ABSTRACT

Title of Dissertation: ENERGY ABSORBING
CELLULAR STRUCTURES FOR
CRASHWORTHINESS APPLICATIONS

Colleen Marie Murray
Doctor of Philosophy, 2024

Dissertation Directed by: Professor Norman Wereley
Department of Aerospace Engineering

Energy absorbing materials are utilized in many applications. Aircraft, automobiles, and
helmets all use energy absorbing materials to ensure the safety of the individual during an impact
event. The seats in aircraft are made from a material that can minimize the force that is transferred
from the impact to the occupant. In a similar manner, the material in the front of an automobile is
designed to absorb the energy from an impact event and redistribute it in a manner that minimizes
the amount of energy experienced by the main cabin. Helmets perform in the same way: by taking
the impact and distributing the load to protect the wearer. The materials used in these applications
were tailored to meet the needs of the application, particularly the density and strength of the
material. Using cellular structures allow for more control of the design for energy absorbing
applications, particularly when looking to increase the performance of the material.

There are three options for increasing the energy absorption in materials for crashworthi-

ness applications: decrease the force with a constant mean crush stress, increase the mean crush



stress with a constant force, or decrease the force while increasing the mean crush stress. In a
force- displacement diagram, the area under the curve is the amount of energy that a material
can absorb during an impact. By decreasing that initial force, the initial peak force will begin to
equilibrate with the mean crush, resulting in a higher energy absorption.

The structures that have been relied on throughout history for these applications are cellular
structures. Cellular structures are described as any structure that is made of one phase composed
of either air or fluid. As Lakes describes in his work, foams, honeycombs, and lattices are catego-
rized as such; the voids allow the materials to reach physical limits beyond their previous. With
the improvements of technology, it is important to re-asses these structures to determine whether
they too can be manufactured and remain as effective in their original crashworthiness appli-
cations as before. Throughout this work, different methods of additive manufacturing are used
to create honeycomb structures specifically for energy absorption applications. Each of these
studies focuses on a different attribute that additive manufacturing can help improve in energy
absorption materials.

In this dissertation, four case studies involving the out-of-plane compression of additively
manufactured honeycomb will be discussed. The first chapter will center on the applications
of visco-elastic theromplastic polyurethane (TPU) as a potential material of choice for energy
absorption materials. TPU is a material that has the ability to achieve significant deformation and
return to its original shape within a matter of minutes. This material is of interest due to the need
to re-use helmet liners and other safety mechanisms before buying a new one. This work also
focuses on the impact that adding buckling initiators will have to the structure in terms of energy
absorption during quasi-static conditions.

The next chapter is centered on the applications of these TPU honeycomb undergoing dy-



namic testing. Crashworthiness materials experience impact velocities bordering on 10- 15 m/s
(22- 35 mph). These tests differ from the previous due to the velocity no longer being constant.
As the impactor falls, the velocity changes, while the quasi-static tests were completed under
a constant velocity. This set of dynamic tests is most representative of long term applications,
however the performance of these materials change drastically as discussed.

In some applications, a visco-elastic plastic is not going to be able to absorb the energy from
the impact. In these situations, a stiffer material would be necessary. To provide an alternative for
these applications, acrylonitrile butadiene styrene (ABS) was studied since it is a commonly used
plastic when additively manufacturing. Once again, honeycomb were manufactured and tested
under out of plane, uni-axial quasi static compression. The samples were studied to determine
the effects of buckling initiator location as well as the effect of the inscribed diameter. For this,
samples were manufactured with an internal diameter of 10, 15, or 20 mm. The buckling initiators
were located either 1/2, 3/4, or at the top of the samples to determine the design which enables
the best energy absorption.

The final study recognizes that traditional honeycomb has been manufactured using metals
like aluminum and steel. By moving towards an additively manufactured honeycomb, this work
has been focusing on polymeric honeycomb instead. The metallic additive manufacturing meth-
ods require drastic safety precautions be taken. A safer alternative is proposed in this last study:
combining stereolithography and electroplating. Here, an isotropic material can be the core of
the structure, with a thin layer (about 150 m) of metal creating the ductile layer. These sam-
ples demonstrate a ductile failure as opposed to their plastic only counterparts who experience a
brittle failure. The energy absorption performance is then characterized as a function of buckling

initiator height as well.
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Chapter 1: Introduction

1.1 Literature Review

One critical consideration in engineering applications is improving structural crashworthi-
ness. This requirement has constraints though, such as a limit on the force transmitted or an
acceptable amount of deformation [1]. Applications of these constraints would be in automo-
biles, trains, and aircraft, where in the case of an accident, there is a threat to the passengers’
life and safety [2, 3]. In train and aerospace applications, these materials would act as shock ab-
sorbers since they increase the time over which the shock is applied to the vehicle by increasing
the folds of the material [4]. The kinetic energy from the impact is transformed when it deforms
the energy absorber into a plastic strain energy [4].

