes
were filled with two different fillers, i.e., SHGM and dry HGM, as shown in Fig. 3-1. The SHGM-
filled tube was prepared by sealing a water suspension of HGM in the thin-walled tube with two
metallic endcaps using an epoxy glue (Part No. 50112, J-B Weld Company). The mass of HGM

and water were 0.6 g and 0.9 g, respectively. The effective height (h) of the tube was 20.3 mm. No
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water leakage from the sealing region was observed in all following tests. The HGM-filled (Fig.
3-1¢) tube was prepared in a similar procedure, and empty tubes (Fig. 3-1d) with same end capping
were used as reference. For each type of tube, at least three samples were prepared and evaluated.

The HGM employed in this study was a soda-lime-borosilicate glass bubble material (Grade
No. K37. 3M Company). The HGM was received in powder form with the average particle size of
45 pm. Fig. 3-1e shows the microstructure of the HGM particles. The SHGM was prepared by

mixing HGM and pure water in a gravimetric ratio of 40:60.

Figure 3-1: (a) Cut view of the SHGM-filled tube (b) A typical SHGM-filled tube specimen (c)
Cut view of the HGM-filled tube (d) Cut view of the empty tube (e) Scanning electron
microscope (SEM) images of the HGM particles.

3.2.2 Test Procedures

The compressive material properties of the filling materials, including the SHGM and HGM,
were characterized first by quasi-static compression tests using a universal tester (Model No. 5982,
Instron Corporation). The filling material sandwiched by two metallic pistons in a cylindrical
testing cell (Fig. 3-2a) was compressed at a constant loading speed of 2 mm/min. The nominal
stress was calculated as f = Fp/Ap, where Fp was the load applied on the piston by the Instron

machine and Ap = 126 mm? was the cross-sectional area of the piston. The nominal strain was
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calculated as e = &/d where § was the displacement of the Instron crosshead and d was the
thickness of the filling material in the testing cell.

The mechanical response of all types of thin-walled tubes were characterized by a series of
quasi-static compression tests under the Intron tester with the same 2 mm/min loading speed, as
shown in Fig. 3-2b. The nominal stress was calculated as o = F/A, where F was the force applied
on the tube and A was the cross-sectional area of the tube. The nominal strain was calculated as &
= o.

The dynamic response of the steel tubes was characterized by a customized drop weight
impact apparatus (Fig. 3-2c). The drop weight, mw, was 10 kg. The incident speed was kept at 3.0
m/s by controlling the free-falling height of the drop weight. The deceleration time history was
measured by an accelerometer (Model No. 353B03, PCB Group, Inc.) and recorded by a high-
speed digitizer (Model No. NI-9215, National Instruments Corp.) at the sampling rate of 10°
samples/s. The incident speed was confirmed by v = [ a(7)dt, where a(r) was the measured
deceleration of the drop weight at time. The displacement was calculated as d=[[a(z) d%. The

nominal stress was determined as o = mw - a(z)/A.
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Figure 3-2: Schematic of the characterization of (a) mechanical properties of the filling material
(b) quasi-static mechanical response of the tubes (c) dynamic behavior of the tubes.

3.2.3. Crashworthiness Indicators
To assess the energy absorption performance of the thin-walled tubes, a number of
crashworthiness indicators are determined during the deformation process. The energy

absorption capacity of the tube, EA, is calculated by integrating the load vs displacement curve,
EA=fF-d8 3-1

The specific energy absorption (SEA), considering of the mass of the composite structure, is
one of the most important properties in the design of light-weight structures and can be

calculated as
SEA = 3-2
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Where m is the total mass of the energy absorber. To evaluate the uniformity and stability of
the force response of the steel tube, energy absorption efficiency # 14, also known as the crush
force efficiency CFE *°, is usually adopted. It can be determined from the energy absorption ratio
of actual energy absorber to the ideal energy absorber,

_ Jode

n 3-3)

O-maxg
Where max is the peak stress over the calculated strain range. # is expected to be one for an

ideal energy absorber.
3.3 Results and Discussion

3.3.1. Quasi-Static Compressive Behavior of Filling Materials

Two different materials including SHGM and HGM are selected as the filler for the steel tubes
in this study. Typical stress-strain curves of these filling materials under quasi-static compression
condition are shown in Fig. 3-3a. As the dry HGM is compressed in the testing cell, the system
stress increases linearly with the increasing volumetric strain initially. During this process, an
inhomogeneous force chain network %6 is gradually building up in the dry HGM granular media.
At f = 0.06, the critical fracture strength of the load-carrying microspheres in the force chain
network is reached, and a wide stress plateau (with stress ranging from 1.1 MPa to 6 MPa)
associated with the collapse of the microspheres is observed. This critical fracture strength is
related to the geometrical parameters of the HGM, such as the microsphere diameter and wall
thickness 1. Due to the particle size distribution of the HGM material used in this study, larger
microspheres collapse first, followed by the fracture of smaller ones; thus, the stress plateau shows
a positive slope. As the strain reaches 0.6, the HGM reaches the densification stage, and the stress
goes up quickly. Upon unloading, the stress drops abruptly to zero and the system shows a

remarkably hysteric behavior. This hysteresis indicates the HGM undergoes permanent
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deformation during the loading process, which can be further validated by the zero deformability
in the 2" loading-unloading cycle. Fig. 3-3b shows the HGM after dry compression and it is
confirmed that nearly all microspheres are crushed except those with diameters smaller than 10
pm.

As the SHGM is compressed in the testing cell, no force chain network is formed because the
presence of excess water minimizes the contact force between adjacent microspheres, which is
similar to that in soil consolidation 8, Instead, hydrostatic pressure builds up in the SHGM and
it shows an elastic behavior which is the combination performance of the HGM and water
molecules. As the system pressure reaches about 8 MPa at & = 0.07, a turning point as
characterized by a much-reduced slope is observed. This is due to the collapse of the microspheres
under hydrostatic loading condition. Distinct from the dry compression of HGM, the isostatic
loading in SHGM eliminates the force chain-induced stress concentration effect and results from
a much-increased stress level in the plateau region. As the quasi-static compression progresses, the
HGM suspending in the water continually, leading to a considerable volume change of the material.
As the system reaches the peak pressure 32 MPa, the Instron platen is moved back, and the pressure
drops abruptly. When the SHGM is compressed again, it shows nearly zero deformability,
revealing that the suspending HGM is crushed in the 1% loading process. After quasi-static
compression, the deformed HGM suspending in water is collected and dried for the
characterization of its microstructure using SEM. As shown in Fig. 3-3c, the HGM with diameter

larger than 20 um are completely fractured.
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Figure 3-3: (a) Typical quasi-static mechanical response of the filling materials, including
SHGM and HGM (b) SEM images of the HGM after quasi-static compression (c) SEM images
of the microspheres after compressing SHGM.

3.3.2. Quasi-static Compressive Behavior of Tubes

The quasi-static mechanical response of empty, HGM-filled, and SHGM-filled tubes has been
characterized by axial compression tests. Fig. 3-4a shows typical stress-strain curves of the steel
tubes. Upon quasi-static compression, the empty tube first deforms in a linear elastic manner. As
the stress reaches a critical value of 12.5 MPa, the tube wall starts to buckle, and the stress drops
quickly to a lower level. As the compression progresses, a stress plateau corresponding to a
relatively large tube wall deformation is formed. The fluctuation of this plateau is caused by the
fold initiation, formation, and collapse on the tube wall. The buckling mode of the empty tube is

shown in Fig. 3-4b. As the buckling is initiated, the tube wall continually folds, forming three
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corners per lobe. Ate = 0.6, atotal of four folds is observed, which agrees well with the undulations
in the post-buckling stress plateau in Fig. 3-4a. Thus, the empty steel tube buckles inwards in a
typical non-axisymmetric diamond mode 119120,

As the tube is filled with HGM, the buckling initiation stress is promoted to 14 MPa due to
the rigid filler. Compared to the empty tube, the stress level of the post-buckling plateau is
increased to about 8 MPa. This is due to the reinforcement effect of the HGM filler. During this
process, the HGM continually crushes along with the tube wall folding. Furthermore, since the
mechanical response of HGM is smoothly rising (Fig. 3-3a), the amplitude of the fluctuations in
the plateau is much reduced. The characteristics of the buckling mode of HGM-filled tube is quite
similar to that of empty tube. No crack on the tube wall is observed, indicating the high-strength
and ductility of the steel tube. Fig. 3-4c shows the microspheres are almost completely crushed

during the quasi-static compression of HGM-filled tubes.
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Figure 3-4: (a) Typical stress-strain curves of steel tubes under quasi-static compression. Stress-
strain and load-displacement axes are inter-changeable. For each type of tube, curves of two
samples are shown here for clarity. (b) Snapshots of the progressive deformation mode of empty
tube, HGM-filled tube, and SHGM-filled tube under quasi-static compression. (¢) SEM images
of the microspheres in HGM-filled tube after quasi-static compression. (d) SEM images of the
microspheres in SHGM-filled tube after quasi-static compression.

For SHGM-filled tube, the buckling initiation process is similar to that of HGM-filled tube.
The tube buckles at 13.5 MPa, after which the stress drops to 6.7 MPa. This reduced stress level
is due to the inevitably introduced air bubbles in between the microspheres and water. As a result,
the tube wall forms a folding lobe at the top, as shown in Fig. 3-4b. As the strain reaches 0.05, the
hydrostatic pressure starts to build up in the tube and rapidly rises to 11 MPa. Thereafter, a wide
post-buckling plateau with much-enhanced stress level is formed, showing the high
compressibility of the SHGM-filled tube. This plateau corresponds to the crushing of the HGM

suspending in water. As shown in Fig. 3-4b, the buckling mode of the tube transforms from the
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non-axisymmetric diamond mode to the axisymmetric concertina mode, finally leading to the
bulging of the tube wall. As the stress increases to around 30 MPa at ¢ = 0.6, the inner hydrostatic
pressure reaches the hoop stress of the tube wall, resulting in the burst of the whole composite
structure. The liquid suspension flows out and the tube deforms like cracked empty tube.
Consequently, the stress level after tube burst is slightly lower than that of pristine empty tube.
Fig. 3-4d shows the microstructures of dried SHGM after tube compression and the HGM with
diameter larger than 30 um are completely fractured. Those remaining intact microspheres with
diameter smaller than 30 um indicates that the energy absorption capacity of SHGM has not been
fully utilized.

