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ABSTRACT:

Anti tank (AT) mines and improvised explosive devices (IE®) pagrious threat to the occupants of infantry vehicles.
The detonating explosives create shock waves, which induce lacgeration impulses and deformations in the
vehicular structure. These impulse loads are transmittedeaticupant through vehicle-occupant contact interfaces
such as the floor and seat. If the resulting loads and acceleratiansmitted to the occupant are not sufficiently
attenuated to values below thresholds set by occupant injuryi@riteey can lead to severe injury and fatality. The
occupant’s feet are usually in direct contact with the floor Hretefore lower extremity injuries are very common
during AT and IED explosions. This study focuses on the assessmerntelgfaion-induced injuries of lower
extremities during a mine blast underneath an armoured veliblere the occupant's torso is shielded from the direct
effects of the mine blast. Numerical models of the mirs blperimental test set-up are created using the dynamic
finite element code LS-DYNA®. A numerical HYBRID Ill dunisnysed to simulate the occupant’s response.
Simulations results are compared with experimental data to valithetaise of the HYBRID Ill dummy for injury
assessment in such an application. The occupant lower extregsjipnse to varying magnitudes of vehicle floor
impact velocities caused by mine blasts is parametricaligiatl to lend insight into the maximum sustainable and
survivable loading conditions as well as the design of protectivetstes that can be incorporated into the vehicle
structure to attenuate these loads. Characteristic trends indbepant response are used for predicting the response
for new loading conditions. The effect of initial position ofdbeupant's lower extremities on the impact response and
associated injury levels is also studied.
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vehicle's suspension system, which may not be designed
1. Introduction for the extra weight. This is an example of how the
During the explosion of an AT mine underneath an €xtent to which an existing un-armoured vehicle can be
infantry  vehicle, significant impulse loads are armour plated is restricted. Other low-weight innowativ

transmitted to the occupant through the vehicle-occupantmethods need to be considered to protect against the
interfaces such as the floor and seat. If these lagels ~external threat of explosions and blasts [1, 2].

not attenuated through energy absorbing structures, they ~ The infantry vehicle interacts with the occupant’s
may lead to fatality of the occupant. Examples of energytorso through the seat and side walls, and the occupant's
absorbing structures are deformable seats, armoufower extremities through the floor and other contact
plating, and the use of crushable tubular and honeycomiPints such as pedals and foot rest. This study focuses on
structures. While armour plating a vehicle is anatiie ~ Only the lower extremity injuries. The detonating
resource to protect against mine blasts, it signifiga  €Xplosives create shock waves that induce extremely
adds to the overall weight of the vehicle thereby high impulse loads to the vehicle floor, which are further
reducing the payload capacity and operating range. Thidransmitted to the occupant's lower extremities.

reduces the efficiency of the vehicle. To combat the ~ The energy absorbed by the deformable floor and
dramatic increase in roadside bombs and rocket-armour plating is usually insufficient to attenuate ¢hes
propelled grenades against troop carrying infantry impulse loads to values below injury thresholds.
vehicles such as the high mobility multi-purpose Consequently this can result in severe injury that may
wheeled vehicle (HMMWV), armour plates are affixed Necessitate leg amputation or may result in fatality
to the undercarriage and walls of the vehicle. Howeverbecause of extensive bleeding and vascular damage to
the excessive additional weight places a burden on thdower extremities. To investigate this blast event and
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assess the corresponding injury level, this study focusess a high cost associated with the destructive testing o
on the numerical simulation of lower leg impact duing such models. This high cost can be avoided by
mine blast underneath an armoured vehicle using a 50thmplementing these artificial leg models in a numerical
percentile HYBRID 1ll dummy. This numerical dummy simulation environment. Commercial codes such as LS-
was originally developed for use in the automotive DYNA and MADYMO® are well suited for this
industry and has since been extensively validated forpurpose. Once a validated simulation framework is
automotive crashworthiness studies. However it has notestablished, the lower extremity injury assessmentfo
been extensively validated for other applications sisch a wide range of blast conditions can be rapidly studied.
mine blasts underneath armoured vehicles. While bothThis can then lead to the development of energy
applications involve impact of the occupant’s lower absorbing structures that will help attenuate blaatido
extremities, the nature of loading conditions are to survivable levels [1, 2]. It is evident that thipitois
drastically different, with mine blasts involving stesr still an emerging research area, which requires a lot mo
durations and much higher loading magnitudes. understanding and effort.
Therefore this study focuses on first validating theafse
the Livermore Software Technology Corporation's 2. |njury Criteria
(LSTC) version of the HYBRID Il dummy [3] for such
applications, and then using the model to better
understand the effect of the mine blast on injury
assessment and occupant survivability through
parametric studies. The commercial dynamic finite
element code LSTC LS-DYNA [3] is used for the
numerical simulations.

