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Preface

Mechanics of Biological Systems and Materials and the Mechanics of Composite, Hybrid & Multifunctional Materials repre-
sents one of five volumes of technical papers presented at the 2025 SEM Annual Conference & Exposition on Experimental
and Applied Mechanics organized by the Society for Experimental Mechanics and held in Milwaukee, WI, June 2-5, 2025.
The complete Proceedings also includes volumes on: Dynamic Behavior of Materials; Advancement of Optical Methods &
Digital Image Correlation in Experimental Mechanics; Fracture, Fatigue, Failure, Damage Evolution and Thermomechanics
& Infrared Imaging; and Mechanics of Additive & Advanced Manufacturing, Inverse Methods and Machine Learning.

Each collection presents early findings from experimental and computational investigations on an important area within
Experimental Mechanics, the Mechanics of Biological Systems and Materials, Micro-and Nanomechanics and other experi-
mental and applied mechanics such as research in progress.

The Biological Systems and Materials segment of this volume summarizes the exchange of ideas and information among
scientists and engineers involved in the research and analysis of how mechanical loads interact with the structure, properties
and function of living organisms and their tissues. The scope includes experimental, imaging, numerical and mathematical
techniques and tools spanning various length and time scales. This symposium at the Annual Meeting of the Society for
Experimental Mechanics provides a venue where state-of-the-art experimental methods can be leveraged in the study of
biological and bio-inspired materials, traumatic brain injury, cell mechanics and biomechanics in general. A major goal
of the symposium was for participants to collaborate in the asking of fundamental questions and the development of new
techniques to address bio-inspired problems in society, human health, and the natural world. The 2025 Symposium is the
15*" International Symposium on the Mechanics of Biological Systems and Materials. The organizers would like to thank
all the speakers and staff at SEM for enabling a successful program.

This volume also includes papers presented from the 11*" International Symposium on the mechanics of composite,
hybrid & multifunctional materials. These papers highlight how the commercial market for composite continues to expand
with a wide range of applications from sporting equipment to aerospace vehicles. This growth has been fueled by new
material developments, greater understanding of material behaviors, novel design solutions, and improved manufacturing
techniques. The broad range of applications and the associated technical challenges require an increasingly multidisciplinary
and collaborative approach between the mechanical, chemical, and physical sciences to sustain and enhance the positive
impact of composites on the commercial and military sectors.

New materials are being developed from recycled source materials, leading to composites with unique properties and
more sustainable sources. Existing materials are also being used in new and critical applications, which requires a deeper
understanding of material behaviors and failure mechanisms on multiple length and time scales. In addition, the unique
properties of composites present many challenges in manufacturing and in joining with other materials. New testing methods
must be developed to characterize the novel composite properties, to evaluate application and product life cycle performance,
as well as to evaluate impacts and merits of new manufacturing methods.

This segment of the volume presents early research findings from experimental and computational investigations related
to the processing, characterization, and testing of composite, hybrid, and multifunctional materials.

Editors:

Karen Kasza, Columbia University, NY, USA; Jonathan B Estrada, University of Michigan, MI, USA; Alexander McGhee,
University of Arizona, AZ, USA; Kunal Mishra, Corning Incorporated, NY, USA; Michael Keller, University of Tulsa, OK,
USA
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Chapter 1
Review of Recent Results of Onco-Ultrasound-Tripsy on
Cancer Cells

Carmine Pappalettere and Giovanni Pappalettera

Abstract In recent years, cancer research has advanced significantly, resulting in better treatments for various tumour types
and extended patient life expectancy. Nevertheless, there is still considerable interest in alternative clinical approaches. A
major challenge is creating treatments that precisely target tumours while preserving healthy tissue. Research has shown that
low-intensity ultrasound can selectively harm tumour cells due to their unique mechanical properties compared to healthy
cells. This paves the way for a technique called Onco-Ultrasound-Tripsy, OUT, which involves using ultrasound vibrations
to induce selective mechanical damage to tumour cells. Many advancements have been observed in this context and this
survey aims to present several results related to the employment of such approach with applications to lymphoma, breast
cancer, osteosarcoma and melanoma cells.

Keywords Cancer treatment - Ultrasound - Cellular fatigue - Selective cellular damage - Onco-Ultrasound-Tripsy

Introduction

The use of ultrasound in medicine dates back to 1942 when Karl and Friederich Dussik attempted to adapt industrial tech-
niques for detecting metal flow to visualize intracranial structures in real time [1]. Around the same time, Raimar Pohlman,
influenced by Paul Langevin’s discovery that fish reacted strongly to ultrasound, developed a physiotherapy protocol at
Charité in Berlin [2]. This protocol set a power density limit of 5 W/cm? and required continuous transducer movement
during treatment.

In 1942, Lynn & Putnam [3] pioneered the use of ultrasound for targeting brain tissue in animals, marking an early
milestone in therapeutic ultrasound. Their equipment leveraged the piezoelectric properties of crystals first discovered by
Pierre and Jacques Curie sixty years earlier [4]. They also applied Gruetzmacher’s technique, which involved grounding the
surface of a vibrating quartz plate to create a concave curvature, similar to a mirror, allowing ultrasound waves to be focused
on a precise location.

Since then, ultrasound has been utilized in treating various conditions, including bone fractures, osteoporosis, thrombosis,
glaucoma, nerve injuries, skin wounds, and cancer either as a standalone therapy or in combination with drugs [5]. Over time,
ultrasound technology has seen major advancements, including miniaturization, improved functionality, more sophisticated
control systems, and a wider array of probes and actuators to support expanding medical applications [6]. Some treatments
have been approved for clinical use, while others remain in development.

Significant progress has been made in tumor treatment using High-Intensity Focused Ultrasound, HIFU [7, §]. HIFU
directs high-energy ultrasound waves to a small target area, preserving the surrounding tissue. The ablated tissue volume
typically measures 1-3 mm (transverse) X 8—15 mm (along the beam axis) after a single exposure. The two primary mech-
anisms behind HIFU-induced tissue damage are mechanical energy conversion into heat and cavitation.

Additionally, low-intensity ultrasound, with drug assistance, has been investigated for anti-tumor applications, includ-
ing sonodynamic therapy, which combines low-intensity ultrasound with a chemotherapeutic agent (sonosensitizer) [9].
This approach (called LIPUS) holds promise due to its ability to selectively target cancer cells while preserving healthy
tissue.
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In general, when ultrasound interacts with tissue, it produces three main effects: cavitation, hyperthermia, and resonant
excitation [10, 11]. Unlike cavitation and thermal effects, resonant excitation operates based on the different resonance
frequencies of healthy and cancerous cells, allowing for targeted therapeutic action.

The so called Onco-Ultrasound-Tripsy approach (OUT) aims to exploit the mechanical properties of cancer cells for
selective damage, emphasizing the potential of low-intensity ultrasound to inhibit cavitation and thermal effects while pro-
moting resonant and fatigue ones. Changes in resonance frequency due to modifications in mechanical properties, such as a
demonstrated reduction of up to 70% in the rigidity of cancer cells [12], support this approach.

After having had the idea many years ago and having studied since the 90s the possibility of selectively killing tumor
cells by exploiting their different resonance frequency compared to healthy cells, Pappalettere and his collaborators from
Polytechnic University of Bari began 20 years ago to deepen the research on the topic. Afterwards, experimental activities
were conducted on U937 tumor cells of a myelocytic lymphoma at the University of Fukuoka in Japan (2015) [11, 13-15]
and on MCF7 breast tumor cells MCF10 cells at the University of Dundee in Scotland (2016) [16-21] and the corresponding
healthy MCF10A at the University of Bari (2019) [22]. Then they continued at the Polytechnic of Bari in collaboration with
the University of Foggia on MG-63 osteosarcoma cells (2017) [23-25] and with the University of Bari both on the same
U937 cells studied in Japan and on the corresponding healthy CD3/CD8+ Lymphocytes cells and on red blood cells (2023)
[26, 27]. Finally, recently, experiments have been conducted on HBL melanoma cells.

Some more recent studies on U937 cancer cells have been developed and validated at the California Institute of Tech-
nology (CalTech) basing on the hypothesis that cellular damage to low intensity ultrasound exposure doesn’t occur in a
quasi-static/low cycle fatigue regime (cellular lysis) but in high cycle fatigue regime (apoptosis) (2020) [28, 29] while addi-
tional results can be found in [30].

The aim of this review is to provide an overview of major results obtained by this approach addressing new challenges
and new open questions.

Materials and Methods

All the analyses have been conducted in vitro by transferring the cells grown in culture into Petri dishes and sonicating them
either from the bottom or from the top of the dish, depending on whether the cells were suspended or adherent. The probe to
sonicate the cells was placed in direct contact with the dish’s surfaces, coupled with gel, and the dish was filled with culture
medium to facilitate wave propagation and prevent air exposure.

Ultrasound waves were generated using the SonoPore KTAC-4000 device (NEPA GENE, Chiba, Japan), capable of
producing frequencies between 200 kHz and 5 MHz with a fine adjustment of 1 kHz. The device allows for adjustments
in pulse repetition frequency (0.5 Hz to 100 Hz), output duty cycle (0% to 100%), exposure duration, and voltage (0 V to
60 V). The voltage setting directly influences the power output, depending on the specific probe connected. A KP-S20 flat
probe (NEPA GENE, Chiba, Japan) with a 20 mm emission diameter was used. For cell counting, Trypsin/EDTA was used
to detach the cells from the Petri dish, and the TC20 automated cell counter (Bio-Rad, USA) was employed. Trypan blue
was applied to selectively stain dead cells by permeabilizing their membranes. Following this procedure, a 100% viability
rate was observed for the living cells. Additionally, the TC20 system measured the cell size, which was found to range from
10 to 15 pum in diameter. Cell mortality was calculated by Eq.1

live cells on control-live cells after treatment

I tality =
cell mortality live cells on control

Applications of Onco-Ultrasound-Tripsy (OUT)

Application on Lymphoma Cells

Ultrasound exposure was applied to the U937 human histiocytic lymphoma cell line. The U937 cell line, sourced from
ECACC (catalog number 85011440, UK), was originally derived from the malignant cells of a 37-year-old Caucasian male
diagnosed with histiocytic lymphoma. This monocytic leukemia model retains key monocytic features, including lysozyme
secretion, esterase activity, and limited phagocytic capacity, consistent with its histiocytic lineage. U937 cells, widely classi-
fied as monocytic cells, were maintained at 37°C in a humidified 5% COs incubator using RPMI-1640 medium (Euroclone,
Italy) supplemented with 10% fetal bovine serum, L-glutamine, penicillin G, and streptomycin. The culture medium was
refreshed every 24 hours to sustain a cell density between 5.0 x 105 and 1.0 x 106 cells/mL. Cells were expanded in T25
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Fig.1 Analysis of the observed mortality in human leukemic U937 cells was conducted both before (untreated) and imme-
diately after (sonicated) ultrasound treatment. (Left) treatment at sweeping frequencies. (Right) Treatment at fixed frequen-
cies. Results for 0 KHz are referred to untreated cells.

flasks, harvested on the day of the experiment, and resuspended in fresh medium at a concentration of 1 million viable
cells/mL. This step was implemented to minimize CO2 accumulation, which may interfere with ultrasound energy propaga-
tion and subsequently impact cell mortality outcomes. U937 cells were seeded in 12-well plates at a density of 106 cells/mL
in a total volume of 2 mL, with ultrasound exposure applied using a coupling gel.

First evaluations were done by exposing cell to sweeping frequency both in descending and ascending mode [11] by
sweeping frequency from 400 kHz to 620 kHz and viceversa at 0.5 Hz, 10 Hz and 50 Hz burst rate.

It was observed that best results are obtained (Fig. 1 left) by working in descending mode at 10 Hz burst rate. In that
situation, in fact, 79.8 % of cell mortality was observed. After these treatments the cells that remained alive were put in
an incubator for 6 hours and the calculation of the living ones was re-performed. It turned out that after this time the total
mortality of the U937 cancer cells rose to about 90% thus showing that the ultrasonic treatment also activated a mechanism
of apoptosis of the diseased cells [11].

In a second set of experiments [26, 27] sonication of U937 cells was conducted at constant frequency values of 400, 600,
800, and 1000 kHz, employing voltage levels of 30, 40, 50, and 60 V, a 50% duty cycle, and a 10 Hz burst rate. Exposure
durations of 180 and 360 seconds were assessed to identify the optimal conditions for reducing cancer cell viability.

Cell proliferation was monitored for seven days following treatment, with cell counts recorded at 0, 48, 120, and 168
hours. To ensure nutrient availability and prevent any impact on cell growth, the medium was refreshed every 48 hours.

A preliminary series of experiments was performed to assess the effect of frequency variation on U937 leukemic cells.
The cells were sonicated for 180 seconds at a constant voltage of 60 V, with a 50% duty cycle and a 10 Hz burst rate,
using frequencies of 400, 600, 800, and 1000 kHz (Figure 1 right). Cell mortality, measured immediately after ultrasound
exposure, was significantly higher in cells treated with a 1 MHz frequency (82.73% =+ 2.34) compared to untreated controls.
Notably, U937 cells exposed to 400 kHz exhibited a mortality rate approximately seven times higher than untreated cells
(26.24% vs. 3.50%), indicating that even lower frequencies can negatively impact cell viability.

These results suggest that among the tested sonication conditions, the 1 MHz frequency induces the highest mortality
in this tumor cell type. It is important to note that mortality was calculated by Eq.1 and may be influenced by background
mortality in the control group. If additional biological factors contribute to control group mortality, this could result in an
apparent negative mortality rate, as observed in the case of the 600 kHz treatment.

Application on Breast Cancer Cells

Sonication experiments were conducted using the breast cancer cell line MCF7 [22]. The cells were cultured in plastic T-75
flasks (Sigma-Aldrich, USA) in RPMI 1640 medium (Gibco Thermo Fisher, USA), supplemented with 10% heat-inactivated
fetal bovine serum (Sigma-Aldrich, USA) at 37 °C in a humidified incubator with 5% COs.

To investigate the effects of intensity and frequency, cell viability after sonication was evaluated using trypan blue dye
exclusion tests on macroscopic samples. For this, the cells were plated in 35 mm Petri dishes and incubated for 24 hours
before sonication experiments. Prior to the experiments, MCF7 cells had a confluence of over 90%, while MCF10 cells
reached around 60% confluence. After sonication at various voltage/frequency settings, the cells were immediately washed
with phosphate-buffered saline (PBS) and detached from the dish bottom by treating with 0.250 mL of 0.05% trypsin for 3
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minutes. Then, 1.75 mL of medium was added, mixed, followed by the addition of the previous supernatant, PBS, and trypan
blue and finally centrifugate at 1200 rpm for 3 mins.

The following sonication conditions were chosen: a sinusoidal wave in pulsed wave mode, with a pulse repetition fre-
quency of 10 Hz, a 50% duty cycle, and 7 fixed frequencies of 400 kHz, 436 kHz, 472 kHz, 510 kHz, 546 kHz, 582 kHz,
and 620 kHz. The tests were conducted either at a constant voltage of 60 V or at a constant power of 0.1 W. This power
value represents the average output power across the frequency range of 400-620 kHz and also the median power among the
7 sonication frequencies. Results in terms of observed mortality are shown in Fig. 2.

100

" W Fixed voltage [60 V]

80
@ Fixed power output [0.1 W]

70
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50

Cell mortality [%)
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Fig. 2 Response in terms of cell mortality for the fixed voltage condition (green square) and the fixed power condition (red
circles)

Figure 2 shows the trend of cell mortality while varying the frequency. The two tested conditions show quite similar
trends indicating that cell mortality is mostly correlated with frequency. More specifically cell mortality rises 10% to 15% at
400 kHz to 55% to 60% at 620 kHz. However, this increase is concentrated in the 540-620 kHz frequency range.

Application on Osteosarcoma Cells

The MG-63 osteosarcoma (OS) cell line was cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% Fetal Bovine Serum (FBS) [25]. Cells were seeded at a density of 8 x 104 cells per T25 flask and incubated at 37 °C in
a standard environment with 95% air and 5% CO2. To detach the cells, Trypsin/EDTA was used, after which the cells were
re-plated in Petri dishes and returned to the incubator. Cell confluence was monitored using a Nikon Eclipse Ti-U inverted
microscope with a C1 Digital Eclipse modular confocal system.

Cells were exposed for 180 s at a fixed frequency in pulse mode, with a burst rate of 10 Hz, 50% duty cycle and 60 V
voltage. In an initial phase, different frequencies were tested to identify the ones able to induce the lowest % of live cancer
cells after sonication. Five emission frequencies were analyzed: 400, 510, 582, 800 and 1000 kHz. The power density was,
in any case, lower than 5.4 W/cm?. After these preliminary tests, two frequencies were found associated with the lower
percentage of living cells after sonication: 800 and 1000 kHz. The sonication tests for these two frequencies were then
repeated on two different days with three replications of the same experimental conditions for each day. Moreover, we the
growth index of the cells after ultrasound treatment in real time was analyzed. This was done by using a device able to
measure variation in cellular impedance. In fact, an increment of the number of adherent cells results in an increment of the
measured impedance and this can be used as an indicator of the cellular growth. These growth indexes were then compared
with the growth index of the untreated cells. Experiments were carried out using the XCELLigence RTCA instrument (ACEA
Biosciences, Inc., CA, USA), placed in a humidified incubator maintained at 37 °C with 95% air and 5% COs.
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Cells were exposed for 180 seconds at a fixed frequency in pulse mode, with a burst rate of 10 Hz, a 50% duty cycle, and
60 V voltage. Initially, different frequencies were tested to identify those that caused the lowest percentage of live cancer cells
post-sonication. Five emission frequencies were evaluated: 400, 510, 582, 800, and 1000 kHz, with a power density always
below 5.4 W/cm?. After these preliminary tests, two frequencies (800 and 1000 kHz) were found to result in the lowest
percentage of surviving cells post-sonication. These two frequencies were then tested again on two separate days, with three
replicates of the same experimental conditions for each day. Additionally, the cell growth index was monitored in real time
following ultrasound treatment. This was achieved by using a device that measures changes in cellular impedance, where an
increase in the number of adherent cells corresponds to a rise in impedance, serving as an indicator of cell growth. These
growth indices were then compared to that of untreated cells. The experiments were conducted using the xCELLigence
RTCA instrument (ACEA Biosciences, Inc., CA, USA), in a humidified incubator maintained at 37°C with 95% air and
5% COs.

Figure 3 (Left) presents the percentage of dead cells following sonication for five different tested frequencies: 400, 510,
582, 800, and 1000 kHz. The evaluation of dead cells was carried out using Trypan blue assays, as dead cells are permeable
to the dye and can thus be counted. This procedure was performed immediately after the sonication process, and the number
of dead cells was compared with the initial number of treated cells to calculate the percentage shown in Figure 3. The data
reveals a general increase in the percentage of dead cells as the frequency rises, particularly for frequencies above 600 kHz.
The results at 400 kHz should be considered an outlier and warrant further investigation. The highest cancer cell mortality
was observed at the two highest frequencies: 45% of cells were dead after sonication at 800 kHz, and 60% of cells were dead
at 1000 kHz.

c
O 100+ 100+
B § § 1507
‘S 80+ S 80- ®
o - S
0 ) < 100
G 60 L 60~ )
& & 5
© = )
£ 40+ o 40 & 50
8 8 o
T 20+ 2 201 8 o
[1+] B
o 2 [
3 > S OO
3 0- 2 S & S8
= 0 500 1000 1500 SHS S 2 -50- _
RN Frequencies (kHz)

Frequencies (kHz) Frequencies (kHz)

Fig. 3 (Left) Percentage of dead cells after sonication at the five selected frequencies; (Middle) follow-up of the live cells
percentage two days after the sonication; (Right) Recalculation of the live cells percentage including considerations about
cell/fragment diameter.

The experimental results from the following two days of testing for the selected frequencies of 800 and 1000 kHz are
presented in Figure 3 (Middle). The sonication experiments confirm that 1000 kHz is the frequency that results in the lowest
percentage of live cancer cells post-sonication, with an average value of under 36%.

Further evaluation was conducted to investigate the possibility that live cells might be present in the culture medium after
treatment, potentially detached from the bottom of the dish by the ongoing pressure wave but not damaged by the ultrasound.
To rule out this hypothesis, which could result in an overestimation of the number of killed cells, the culture medium was
centrifuged to collect the pellet. The pellet was then cultured, and the corresponding growth index was assessed. For all the
analyzed dishes, the growth index was found to be zero, indicating the absence of live cells in the medium. Results of this
new calculation are presented in Fig. 3 (Right) where analysis is restricted only to cells in the range between 12 and 25 pm.

Application on Melanoma Cells

In order to assess the effects of low-intensity ultrasound on melanoma cells, the HBL metastatic cell line was utilized,
known for its high proliferative capacity. These cells were derived from human biopsies at the Department of Translational
Biomedicine and Neuroscience (DiBraiN) at the University of Bari “Aldo Moro.”

Cells were cultured in Dulbecco’s Modified Eagle’s Medium High Glucose (DMEM H.G.), supplemented with 10% fetal
bovine serum (FBS), 1% L-Glutamine (Euroclone), and 1% Penicillin/Streptomycin (Full DMEM/HG). All cultures were
maintained in an incubator at 37 °C with 95% humidity and 5% COs.
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The culture medium, containing a pH indicator, was refreshed every two to three days based on the requirements of
the cell culture. Cells were seeded in four 12-well plates at a density of 100,000 cells per well. These were incubated until
reaching a confluence of 70-80%, a prerequisite for initiating ultrasound treatment. Confluence was assessed via optical mi-
croscopy. To analyze cell viability and mortality pre- and post-treatment, two control wells were included for each condition.