Table 3-1: Comparison of empty, HGM-filled, and SHGM-filled tubes under quasi-static
compression

I ) G R

Empty tube 1.27+0.03 203 +0.1 77403 6.1+0.2
HGM-filled tube  1.92 +0.05 203 +0.1 11.3+0.2 59+0.1
SHGM-filled tube ~ 2.87 +0.06 203 £0.1 25.1+0.7 87+03

The energy absorption performance of tubes under quasi-static compression is summarized in
Table 3-1. The SEA of empty tube at strain of 0.6 is around 6.1 J/g. The HGM-filled tube exhibits
a small decrease in SEA compared to that of empty tube, indicating that the dry HGM filler
compromises the energy absorption performance of the resulted thin-walled structure. In contrast,
the SEA of SHGM-filled tube is 8.7 J/g, showing a 43% increase compared with empty tube. This
much-enhanced energy absorption behavior of the SHGM-filled tube is mainly due to the

reinforced liquid-solid interaction between the liquid SHGM filler and the solid tube wall.
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3.3.3 Filler-Tube Wall Interaction

Previous studies have demonstrated that the energy absorption capacity of foam-filled tubes
consists of three contributing components, namely the buckling of the tube wall, the deformation
of the filler, and the interaction effect between the filler and tube wall * 121, To quantify the
contribution of each component, the corresponding absorbed energy has been calculated. The EA
of empty tube and filled tubes, as shown in Table 3-1, are determined from the integration of their
load-displacement curves. Since not all the microspheres are crushed during the tests (Fig. 3-4c
and 3-4d), the EA of the filling materials is determined from the difference between their energy
absorption capacity before and after tube compression, as shown in Fig. 3-5a and 3-5b. For HGM-
filled tube, the EA is equal to the sum of the HGM filler and empty tube (Fig. 3-5¢), indicating that
there is negligible contribution from the filler-tube wall interaction. By contrast, the EA of SHGM-
filled tube is much larger than the sum of SHGM filler and empty tube, which must be attributed

to the enhanced SHGM liquid filler-tube wall interaction.
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Figure 3-5: (a) Typical mechanical response of HGM filler before and after tube compression.
(b) Typical mechanical response of SHGM filler before and after tube compression. (c) Energy
absorbed by each component in HGM-filled and SHGM-filled tubes. (d) The strengthening
coefficients in various foam-filled tubes, including SHGM-filled tube in this work, liquid
nanofoam-filled tubes 14122123 ‘honded solid foam-filled tubes 124130 and non-bonded solid
foam-filled tubes 129131136,

To better understand the effect of SHGM-tube wall interaction on the energy absorption
performance of the composite structure, it has been further quantified by the strengthening
coefficient (denoted as C) of foam filling 13-1%° which is defined as

Efy =E + C-Ef 3-4)

Where Et, Et, and Erare the energy absorbed by the composite tube, empty tube, and filling

material, respectively. Fig. 3-5d summarizes the results of the strengthening coefficient of various

foam-filled tubes. The average C of HGM-filled tube is around 1.0. This zero filler-interaction is
consistent with its unaltered buckling mode compared with empty tube (Fig. 3-4b). The average C
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of SHGM-filled tube is about 4.0, much higher than that of solid foam-filled tube, revealing that
the filler-tube wall interaction is much enhanced. This enhancement is due to the intimate contact
of the SHGM liquid filler and the rigid tube wall, leading to an ultra-high strength “liquid-solid
bonding” between them. The filler-tube wall interaction increases with the bonding strength
between the filler and tube wall, as demonstrated by previous studies 130139136 and illustrated in
Fig. 3-5d.

The SHGM filler-tube wall interaction contributes to the overall energy absorption of the
composite tube via two main mechanisms, namely the load transfer between the SHGM filler and
the tube wall and the transform of the buckling mode from inward diamond mode to outward
concertina mode !4, Firstly, the perfect “liquid-solid bonding” allows for stable and efficient load
transfer between the SHGM filler and tube wall. Consequently, hydrostatic pressure built-up in
the SHGM uniformly (Fig. 3-3a) and all SHGM filler is involved in the deformation process
without any dead zones %°, preventing the sharp load drop due to tube wall folding collapse.
Instead, the SHGM-filled tube shows a smoothly increasing mechanical strength. Secondly, the
filler-tube wall interaction suppresses the inward buckling of the tube and induces an outward
buckling mode with increased cross-sectional area to bear more load. More importantly, the
enhanced interaction leads to more severe plastic deformation of the tube wall and the attendant
strain hardening 14! further promotes the stress level of the composite tube.

The promoted plastic deformation of the tube wall caused by the enhanced SHGM filler-tube
wall interaction is further demonstrated using 3D digital image correlation (3D-DIC) technique.
The empty and SHGM-filled tubes are spray painted with patterns of 3-7 pixel-sized speckles. The
deformation contour of the patterns is tracked and captured by two angled cameras (Aramis V8,

Trillion Quality Systems, LLC) at the rate of 1 fps, and later analyzed by the GOM Correlate Pro
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software. Fig. 3-6 shows typical strain field of the tube wall in empty and SHGM-filled tubes. For
empty tube, the major strain is zero initially. At € = 0.1, the tube reaches a maximum major strain
of 0.07 at the center line of the first tube wall fold, while the predominated unfolded part remains
with a major strain less than 0.02. As the quasi-static compression progresses, more folds of the
tube wall are formed. However, the characteristic of the plastic deformation pattern of the tube
wall maintains. That is, the majority of tube wall in the region between adjacent folds, undergoes
little plastic deformation. For SHGM-filled tube, the major strain of tube wall gradually increases
from nearly zero to 0.17 as the quasi-static compression progresses. It can be observed that nearly
all tube wall region undergoes relatively uniform plastic deformation due to the stable load transfer
effect of the SHGM liquid filler. This severe plastic deformation promotes the energy absorption

capacity of the tube wall and contributes to the overall performance of the composite structure.
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Figure 3-6: Typical strain field of the tube wall in empty and SHGM-filled tubes as the quasi-
static compression progresses’#2.

3.3.4. Dynamic Crushing Response of SHGM Filler
Fig. 3-7 represents typical dynamic response of the SHGM liquid filler under drop weight

impact tests. Only the SHGM filler is evaluated under dynamic condition since it shows the best
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performance in quasi-static compression tests. Under dynamic impact, initially, the crushing stress
of SHGM filler is quite similar to that under quasi-static compression. As the strain reaches 0.25,
the stress rises quickly and a reduced deformability of the SHGM material due to the inertia effect
under high strain rate impact 143144 can be observed. However, since only the SHGM with lower
crushing strength engages in the reinforcement of the tube (Fig. 3-5b), this reduced deformability

can be neglected and the mechanical response of SHGM filler is strain rate insensitive.
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Figure 3-7: Typical dynamic crushing response of SHGM filler under drop weight impact test.
3.3.5. Dynamic Crushing Response of Tubes

The dynamic response of empty and SHGM-filled tubes has been evaluated under drop weight
impact at the incident speed of 3.0 m/s. Typical dynamic stress-strain curves of tubes are shown
in Fig. 3-8. The empty tube buckles at a similar initiation stress to that in quasi-static test, after
which a post-buckling stress plateau is formed. The number and pattern of the undulations in the
post-buckling plateau is almost the same as the quasi-static one, indicating that the increased strain
rate does not alter the tube buckling mode. The average post-buckling stress is slightly higher than
that in quasi-static test, which is due to the rate sensitivity of the tube wall material 304 stainless

steel 145,
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For SHGM-filled tube, the SHGM filler is activated at ¢ = 0.08, followed by a broad stress
plateau. Given that the empty tube and SHGM filler show little strain rate sensitivity, the average
post-buckling stress of SHGM-filled tube as shown in Fig. 3-8b is quite close to that in quasi-static
test as expected. The SHGM-filled tube bursts at an average strain of 0.58. After tube burst, the
SHGM liquid filler cannot flow out immediately under high strain rate impact and can function as
a relatively low-strength filler. Therefore, the stress level after burst under dynamic impact is
higher than that in quasi-static test. The performance of tubes under dynamic impact is summarized
in Table 3-2. The SEA of empty tube at strain of 0.6 is around 6.5 J/g, while the SEA of SHGM-
filled tube is 9.2 J/g, which is increased by 41%.

Table 3-2: Comparison of empty and SHGM-filled tubes under drop weight impact

Mass (g) | Height (mm) EA (J) SEA (J/g)

Empty tube 1.27 + 0.03 20.3 +0.1 8.3+ 0.4 6.5+0.3

SHGM-filled tube 2.87+0.06 20.3+0.1 262+ 1.7 9.2+0.6
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Figure 3-8: Typical stress-strain curves of (a) empty tubes (b) SHGM-filled tubes under drop
weight impact. Stress-strain and load-displacement axes are inter-changeable. For each type of
tube, curves of two samples are shown here for clarity.

Fig. 3-9 summarizes the energy absorption performance of tubes under both quasi-static
compression and dynamic impact tests. In terms of SEA, the SHGM-filled tube is slightly lower
than the empty tube at smaller strain. When the strain reaches 0.3, the SEA of SHGM-filled tube
starts to exceed the empty tube. As the strain increases, the difference in SEA is further
promoted. This higher SEA of SHGM-filled tube indicates the SHGM is a perfect filling material
to improve the energy absorption capacity of thin-walled structures. With regard to energy
absorption efficiency, the empty tube shows an average # of 0.37 in quasi-static test and 0.43
under dynamic impact. For SHGM-filled tube, # increases to about 0.70 in quasi-static test and

0.65 under dynamic impact. The increased 7 suggests that SHGM-filled composite structure
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possesses a much more stable force response and can be used as a good energy absorber for

vehicle crashworthiness.
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Figure 3-9: Comparison in (a) specific energy absorption SEA (b) energy absorption efficiency n
of empty and SHGM-filled tubes under quasi-static compression and dynamic impact tests.