Joss [4] described how anti-personnel landmines
have become a global epidemic. Khan et al. [5] and
Covey [6] have studied the types of hind foot injuries

caused by landmine blasts and surgical teChmquesoroadly divided into four regions [17]: (i) the femur or

available to treat it. Covey [6] also describes four . . AR
putative mechanisms by which the sudden pressure wavéhlgh bone, (i) the patella or knee bone, (iii) titsa

) . . L ; and fibula leg bones, and (iv) the ankle/foot complex
associated with mine blasts can damage living tissue: o

. . : . . consisting of the metatarsals, tarsals, and phalanges
spalling, implosion, acceleration-deceleration, and

: ) .~ bones. During landmine detonations underneath the
pressure differentials. Horst et al. [7-9] have stidie . .

o .~ _infantry vehicles, fractures of the ankle and lowert foo
occupant lower leg injury and occupant safety for mine are more predominant than other types of fractures. The
blast detonations under vehicles. The nature of IowerAbbreviateE)d Injury Scale (AIS) is a)gpstem that rak i
extremity injuries that occur during a mine blast can be jury Y

S S . severity of injury on an increasing scale from 0 to 6,
broadly_d|st|r)gwshed, similar to Kupp_{:l et al. [1(.)]’ as (i) where 6 corresponds to a fatal injury. Fracturinghef
knee-thigh-hip complex fractures, (ii) knee ligament

tears, (iii) tibia plateau / condyle fractures, (tibia / tibia and fibula correspond to an AIS score of 2 or 3 and

) are not life threatening, however complex fractures that
fibula shaft fractures, (v) calcaneus, ankle, and midfoo L ; ;

. . cause vascular injuries or severe bleeding can be life
fractures, (vi) malleolar, ligament, and ankle irgsr In threatening especially on the battlefield where medical
Ref. [10], injury criteria and injury risk curves halveen g esp Y

formulated for each of the above six regions, based onireatment may not be immediately available [11].
automotive crash test data. It is important to note th . .

scarcity of human data available to validate occupant (= 3— Pelvis

safety studies during landmine explosions under Hiptomt~<{\i) 7

armoured vehicles. If sufficient data were present, then (=7}
the injury assessment during landmine detonations \i

In order to assess injury to lower extremities during a
crash or impact event, certain criteria have been
established through limited experimental testing on both
live human subjects and cadavers. It is important to note
that new criteria are still under development while
existing criteria are still being improved upon. This
section describes the anatomy of the lower extremities
and reviews some of the common lower extremity injury
criteria available in the literature. Fig. 1 displayee t
anatomy of the lower limb or extremity. It can be

14 o

would be better understood by a study similar to [10]. .‘\ i Femur

Live human subjects cannot be used in mine blast “.\ )’1
testing for obvious reasons. Testing on cadavers iese 1A
one possible source of data, however they are bette @ %—Pateua
suited to static tests to determine the geometric anc ‘W‘ { \If
mechanical properties of the various parts of the human l\:\ , l _L)_ Tibia
body. Results obtained with cadavers are not repeatable \ | [LFibula

as each cadaver will vary with the next. This willrthe

require a statistical distribution study, which will be \ %leﬂﬁ
limited by the population size and nature, as the supply Metatarsals
of cadavers is limited. Further, it has been repomed i 4 37 Phalanges
Ref. [10], that embalmed cadaver specimens will have a_ i _
lower fracture tolerance than un-embalmed cadaver’ 91 Anatomy of occupants lower extremity (17]