Cellular structures are commonly selected for these energy absorption applications due
to their light-weight and high stiffness. The energy absorption properties are dependent on the
material along with the geometric conditions [5-7]. As Degiang, et al. show in their study, the
ratios of the cell wall thickness of the honeycomb to the edge length will be directly related
to the mean out of plane dynamic plateau stress [6]. Zou et al. experienced similar results
while studying bamboo tubes. As the bamboo tubes were divided into sub-regimes, there was an
increase in the initial force, however there was also a signi cant increase in the overall speci c

energy absorbed, or the energy absorbed per unit weight [7]. To better understand these terms, itis

1



important to understand what the force-displacement curve looks like for crashworthy materials.

1.1.1 Analysis of Energy Absorption

Energy absorbing materials will experience a three stage force-displacement curve. The
rst stage shows an axial load increasing drastically in the elastic regime until the force reaches
the initial peak forcef-p, as seen in Figure 1.1 [8,9]. The second stage is the plateau or platform
stage, where the force drops down to the plastic region and uctuates in response to the progres-
sive buckling, or folding, of the sample. In Figure 1.1, this corresponds to the second red box.
This is the non-linear plastic regime where the majority of the energy absorption will occur [10].
The amount of uctuation corresponds directly to the type of sample tested. Cellular structures,
like honeycomb, lattices, and foam, experience a near constant stress, even with damage accumu-
lation [11]. Once the sample can no longer buckle, the third stage, densi cation, begins. This is
the region where the force rapidly increases since the sample is no longer viable [12]. This is the
remainder of the force- displacement curve in Figure 1.1. From this curve, the energy absorption
metrics can be determined.

There are a series of commonly accepted parameters used to characterize the energy ab-
sorption of materials during an impact collision. These parameters can be calculated from a

force-displacement curve. To begin, the stress- strain curve must be calculated.

F
A (1.1)

Here,F is the the force being applied aids the cross sectional area that is in contact with the



Figure 1.1: A force-displacement curve as adopted from Niutta et al. Figure 4 showing the three
stages that are characteristic of crashworthy materials

platen. The strain can be determined using the following:
= — (1.2)

Here,H is the height of the original sample and is the change in height. With these calcu-
lations, the stress- strain curve can be determined and the energy absorption parameters can be
calculated.

The rst crashworthiness parameter is the energy absorbed by the sample. The energy
absorbed is the area under the force- displacement or stress-strain curve, which can be shown

mathematically using the following [13].

EA= Fodx=  ()d (1.3)
0 0



Here,x is the displacement arfe{x) is the force at a given displacement.
Knowing the energy absorbed, the speci c energy absorption (SEA) can be determined.
This is a ratio between the energy absorbed prior to densi cation divided by the material's mass.
[8,12,14]
EA  © ()d

SEA = = 0 (14)
m m

wheremis the mass of the sample.
Throughout literature, there is disagreement as how the mean crush stress or plateau stress
is calculated. Some sources nd the average stress across the entire strain range, ig/tteee

total displacement of the sample [8, 13, 15].

This methodology is useful when the stress- strain curve does not experience a large stress vari-
ation when comparing the peak stress to the plastic regions. For some materials, however, it
becomes necessary to look at just the plateau region due to the peak stress skewing the mean

crush stress. Niu et al. and others show this in their de nition of the mean crush stress [16-18].

R
EA d
- - o O (1.6)
d pk d pk

Here, 4 is the densi cation strain and, is the strain at the peak stress. This will remove any
in uence caused by the peak stress. For example, Yin et al. introduce Equation 1.5 as the mean
crush stress in their work because the stress is relatively constant throughout the test, and thus it

can be averaged from the beginning of compression until complete compaction [19].



Once the general metrics have been determined, the ef ciencies are used to determine the
overall performance of the sample. Crush ef ciency is the ratio of the energy absorption of the
structure to the possible energy absorption of the material up to that strain. Mathematically it can

be written as follows:

R
EA d
w= A0 (1.7)
pk pk

This is a strain dependent crush ef ciency because it determines how ef cient the material has
been at absorbing energy up to the strain. However it can also be useful to determine how ef cient
the material is at absorbing energy assuming there is complete densi cation of the material. To

do so, the strain is set to 1 [20, 21].