3.4 Conclusion

In this study, the SHGM was used as the filling material for thin-walled steel tubes and the
crushing responses of this composite structure under both quasi-static compression and dynamic
drop weight impact conditions have been evaluated experimentally. The energy absorption
performance of SHGM-filled tube has been assessed using a number of crashworthiness indicators
and compared to those of empty tube and HGM-filled tube. The underlying reinforcing
mechanisms of SHGM-filled tube have also been investigated. Within the limitation, the following
conclusions can be drawn:

(1) The SHGM filler significantly promotes the specific energy absorption SEA of the composite
tube by 43% under quasi-static compression and 41% under dynamic impact compared to that
of empty tube. The improvement of SEA is due to the much-enhanced SHGM filler-tube wall
interaction as well as the high energy absorption capacity of SHGM.
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(2) The enhanced SHGM filler-tube wall interaction in the composite tube is quantified by a
strengthening coefficient of 4.0, much higher than that in best solid foam-filled metallic tubes.
Due to its intrinsic fluidity, the SHGM filler maintains intimate contact with the tube wall
during the tube crushing process, leading to an ultra-high strength “liquid-solid bonding” at
the interface. Since the strengthening coefficient is positively related to the bonding strength,
this “interfacial bonding” endows the SHGM-filled tube a much-enhanced interaction effect.

(3) The reinforcing mechanisms of this filler-tube wall interaction includes the load transfer effect
between the SHGM filler and tube wall and the suppression of inward buckling, resulting in
much more severe plastic deformation of the tube wall. This promoted plastic deformation is
further demonstrated using 3D DIC technique. The empty tube wall shows a major strain of
0.07 at the center line of folds and ~0.02 at the predominated region between adjacent folds,
while the whole SHGM-filled tube wall exhibits a relatively uniform major strain of 0.17 at
£=0.4. Thus, more tube material is engaged in the energy absorption process and promotes
the crushing performance of the composite structure.

(4) The SHGM-filled tube exhibits an average energy absorption efficiency » of 0.70 under quasi-
static compression and 0.65 under dynamic impact, much higher than those of empty tubes,
i.e., 0.37 under quasi-static compression and 0.43 under dynamic impact. The high # of
SHGM-filled tube is due to its relatively stable force response, especially the smoothly
increasing post-buckling plateau.

In summary, the SHGM filling material shows great potential in promoting the energy
absorption performance of thin-walled structures. The findings in this study have merit in

designing next generation light-weight composite structures for vehicle crashworthiness.
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Chapter 4 Interaction between LN and Thin-Walled Tubes with

Imperfection

The previous chapter demonstrates advanced strategy to improve the energy absorption
efficiency by applying the glass-bubble as a filler in the thin-walled tubes. However, the
structure imperfection exists and is inevitable during transporting and handling process. To
address this problem, this chapter validates LN filler is able to suppress the negative impact of
structural imperfection. The mechanical performance of empty tubes and LN-filled tubes (LNFT)
with different dent imperfections has been evaluated by quasi-static uniaxial compression tests.
We verified that empty tube is susceptible to structural imperfection, as a VV-shaped dent with 1.5
mm depth reduces the energy absorption capacity by about 20 %. In contrast, the mechanical
performance of LNFT is insensitive to the existence and depth of the dent. The enhanced
imperfection insensitivity of LNFT is due to the intimate liquid-solid interaction at the LN filler
and the tube wall interface, which effectively suppresses the curvature growth of the dent and the
localized folding. The findings provide an efficient approach for designing and engineering thin-
walled energy absorption devices that are resilient and of high energy absorption capacity. The

material presented in this chapter was published in Thin-Walled Structures.
4.1 Introduction

Thin-walled tubes have been widely applied as energy absorbers, due to their low cost,
lightweight and high specific energy absorption capacity. To further improve their energy
absorption performance, foam materials are usually employed as fillers in thin-walled tubes

66,146,147 The axial compressive behaviors of foam-filled thin-walled tubes have been studied by

| 153

many researchers 148152 Sun et al.*>* explored the effect of topological configurations on the
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energy absorption performance of foam-filled multi-cell tubes and proposed approaches for
crashworthiness topology optimization. Zhang et al.*>* and Fang et al. 1% investigated the effect
of density gradient of foam fillers on the performance of thin-walled tubes and demonstrated the
energy absorption capacity of graded foam-filled tubes outperformed their uniform counterparts.
Many other strategies have also been developed for performance enhancement, including but not
limited to foam-filled bitubal structures 156157 ex-situ ordered cellular structure filled tubes %8,
tube-filled syntactic foam 1, and metal/CFRP hybrid structures 1¢°,

Despite the enhanced energy absorption performance of thin-walled tubes and their foam-
filled counterparts, during the manufacturing, transporting, and handling processes, structural
imperfections are inevitably introduced. It has been demonstrated that the load carrying capacity,
the post-buckling strength and the energy absorption capacity of thin-walled tubes are
significantly compromised when structural imperfections exist 161166, However, there is lack of
solution to effectively suppress the negative impact of structural imperfections on the mechanical
performance of thin-walled tubes.

To address above problem, liquid nanofoam-filled tube (LNFT), has shown significantly
improved specific energy absorption capacity compared to empty tube and solid foam-filled
tubes *2%. To investigate the effect of the LN filler on thin-walled tubes with structural
imperfection, quasi-static uniaxial compression tests have been conducted on LNFTSs containing
single dent with controlled shape and depth. The mechanical response as well as energy
absorption capacity of defective LNFTs have been evaluated to validate the suppression effect of

LN filler on dent-induced performance loss.

43



4.2 Experimental Setup

4.2.1 Material and Dent Generation

In this study, the selected nanoporous material was a reversed phase silica gel (Supelco-C8)
purchased from Sigma-Aldrich (No. 60759). The Supelco-C8 was hydrophobic as its surface was
covered by octylsilane surface groups. The average pore size, specific pore volume, and particle
size of the Supelco-C8 were 90 A, 0.43 cm?® /g, and 40—63 um, respectively. The typical LN filler
was composed of 0.5 g Supelco-C8 and 1.0 mL deionized (DI) water.

The cylindrical thin-walled tube used in this study was made of stainless steel (SS) 304 and
acquired from Microgroup (No. 304F10500 x 006SL). The outer diameter and the wall thickness
of the tube were 12.7 mm and 0.15 mm, respectively. The tube was cut into L = 25.4 mm
segments for tube sample preparation. One V-shaped dent was generated at the midspan of each
thin-walled tube sample with controlled depth (dent located at 1/2 L). As depicted in Fig. 4-1 (),
a V-notched solid steel rod template with a diameter of 12.3 mm was first inserted into the tube
sample. Then, a dent with controlled depth, d, was generated on the tube wall by a wedge
attached to an Instron machine (Model 5982).

4.2.2 Sample Preparation of LNFT

Before adding the LN filler into the defective tube, one end of the tube was inserted into an
Aluminum cap and sealed by J-B Weld epoxy adhesive (No. 50112). A thin layer of adhesive
was uniformly applied to both the outer surface of the tube and the inner surface of the cap. After
the adhesive was fully cured at room temperature for 24 h, the LN filler with minimized air
content was slowly injected into the tube. Additional DI water was injected into the tube to
completely fill the inner space of the tube. A thin layer of grease was carefully placed on the top

of the LN filler to eliminate direct contact of water and the adhesive. The tube end was capped
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and sealed by the same method described above. Once the adhesive layers were applied, the LN-
filled tube was vertically clamped on a vice for 24 h to make good alignment of the caps. The
effective tube length of 20.3 mm was measured cap-to-cap distance as shown in Fig. 4-1b.

Empty tubes sealed with two Aluminum caps were used as reference samples.

(a) (b) (c) "
Instron Aluminum Cap Piston
Crosshead
Testing
Cell
Wedge E Nanoporous .
d ¢ Particle
V-notch .
Steel Rod & DI Water LN
O-ring

Figure 4-1: Defective LNFT sample preparation and experimental setup. (a) Schematic of dent
generation with controlled shape and depth, (b) Typical LNFT sample, (c) Schematic of quasi-
static compression tests for the LN filler.

4.3 Quasi-Static Compression Tests

For the pre-compression and liquid infiltration test of the LN filler, an SS316 testing cell
was adopted as sketched in Fig. 4-1c. The LN filler was sandwiched by two pistons in a
cylindrical sleeve. The sealing was accomplished by the O-ring fixed on each piston. The cross-
sectional area of the cell, A, was 126 mm?2. The difference between pre-compression and liquid
infiltration tests was the applied peak force which was 1.85 kN for pre-compression tests and 18
kN for liquid infiltration tests. The loading rate was 2 mm/min for both types of tests. No liquid
leakage was observed in all tests.

Uniaxial quasi-static compression tests were conducted on empty tubes and LNFTs. The

sample was placed on the Instron platen, and compressed at the loading rate of 2 mm/min. For
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each dent depth, three samples were tested as shown in Table 4-1. No liquid leakage was
observed at both sealed ends before tube bursting.

Table 4-1: LNFT sample with dent Category

EmpyTbe | LNFT

Dent Depth 0 0
(pan) 0.5 0.5
1.0 1.0

1.5 1.5

4.4 Results and Analysis

Fig. 4-2a shows typical liquid infiltration behavior of the prepared LN filler. The applied
external pressure is calculated as F/A, where F is the applied compression force. The specific
volume change is the system volume change normalized by the mass of Supelco-C8 used in the

LN filler. The system volume change is calculated as V=D - A, where D is the measured axial

displacement of the Instron platen. Under quasi-static loading, the mechanical response of the
LN filler is composed of three sections. In the first linear elastic section, the applied external
pressure is lower than Pin = 17 MPa, and no liquid molecules can enter the nanopores. In the
second plateau section, the liquid molecules overcome the capillary effect and flow into the
nanopores with the aid of the applied external pressure. The pressure plateau is defined as the
liquid infiltration plateau. The width of the liquid infiltration plateau, AV, is about 0.43 cm?®/g
and matches the total pore volume of Supelco-C8. In the third linear elastic section, all the
nanopores are filled by liquid molecules and the LN filler performs as an incompressible liquid.

When the applied external pressure is removed, the internal pressure of the LN filler drops
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quickly to zero. The area enclosed in the hysteretic loading-unloading curve is the
specific energy absorption capacity of the LN filler.