specimens. The focus is now turning to developing The Tibia or Femur Force criterion states that the
artificial models of the lower leg, which can accurately compressive force transmitted axially through each leg
replicate a human's response. Examples of such modelshould not exceed a certain value. Different values for
include the Denton leg and Thor-Lx leg. However there the maximum allowable Tibia compressive axial force
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were reported in the literature — 8000 N from [9] while percentile HYBRID IlIl dummy. The dummy is seated on
the maximum allowable listed by Wayne State this rigid seat. The dummy model is incorporated into
University research is 10000 N. The U.S. Army's the simulation using the LS-DYNA keyword
Aberdeen Test Center [12] has established injury criteria*COMPONENT_HYBRIDILl The dummy is internally
for mine blast testing of the HMMWV. It states thibi& created by LS-DYNA during the initialisation stage of
and Femur axial compressive force shall not exceedthe simulation run and interacts with the seat aodr fl
7562 N in a 10 ms interval and 9074 N at any instant.through contact interfaces. The relevant joint name and

The criterion for the Tibia Axial Compressive FoilE9 corresponding degrees of freedom about the local axes,
combined with Tibia Bending Momentj is given by: available with the HYBRID Ill dummy used in this

F M <1 1) study are as given in Table 1. The dummy joint
FC' M, characteristics such as stiffness, viscous charatbbsyi

and stop angles are left at their default values [3]. During

Tibia Index ) criterion [10] without accounting the the simulation LS-DYNA creates two ASCII result file

ankle/foot injuries is _also used to assess Tibia andldib H30UT and JNTFORCthat contains dummy data such
shaft fractures using:

as joint forcess/moments, femur and tibia forces/
TI _F +ﬂ 2 moments, and head accelerations, that are subsequently
F. M, used for injury assessment. Contact interfaces between
whereF, is the axial compressive force (NY is the  the dummy and seat/floor were created using the LS-
resultant bending moment (N-nfj, is the critical axial DYNA contact typea3. Details of the working of the
compression force (35584 N) ard. is the critical contact algorithm are available from Ref. [3].
bending moment (225 N-m). According to [9], the TI
must be less than unity.

Mertz [13] proposed an injury threshold level of 15
mm for relative translation between the femur anthtib
at the knee joint of a §0percentile male to minimize the
rupture of the posterior-cruciate ligament (PCL). This
was based on the dynamic tolerance tests of Viano [14]
on isolated cadaver knee joints where partial ligament
tears were observed at a 14.4 mm relative translatior
between the femur and tibia, and complete failure ef th
ligament occurred at 22.6 mm relative translation [10].
Even though this ligament criterion has not been
mentioned in the mine blast injury criteria tabulated i
[12], it may be important as a soldier with a torn cruciate
ligament will have an impaired or reduced performance.
The LSTC HYBRID Il dummy used in this study has
only a flexion-extension degree of freedom for the knee
joint and hence the ligament injury criterion of Mertz
cannot be assessed at this stage. This would neceasitate
more advanced and biofidelic dummy. Several N
foot/ankle injury risk models for pure axial loading (&) Position A
conditions have been outlined in [11]. The probabdity
ankle/foot fracture can be represented using a Weibull
probability distribution function [16]:

7.42582

0.0348*age+ 0.415* force

fracture =1- exp -
o 9 P 5.13076

®)
where theageis in years, and th®rce is the maximum
tibia axial force (kN). Egn. (3) is based on the agédef t
occupant as well as the dynamic axial force measured a
the distal end of the tibia during experimental lower le
impact studies of 26 intact adult lower legs using a mini-
sled pendulum device. Most of these injury criteria were
originally developed for automotive crash and airplane
crash landing scenarios. They are in the processimd be
adapted for mine blast scenarios. As mentioned earlier
they are under constant development and refinement.

3. Test Methodology

The numerical set-up is shown in Fig. 2. A seat isllygi
fixed in 3-d space. The occupant is simulated by 50