All plates were exposed to ultrasound using the following sonication parameters: Duty Cycle 50%, Burst Rate 10 Hz,
Voltage 40 V, Frequency 1 MHz, and treatment duration of 180 s. These parameters were selected based on preliminary
investigations identifying the optimal frequency for inducing cell mortality.

Following treatment, melanoma cells were detached from the wells, washed with 1X PBS, treated with 1X Trypsin-
EDTA solution (0.05%/0.02%), and centrifuged at 1100 rpm for 5 minutes.

A cell count was subsequently performed for both control and treated wells using the TC-20 automated cell counter
(Bio-Rad) in the presence of Trypan Blue vital dye. Cells were resuspended in 1 mL of complete DMEM/HG medium, and
10 pL of the resulting cell suspension was mixed with 10 pL of Trypan Blue (1:1 dilution). The mixture was then loaded
into the counting slide chamber and analyzed using the TC-20 instrument. Cell mortality was evaluated following Eq.1

The findings for HBL melanoma cells are summarized in Figure 4. As depicted, plate #1 exhibited a mortality rate of
100%, while plate #3 and plate #4 showed mortality rates of 83.5% and 85.5%, respectively. However, plate #2 displayed a
markedly different outcome, with a significantly lower mortality rate of only 3.33%.

Melanoma Cell Mortality
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Fig. 4 Evaluation of the cell mortality in the four tested plates

The results obtained for HBL melanoma cells appear somewhat inconsistent and warrant further investigation. While
three of the analyzed plates exhibited significant mortality rates, plate #2 showed no such effect. This discrepancy highlights
the need for additional studies to identify potential factors underlying these findings.

A closer examination of plate #2’s specific conditions is necessary. As described before in this case, cells remained in
culture for four days, reaching 100% confluence and displaying a slightly acidified culture medium compared to the previous
day. A possible explanation for the lack of effectiveness could be alterations in the culture medium, which also serves as
the propagation medium for sound waves. Such changes may have interfered with the resonance regime through absorption
and dispersion mechanisms. Furthermore, additional research is required to investigate other potential contributing factors,
whether biological or ultrasound-related, that may have influenced the high mortality observed in plates #1, #3, and #4.
Ultimately, these findings should be validated through studies with a larger statistical sample.
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Conclusion

The overview presented in this paper is testifying the capability of the onco-ultrasound-tripsy approach to face with different
kinds of cancer cells at least for what is related to the in-vitro operations. Even if effectiveness of the approach is strictly
related to the specific targeted cancer cells in all the presented situation it was found a response in terms of mortality of
the cancer cells after exposure. Even more interestingly this response exhibits a frequency dependent behaviour which is
fundamental to guarantee selectivity of the approach. Starting from this a lot of efforts are still required to completely
understand the whole mechanism of ultrasound-cell interaction, to model them, to understand the role of the cellular micro-
environment paving the way of possible preliminary in-vivo investigations. It worth underlining, however, that first evidence
of applicability in vivo were shown in [31] where it was observed the capability of the low intensity ultrasound approach in
inhibiting cancer growth in mice.
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Chapter 2

A Bone Remodeling Lab-on-a-Chip to Study Periprosthetic
Osteolysis: Early Evidence that Osteocyte Signaling Contributes
to Increased Osteoclast Resorption

M. M. Saunders

Abstract Total joint replacement surgeries are highly prevalent throughout the United States. However, it is estimated that
within 10 years of surgery, 20% to 30% of patients will present with a complication known as periprosthetic osteolysis
(PPOL), or a degradation of the bone surrounding the implant [1]. Patients experiencing PPOL often require revision surg-
eries, which are associated with higher rates of morbidity and mortality [2]. Thus, there is a great need for therapeutic or
pharmaceutical approaches that could delay the need for revision arthroplasties. Currently, the mechanisms that drive this
osteolytic process are not fully understood. However, evidence suggests that particulate debris generated from repetitive
wear of implant surfaces leads to inflammation within the joint, which ultimately disrupts bone remodeling. Remodeling is
a lifelong metabolic process involving three bone cell types (osteocytes, osteoclasts, and osteoblasts) that maintains bone
homeostasis by tightly coordinating bone resorption and formation in a dynamic loading environment. Furthermore, me-
chanical load has also been shown to play a crucial role in bone remodeling and long-term implant stability. The goal of this
project was to develop a lab-on-a-chip (LOC) platform that recapitulates the bone dynamic microenvironment and allows for
analysis of multicellular signaling processes that lead to PPOL. This in vitro system will allow us to study complex signaling
between osteocytes, osteoclasts and osteoblasts while eliminating confounding factors present in in vivo studies. Following
development, the LOC platform was utilized to preliminarily investigate the effects of particulate debris in a dynamic loading
environment on osteocyte signaling and the subsequent effect on osteoclast resorption.

Keywords Lab-on-a-Chip - Periprosthetic Osteolysis - Bone Remodeling - Mechanobiology

Introduction

One of the leading causes of late-stage joint failure is aseptic loosening, a condition in which the bond between the bone
and the implant fails in the absence of infection. This loosening is often associated with PPOL, or degradation of the bone
tissue surrounding the implant. While the mechanisms that drive these processes are not fully understood, many studies have
shown that particulate debris generated from wear of the implant surfaces triggers an inflammatory response within the joint,
which ultimately leads to bone loss [3—4]. Additionally, long-term implant survival is dependent on the physical activity of
the patient. This highlights the crucial role of mechanical load on bone metabolism and long-term implant stability. A more
thorough and comprehensive understanding of the underlying mechanisms that regulate load-induced bone remodeling and
implant debris-induced osteolysis may lead to novel interventions that mitigate late-stage joint failure.

Background

An investigation of the mechanisms responsible for PPOL requires a deeper understanding of the complex multicellular
signaling cascades that regulate bone regeneration. This lifelong metabolic process, known as bone remodeling, is necessary
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for maintaining the structural integrity of the skeletal system. During this complex multicellular process, old or damaged
bone is removed (resorbed) by osteoclasts and new bone is deposited by osteoblasts. A tight coordination between these
two processes is required for maintaining overall bone mass. Osteocytes, which account for more than 90% of the total
bone cells, play a critical role in this coordination effort. Embedded within the bone matrix, osteocytes exhibit a high
degree of interconnectivity and are responsive to external stimuli, such as mechanical load. Once stimulated, osteocytes
have been shown to regulate the activity of both osteoclasts and osteoblasts. Furthermore, crosstalk between osteoclasts and
osteoblasts has proven essential for coupling the resorption and formation stages of remodeling. While multicellular signaling
is crucial to the tight regulation of bone remodeling, many in vitro studies are limited to investigating a single, isolated
cell type.

In recent years, our lab along with others, has emphasized the need for more complex bone remodeling platforms that
more fully recapitulate the intricate bone microenvironment. Our lab has emphasized the benefits of developing a LOC plat-
form for bone remodeling that incorporates osteoclasts, osteoblasts and osteocytes [5]. Here we modified our current platform
(Fig. 1) which utilizes fluid shear forces to induce mechanical stimulation to model the periprosthetic microenvironment and
investigate cell-cell signaling modalities that lead to PPOL. Per our focus on PPOL and bone resorption, our initial efforts
focused upon analyzing the interactions between osteocytes and osteoclasts. The design of our LOC allowed osteocytes to
be stimulated via particulate debris under dynamic load while exposing osteoclasts to real-time osteocyte soluble signaling.
However, as is typical of novel models, significant effort was required to establish the fidelity of the system. These efforts,
which are presented below, included optimizing cell feeding, loading profile and particulate debris dosing. In addition, com-
bined dynamic particulate studies incorporating osteocyte and osteoclast activity were completed with preliminary results
provided.

Stepper motor l 1
Motor mount ' .
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| Linear guide ’m
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Fig.1 (top) Schematic of multicellular LOC with pumping platform applied exposing cells to fluid shear forces and pho-
tograph of LOC. (bottom) Design of 3D printed linear actuator that used to control fluid flow within the osteocyte channel
with exploded view of the linear actuator and design of circuitry used to control movement of stepper motors within the
linear actuators.
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Analysis

Our previously developed dynamic LOC design incorporating fluid shear was modified to fabricate a multicellular platform
that recapitulated the bone microenvironment to serve as a model for PPOL [6]. The modified platform is shown in (Fig. 2).
This multilayer system contains two culturing chambers separated by a permeable membrane. In the top culturing chamber,
osteocytes are selectively stimulated with particulate debris and mechanical shear stress via oscillating fluid flow. This layer
consists of a main cell culturing chamber with a medium reservoir on each end and two sets of access channels. The central
access channel is used for filling the medium reservoirs, and the outer access channel is used for seeding cells. The lower
culturing chamber contains osteoclasts cultured on bone wafers with a single set of access channels. The two chambers are
separated by a thin polyethylene terephthalate (PETE) porous membrane (12 pm thick, 0.4 um pore size). The design allows
osteoclasts to be shielded from the mechanical stimulation and particulate debris present in the osteocyte chamber, while
still permitting the real time diffusion of osteocyte soluble signals. Fluid flow within the osteocyte chamber is driven by
custom-designed 3D printed linear actuators controlled by an Arduino microcontroller with custom-written software.
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Fig. 2 The assembly utilized for co-culture loading studies quantifying the effects of polyethylene particles in bone loss,
modeling PPOL.
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To first analyze the effect of mechanical stimulation and particulate debris on osteocytes, only the osteocyte layer of the
LOC was used. The fully cured PDMS osteocyte layer was sealed with a PDMS membrane on top and a slab of PDMS
(2 mm thick) on the bottom. The main channel of the LOC was coated with collagen type I by flowing the solution through
the outside access channels. After 1 h the channel was rinsed with Dulbecco’s phosphate-buffered saline. The central access
channels were then used to fill the entire chip with Minimum Essential Medium (MEM) « supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin.

Optimizing osteocyte feeding in the LOC: MLO-Y4 osteocytes were seeded within the main channel of the chip at a density
of 10% cells/cm? and were given 4 h to adhere to the surface. Assuming a similar culture medium consumption rate as
osteocytes grown within a T-25 flask, it was determined that the medium within the main channel should subsequently be
replaced with medium from the reservoirs every 3 h. The feeding protocol was fully automated using the linear actuators to
drive fluid movement. Chips with a reservoir depth of 3.5 mm contained sufficient culture medium to maintain the cells for
24 h. Every 24 h the medium in the reservoirs was manually replaced. To address the concern of excessive evaporation of
culture medium through the PDMS that would result in the formation of air bubbles in the main channel, a humidity chamber
was designed and 3D printed to house the chip within the laboratory incubator. This chamber fit on top of a standard 6-well
culture plate that was filled with sterile dH2O. Volumetric flow rates used during the automated portion of the feeding
protocol were analyzed to balance osteocyte viability with minimal stimulatory effects. A flow rate of 14.9 pl/h (lower feed
rate) was initially tested, which generated a wall shear stress two orders of magnitude less than the lowest value reported in
literature that is known to stimulate osteocytes. At this flow rate, osteocyte proliferation rates were substantially less than
that of cells grown in a 96-well plate. By increasing the flow rate to 29.8 pl/h (higher feed rate), proliferation rates were
comparable to that of cells grown in the 96-well plate (Fig. 3). Additionally, cells displayed typical dendritic morphology as
shown for 4 and 72 h (scale bars represent 100 um); rhodamine phalloidin and DAPI stains at 72 h revealed the presence of
an organized cytoskeleton (scale bar represents 50 um). Based upon osteocytic iNOS production, the higher feed rate was
utilized for subsequent studies.
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Fig.3 Osteocytes in the LOC channels maintained viability with cellular proliferation more responsive to a higher feeding
rate (29.8 pl/h). At the higher feeding rate, proliferation was comparable to that observed under identical feeding conditions
in the 96-well plate.

Validating experimental flow rates: Micro-particle image velocimetry (UPIV) was used to validate fluid flow rates within
the osteocyte culture chamber (Fig. 4). A chip was filled with 0.02% solution of fluorescent polystyrene tracer particles
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with a diameter of 1 um in minimum essential alpha medium (MEMa) supplemented with 5% fetal bovine serum (FBS),
5% calf serum (CS) and 1% penicillin/streptomycin. The linear actuators were turned on to induce oscillating fluid flow
with a sinusoidal wave (1 Hz) and maximum velocity corresponding to a maximum wall shear stress of 1 Pa. Images were
obtained using a Zeiss Axio Observer Al inverted microscope. Burst mode was used to collect 100 images at a rate of 47.6
frames per second. Images were analyzed pairwise using PIVLab, an open-source add-on for MATLAB, and three passes
with a decreasing interrogation window (128, 64, and 32 pixels) to generate a velocity vector field. The average particle
velocity was determined for each image and then plotted versus time. A one-term sum of sine approximation for the data
was obtained using the MATLAB curve fitting application. The amplitude of the model was compared to the theoretical
amplitude (previously described), and a calibration coefficient was determined. The calibration coefficient was incorporated
into the model, and the experiment was repeated. Osteocytic iNOS production showed that mechanical load continued to
have a cellular effect at 24 h. This waveform was used for subsequent loading studies.
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Fig. 4 pPIV analysis to validate fluid flow rate.

Validating experimental particulate debris dosing (particulate preparation): Wear debris was modeled using commercially
available polyethylene nanospheres (Cospheric LLC) with a diameter range of 0.2 to 9.9 um. Evidence suggests that the bio-
logical response to debris depends on particle size, and particles with a diameter between 0.1 and 10 um have been reported
to be the most biologically active. A solution of polyethylene particles in culture medium was generated using an established
protocol. Briefly, particles were suspended in 70% ethanol then sonicated for 1 h to disperse any clumps. To ensure particles
remained in the upper osteocyte chamber, the solution was filtered to remove particles smaller than 0.4 um. The remaining
particles were then resuspended in 70% ethanol, sonicated for 1 h and left at RT for 48 h to eliminate endotoxin contamina-
tion. The particles were then washed three times with endotoxin-free PBS, resuspended at 1 mg/ml in MEMa supplemented
with 5% FBS, 5% CS and 1% penicillin/streptomycin and sonicated for 30 min. The solution was streaked on nutrient agar
plates and incubated for 48 h at 37 °C to confirm the absence of any bacterial or fungal contamination. Prepared PDMS
chips were rinsed two times with sterile dH5O using a 5 ml syringe and Tygon tubing. Using the outside access channels,
the osteocyte culture chamber was coated with collagen type I in 0.2 M acetic acid for 1 h then rinsed two times with Dul-
becco’s phosphate-buffered saline (with calcium and magnesium). The osteocyte chamber and medium reservoirs were then
completely filled with MEMa supplemented with 5% FBS, 5% CS and 1% penicillin/streptomycin, taking care to remove
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all air bubbles from the system. MLO-Y4 osteocytes were seeded in the chips at 20,000 cells/cm? using the outside access
channels and a syringe pump set to a speed of 5 ml/h and a volume of 40 ul per chip. The cells were allowed to adhere to
the chips for 4 h prior to motor attachment. The linear actuator pump was then used to automatically feed the cells every 3
h with medium from the reservoirs using a flow rate of 29.8 ul/h. Medium in the reservoirs was manually replaced every 48
h. LDH staining and Griess assays were employed to quantify the dose response ranging from 0-1 mg/mL after 48 h. iNOS
production was determined using a Griess assay. First, 50 ul of each sample was added to 50 ul of Griess reagent (a solution
containing 0.5% sulfanilamide, 0.05% N-(1-Naphthyl)ethylenediamine dihydrochloride and 2.5% phosphoric acid) within a
96-well plate. The absorbance at a wavelength of 540 nm was determined for each sample and converted to a concentration
of iNOS. Cells were stained with LDH reaction solution—a mixture containing HBSS, Polypep, diglycine, lactic acid, -
Nicotinamide adenine dinucleotide hydrate and nitroblue 34 tetrazolium. Cells were incubated for 90 min at 5% CO; and 37
°C. They were washed with HBSS and fixed in 4% paraformaldehyde for 15 min at RT. They were washed again and stored
in HBSS for imaging. Based upon analysis (Fig. 5), particles were resuspended in 1 mg/ml for subsequent experimental
studies.
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Fig. 5 The results of LDH staining and the Griess assays in quantifying iNOS production as a function of polyethylene
particle dose response. Of particular interest are the magnified phase contrast and stained images clearly demonstrating the
successful cellular uptake of the polyethylene particles.
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Fabricating chips for multicellular studies: Chip fabrication has been previously described. Briefly, a custom-designed mask
was designed in SolidWorks 2018 (Dassault Systemes) and fabricated from Accura SL 5530 using high-resolution stere-
olithography (Protolabs). Chips were cast from PDMS with a 10:1 ratio of elastomer base to curing agent. The polymer was
mixed vigorously, poured over the mask, degassed and cured for 18 h at 45 °C. A similar process was used to fabricate the
osteoclast culturing chamber and a thin (0.5 mm thick) PDMS membrane. This membrane served as a diaphragm that, when
deflected downward, drove fluid from the medium reservoirs and across the osteocyte culturing chamber. A biopsy punch
was used to create holes for the access channels. The PDMS membrane was attached to the top of the osteocyte chamber
layer by plasma oxidation for 30 s using a medium RF setting (200 mTorr, 10W). The PETE membrane was attached to the
bottom of the osteocyte layer using aminosilanization of the membrane and plasma oxidation. To ensure the PETE mem-
brane was taut, the membrane was initially oversized, and the edges were taped to filter paper that was in turn taped to a flat
metal tray. After attaching the membrane to the PDMS layer the excess PETE membrane was trimmed off with a scalpel.
The osteoclast culture chamber was then plasma oxidized and pressed to the underside of the PETE membrane following
careful alignment with the osteocyte chamber. The chips were then baked at 65 °C for 30 min with weight (~9 N) placed on
top. Angled dispensing tips (18-Gauge, 12.7 mm, 90 °) were inserted into the access holes and secured with epoxy.

Analyzing the effects of particulate debris and mechanical stimulation on osteocyte signaling and subsequent osteoclast
resorption: The LOC was fabricated with both the osteocyte and osteoclast culturing chambers; experiments were conducted
as shown in the experimental design chart (Fig. 6).
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Fig. 6 Experimental design for initial investigation of osteoclast resorption as a function of exposure to osteocytes subjected
to mechanical stimulation in the presence of particulate debris simulating PPOL in a dynamic loading environment.

The osteocyte and osteoclast chambers were separated by a porous PETE membrane to allow for diffusion of soluble
signals between the culturing chambers. The device was fabricated following the procedures described above. The osteoclast
culturing chamber contained three bovine bone wafers (2 mm x 5 mm) secured to the bottom of the channel. Following
experimentation, bone wafers were removed from the chip and each wafer was analyzed separately. MLO-Y4 osteocytes
were seeded in the upper chamber at a density of 10* cells/cm? using a flow rate of 5 ml/h. At 48 h RAW264.7 pre-osteoclasts
were seeded in the lower chamber at a density of 5,000 cells/cm? in Dulbecco’s Modified Eagle Medium (DMEM) with
10% FBS and 1% penicillin/streptomycin. After 24 h, osteoclasts were induced to undergo osteoclastogenesis with the
addition of 120 ng/ml RANKL to the medium. Osteoclasts were fed with induction medium every 72 h using 100% medium
replacement. Osteocytes were stimulated with polyethylene particles at 72 h and with oscillating fluid flow (1Pa, 1Hz) for 1 h
every 24 h for 30 days. Conditioned medium was collected for analysis via ELISAs. The soluble factors, interleukin (IL)- 13,
and IL-6 were quantified. IL-1/3 enhances osteoclast differentiation while IL-6 indirectly promotes osteoclast differentiation
by enhancing osteocyte-secreted RANKL (Fig. 7). At 30 days, bone wafers were removed from the LOC and assessed for
TRAP activity and stained with toluidine blue for quantification of bone resorption (Fig. 8).
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Fig. 7 Analysis results of osteocyte conditioned medium.

Results

To date, osteocyte conditioned medium assays showed the effects of combined loading and debris upon immediate collection
or following a 24 h incubation period. Initial results suggested that in the LOC the combined effects on inflammation
(osteocytic iNOS production) were largest immediately following collection. These effects decreased after 24 h but were
not significantly different from the effects of particulate debris alone. Results from IL-13 quantification suggested that this
cytokine production was not significantly different under the various combinations of load and particulate debris at the
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Fig. 8 Osteoclast iNOS production and bone resorption.

various collection times, while IL-6, which more indirectly promotes osteoclast activity by acting directly on RANKL, was
significantly increased in combined cultures over baseline. To date, osteoclast conditioned medium assays showed that when
osteocytes were not exposed to polyethylene particles, iNOS levels in the osteoclast chamber peaked at day 9 and then
dropped significantly. But when osteocytes were exposed to polyethylene particles, OS levels in the osteoclast chamber were
not detectable at day 9 but then increased significantly by day 27. Wafer resorption analysis has not been completed. While
we are still working to define these results in the context of current knowledge, similar trends are emerging for the collection
periods. However, the biomarker activity will help us to better understand the added benefit of the indirect measurements in
the absence of the resorption data. This is also being completed to better vet the LOC and loading system for a wide range
of research uses where it will be necessary to first establish true fidelity of the system and approach.

