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Abstract
Trauma arising from landmines and improvised explosive devices promotes heterotopic
ossification, the formation of extra-skeletal bone in non-osseous tissue. To date, experimental
platforms that can replicate the loading parameter space relevant to improvised explosive device
and landmine blast wave exposure have not been available to study the effects of such
non-physiological mechanical loading on cells. Here, we present the design and calibration of three
distinct in vitro experimental loading platforms that allow us to replicate the spectrum of loading
conditions recorded in near-field blast wave exposure. We subjected cells in suspension or in a
three-dimensional hydrogel to strain rates up to 6000 s−1 and pressure levels up to 45 MPa. Our
results highlight that cellular activation is regulated in a non-linear fashion—not by a single
mechanical parameter, it is the combined action of the applied mechanical pressure, rate of loading
and loading impulse, along with the extracellular environment used to convey the pressure waves.
Finally, our research indicates that PO MSCs are finely tuned to respond to mechanical stimuli that
fall within defined ranges of loading.

1. Introduction

It is generally accepted that the world’s landmine and
improvised explosive device (IED) threat is reach-
ing crisis level. Explosive devices have become the
weapons of choice of non-state armed groups, state
actors as well as isolated suicide bombers to inca-
pacitate, maim or kill with an estimated 15 000 to
20 000 annual casualties in open war and low-
intensity conflicts [1, 2].

In the recent operational theaters of Iraq and
Afghanistan, injury to limbs accounted for more
than 8 of every 10 combat wounds due to explo-
sive devices [3, 4]. In 64% of amputees that have
lost limbs through IEDs and landmines, heterotopic
ossification (HO) is reported [5–8]. Blast-mediated
HO is the formation of ectopic bone due to inap-
propriate mesenchymal stromal cell (MSC) osteo-
genesis in non-skeletal tissues. Along with systemic
factors, recent data have indicated that HO initiates
from the local biochemical and biomechanical effects

at the injury site [7]. The etiology of blast-mediated
HO in IED/landmine trauma remains the subject of
much research.

It is well known in the fields of cell biomechan-

ics and mechanobiology that cells actively sense and
respond to mechanical forces by modulating a vari-
ety of cellular functions, such as stimulating osteoge-
nesis in MSCs. Experimental platforms investigating
the mechanical stimulation of osteogenesis have been
developed to apply low-intensity pulsed stimuli that

recapitulate daily physical activities, such as walking,
running or jumping [9–11]. These occur under phys-
iological strain rates, typically from 0.01 to 1 s−1. Blast
loadings, however, involve more impulsive events that
occur under a broader range of strain rates, from
10 s−1 to 103 s−1 and beyond (figure 1(a)).

A desire to examine how physical forces associ-
ated with blast loading cause unprecedented injuries
has motivated the development of in vitro and in vivo
models to examine the blast-induced biomechani-
cal and molecular changes in tissues and cells. To
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Figure 1. Strain rate map and IED/landmine loading processes. (a) Deformation processes and experimental techniques
associated with different ranges of strain rates, from 10−8 to 108 s−1. Conventionally, strain rates at or below 10−3 s−1 are
considered to represent quasi static deformations. Strain rates from 10−3 s−1 up to 1 s−1 represent physiological strain rates. These
characterise deformation processes occurring in daily-life physical activities, such as walking, running, jumping. Strain rates
above 1 s−1 are generally qualified as dynamic loadings. The intermediate strain rates range from 1 s−1 to 100 s−1 and cover most
deformation processes occurring in sport injuries, concussion and blunt trauma. Strain rates above 100 s−1 are called high strain
rates and characterise loading scenarios taking place in road traffic accidents and fragment injuries. (b) Mechanisms of injury in
IED/landmine loading processes. In blast events, the processes are so fast that heat transfer is minimal and that the expansion of
the detonation products is governed by adiabatic processes. As the blast wave expands, the pressure quickly drops from 1000 MPa
at a few centimetres above the detonation seat to 1 MPa peak pressure at around 20 cm. (c) Examples of axial force–time histories
measured in lower limbs using load cells and strain gauges during IED/landmine loading processes. Data digitalized from [40, 53,
54]. (d, e) Examples of relative deformation of the top and bottom parts of the tibia in IED/landmine loading processes. The
maximum peak deformation can peak up to 40 000 microstrains and cover a broad range of frequencies during the shock loading
(high frequencies) and the momentum transfer (low frequencies). Data digitalized from [40].

date, cellular biomechanics of blast has principally
focused on primary blast injuries affecting the hearing
[12–14], the pulmonary [15] or the central nervous
systems [16–19]. At the tissue and cellular levels, con-
temporary experimental systems for evaluating blast
wave exposure include pressure-based platforms [20],

modified shock tube systems [21–25], barocham-
bers [26], microfluidic devices [27, 28], atomic
force microscopy technique-based systems [29, 30],
Kolsky bars [31–34], and laser-based systems [35].
However, blast research has rarely focused on the
pathophysiology of landmine/IED trauma on cells
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due to the limited availability of test-rigs capable of
recreating the relevant mechanical conditions. As a
consequence, a paucity of investigations exists into
the changes of behavior of surviving tissues and cells
from IED/landmine trauma. Experimental in vitro
platforms that permit exposure of cells in 3D cultures
to the biomechanical conditions of IED/landmine
trauma would be a significant addition to the reper-
toire of cell injury devices.

In this study, we present the development and
calibration of three experimental biocompatible in
vitro loading platforms designed to produce biome-
chanically relevant mechanical loadings of pressures
up to 45 MPa, and strain rates from physiological
(0.01 s−1) to traumatic (>6000 s−1). We use these
platforms to apply mechanical insults mimicking
landmine/IED blast wave exposure to periosteum-
derived mesenchymal stromal cells (PO MSCs) in
liquid suspension culture or homogeneously immo-
bilized a simplified three-dimensional (3D) hydrogel
scaffold. We use agarose hydrogel of 1% (w/v) final
concentration to produce scaffolds of compressive
modulus falling within the range of figures reported
for muscle tissue. Post-loading, we monitor cell via-
bility and investigate the expression of the Runx2
mRNA transcription factor, as a measure of cellular
activation relevant to MSC differentiation. We show
that cell health is not affected by single-pulse load-
ings of wide range of impulse levels (0.20–95 000 N s).
Our data show that there are conditions of strain
rate and impulse that activate the expression of the
Runx2 mRNA, but importantly that mechanical stim-
uli of the same peak pressure intensity (but differ-
ent pulse duration, strain rate regime and loading
impulse) did not consistently induce similar levels
of upregulation of Runx2 mRNA in PO MSCs. The
level of Runx2 mRNA expression increased when PO
MSCs were mechanically loaded in a 3D hydrogel
scaffolds as compared to those loaded in single-cell
liquid suspensions, showing that the stiffness of the
environment impacts on the biological response to
loading. Overall our results indicate that PO MSCs
are finely tuned to respond to mechanical stimuli that
fall within these defined ranges of loading, but that
the extent cellular activation is not directly related to
a single mechanical parameter, but rather the com-
bined action of several features of these traumatic
loadings.