(b) Position B
Fig. 2: Numerical set-up of Hybrid Ill dummy
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Table 1: Joints and associated degrees of freedoBi [ While modelling the wall, care is taken to ensure
oin Degree(s) of Freedom that thg wall properly contacts the feet, as in tgalhe
oint Name 1st 2nd 3rd feet will be resting upon the vehicle floor. Even the
Lumbar Flexion (y) Torsion (2) _ smallest gap between the wall and feet can significant
_ Abduction- Medial- Flexion- alter extracted data such as the tibia axial compeessiv
Hips ; Lateral Extension . K o s K
Adduction (x) o oL @ ) force and foot acceleration. Since it is not possible
Knees Flexion- a a during modelling to ensure exact contact, an initial time
_ Extension (y) lag is provided in each simulation during which time
Knee sliders  Translation (2) Vedial gravity is applied. This ensures the feet initially Isett
Ankles Inversion- Lateral Dorsi-Plantar against the floor. As the feet are thrown upwards during
Bversion () potation (7 F1eXion ) the application of the prescribed input velocity pulse to

the wall, data such as foot acceleration, lower leg

The position and orientation of the arms is not acceleration, hip moment, knee moment, ankle moment,
important and are therefore left at their default valass  and femur/tibia axial compressive force are extracted
the arms play no role during the simulation. Similaty ~ from the dummy using LSTC's pre-processor
occupant restraint mechanism such as a seatbelt has NnoSPREPOST®. To remove numerical noise and high
been modelled, as there is no significant middle or upperfrequency oscillations associated with high rate finite
torso movement during the simulation. The main region element impact simulations, a low range Butterworth
of activity lies between the foot and hip of the dumiy. filter with a cut-off frequency of 300 Hz is used. Since
rigid horizontal wall (floor) below the dummy's feet there is very little sliding between the dummy’s faetl
simulates the vehicle floor. The upward motion of the the floor, varying the coefficient of friction used imet
wall is controlled using its velocity. The occupant is contact definition had almost no effect. The sequence of
seated in two positions to establish the effectasiitppn events depicting the dummy’s response to a typical
on the injury assessment and whether any trend can bewer leg impact is displayed in Fig. 4(a) and (b). This
identified. In Position A the tibia is vertical and the data is then compared to reference values to assess
lower feet are resting flat against the floor Plosition B injury, in the cases where well-established injuryecia
the tibia is inclined to the floor and only the heeishe  are available. Note that the seat is decoupled from the
lower feet contact the floor. FdPosition A the knee  vehicle floor to isolate the lower leg response.
flexion-extension angle is 90 degrees while Passition
B it is 55 degrees. The ankle dorsi-plantar flexion angle4. Results and Discussions
for both positions is set at 90 degrees. _ .

Fig. 3 displays the set of prescribed velocity pulses To validate the use of the HYBRID 1l dummy for this
used in this study. The peak magnitudes of the velocitie®PPlication, the results from our numerical simulations
range from 0.3 m/s to 10.7 m/s. An initial time lacgR6f of occupant lower leg impact using LS-DYNA are
ms is provided in each velocity pulse, after which the Validated by comparing with both experimental test
peak magnitude of velocity is reached in 5 ms (loading) casesib2aanddb3ausing Test_ Rig fqr Occupant Satety
followed by a deceleration (unloading) over 40 ms back Systems [8] and MADYMO S|_mqlat|ons from the work
to zero velocity. The loading period of 5 ms used is of Horst et al. [7, 8]. The seatls fixed toa shack bee
typical of the short time durations associated withemin fo prevent upper torso loading. A stiff non-deformable
blasts. The peak gravitational force associated wigh th foolplate was used to prevent transmission Of, high
7.6 m/s and 10.7 m/s velocity pulses are 155 G and o1 frequency shock loading to the legs. The dummy's feet

; : : laced in the middle of this footplate. Further
G respectively. These are typical of the peak magmtudeé”ere_ P )
of acceleration encountered by the vehicle floor dugsing details of th_e experimental set-up and MADYMO results
mine blast [1, 2]. can be obtained from [7-8].

Figs. 5 and 7 compare the tibia axial compressive
force results from our simulation with the experimental

e Peak Wall results [8] and the MADYMO simulation results [7, 8].

i Impact Velocity Our simulation results accurately represent the tikial ax

ol __'.:?Z ﬂfz compressive force in both peak magnitude and duration,
—A—3.0m/s which is an important parameter for both validation of

N D results with experimental data and lower extremity
—4—10.7ms injury assessment. Figs. 6 and 8 compare the foot

acceleration. Figs. 5 and 6 correspond to experimental
data test casgb3a while Figs. 7 and 8 correspond to the
test casadb2a[7]. Keeping in mind that experimental
load measurements are more reliable than experimental
acceleration data [8], it can be concluded that there is a
very good agreement between our LSDYNA simulation,

Wall Velocity (m/s)

gravity
settling

o S A A the MADYMO simulation, and experimental results. The
Time (ms) LSTC HYBRID Il dummy has now been shown to
provide an accurate response during lower leg injury
assessment.