Fig. 4-2b shows the typical stress-strain curves of empty tube and the LNFT. For the empty
tube, the initial buckling and post-buckling behaviors are clearly identified. Accordingly, the
initial buckling strength (o) is the stress at the ending point of the tube linear elastic response
and the post-buckling strength (o,,) is the average stress of the post-buckling plateau. As
illustrated in Fig. 4-2b, when the strain, €, is smaller than 0.10, the mechanical response of the
LNFT is similar to that of an empty tube. This is because of the air trapped in the LN filler.
Although pre-compression technique has been applied to minimize the air content, the
hydrophobic nature of Supelco-C8 forms gas-liquid-solid interface around each particle. When ¢
is between 0.10 and 0.15, the air effect is eliminated by the tube deformation and then the LNFT
performance is dominated by the liquid infiltration behavior of the LN filler. At &€ = 0.15, the
liquid infiltration is activated at an engineering stress of 11 MPa, which seems lower than the
characterized P, of the LN filler. This is due to the lateral expansion of the LNFT, which makes
the engineering stress smaller than the true stress value. When 0.15 = € < 0.60, a stress plateau
with smallest slope in Fig. 4-2 is observed. This is attributed to the increased cross-sectional area
of the LNFT as well. The plateau width, equivalent to a strain of 0.46, is determined by the total
pore volume of Supelco-C8 in the LN filler. At € =0.61, the hoop stress developed in the tube
wall reaches the failure strength of SS 304 and the LNFT bursts, followed by leakage of the LN
filler. The mechanically failed LNFT deforms as an empty tube with vertical dent and has
reduced post-buckling strength compared to empty tube, which is dent-free.

The typical continuum behavior of empty tubes and LNFTs with dent is exhibited in Fig. 4-3

a and b. In general, the buckling behavior of tubes with dent is similar to that of intact tubes,
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which is a high-stress initial buckling followed by a post-buckling plateau. With the presence of
dent, (o;) of tubes with and without LN filler and o,, of empty tubes are reduced, while (o,,) of
LNFTs does not vary too much.

4.5 Discussion

4.5.1 Negative Impact of Dent on Initial Buckling Strength

As described above, when the axial strain is small (¢ < 0.15), the LN filler has no effect on
the tube buckling behavior due to the small amount of air trapped at the particle-liquid interface.
This is confirmed by Fig. 4-4a, o; of both empty tube and LNFT linearly decreases with
increased d. The strength reduction is attributed to the increased size of the dominant structural
defect on the tube, i.e. the dent, and the local bending behavior of the defective tube 157, As the
artificial dent is the largest defect on the tube, it acts as the weakest chain and determines a; of
the resulted tube. In addition, the defective tubes are geometrically asymmetric. The dent-
induced localized folding leads to bending of the tubes instead of stabilized buckling, which
further reduces o;. As revealed in Fig. 4-4b and c, the dent-induced bending is observed in all
defective tubes when € < 0.15. Therefore, the presence of the dent negatively affects o; of both
empty tube and LNFT due to the combined dent size effect and dent-induced local bending.
4.5.2 Dent Effect on Post-Buckling Behavior of Empty Tube

As shown in Fig. 4-3a, once the external load reaches g;, the load carrying capacity of all
empty tubes drops abruptly by following a same pathway except the defective tube with d =1.5
mm (inset of Fig. 4-3a). The detailed progressive tube buckling is summarized in Table 4-2. At ¢
= 0.15, local plastic hinges are fully developed at the top buckling fold of the intact empty tube.
Therefore, the tube collapses and temporarily loses all its load carrying capacity till the

formation of the 2" fold. In comparison, for the defective empty tube with d = 1.5 mm, the dent-
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induced bending leads to a larger buckling fold at the bottom half of the tube. The development
of the plastic hinges is inhibited by the “central vertical ribbon”, which provides the defective
tube with additional loading carrying capacity.

With increased axial deformation, the intact empty tube repeats the buckling fold and
formation of next fold from one end to the other. As shown in Fig. 4-3a, the average axial strain
of the intact empty tube associated with each buckling fold is around 0.15. After four
consecutive diamond buckling folds 68, the tube is solidified. Both the length and the number of
buckling fold match well with the theoretical prediction 162.165.166,

With the presence of dent, the post-buckling behavior of the defective tube always initiates
at the dent location. As illustrated in Table 1, when d = 0.5 mm, the width of the dent in the
lateral direction increases. Meanwhile, at € = 0.3, a normal diamond mode wrinkle forms at the
top end of the tube. The deformation history of the tube agrees well with the first bump in the
post-buckling stress plateau (green curve in Fig. 4-3a). The peak stress of the bump is close to
that of an intact empty tube. At this dent depth, the localized buckling fold development is not
affected by the dent. As tube buckling progresses (0.35 <& <(.5), the tube wall deformation is
dominated by the inwards folding of the dent. With increased inwards deformation and dent
width, plastic hinges are developed around the dent, which leads to the local collapse of the tube.
Therefore, in this dent-dominated region, the stress of the defective tube.

When d increases to 1.5 mm, not only the width of the dent but also the curvature of the dent
increases with larger strain. The whole bottom half of the defective empty tube is dominated by
the X-shaped dent-induced plastic hinge (Table 4-2). The collapse of the plastic hinge leads to a
lower and much flatter stress plateau (0.10 < & < 0.45, red curve in Fig. 4-3a, which is consistent

with previously reported results *6°170, When the curved and extended dent is in contact with the
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bottom cap at € around 0.45 (Table 4-2), the tube stiffness increases. Thereafter, only one
diamond buckling fold is developed in the top half of the defective empty tube, as also indicated
by the only bump at € = 0.52 in the red curve in Fig. 4-3a. With increased dent depth, the dent-
induced plastic hinge collapse dominates the post-buckling behavior of the defective tube.
Consequently, less buckling folds in diamond mode are fully developed and the load carrying
capacity of defective tube is further weakened.

4.5.3 Dent-Inert Post-Buckling Behavior of LNFT

From the stress-strain curves in Fig. 4-3b, the post-buckling behavior of LNFT is inert to the
presence of the dent and the dent depth. Smooth stress plateaus with similar width and stress
range are formed in all LNFT tubes with different dent depths. The dent-inert post-buckling
behavior of LNFT is attributed to the effect of the LN filler on the dent growth pattern as well as
the tube buckling mode. As shown in Table 4-2, although the width of the dent grows with
increased axial strain of the LNFT with d = 1.5 mm, the curvature of the dent does not change.
The pattern of dent growth in LNFT is different from the one in defective empty tube as most of
the external loading is carried by the LN filler. Even if plastic hinges were fully developed on the
tube wall, the LNFT would not collapse and lose its load carrying capacity. Therefore, the dent-
induced local deformation is suppressed by the LN filler.

In addition, the inward diamond buckling fold is prohibited and outward concertina buckling
wrinkles are formed along the tube, due to the internally built hydrostatic pressure in the LNFT
123171 At larger strain (g > 0.30), a mixed buckling mode of diamond fold and concertina wrinkle
is observed in the LNFT, where the initial buckling fold is formed due to the trapped air in LN
filler. The mixed buckling portion of the intact LNFT is much shorter than that of the defective

LNFT, which has nearly no effect on the continuum behavior of the LNFTs. Therefore, the
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buckling behavior of LNFT in the mixed zone is dominated by the concertina buckling triggered
by the LN filler. For the rest part of the LNFT, single wrinkle in defective LNFT or multiple
wrinkles in the intact LNFT grow into bulged tubes. The adverse effect of dent is further
mitigated by the LN filler, as the localized diamond folding of empty tube is converted into
global bulging of the LNFT.
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Figure 4-2: (a) Liquid infiltration behavior of LN filler composed of Supelco-C8 and DI water,
(b) Continuum behavior of empty tube and LNFT without structural imperfection.

The subtle differences in the stress plateaus in Fig. 4-3b provide more insight on the
suppression effect of the LN filler on dent-induced deformation. As shown in the inset of Fig. 4-
3b, at the onset of the post-buckling plateau (0.15 < & < 0.30), the stress of LNFTs decreases with
increasing dent depth. From the snapshots listed in Table 4-2, the dent grows in lateral direction
and the area around the dent folds inwards. This is due to the relatively weak filler-tube wall
interaction, which is not sufficient to fully suppress the dent-induced inwards folding. Previous
studies have demonstrated that the filler-tube wall interaction is related to the strength of solid
fillers or the infiltration pressure of LN fillers 123171172 Due to the pore size distribution of
Supelco-C8, larger nanopores are firstly triggered for liquid infiltration, which provides a
relatively lower Pin of 17 MPa. Therefore, the stress of defective LNFTSs is adversely affected by

the dent. As € > 0.40, the higher Pin associated with smaller nanopores in the LN enhances the
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filler-tube wall interaction, so that the inwards folding of the dent is fully suppressed.
Apparently, no dent-induced collapse is allowed in LNFT. Meanwhile, the tube wall itself
becomes more prone to buckle inwards as the folding collapse progresses. The dent-induced
plastic deformation of the tube wall leads to an enhanced strain hardening effect /1173 which
results the improved filler-tube wall interaction as well as the load-bearing capacity of the
defective LNFT and helps the tube wall to hold higher Pin 174 at the end of the post-buckling
plateau (0.40 < € < 0.60 in Fig. 4-3b). Therefore, the burst stress of LNFT is increased from 30
MPa to 34 MPa as dent depth changes from 0 to 1.5 mm (Fig. 4-3b).

As an energy absorber, it is vital to evaluate the energy absorption capacity 17>176 EA, of the
empty tubes and LNFTs with various dent depths by using Eq. (4-1), and their specific energy
absorption capacity (energy per unit mass), SEA, given by Eq. (4-2).

EA=V, [’ ode (4-1)

SEA—E 4—-2
- = (4-2)

Where V,the effective tube volume and m is the mass.