2. Landmine blast loading

2.1. Landmine and IED mechanical loading
There are three major contributing injury
mechanisms coming from the detonation of
IEDs/landmines: (1) the shock loading, (2) the
fragment loading coming from the threat casing and
surrounding debris, and (3) the momentum transfer
from the expanding explosive products [36]. Because

of the short range of action, the three mechanisms
are thought to occur almost simultaneously [37].

2.1.1. The shock loading
Upon detonation, the high-pressure blast wave with
its predominant high frequencies easily penetrates
into the body as a shock loading, causing shattering
of the hard and the soft tissues in a process known
as brisance [38]. As it propagates, the shock load-
ing turns into longitudinal, transverse and surface
stress waves traveling at the speed of sound in var-
ious anatomical compartments of different acoustic
impedance [37] (figure 1(b)). Within a few hundred
microseconds, the stress waves will have traveled from
the detonation seat through the skin, the bones, the
periosteum, the bone marrow, the muscles, the ten-
dons and ligaments up to the tibial plateau, with min-
imal displacement of the limb [37]. The anatomical
structures containing fluid, like arteries and veins,
are also subjected to hydrodynamic force to flow-
ing incompressible fluid [39]. The physical and geo-
metrical dissimilarities between adjacent tissues cause
longitudinal and shear stresses, resulting in strain
and ultimately energy deposited in the soft and
hard tissues. This leads to various degrees of dam-
age including tissue lacerations, contusions, stratifica-
tion, haemorrhages, abrasion, bone micro-fractures
and cellular disruption [39]. Because of their high
pressure and their high particle velocity, the blast-
born stress waves preserve their destructive properties
within a certain distance causing damage and con-
tusions to tissues and internal organs further up the
limb [40].

2.1.2. The fragment loading
As the detonation processes occur, the casing swells
due to the high-pressure developed by the expand-
ing gaseous products. During this very violent accel-
eration, cracks initiate and propagate into the casing
until fragments are formed [41]. The detailed formu-
lations of the fragmentation processes are complex,
but the number and size of fragments from a metallic
casing can be predicted based on the Mott fragmen-
tation criteria [42]. Just before the casing fracture, the
initial velocity imparted to the driven fragments can
be predicted using the Gurney model, as shown below
for a cylindrical warhead [43].

VG =
√

2EG

(
C/M

1 + 0.5C/M

)1/2

(1a)

where VG is the Gurney initial velocity,
√

2EG

is the empirical Gurney constant, M and C are
the mass of the accelerated casing and the explo-
sive charge, respectively (see supplementary .xls file
for examples of predicted peak fragment velocities,
available at stacks.iop.org/JPPB/17/056001/mmedia).
As the energized fragments penetrate the body,
they push through the soft biological tissues, both
transferring kinetic energy and loosing energy in
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Table 1. Examples of JWL parameters for high-explosives used in commercially available landmines.

Explosive A, (Mbar) B, (Mbar) C, (Mbar) R1, (-) R2, (-) ω, (-)

TNTa 3.71213 0.032306 0.0104527 4.15 0.95 0.34
HMXb 7.7830 0.070710 0.00643 4.20 1.00 0.30
Tetrylb 5.8680 0.106710 0.00774 4.40 1.20 0.28
CompBa 5.24229 0.076783 0.010818 4.20 1.10 0.35

asourced from Lee et al [46].
bsourced from Lee et al [47].

Table 2. Examples of mechanical loading conditions in landmine/IED blast loading. The data were recorded on instrumented
anthropomorphic legs and post-mortem human subjects (PMHS) legs tested in real open field blast loadings (Abr. FSLL:
frangible surrogate lower leg; FSL: frangible surrogate leg, CLL: Canadian lower leg, FSLM: frangible surrogate leg modified).

Threat Leg model
Peak force Loading rate Axial stress

Time to
peak force

Loading impulse
to peak force

Ref(kN) (kN ms−1) (MPa) (ms) (kN ms)

PMA-3
FSL 10.9–20.9 19.1–101.7 54–104 0.26–0.85 1.55–8.39 [40]VS50

M14 FSL 19.2–24.6 31–46 95–122 0.26–0.80 1.55–8.66 [52]
25, 50 or 75 FSLL, 3.8–29.8 5.8–198.5 19–148 0.21–0.69 2.71–7.46 [53]
g C4 CLL
landmine PMHS 3.9–11.0 12.8–137.7 19–55 0.25–1.25 0.61–4.39 [54]
50 g PE4 FSLM 13.2–43.4 53–270 66–216 N/A N/A [55]
M-14, PMHS 2.5–15 5–120 12–75 N/A N/A [56]
PMA-2,
PMN AP

cutting a path, causing the projectiles to slow down
[44]. When the explosive device is buried, the super-
heated, high-pressure gas bubble expanding in the
soil breaks through the soil cap and jets out at super-
sonic speed soil ejecta and surrounding debris. This
produces an additional violent stream of particles
that extends the severity of the trauma in distort-
ing, lacerating and crushing the various anatomical
structures previously damaged by the shock loading
[38, 45].

2.1.3. The momentum transfer
The third major effect is due to the range of dynamic
pressure coming from the expanding gaseous prod-
ucts, and the resulting momentum imparted by the
accelerative and decelerative forces to the damaged
limb. In very close proximity to the detonation seat,
it is generally fair to assume that the blast processes
are so fast that heat transfer is minimal, and thereby
that the volumetric expansion of the detonation
products is governed by adiabatic processes. These
processes are commonly described using a relatively
simple pressure, volume, energy equation of state
developed by Jones–Wilkins–Lee (JWL), expressed as
[46, 47]:

Pdet = Ae−R1V + Be−R2V +
C

Vω+1
(1b)

where A, B, R1, R2 and ω are high-explosive mate-
rial constants, Pdet is the pressure of the detonation
product, V is the relative volume. Examples of JWL

parameters of various high-explosives are presented
in table 1.

Figure 1(b) shows examples of JWL pressure drop
as a function of the volumetric expansion of the det-
onation products with distance for various types of
commercially available landmines. An enhancement
factor of 1.8 taking into account the contact with
the ground was used to convert the adiabatic free-air
burst to a surface burst [48]. The model suggests that
the expected values of dynamic pressure, which ranges
from 100 MPa at 5 cm, and only drops to 0.5 MPa at
15 cm, remain extremely high within the distance that
lower extremities normally occupy. These conditions
are sufficient to induce varying degrees of displace-
ment, and cause additional bending stresses and tor-
sion [38, 49]. The net result is a brutal dispersion of
the crushed soft tissues which is often accompanied
by either a total or subtotal amputation of the limb at
variable anatomical levels [50, 51].