R
EA d
EA = —— = 0 O (1.8)
pk | =0 pk

From this, the energy absorbed ef ciency provides a quantitative value on how the sample per-
formed.
It is important to remember that the force-displacement curve, and thus the energy absorp-

tion metrics are dependent on the geometry and material of the energy absorber that is selected.

1.1.2 Energy Absorbing Structures

The original energy absorbers that were studied were metallic tubes. Tubes, by de nition,
have a constant cross-section throughout the length of the shape. Some common tubes that are
studied within the energy absorption eld have circular, square, or hexagonal cross sections. Due

to the complexity of the later shapes, energy absorption analysis began with circular tubes.



Figure 1.2: The collapse mode that Alexander assumed as adopted from Alexander et al. Figure
1

As Alexander explained, circular tubes can collapse such that they form symmetrical folds
similar to bellows, or they can form transverse and longitudinal waves [22]. When these tubes
collapse in the symmetric folds, they are often called a concertina (Figure 1.2). In his model,
Alexander was able to derive an equation where the collapse load for a tube can be approximated
once the material constant is determined experimentally for tubes that experience concertina fold-
ing [22].

Abramowicz modi ed Alexander's theoretical approximation of the collapse load for con-
certina deformations in circular tubes. The updated version included the effects of the effec-

tive crushing distance, so that it further improved the accuracy of the model for static crushing



loads [23]. He also improved the mean dynamic crushing loads by including the effects of the
the material strain rate sensitivity [23].

Similar theoretical models were also developed for square and rectangular cross section
tubes. Wierzbicki et al. discuss how the mean crushing force is heavily dependent on the wall
thickness of the tube for axially compressed rectangular tubes [24]. Abramowicz et al. contin-
ued to modify the quasi-static mean axial crushing load equations to achieve results that agree
reasonably well with the experimental results [25].

More recent studies like Wang et al. have moved away from studying metallic circular
tubes, but instead implementing polymers to manufacture the tubes. As Wang found, the material
can greatly effect the folding pattern as well as the mean crushing loads, so the models that exist
cannot be used to predict the performance of polymer samples [26]. Ozbbeck et al. discuss
how glass ber reinforced composite pipes result in a more brittle fracture as opposed to the
concertina folding that is associated with metallic tubes [27]. As a result, their study is focused
on implementing other methods, such as trigger mechanisms, to improve the energy absorption
(Figure 1.3).

This concept of triggers were implemented in additional energy absorption samples, re-
gardless of the bulk material. Triggers come in many different forms and shapes, however they
all serve the same purpose: to decrease the peak stress and increase the mean crush stress.

The most common types of triggers are buckling initiators. Buckling initiators are pur-
poseful stress concentrators intended to control the failure mechanism of the sample. There are
many types of these including holes, wall thickness reduction, grooves, notes, beads, and corru-
gation [28]. As Bhutada et al. describes, removing material symmetrically on a metallic circular

tube surface can modify the deformation mode so that a long tube that traditionally deforms un-

7



Figure 1.3: The glass ber reinforced composite circular tubes with trigger mechanism Ozbeck
et al. tested as shown in Ozbeck et al. Figure 3

Figure 1.4: A representation of the samples with trigger mechanism that were tested as adopted
from Bhutada et al. in Figure 3

der Euler buckling will experience a more stable collapse [29]. Figure 1.4 shows the 3D models
of the samples that were investigated. With the numerical studies, it was determined that the
location and size of the cut-outs will determine the deformation pattern of the metallic tubes [29].
Additional cross-sections have been studied to determine what the effects of buckling initia-
tors are. Arnold et al. implemented circular buckling initiators on opposing walls in an aluminum
square tube and studied the effect of the diameter of the buckling initiators on the collapse of the

tube and the energy absorption [30]. In this work, Arnold et al. determined that collapse mode



and energy absorption were dependent on the presence of buckling initiators, not necessarily the
geometry [30]. Cheng et al. conducted similar studies, however in their work, either a circular,
elliptical, or slotted discontinuities was machined into the sample [31]. In their studies, it was
determined that the dimensions and geometric shape of the discontinuity do not effect the energy
absorption if the discontinuity was smaller then a critical dimension [31]. Dionisius et al. also
studied the effects of circular buckling initiators, but this time in square steel tubes, while quanti-
fying the effects that the wall thickness, diameter, and angle of the buckling initiators have on the
energy absorption [28]. A function model was generated using numerical simulation methods to
guantify these effects [28].