Conclusion

Although osteocytes make up the vast majority of bone cells and are known to play an essential role in regulating osteoclast
and osteoblast activity, surprisingly little is known regarding their role in PPOL. In contrast, the biological response of
macrophages to implant debris has been well established. Significant clinical evidence has demonstrated that wear debris
from implants stimulate macrophages and trigger the release of pro-inflammatory cytokines, such as tumor necrosis factor
(TNF)-q, interleukin (IL)-1, and IL-6 [7-8]. This inflamed environment ultimately leads to enhanced osteoclast activity
and subsequent bone loss. While it is widely accepted that implant debris is a major cause of PPOL, some studies have
suggested that mechanical stimulation may provide an additional mechanism leading to osteolysis that is independent of
wear debris [9-10]. Researchers have hypothesized that micromotion at the bone-implant interface may result in a cyclic
pressure-induced flow of joint fluid into the surrounding cancellous bone [11-12]. Further, some studies have reported that
exposure to both wear particles and mechanical stimulation has a synergistic effect on pro-inflammatory cytokine expression
in macrophages [13—-14].
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Recent studies suggest that osteocytes may also contribute to the pro-inflammatory response and subsequent increase
in osteoclast resorption [15-16]. Ormsby et al demonstrated that exposure of human primary osteocyte-like cells to either
polyethylene or metal particles upregulated expression of pro-inflammatory cytokines TNF-«v and IL-6 [16]. Exposure of
MLO-Y4 osteocytes to polyethylene particles has been shown to induce an upregulation of receptor activator of nuclear
factor kappa-B ligand (RANKL), which promotes osteoclast differentiation [15-16]. And TNFa and IL-6 were shown to be
upregulated in RAW264.7 macrophages exposed to titanium particles. However, this upregulation was suppressed by two
inhibitors of SPHKs (FTY720 and ABC294640) suggesting that release of TNF« and IL-6 depends on SPHK-2 activity
[17]. In osteocytes, it remains to be seen if a similar mechanism regulates particle-induced expression of these cytokines.
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Chapter 3
The Stress Relaxation Response of the Porcine Descending Aorta
under Combined Normal and Torsional Loadings

Luc Nguyen, Abdelrahman Youssef, Calvin Nguyen, Kirtan Patel, Jack Luce, Benjamin Tijerina,
and Chandler C. Benjamin

Abstract Understanding the mechanical properties of aortic tissue is crucial for improving future medical interventions
related to cardiovascular diseases. Our group has previously investigated the uni-axial, bi-axial, and shear responses of the
porcine thoracic aorta. In this study, we explore the stress relaxation of the porcine aorta under torsional shearing while
maintaining a constant normal compressive load. Circular samples, measuring 0.5 inches in diameter, were extracted from
the descending section of porcine thoracic aortas. Stress relaxation experiments were conducted at a constant shear strain
ranging from 10 to 50% while maintaining a compressive strain ranging from 5 to 25%. We observed that the stress relax-
ation behavior differs between the normal and torsional shear directions. Results suggest that neither the normal or shear
stress relaxation behavior of the porcine aorta is significantly influenced by the degree of compressive strain or shear strain
applied.

Keywords Stress relaxation - Creep - Aorta - Viscoelastic - Rheology

Introduction

A better framework for mechanical analysis of aortic tissue is needed to improve medical diagnosis and intervention. Current
pathology for aortic diseases (such as aortic aneurysms, dissections, and stenosis) revolve around the determination of other
diseases or genes that increase risk [16, 12, 20, 3]. However, the weakening of the tissue seen in aortic aneurysms and the
rupture initiation seen in aortic dissections are clear signs that the pathology of aortic diseases needs to address mechanics.
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Observed mechanical properties of the aorta

In 1881, Charles Roy examined the elastic and viscous properties of animal arterial tissue [28]. His experiments demonstrated
the first findings of viscoelastic material properties in arterial tissue. In 1969, Patel et al. noticed anisotropy in canine arteries
in their inflation experiments. They measured differing mechanical responses in the circumferential and axial directions.
They concluded that the thoracic aorta, abdominal aorta, and common carotid artery in canines can all be approximated as
an orthotropic cylindrical tube [22]. From such previous work, we see the importance that anisotropy and viscoelasticity
have in this material which must be considered in appropriate constitutive modeling for the aorta.

There have been many tests on the porcine aorta focusing on the uni-axial and bi-axial properties [18, 24, 21, 4, 7].
However, it has been observed that the shear strains induced by inflation are not negligible [22]. Coupling of wall shear
stress and circumferential shear stress has also been observed in arterial tissue [29]. Torsional shear testing in our lab [26]
has shown a nonlinear response between the experienced torsional shear stress and the angle of twist. We have additionally
noticed a nonlinear coupling between the experienced torsional shear values and combined normal loadings [19]. In these
previous tests in our lab, preconditioning was used to examine the elastic properties of the porcine aorta in its relaxed state.
However, the time-dependent viscoelastic properties of the porcine aorta are crucial to proper modeling [17, 25].

Stress relaxation and creep in soft tissue

It has been shown that most basic viscoelastic models, such as Maxwell or Kelvin-Voight, fail to capture the response of
biological tissue [10]. In their uniaxial tensile tests, Chen et al. note the stress relaxation measured on strips of porcine aortas
at different angles [4]. Samples cut at the same angle with respect to the circumferential axis showed similar relaxation
behavior, whereas samples at varying angles showed different stress relaxation behavior. The smallest relaxation occurred
in the directions of the tissue fibers. As such, we expect anisotropy to be present even within the viscoelastic properties of
the constitutive modeling for the aorta. In their inflation tests on canine carotid arteries, Zatzman et al. postulate the micro-
constituents of the tissue to be responsible for the inelastic responses in their data [33]. Anssari-Benam et al. related their
experimental stress relaxation data of the aortic valve to a kinematic framework of the fibers [1]. Their framework offers an
explanation of the microstructural mechanics resulting in both the relaxation and creep phenomena. Bagshaw and Attinger
compare the experienced stress relaxation in various canine arteries to the collagen and smooth muscle content [2]. They
found a strong linear correlation between the experienced relaxation and the sum of collagen and smooth muscles content.
We see that the phenomena of stress relaxation and creep are strongly tied to the microstructure of the artery. There is,
however, a lack of experimental viscoelastic data of arteries under combined loadings.

Efforts to model aortic tissue

There has been much effort to model aortic tissue, yet each proposed model fails to capture all aspects of the aorta’s mechan-
ical properties let alone predict previously unobserved phenomena. Rajagopal and Rajagopal [25] discuss the complexities
with modeling such a material. They note that the physical composition of the aorta is the source of many of the complexities
as well as it’s varying geometry and anisotropy.

Craiem et al. developed a fractional-order relaxation function [6]. They were able to fit uniaxial tensile stress relaxation
data using quasilinear viscoelastic theory developed by Fung [11]. Fung et al. discuss the application of an exponential and
polynomial strain energy function in fitting experimental data [9]. A given function with enough coefficients can be fit to
most experimental data, and Fung et al. do note considerable variation between constants for different sets of data of the same
experimental protocol. Tanaka and Fung utilized Fung’s form for the reduced relaxation function [11] for canine arteries in
cyclic uniaxial extension [31]. They note, however, that “we have no right to expect the quasi-linear relationship to be valid
for full range of the inelastic phenomenon in large deformation.” This is crucial as the aorta is expected to undergo large
deformations.

Cheung and Hsiao developed a nonlinear, viscoelastic, anisotropic constitutive equation [5]. Some of the complexities
of the composition of arteries are considered by modeling the material body as a system of micro-elements in equilibrium in
their unloaded state. Their integral form of the relaxation function captures the inflation response of the canine carotid artery.
Cheung and Hsaio note that only quasi-static conditions are considered and that the inertia term in the equation of motion
should be taken into account with future work. Young et al. develop a nonlinear, viscoelastic, orthotropic model [32] where
they express the stresses in canine aortas using integrals of four or ten relaxation functions and histories of circumferential
and longitudinal strains. A motion comprising of internal inflation and longitudinal extension is examined to ensure no
shear forces are present. While this allows for the use of their orthotropic constitutive relation, it greatly simplifies the
stresses experienced by arteries. Holzapfel et al. proposed a rate-type constitutive relation based on the additive split of the
second Piola—Kirchhoff stress into elastic and viscoelastic components [14]. They developed a finite element formulation
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modeling the arteries as fiber-reinforced composites. Their model successfully describes the hysteresis that occurs with
cyclic loading that is insensitive to strain rate over several decades. Pena et al. used a thermodynamic framework in their
constitutive relation to account for the “pseudo-elastic” behavior that vascular tissues demonstrate after preconditioning
[23]. They used a simple neo-Hookean term to model the isotropic response and Holzapfel et al.’s exponential terms [15]
to model the anisotropic terms. Pena et al note the following limitations to their constitutive formulation: a need for a
large sample size for determination of material constants, omission of permanent set on stress removal due to loading-
unloading tests, and the evolution equations of the viscoelastic internal variables are linear. This means that it is not possible
to associate such internal variables with any internal micro-structural damage or thermodynamic processes. Haslach proposed
a model using a system of evolution differential equations [13]. His model is able to predict both creep and stress relaxation
under uniaxial extension. His model operates under the assumption that a unique long-term manifold exists for both creep
and relaxation. Zerpa et al. [34] apply fractional viscoelastic models using “high-order spring-pot” to model the ovine
ascending aortic wall. They note that the higher-order spring-pots leads to improvement of fitment to experimental data over
traditional spring-pots. Zerpa et al. note that future studies should investigate histological interpretations of these higher-order
spring-pots.

In general, it is clear that much work is to be done in the way of modeling aortic tissue. More experimental data is needed
to further understand the types of mechanical behavior we expect to see from such a complex material. This proceeding
focuses on the experimental data set obtained from loading porcine descending aorta in a combination of normal compression
and torsional shear.

Experimental Methods

Porcine aortas were obtained from the Texas A&M Department of Animal Sciences. For this experiment, we only used
samples from the descending thoracic aorta between the 3™ and the 7" branching arteries. These sections of aorta were
longitudinally cut using a surgical scalpel, then circular samples were extracted using a half-inch circular punch. Samples that
were visually non-uniform in thickness were discarded. Uniform circular samples were cleaned of excess tissue, placed in a
vial filled with Phosphate Buffer Solution (PBS), then stored in a freezer maintained at -20° C. The samples remained frozen
for at least 24 hours before testing. It has been previously determined that this method of preservation has no significant
impact on the mechanical properties of the porcine aorta [21].

Experimentation was performed on an Anton Parr MCR302 rheometer. The rheometer was set up in a parallel plate
configuration. We used a tissue bath for the fixed bottom plate and a 12.5mm diameter top plate. 120-grit sandpaper was
attached to both the top and bottom plates to prevent slipping of the test specimen. Before each experiment, the sample
was thawed by placing the frozen vial in room temperature water for at least 20 minutes. Measurements of the diameter
and thickness of each circular sample were taken using Vernier calipers. Each sample was placed in the rheometer with the
intimal side facing up and then visually centered underneath the top plate. The top plate was moved downward until contact
with the sample was confirmed. The tissue bath was filled with PBS, and a hood was closed to maintain a temperature of
25° C.

Relaxation testing comprised of an axial normal compression followed by torsional shearing. The initial normal com-
pression of either 5%, 10%, 15%, 20%, or 25% compressive strain was applied to the specimen over the span of 10 seconds.
Torsional shearing of either 10%, 20%, 30%, 40%, or 50% was then applied over the span of 1 second. The constant normal
strain and torsional shear strain was then maintained for 1000s. Ten samples were experimented on at each combination of
normal and torsional shear strain for a total of 250 samples.

Results

Due to microstructural reconfigurations within the tissue, we expect the experienced stress to asymptotically relax to a non-
zero value. The rheometer measured the experienced normal stress and shear stress from each sample. For each combination
of normal compressive strain and shear strain, the data from the ten samples was averaged together for further analysis.

We normalized the data by plotting the measured stress divided by the maximum experienced stress on the ordinate. From
initial observation of our results, we cannot confidently state that varying the normal or shear strain affects the relaxation
behavior. For further analysis, we will examine the quasi-linear aspects of the results by averaging the data at varying
compressive strains together. The results of this are shown in Figure 1. We notice in Figure 1, that the varying shear strains
do not appear to have a significant effect on the relaxation behavior. The plots of each shear strain from Figure 1 were
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averaged to produce Figure 2. From our results, we see that a quasi-linear model could capture the data reasonably well for
the stress relaxation of the porcine aorta in both the normal and shear directions.
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Analysis

The normal relaxation modulus and the shear relaxation modulus are given by,

B(r) = 20 M
€0
a(ry =", @
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where €y and 7y denote the applied normal strain and shear strain, respectively. We normalized the data by

o(t) 7(t)
f(tp) = —= : g(t;p) = —. 3
00 To
Here, f{t) represents the normalized normal stress and g(?) represents the normalized shear stress. oy denotes the ini-
tial normal stress at (the normal stress at ¢ = 07), and 7y denotes the initial shear stress. We will model the normalized
experimental data using a least-squares regression analysis. We will choose to model the data with

f(t;p) = A+ Bexp <_)\t> (;) ) 4

Equation 4 is a modified version of the Weibull distribution [30]. Other variations of the Weibull distribution have
been used to measure the creep and stress relaxation in polymeric materials [8]. In such models, we liken the viscoelastic,
microstructural elements to a population of time-dependent mechanical latches, each with their own time to failure. The
parameters n and A are the shape and characteristic time parameters, respectively. A and B are coefficients. We seek to
model the normalized data given in figure 2. We chose the modified Weibull distribution (equation 4) based on the shape
of the relaxation data seen in figure 2. We expect an equation of exponential form to fit the data reasonably well. For an
initial study, we are seeking to find a nonlinear equation that can be curve fit to the data with a reasonably good coefficient
of determination (R-squared value).

The vector p’denotes the material parameters which, in equation 4, are

S
|
S >

We will model both the normal and shear relaxation data using equation 4. A nonlinear least squares regression produces
the best-fit parameters for p’ given in Table 1. The experimental data, the modeled equation and the R-squared values are
shown in Figure 3.
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Fig.3 The data and fit using a least-squares regression analysis of the experimental data and equation 4 for the normalized
(a) normal and (b) shear stress.

We notice the characteristic time parameter, A, differs between the normal and shear directions. We also note that, even
with a nonlinear least-squares regression analysis, the model fails to perfectly capture the data at t = 0.1s. Because Figure 3
is on a log-log scale, the difference between the model and data becomes exaggerated compared to a linear scale. Next, we
examine the results using linear-log axes to determine the effects of varying the magnitude of compressive strain and shear
strain on the relaxation response.
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Table 1 Solved material parameter values

Direction A B A(s) n
Normal 0.305 0.356 293 —0.117
Shear 0.448 0.162 488 —0.166

Figure 4 shows all raw data plotted on a semi-log scale. From the data, we do not observe any clear effect of the shear
strain amplitude on the stress relaxation response in either the normal or shear directions. The characteristic time generally
appears to remain the same regardless of the input shear strain chosen. Considering the effect of the compressive strain
amplitude, we observe a generally positive correlation between the nominal stress values and the given compressive strain.
However, after normalization (Figure 1), we cannot state a clear significant effect that varying compressive strain has on the
relaxation behavior.

Discussion

Implications of Experimental Data

From our normalized data, we notice there is not a significant difference in stress relaxation behavior due to varying the
input normal strain nor the input shear strain. With ten samples at each combination of control variables, we believe this
experiment sufficiently demonstrates that the viscoelastic response of the porcine aorta can be approximated using a quasi-
linear viscoelastic model. We also note the difference in the shape of the trend lines between the normal and shear stress
response. This demonstrates the anisotropy of the material.

In our analysis, we see that both data sets in the normal and shear directions can be fitted using a model of the form of
equation 4. At the time of this publishing, we have not proved uniqueness to this model. In fact, we do not expect uniqueness
from this model. Further study is required for the viscoelastic constitutive modeling of the porcine aorta. The purpose of this
paper is to provide an experimental data set in which future modeling can be validated with.

From this data set, we see the magnitude of the time-dependence of the material in combined normal and shear loading.
Within the time frame of the experiment (1000 seconds), we can further examine the viscoelastic behavior of aortic tissue.
From Figure 3, we can see that neither the normal or the shear stress plateau to a finite stress value. From longer experiments,
we can determine whether the material behaves as a viscoelastic solid or viscoelastic fluid.

Novelty of our experiment

The novelty of this experiment comes from both the loading configuration and the combination of normal and shear forces
onto the test samples. We did not test samples of porcine aortas in their natural, exhumed configuration. In fact, we do not
expect normal physiological loadings in the configuration in which we are testing. Additionally, with the way the samples
are prepared, we expect residual stresses to exist within the body. Thus, the nominal values of our experiments will not
correlate to the stress values we expect to see in vivo. However, the purpose of this experiment is to gather an understanding
of the viscoelastic response the porcine aorta shows under combined loading. Our methods allow us to take multiple samples
from each aorta. This allows for a wider range of loading conditions and a larger number of samples at each combination.
As a biological material, we expect each sample of porcine aorta to show large variance, and testing at least 10 samples at
each loading condition is necessary for characterizing the material. While statistical accuracy is expected to be low for a
biological material, we can minimize this by taking many samples out of each aorta retrieved.

Implication on future modeling

We discovered a clear anisotropic relaxation response within the porcine aorta. From the relaxation experiment, we determine
if the material behaves as a viscoelastic solid or fluid. This will impact the choice between a Gibbs or Helmholtz free energy
[27]. From our findings, we determine that future modeling of the porcine aorta must include anisotropic relaxation behavior.
The rate of dissipation will need to vary in the normal and shear directions.
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Questions our data pose

From figure 4, we see that the averaged data of the different compressive strains do not behave entirely as expected. In some
cases, such as the data set run at 20% shear strain, we see that 10% compressive strain experiences less normal stress than
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5% compressive strain. If we examine the final stress (the stress value at the end of the test) in relation to the changes in
compressive strain, shown in figure 5, we do not see any definitive correlation. We expect there to be a high variance within
the different biological samples, so the question arises as to whether this peculiarity in the data is a result of the large spread
in experimental data or if there is something within the microstructure of the porcine aorta that leads to such a phenomenon.
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Fig. 5 The (a) normal and (b) shear stress at time t = 1000s as a function of the applied compressive strain. The varying
shear strains are plotted on the same figures.

Conclusions

We noticed the relaxation behavior is different in the normal and shear directions. The amplitude of compressive strain
appears to have a larger impact on the quantitative experienced stress compared to the amplitude of the applied shear strain.
There appears to be some nonlinear correlation between the normal and shear stress responses of the porcine descending
aorta. Further investigation is required to better characterize this correlation.

Future work

Future work for this project will include a creep experiment to examine if the creep behavior can be predicted using this
relaxation data. This creep experiment will be conducted using similar testing conditions as those found in this paper. We
expect the porcine aorta to behave as a nonlinear material, so the creep behavior should not be able to be directly predicted
from the relaxation data. Creep experimental data will be needed to confirm such hypotheses. An analysis on the kinematics
and force balances will also be done for the problem given by this experimental set up. With the creep and relaxation data
and the mechanics analysis, further improvements on constitutive modeling can be made.

The purpose of this study is to provide a robust set of experimental data on the relaxation response of the porcine aorta.
As such, testing time was limited to 1000 seconds per sample. In the future, we seek to test samples until the value of the
stress plateau in both the normal and shear directions. This will help to determine with certainty if the porcine aorta acts
as a viscoelastic solid or viscoelastic fluid. We also seek to perform histology analysis on samples used in these relaxation
experiments. This will further examine how the relaxation response of the porcine aorta relates to the permanent damage to
the tissue.

References

1. Afshin Anssari-Benam, Hazel RC Screen, and Andrea Bucchi. Insights into the micromechanics of stress-relaxation and creep behaviours in
the aortic valve. Journal of the mechanical behavior of biomedical materials, 93:230-245, 2019.
2. RJ Bagshaw and Frangoise ML Attinger. Longitudinal stress relaxation in the canine aorta. Experientia, 30(9):1046-1047, 1974.



The Stress Relaxation Response of the Porcine Descending Aorta under Combined Normal and Torsional Loadings 27

w

10.
11.

12.
13.

14.

16.

17.

19.

20.

21.

22.
23.

24.

25.
26.

217.

28.

29.

30.

31.

32.

33.

34.

Thierry Carrel, Thoralf M Sundt, Yskert von Kodolitsch, and Martin Czerny. Acute aortic dissection. The Lancet, 401(10378):773-788, 2023.
Qiang Chen, Yan Wang, and Zhi-Yong Li. Re-examination of the mechanical anisotropy of porcine thoracic aorta by uniaxial tensile tests.
BioMedical Engineering OnLine, 15(2):493-506, 2016.

JB Cheung and CC Hsiao. Nonlinear anisotropic viscoelastic stresses in blood vessels. Journal of biomechanics, 5(6):607-619, 1972.
Damian Craiem, Francisco J Rojo, Jose Miguel Atienza, Ricardo L Armentano, and Gustavo V Guinea. Fractional-order viscoelasticity
applied to describe uniaxial stress relaxation of human arteries. Physics in Medicine & Biology, 53(17):4543, 2008.

Valerie Deplano, Mourad Boufi, Olivier Boiron, Carine Guivier-Curien, Yves Alimi, and Eric Bertrand. Biaxial tensile tests of the porcine
ascending aorta. Journal of biomechanics, 49(10):2031-2037, 2016.

Kevin S Fancey. A mechanical model for creep, recovery and stress relaxation in polymeric materials. Journal of materials science,
40(18):4827-4831, 2005.

YC Fung, K Fronek, and P Patitucci. Pseudoelasticity of arteries and the choice of its mathematical expression. American Journal of
Physiology-Heart and Circulatory Physiology, 237(5):H620-H631, 1979.

Yuan-cheng Fung. Biomechanics: mechanical properties of living tissues. Springer Science & Business Media, 2013.

Yuan-Cheng B Fung. Stress-strain-history relations of soft tissues in simple elongation. Biomechanics its foundations and objectives, pages
181-208, 1972.

Jonathan Golledge and Paul E Norman. Atherosclerosis and abdominal aortic aneurysm: cause, response, or common risk factors?, 2010.
Henry W Haslach Jr. Nonlinear viscoelastic, thermodynamically consistent, models for biological soft tissue. Biomechanics and Modeling in
Mechanobiology, 3(3):172-189, 2005.