2.2. Framework of the proposed laboratory
experimental technique
In this research, we aim to develop a laboratory exper-
imental technique to investigate the effect of the shock
loading at the tissue and cellular level. The frame-
work of the proposed method relies on the use of
available experimental data obtained from blast tri-
als using IEDs, explosive charges or commercially
available landmines on lower limbs [52–56]. Gener-
ally, published data include the force and the rela-
tive deformation-time histories inferred from fitted
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load cells or strain gauges bonded on the bones of
post-mortem human subjects (PMHS) or anthropo-
morphic leg models (mechanical legs and frangible
legs) (figures 1(c)–(e)). We directly used these data as
they became available, or have digitalized and further
post-processed them to obtain the relevant mechan-
ical parameters (see supplementary .xls file). Table 2
summarizes and presents the analyzed data in terms
of loading rate and peak axial force, loading duration,
loading impulse, strain as well as range of mechanical
stress. Because of the upward and radial field pattern
of the blast forces during the loading, we preferentially
analyzed the mechanical conditions recorded along
the longitudinal axis of the body. The data reveal that
the range of axial force varies from 2.5 kN up to
43.4 kN. The rate at which the axial force is applied
during the shock loading can reach 270 kN ms−1. In
some cases, the shock loading can be featured with
secondary loadings [visible in the TNO #17 curve,
on figure 1(c)]. Depending on the loading profile,
the loading impulse delivered to the samples ranges
from approximately 0.61 N s to 8.66 N s at the peak
loading. In general, the shock loading is very short
and impulsive. The axial force peaks very shortly after
the detonation, within a time-period between 210 μs
to around 1.25 ms. The data show that the differ-
ent portions of the loaded bone experience a range
of frequencies, from 101 s−1 up to figures as high as
104 s−1 during the compressive phase of the loading
(figures 1(d) and (e)).

3. In vitro platforms for IED/landmine
blast trauma

3.1. Design concept
The in vitro platforms applied mechanical compres-
sive loading mimicking blast trauma to biological
cells cultured in various in vitro models. The pri-
mary goals of the in vitro platforms were: (1) adapting
existing laboratory-based mechanical loading appa-
ratus to replicate of the mechanical characteristics of
well-defined regions of IED/landmine loadings; (2)
interfacing live biological samples with the load-
ing apparatus whilst complying with requirement
of sterility and biocompatibility; (3) performing
the confined compression of live biological samples
under controlled mechanical conditions (e.g. magni-
tude and duration) relevant to IED/landmine load-
ings; (4) guaranteeing the recovery of the biological
samples after a single-impact loading event in order
to correlate their response to the mechanical loading
history.

The in vitro platforms consisted of the integra-
tion of a modified drop-weight rig (DW), and a
split-Hopkinson pressure bar (SHPB) as these cover
the ranges of strain rates associated with dynamic
and traumatic events. A universal testing machine
(UTF) was also incorporated in order to cover the

Figure 2. Design of the pressurization chamber. (a) Design
criteria of the pressurization chamber (b) Cellular in vitro
models used in the pressurization chamber. (c)
Manufacture of the pressurization chamber, and setting up
of the biological samples.

physiological range of strain rates and, thus, consti-
tuted a baseline for the dynamic experiments. Taken
together, these platforms could generate compressive
loadings from tens of microseconds to seconds time
duration and force intensities up to several thousands
Newtons. The in vitro platforms were also designed
to accommodate a pressurization chamber used to
position and hold on the different loading appara-
tus various in vitro models used for cell growth. In
their conventional usage, the SHPB and DW systems
generally give rise to uncontrolled secondary load-
ings: wave reverberations on the SHPB and rebound
impacts on the DW. In this study, the loading appara-
tus were therefore mounted with momentum capture
systems to ensure the delivery of a single-impact load-
ing, and to guarantee the recovery of the sample under
controlled conditions.

3.2. Development of a pressurization chamber
The pressurization chamber allowed the biological
samples to be consistently positioned on the in vitro
platforms. The primary design parameters of the
pressurization chambers were: (1) the high-efficiency
transmission of the stress pulses from the loading
apparatus to the biological sample; (2) to act as a
physical barrier and, thus, keep the biological sam-
ple under sterile conditions during the compressive
loading; (3) to preserve the mechanical integrity of the
biological sample throughout the successive steps of
the experimentation.
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Table 3. Acoustic impedance characterisation. Summary of the bulk density, longitudinal sound speed and
acoustic impedance characteristics of polydimethylsiloxane (PDMS), agarose 1% (wt/v) and water.

Parameter ρ, (g cm−3) cL, (mm μs−1) Z, (kg m−2 s−1)b

PDMS 0.993 ± 0.0009 1.047 ± 0.0005 (1 039 ± 1.4) 103

Agarose 1% (wt/v) 1.011 ± 0.0000 1.495 ± 0.0004 (1 511 ± 0.4) 103

Watera 1.053 1.490 1 568

aExtracted from [61]. Data expressed as mean ± SD.
bMean ± u, with u determined by error propagation analysis.

The pressurization chamber consisted of the tight-
fitting assembly of a cup and a cap producing a
hermetically sealed cylindrical volume. The cylin-
drical shape made the mounting consistent across
the different loading apparatus. Figure 2(a) depicts
the different parts of the chambers and their nom-
inal dimensions. The design of the pressurization
chamber accommodates all the contemporary in vitro
models for cell and tissue studies: (1) single-cell liq-
uid suspension; (2) 3D hydrogel scaffold; (3) tissue
explant; (4) cell monolayer on coverslip (figure 2(b)).
In this research we proposed agarose hydrogel as 3D
scaffold to encapsulate cells, tissue explants and cell
monolayer on coverslip. For the liquid suspension
model, the biological sample is introduced in the
chamber after the sealing and bonding of the cap and
cups. In the other models, the chamber is sealed after
the biological sample is fit in the cup (figure 2(c)). We
manufactured the pressurization chamber from poly-
dimethylsiloxane (PDMS, Sylgard 184 kit, Dow Corn-
ing Co., Midland, MI, USA). PDMS is a well-known
transparent, cost-effective and non-toxic silicone elas-
tomer widely used in biological assays [57–59]. One
interesting characteristic of PDMS was the control of
its mechanical properties through the ratio of its mix-
ing components [60]. Most importantly, its acoustic
impedance characteristics close to water and high-
content water substrates (e.g. agarose hydrogel) made
it an attractive candidate for the efficient transmis-
sion of the stress waves across the chamber-sample
interface [61].