Fig. 3: Prescribed vehicle floor vertical velocitis
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Fig. 4(a): Sequence of events during a typical lowég impact - Fig. 4(b): Sequence of events during a typical lowéeg impact -
Position A Position B
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[1] Fig. 5: Comparison of axial compressive force:

db3a

Fig. 6: Comparison of foot acceleration: Modetib3a

Fig. 7: Comparison of axial compressive force: Modalb2a

Fig. 8: Comparison of foot acceleration: Modetib2a

Model

55

Although data such as knee, hip and ankle moments
do not have well established injury criteria yet and
further research needs to be conducted, this data has sti
been investigated in our study as it is important and can
serve as a reference for the future. The parametric
numerical approach is now applied to the dummy in
Positions Aand B as outlined earlier. Figs. 9 to 12
display the results of th@osition B simulations for
varying wall impact velocities given in Fig. 3 where the
knee flexion-extension angle is set at 55 degrees. The
tibia axial compressive force for th&osition B
simulations is within the injury criterion of 9074 N. The
ankle dorsi-plantar moments are negligible for the peak
wall impact speeds of 0.3 m/s to 3.0 m/s compared to the
cases of 4.6 m/s to 10.7 m/s.

The peak magnitude of the ankle dorsi-plantar
moment is around 9000 N-m for the 10.7 m/s case. At
present, since there is no established mine blastyinju
criteria for ankle moments, and since the tibia axial
compressive force is within its corresponding injury
criterion, it appears that injury will not occur. Howeve
an ankle moment of 9000 N-m without the possibility of
severe injury i.e. broken ankle joint, seems unrialis
According to Kuppa et al. [15], for an ankle malleolus
dorsi-plantar flexion moment corresponding to 60 N-m,
there is a 50 per cent probability of an AIS level 2+
injury to a 58 percentile male. This highlights the need
for new injury criteria to be developed and verifieof, f
accurate injury assessment.

Fig. 9: Foot accelerations irPosition B

Fig. 10: Tibia axial compressive loads ifPosition B
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Fig. 11: Hip flexion-extension moments irPosition B Fig. 12: Ankle dorsi-plantar flexion moments inPosition B

Figs. 13 to 15 display the results of tResition A
simulations for varying wall impact velocities given in
Fig. 3 where the knee flexion-extension angle is set at 90
degrees. From Fig. 15, the peak magnitude of the hip
flexion-extension moment for the 4.6 m/s case is 400.8
N-m. The corresponding plots for the 7.6 m/s and 10.7
m/s cases have not been shown, as their peak hip
flexion-extension moments are two orders of magnitude
higher at 32364.8 and 44349.2 N-m respectively. In spite
of the absence of a corresponding hip injury criteribn,
seems highly unlikely that such high magnitudes of hip
moment can be sustained without severe injury. The
plots of the ankle dorsi-plantar flexion moments for
Position Ahave not been shown as they are of negligible
magnitudes, since the ankle joint does not show anyFi9: 13: Footaccelerations irPosition A
major dorsi-plantar flexion rotations as the wall move
upwards, unlike those seen with fhesition Bcases.