Gerhard A Holzapfel, T Christian Gasser, and Michael Stadler. A structural model for the viscoelastic behavior of arterial walls: continuum
formulation and finite element analysis. European Journal of Mechanics-A/Solids, 21(3):441-463, 2002.

. Gerhard A Holzapfel, Thomas C Gasser, and Ray W Ogden. A new constitutive framework for arterial wall mechanics and a comparative

study of material models. Journal of elasticity and the physical science of solids, 61:1-48, 2000.

Deepali Jain, Harry C Dietz, Gretchen L Oswald, Joseph J Maleszewski, and Marc K Halushka. Causes and histopathology of ascending
aortic disease in children and young adults. Cardiovascular Pathology, 20(1):15-25, 2011.

Manoj Myneni and KR Rajagopal. Constitutive modeling of the mechanical response of arterial tissues. Applications in Engineering Science,
11:100111, 2022.

. Manoj Myneni, Raghuveer Lalitha Sridhar, Kumbakonam R Rajagopal, and Chandler C Benjamin. Experimental investigation of the

anisotropic mechanical response of the porcine thoracic aorta. Annals of Biomedical Engineering, 50(4):452-466, 2022.

Luc Nguyen, Manoj Myneni, Abdelrahman A Youssef, and Chandler C Benjamin. Effect of normal stress on the torsional shear response of
the porcine descending aorta. In Society for Experimental Mechanics Annual Conference and Exposition, pages 21-24. Springer, 2022.
Christoph A Nienaber, Rachel E Clough, Natzi Sakalihasan, Toru Suzuki, Richard Gibbs, Firas Mussa, Michael P Jenkins, Matt M Thompson,
Arturo Evangelista, James SM Yeh, et al. Aortic dissection. Nature reviews Disease primers, 2(1):1-18, 2016.

Siobhan A O’Leary, Barry J Doyle, and Tim M McGloughlin. The impact of long term freezing on the mechanical properties of porcine
aortic tissue. Journal of the mechanical behavior of biomedical materials, 37:165-173, 2014.

Dali J Patel, Donald L Fry, and Joseph S Janicki. The elastic symmetry of arterial segments in dogs. Circulation research, 24(1):1-8, 1969.
E Pena, V Alastrue, A Laborda, MA Martinez, and M Doblare. A constitutive formulation of vascular tissue mechanics including viscoelas-
ticity and softening behaviour. Journal of biomechanics, 43(5):984-989, 2010.

Juan A Peiia, Miguel A Martinez, and Estefania Pefia. Layer-specific residual deformations and uniaxial and biaxial mechanical properties
of thoracic porcine aorta. Journal of the Mechanical Behavior of Biomedical Materials, 50:55-69, 2015.

Kumbakonam R Rajagopal and Keshava Rajagopal. Modeling of the aorta: complexities and inadequacies. Aorta, 8(04):091-097, 2020.
Akshay Rao, Manoj Myneni, CC Benjamin, and KR Rajagopal. High amplitude torsional shear of porcine thoracic aorta. In Mechanics of
Biological Systems and Materials & Micro-and Nanomechanics, Volume 4, pages 37-40. Springer, 2020.

1J Rao and KR Rajagopal. A thermodynamic framework for the study of crystallization in polymers. Zeitschrift f*ur angewandte Mathematik
und Physik ZAMP, 53:365-406, 2002.

Charles S Roy. The elastic properties of the arterial wall. The Journal of physiology, 3(2):125, 1881.

Milad Samaee, Mohammad Tafazzoli-Shadpour, and Hamed Alavi. Coupling of shear—circumferential stress pulses in-vestigation
through stress phase angle in fsi models of stenotic artery using experimental data. Medical & Biological Engineering & Computing,
55(8):1147-1162, 2017.

Ammar M Sarhan and Mazen Zaindin. Modified weibull distribution. APPS. Applied Sciences, 11:123-136, 2009.

Toshiyuki T Tanaka and Yuan-Cheng Fung. Elastic and inelastic properties of the canine aorta and their variation along the aortic tree. Journal
of Biomechanics, 7(4):357-370, 1974.

John T Young, Ramesh N Vaishnav, and Dali J Patel. Nonlinear anisotropic viscoelastic properties of canine arterial segments. Journal of
Biomechanics, 10(9):549-559, 1977.

M Zatzman, RW Stacy, J Randall, and A Eberstein. Time course of stress relaxation in isolated arterial segments. American Journal of
Physiology-Legacy Content, 177(2):299-302, 1954.

JM Perez Zerpa, A Canelas, B Sensale, D Bia Santana, and Ricardo L Armentano. Modeling the arterial wall mechanics using a novel
high-order viscoelastic fractional element. Applied Mathematical Modelling, 39(16):4767-4780, 2015.






®

Check for
updates

Chapter 4

Investigating the Interphase in Hydroxyl-Terminated
Polybutadiene (HTPB) Composites via Dynamic Mechanical
Analysis and Atomic Force Microscopy

Jarred G. Tramell, Emily K. Hockey, Marcel M. Hatter, and Jesus O. Mares

Abstract State of the art explosive and propellant systems typically consist of energetic particles and a binder system.
Specialized systems may contain additional components to meet application requirements, but in general these systems can
be classified as highly filled polymer composite materials. The most extensively used binder systems across the energetics
community are hydroxyl-terminated polybutadienes (HTPB). The HTPB binder functions to hold the particulates together
into a consolidated structural media. It is well established that HTPB binders can significantly influence mechanical behavior,
but much of the understanding of the fundamental mechanisms at play is lacking. Specifically, there exists a knowledge
gap for the role of the interphase between the particles and the binder (i.e. the transition zone between pure binder and a
particulate).

Dynamic mechanical analysis (DMA) is a technique that may shed light on the quality of the particle-binder interphase.
Many polymer composites exhibit what appear to be two independent relaxation mechanisms via DMA experiments. There
is general agreement that the first relaxation mechanism correlates to the glass transition temperature of the bulk polymer,
however there is debate of the cause of the second relaxation mechanism. One prominent suggestion is that the secondary
relaxation mechanism is attributed to the significant presence of an interphase region.

In this work we systematically investigate the effects of an effective interphase region on the presence of the loss factor
peaks as exhibited through DMA experimentation. Specifically, we vary glass bead particle size in a HTPB-based composite
and compare the loss factor to the measured effective volume of the interphase via atomic force microscopy (AFM). This
approach may prove useful to understand the interphase mechanisms at play in energetic systems which will lead to the
ability to create materials with tailored bulk mechanical properties and mitigate mechanical failures.

Keywords Hydroxyl-Terminated Polybutadiene - Filled Composite - Interphase - Dynamic Mechanical Analysis - Atomic
Force Microscopy

Introduction

Hydroxyl terminated polybutadiene (HTPB) systems are some of the most common polymer matrices used for insensitive
highly filled energetic systems such as polymer bonded explosives (PBX) and rocket propellants. HTPBs used in energetics
typically consist of a crosslinked HTPB elastomer, plasticizer, and various stabilizers. The polymer matrix used in energetic
systems is often described as the “binder” and primarily functions to (1) hold the particulates together into a consolidated
structural media, (2) provide mechanical integrity to the system during loading scenarios and (3) reduce sensitivity of the
energetic particles to mechanical stimuli.

In general, the interface between a particulate and the polymer matrix in filled composites creates an interphase region.
This interphase region can be split into an inner layer and an outer layer. The inner layer contains polymer chains that are less
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mobile than the bulk binder due to interaction with the particulate (i.e. tightly bound). The outer layer has higher mobility
than the inner layer, but still less than that of the bulk binder (i.e. loosely bound). The reduction in molecular mobility and the
sizes of the respective interphase regions depends on the polymer matrix used, and the particle’s surface chemistry, volume
fraction, particle size, particle size distribution, and quality of dispersion within the binder [1].

It is understood that the polymer matrix influences the overall mechanical behavior of the composite, but there is a lack
of understanding of the how the interphase region between the HTPB binder and filler contribute to the overall mechanical
behavior. Dynamic mechanical analysis (DMA) is a technique that may provide insight into the properties of the interphase.
DMA provides information of the viscoelastic properties of a material, and specifically in this study tan § (i.e. loss factor)
is investigated. The tan J represents the ratio between a material’s loss modulus (energy dissipation) and storage modulus
(energy storage). The tan § provides insights into a material’s ability to dampen vibrations or absorb impacts. A peak in a tan
¢ trace indicates that the material is exhibiting a significant energy loss. This energy loss is primarily attributed to increased
molecular mobility within the material and is often associated with a specific relaxation process (e.g. the glass transition
temperature). In filled HTPB energetic systems, many have reported the presence of two distinct tan d peaks, which suggests
the presence of two distinct relaxation processes [2—6].

The first tan 0 peak at the coldest temperature is broadly accepted to describe the glass transition temperature (T,) of
the bulk HTPB binder. However, there are several explanations of the origin of the second-broader tan § peak that occurs
at warmer temperatures. The second tan § peak is commonly attributed to a separate relaxation process solely within the
binder. The most frequent explanation attributes the second peak to the hard and soft segments of the HTPB binder. Another
explanation ascribes this to the presence of sol-gel content in the polymer network (i.e. non-crosslinked chains) [3-5].
Despite previously published explanations for the additional tan § peak in filled HTPB systems, other filled composite
systems often link this second peak to the presence of an interphase region [1]. Although not universally applicable to every
filled system, the interphase relaxation mechanism seen in DMA data for many other systems warrants consideration as the
underlying mechanism of the second tan ¢ peak in highly filled HTPB systems [1, 7-9].

Bashir discusses several alternative and complimentary approaches to DMA that other investigators have used to char-
acterize the interphase region such as nuclear resonance spectroscopy (NMR), atomic force microscopy (AFM), Raman
spectroscopy, and dielectric relaxation spectroscopy [1]. AFM is perhaps the most attractive option since the technique can
measure the widths and modulus of the interphase regions and could be useful to correlate interphase characteristics to tan ¢
peak heights and widths from DMA data.

The selected approach of this work is to systematically change the particle size of filler and modify the particles’ surface
chemistry, both of which should change the volume fraction of interphase region [1]. Changes to the effective interphase
volume are expected to create changes in DMA tan § traces and AFM measurements. By pairing DMA and AFM measure-
ments, it may be possible to determine if DMA can infer additional information on the interphase region in filled HTPB
systems (e.g. the interphase size).

Materials

A typical HTPB binder system was selected as the polymer matrix. Table 1 summarizes the components of the HTPB
system. Soda-lime silica glass spheres (glass beads) were selected as the filler instead of energetic particles to simplify
testing logistics and estimation of total surface area of the solids in the system. The weight percent of glass beads was
chosen to generate a system with 50 volume % of filler. The filler content for all mixes was fixed at 50 volume % and the
sizes of the glass beads were varied.

Table 1 Filled HTPB composition

Ingredient Function Weight %
Poly bd" R45 HTLO Prepolymer 18.41
Isodecyl pelargonate (IDP) Plasticizer 6.138
Dibutyltin dilaurate (DBTDL) Catalyst 0.04242
Ethyl 702 Antioxidant 0.1564
Isophorone diisocyanate (IPDI) Curative 1.766
Soda-lime silica glass sphere Filler 73.49

Soda-lime silica glass should have a high level of interaction with the binder due to the surface silanol groups at the beads’
surface. The silanol groups can react with the IPDI and create a covalent bond between the filler and the polymer network.
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To tune the surface chemistry of the glass beads, Sigmacote® was applied to the particles. Sigmacote® is a siliconizing
reagent for glass and is intended to function in this system as a shielding agent to reduce particle-binder interaction effects
and prevent particle-binder covalent bonding. Glass beads were purchased from Potter’s Industries and Sigmacote® was
purchased from Sigma-Aldrich. Mixes were generated with and without coated glass beads in this work. For the remainder
of this study, mixes that utilize glass beads with Sigmacote® are denoted with the suffix “-SC”.

Prior to mixing, glass beads were sieved to reduce the span of the particle size distribution. The grades of spheres selected
in this work and the U.S. mesh sieves that the beads were collected between are shown in table 2. Table 2 also includes
particle size data on the post processed glass beads. The particle size data confirms that the application of Sigmacote® did
not significantly change the particle size distributions of the glass beads.

Table 2 Particle size data and surface area estimates for coated and uncoated glass beads

Filler U.S. Mesh Dvl10 Dv50 Dv90 Average Particle | Surface Area
(um) (um) (um) Size (um) per mL of filler (cm?/mL)

P4000 325,500 7.14 21.26 39.70 14.35 4181
P4000-SC 325,500 8.78 23.42 41.15 16.75 3582

P0040 120,170 59.66 69.25 81.08 66.5 902.2
P0040-SC 120,170 55.97 68.64 86.4 67.64 530.0

P0O080 70,80 151.4 178.0 207.5 176.4 340.1
P0O080-SC 70,80 149.1 174.6 205.6 173.3 346.2

PO170 40,45 340.1 378.5 412.5 375.3 159.8
PO170-SC 40,45 331.2 3751 411.0 370.8 161.8

P0280 25,30 529.9 608.7 680.5 602.0 99.67
P0280-SC 25,30 523.5 606.1 695.8 602.5 99.59

Formulation components were weighed out and hand-mixed for two minutes at ambient temperature. After hand-mixing,
the mixture was degassed in a vacuum chamber at ambient temperature for 10 minutes to remove air in the system. Larger
sphere sizes showed minimal settling at the end of the degassing step and were gently mixed to resuspend particles to mitigate
settling and reintroduction of air. Mixes were then poured into open face 3.2 x 12.5 x 60 mm molds and cured at 60 °C for
48 hours. Qualitatively, no settling was observed by eye in the cured samples.

Figure 1 shows a picture of cured samples. A color difference is observed between the coated and uncoated beads. At this
time, it is unknown what caused the color change. Some potential explanations could be as follows: side reactions/molecular
complexing between the Ethyl 702 or DBTDL and Sigmacote®, or refractive index differences between glass beads with
and without covalent bonding to the binder. Currently, we have dismissed residual HCI from the coating reaction as the root
cause, as coated beads were washed with deionized water and the rinse had a neutral pH. The underlying cause of the color
may have an inconsequential effect on the results, since color changes can manifest at ppm levels, but it cannot be discounted
when interpreting the results.

Methods

Dynamic mechanical analysis

DMA data was collected with a TA Instruments Discovery Hybrid Rheometer (DHR20) equipped with a rectangular torsional
geometry. Samples were tested with a frequency sweep (0.01, 0.1, 1, and 10 Hz) from -110 to 100 °C with 1°C temperature
steps and a 0.1% oscillatory strain. Samples were verified to be within the linear viscoelastic regime (LVR) prior to selecting
the 0.1% oscillatory strain. A tensile axial force of 0.15 £ 0.1 N was maintained throughout the procedure to avoid skewing
results from thermal expansion/contraction. Specimens were equilibrated for 45 seconds prior to data collection at each
temperature step. Collected DMA data is parsed into tan ¢ vs temperature curves at each respective test frequency (0.01, 0.1,
1, and 10 Hz) for analysis.

DMA data processing

Since DMA traces for filled HTPB composites historically exhibit two overlapping tan ¢ peaks, such as the example shown
in figure 2, it is necessary to decompose the traces into distinct peaks to properly quantify the peak heights, widths, and areas.
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l l :

Fig. 1 Picture of cured DMA samples where the glass bead size increases from left to right and uncoated and coated beads
are on the top and bottom of the image, respectively

s}

Tsagaropoulos & Eisenberg first proposed modelling and decomposing tan d traces with an exponential background and two
exponentially modified Gaussian (EMG) distributions [9]. However, their approach has since been adapted By Cerri and
Bohn towards HTPB systems which models tan § traces with three EMG distributions to quantify the peak heights, widths,
and areas [10]. To fit the tan J traces to EMG curves, the data is baseline corrected then fitted to equation (1). Variables used
in equation (1) are bulleted below with their associated units used. tdy was set to zero for this work.

The effect of the glass bead particle size and coating on the parameters listed in equation (1) will be assessed. Any
reduction in A; is reported by Bohn et. al. to relate to the hindrance of molecular mobility in the system [4]. Additionally,
the authors of this study speculate that larger w; values correlate to a larger distribution of relaxation times and thus a larger

interphase region.
0{1—erf {_1.<T_Tci_wi>}} 1)
2 w; Ti

* tan(d) 5, - value of tan ¢ after baseline correction as a function of 7' (-)
* A; - EMG peak areas (K)
* w,; - half width at half height of the gaussian peak (K)

N 2
Az’ 1 4 T—Tc.
tan<5>BL‘td0+ZT.'z'explo'“(;jo) ST
i=1 ' i i

5

* T - measurement temperature (K)

 T,, — temperature at Gaussian peak maximum (K)

* 7, - relaxation parameter in exponential part of EMG (K)
* tdg — offset in tan § data (-)

* N —number of EMG fitting functions

The values for T, at each Gaussian peak are also used to calculate the activation energy (£, ) of each relaxation process
with the Arrhenius equation (shown in equation 2) where f is the applied test frequency, fj is a pre-exponential factor,
R is the ideal gas constant, and T'(f) is the temperature at a given tan ¢ peak at each deformation frequency (7, in this
case). Calculating the F, will provide further insight of the interphase since higher activation energies indicate stronger
particle-filler interactions [11, 12].

f= foeexp <—R*ETa(f)> 2
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Fig. 2 Representative tan § curve of filled HTPB composites [6]

Atomic force microscopy

AFM analysis was performed at room temperature (RT) and ambient pressures using a Jupiter XR AFM (Oxford Asylum
Research) in the Fast Force Mapping (FFM) mode. Two cantilevers were used to investigate potential effects of a cantilever
coating on the nanomechanical results. The AC160TS-R3 (uncoated lever) and the AC160TSA-R3 (lever coated with Cr/Au
(5/65)) both consist of a 7 nm radius uncoated silicon tip, with a resonance frequency (f) of 300 (200—400) kHz and a spring
constant (k) of 26 (8.4—7) N/m. Using this mode, the tip of the cantilever physically contacts the composite sample, allowing
for nanomechanical information (such as adhesion and Young’s modulus) to be derived in addition to standard topographical
reconstruction of the surface. The total scan area for the present AFM images is 10 um x 10 um u, with individual line scans
across a given interphase on a shorter scale (2-5 um).

AFM sample preparation

For ideal measurements of the interphase using AFM, samples must be cross sectioned with extreme precision to expose a
flat surface across the constituents [13—16]. Due to the highly compliant nature of HTPB binder, such uniform preparation
has proven difficult to achieve with cryo-ultramicrotomy (see section 4.2 for discussion). Due to challenges cutting 73.49
wt. % loaded samples, all HTPB/glass bead composite samples for AFM analysis were 4.0 wt. % solids loading (1.5 volume
%), nominally 25-40 um size, with varied coating of the glass beads (uncoated or Sigmacotf:@). Each sample was razor cut
to ~ Smm (length) x 1mm (width) for ease of mounting in the cryo-microtome (Leica EM FC7). These samples were then
sectioned for AFM analysis using two different microtome blades. A tungsten carbide knife (Delaware Diamond Knifes)
was used to expose the desired cross section, followed by a diamond knife (DiIATOME, cryo-AFM) that used a 50—100 nm
feed to act as a “polishing” step for a smooth surface. Both composite samples and knives were held at —140°C (below the
T, of the HTPB system, determined to be -84 ° at 0.01 Hz in this work) with liquid nitrogen throughout the entire cutting
process before being quickly warmed to RT under a nitrogen purge to mitigate the accumulation of unwanted condensation
on the sample surface. Finally, the composite samples were secured to a magnetic AFM specimen disc with carbon tape for
analysis.
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Results and Discussion

DMA results

An overlay of the tan 4 traces collected at 1 Hz is shown in figure 3a—d. Peak position for the first tan ¢ peak generally did
not change across all systems investigated, indicating there is no appreciable change in T, from the addition of filler. This
observation is consistent with other studies on different filled composite systems that vary filler content and particle size
[1, 9]. However, Bashir summarizes results of others that have reported the opposite and the shift in T, appears to be rooted
in the interaction strength between the particle and filler, which in turn can create dependencies on filler content and particle
size [1].

The results also show that there is a height reduction in the first tan § peak from the introduction of filler. The literature
strongly suggests that the height of the tan § peak is dependent on the particle size. The smaller the particles are, the lower
the resultant tan § peak will be. This can be attributed to more interfacial adhesion from the increase in surface area of filler
[17-20]. Additionally, the tan § peak height is believed to be dependent on the strength of the interfacial interaction. Stronger
interactions result in the larger reductions of the tan § traces [1, 18, 20].

The peak height of the first tan § peak is plotted vs average particle size in figure 4. The coated glass beads always
exhibited a higher peak value than their uncoated counterpart, which suggests that the Sigmacote® effectively reduced the
particle-binder interaction strength. However, the trends in particle size did not agree with the expectations discussed above.
For both the coated and uncoated systems, figure 4 shows that that the peak height diminished from the P4000 beads until
the POO80 beads followed by an increase. The uncoated P0280 also traced lower than the PO170 where as the P0280-SC
traced higher than the PO170-SC as expected.

[—HTPB Binder —HTPB Bindes

—P —PO04
—P —PO0S
| =PO170 =P0170

Tan(delta) tan( §)
Tan(delta) tan( §)

110 100 H0 80 70 80 S0 40 30 20 0 0 W0 20 0 40 S 60 70

Temperature T (°C)

b —HTPB Bnder
PO040_SC

Tan{delta) tan( 8)
Tan(delta) tan{ 8)

Temperature T (°C) Temperature T (°C)

Fig.3 1Hztan § vs temperature trace of HTPB binder and filled samples with a) uncoated glass beads and b) coated glass
beads ¢) Rescaled tan § vs temperature trace of uncoated glass beads d) Rescaled tan ¢ vs temperature trace of coated glass
beads

One explanation for this unexpected behavior is the possible presence of agglomerates in the final samples. P4000,
P4000-SC, P0040, and PO040-SC likely need longer and/or more aggressive mixing cycles to properly disperse the particles
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Fig. 4 Max tan § height vs average particle size in HTPB/glass bead composites

in the binder. Without proper dispersion, a cluster of particles can effectively behave as a larger particle and reduce the
overall surface area of the filler.