3.3. Acoustic impedance and wave transmission
across boundaries
We quantified the acoustic impedance mismatch
between the PDMS chamber and the biological sam-
ple to determine how much of the stress wave was
transmitted and how much was reflected at their
interface. For this purpose, we built and used high-
accuracy measurement rigs of defined thicknesses for
the ultrasonic and bulk density evaluations of PDMS
and agarose hydrogel materials (appendix 1 (appen-
dices available in the supplementary material)).
Table 3 summarizes the bulk density, sound speed and
acoustic impedance charateristics of PDMS, agarose
1% (wt/v) and water. We found reflection ratios of
0.034± 0.001 and 0.041 ± 0.001 for the pairs ‘PDMS-
agarose’ and ‘PDMS-water’, respectively.

3.4. In vitro sample fixtures
3.4.1. Confinement sleeve
During the compressive loading, the pressurization
chamber containing the biological sample was placed
in a tight-fitting cylindrical confining sleeve to pro-
vide a restraint against its radial expansion, and
thereby to generate a multiaxial stress state within the
biological sample. The inner diameter of the confin-
ing sleeve was 12.7 mm to match the outer diameter of
the pressurization chamber. The confining sleeve was
made of AISI 316L Stainless Steel (σy = 205 MPa and
E = 193 GPa, ρ= 7 850 kg m−3). It was also mounted
with a strain gauge (type AFP-900-050, Kulite, Bas-
ingstoke, UK) arranged on the outer surface and with
the active element normal to the centerline in order
to acquire the circumferential strain. The confining
sleeve was connected to a Wheatstone bridge, and the
external circumferential strain was recorded in terms
of strain gauge voltage output on a digital oscilloscope
(at 2.5 MS s−1 on Tektronix, type DPO3034, Portland
Oregon, USA). The calibration relationship between
the output voltage and the strain was empirically
determined by subjecting the sleeve to a radial load-
ing, and then solving the circumferential strain dis-
tribution using the analytical solution of circular ring
subjected to two equal forces acting along the diame-
ter [62] (appendix 2 in the supplementary material).
The external radial stress was related to the external
circumferential strain using the reduced formulation
from the thick wall theory, as:

σθ =
Esl

2R2
i

(
R2

e − R2
i

)
εθ (2)

where Esl is the elastic modulus of the confining sleeve
material, εθ is the external circumferential strain, Ri

and Re are the internal and external radius of the
confining sleeve, respectively.

3.4.2. The loading cap
In the DW and UTF experiments, we used a 12.7 mm
diameter loading cap to transfer the axial load
from the impactor (DW) or the crosshead (UTF)
to the pressurization chamber. The loading cap was
mounted with a strain gauge arranged with the active
element parallel to the centerline in order to acquire
axial loading. Similar to the confining sleeve, the load-
ing cap was connected to a Wheatstone bridge, and
the axial force was recorded in terms of strain gauge

6
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Figure 3. Physiological strain rate loadings. (a) Schematic of the universal test frame (UTF) and its diagnostics. (b) Mounting of
the pressurization chamber and the confining sleeve. (c) Non-linearities in the loading chain. (d) Definition of the UTF profile.
(e) Example of raw data.

voltage output on a digital oscilloscope. The calibra-
tion relationship between the voltage output and the
applied axial force was determined by subjecting the
loading cap to a series of compression-release cycles
on a UTF (Instron, model 5866, Buckinghamshire,
UK) (appendix 2). The loading cap was made of AISI
316L Stainless Steel (σy = 205 MPa and E = 193 GPa,
ρ = 7 850 kg m−3) and was used within its elastic
domain.

3.5. In vitro loading platform
3.5.1. Physiological strain rate regime
We performed the low strain rate compressive load-
ings on a UTF (figure 3(a)). The loading appara-
tus was instrumented with a 10 kN force load cell,

and a built-in positional control system to acquire
the force–time and the displacement–time histories,
respectively. We ensured platen parallelism by using
a lubricated, self-aligning spherical joint on the top
of the loading cap (figure 3(b)). The force–time and
displacement–time histories were recorded on the
Instron BlueHill2 software at a sampling rate of 1 Hz.
For all compressive loadings, we corrected for loading
compliance by subtracting the non-sample displace-
ment in the load chain from the total displacement
(figure 3(c)). We generated triangular loading pulses
of different force intensity and time duration by con-
trolling the force end-point and the loading rate of the
crosshead (figures 3(d) and (e)). Because the displace-
ments of the crosshead were very small, we decided to

7
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Figure 4. Intermediate strain rate loadings. (a) Schematic of the drop-weight (DW) loading system and its diagnostics. (b)
Working principle of the anti-rebound system. (c) DW compressive loadings with recovery and without recovery. (d) Example of
raw data. (e) Delay correction between the loading cap and the top loading interface (Δt1).

perform the compressive loading up to 0.5 mm s−1

maximum speed in order to avoid overloading the
load cell due to component inertia. The calibration
relationships between the measurands and the ini-
tial loading conditions (e.g. peak force and crosshead
velocity) were obtained from least-squares regression
analysis on the data points (appendix 3).

3.5.2. Intermediate strain rate regime
We performed the compressive loadings the inter-
mediate strain rate on a modified DW system.

The DW consisted of a frame, two guiding rails,
a free-falling impactor, a base plate, and diagnos-
tics (figure 4(a)). The diagnostics included a 22 kN
load cell placed below the pressurization chamber,
the strain gauge-mounted loading cap and a two-
point light-gate velocimeter used to acquire the veloc-
ity upon impact. An anti-rebound system was also
implemented on the impactor to prevent uncon-
trolled secondary impacts, and guarantee the recov-
ery of the samples after a single-compressive event
(figures 4(b) and (c)). We used the 22 kN load cell

8
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Figure 5. High strain rate loadings. (a) Schematic of the split-Hopkinson pressure bar (SHPB) and its diagnostics. (b) Setup of
the pressurization chamber and the confining sleeve. (c) Example of raw data. (d) Examples of SHPB compressive loadings with
recovery and without recovery. (e) Working principle of the tandem momentum trap used for dynamic sample recovery. The full
description of the momentum trap system can be found in [63].

and the strain gauge-mounted loading cap to obtain
the force–time histories at the bottom and top faces of
the pressurization chamber, respectively (figure 4(d)).
Importantly, because the strain gauge used on the
loading cap was positioned at a distance from the
sample interface (25 mm) there was a time delay with
the 22 kN load cell measurement in the data record-
ing. Whilst this time delay was not critical under
the quasi static loading conditions, it became criti-
cal under dynamic loading conditions as the load-
ing rate increased. To correct for the time delay,
we used a very thin resistive force sensor (Flexi-
force Sensor, Tekscan Inc., South Boston, MA, USA)
between the loading cap and the 22 kN force sen-
sor to determine the delay and to make the different
measurements time coincident (figure 4(e)). Differ-
ent loading conditions were generated by dropping
impactors of varying mass from different heights, and
the calibration relationships were determined follow-
ing the same approach than in the UTF experiments
(appendix 3).