A trend can clearly be seen in most plots and this is
a possible source of interest for empirical studies to
predict the lower extremity response for a given dummy
percentile, wall impact velocity pulse, nature of sgate
position, and knee flexion-extension angle. It is assumed
that the initial ankle dorsi-plantar flexion anglekept at
its default of 90 degrees, but this too can be varieden th
empirical study. The tibia axial compressive forceais f
higher in the case d?osition AthanPosition Bfor the
same wall velocity pulse, as can be seen by comparing
Fig. 10 with Fig. 14. As the peak wall velocity increase
the difference in the tibia axial compressive fortsoa
increases. In the former case the entire compressaeke |  Fig. 14: Tibia axial compressive loads ifPosition A
is directly transmitted to the tibia since its axisisng
the direction of the applied load. In the latter case the
tibia is inclined at an angle to the direction of #pplied
load and only a smaller component of this compressive
load is transferred to the tibia via the ankle joifihe
ankle moments are significantly higher for the upper
range of wall impact speeds Rosition B compared to
Position A In Position B only the heel is in initial
contact with the floor and as the floor moves upwatds, i
causes the ankle joint to rotate inducing large flexion
moments. In Position A, most of the lower surfacéhef
foot maintains its contact and orientation with the wall
throughout the simulation leading to negligible ankle
moments. Thus the occupant's initial position plays an
important role in the magnitude of loads transmitted to
the occupant's lower extremities and corresponding
injury severity. Fig. 15: Hip flexion-extension moments irPosition A
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Fig. 16 displays the peak magnitude of foot
acceleration for each of the peak wall impact velegit
for both Positions A and B. A best-fit function
represented by a fourth order polynomial is used to fit
the data. Fig. 17 displays similar information foe th
peak magnitude of tibia axial compressive force. From
Fig. 17 it is observed that a linear polynomial
sufficiently fits the data for thBosition Acase, since the
tibia is vertical with respect to the floor. With such
curves, it is now possible to also interpolate the mespo
for varying knee flexion-extension angles, which control
the angle between the tibia and the floor. Creatudp s
plots for varying loading conditions, seated positions,
and dummy joint stifiness will be very useful in Fig. 18: Effect of initial gap between the feet anfloor
predicting the lower extremity response and injury
assessment as well as reducing the dependence on costly
experimental testing. For example, by superimposing they,
maximum tibia axial compressive force injury criceri
limit as a horizontal line on Fig. 17, one can detasmi
the maximum magnitude of sustainable or non-injurious
wall impact velocity for the prescribed wall velocity
pulse.

It has been reported in automobile crash testing that
HYBRID Il legs are too stiff which may lead to an
underestimation of injury. The use of the LSTC
HYBRID Il dummy for occupant injury assessment
during a mine blast application has demonstrated that the
current simulations provide sufficiently accurate results
Advanced dummies that better model the human body
such as the Thor-Lx and Hybrid Denton leg [8, 9] can be
used to improve the accuracy of these results. In this
study, the entire wall velocity pulse is directly
transmitted to the occupant’s feet. This provides arseve
estimate since in reality the mine blast pulse wdl b
partly attenuated by the deformations of the vehiderfl
and armour plating if any, as well as the presence of
special combat boots that may be worn by the occupant.
The effect of these boots on the lower leg injury
assessment provides an interesting scope for further
numerical study, since these boots provide support for
the ankle joints and the stiff under-soles attenuateeso

of impulse loads transmitted to the occupant’s feet.
Fig. 16: Prediction of peak foot acceleration vs.gak wall impact

speed )
5. Conclusions
The LSTC HYBRID Ill dummy has been shown to
provide an accurate response to lower leg injury
assessment caused by landmine detonations underneath
armoured vehicles. The HYBRID [l dummy however
cannot model bone fracture, and ligament and joint
failure, and for this more advanced and biofidelic lower
extremity finite element dummy models are needed. The
initial position and orientation of the occupant's lower
extremities with the floor significantly influences the
response. While setting up the numerical simulation, the
feet must be in proper contact with the floor sincenev
small gaps lead to drastic overestimations of the foot
Fig. 17: Prediction of peak tibia axial compressivéorce vs. peak accelerations and loads. There is a scarcity of aail
wall impact speed human data pertaining to lower leg impact during a mine
Fig. 18 displays the effect of an initial gap between blast underneath armoured vehicles and extensive
the feet and the floor, for tHeosition Asimulation with research still needs to be conducted, especially temting
a peak wall impact velocity of 7.6 m/s. A 3 mm gap human cadavers in order to better understand the injury
leads to a peak acceleration magnitude of 383 G and a Bssessment and establish a reliable and extensiveesour
mm gap leads to 590 G. This widely differs from the of data. Further, newer injury criteria for the lower
realistic case with no gap present where the peak is aextremities need to be developed, especially for the hip,
199 G. It is therefore important to ensure proper contac knee, and ankle regions. Finally, observed trends in the
between the feet and floor in the simulations to abtai simulated occupant responses can be used to study
meaningful results and so an initial gravity-settling various seated positions, input wall velocity pulses, and
period is included. This also allows the lower torso of occupant characteristics such as size, joint stiffrerss,
the dummy to settle into the seat. bone strengths.
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