Additionally, not all samples exhibited a distinct secondary peak at warmer temperatures. Specifically, the P4000, P4000-
SC, and P-0040-SC samples. With the suspected agglomeration issues, it is unknown if this is representative behavior or due
to the lack of particle dispersion. The HTPB binder also appears to exhibit an underlying secondary tan § peak. This suggests
that there is a second relaxation process occurring in the binder alone, but it is impossible to determine if the introduction of
filler affects the second relaxation process in the HTPB or creates a new relaxation process from creation of an interphase.

Furthermore, looking at the uncoated beads in figure 2b there is no clear trend in the trace heights above T,. We would
expect to see a correlation with particle size as discussed above, but any trends remain unclear even if the P4000 and
P0040 samples are disregarded. However, a trend exists in the traces of the coated beads in figure 2d if sample P0040-SC is
excluded. Sample P4000-SC is still suspected to be an outlier due to agglomeration concerns, but there appears to be a direct
relationship between particle size and the height of the second tan ¢ peak as we should expect.

Comparing the coated and uncoated, the coated beads consistently exhibited a higher second tan ¢ peaks. The uncoated
and coated P4000 and PO040 samples did not exhibit identifiable peaks, but the coated beads still showed higher tan § traces
beyond the T,. Interestingly, it seems there is another tan J peak for the P0280 and PO0O8O glass beads around 30 °C. The
underlying cause is currently unknown but implies a potential third relaxation process for these systems.

EMG fitting

The tan ¢ curves were modelled after baseline correction with EMG functions shown in equation 1. The initial purpose
of the EMG modelling was to quantify the peak heights, widths, and areas, and use 7, calculate the E,of the relaxation
processes. It was found that some systems could be modelled adequately with two EMG functions, while others required
three. Optimization schemes for data sets requiring three EMG functions often yielded multiple analytical solutions for all
parameters. Figure 5a shows an example of the range of EMG fitting solutions. Up to a 50 °C difference in T}, and T¢,could
occur when fits had multiple analytical solutions.

Additionally, some traces could be modelled adequately with two or three EMG functions as demonstrated in figure Sb.
In these cases, the model with three EMG functions did not appear to accurately assign 7., to the second tan ¢ peak due to
over fitting, but the models with two EMG function did. Lastly, most of the second tan § peak height differences were erased
with the baseline correction function that minimized differences for A; between samples. Analysis of the EMG function
parameters and T, values for E, calculations is not reported for reasons just mentioned.
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Fig. 5 a) Example of EMG model fit resulting in multiple analytical solutions for PO080-SC b) P0280-SC with fitted with
two and three EMG functions

Activation energy calculations

Due to the issues with the EMG fitting, E,, calculations were completed with the peak heights directly from the tan ¢ traces
rather than the 7, . Peak temperatures are reported in table 3 below. Values are not reported when a material or test condition
did not result in any identifiable peaks. 10 Hz data is also not reported for the second tan § peak due to phase angle issues
with data above Tg. Strain % increases within the LVR can be employed in the future to mitigate this issue when testing
above the binder T, [4].

The results suggest that introduction of the filler increases the E, of the bulk polymer T, and the E, of the second tan §
peak when comparing neat binder to all the filled samples. Looking specifically at the I, for the T, peak, no obvious trends
exist between E, and the filler particle size, or the E, of coated vs uncoated beads. Data fitting for the second tan § peak
is relatively poor due to the lack of frequencies available. Including additional frequencies in future testing will allow more
accurate F, calculations. Despite the lack of data, there appears to be a difference between the F, of coated and uncoated
samples. Again, excluding P4000, P4000-SC, P0040, and PO040-SC samples, the remaining materials consistently exhibited
a lower E, in the coated glass beads vs the uncoated counterparts. The reduction in £, indicates a weaker interaction with
the binder [12].

Particle-binder interaction parameter

The particle-matrix interaction parameter, A, was first proposed by Chua and adapted by Kubat et al. [17, 20]. The equation
provided by Kubat et. al. is shown in equation 3 and is based on the energy loss at the interface. In equation 3, vy is the
volume fraction of filler, and tan (6.) and tan (d,,) are the composite tan ¢ and binder tan ¢ traces, respectively, as a
function of temperature. The parameter A discussed here is different than the model parameter A; discussed previously in
equation 1. The parameter A has an inverse relationship with the polymer-filler interaction, meaning lower A values indicate
a stronger particle-binder interaction. Calculations of the interaction parameter may shed light on interphase characteristics
when coupled with AFM results.

1 tan (d.)

A=
1—vy * tan (0m)

-1 3)

The interaction parameter A is plotted vs temperature in figure 6 for the 1 Hz data sets. All samples follow a similar
shape and can be generally broken down into three regimes. In the first regime, A increases slightly from -110 °C to -95
°C which indicates a weakening interaction strength as the temperature approaches T,. Second, A decreases from -95 °C to
the -75 °C (in the T, range at 1 Hz) and may be attributed to increased molecular mobility in the binder which increases
viscosity and friction at the interface [21, 22]. Third, A generally increases from -75 °C until the end of the test where the
binder particle interaction decreases as molecular mobility continues to increase [21, 22]. Some samples show a decrease
in A at warmer temperatures, with the P0280 samples showing a significant increase in the particle-binder interaction. The
underlying mechanism for this decrease of A at warmer temperatures is currently unknown.

The difference in the A parameter between coated and uncoated glass beads is also apparent across all samples above
their T,. First, every coated sample shows a higher A parameter, again suggesting that the interaction strength is weaker
than the uncoated counterpart. Next, looking at uncoated samples, the A parameter does not exhibit many differences across
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Table 3 Activation Energy calculations for T, and second tan § peak

T, (°C) values at each test frequency
Sample 0.01 Hz 0.1 Hz 1Hz 10 Hz E, (kJ/mol) R?
HTPB -83.76 -80.25 -76.26 -70.75 169.16 0.993
P4000 -82.92 -79.9 -76.16 -71.15 186.46 0.991
P4000-SC | -82.98 -79.99 -75.98 -71.00 182.44 0.991
P0040 -85.16 -80.82 -76.99 -72.75 175.47 0.999
P0040-SC | -83.97 -81.03 -76.97 -71.96 179.84 0.991
P0080 -85.39 -81.95 -77.97 -73.58 181.70 0.999
P0O08O-SC | -84.07 -80.97 -77.94 -73.04 198.12 0.989
P00170 -85.07 -80.57 -77.69 -73.16 185.11 0.993
P0170-SC | -83.49 -81.47 -76.55 -71.89 179.22 0.976
P0280 -84.24 -81.03 -71.3 -72.09 179.19 0.991
P0280-SC | -84.09 -80.80 -76.79 -73.21 197.23 0.999
274 tan § peak temperature (°C) at each test frequency
Sample 0.01Hz | 0.1Hz 1 Hz 10 Hz Ea (kJ/mol) R?
HTPB -58.77 -52.91 -45.13 - 136.66 0.996
P4000 - - - - -
P4000-SC | -50.9 -44.00 - 141.30 1.00
P0040 -40.52 -34.97 -35.82 279.28 0.621
P0040-SC | -52.03 -49.98 -48.05 478.58 0.999
P0080 -31.76 -26.85 -26.82 347.70 0.755
P0080-SC | -41.02 -35.03 -26.06 14541 0.991
P00170 -38.7 -33.82 -31.97 300.37 0.934
P0170-SC | -35.28 -32.32 -26.95 262.63 0.976
P0280 -38.36 -35 -31.97 338.81 0.999
P0280-SC | -30.05 -27.79 -10.39 104.59 0.841
8 —
7 * P0040
5 P0040-SC
6 A PO0S0
A POOR0-SC
5 ®P0170
©P0170-SC
4ol HEED

Interaction parameter, A

-1
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Fig. 6 Interaction parameter A vs temperature where parameter A has an inverse relationship with particle-binder interfacial
strength

particle sizes until approximately -10 °C, where the P4000 sample continues increasing at the same slope, and all other
samples exhibit a slope increase. There are not many differences between the PO040, PO0OSO, PO170, and P0280 samples
until they exhibit their respective decreases at warmer temperatures.
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Finally, examining the coated samples, all samples have a similar A parameter below T, but distinct differences emerge
above T,. Smaller coated particles generally showed lower A values than the larger coated particles. Samples also displayed
an inverse relationship between the slope of the A parameter above T. This implies that smaller particles experience higher
particle-binder interactions and are not as sensitive to changes in the interaction at temperatures above T,. While the larger
particles see a faster increase in the A parameter across temperature increases.

Other approaches are available to calculate various interaction parameters or specific activation energies of the interphase.
However, all these approaches require systematic changes in the volume % to calculate these values [11, 23]. This type of
data is not available yet for this work but may serve as an alternative in the future to characterize interphase properties via
DMA.

AFM Results

Highly loaded and/or large particle sized glass bead samples, as used in the DMA experiments, were found to pose a great
risk of damaging the microtome knives, thus damaging the binder and causing large variation in height between constituents.
During initial attempts to microtome samples with P0280 glass beads (602 um average particle size), the tungsten carbide
knife chipped and was unable to section the bead. In an attempt to preserve the knives operational life, only smaller glass bead
sizes were used moving forward. Figure 7 shows an optical image of the surface of the 50 volume % P4000 sample prepared
via cryo-microtome. Although the glass beads were cut in half, the binder remains rough and damaged—visualized as
unfocused optically, opaque, no discernable features that result from cutting (seen as elongated strides on the glass beads)—
which is likely result of a damaged/dull knife unable to section the sample surface properly. To increase the cut quality
and protect the knives from further damage, 4 wt. % particle loadings were used as they minimize the frequency of particle
contacts with the knife.

Fig. 7 Optical image of the surface of sample P4000 sample at 50 volume % solids loading prepared via cryo-microtome

When the knives did not sustain appreciable damage during the cutting process, cutting thin slices from the surface
was used to mitigate large variations in height across the surface and between constituents. However, when the binder is as
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compliant as HTPB and must be cooled to section, another consequence arose. We observe that the embedded particle—
having the appearance a pristine flat cut optically at cryogenic temperatures—appeared to be protruding from the binder
once the sample was brought to RT (see the top (red) trace of figure 8 for reference). We believe this phenomenon is a direct
result of HTPB’s relatively large coefficient of thermal expansion to that of soda-lime silica glass of HTPB as it warms to RT,
thus altering the prepared surface [24]. Other surface preparation approaches—cryo- and RT hand polishing and cryo- and
RT broad beam ion milling—have been attempted to overcome this unforeseen consequence. For each mitigation strategy,
we observe issues. Particle pull out (from hand polishing), charring of the HTPB (from ion milling), and metal re-deposition
(from ion milling) significantly alter the surface and, in turn, irreversibly alter the interphase. At the time of this study, we
are continuing to investigate other cross sectioning techniques (such as oscillating diamond knives, diamond wire saw, etc.)
that will not induce damage and minimize the observed thermal expansion issue, while still preparing a flat surface for high
quality AFM measurements.

Fig. 8 Optical image of the surface of P4000 (4 wt. %) composite sample prepared via cryo-microtome. Cutting direction
is from top to bottom of the image. Elongated vertical lines running through the sample are knife marks, an artifact based on
knife damage. Colored circles and arrow highlight interesting features of the cross section, see main text

Figure 8 shows a representative optical image of the cryo-microtome P4000 (4 wt. %) surface used for AFM analysis.
We note key features of the cross sectioned surface to highlight the difficulties of sample preparation, and the obstacles
faced in finding a viable bead/interphase to analyze. The cutting direction is from top to bottom of the image. The red circle
in figure 8 shows a glass bead that is cut in half (and appears slightly raised from the HTPB binder) but does not exhibit
the same knife marks as the surrounding HTPB sample (elongated vertical lines). Such an artifact can be indicative of a
fractured glass bead instead of one that is cleanly cut. Highlighted in yellow in figure 8, we observe a vacancy in the HTPB
where a glass bead was pulled out of the sample. The blue circle in figure 8 highlights a conglomerate of smaller glass beads
that presents as a non-spherical cluster. Finally, we can observe a ‘lip” behind some of the embedded beads (shown with the
white arrow in figure 8 ) that correlates with the ‘back’ of the bead in terms of cutting direction. All of these artifacts allude
to damage imparted by the cutting process, which will likely affect the measured interphase width.

Nevertheless, we attempt AFM analysis on coated and uncoated P4000 composites at 4 wt. % loading. Two glass beads
were identified in the P4000-SC sample and are denoted as bead A and bead B. Two glass beads are also identified in the
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P4000 sample and denoted as beads C and D. The nanomechanical properties of a sample measured using AFM consist of
the height, adhesion, and Young’s modulus. These properties can be presented in two configurations, as shown in figure 9 as
3D/2D color map images and figure 10 as a plot. For the AFM analysis herein, we define adhesion as the force needed to
disengage the tip of the cantilever from the surface of the sample and the Young’s modulus as the measure of the sample’s
resistance to elastic deformation under a given load, calculated using the known tip geometry of the selected cantilever and
assuming Hertzian contact mechanics. The adhesion and Young’s modulus values reported are relative rather than absolute
because 1) it is historically difficult to validate such analytical approach across constitutes of drastically different properties
and height and 2) the main goal of AFM analysis is to measure the width of the interphase (a measure of how far, moving
away from the glass bead, until the binder properties are representative of the bulk).

Adhesion

Fig. 9 3D images of P4000-SC (~30 um, bead A) sample topography (left) obtained over a 10 um x 10 um FFM scan
overlaid with a color map representing the adhesion (top, Inferno color map) and Young’s modulus (bottom, Viridis color
map). 2D zoomed-in images (right) of adhesion (top) and modulus (bottom) interphase, where the solid red line represents
the line scan across the interphase. The HTPB binder is on the left side of each image and the glass bead is on the right side

Highlighted in Collinson et al. 2021 (and references therein), changes in sample height can induce non-ideal tip-surface
interactions that can in turn lead to ‘dead-zones’ where the information gathered becomes non-quantitative [14]. It is ex-
tremely difficult to detangle whether the sudden change in height causes the change in nanomechanical properties, or if the
sudden change in nanomechanical properties causes artifacts in the topography resulting from different indentation depths.
Acknowledging the likelihood of dead-zones that could result from non-flat surface preparation, we report tentative inter-
phase widths as we continue to investigate best practices and mitigate undesirable artifacts of multi-component systems with
starkly different properties.

The 3D images (figure 9, left) visualize the topography of a given binder/bead region (bead A) of a P4000-SC sample
across a 10 um x 10 pm scan area, overlaid with the adhesion (figure 9, top panel) or Young’s modulus (figure 9, bottom)
information. The 2D images (figure 9, right) represent a smaller portion of the sample surface, more easily depicting the
color gradient moving from the bulk HTPB (represented as orange in the adhesion and dark blue in the modulus) to the bulk
uncoated glass bead (represented as purple in the adhesion and green/yellow in the modulus) for both adhesion and Young’s
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modulus. The uneven topography of the glass bead and the height difference between constituents is easily visualized using
this representation of data.
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Fig. 10 Line scan across the interphase region of a different P4000-SC (4 wt. %) glass bead (bead A) showing the evo-
lution in height (top, red circles), adhesion (middle, black circles), and modulus (bottom, blue circles) of the sample. The
green highlighted areas show a “loosely bound interphase” region and the yellow highlighted areas show a “tightly bound
interphase” region (see main text for explanation)

To represent the color gradient data from figure 9 graphically, a line scan (red line in 2D images of figure 10 ) was
performed, allowing for the evolution of the height, adhesion, and Young’s modulus to be plotted against the line scan
distance, shown in figure 10.

Two distinct transition regions are recognized when analyzing the adhesion and modulus line scan for bead A (middle and
bottom traces of figure 10, respectively). The bulk HTPB is a soft and compliant binder, which translates to a large adhesion
value (~850 nN) and a small modulus value (10s of MPa). As the tip moves from the bulk binder towards the coated glass
bead A, the adhesion and modulus values begin to deviate from those observed in the bulk, which can be referred to as the
‘loosely bound’ interphase region (highlighted in green in figure 10). In this region—that spans from ~530 nm to ~190
nm away from coated glass bead A—the adhesion decreases ~150 nN and the modulus increases ~70 MPa. The change in
height over this “loosely bound interphase” region is ~110 nm. As the tip continues to move towards the coated glass bead
A, there is another observable change in adhesion and modulus, highlighted in yellow in figure 10, that can be considered the
“tightly bound interphase” region. From ~190 nm away from coated glass bead A there is a steep drop in the adhesion value
(an additional ~320 nN) and an even more drastic increase in the Young’s modulus (increasing ~260 MPa) until the values
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converge on the average bulk value of coated glass bead A. The height change for this “tightlt bound interphase” region is
~260 nm. From these results, the total interphase width of the bead A in the P4000-SC (4 wt. %) sample is ~ 530 nm.

Bead B from P4000-SC (4 wt. %) in the same cross section was investigated. A line scan was performed, showing
evolution of the height, adhesion, and Young’s modulus of Sigmacote glass bead B in HTPB in figure 11. Again, there are
two distinct transition regions observed as the scan moves from bulk HTPB towards the embedded bead. Both the adhesion
and modulus values of bulk HTPB remain consistent between scans (~ 850 nN and 10s of MPa, respectively). However, we
begin to see deviations from bulk behavior beginning ~ 2.4 um away from the glass bead. From ~ 2.4 pm to 600 nm away
from the bead, the adhesion drops ~300 nN and the modulus increases ~10 MPa over a height change of ~140 nm in the
“weakly bound interphase” region, highlighted in green in figure 11. From 600 nm away to the edge of the bead, we again
observe a more drastic change in nanomechanical properties in the “tightly bound interphase” region highlighted in yellow.
We observe a decrease in adhesion of ~ 300 nN and an increase of ~150 MPa in modulus across a ~190 nm height change.
From the results in figure 11, the total interphase width of the investigated bead in the coated glass bead and HTPB sample
is ~ 2.4 um, a stark difference from the previously investigated bead in figure 10. The range of interphase widths measured
using AFM for the beads in P4000-SC (4 wt. %) are summarized in Table 4.

Next, we investigate uncoated glass beads in the P4000 (4 wt. %) sample from the same cross section using the same
methodology. figure 12 shows the evolution of the height, adhesion, and Young’s modulus across the interphase region of the
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Fig. 11 Line scan across the interphase region of a different P4000-SC (4 wt. %) glass bead (bead B) showing the evo-
lution in height (top, red circles), adhesion (middle, black circles), and modulus (bottom, blue circles) of the sample. The
green highlighted areas show a “weakly bound interphase” region and the yellow highlighted areas show a “tightly bound
interphase” region (see main text for explanation)
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glass bead sample (denoted bead C). When analyzing this interphase region, we observe a deviation from bulk adhesion and
modulus values beginning ~440 nm away from the uncoated glass bead C. The adhesion value decreases ~130 nN moving
from ~440 nm to ~95 nm away from the interface, while the modulus increases ~45 MPa. We again define this change
from bulk properties as the ‘weakly bound interphase’ region, highlighted in green in figure 12. As the tip moves closer to
the embedded bead, a second discernable change in the adhesion and modulus values is realized. From ~95 nm away from
uncoated bead C to the bead edge in the “tightly bound interphase” region, the adhesion value decreases ~200 nN while
the modulus increases ~290 MPa. The total change in height over both the “weakly bound interphase” and ‘tightly bound
interphase” regions was nearly 450 nm, and the total interphase width is measured to be ~ 450 nm for uncoated bead C in
this sample.
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Fig. 12 Line scan across the interphase region of a P4000 (4 wt. %) glass bead (bead C) showing the evolution in height
(top, red circles), adhesion (middle, black circles), and modulus (bottom, blue circles) of the sample. The green highlighted
areas show a “weakly bound interphase” region and the yellow highlighted areas show a “tightly bound interphase” region
(see main text for explanation)

Finally, we investigate another bead within the same cross section of the P4000 (4 wt. %) sample, defined as bead D.
Deviations from the bulk adhesion and modulus values begin ~ 2.3 pym away from uncoated glass bead D, shown in green in
figure 13. From ~2.3 pm to 400 nm away from the uncoated glass bead D the adhesion value decreases ~250 nN while the
modulus increases ~11 MPa. Moving from 400 nm away to the edge of the uncoated bead D, there is another stark change
in the adhesion and modulus values over a 350 nm height gradient. The adhesion value drops ~230 nN and the modulus
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Fig. 13 Line scan across the interphase region of a different P4000 (4 wt. %) glass bead (bead D) showing the evolution in
height (top, red circles), adhesion (middle, black circles), and modulus (bottom, blue circles) of the sample. The green high-
lighted areas show a “weakly bound interphase” region, and the yellow highlighted areas show a “tightly bound interphase”
region (see main text for explanation)

increases ~380 MPa before both values plateau to the bulk values of the uncoated glass bead measured under the present
conditions. The total interphase width measured for uncoated glass bead D in HTPB (over a large deviation in height over
500 nm) is ~2.3 um, summarized in Table 4.

The results of the interphase width range for the 25-40 um coated and uncoated glass beads in their respective samples
are presented in Table 4. From this AFM study on embedded glass beads in HTPB, there is no observed consistency of
the interphase width between beads of the same coating within a given cross section. Additionally, there is no observed
difference in the interphase width between a coated glass bead and an uncoated glass bead in HTPB. We hypothesize the
AFM results presented are dominated by a large height difference between constituents as opposed to a true representation
of the interphase width. Nevertheless, it is important to highlight how AFM analysis of the interphase region is heavily
influenced by the sample preparation method which, in turn, is heavily reliant on the binder and embedded particle chosen.