3.5.3. High strain rate regime

We performed the high strain rate compressive load-
ings on a 12.7 mm diameter SHPB apparatus made of
7068 Al Alloy (σy = 655 MPa and E = 73 100 MPa,
ρ= 2 850 k m−3, c0 = 5 030 m s−1) (figure 5(a)). The
SHPB setup consisted of a 1500 mm and a 1000 mm
long cylindrical bars, called input bar (IB) and output
bar (OB), respectively. In an SHPB compression test,
the specimen is coaxially sandwiched between the end
of the IB and OB (figure 5(b)).

A projectile is launched on the free end of the
incident bar generating a longitudinal compression
wave with associated strain, εI. Upon impact, the inci-
dent wave travels within the IB towards the sample.
The sample is compressed as the wave travels at the
speed of sound across the sample and transmits into
the OB with associated strain, εT. The compression
of the sample is accompanied by a reflected wave,
with associated strain εR, resulting from the acoustic
impedance mismatch between the bar and the sample
materials (figure 5(c)). The bars were instrumented
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Figure 6. Data processing. (a, b) Dynamic force equilibrium on (a) the DW and on (b) the SHPB. (c) Computation of the
mechanical peak force, loading rate and loading impulse from the average axial force–time history. (d) Computation of the
average strain rate from the average strain–time history.

with semiconductors strain gauges mounted in pair
with the active element parallel to the centreline of
the bar to measure the longitudinal strain, and dia-
metrically opposite in order to compensate for any bar
bending. The strain gauge pairs were positioned at a
distance of 750 mm and 130 mm from the IB- and
OB-specimen interfaces, respectively. To allow sample
recovery after a single-compressive event, the SHPB
apparatus was mounted with a 600 mm long momen-
tum capture system based on the tandem momen-
tum trap for dynamic specimen recovery as proposed
by Prot and Cloete [63] (figures 5(d) and (e)). We
used a two point light-gate velocimeter to measure the
velocity upon impact of the projectile on the IB. The
force–time and displacement–time histories at the
IB- and OB-specimen interfaces were obtained from
the strain–time histories at the bar gauge stations by
using the principles of one-dimensional elastic wave
propagation in rod bar [64], as:

FIB (t) = AbEb (εI (t) + εR (t)) (3)

FOB (t) = AbEb (εT (t)) (4)

where Ab is the diameter of the bar, Eb is the
Young’s modulus of the bar, FIB and FOB are the
force intensity at the IB- and OB-specimen interfaces,
respectively. The displacements at the bar-specimen
interfaces were calculated as:

uIB (t) = cL,bar

∫ t

0
(−εI (t) + εR (t)) dt (5)

uOB (t) = −cL,bar

∫ t

0
εT (t) dt (6)

where cL,bar is the longitudinal sound speed in the bar
material, uIB and uOB are the displacements of the
IB- and OB-specimen interfaces, respectively. All the
strain measurements εI, εR and εT were corrected for
dispersion effects according to Gong et al [65]. The
average strain–time history ε(t) in the specimen was
calculated as:

ε (t) =
uIB (t) − uOB (t)

Ls
(7)

where Ls is the length of the specimen. We generated
different loading conditions by varying the length
of the projectile (160, 320, 450 or 560 mm) and its

10



Phys. Biol. 17 (2020) 056001 D R Sory et al

impact velocity. The impact velocity ranged from 5
to 30 m s−1 in order to limit the stress intensity to
70% of the projectile material yield stress (6082-T6 Al
alloy with σy = 295 MPa and E = 72 000 MPa, ρ = 2
700 kg m−3, c0 = 5 030 m s−1), and thereby to ensure
the propagation of solely elastic waves in the system
according to:

0.7σy,P =
1

2
ρPc0,PvP,max (8)

where σy,P is the yield stress, ρP is the density,
and vP,max is the maximum impact velocity of the
projectile. The calibration relationships between the
measurands and the initial impact conditions were
obtained from least-squares regression analysis on the
data points (appendix 3).

3.6. Mechanical loading parameters
We used the two force–time measurements to ver-
ify the process of dynamic equilibrium during the
loading and used the average axial force–time his-
tory in the data processing (figures 6(a) and (b)).
The loading impulse was computed as the area under
the average axial force–time profile (figure 6(c)). The
axial stress–time history was inferred from the aver-
age axial force–time history, and based on the nomi-
nal cross-section area of the pressurization chamber.
The average hydrostatic pressure P developed within
the confining sleeve was computed using the axial and
radial stresses, as:

P (t) =
(σa + 2σθ)

3
(9)

where σa is the axial stress and σθ is the radial stress.
The average loading rate and average strain rate were
calculated as the slope of the linear regression between
10% and 90% of the rising edge of the average axial
force–time and average strain–time history profiles,
respectively (figures 6(c) and (d)).

3.7. Statistical analysis
The results are reported as mean ± standard devi-
ation of at least three separate experiments (n
= 3), unless otherwise stated. Statistical signifi-
cance was analyzed by one-way ANOVA with Tukey
post-hoc test to assess differences between sam-
ple conditions and treatments. A level of 5% was
considered statistically significant in all statistical tests
(p < 0.05).

4. Calibration and validation of the in
vitro platforms

4.1. Calibration of the in vitro experimental
loading platforms
We performed the calibration experiments of the dif-
ferent loading apparatus by exposing a PDMS pres-
surization chamber containing an acellular agarose

tissue constructs to different initial impact condi-
tions. We conveniently used the peak pressure and
the pulse duration as measurands in the calibration
relationships.

The peak pressure was used to define the ulti-
mate level of mechanical stress to expose the biolog-
ical samples to. It was additionally useful as ‘loading
endpoint’ because an identical magnitude of pressure
could be consistently performed on the three load-
ing apparatus regardless of the loading regime. This
strategy was not possible with the other mechani-
cal characteristics. The peak pressure ranged between
6.2 MPa and 113.5 MPa (figures 7(a), (d) and (g)). On
the UTF and DW apparatus, the upper limit of the
range was constrained by the apparatus size and the
rated capacity of the diagnostics (e.g. load cell). On
the SHPB apparatus, it was imposed by the maximum
impact velocity.

In conjunction with the pressure, the pulse
duration was used to tailor all the time-dependent
mechanical parameters, including the loading
impulse, the loading rate and the strain rate. The
pulse duration ranged from 50 μs on the SHPB to a
few seconds on the UTF, as its crosshead velocity was
lowered (figures 7(b), (e) and (h)).