Similar to the previously reported studies, there have been trigger mechanisms imple-
mented in composite pipes as well. Ozbeck et al. analyzed the effects of the number, location,
and size of circular trigger mechanisms in a glass ber reinforced composite pipe [27]. To im-
prove energy absorption, the trigger mechanisms should be located closer to the impacted edge
for laminates. It was also reported that as the diameter became too large, the energy absorption
decreased, so the buckling initiator size must be optimised [27].

Another type of initiator that has been reported throughout literature is designing the end
of the sample to match the collapsing mode shape. As Kim describes, the simplest collapsing
mode is designed to match the rst elastic buckling mode shape [32]. The study focuses on
how the simple trigger mode compares to the complex trigger mode in aluminum square tubes,
where the end of the sample is designed to take the shape of a plastic quasi-inextensible fold [32].
By implementing the the complex trigger mode, the complex mode of crushing occurs for just
the rst fold, and crushing for the remainder, providing an increased stability in the progressive
collapse [32]. Ma et al. also provide examples of pre-folding the structure so that the collapse of
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Figure 1.5: A sketch of the testing setup with no load and then with load as adopted from McGe-
hee et al. Figure 2

the structure can be controlled and tailored to the design application [33].

If the application of the material allows for a permanent attachment, a cap or hat can be
implemented to encourage a controlled failure. McGehee et al. describe this process as a tapered
tube coming into contact with a die that has an edge with a radius as shown in Figure 1.5 [34].
The fragmenting that occurred when the circular aluminum tube came into contact with the die
results in a stress that can uctuate as load is being applied. The uctuations were found to
decrease when the ratio of the internal diameter of tube to the die forming radius increased [34].

Depending on the nal application of the energy absorption structure, it is possible to im-
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Figure 1.6: A sketch of the two intersection methods used in tests as adopted from Jones et al.
Figure 2

plement a radius as an initiator between the structure and the structure applying to load. In Jones
et al. the location where the longitudinal sub oor beams and the lateral bulkheads meet were
analyzed to increased energy absorption [35]. For this reason, it was crucial to include the top
and bottom plates since the load is distribute over these surfaces. In this study, the intersection
between the longitudinal and lateral beams was open to design, so a radius was applied to the end
of the beams as a crush initiator, while also varying the joint in the middle of the beam (Figure
1.6). From the study, it was determined that using a tapered design to attach the intersections
improves the energy absorption parameters the most [35].

Another method that is used to help stabilize the force- displacement curve of energy ab-
sorbing materials is by implementing a foam ller. Goel studied the effect of lling both square
and circular aluminum tubes with an aluminum closed cell foam for a varying number of concen-
tric tubes [36]. From this work, it is noted that having a foam- lled structure greatly improves the
energy absorption abilities of the structure and that when experiencing dynamic loading, having

multiple tubes, allows for the stress wave propagation to dissipate, all while maintaining a light

11






	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Introduction
	Literature Review
	Analysis of Energy Absorption
	Energy Absorbing Structures
	Honeycomb
	Honeycomb Manufacturing

	Organization of Dissertation

	Effect of Cell Size on Energy Absorption Properties of Additively Manufactured Honeycomb at Low Strain Rate Events
	Introduction
	Materials and Methods
	Manufacturing and Testing
	Metrics
	Computational Analysis

	Results
	Preliminary Data Review
	Validation of Results
	Design for Application

	Discussion
	Conclusions

	Visco-Elastic Honeycomb for Low-Strain Rate Energy Absorption
	Introduction
	Materials and Methods
	Manufacturing
	Testing
	Performance Metrics

	Results
	Buckling Features
	Quasi-Static Testing
	Low Strain-Rate Testing
	Repeated Testing

	Analysis
	Discussion
	Conclusions

	Dynamic Crush of Visco-Elastic Honeycomb for Crashworthiness Applications
	Introduction
	Motivation
	Materials and Methods
	Sample Manufacturing
	Testing
	Data Analysis Methods

	Results
	Quasi-Static and Constant Velocity Behavior
	Dynamic Impact Behavior

	Discussion
	Strain Dependent Crush Efficiency
	Energy Absorbed Efficiency

	Conclusions

	Electroplating Additively Manufactured Honeycomb Structures to Increase Energy Absorption Under Quasi-Static Crush
	Introduction
	Methods and Materials
	Sample Fabrication
	Testing Samples
	Energy Absorption Metrics

	Results
	Effects of Plating
	Effects of Buckling Initiators
	Performance Summary
	Comparison of Metrics for Plated Samples

	Conclusions

	Conclusions
	Conclusions
	Original Contributions
	Future Work

	Bibliography