Additional bead sizes were not characterized at the time of this publication due to time constrains. Given the challenges
cutting larger bead sizes, it is unlikely that the other samples would have yielded improved results. The variability of the
interphase width measurements for the coated and uncoated P4000 (4 wt. %) samples, and a lack of data for other bead
sizes prevents any correlation of the DMA results to interphase properties at this time. These challenges highlight a need to
improve AFM sample preparation techniques for follow on investigations.



REFERENCES 45

Table 4 Summary of interphase widths for P4000 (4 wt. %) and P4000-SC (4 wt. %) from AFM analysis

Glass Bead Coating Average Particle Size (um) | Interphase Width Range (um)
Coated 16.75 0.5-24
Uncoated 14.35 0.4-2.3

Conclusions

This study investigated the particle-binder interphase regions in HTPB/glass bead composites with DMA and AFM and
sought to correlate data between the two techniques. Glass beads were employed as the filler in a HTPB binder system and
were varied from an average particle size of approximately 16 um to 600 um at a fixed volume % of filler. Glass beads were
also coated with Sigmacote® to act as a shielding agent to weaken the particle-binder interaction strength.

DMA tan § traces showed two clear peaks for most of the samples evaluated which indicated two separate relaxation
process occurring within the material. The first peak at the colder temperature is from the T, of the HTPB. The particle
size and the coating on particles did not show any appreciable change to the T, but did result in differences in peak height.
Investigation of the second tan ¢ peak did not explicitly prove any correlates to relaxation mechanism solely within the
interphase, but these results support the argument that the interphase characteristics could affect the peak’s size and shape.
General trends in the tan § vs temperature plots show that the particle size and Sigmacote® affect the peak heights. Outliers
in the reported trends are suspected to be due to poor mixing during sample generation. Activation energy and interaction
parameter calculations also suggest that changing the particle size and particle surface chemistry will affect the particle-
binder interaction strength and subsequently, the interphase.

Correlating DMA data to AFM measurements was not possible at this time due to the challenges associated with AFM
sample preparation. Due to the compliant nature of HTPB binder, the hardness of the glass beads, and the differences in the
binder’s and glass beads’ respective coefficients of thermal expansion, it was difficult to achieve a pristine cross-section cut.
AFM measurements do suggest the presence of “weakly bound interphase” and “tightly bound interphase” regions, however,
there is a significant variability in the measurement. This highlights the need to improve sample preparation techniques to
permit any correlation of AFM interphase measurements to DMA data in future work.
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Chapter 5
Novel Experiment Design to Investigate High-Rate Shear
Fracture of Composites

Elias Gerstein, Tyler Robertson, Andrew Baumgardner, Paul Custodio, and Nathan Spulak

Abstract Fiber reinforced composites are extremely desirable materials for aerostructure applications due to their inherent
high strength to weight ratios. For safe application of these materials in such structures, it is important to understand their
mechanical behavior during high-rate loading. High-rate shear testing of fiber reinforced composites provides important
data for understanding the material’s high-rate mechanical response. However, there is no generally accepted standardized
method for performing high-rate shear tests on fiber reinforced composites. Existing high-rate shear methods typically result
in mixed mode loading, rather than deformation and fracture under pure shear conditions. Therefore, a novel unnotched
high-rate shear test method for composite materials is investigated. This test method utilizes specialized fixtures to induce
direct shear loading on an unnotched test coupon using a split-Hopkinson pressure bar and special high-rate shear fixtures
to secure the unnotched test coupon. The novel experiment is designed and simulated using finite element analysis with
Ansys LS-DYNA, and preliminary validation tests are performed. The simulation and test results demonstrate a promising
concentration of pure shear deformation on the fiber reinforced composite material.

Keywords Fiber reinforced composite - High-rate testing - Shear - Finite element analysis

Introduction

Due to the high strength-to-weight ratios of fiber reinforced composites (FRC’s), they have become a desirable material
of choice for structural components in the automotive, aviation, and defense industries. The applications FRC’s are used
for commonly result in them being subject to complex loading conditions across a wide variety of strain rates, such as
during vehicle crashes. To safely apply these materials to such conditions, it is therefore important to understand the high
strain rate shear behavior of FRC’s. However, the current ASTM standard for determining shear properties of composite
materials is designed for low rate loading, and does not produce pure shear loading when adapted for use high strain-rate
testing (on the order of 10%s~1) [1]. Furthermore, existing non-standardized tests tend to produce mixed mode loading rather
than pure shear loading, or they require complex specimen geometries that that can result in damage during the machining
process [2]. Therefore, a novel unnotched shear test method is proposed. This method utilizes a simple and easily machinable
unnotched specimen and custom fixtures to directly induce pure shear loading at high-strain rates. The high-rate test method
utilizes a tensile split-Hopkinson pressure bar (SHPB) to induce the high-rate shear loading desired. The feasibility of this
test is initially investigated via finite element analysis (FEA) simulations using Ansys LS-DYNA. Preliminary validation
testing for comparison is also performed at low loading rates utilizing a hydraulic load frame, and demonstrate that pure
shear deformation is successfully induced on the specimen. This indicates the unnotched shear test is a feasible method for
performing pure shear loading at high-strain rates in future testing. Successful production of high-rate shear stress vs strain
data obtained from the designed test method can be implemented into the deformation sub-model of LS-DYNA material
model MAT 213 to further increase accuracy of FRC material simulations [4].
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Experimental Design and Methods

The proposed test procedure for achieving pure shear loading utilizes a specially designed slotted fixture to hold an unnotched
FRC shear specimen. The unnotched shear specimen, shown in Figure 1 (a) is secured within both sides of the slotted test
fixture, as illustrated in Figure 1 (b). Then, the grip sections of the fixture are secured within the specimen grips of the
hydraulic load frame.

e - -

)

1

N N

Fig. 1 (a) Unnotched FRC shear specimen (dimensions in inches), and (b) schematic of slotted shear test fixtures with
unnotched specimen

Initial FEA simulations of the proposed test setup were done using LS DYNA. One fixture was modeled as a fully
constrained rigid material while the other fixture was modeled as rigid material with a prescribed motion. The specimen
itself is modeled as a Toray T700S carbon fiber and G83-CM prepreg laminate [2] using the LS DYNA orthotropic elastic
material model, MAT _002 [5]. The specimen was then modeled as a solid mesh with a mesh size of 0.305 mm. The purpose
of this simulation is to demonstrate the test setup’s ability to produce pure shear loading in the test specimen; therefore, the
simple orthotropic elastic material model suffices.

Initial low-rate tests are performed on a hydraulic load frame to assess the feasibility and accuracy of the designed test
technique. The experiments are performed at the UAH Experimental Mechanics and Multiphysics Modeling (E3M) lab. The
specimen material used for the low-rate tests is a polymeric-carbon unidirectional laminate in a quasi-isotropic layup. Low-
rate tests are carried out using the fixture from Figure 1 and a hydraulic load frame. To allow for three-dimensional digital
image correlation (DIC) analysis, images are taken using two 5 MP cameras, and the specimen and fixtures are covered in a
black and white spray paint speckle pattern. The low-rate test is run until fracture of the specimen is observed.

Experimental Results

A comparison of the simulated shear strain and the experimentally observed shear strain prior to specimen fracture is shown
in Figure 2. Additionally, the simulated shear strain across along the vertical centerline of the specimen is graphed at var-
ious stages as the deformation progresses in Figure 3. The simulation shows the specimen experiences clear shear strain
concentration at the center, and this is verified in the preliminary test DIC data which aligns well with the design simulation
response. The strain data along the centerline shown in Figure 3 illustrates that the specimen has a highly localized shear
strain concentration in the center, with the strain rapidly decreasing towards the outer edges of the specimen.



Novel Experiment Design to Investigate High-Rate Shear Fracture of Composites 49

Fig. 2 Shear strain concentration of novel unnotched shear test: (a) LS-DYNA simulation and (b) DIC data from prelimi-

nary low rate test
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Fig. 3 Shear strain at various stages of deformation along specimen vertical centerline for (a) LS-DYNA simulation and
(b) preliminary low rate test

Conclusion

Simulations and low-rate shear testing of a composite material are performed to provide validation of the proposed shear test
method. The purpose of the test method is to induce pure shear loading on an FRC specimen. Initial simulations performed
using LS-DYNA show the feasibility of this test method, as an obvious concentrated shear strain band is developed within
the specimen over the course of the simulation. Low-rate tests are also completed to further provide validation. Through
DIC analysis of the low-rate tests, the shear strains are determined over the surface of the FRC specimen. Once again, an
obvious concentrated shear band is developed in the specimen, and the shear distribution found is very similar to what was
determined in the LS-DYNA simulation. Furthermore, shear strain waterfall plots developed from both the simulation and
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test match very closely in shape and progression. Thus, the shear concentration proceeds through the course of the test as
desired. Future work for this test method will involve carrying out high-rate split-Hopkinson bar testing and will utilize other
material systems.
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Chapter 6

Experimental and Numerical Analysis of Dynamic Behavior
of Cork Material

Veronica Ilari, Carlo Sabbatini, and Marco Sasso

Abstract In this research, the agglomerated cork material is considered for energy absorption purposes. Indeed, the stress-
strain curve of cork describes the distinctive mechanical behavior of cellular materials: it can withstand large deformations
under compression loading with a smooth transition from elastic to plateau region, and then from plateau to densification
stage. In order to characterize the visco-hyperelastic behavior, compression tests have been conducted at different strain
rates on cork samples. Low and intermediate strain rate tests have been carried out by means of standard electromechanical
and pneumatic testing machines, whereas high strain rates have been carried out using a split Hopkinson pressure bar. The
compression tests have been extended including the unloading stage, where the load is progressively removed; in this way,
it was also possible to describe the damage evolution within the material according to the Mullins effect theory, which has
been borrowed here from the literature on rubber-like materials. It was implicitly assumed that the same behavior occurs in
dynamic conditions. The energy absorption capability of a shock absorber made of cork can be evaluated by means of punc-
ture tests that are typically conducted using drop tower rigs. Such tests have been numerically reproduced in Abaqus/Explicit
software, where the main features of the material behavior have been included by developing user defined subroutines. The
punch deceleration peak and rebound speed, together with the residual deformation and damage of the cork absorber, have
been analyzed as performance parameters.

Keywords Cork - Strain rate - Energy absorption - Hyperelasticity - Viscoelasticity

Introduction

In the last decades, cellular materials have been used in various engineering applications, particularly where high energy
absorption capability is required. These materials are also valued for their damping and isolation properties, making them
essential in impact protection systems. As a result, they are commonly employed in crash test devices designed for personal
safety (such as in road accident, where these materials are used for the production of motorcycle helmets) and for protection
of things/products (such as in packaging) [1] [2].

Cork is a natural material that is obtained from the outer bark of the cork oak (Quercus suber). It has a cellular structure
with small closed cells (4-20 x 107 cels/cm®) that form a highly ordered honeycomb pattern, a characteristic that stems
from its biological formation process. Cork shows an interesting set of properties, including low values of density, per-
meability and energy transfer coefficients with a remarkable elastic behavior and high physical, chemical and biological
stability [3].

When subjected to compression, cellular materials like cork can suffer a large deformation, maintaining relatively con-
stant stress levels until densification occurs. This behavior allows them to absorb large amounts of energy. The stress-strain
curve of cork exhibits three distinct phases: an initial linear elastic phase at low stresses, primarily governed by the bending
of cell walls; a long plateau region, where the material undergoes progressive collapse while dissipating energy through
structural deformation; and a densification phase, in which the stress rises sharply due to the complete compaction of the
cellular structure [4] [5].
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Beyond its energy absorption capability, cork also possesses a remarkable recovery capacity. This means that its defor-
mation is mostly elastic, allowing it to return to its original shape once the load is removed. This characteristic is particularly
advantageous, because it allows the material to maintain its energy absorbing capacity almost unchanged, even after repeated
impacts [6] [7].

To characterize the visco-hyperelastic behavior of cork, quasi-static and dynamic compression tests were carry out with
a strain rate between 1073 and 103 s~!. The resulting stress-strain curves were used to calibrate the constitutive model
parameters that describe cork’s mechanical response. In particular, the hyperelastic behavior was modeled by the Ogden
hyperfoam formulation; while viscoelasticity was described through a Prony series model (generalized Maxwell model).
Additionally, the unloading phase was analyzed to evaluate damage evolution of the material and the potential release of
stored elastic energy that can occurre after the impact. The Mullis effect was incorporated to describe the unloading phase [§].

To validate the proposed constitutive model, numerical simulations were performed using the finite element Abaqus/
Explicit software. The experimental compression tests were reproduced in the simulation environment, integrating the ma-
terial properties through user-defined subroutine (VUMAT).

Finally, the energy absorption performance of a cork based shock absorber was evaluated through puncture tests, con-
ducted using a drop tower. These tests were numerically reproduced in Abaqus/Explicit software. The comparison between
numerical and experimental results serves as a crucial validation step, ensuring the model’s accuracy in predicting the me-
chanical response of cork under different loading conditions.

Materials and Methods

Compression tests were performed on agglomerate cork samples (Fig.1a) with a base size of 12 x 12 mm and a height of
15 mm. They have a density of 140 kg/m?®. Tests with a strain rate of 10~3, 10! and 10! s~! were conducted through a
servo-pneumatic machine model Siplan® (Fig.1b), equipped with a 3 kN load cell and capable of reaching a piston speed of
100 mm/s, while dynamic tests with a 10® s~ ! strain rate were performed with a Split Hopkinson Pressure bar (SHPB).

() (b)

Fig. 1 a) Agglomerated cork sample; b) Servo-pneumatic testing machine

For the tests conducted at 1073 and 10! s, the samples were placed on a flat plate connected to the load cell, located
on the fixed crosshead of the machine. The piston was then moved with precision, until it touches the upper surface of the
sample, marking the start of the test.

For the tests conducted ad 10! s~1, however, the piston was initially raised to a sufficient distance from the sample, al-
lowing it to complete the acceleration phase from zero to a 100 mm/s velocity. This strategy allowed to keep the deformation
of the samples as uniform as possible, compatible with the capabilities of the machine. To analyze the relaxation phase of
the material in tests with 1073 and 10~ s~ strain rate, the deformation was manteined unchanged at the end of the loading
ramp for a period equal to the duration of the ramp itself. Subsequently, the load was progressively reduced by moving the
piston backwards until the applied load is completely removed.

Dynamic test at 10® s~! strain rate were performed using a Split Hopkinson Pressure Bar (SHPB), shown in Fig.2. The
calibration and the fitting of this system for the study of soft materials are described in [9] [10]. Furthermore, the SHPB
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Fig. 2 Split Hopkinson Pressure Bar installed at Marche Polytechnic University

configuration allowed a partial valutation of the relaxation of the sample, extending the analysis of reflected and transmitted
waves. This made it possible to partially measure the unloading phase after reaching the maximum load, without a holding
phase [11].

Material Modelling

Constitutive models

The constitutive models that describe the material were defined using a VUMAT, that is a user defined subroutine imple-
mented in Abaqus/Explicit.

In this analysis, the agglomerated cork is mainly modeled as a hyperelastic material, using the Ogden hyperfoam model.
It is a non linear model, usually used to characterize elastomeric foams that exhibit hyperelastic behavior. It is also intended
for finite strain applications where the material can deform elastically to large strains, up to 90 % strain in compression.
This model is based on a strain energy potential 1. This model is implemented as a built-in material within the Abaqus FE
commercial code as “Hyperfoam”. The strain energy function of order N is defined:
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where f1;, o;; and §; are material constants, \; 2 3 are the stretch ratios in the three principal directions, and J is the volume
ratio, J = A;A2A3. The principal stresses are computed taking the partial derivative of Eq.(1) with respect to A. The
experiments also highlighted that cork has a Poisson’s ratio of almost zero, thus making the use of a compressible hyperelastic
model more appropriate. The p; coefficient is directly correlated to the initial shear modulus G, while 3; is related to
Poisson’s ratio, v;, by the expressions:
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Therefore, the null Poisson’s ratio determines that 5; = 0. In uniaxial case Ay = A3 = 1, the principal stresses are
obtained from:
N

=
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The Eq.(3) is used to fit the best parameters of the model using the quasi-static compression curve [12].

The agglomerate cork shows a viscoelastic behavior that emerges in dynamic load conditions. Consequently, the viscoelastic

behavior must also be modeled in conjunction with the hyperelastic model. The Prony series (or generalized Maxwell)

model was chosen. This model considers the material as a branch with a spring representing the long-term stiffness G, in

parallel with a series of Ng Maxwell branches, where a spring and a viscous damper are present. Each Maxwell branch is

characterized by a relaxation time 7;. The global relaxation modulus of such a system is given by:

Ng
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In Eq.(4), g; are the relative moduli, so that g, + > g; = 1; G represents the short term, or instantaneous, stiffness that
is obtained as the sum of all branches’ stiffness. The long term and short term stiffnesses are related as Goo = goo - G- The
stress along time in the i-th layer of the Generalized Maxwell model is given by:
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where S?d is the second Piola-Kirchhoff stress tensor and C is the right Cauchy-Green deformation tensor. The true stress
can be obtained from:
_ 2FS*F7 6
o=—"7 6)
where F is the deformation gradient [13].

The total stress can be obtained from the sum of the hyperleastic stress with the N viscoelastic stresses.

In order to correctly model permanent energy dissipation effects and stress softening in agglomerate cork, Mullins effect
is implemented, providing an extension to the elastomeric foam model [14]. Therefore, this damage model is used to include
the damage present in elastomeric foams, modeling the energy absorption in foam components subjected to dynamic loading,
with high strain rates compared to the characteristic relaxation time of the foam. In this model, energy dissipation effects are
considered by introducing an augmented strain energy density function of the shape:

W(Ai,n) =nW(\i) + ¢(n) @)

The function W (\;,n) is a continuous function of the damage variable, ), and is related to the damage function ¢(7).
The damage variable, 7, varies continuously during the course of deformation and always satisfies 0 < n < 1, withn =1 at
the points of the primary curve (described by the Hyperfoam model). Taking into account the Mullins effect, the stresses are
calculated by:

o(Xi,n) =no(Xi) (®)

where o ();) is the stress corresponding to the primary behavior of the foam at the current strain level A;. Then, the stress
is obtained by simply scaling the stress of the primary behavior of the foam by the damage variable 7. Eq.8 is used when
the material is at an energy potential W that is lower than the maximum energy potential W,,, experienced by the material
itself at the end of the loading phase. The damage variable is generally assumed to be represented by the so called “error
function”:

W — W
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where 7,m and [ are material parameters that govern the shape of the unloading curve. Note that > 1, m > 0, 8 > 0 [15].

Validation

In order to obtain the coefficients of the models used to describe the cork behavior, an optimization technique was imple-
mented. Specially, a cost function, which represents the difference between the experimentally obtained stresses and those
predicted analytically, is minimized.

To describe the compressible hyperelastic behavior, a fourth-order Hyperfoam model was adopted, which requires the
identification of 8 parameters, namely the coefficients p; and o; with¢ =1...4.

The viscoelastic behavior was instead modeled by a 10-term Prony series, where the Maxwell branches have relaxation
times uniformly distributed on a logarithmic scale. Consequently, the optimization problem focuses on the determination of
the two extreme relaxation times 7,5, and 7,,4, and the 10 related moduli g;. Lastly, Mullins effect requires the calibration
of three parameters r,m and (. The optimization process was implemented in Matlab. All the optimized parameters are listed
in Table 1, 2 and 3 for the Ogden hyperfoam model, Prony series model and Mullins damage, respectively.

Table 1 4" order Ogden hyperfoam parameters

M1 o H2 Qi M3 Q3 Ha Oy Bi...a
4236 | 7.532 | -5.579 | 5.580 | 2.543 | 4.146 | 0.007 | -3.137 0

After material model calibration, the impact tests were simulated by means of the commercial Finite Element software.
In particular, the Abaqus/Explicit code was adopted because it is well suited for implementing user-defined constitutive
models by means of user-defined Fortran subroutines (VUMAT).
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Table 2 Prony series with 10 terms parameters

Tmin Tmazx g1 g2 g3 94 95 Jde gv gs 99 g10 9o
1E-5.608 | 1E1.322 | 0.140 | 0.703 | 0.046 | 0.023 | 0.012 | 0.006 | 0.007 | 0.009 | 0.006 | 0.005 | 0.042

Table 3 Mullins damage parameters

r m I}
1.067 | 0.740 | 0.628

Compression tests were performed at different strain rates on cork block, in order to reproduce as faithfully as possible
the experimental tests. The cork is modeled as a 2D model costrained to the bottom side. The plate that load the cork is
discretized as a rigid surface and a constant velocity equal to the experimental values. The strain rate analyzed are 1073,
1071, 10, and 10 s~1. The results of both the experimental tests and the analytical modeling, expressed in terms of stress-
strain curves, are shown in Fig.3a and in Fig.3b. The blue curves represent the experimental points, while the curves in red
represents the total stress predicted by the constitutive model.
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Fig.3 a) Compression stress strain curves at 1073, 10! and 103 s~! strain rate; b) Compression stress strain curves at 10~!
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S strain rate

The Fig.3a presents the results for the compression tests at 1073, 10! and 102 s~1. The stress-strain curve at the lowest
strain rate validates the hyperelastic model, while the two curves corresponding to the highest strain rates confirm the
accuracy of the viscoelastic model.

The Fig.3b illustrates the validation of the complete model, including damage, which is captured through the Mullins
effect. This test was performed at a strain rate of 10! s71,

Test Case

In the previous sections, we defined the constitutive models that best describe the behavior of agglomerated cork. We then
validated the model through the simulation of an impact test at different strain rates.