4.2. Definition of the parameter space relevant to
IED/landmine
Figures 7(c), (f) and (i) shows examples of pres-
sure pulses performed in the three regimes of load-
ing. In addition to applying identical magnitude
of peak pressure regardless of the loading regime
(e.g. strain rate), the in vitro platforms could be
used to tailor loading pulses that exhibited other
common defining mechanical characteristics (e.g.
loading rate, loading impulse). This enabled to
elucidate the extent to which the various mechani-
cal features, acting alone or applied in combination
with others, affect the response of the biological sam-
ples. For instance, under dynamic conditions, this
permitted an investigation of the effects of the loading
impulse independently of the strain rate, or in a wider
operational program, to decouple the effects of the
strain rate regime regardless of the mechanical stress.
Finally, a series of low-intensity pressure pulses could
be applied in series and combined to match the char-
acteristics of a single-impact event applied on a dif-
ferent apparatus (appendix 4). It therefore becomes
possible to further explore the resilience and cellular
damage threshold to low-pressure multiple loadings
as opposed to a single high-pressure event sharing
common loading characteristics.

Figure 7 summarizes examples of SHPB, DW and
UTF loading conditions in (j) the loading rate-peak
axial force, (k) in the impulse-pulse duration and (l)
in the strain rate-peak axial stress parameter spaces.
Each data point represents an independent compres-
sive loading experiment. The ranges of mechanical
loading conditions achievable on the platforms and
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Figure 7. Calibration of the in vitro platforms. (a–i) Calibration relationships giving the peak pressure and the pulse duration for
different impact loading conditions on the SHPB (a, b), DW (d, e) and the UTF (g, h). (c, f, i) Examples of pressure–time
histories on the SHPB (c), the DW (f) and the UTF (i). (j–l) Definition of the mechanical parameter spaces relevant to near-field
blast wave exposure. Each point represents an experiment. (j) Loading rate-peak axial force space. (k) Loading impulse-pulse
duration space. (l) Strain rate-peak pressure space.

their relevance to blast loading are depicted in the dif-
ferent parameter spaces. The peak force levels ranged
between 2.5 kN and 10 kN. The upper limit corre-
sponded to the load cell rated capacity on the UTF.
The highest figures of loading rate recorded in land-
mine/IED blast loading can approach 270 kN ms−1.
Similar conditions could be easily replicated on the
SHPB apparatus. Lower values of loading rate could
also be generated by using the DW and UTF. While
most of the blast deformation processes occur under
a dynamic regime during the shock loading, the range
of strain rate explored during the calibration experi-
ments was set between 10−2 and 103 s−1. The loading
impulse conditions recorded during the shock load-
ing could be replicated on the DW and the SHPB sys-
tems. Finally, the most representative pulse durations
of real shock loadings, that varies between 500 μs and
a few milliseconds, were relevantly replicated on the
DW.

4.3. Effect of the loading on the mechanical
properties of the 3D-scaffold
Before conducting the compressive loadings on live
biological samples, we verified how the mechani-
cal stress imparted to the biological samples (e.g.
hydrogel constructs) would affect their mechanical

integrity. We compared the mechanical properties of
the hydrogel constructs before and after single-impact
compressive loading on the platform. Post-loading,
their elastic properties along with their failure param-
eters were assessed from quasi-static unconfined com-
pression tests on an UTF. The system was corrected for
platen parallelism and assessed for compliance. The
samples were kept in a hydrated state and loaded up
to failure using a ramp phase at 0.001 s−1 (appendix
5). The force and displacement–time histories were
recorded at a sampling rate of 10 Hz. The compres-
sive modulus was derived from the initial slope of
the engineering stress–strain curves between 1% and
2% strain. The stress and the corresponding strain
to failure were identified at the peak just before the
sharp drop in the engineering stress–strain plot. We
used two types of control samples to assess sepa-
rately the effects of the pressurization chamber and
the mechanical loading on the mechanical properties
of the hydrogel constructs. The tissue culture (TC)
control samples were not setup in the pressurization
chamber and not exposed to the mechanical loading.
The SHAM samples were setup in the pressurization
chamber but not exposed to the mechanical loading.
The elastic modulus remained unaffected by the dif-
ferent mechanical loading as compared to the TC and
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Figure 8. Dynamic loading of MSCs. (a–i) Average pressure–time history in the single-cell suspension experiments (a–c) or in
the 1% (wt/v) agarose hydrogel experiments (g–i). Cell health in PO MSCs loaded on the SHPB (d, j), the DW (e, k) and the UTF
(f, l). Average data (biological repeats = 4) expressed as mean ± SD. Day 0 corresponds to the day of the compressive loading
experiments. Alamar Blue dye reduction in the mechanically-loaded samples is normalised to the SHAM controls.

SHAM samples (appendix 5, p< 0.05 for all pair com-
parisons). We also found that the failure properties
(stress and strain) were not affected by either the han-
dling (e.g. SHAM samples), or by the loading (e.g.
loaded samples), unless for the stress in the DW load-
ing (appendix 5, control vs DW loaded, p-value =

0.0048; DW SHAM vs DW loaded, p-value = 0.0022).

4.4. Effect of the pressurization chamber on cell
viability
We also verified that use of the pressurization cham-
ber did not affect cell health and cell viability, via
AlamarBlue assay and Live/Dead assay, respectively.
Thus, we encapsulated agarose tissue construct con-
taining PO MSCs in the pressurization chamber
(appendix 5) and incubated the biological samples
for time periods from 5 up to 180 mins at room
temperature. We found that cell health was not
affected by the pressurization chamber (T5 vs TC,
p-value = 0.8773; T30 vs TC, p-value = 1; T60 vs TC,
p-value = 1; T120 vs TC, p-value = 0.1993; T180 vs
TC, p-value= 0.6935). The maintenance of cell viabil-
ity was further confirmed by florescence microscopy
by using a Live/Dead assay (appendix 5).

4.5. Dynamic loading of PO MSCs
We exposed PO MSCS in liquid suspensions or
encapsulated in hydrogel constructs to different pres-
sure pulses on the SHPB, the DW and the UTF
(appendix 6). Depending on the nominal peak pres-
sure intensity, the loading pulses are referred to as low
(∼15 MPa, blue) or high (∼45 MPa, red). The
mechanical loading histories were tailored with sim-
ilar peak pressure intensities applied over different

ranges of pulse duration: from tens of microsec-
onds to a few seconds (figures 8(a)–(f)). In addi-
tion to the similar magnitude of peak pressure, the
loading histories also showed continuous overlap of
loading parameters, including the strain rate (DW
High vs SHPB low), the pulse duration (low vs
High), the loading rate (SHPB low and DW High)
and the loading impulse (SHPB High and DW low)
(appendix 6).