The results are summarized in Table 4-3. The energy absorption capacity of the intact empty
tube and the LNFT are 8.6 J and 24.2 J, respectively. Fig. 4-5a depicts the relationship between
the retained energy absorption capacity and the dent depth of both empty tubes and LNFTs. For
empty tubes, by increasing d from 0 mm to 1.5 mm, the retained energy absorption capacity
linearly decreases to 82% of the intact empty tube. For LNFTSs, the retained energy absorption
capacity slightly decreases (< 2%) with the presence of dent, which is mainly resulted from the
reduced oi. Similar trends are also observed in the SEA curves in Fig. 4-5b. The SEA of empty
tubes keeps decreasing with increased dent depth, while the SEA of LNFT slightly increases due

to the reduced mass of the whole composite structure. Clearly, the negative impact of the dent on
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the post-buckling behavior of thin-walled tube is effectively suppressed by the LN filler. With
the existence of the LN-filler, hydrostatic pressure is uniformly built up in the LNFTs, which is
independent from the compression direction. However, the compression direction may alter the
tube wall buckling mode into a bending one. The additional LN-filler effectively enhances

the bending stiffness of the LNFTs and thus enhances the energy dissipation in the bending mode

as well.
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Figure 4-3: (a) Continuum behavior of empty tubes with different dent depths, and (b)
Continuum behavior of LNFTs with different dent depths.
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Figure 4-4: Dent effect on initial buckling strength and dent-induced bending of empty tube and
LNFT. (a) The linearly reduced initial buckling strength with increased dent depth (The error bar
is calculated based on three samples), (b—c) Side view of deformed tubes (b) Empty tubes with
d=1.5mm, and (c) LNFT with d = 1.5 mm.

Table 4-2: Snapshots of Progress Tube Buckling

€ (mm/mm) 0 0.15 0.30 0.45 0.60
Empty Tube Reinforcement Dent-reduced post-buckling
d=0mm
d=0.5mm
d=1.5mm
LNFT
d=0mm
d=0.5mm
d=1.5mm
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Figure 4-5: Dent-suppression effect of the LN filler. (a) The retained energy absorption capacity
of defective empty tubes and LNFTs compared to their intact counterparts, and (b) The SEA of
empty tubes and LNFTs with various dent depths (The error bar is calculated based on three

samples).

Table 4-3: Energy absorption performance of empty tubes and LNFTs with various dent depths

(The error bar is calculated based on three samples)

I A N K K

Empty Tube
0.5
1.0
1.5
LNFT 0
0.5
1.0

1.5

1.29£0.03
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1.29+0.03

3.35+£0.05

3.30+0.07
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55

8.6+0.2

8.0+0.4

7.3+£0.3

7.0+ 0.6

242 +0.5

23.8+0.6

23.6+0.8

23.5+0.6

6.6 +0.1

6.2+0.3

5.6+0.2

54+0.5

72+0.2

7.2+0.2

7.3+0.3

7.3+£0.2

100 £2

92+3

89+£2

81£5

100 + 4

99 +5

98+ 6

98+5



4.6 Dent Location Effect

To further study the effect of dent location, empty tube and LNFT samples with dent located
at 1/4 of the tube length were prepared and evaluated under the same testing conditions Fig. 4-
6 shows the effect of dent location on the mechanical response of empty tubes and LNFTs. For
empty tubes, as the dent location changes from 0.5 L to 0.25 L, the post-buckling behavior
remains the same except that the stress level is slightly reduced (Fig. 4-6a). This stress reduction
is attributed to the asymmetry induced system instability. The mechanical response of LNFTs
with different dent locations is stable, indicating the dent location effect is negligible. This is
further validated by the SEA shown in Fig. 4-6b. The dent-suppression effect of the LN-filler is

independent from the dent location.
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Figure 4-6: Effect of dent location on the performance of empty tubes and LNFTs with dent
depth d = 1.5 mm. Dent location at 0 means dent-free. (a) Continuum behavior of empty tubes
and LNFTs with different dent locations, and (b) The SEA of empty tubes and LNFTSs with
different dent locations.

4.7 Conclusion

The effect of dents on thin-walled tubes with and without LN filler has been investigated by
quasi-static uniaxial compression tests. Based on the comparison of energy absorption

performance of thin-walled tubes with and without LN filler, the following conclusions are
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drawn: (a) The empty tube is vulnerable to dent which greatly reduces the initial buckling
strength, the post-buckling strength, and the energy absorption capacity. (b) The reduction in
mechanical performance of empty tube is linearly proportional to the dent depth. In contrast, the
LNFT is inert to dent depth and location, as demonstrated by the preserved energy absorption
capacity. (¢) The underlying mechanism of the dent-inert energy absorption performance of
LNFT is the intimate liquid-solid interaction at the LN filler and the tube wall interface,

suppressing the curvature growth of the dent and the localized folding 2.
4.8 Summary

In this chapter, we have validated that the LN filler in the thin-walled can effectively
suppress the imperfection in the tube. The LN filler not only increases the energy absorption
capacity and SEA of LNFT, but also provides an economical approach to reduce the cost on
quality control and handling of thin-walled structures. These findings not only address the
puzzling question regarding the imperfection on the tube, but also provide guidance for

designing high-performance liquid nanofoam-based energy absorption materials and devices.
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Chapter 5 Interaction between LN and Biotissues

This chapter presents the protective impact of the LN-functionalized material on biotissue. Blunt
force trauma (BFT), the injury of the body by forceful impacts such as falls, motor vehicle crashes
and collisions, causes damage to bio-organs that can lead to life-threatening situations. To address
the unmet need of bioprotection materials for BFT, we developed a novel, liquid nanofoam (LN)
based system. The LN system employs a uniqgue mechanism of energy absorption, i.e. the external
force aided nanoscale liquid flow. Under mechanical loading, the LN system effectively protected
human cells from force-induced deformation and cell death. Moreover, LN mitigated upregulation
of stress and inflammatory genes relevant to traumatic injuries. Strikingly, LN prevented blunt-
force damage of multiple vital organs including liver, heart, and lungs. To our knowledge, this is
the first material of its kind that is biocompatible and capable of effectively protecting biotissues
from mechanical loading-induced damage on molecular, cellular and tissue levels. The material

presented in this chapter was submitted to Scientific Reports.
5.1 Introduction

Blunt force trauma (BFT) refers to injury of the body by forceful impacts such as falls,
motor vehicle crashes and collisions. It is expected that BFT will become the third largest
contributor to the burden of disease with 46,980 deaths and 5.4 million injuries caused by motor
vehicle crashes in 2021 alone 77, A significant adverse outcome of BFT is internal injuries. It is
estimated that at least 65% of all severe trauma cases involve vital organs such as the liver,
kidneys, heart and lungs, necessitating urgent medical intervention and potentially causing long-
term complications or even life-threatening situations 178179, Liver rupture, for example, often
caused by a direct impact on the abdomen at specific velocities and energies, can lead to severe

blood loss, shock, and immediate death %181, patients of acute kidney injury experience long-
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term risk of developing fibrosis and chronic kidney disease 182186, Cardiac injuries ranging from
insignificant contusion to fatally rupture is related to 75% of traumatized patients. They
significantly increased the risk of thoracic and intra-abdominal injuries 187:18, Lung contusion
affects 17% - 25% of adult BFT patients and can increase the risk of pneumonia, severe acute
lung injury, and the acute respiratory distress syndrome 8%, Therefore, there is a critical need to
develop an effective personal protection device to prevent and reduce severe blunt-force injury to
biological tissues.

Stochastic and periodic foams are widely used in energy absorption devices for automotive,
aerospace, packing, contact sports, and military applications %1%, Foams have attractive physical
and mechanical properties including extremely lightweight, large deformability and easy
fabrication. The main energy mitigation mechanism of foams is based on the permanent
deformation including bending, buckling, and stretching of the cellular structures. When the foam
structure is crushed, the externally applied energy is dissipated into heat.

While these materials are highly effective as cushioning in packages and protection devices
of infrastructures, the protection of biological tissues from BFT remains a unique challenge. This
is mainly attributed to the low energy mitigation efficiency, and the dissimilar properties between
the foams and biological tissues. For currently used foam materials, the measured energy
mitigation efficiency is in the range of 0.5 J/g - 20 J/g 5. For biotissue protection, the working
pressure of the foams has an upper limit at the order of 1 MPa >*, which limits the energy mitigation
efficiency to the lower end of the above range, which is insufficient for the protection from BFT.
Data has shown that advanced foam liners implemented in sports helmets in recent years are not
effective in concussion prevention 1%-197, |n addition, under mechanical loading, foams can be

deboned from the surface they are initially adhered to, which leads to a much lower real energy
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mitigation efficiency than the experimentally measured values '%. By far, a non-solid energy
mitigation material has yet to be developed.

To address the unmet need of efficient biotissue protection from impact, we have designed a
novel, liquid nanofoam (LN)-based material 1922, The LN is a liquid suspension of hydrophobic
nanoporous particles (NpPs) in a non-wettable liquid. At ambient condition, the liquid molecules
cannot enter the empty nanopores contained by the NpPs due to the energy barrier at the interface
of the liquid and the nanopore surface. When an external force is applied on the LN, hydrostatic
pressure builds up in the liquid. Once the pressure surpasses a critical threshold named as the
infiltration pressure of LN, the potential energy stored in the liquid molecules is high enough to
overcome the surface energy barrier. Consequently, the liquid molecules flow into the nanopores
and the potential energy carried by them is dissipated as heat. This infiltration process leads to an
extremely high energy efficiency, up to 100 J/g, which is 10 times higher than the energy
absorption efficiency of solid foam-based protection materials 2%,

The unique property of high energy mitigation efficiency and fluid-like nature raises the
possibility of using LN to protect biological tissues from blunt force trauma. To test this possibility,
we investigated the biocompatibility of LN using human culture cells. In addition, we analyzed
the protective efficiency of LN on both cultured cells and whole animal organs. Our study revealed
the high biocompatibility and low cytotoxicity of the LN material. In addition, the LN
demonstrated significant and substantial protection of multiple biological tissues from quasi-static
compressions. This research suggests the potential of LN as a novel and effective energy-absorbing

medium for the protection of biological tissues from BFT.
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5.2 Material and Methodology

5.2.1 Cell Culture Treatment

In this investigation, HEK 293T cells are employed, and the procedural framework of
culture treatment is outlined in Fig. 5-1. The culture medium consisted of Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 1% antimycotic-
antibiotics, and 2 mM L-glutamine. Thaw the cell vial with gentle agitation in a 37 °C water
bath. Transfer the vial contents to a centrifuge tube containing 9.0 ml of culture medium and
aspirate cells by gently pipetting. Dispense cells into two 10-cm dishes (Thermo Fisher, Nunc™
EasYDish™ Dishes) at a density of 1 x 10° cells per dish. Maintaining the dishes in an incubator
at 37 °C under 5% COz2 conditions (Fig. 5-1a).