In this section, we present a test case: puncture tests performed using a hemispherical rigid indenter. Puncture tests
were performed on cylidrical slabs of cork by means of a drop tower machine. This kind of test is very popular as it
provides immediate information on the energy absorption. However, here it has been used for verifying the material models
calibration. The specimen is placed between two supports with a 40 mm hole, and is deformed by a falling punch having a
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hemispherical impact head of 12.7 mm diameter. The speed of the punch is measured by an optical sensor. This test serves as
an additional validation step, assessing the model’s ability to predict material response under localized loading conditions.

The tests were performed at two different velocities: 0.79 m/s and 1.27 m/s.

The puncture tests have been replicated numerically by means of the FE model and material subroutine VUMAT. The
finite element model was developed to closely replicate the experimental setup, ensuring consistency in boundary conditions
and loading conditions. A 2D axisymmetric model of the cork block and the impacted area, along with the impactor, was
created. The cork block is meshed with 2D axisymmetric reduced integration elements (CAX4R) [16]. The impactor is
discretized as a rigid shell, with a 3.055 kg mass and an initial velocity equal to the experimental values. The cork was
laterally constrained, as in the experimental test.

Material properties obtained from the previous calibration were assigned to the numerical model, incorporating both
hyperelastic and viscoelastic behavior, as well as Mullins damage effects.

The results of the finite element simulations for the puncture tests at impact velocities of 0.79 m/s and 1.27 m/s are
presented in Fig.4 and Fig.5, respectively. These contour maps illustrate the distribution of logarithmic strain at three key
stages of the impact event: (a) the initial contact between the indenter and the cork specimen, (b) the moment of maximum
penetration, and (c) after rebound, when partial recovery of the deformation occurs.

At the instant of maximum penetration (Fig.4b and Fig.5b), it is evident that the deformation in the case of the higher
impact velocity (1.27 m/s) is significantly greater than in the lower velocity case (0.79 m/s). The strain distribution in Fig.5b
shows a more concentrated and intense deformation region beneath the indenter, indicating a stronger material response to
the higher loading rate. This suggests that at increased impact velocities, the cork undergoes greater compression and energy
absorption before rebound.

Fig.4c and 5c shows the partial recovery of the strain that occurs when the impact rebounds. It can be seen that the
indentation left by the impact is less pronounced in Fig.4c than in Fig.5c and the logarithmic strain is reduced.

(b)

Fig. 4 Contour maps of logarithmic strain from FE simulations of impact tests at 0.79 m/s a) at the beginning; b) at the
instant of maximum penetration; c) after rebound

(a) (b) (©

Fig. 5 Contour maps of logarithmic strain from FE simulations of impact tests at 1.27 m/s a) at the beginning; b) at the
instant of maximum penetration; c) after rebound
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Conclusion

In this work, we have presented the mechanical characterization and constitutive modelling of agglomerated cork subjected
to compression loading. The compression stress-strain curves exhibit the typical behavior of cellular materials. Constitutive
models incorporating hyperelasticity, viscoelasticity and the Mullins damage effect were developed and calibrated. These
models were then validated through numerical simulations using a VUMAT subroutine, which aimed to accurately reproduce
compression tests at different strain rates and provide a comprehensive description of the material’s dynamic behavior.

To further assess the constitutive model under more complex loading conditions, we conducted a puncture test at two
different impact velocities: 0.79 m/s and 1.27 m/s. The experimental and numerical approaches were integrated to validate
the material models, ensuring they accurately capture the complex response of cork under impact loading.

These results confirm that the proposed material models are capable of accurately predicting the cork’s behavior under
dynamic loading conditions. This validation makes the models a valuable tool for future research on agglomerated cork and
similar materials, offering insights into the material’s performance in energy absorbing applications and impact resistant
designs.

The successful validation of the cork material model through these puncture tests not only reinforces its relevance for
practical applications but also provides a solid foundation for future studies.
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Chapter 7
Unexpected Time Dependence in Nanofibrillated Cellulose Gels

Samir Patel and Jacob Notbohm

Abstract Nanofibrillated cellulose (NFC) gels behave similarly to a viscoelastic fluid, as the fibers create an entangled net-
work interacting through van der Waals forces. NFC gels show complex mechanical behaviors, such as shear thinning and
shear banding. Previous work has observed time-dependence on short time scales, observing relaxation times on the order of
a few minutes, which is consistent with poroelastic behavior. Here, we report the surprising observation of time-dependent
behavior over time scales of a few hours, implying that another mechanism dictates this behavior. NFC gels were thoroughly
mixed with fluorescent particles for imaging on a spinning-disk confocal microscope. The gels were imaged for multiple
hours, and the strains were computed using Fast Iterative Digital Image Correlation. Experiments first quantified strains in
gels subjected to compression and in unloaded gels with various aspect ratios. The gels deformed for a few hours in the
loading device regardless of whether a load was applied, and gels with high aspect ratios deformed over a few hours to be-
come more circular. These results suggest that NFC gels may exhibit capillary behavior, which could be the mechanism for
time dependence at long time scales. Further experiments quantified displacements in NFC gels when water was introduced
by contracting microspheres to gather insight on poroelastic behavior. The gels moved inward towards the expelled water at
short time scales, even though they were not adhered to the contracting microspheres. This work motivates future work to
study in detail the effects of water on the mechanics of NFC gels over a wide range of time scales.

Keywords Hydrogels - Cellulose - Poroelasticity - Capillary - Time-dependence

Introduction

Nanofibrillated cellulose (NFC) gels are biodegradable and renewable, making them appealing for many uses, including 3D
printing, food packaging, and drilling fluid [1]. Cellulose gels behave similarly to a viscoelastic fluid, as the fibers create an
entangled network with van der Waals interactions. The different production methods used to create NFC can change the
rheology and mechanics of the system by altering fiber geometry and cross-linking [2, 3]. NFC suspensions show complex
fluid-like behaviors, such as shear thinning in a rheometer [1, 4]. Quantifying the rheology of NFC gels using commercial
rheometers is challenging, because the measured modulus depends on sample thickness [5]. This is likely due to shear
banding and strain localization near the boundaries of the sample, which cause inconsistencies in measured data of the
rheological properties such as viscosity and shear modulus [6, 7]. These complications make the rheology of NFC gels
challenging to quantify.

Cellulose gels are hydrophilic and swell substantially in the presence of water. Swelling behavior has been studied at
larger length scales in cellulose sponges [8, 9] with results showing that the sponges swell with water on time scales of
a few minutes. Previous work has measured time-dependent behavior in cellulose gels to be on the order of minutes in
stress relaxation experiments [10]. Prior work has also suggested that cellulose gels exhibit poroelasticity, with a compres-
sive relaxation time of around 16-160 s for cellulose gels of diameter on the order of centimeters [11]. Poroelasticity is
common in other materials as well, including biological tissues [12], the cytoplasm within cells [13], and tendons [14].
The time scale of tens to hundreds of seconds for relaxation of centimeter-sized samples is also common. For example,
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polyvinyl alcohol-polyacrylic acid hydrogels of size on the order of centimeters have a stress relaxation time on the order of
minutes [15].

In this report, we experimentally quantify the time-dependent properties of cellulose gels, observing surprising time
dependence occurring at time scales on the order of hours. Three experiments were conducted to study the mechanics of the
NFC gels. (i) Strains were quantified after NFC gels were subjected to compression. The mean strains over time showed a
time dependence on the order of hours, which led to further experiments to explain this phenomenon. It was found that this
long time dependence was due to interactions between the NFC gel and boundaries, suggesting possible capillary effects. (ii)
The deformation of gels of various aspect ratios was discerned by quantifying strains when placed on hydrophilic substrates
for a few hours, with results showing the gels deformed to become circular, suggesting a strong effect of surface tension. (iii)
To study NFC gels’ interaction with water at length scales close to the size of fibers, water was introduced to the cellulose
gels by embedding poly(N-isopropylacylamide) (PNIPAAm) microspheres, which contract when heated [16, 17, 18]. Upon
contraction, the microspheres left a void space filled with water, which the NFC gels expanded into over time scales of tens
of minutes.

Methods

Tempo-Oxidized Nanofibrillated Cellulose (T-NFC) was provided by the Forest Products Laboratory (Madison, WI)asa 1.11
weight percent concentration. The NFC gels were vortex mixed with Alexa Fluor carboxylated fluorescent particles of 0.5
pum diameter and excitation and emission wavelengths of 580 and 605 nm, respectively (F8812, Thermo Fisher Scientific).
The concentration of fluorescent particles in the NFC gels was chosen to be around 3.6 mg per 1 mL NFC. We compared
pipette mixing and vortex mixing. Vortex mixing the fluorescent particles and NFC gel provided a more consistent mixture
of fluorescent particles in the gel. Gels embedded with fluorescent particles were used in all experiments.

PNIPAAm microspheres were created through an adapted version of the methods from ref. [18]. The microspheres
were created using an oil-water emulsion. Cyclohexane, span-80 (S0060, TCI America), N-isopropylacrylamide (415324,
Millipore Sigma), bis-acrylamide (1610142, Bio-Rad), ammonium persulfate (1610700, Bio-Rad), and tris-buffered saline
were mixed on a stir plate in a nitrogen atmosphere. TEMED was added during the mixing and the reaction occurred
overnight. The microspheres were then washed with ethanol, deionized water, and 1 x phosphate buffered saline.

In all experiments, NFC gels embedded with fluorescent particles were imaged on a spinning-disk confocal microscope
(Yokogawa CSU-X1) with 50 um pinholes, a 20x 0.95 NA water-immersion objective (Nikon), and a Zyla sCMOS camera
(Andor). Image specifications were set through 1Q3 acquisition software (Andor). All images were collected with a 150
ms exposure time. All z-stacks had a step size of 0.325 um. The number of z-steps collected varied from about 50 (for
experiments applying uniform strain) to about 150 (for experiments with PNIPAAm microspheres). When imaging NFC
gels without PNIPAAm microspheres, the z-planes chosen for imaging were at least 60 um above the glass substrate to
avoid significant surface effects. When imaging gels with PNIPAAm microspheres, we chose planes at or close to the
microspheres’ centers. In both experiments, we experienced some drifting in all directions, which we manually accounted
for during image acquisition. After acquiring the images, the z-stacks from different time points were registered to each other,
enabling selection of the same focal plane at all time points for subsequent analysis by digital image correlation (DIC).

A custom-built loading device was used to apply compression to the NFC gels. The applied strain was actuated by a
micrometer. The device was designed to fit in the microscope stage, so that images of the gels before and after applying
strain could be taken. Strains were quantified in NFC gels when subjected to compression over a few hours. Strains were
also quantified in unloaded gels placed either inside or outside of the loading device. To further test capillary behavior,
NFC gels embedded with fluorescent particles were pipetted onto glass slides such that they either had a higher length
(0.75 in) than their width (0.25 in) or were circular (radius 0.25 in). We imaged these gels every 5 min for up to 3 hr for
subsequent analysis by DIC. To gain insight on poroelastic behavior, we carefully pipette-mixed PNIPAAm microspheres
into NFC gels embedded with fluorescent particles, so the microspheres would not be damaged before the experiment. The
microspheres acted as void inclusions in the gel, which decreased in volume when the temperature was raised from the
reference temperature (29°C) to 39°C [17]. The temperature was controlled using an H301 stage top incubator (Okolab).
This was mounted directly on the microscope stage so that imaging and changing the temperature of the environment could
be performed simultaneously. During contraction, the PNIPAAm microspheres became hydrophobic and expelled water. We
imaged the gel before and after the contraction of the microspheres, which typically occurred within 20-30 min. Microspheres
selected for imaging were at least a field of view away from other microspheres to avoid effects from other microspheres.

DIC was used to quantify the displacements and strains, enabling us to avoid errors caused by strain localization. Fast
Tterative DIC [19] was performed on all image sets to quantify the in-plane displacement fields. We used a subset size of
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64 x 64 pixels (20.8 x 20.8 um?) and a spacing of 16 pixels (5.2 um). DIC was performed by comparing each image
to the corresponding image in the reference (undeformed) configuration. The strains were calculated from the gradient of
displacements. Numerical derivatives were taken by finding slopes in the x and y directions in a kernel of a 5x5 window of
points, which generates the displacement gradient at the center of the window [20]. This process was repeated throughout
the entire image to compute the strain fields.

Results

We first quantified the DIC noise floor by quantifying strains from two consecutive images of an undeformed NFC gel
embedded with fluorescent particles imaged with the confocal microscope (Fig. 1a). From the images, in-plane displacements
were computed by DIC, and the in-plane components of the strain tensor were computed from the displacement field. The
strain fields and histograms of €., €y, and €4, did not exceed 0.5% (Fig. 1b,c). The histograms show that the noise was
random and resembled a Gaussian distribution. The standard deviation of noise from this analysis was approximately 0.1%
strain.
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Fig. 1 Noise floor analysis on an NFC gel embedded with fluorescent particles. (a) Representative confocal image of NFC
gel embedded with fluorescent particles. (b) Histograms of strains. (c) Strain fields. Results from panels b and ¢ show that
the noise in measured strains was less than 0.5%.

Next, we applied compression to NFC gels, as shown in Fig. 2a, using a custom loading device that was mounted on
the microscope stage. Images were collected in a region of interest near the center of each gel, followed by calculation of
displacements and strains by DIC. When the gels were compressed in the x direction, there was an immediate response
in the strain in the region of interest, showing €., < 0 which is expected for compression. The variability in strain over
space, as indicated by the standard deviation, was relatively small, being approximately 1%, indicating that NFC gels are
relatively homogeneous, even at scales of tens of microns, which differs from other fibrous materials such as gels of collagen
[17, 18, 21]. Interestingly, €., changed over time, increasing over a period of a few hours, which is unexpected given that
the loading device applied a constant displacement at the boundaries of the sample. For the strains in the region of interest to
change over time, the gel must have undergone a complex time-dependent deformation with increasing strain in the region
of interest balanced by decreasing strain in other locations. The time dependence was also surprising, as it occurred on time
scales of hours. Prior work on compressive relaxation on cellulose gels computed a relaxation time of around 16-160 s for
samples that were centimeters in size [11]. In the theory of poroelasticity, the poroelastic time scale 7 is related to sample
size L such that the expression 7/L? is constant [22]. Using this expression and the prior data 7 = 160 s and L = 2 cm, we
would expect our samples having size of ~ 2.5 cm would have a characteristic poroelastic time of around 4 min, which is
far shorter than the time scales for deformation shown in Fig. 2a. Hence, there must be some other mechanism that drives
the deformation of these gels.
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NFC gels were next placed in the loading device but not subjected to compression, with the expectation that the gel would
remain undeformed. Surprisingly, €., increased over a time period of a couple of hours (Fig. 2b). This may suggest that the
deformation was caused by interaction between the sample and the loading device. To verify this, we placed gels on a glass
coverslip outside of the loading device. When quantifying strains with DIC, ,, was near zero for all time points (Fig. 2c).
This indicates that the sample interacted with the loading device, causing time-dependent deformation. We reasoned that the
interaction could be through differences in surface tension of the NFC gel in the different conditions. This suggests that NFC
gels may exhibit elasto- or visco-capillary behavior.

(a) Bounded Gel, Uniaxial Compression (b) Bounded Gel, No Deformation (C) Free Gel, No Deformation
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Fig.2 Strains in experiments with NFC gels. (a) NFC gels were placed in the loading device and were subjected to uniaxial
compression in the x direction. Time ¢ = 0 denotes when the deformation was applied. (b) NFC gels were placed in the loading
device but not subjected to any loading. £, shows that despite no loading, the strain increased over a period of a couple of
hours. (c) NFC gels were not placed in the loading device. The strains in these gels were near zero for the duration of the
experiment. All images show cartoons of NFC gels (green) and the location imaged by the microscope (squares). Panels a
and b show the gel in the loading device (black). In all images, €., is quantified through DIC and averaged at each time
point. Dots in each image denote the mean strain, and error bars denote standard deviations over space. The dashed line
denotes the macroscale strain applied by the loading device on the gel.

As a simple initial quantification of capillary behavior, we placed NFC gels of various aspect ratios on glass coverslips
and imaged them for a few hours. Some gels had length-to-width ratios of 3:1, while other gels were circular. The average
strains are shown in Fig. 3. For the elongated gels, the normal strains along the short axis (y direction) increased over an
hour (Fig. 3b). This indicates that the gels deformed to become more circular. Deformations of the gels were apparently
permanent, as the gels did not return to their initial size and shape. By contrast, the circular gels remained essentially
undeformed with strains being approximately zero for all time points (Fig. 3c). Because we did not apply a load on the gels
during these experiments and elongated gels became circular, the gels’ deformation was likely caused by surface tension,
consistent with capillary behavior.

We next quantified the response of NFC gels to introduction of a void space containing water. This experiment was
intended to give a sense of poroelastic swelling at a length scale close to that of the fibers, which is a smaller length scale
than the experiments in Figs. 2-3. To create void space in the NFC gels, we used microspheres of PNIPAAm, a hydrogel
that contracts and expels water when heated. Microspheres were added to NFC gels embedded with fluorescent particles.
An image was collected at 29°C followed by increasing the temperature to 39°C, which caused the microspheres to contract
and expel water. A second image was collected for subsequent quantification of displacements by DIC. Fig. 4a shows a
schematic of the described experiment, wherein a PNIPAAm microsphere (black) contracts and pushes water out, indicated
by the white region. For most engineering materials, this experiment would cause no deformations, because the PNIPAAm
microspheres were not attached to the surrounding material, but the NFC gel could potentially swell in response to the free
water. Fig. 4b displays a representative image in the reference state, with the PNIPAAm microsphere being the black circle
in the center of the image and the contrast provided by the fluorescent particles embedded in the NFC gel. After contraction,
the fluorescent particles appeared to move inward (Fig. 4c), indicating inward deformation of the NFC gel. The inward
deformation was confirmed in the displacements quantified by DIC, with a maximum magnitude of displacement of ~5
um (Fig. 4d). This inward motion was likely due to swelling of the NFC into the region containing water expelled by the
contracting microsphere.
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Fig. 3 Mean strains in free NFC gels of two different aspect ratios. (a) Imaging setup for quantifying strains in elongated
or circular gels. (b) Elongated gels, where the length of the gel (=0.75 in) was much larger than its width (=0.25 in). Here,
€yy increased over time, indicating elongation of short axis so the gel became more circular. (c) Circular gels, with radii
close to the width of the long gels. Here, €,,, ~ 0 for all time points. In subfigures (b-c), colors denote results from different
samples. In all experiments between both shapes, €., was approximately zero for all time points.

(a).

Fig. 4 Local displacements in an NFC gel. (a) Schematic of contracting PNIPAAm microspheres in NFC gel. The micro-
spheres are not physically or chemically adhered to the NFC. The white space around the contracted microsphere denotes
water that NFC can expand into. (b-c) Images of NFC gel before (b, 29°C) and after (c, 39°C) contraction of a representative
PNIPAAm microsphere. (d) Local displacements quantified through DIC. The color indicates magnitude of displacements,
and arrows show direction and magnitude. White regions in the displacement field are erroneous regions that are removed
from the analysis as in ref. [17]. The black circle indicates the location of the microsphere; it is larger than the size of the
microsphere, as DIC can not get proper data at boundaries in the image. All scale bars denote 50 um.
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Conclusions

In this report we have shown an unexpected time dependence, with deformations occurring on the order of hours in gels made
of NFC. Subsequent investigation showed that elongated gels on hydrophilic substrates deformed to become more circular,
suggesting capillary behavior may be the underlying cause for the long time dependence. The experiments with PNIPAAm
microspheres revealed that NFC gels swelled into the water expelled by the PNIPAAm. These observations, combined with
prior studies on poroelastic effects in NFC gels, indicate that the mechanics of NFC gels results from a combination of
swelling, poroelasticity, and capillary behavior.

Future work will design experiments to test this combination of properties in more detail. A challenge to consider in
future work is drying of the gels, which occurs on time scales of hours, similar to the time scales of deformation observed
in this study. In the experiments shown in Fig. 2, it would not be possible to wait for the sample to equilibrate in the loading
device before testing, because the hours of equilibration time would cause the sample to dry excessively. Experiments are
being designed to use samples having dimensions that minimize the surface area exposed to air, which will enable rigorous
quantification of mechanical properties.
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Chapter 8
Biofilm Adhesion on TiAl6V4 using Laser Spallation
Technique

Sahar Afshari and Martha E. Grady

Abstract Biomedical implants such as orthopedic, dental, cardiac devices, and catheters are prone to infections. The primary
factor of implant infections is the adhesion of bacteria to the implant surface, leading to colonization and biofilm formation,
which could eventually cause implant failure. Thus, quantifying the adhesion strength of biofilms on the implant surfaces
is crucial for characterizing and improving surfaces and materials, and preventing biofilm infections. In this study, the laser
spallation technique is utilized to measure the adhesion of biofilm to the implant surface. The aim of this study is to evaluate
the adhesion strength of Staphylococcus aureus biofilms on Ti6Al4V (Ti64) substrates and to qualitatively compare with
Streptococcus mutans on pure Ti. For this purpose, a substrate assembly suitable for measuring biofilm and cell adhesion
on bulk materials such as Ti64, and additively manufactured Ti and Ti alloys, is employed. The results demonstrated that
a substrate assembly comprising a layer of implant material as the substrate and a waterglass layer as the confining layer
can be successfully utilized to assess biofilm failure across varying laser fluences. The ongoing challenges that need to be
addressed to achieve effective adhesion measurement of cells and biofilms are also described.