We performed a quantitative Alamar Blue assay
to assess the effect of the mechanical loading on cell
health. Cell health in PO MSCs was monitored just
prior to the compressive loading and on day 2, 4 and
7 post-loading (figures 8(g)–(i)). Post-loading, we
found that cell health in both cellular in vitro models
remained stable in the loaded samples in comparison
to the SHAM control.

4.6. Activation of PO MSCs
We assessed the activation of PO MSCs in response
to the mechanical using quantitative real time poly-
merase chain reaction (qRT PCR) (appendix 7).
Figure 9(a) compares Runx2 mRNA levels in the
loaded PO MSC single-cell suspension samples with
respect to the SHAM samples. Twenty-four hours
post-loading, we found that only the dynamic load-
ing conditions (SHPB and DW) upregulated Runx2
mRNA in the PO MSCs (SHPB low = 3.12 ± 1.00;
SHPB high = 6.76 ± 2.03; DW low = 3.76 ± 1.26;
DW high = 4.65 ± 1.14). The quasi-static loading
down-regulated or barely upregulated Runx2 mRNA
as compared to the SHAM samples (UTF low =
0.95 ± 0.37; UTF High = 1.34 ± 1.09). The results
showed that mechanical stimuli of identical nominal
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Figure 9. Activation of Runx2 in MSCs under mechanical loading. (a, b) Effects of the strain rate dependent mechanical loadings
on Runx2 mRNA expression in PO MSCs. (c–e) Effects of the mechanical parameters on Runx2 mRNA in mechanically-loaded
PO MSCs. (c) Strain rate-pressure model. (d) Loading impulse model. (e) Pressure model. Average data (biological repeats = 4)
expressed as mean ± SD fold upregulation with respect to the SHAM controls. One-way ANOVA with Tukey post-hoc test (p <
0.05).

peak pressure or loading impulse applied under dif-
ferent loading regimes generated statistically different
stimulation levels in PO MSCs.

In the agarose-encapsulated hydrogel constructs,
PO MSCs upregulated Runx2 mRNA in all load-
ing conditions (SHPB low = 5.61 ± 1.28; SHPB
high = 11.33 ± 4.02; DW low = 14.40 ± 2.29;
DW high = 16.07 ± 2.13; UTF low = 6.74 ± 1.53;
UTF high = 4.32 ± 2.27) (figure 9(b)). Interest-
ingly, no statistical significance was found between
the SHPB high and DW low loadings of similar load-
ing impulse ranges, but different strain rate, pulse
duration and peak pressure. More importantly, the
mechanical stimuli of same peak pressure intensity
(but different pulse duration, strain rate regime and
loading impulse) did not consistently induce similar
levels of upregulation of Runx2 mRNA in PO MSCs.

Figure 9(c) presents the average upregulation lev-
els of Runx2 mRNA measured in PO MSCs as a func-
tion of the strain rate for each range of peak pressure
and according to the extracellular environment. For
a given pressure intensity, the data suggest that there
is a value of strain rate that maximised the expres-
sion of Runx2 mRNA. For PO MSCs encapsulated in
agarose hydrogel, Runx2 mRNA expression levels was

maximal at a mechanical stimulus of ∼15 MPa peak
pressure applied at an average strain rate of approxi-
mately 220 s−1. When the peak pressure increased to
∼45 MPa, the expression of Runx2 mRNA was maxi-
mal at an average strain rate of approximately 700 s−1.
Therefore, the data suggested that the higher the peak
pressure the higher the range of strain rate needed
to maximally stimulate the upregulation of Runx2
mRNA. Therefore, this strain rate-pressure model
suggested that the cellular activation of PO MSCs
was modulated not only by the intensity, but also
by the time-dependent characteristics of mechanical
stimulus they experience.

Similarly, the loading impulse models also sug-
gested that there was a range of impulse values that
maximised the expression of Runx2 mRNA at approx-
imately 1.84 log(N.s) total loading impulse (equiv-
alent to 69.18 N.s) in PO MSCs embedded in 1%
(w/v) agarose hydrogel. In single-cell suspension sam-
ples, a loading impulse of 0.5 log(N.s) (equivalent to
3.16 N.s) maximised the expression of Runx2 mRNA
(figure 9(d)). Finally, we did not find a clear trend
between Runx2 mRNA expression and the peak pres-
sure alone (figure 9(e)).
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5. Discussion and conclusions

In this study, we designed, developed and calibrated in
vitro experimental platforms that permit the exposure
of biological cells cultures to mechanical conditions
mimicking landmine/IED trauma. Using these plat-
forms, we investigated the survival and the cellular
activation of PO MSCs under strain-dependent load-
ings and showed the upregulation of Runx2 mRNA as
a function of the mechanical pressure, the strain rate
and the loading impulse.

We developed the in vitro platforms to apply
mechanical stimuli to cells in a 3D microenvironment
and in a liquid suspension culture system. A pres-
surization chamber was manufactured from PDMS
owing to its non-cytotoxic properties and its acoustic
impedance characteristics promoting efficient trans-
mission of the stress pulses at the chamber-cell envi-
ronment interface [61]. We considered cost, optical
clarity, and ease of manufacture and sterilization in
the design of the in vitro platforms [57–59]. Particu-
larly, the simple design and the consistent interfacing
of the chamber as a single unit on the three experi-
mental loading devices was emphasized. We designed
the pressurization chamber as a hermetically sealed
volume to maintain the cellular environment under
sterile conditions [58] and achieved a throughput of
approximately 8 to 10 samples per hour.

The majority of the blast-specific in vitro plat-
forms have utilized two-dimensional (2D) culture
systems [16, 26, 31, 32, 66], however, the dispar-
ities in cell–cell and cell–substrate interactions in
cells cultured on flat, non-physiologically stiff mate-
rials may, potentially, affect forces perceived by cells
and, thereby, the transduction mechanisms as com-
pared to the in vivo scenario [67]. Liquid suspension
and 3D microenvironments, recapitulating the fea-
tures of native tissues more closely, may elicit more
faithful higher-order cell processes that are inherently
3D, which otherwise might not be observable in 2D
culture systems [68]. To our knowledge, this is the
first research on the development of in vitro plat-
forms that incorporate the features of 3D cell cultures
under loading conditions replicating landmine/IED
blast trauma.

Central to the development of the in vitro
platforms was defining reproducible loading histo-
ries featuring experimentally quantifiable mechani-
cal parameters. By considering the greater extent of
the pathological effects associated to the compres-
sive phase of the shock loading, the platforms were
modified to deliver a single-pulse compressive loading
only.