Upon achieving confluency of 90% within 2-3 days, the culture medium is aspirated and
removed, followed by a thorough rinsing with Ca++/Mg++ free Dulbecco’s phosphate-buffered
saline (D-PBS). Subsequent to this, 2 ml of 0.05% Trypsin-EDTA solution is introduced into the
dish, allowing a 10-minute incubation period for detachment of the cell layer. Following
detachment, 8 ml of culture medium is added, and cells are gently detached by pipetting. These
cells are then collected into a 15 ml-conical tube and subsequently seeded onto coverslips in a
24-well plate (Thermo Fisher, Nunc™ Cell-Culture Treated Multidishes) for their intended

utilization in the compression test Fig. 5-1b.
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Figure 5-1: Cell culturing (a) Schematic of 293 T cell seeding process and culture procedure. (b)
293 T cell culture on the Poly-L-lysine coating coverslip.

5.2.2 Coverslip-Coating Protocol

The coverslip (Bellco Glass Inc. Round German Coverslip 12Mm, #1 Thick) intended for
cell seeding in the compression test undergoes an initial cleaning process using 70% alcohol
before being positioned within a designated location in a 24-well plate. Add 2 ml of Poly-L-
Lysine solution (Sigma Aldrich, CAS-No: 25988-63-0, 0.1% in sterile water) to each well of a
flame-cleaned 24-well plate. After application, allow the solution to evenly coat the glass surface
for 20 minutes, facilitating enhanced cell adhesion and protein absorption by modifying surface
charges on the culture substrate. Subsequently, remove the solution by suction. The coverslip
undergoes three subsequent washes with D-PBS before being left to dry for 15 minutes under
ultraviolet sterilization and an additional hour at room temperature. Subsequently, cells are
seeded onto the coverslip at a density of 0.05 x 10° cells per well. The seeded 24-well plate is

then incubated at 37 °C under 5% CO: conditions to facilitate cell adherence and growth.
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5.2.3 Infiltration Tests of LN

A type of hydrophobic nanoporous silica (Perform-O-Sil 668, Nottingham Corp.), is chosen
as the NpPs for this investigation because of the extremely large porosity to maximize the total
deformation of the LN system. Initially received in powder form, the average particle size and
nanopore diameter of the NpPs are 4 um and 115 nm, respectively. The LN samples containing
0.10 g of NpPs and 2.0 mL liquid are sealed in a stainless-steel (SS316) cylindrical testing
chamber by two pistons equipped with o-rings. The cross-sectional area of the testing chamber,
A, is 286 mm?2. The LN samples are compressed by a universal tester (Model 5982, Instron) at a
constant loading rate of 2 mm/min (Fig. 5-4a). Once a peak loading force of 3.0 kN is reached,
the cross head of the Instron is moved back at the same rate. During all tests, no leakage of liquid
is observed.

To ensure the biocompatibility of the LN, various cell growth mediums are selected for sample
preparation, including 293T culture medium [Dulbecco’s Modified Eagle’s Medium (DMEM), 10%
Fetal Bovine Serum (FBS), 1% antimycotic-antibiotics, and 2mM L-glutamine], PBMC culture
medium [Roswell Park Memorial Institute (ROMI-1640) media with 10% FBS, 1% sodium
pyruvate, 1% nonessential amino acds, 1% Beta-Mercaptoethanol, 1% L-GLU, 1% p/s] and stem
cell culture medium (mTeSR™ Plus Basal Medium and 20% mTeSR™ Plus 5x Supplement).
Deionized water is also selected as the liquid phase for the control group.

5.2.4 Quasi-static Compression Tests on Cells Covered by LN

Cells are seeded onto coverslips (Bellco Glass Inc. Round German Coverslip 12 Mm, #1
Thick) treated with Poly-L-Lysine solution (Sigma Aldrich, CAS-No: 25988-63-0, 0.1% in
sterile water) and the experimental setup for cell compression testing parallels the methodology

employed for LN infiltration. Coverslips with seeded cells are positioned within a cleaned SS316
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testing chamber treated with 70% alcohol. A layer of 0.10 g of NpPs is then added on the surface
of the liquid, followed by the insertion of the top piston. The identical setup without NpPs serves
as a control group. Post-compression analysis includes an assessment of cell viability via trypan-
blue staining and deformation, both with and without NpPs. To ensure the credibility and
replicability of results, each specific experimental condition is subjected to triplicate testing.
5.2.5 Cell Viability Assay

Prior to usage, ensure the glass hemocytometer and coverslip are thoroughly cleaned using
70% alcohol. The cell viability assay procedure is indicated in the Fig. 5-2. Step 1, return
coverslips containing cells from the compression test to the 24-well plate with fresh culture
medium. Step 2, gently remove excess culture medium to expose the cells to air. To disperse the
cell layer, add 200 pL of Trypsin-EDTA per well, ensuring complete coverage of the coverslip,
and allow it to sit for 10 minutes. Subsequently, add 200 uL of culture medium into the well and
gently pipette to aspirate the cells. Transfer collected cells into a 0.5 ml Eppendorf tube, ensuring
even distribution through gentle pipetting. Step 3, take 10 pL of the suspension liquid into a new
0.5 ml Eppendorf tube and mix it with 10 pL of 0.4% Trypan Blue (Fisher Scientific, Gibco™
15250061). Apply a drop of the Trypan Blue/cell mixture onto a hemocytometer. Place the
hemocytometer on the stage of a microscope and focus on the cells. Proceed to count the
unstained (viable) and stained (nonviable) cells separately within the hemocytometer. Each
sample is subjected to three counts to mitigate potential outliers, and the resulting average is
considered as the final outcome.

Viability (%) = # of Live cells % 100 % 5-1
lability (o) = 4 of Live cells + # of Dead cells ° ( )
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Figure 5-2: Cell collection and viability assessment using the Trypan Blue method after
compression test. (stepl) Place cells in newly filled wells with fresh culture medium, (step 2)
Detach cells from the coverslip and collect them into a small tube, (step 3) Perform viability.
Assessment by utilizing Trypan Blue.

5.2.6 RNA Isolation, cDNA Synthesis, and Polymerase Chain Reaction (QPCR)

RNA isolation

After the compression, the collected cell mixture in a 0.5 ml Eppendorf tube is centrifuged at
300 g for 5 min to form a cell pellet. Following this, 500 pL of Trizol and 100 pL of Chloroform
are added, and the mixture is incubated at room temperature for 3 minutes. Subsequently, the

solution is centrifuged at 12,000 g at 4 °C for 15 min. The upper mRNA liquid is carefully
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extracted into a 0.5 ml tube and subjected to washing with 70% alcohol and RNase-free water
several times to obtain the final RNA pellet, as depicted in Fig. 5-3a. In the post-compression
test, the isolation of five distinct RNA types is imperative. These include RNA samples from
uncompressed cells, cells subjected to low input energy with and without exposure to LN, as
well as cells exposed to high input energy with and without LN.

cDNA synthesis

The computed RNA amount is annealed with 1 puL of primer Oligonucleotide (dT), 1 pL of
dNTP, and the required volume of H20 (The total volume, comprising the calculated RNA
amount and H20, is 10 pL), employing the Superscript IV system (Thermo Fisher 18091050).
This process involves heating to 65 °C for 5 min to facilitate primer annealing, succeeded by
incubation on ice. Subsequently, the components of reverse transcription (RT) mix, including 4
pL 5x SSIV buffer, 1 uL-100Mm DTT, 1 pL ribonuclease inhibitor, and 1 pL reverse
transcriptase, are prepared. The prepared RT mix is then added to the annealed RNA template,
thoroughly mixed, and incubated in a thermal cycler under the conditions of 23 °C for 10 min,
52.5 °C for 10 min, and 80 °C for 10 min. Following these incubation steps, the cDNA synthesis
reactions undergo RNA removal via RNaseH treatment and are further incubated at 37 °C for 20
minutes Fig. 5-3b.

gqPCR

Total RNA is isolated using the Purelink RNA Mini Kit, and reverse transcription is
performed using the SuperScript IV First-Strand Synthesis System following the manufacturer’s
instructions. The gPCR reaction is performed using primers (TCTCTTACTACCACTCACCC
and TGGAGTGTATCAGTCAGCTC for c-Fos; CCACAGACCTTCCAGGAGAATG and

GTGCAGTTCAGTGATCGTACAGG for IL-1b; and TTGTAGCCCTCTGTGTGCTCAAG and
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reverse GCCTGACCAAGGAAAGCAAAGTC for GAPDH) with the SYBR Green PCR Master

Mix on the QuantStudio 7 Flex Real-Time PCR instrument. The PCR cycling condition is

denaturation at 90 °C for 1 min and 40 cycles of 56 °C for 15 s and 72 °C for 2 min. Fold

changes in gene expression are calculated with Cr (cycle threshold) measurements according to

the literature 204205,
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Figure 5-3: RT-gPCR test procedure. (a) mMRNA extraction procedure on control and tested cell
samples under various loading condition, (b) cDNA synthesis and gPCR testing.

5.3 Result and Discussion

5.3.1 Infiltration Behavior of LN Containing Cell Culture Medium

Under the quasi-static loading, the initial response of the LN is purely elastic as the system

internal pressure is insufficient to overcome the energy barrier at the liquid and nanopore
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interface (Fig. 5-4b). When the internal hydrostatic pressure reaches Pin, the liquid molecules
start to infiltrate into the nanopores. As the liquid molecules continuously flow into the
nanopores, a pressure-plateau is observed. The width of the pressure-plateau is defined as the
total liquid infiltration volume, Vin. The measured value, 1.8 cm®/g is close but smaller than the
total porosity of the NpPs. Due to the extremely large porosity, these NpPs start to deform at
extremely low pressure even before the liquid infiltration process 2%. When the system internal
pressure reaches Pin, the liquid infiltration process of the LN is activated. As the liquid molecules
flow into the nanopores at a faster rate than the deformation of the NpPs, the remaining nanopore

volume is accessible for liquid flow and no further deformation of the NpPs is allowed 2%,

Once the nanopores are fully filled by the liquid molecules, the system internal pressure
increases again at the rate similar to the value of the initial elastic response of the LN. With the
removal of the externally applied force, the internal hydrostatic pressure drops immediately and
then gradually reduces to zero. The pressure associated with the unloading process is much lower
than the loading one. The liquid molecules flow into the nanopores may or may not flow out from
the nanopores during the unloading process 207-1°, The area enclosed in the loading-unloading
curve of the LN (shaded area in Fig. 5-4b) represents the volumetric energy mitigation efficiency

of the LN.
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Figure 5-4: Liquid nanofoam schematic (a) and its typical infiltration behavior with DI water (b)
and effect of cell culture medium on liquid infiltration, demonstrated by (c) 293T cell culture

medium components, (d) complete 293T cell culture medium, PBMC medium and Stem cell
medium.