Keywords Laser spallation - Biofilms - Biomedical implants - Titanium alloy - Ti6Al4V - Adhesion

Introduction

Biomedical devices such as catheters, cardiac devices, dental implants, and artificial joints have significantly altered the
lives of patients and health care. However, their use has made the body more vulnerable to infections. Biomedical device-
associated infections comprise 25.6% of all healthcare-associated infections in the US [1]. Among these infections, implant-
associated infections, primarily caused by biofilm formation and colonization, cause a significant challenge due to the dif-
ficulties in diagnosis and treatment [2]. Biofilms with their ability to resist antibiotics and firmly attach to implant surfaces,
can lead to persistent infections and even implant loss in severe conditions. Several factors, such as the type of implant and its
location, prevalent microorganisms, surgical environment, and host immune system influence implant-associated infections
[3]. Predominant microorganisms in biomedical implant infections vary according to the type and location of implants. For
instance, staphylococci are the most common pathogens in orthopedic implant infections, with Staphylococcus aureus (S.
aureus) and Staphylococcus epidermidis accounting for two-thirds of cases [4]. S. aureus is also the most frequent pathogen
in cardiac-related implant infections such as pacemakers, stents, and left ventricular assist devices [3]. In dental implants,
biofilm communities are more complex and contain multiple species such as Streptococci and Actinomyces which are promi-
nent early colonizers, providing conditions favorable for late colonizers [5]. Generally, multiple species tend to be more
challenging and difficult to treat than single species infections [6]. However, in vitro assessments of oral biofilms have also
been conducted using single species such as Streptococcus mutans, which has proven to be an early colonizer in dental
caries [7, 8].

Ti and its alloys are widely used metals in dental implants, knee and hip replacements, screws for fracture fixation,
artificial hearts, pacemaker cases, and prosthetic heart valves [9, 10]. Ti-6Al-4V, the most commonly used Ti alloy in high-
strength and load-bearing applications [9], is selected as the implant material for this study. This alloy is favored for its good
corrosion resistance, biocompatibility, superior strength-to-weight ratio, and robust fatigue resistance [11, 12].
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The proposed study focuses on utilizing bulk materials such as conventional Ti64 and additively manufactured (AM)
Ti64 as the substrate to obtain cell and biofilm adhesion. S. aureus on Ti64 substrates and S. mutans on pure titanium were
evaluated as representatives of biofilm infections in orthopedic and dental implants, respectively. Although conventional
Ti64 is utilized in the current study, the substrate assembly procedure is also applicable to AM Ti and AM Ti alloy.

In this work, the laser spallation technique is implemented as a non-contact method that generates high stress levels. This
technique allows the precise macroscale quantification of cell and biofilm adhesion on substrates as well as localized im-
pingement and multiple adhesion tests on a single substrate assembly. The laser spallation technique employs a high-energy
YAG laser pulse that impinges on a substrate and generates a compressive stress wave. The generated stress wave propagates
through the substrate, transmitting to the film and eventually reflecting off from the free sample surface [13]. However, due
to the unreflective nature of biological films, in situ measurement of cells is not possible, and accurate calibration experi-
ments on the substrates are required. A typical laser spallation specimen consists of a confining layer, an absorbing layer, a
substrate, and a thin film. The laser spallation technique has been successfully adopted to measure the interfacial adhesion
of cells and biofilm as a thin film on different substrates in numerous studies [14—-16].

Experimental Procedures and Results

Fig. 1 (a) illustrates the experimental setup of the laser spallation technique for the biofilm and cell adhesion measurement. A
Nd:YAG laser pulse is controlled using an attenuator and focused in a desired spot size using a focusing lens. The controlled
and focused YAG laser pulse is then directed upward toward the substrate assembly using a 45° angled mirror.

A 1 mm thick Ti64 sheet purchased from American Metal Xchange, Inc. was cut into 1-inch by 1-inch square samples.
The surface roughness, Ra, of Ti64 samples was measured using a Sensofar S neox optical profilometer. at 0.26 £ 0.02
pm from three samples, with measurements taken in three scanned lengths for each sample. One side was coated with a 12
pm thick layer of waterglass (Ricca Chemical sodium silicate) using the Specialty System G3P-8. The substrate assemblies
consisted of Ti64 as the substrate and waterglass as the confining layer, as shown in Fig. 1 (b). The waterglass thickness
was measured using a Bruker Dektak XT Surface Profiler. The substrates were then adhered to the bottom of a petri dish
containing a 13/16-inch hole using the biocompatible NOA86H adhesive and cured under a Lesco CUREMAX Chamber
Lamp (Fig. 1 (b)).

In order to culture bacteria, 1 pL of S. aureus (ATCC 6538) was taken from frozen stock using an inoculation loop and
transferred to a 15 mL centrifuge tube containing 5 mL of Todd Hewitt Yeast (THY) broth. Bacteria were grown in a bead
bath at 37 °C for 24 hours. The following day, prepared substrates were sprayed with 70% ethanol and sterilized under UV
light for 30 minutes. The grown bacteria were diluted with THY to achieve an OD of 0.7+0.05, which was measured using
a GE Ultrospec 8000 spectrophotometer. The substrate was placed in a second petri dish, wrapped with parafilm to protect
the waterglass layer from the heat in the incubator, and 1 mL of the 0.7 OD S. aureus and THY solution, combined with 3
mL of a 75 mM glucose-THY solution, was added to the substrate assembly. These substrate assemblies were then cultured
at 37 °C with 5% CO2 for 24 hours. The media were then removed from the dishes, and the biofilms on the substrates were
gently rinsed with phosphate-buffered saline (PBS) to remove any non-colonized bacteria. S. mutans (Wild type Xc) was
also cultured using the same protocol, except on the second day, a 75 mM sucrose-THY solution was used.

Fig. 1 (c) illustrates S. aureus before and after loading at a high iso-fluence experiment of 96 mJ/mm? on a Ti64 sample,
where the loaded area demonstrated complete biofilm detachment. The substrate assemblies for the S. aureus experiment
consisted of a 1 mm Ti64 substrate and a 12 pum thick waterglass confining layer. As depicted in Fig. 1 (c), the substrate
assemblies successfully led to full spallation at the highest fluence, indicating that the Ti64 substrate was able to absorb the
YAG laser energy and generate high compressive stress through the substrate, delaminating the biofilm from the substrates
without the need for any additional absorbing layer. However, the thickness of the waterglass layer plays a significant role in
the magnitude of the stress wave generated by the YAG laser, with an increase in waterglass thickness significantly increasing
the amplitude of the generated stress wave.

The substrate assemblies for S. mutans consisted of 9 um thick waterglass as the confining layer, 100 nm Al absorbing
layer, 1 mm thick glass substrate, and 100 nm pure Ti film. S. mutans were grown on the Ti surface to mimic a dental implant
surface. The grown S. mutans were subjected to varying laser fluences which resulted in biofilm ejection at the loaded areas.
Figure 1 (d) demonstrates the S. mutans biofilm grown on smooth titanium before and after loading. Figure 1 (e) represents
the fluorescence microscopy images of the loaded S. mutans on smooth titanium. The applied fluence increased from 37.5 to
75.7 mJ/mm?, leading to a significant increase in the ejection area at higher fluences compared to lower ones. At the highest
laser fluence of 75.7 mJ/mm?, complete ejection of S. mutans was observed from the pure Ti substrates across all loaded
areas.



Biofilm Adhesion on TiAl6V4 using Laser Spallation Technique 67

Results revealed that the adoption of the substrate assembly for bulk materials such as Ti64 and AM Ti64 has successfully
generated a high compressive stress wave for cell and biofilm adhesion measurement studies. This effective implementation
of the substrate assembly was achieved by applying a controlled confining layer on the Ti64 substrate to generate sufficient
interface stress, compared to the common multilayer substrate assembly that includes a confining layer, an absorbing layer,
a substrate, and a thin film. Both the loaded S. mutans and S. aureus on different substrates exhibited a similar failure
area. However, to accurately measure the interfacial adhesion of S. aureus on Ti64, further experiments under varying laser
fluences should be conducted.

In the preliminary applications of the laser spallation technique for the biological cell adhesion measurement, studies
quantified the interfacial adhesion strength of cells and biofilms on substrates by identifying the onset of detachment as the
critical threshold, where the minimum laser fluence required to detach cells from the substrate is determined as the critical
laser fluence [15, 17, 18]. More recently, the 50% adhesion strength has been reported as the interfacial adhesion strength
of the cells and biofilms by researchers [16, 19]. Because of the non-uniform nature of the biological film, instead of a
particular laser fluence, a range of fluences is contributed to the onset of failure adhesion [19]. Thus, this 50% adhesion
failure represents the adhesion failure of cells and biofilm more effectively. Although the appearance of a dark spallation
area has been identified as the failed test in other studies [16, 19], similar to the failed biofilm depicted in Fig. 1 (d), results
indicated that the appearance of the bare implant surface may provide a more accurate determination of failure, which may
appear lighter in color depending on the tilt of the sample when viewing, as shown in Fig. 1 (¢).
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Fig.1 (a) Experimental setup of laser spallation technique for cell and biofilm adhesion measurement. (b) Cell and biofilm
culture substrate assembly consisted of Ti64 substrate and a waterglass layer as the confining layer. (¢) S. aureus grown on
Ti64 before and after loading at an iso-high fluence experiment, substrate assembly consisted of 1 mm Ti64 and 12 pm thick
waterglass (d) S. mutans grown on smooth titanium before and after loading across varying laser fluences. (d) Fluorescence
microscopy images of spalled biofilms at increasing laser fluence from 37.46 to 75.7 mJ/mm?, captured using a 4 x objective.
S. mutans biofilm was stained with Syto 9 before loading. The scale bar is 0.5 mm, and the applied laser spot size is 2 mm
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Challenges

Several challenges have emerged while progressing towards the goals. Initially, substrates were attached to the bottom of a
Petri dish using Dowsil 732 silicone sealant, which caused a chemical reaction with the waterglass layer, resulting in a water-
glass dissolution. To address the waterglass dissolution issue, a biocompatible UV-curing adhesive, NOA86H, was applied to
uniformly attach the substrate to the Petri dish, which preserved the integrity of the waterglass layer for further experiments
as well as reducing the thickness of the interlayer optical adhesive compared to the silicone sealant. One current issue is the
degradation of the waterglass layer in the incubator due to exposure to humidity and heat. To preserve the waterglass layer in
the incubator, exploring different types of waterglass, varying application methods, or alternative confining layers might be
utilized. For calibration experiments, the free surface of the substrates must be reflective enough to produce a distinct fringe
pattern and accurately capture the displacement movement. The reflectivity of the Ti64 samples was first examined using
a Michelson interferometric setup, where the Ti64 sample failed to generate any reflective fringes. Although hand-polished
Ti64 samples showed improved reflectivity, it was still inadequate for capturing in situ data measurements. Consequently, a
major ongoing challenge is achieving mirror-like reflectivity in Ti64 for laser interferometric measurements.
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Chapter 9
Towards Single Particle Tracking in Simulated
Microgravity-Grown Biofilms

William T. Anderson, Ross Rodriguez, Austin Stallings, Tony Butera, Emmabeth Parrish Vaughn,
and Martha E. Grady

Abstract A bacterial biofilm is an adhered collection of bacteria contained in a self-produced extracellular polymeric sub-
stance (EPS). The mesh-like EPS provides mechanical and biochemical advantages to a biofilm compared to planktonic cells,
enabling the biofilm to better survive on surfaces, and resist neutralization by antibiotics. The growth of antibiotic-resistant
biofilms on biological surfaces like bone and tissue, as well as biologically relevant substrates like implants, has significant
and negative clinical implications. Additionally, biofilm and microbial growth have been documented on the International
Space Station (ISS), including Staphylococcus aureus, an opportunistic pathogen that forms biofilms. Past spaceflight studies
have indicated that the microgravity environment induces changes to microbial virulence and structure, potentially compro-
mising astronaut safety and health. To simulate the microgravity environment, S. aureus biofilms will be grown on a clinostat.
Using particle tracking and analysis software, single particle tracking (SPT) techniques will be utilized on polymer-coated
quantum dots embedded within the biofilm to measure diffusivity and mesh size. While tests like minimum inhibitory con-
centration (MIC) are traditionally used when exploring antibiotic resistance, they provide no insight into the mechanism of
action of the resistance. Results from this study will provide a quantitative, biophysical perspective into the virulence of
biofilms grown in simulated microgravity to inform on antibiotic diffusion, targeted drug delivery, nutrient transport, biofilm
modeling, and biofilm mechanics for both space and Earth biofilms. Future work will involve partnering with an implemen-
tation partner to develop an automated platform suitable to run the experiment on the ISS in a true microgravity environment.

Keywords Biofilm - Biofilm matrix - Antibiotic resistance - Microgravity - Single particle tracking

Introduction

Bacterial biofilm-associated infections are a major health challenge due to the challenges associated with their eradication.
Extracellular polymeric substances (EPS) secreted by bacteria form a matrix around the cells and are characteristic of a
biofilm. This matrix gives structural support and protection to the biofilm [1] and affects the penetration and diffusion of
antibiotics and nutrients [2]. Measuring antibiotic resistance can be performed with a relatively simple test of minimum
inhibitory concentration (MIC) [3]. However, the returned values do little to inform how a biofilm resists antibiotics, which
is critical to developing countermeasures. Physically probing a biofilm mesh with nanoparticles and tracking them with
single particle tracking (SPT) fluorescence microscopy techniques produces metrics that quantitatively describe how nano-
sized particles behave in the biofilm given a dependency on the mesh size and structure. Particle behavior is also relevant to
the development of nanocarriers for precision drug delivery.

Along with Earth-based biofilms, space biofilms also pose a potential risk to the continual human presence in space,
especially as long-term and deep-space missions continue to be developed, and permanent lunar establishments are expected.
Swabbing experiments onboard the International Space Station (ISS) designed to provide a detailed overview of the microbial
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signature have found that Staphylococcus aureus, a biofilm-forming bacterial species, is a common microbe aboard the ISS
[4-6]. NASA has recognized a “Risk of Adverse Health Effects Due to Host-Microorganism Interactions” [7] based on past
experiments in space, with a suggested high-level research approach that includes “phenotypic evaluation of microorganisms
(including virulence studies) and temporal changes for these parameters under both spaceflight and spaceflight analogue
conditions” [7]. Biofilm experiments in space (Table 1) are a subset of the microbial experiments that have been completed
in space. However, a major focus of the biofilm studies has been genetic analysis, with less emphasis on structural and
morphological changes in which SPT techniques excel. Additionally, conclusions drawn from the experiments have been
hindered by unreproducible findings [8].

Ground-based simulations of the space environment play an important role in bioastronautics research because of the
time and financial limitations associated with in-space research. They may also be required before an on-orbit experi-
ment is approved. On Earth, microgravity can be simulated with temporal dependence by clinostats which continuously
rotate biological specimens to balance out gravity’s force to near zero. Analogs must also accurately model the diffusion-
driven fluidic environment produced by microgravity, meaning platforms must avoid machine-induced stirring/motion of
fluids.

To enable single particle tracking in simulated microgravity-grown biofilms, the following materials and techniques are
needed: appropriate and well-characterized particles, the ability to accurately track them, and a microgravity simulation
platform for biofilms. The focus of this report is a brief review of previous biofilm spaceflight experiments, biofilm SPT
experiments and techniques, and current work to merge the two.

Table 1 Previous space biofilm experiments. Adapted and expanded from [9]

Mission/Launch Vehicle Location Bacterial Species Project Name Results Ref.
STS-81 Space Shuttle Burkholderia cepacia N/A [10]
STS-95 Space Shuttle | Pseudomonas aeruginosa N/A [11]
STS-132 Space Shuttle | Pseudomonas aeruginosa N/A [12]
STS-135
NG-12 ISS Pseudomonas aeruginosa Space Biofilms, CU [13]
Boulder
SpaceX-22 1SS Unknown oral bacteria Oral Biofilms in Space, N/A—private funding
UNLY, Colgate
SpaceX-23 ISS Staphylococcus capitis
Cupriavidus metallidurans .
N/A ISS OR Acinetobacter BIOFILMESS]ZXperlment, N/A as of 02/2025
SpaceX-27 ISS radioresistens
SPT in Biofilms

Particle tracking techniques have been employed in various biofilm species with several particle types and sizes to inves-
tigate diffusive and microrheological properties. As the motion of a particle is influenced by its environment, analysis of
this motion through SPT techniques can elucidate the properties of the environment. SPT can broadly be categorized into
two categories: one in which particles actively bind to specific targets to track (proteins, molecules, etc.), and one in which
particles do not actively bind and are the focus of tracking. The latter is the primary technique for biofilm studies. Fluo-
rescent polystyrene beads ranging from 40-2000 nm are a common particle choice. Larger particles, on the order of the
biofilm mesh size, are used for mechanical property measurements like viscoelasticity, while smaller particles are used for
diffusion-based metrics—although there is no consensus for a size cutoff. Particles are expected to exhibit confined behavior
indicated by a decrease in diffusion coefficients with respect to values in water, and nonlinear mean squared displacements
(MSD). Results show that particle size, charge, and coating impact the measured values, with some results displayed in
Table 2.



Towards Single Particle Tracking in Simulated Microgravity-Grown Biofilms 71

Table 2 Select biofilm SPT studies comparing strain, particle size, and diffusion coefficients

Bacterial Strain Particle Size (nm) | Diffusion Coefficient (,um2/s) Ref.
40 .31493
100 .16647 [14]
Pseudomonas aeruginosa 100 .03-2.82 [15]
200 .00061-.00358
500 .00165 [14]
L . 200 .00137-.034
Escherichia coli 300 o1 [16]
40 11584
100 .03549
Staphylococcus aureus 200 00031-.00074 [14]
500 .00038
. . 100 .18-3.21
Burkholderia multivorans 300 1171 [15]

SPT Techniques and Validation

A glycerol-water solution provides a controlled, viscous solution in which a researcher’s experimental setup can be confirmed
and hydrodynamic radii and control diffusion coefficients can be measured. In a free fluid like a glycerol-water solution,
particles undergo Brownian motion. After tracking, MSDs can be used to extract diffusion coefficients. The Stokes-Einstein
equation is then employed to relate the diffusion coefficient to the particle’s hydrodynamic radius. Note that the most widely
used equation relies on the assumption of a spherical particle.

FIESTA, a particle tracking software, has been used to track quantum dots in cells [17] and was utilized to generate
particle tracks from videos of quantum dots in a glycerol water solution (Fig. 1 a). @msdanalyzer, a MATLAB package
[18], was used for track analysis (Fig. 1 b-c).

Particle videos contain the spatiotemporal data extracted by particle tracking software to create the trajectories for anal-
ysis. Thus, the quality of the videos is critical to the generation of trajectories that accurately represent the true motion
of the particles. Video frame rate and resolution can be considered the most important parameters and should be maxi-
mized to record a high-quality video. However, increasing the frame rate usually comes at the expense of exposure time—
consequently decreasing the overall video and particle brightness. Similarly, increasing video resolution usually comes at
the expense of frame rate. These parameters must be balanced and depend on the type of particle and camera.
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Fig. 1 SPT analysis of Thermo Fisher QDs in 90 w/v% glycerol. Two characteristic particle tracks generated by FIESTA
(a) with full population of track MSDs (b) and weighted MSD average (black line) and fitted line (red line) (c)
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Accurate Particle Selection

The choice of particle in a particle tracking experiment is important. Accurate analysis of passive, individual probe tracks in a
biological material requires careful consideration of what probe to use, as inappropriate probe choice can mask results or lead
to wrong conclusions. As noted earlier, several factors including probe size, charge, coating, fluorescence, and concentration
each contribute to how a probe will interact with the sample and experimental setup of choice. While commercial probes
are easily accessible to researchers who do not have the expertise, facilities, or time to create custom probes or modify
existing probes, these probes are often not well characterized by their respective vendors. Consequently, the authors of this
study aim to provide an in-depth characterization of 10+ purchasable probes to assist future researchers make informed
decisions. Preliminary results with a focus on three quantum dots are presented here.

Quantum dots (QDs) are semiconductor nanocrystals and are desirable for their small size and inherent, stable fluo-
rescence. QDs are often coated with a polymer like polyethylene glycol (PEG) when used in biological applications. This
addition can serve several purposes [19]: to protect cells from the toxic heavy metal core, prevent specific binding if the
polymer is nonreactive/nonfunctionalized (necessary for passive particle tracking), or to hold reactive/functional groups for
specific binding (necessary for active particle tracking).

d 25
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[ Thermo Fisher QD
20 [ |Ocean NanoTech QD | |

5 10 15 20 25
Feret Diameter (nm)

Fig. 2 Representative TEM images of commercially available quantum dots from Ocean NanoTech (a), Strem (b), and
Thermo Fisher (c). Scale bars are 50 nm. Feret diameters (d) of Thermo Fisher and Strem QDs display narrow distributions
while Ocean NanoTech QDs exhibit a wide distribution of sizes
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Materials and Methods

Three commercially available QDs were purchased for characterization: Thermo Fisher Qdot™ 605 ITK™ Amino (PEG)
Quantum Dots (Q21501MP), Ocean NanoTech PEG Quantum Dots 620 nm (QMG620-02), and Strem 620 nm CdSe/ZnS
core/shell quantum dots with carboxylic acid (48-1640). TEM images of the QDs were taken on a Talos F200X TEM (Fig. 2).
The concentration of particles in the images is arbitrary. Diluted samples were prepared on lacey carbon-supported 300 mesh
copper TEM grids. QD Feret diameters (maximum caliper length) of representative samples were measured with ImageJ.

Preliminary Size Characterization Results

Thermo Fisher QDs had an average Feret diameter £ standard deviation of 10.3 £ 1.4 nm. Ocean NanoTech QDs had
an average Feret diameter £ standard deviation of 12.4 + 3.8 nm. Strem QDs had an average Feret diameter £ standard
deviation of 8.6 £ 2.1 nm. Observational analysis of the TEM images (Fig. 2), confirmed by measured values, shows that the
Thermo Fisher QDs are highly uniform in size and shape but are triangular, while the Ocean Nanotech QDs are nonuniform
in both size and shape. The Strem QDs are uniform in both size and shape and are the most spherical of the three samples,
potentially making them the most desirable for tracking and subsequent analysis.
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