The profile of the pressure pulses was tailored
to match the description of actual blast loadings
in terms of pressure, loading impulse, peak force,
strain rate, pulse duration and loading rate. In con-
trast with already reported blast in vitro models (e.g.
shock tube), the platforms allowed the investigation

of the mechanical characteristics of blast loadings as
transmitted in soft tissues, either individually or in
combination. Moreover, it is important to note that
conventional pressure-based platforms, such as shock
tubes, replicate the typical external pressure–time his-
tory before it mechanically couples to the samples,
but do not capture the loading history transmitted
through the samples [16, 24, 66].

In the development of the in vitro platforms,
we emphasized the broad range of strain rates and
the high magnitudes of pressure achievable in the
samples as compared to the contemporary in vitro
models. The latter operate pressure pulses in the
range of tens to few hundreds of kilopascals at most,
which match the mechanical conditions for address-
ing primary blast injuries of the hearing, trachea and
pulmonary or central nervous systems—anatomical
levels at which the blast wave has sufficiently
expanded at a distance from the detonation seat
[12–14, 17–19, 24]. In contrast, on the in vitro plat-
forms described in this study, the cells could be
exposed to mechanical stress to nearly one-hundred
megapascals relevant to the loading conditions in
close proximity to the detonation seat.

PO MSCs are recognized to play a pivotal role in
the bone formation process, including the formation
of normal, healthy bone tissue during the embryonic
development, and the postnatal processes including
bone growth, remodeling and fracture repair. In their
native form PO MSCs exist in a heterogeneous mix
of cells that are all adherent to extracellular matrix
via integrin interactions. In this study we have sim-
plified the system by examining homogenous cul-
tures of PO MSCs that are non-adherent. Ultimately,
future directions of research need to address more
complex, physiologically-relevant biological systems
thereby examining the impact of adhesion and a het-
erogeneous cell environment on the response of PO
MSCs to blast.

Agarose hydrogels have been extensively used as
encapsulating material to investigate the biological
response to defined levels of mechanical loading or
deformation in progenitor cells [69–71]. In this study,
we used agarose hydrogel to create a simplified 3D
cell scaffolding capable of homogeneously distribut-
ing and immobilizing the PO MSCs for the short
duration of the experiments. We also proposed to use
agarose hydrogel as 3D environment to encapsulate
cells in 2D monolayer coverslip and tissue explants.
We considered its large range of tunable physical and
mechanical properties [72], its high porosity [73, 74],
along with its non-adherent material characteristics
for the encapsulation of the PO MSCs [75, 76]. In
this research, we produced agarose hydrogel con-
structs of 1% (w/v) final concentration in order
to mimic a scaffold of compressive modulus falling
within the range of figures reported for muscle tis-
sue (∼15 kPa) [77, 78]. This was chosen as the devel-
opment of blast-mediated HO has been principally
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reported in traumatized soft tissues, such as muscle
and ligament [79].

We applied a range of predefined mechanical stim-
uli to PO MSCs in liquid suspension or 3D hydrogels.
Firstly, we demonstrated that cell health of PO MSCs,
whether encapsulated in the hydrogel construct or in
single-cell liquid suspension, was not affected by large
loading impulse (e.g. on the UTF) and by dynamic
single-impact loading applied at higher strain rates
(e.g. on the DW and the SHPB). A body of litera-
ture has investigated the effects of hydrostatic pres-
sure beyond 300 MPa applied under quasi-static
conditions to various cell types, as reviewed in [80].
However, limited investigation has been conducted
on the functionality and integrity of MSCs at high
strain rates. Our data indicated that PO MSCs are very
resilient to rapid changes in pressure [81].

While keeping the peak pressure constant, we
changed the rate of loading along with the duration
of the mechanical stimuli to study the cellular activa-
tion of PO MSCs throughout the expression of Runx2
mRNA. Runx2 is a Runt domain-containing, DNA-
binding transcription factor that is described as the
master transcription factor for the production and
maintenance of progenitors cells, and their transi-
tion into immature osteoblasts [82]. It regulates the
commitment of progenitor cells to the osteoblastic
lineage during the early stage of both endochondral
and intramembraneous ossification [82, 83]. In this
study, we measured Runx2 mRNA expression levels
as a proof of concept of cellular activation relevant to
MSC differentiation by high rates of loading.

Twenty-four hours post-loading, we showed that
PO MSCs upregulated the expression of the Runx2
mRNA to different levels depending on the loading
history and the extracellular microenvironment.
Our data indicated that cellular activation was
neither solely dependent, nor directly proportional
to the magnitude of a single parameter, such as the
loading duration, the pressure or even the loading
impulse. Our data suggested that cellular activation
in PO MSCs resulted from the combined action
of several factors, including the pressure and the
strain rate. Finally, PO MSCs showed differences in
Runx2 mRNA expression levels depending upon the
extracellular microenvironment used to convey the
pressure wave (i.e. liquid or hydrogel). This finding is
consistent with the well-known fact that, increas-
ing the stiffness of the extracellular environment,
enhances the osteogenic response of MSCs to
mechanical stimuli [78]. The results presented in this
paper are consistent with the known effect of blast
loadings from IEDs and landmines in promoting
HO. One caveat of the study regarded the small
sample size and the limited loading conditions per
platform and across stain rate regimes. Further
experiments containing multiple groups of loading
conditions, and more biological replicates are needed
to bring informative details of the proposed models.

Although, we did not find experimental evidence of
such models in other studies, second order polyno-
mial fittings were arbitrarily adjusted on the three
data points of each set and appeared to be consistent
in the data sets. More data collection and subsequent
multivariate analyses are required to determine the
validity of the proposed models. Another limitation
of this study is that we have solely investigated
changes in the expression of Runx2 mRNA 24 h
after cellular loadings. Further research is therefore
required to delineate the signaling pathways activated
by non-physiological mechanical loading and, sub-
sequently, leading to Runx2 mRNA activation and
determine whether high strain rate loading strategies
sufficient in inducing osteogenesis exist. Similarly,
future work is warranted to investigate whether
other key osteogenic genes are upregulated at a later
time (weeks) and indeed whether MSCs exhibit
physical characteristics of osteoblasts at these later
times.

In summary, this paper is the first research
introducing and validating in vitro platforms capa-
ble of replicating loading conditions in 3D culture
systems as recorded in IED/landmine blast avul-
sion of lower extremities. The capability of decou-
pling the mechanical features defining blast loading
allowed us to examine the combinatorial and sin-
gular effects of the different features of blast insults
on PO MSCs. We have investigated how the effects
of single-pulse loadings of high pressure applied
over a wide range of strain rate affected the main-
tenance of cell health, and the cellular response as
measured by upregulated Runx2 mRNA transcrip-
tion factor, which is pivotal in numerous cellular
and biomolecular pathways. This proof of concept
establishes a new window to address fundamental
questions regarding IED/landmine blast biomechan-
ics in screening a wide variety of cellular types and
tissues.
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