It is necessary to validate that the fluid used in cell culture has no effect on the liquid
infiltration so that the NpPs can be directly mixed with cells for future testing. Fig. 5-4c and d
show that the infiltration behavior of LN is independent from the cell culture medium, PBMC and
stem cell media, as both the Pin and Vin are constants. In addition, Fig. 5-5a and b further
demonstrate that the infiltration behavior of the LN is independent from the ratio between the NpPs
and liquid, and the liquid compositions. These results confirm that the surface tension of the cell

culture media is similar to the value of DI water, which is ideal for cell growth and proliferation

211

69



5.3.2 Biocompatbility of LN

To study the biocompatibility of LN, we cultured 293T cells with LN with different ratios
between NpP and the cell culture medium (0, 0.03 g/mL, 0.05 g/mL and 0.1 g/mL). These
particle to liquid ratios were chosen to match the LN samples used for the protection of cells and
whole organs. We observed no adverse effect on cell viability with this range of NpP to liquid
ratios during three days of culture (Fig. 5-6a). In addition, long-term culture of cells over nine
days showed no reduction in viability with 0.05 g/mL NpP to liquid ratio. The specific NpP to
liquid ratio was selected because this is the value used for all testing samples. These results
verify that NpP exhibits low toxicity and excellent biocompatibility with human culture cells

(Fig. 5-6b).
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Figure 5-6: Biocompatibility of LN with living cells. (a) Cell viability upon addition of indicated
concentrations of nanoporous particles (b) Cell viability with continued presence of nanoporous
particles over nine days.

5.3.3 LN Protection of Cells under Low Energy Loading Condition

Before the internal system pressure reaches Pin, the energy mitigation mechanism, i.e. the
liquid infiltration is not activated for the LN. Therefore, it is necessary to validate that at the
onset of the liquid infiltration, cells are not damaged by the external loading. To that end, we

have conducted a series of compression tests on LN and live cells under low energy loading. We
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subjected 293T cells to 0.26 J over the sample area of 286 mm? in the presence or absence of

NpPs. Post-compression, we observed cell morphology with confocal microscopy and found

Figure 5-7: Protective effect of LN on living cells under low energy loading. Representative
images of a live cell (left), a dead cell (middle) and a deformed cell (right) by confocal
microscopy.

-.

Figure 5-8: Representative images of trypan blue staining demonstrating live (left), dead
(middle) and deformed (right) cells.

populations of live (round cells with intact membrane), dead (cell debris with ruptured
membrane) and deformed (cells with changed shape in response to the external force) 212216 cells
when NpPs were absent (Fig. 5-7). These observations were confirmed with Trypan blue
staining. (Fig. 5-8).

The addition of NpPs significantly increased cells that remained viable post compression from
74% to 100% (Fig. 5-9a). In addition, NpPs addition decreased the percentage of deformed cells

by 505% (Fig. 5-9b). These results suggest that the LN acts as a buffer against cellular damage
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induced by external energy, safeguarding cellular integrity and minimizing the risk of damage.
However, the energy mitigation mechanism is not based on the nanoscale liquid flow as the lower
energy loading cannot trigger liquid infiltration. This is due to the special physical properties of
the NpPs used in this study. As shown in the liquid infiltration test, 10% of the nanopores are

crushed at extremely low pressure to dissipate energy. Although this mechanism is somewhat
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Figure 5-9: Protective effect of LN on living cells under low energy loading. (a) Quantification
of cell viability with or without nanoporous particles. (b) Quantification of cell deformation with
or without nanoporous particles. *, P <0.05, Student’s t-test.

similar to conventional foams, a solid-based foam does not exhibit additional energy mitigation
capacity for higher energy loadings as the energy mitigation capacity is predetermined by the low
working pressure of the solid-based foam. In next section, the high energy mitigation capacity of
the LN based on the unique liquid infiltration mechanism will be demonstrated.

In addition to changes in gross-morphology and cell viability, external force may cause gene
expression changes. To test this possibility, we measured the expression levels of the stress
response genes c-Fos. An archetype of cellular immediate-early genes, c-Fos is known to a marker
for cell response to external stress and can couple short-term signals elicited by extracellular
stimuli to long-term changes in cellular phenotype by orchestrating alterations in target gene

expression 217-220, Consistent with the function of c-Fos as a stress response gene, energy loading
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significantly increased its expression levels in living cells. Notably, the presence of NpPs in the
LN system reduced the upregulation of c-Fos by 72% (Fig. 5-10a).

Given that blunt force trauma is associated with a pro-inflammatory state relevant for its long-
term high comorbidity, we also measured the expression levels of IL-1b, a potent cytokine that

induces inflammation 22123, Energy loading upregulated the expression levels of IL-1b, which
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Figure 5-10: Regulatory effect of LN on stress gene expression in living cells under low energy
loading. Relative expression levels of (a) c-FOS, (b) IL-1b. *, P <0.05, Student’s t-test.
again was effectively attenuated by the LN system by 70% (Fig. 5-10b). Collectively, these results
suggest that low energy loading leads to stress and inflammatory responses that can be mitigated
by LN.
5.3.4 LN Protection of Cells under High Energy Loading Condition

The high energy loading is set to 0.78 J over the sample area of 286 mm?2. This is the total
energy needed to complete the liquid infiltration process of the selected LN, which is calculated
based on the testing curves shown in Fig.5-4. Under high energy loading, we observed a significant
protective effect of LN on 293T cells, in terms of both viability and deformability (Fig. 5-11).
With the additional NpPs, the cell viability under high energy loading was about 100%, while
without the NpPs, the cell viability was only 67%. In addition, NpPs addition decreased the

percentage of deformed cells by 1041%. Furthermore, LN protected cells from upregulation of
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stress and pro-inflammatory genes (Fig. 5-12) The presence of NpPs reduced the upregulation of
c-Fos and IL-1b by 82% and 89%, respectively. These results demonstrate that the nanoscale liquid

flow of LN can significantly reduce cellular damage under high energy impacts.
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Figure 5-11: Protective effect of LN on living cells under high energy loading. (a) Quantification
of cell viability with or without nanoporous particles. (b) Quantification of cell deformation with
or without nanoporous particles. *, P <0.05, Student’s t-test.
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Figure 5-12: Regulatory effect of LN on stress gene expression in living cells under high energy
loading. Relative expression levels of (a) c-FOS, (b) IL-1b *, P <0.05, Student’s t-test.

When the external input energy is increased from 0.26 J (low energy loading) to 0.78 J (high
energy loading), cells under direct compression without the protection of LN shows a reduced cell
viability and much increased deformed cells, and stress and inflammation gene expressions.
Together with the addition of the NpPs, the cell culture medium is converted into the LN system,
which effectively mitigate the cell damage at both low and high energy loading conditions. More

importantly, the LN significantly reduced the upregulation of c-Fos and IL-1b, which may induce
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cancers 2?4 such as osteosarcoma and endometrial carcinoma, depression 22°, autoimmune diseases
226 sych as such as arthritis, thyroid disease, and septic shock, and autoinflammatory syndromes
227228 including Cryopyrin-Associated Periodic Syndromes (CAPS) and intestinal dysbiosis.
5.3.5 LN Protection of Whole Organs under Compression

Given the protective effect of LN on cultured cells, we further tested whether LN protects
whole animal organs from mechanical loading. LN composed of 0.25 g NpPs and 1.5 mL 39%
LiCl aqueous solution was sealed in a TPU pouch with a diameter of 25.4 mm and a thickness of
6.4 mm (Fig. 5-13). The sealing strength is much higher than the loading conditions used for all
experiments. No pouch burst was observed in all experiments. The sealed LN pouch was then
stacked with the organ specimen for quasi-static compression tests. A total external energy of
1.74 J was applied over the area of 506 mm?2. The energy level was increased because of the
larger sample aera and the increased amount of NpPs in the pouch. As the LN is not in direct
contact with the biotissues, the liquid phase was changed to electrolyte solutions. This makes the

LN has wider working temperature range to satisfy the temperature requirements of protective
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devices such as football helmets. The liquid infiltration behavior of the LN pouch is similar to

the LN containing DI water (Fig. 5-14).

@ Top View ® ‘
IRO1

LiCl Solution

AAAAAAAAA

Figure 5-13: Schematic of organ compression tests. (a) A TPU pouch containing LN, and (b)
Schematic of quasi-static compression test conducted on a mouse organ.

Pressure (MPa)

Specific Volume Change (cm®/g)
Figure 5-14: Typical quasi-static compression curves of a LN pouch.

Uncompressed Compressed

Figure 5-15: Protective effect of LN on whole liver by light microscopy. Representative images

of mouse liver under uncompressed (left) and compressed (right) conditions, with or without LN
pouch.
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Similar to the scenario in BFT, mechanical loading caused numerous cracks on the mouse
liver. Strikingly, the thin LN pouch almost completely protected mouse liver from tearing (Fig.
5-15). This finding was further supported by H&E staining of liver (Fig. 5-16). The total area of
the cracks is quantified by a specific image processing method as detailed in Fig. 5-17. The
compressed liver sample without the LN pouch shows a 33% of crack area, while the additional
LN pouch limits the crack area to 1% only. Therefore, the LN pouch reduces the structural

damage of the liver by 97%.
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Figure 5-16: Protective effect of LN on whole liver by H&E staining, 10x magnification.
Representative images of H&E staining of mouse liver under uncompressed (a) and compressed
(b and c) conditions, with or without LN pouch, with arrows pointing to cracked areas under
compression. (d) Quantification of intact areas of mouse liver under the indicated conditions. *, P
< 0.05, Student’s t-test.
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Figure 5-17: Image J results of representative images of mouse liver under uncompressed (left)
and compressed (right conditions, with or without LN pouch.
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Figure 5-18: Protective effect of LN on whole kidney by light microscopy. Representative

images of mouse kidney under uncompressed (left) and compressed (right) conditions, with or
without LN pouch.

Uncompressed Compressed

w/o LN Pouch w/ LN Pouch

—_
=N

11
24
2R
H

%

@
3

Nomakzd litictAra (b)
5

"
15

Figure 5-19: Protective effect of LN on whole k1dney by H&E sta1n1ng, 10x magnification.
Representative images of H&E staining of mouse kidney under uncompressed (a) and
compressed (b and ¢) conditions, with or without LN pouch, with arrows pointing to cracked

areas under compression. (d) Quantification of intact areas of mouse liver under the indicated
conditions. *, P < 0.05, Student’s t-test.

We performed the same loading test on additional organs implicated in severe BFT, including
whole kidney, heart and lung samples. As shown in Figs. 5-18, 19 and 20, the compressed kidney

sample without the LN pouch shows a 41% of crack area, while the additional LN pouch limits
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the crack area to 2% only. Therefore, the LN pouch reduces the structural damage of the kidney

by 95%.
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Figure 5-20: Image J results of representative images of mouse kidney under uncompressed (left)
and compressed (right conditions, with or without LN pouch.
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Figure 5-21: Protective effect of LN on whole heart by light microscopy. Representative images
of mouse heart under uncompressed (left) and compressed (right) conditions, with or without LN
pouch.
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Figure 5-22: Protective effect of LN on whole heart by H&E staining, 10x magnification.
Representative images of H&E staining of mouse heart under uncompressed (a) and compressed
(b and c) conditions, with or without LN pouch, with arrows pointing to cracked areas under
compression. (d) Quantification of intact areas of mouse liver under the indicated conditions. *, P
<0.05, Student’s t-test.
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As shown in Figs. 21, 22 and 23, the compressed heart sample without the LN pouch shows
a 31% of crack area, while the additional LN pouch decreased the crack area to 16%. Therefore,

the LN pouch reduces the structural damage of the heart by 48%.

Uncompressed Compressed

Control w/o LN Pouch w/ LN Pouch

Figure 5-23: Image J results of representative images of mouse heart under uncompressed (left)
and compressed (right conditions, with or without LN pouch.

As shown in Figs. 24, 25 and 26, the compressed lung sample without the LN pouch shows a
28% of crack area, while the additional LN pouch limits the crack area to 1% only. Therefore, the

LN pouch reduces the structural damage of the lung by 96%.
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Figure 5-24: Protective effect of LN on whole lung by light microscopy. Representative images
of mouse lung under uncompressed (left) and compressed (right) conditions, with or without LN
pouch.

As shown in the above testing results, the biotissues protected by the LN pouch exhibit
resilience and maintain normal shapes under mechanical compression. The external energy
triggered liquid infiltration mechanism of the LN efficiently mitigates the input mechanical energy.

In addition, during the entire compression process, the LN pouch maintains complete contact with
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the biotissue samples, which avoids local stress concentration and damage of the biotissues.

Therefore, LN can effectively protect vital organs from blunt force-caused damage.
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Figure 5-25: Protective effect of LN on whole lung by H&E staining, 10x magnification.
Representative images of H&E staining of mouse lung under uncompressed (a) and compressed
(b and ¢) conditions, with or without LN pouch, with arrows pointing to cracked areas under
compression. (d) Quantification of intact areas of mouse liver under the indicated conditions. *, P
< 0.05, Student’s t-test.
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Figure 5-26: Image J results of representative images of mouse lung under uncompressed (left)
and compressed (right conditions, with or without LN pouch.

5.4 Conclusion

As the current personal protective devices cannot effectively prevent blunt force trauma, new
energy mitigation mechanism is desired to enhance the performance of future material systems.
The performance of current energy absorption materials is limited by the energy mitigation
efficiency as well as the dissimilar mechanical properties with the biological systems.

To address the above issues, we have developed the liquid nanofoam based on the nanoscale

liquid flow energy mitigation mechanism. This new mechanism enables the high energy mitigation
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efficiency of the LN. In addition, the fluid-like nature of the LN ensures the integrity of the
interface between the LN layer and the protected biotissues, which engages all the NpPs for the
energy mitigation process.

In this study, cell culture media are used as the liquid phase of the LN. The resulted LN has
extraordinary biocompatibility and is directly mixed with human cells to evaluate its energy
mitigation effectiveness. This experimental approach has never been adopted as most of other
energy absorption materials are not biocompatible. The performance evaluation is limited to the
characterization of their mechanical properties. By using this biological characterization method,
we have demonstrated the potential of the LN system as a new energy absorbing material for BFT
prevention by showing the following characteristics:

Biocompatibility. LN exhibits excellent biocompatibility, maintaining high cell viability with
minimal cytotoxicity and negligible adverse effects on gene expression.

Protection of live cells from loading-induced damage on both the cellular and molecular levels.
Without LN, external loading causes cell deformation and death. In addition, these mechanical
stimuli upregulate stress response and proinflammatory genes mediating trauma and its co-
morbidities. LN can effectively protect cells from these loading-induced damages.

Protection of whole organs against force-induced structural alterations. From a range of vital
organs commonly damaged in blunt-force trauma, LN acts as effective shields during compression,
significantly reducing tissue damage and preserving tissue integrity compared to uncompressed or
non-LN protected organs.

In summary, this study highlights LN's versatility and compatibility for biomedical

applications such as the prevention of blunt force trauma. Given its distinct capability to protect
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cells and biotissues against mechanical stress, the LN could offer a novel solution to meet the

critical needs for effective personal protection devices.
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Chapter 6 Conclusions and Future Work

The research delineated in this dissertation has yielded substantial insights into the intricate
nuances governing the quasi-static behavior of LN systems, as well as the efficacy exhibited by
LN-functionalized materials and structures. These pioneering findings not only deepen our
comprehension of fundamental principles but also pave the way for transformative advancements
in diverse fields. By unraveling the underlying mechanisms and intricacies, this research sets a
solid foundation for future explorations and innovations aimed at harnessing the potential of LN

and its applications in various technological domains.

6.1 Contributions

Based on the results in this dissertation, the following conclusions can be drawn:

Strong interaction between compressible fluids and other energy absorption materials
and structures. Integration of SHGM into thin-walled tubes has substantially enhanced the
average post-buckling strength of the tube under both quasi-static and dynamic conditions. This
is attributed to the strong interaction between SHGM and the tube wall. Notably, SHGM exhibits
the highest strengthening coefficient among all fillers due to the superior “bonding strength”
between SHGM and the tube wall.

Structural imperfection inert performance. The LN filler of thin-walled tubes
demonstrates remarkable effectiveness in alleviating the detrimental impacts caused by structural
imperfections under quasi-static conditions. The filler induces a notable shift in the folding
dynamics of the tube during compression, transitioning from inward to outward folding patterns.
It is the strong interaction between the LN filler and the tube wall alters the folding behavior, and

thus mitigates the growth of dents and localized folding
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Efficient safeguarding for biotissues. LN exhibits excellent biocompatibility, which allows
them to directly interact with cells without any harmful effects. Both cell viability testing and
gPCR results have demonstrated that LN can effectively protect both cells and organs from
mechanical abuse. This suggests LN is a promising energy absorption fluid for the prevention of

blunt force trauma.
6.2 Future Work

In other circumstances such as blast waves, the compressible fluids may undergo dynamic
deformation at significantly higher strain rates. Consequently, it is necessary to investigate the
dynamic performance of the compressible fluids and their interaction with structures by utilizing
the Split Hopkinson Pressure Bar (SHPB) apparatus 222235,

As shown in Fig. 6-1, the SHPB system includes the striker, incident and transmission bars.
The striker bar has a diameter of 0.625 inches and a length of 2 feet. Both the incident and
transmission bars have the diameter of 0.75 inches and the length of 6 feet. The testing
specimens are sandwiched in between the incident and transmission bars. Once the striker is
launched and hit the incident bar, a stress wave propagates through the incident bar, the
specimen, and then the transmission bar. A pair of photomicrosensors (EE-SPW321/421#,
Omron) are configured to measure the velocity of the striker bar. Two strain gauges (WK-06-
250BF-10C, Micro-Measurement Inc.) are affixed to the mid-span of the incident and

transmission bars to capture the strain waves. The measured electrical signal is filtered and
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amplified by signal conditioner (2310B, Micro Measurements) and then recorded by a digitizer

(Model No. NI-9215, National Instrument).
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Figure 6-1: Schematic of a typical Split Hopkinson Pressure Bar system.

When the incident stress wave, ¢; reaches the front surface of the sample, part of the wave
reflects back as a reflected wave &g, the remaining part continues to travel to the transmission bar
defined as the transmitted wave, ;. From the incident, reflected and transmitted waves detected
by the strain gauges, the engineering stress and strain, and the strain rate, experienced by the

specimen can be derived as follows.

A
a(t) = A—jEBeT@) (6—1)

t

£(t) = fs'(r)dr 6-2)

o

2C,
) = I @  (6-3)
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Where Ag is the cross-sectional area of the bars, Es is Young's modulus of the bar material,

Csis the 1D elastic longitudinal wave speed in the bars, (Cz = /EB/pB , Where pg is the density

of the bar material), and As and Lsare the initial cross-sectional area and length of the specimen,
respectively.

To investigate the dynamic response of compressible fluids, testing samples are placed
within the loading cell, which is positioned between the incident and transmission bars. As the
fluids have much lower modulus in comparison to that of the bar material, a pulse shaper is
needed to achieve the stress equilibrium (Fig. 6-2). Currently, a brass disc with diameter of 8.0
mm and thickness of 0.80 mm is placed at the front surface of the incident bar to modify the
incident pulse. This SHPB system will be adopted to quantify the energy absorption performance

of the compressible fluids in the future.

am—r
Lo O
/'

pulse shaper testing cell

Figure 6-2: Modified Split Hopkinson Pressure Bar system for the characterization of
compressible fluid
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