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Abstract. Fall-related mine fatalities remain one of the most critical threats to the miner’s safety. Recent statistics

suggest significant severe injuries from ground falls during mining operations, with head and neck being typically

injured organs. The effectiveness of the existingminer’s helmet in protection against ground falls is not known. In this

work, we investigate the biomechanical response of the head and neck against the roof falls with and without the

helmet. Towards this end, a simplified human finite element model is built. The model response is compared against

the relevant experimental data, and the agreement between experiment and model predictions is reasonable. The

model is subjected to roof fall with roof velocities of 1, 3, and 6 m/s, and the biomechanical response of the brain and

neck is studied. Various helmet configurations consisting of hard and soft layers have been investigated. Our results

suggest that existing helmets reduce the strains and stresses in the brain by upto *59%. On the contrary, the neck

forces andmoments have increasedwith helmets by upto*86%. This is due to the increase inmass of the system due

to the additionof the helmet.Wealso observe that even though stresses in the brain have been reducedwith the helmet,

the reduction offered by the helmetmay not be sufficient to preventmild TBI. Overall, our results suggest that the role

of the miner’s helmet in mitigating ground fall-related head and neck injuries should be critically analyzed.

Keywords. Ground fall; biomechanical analysis; head; neck; helmet; miner safety.

1. Introduction

Ground movements (roof, rib, rock falls) pose a significant

challenge to the miner’s safety [1]. While the casualties

during mining operations have reduced, significant numbers

of miners continue to die [1]. Over the past decade, the

mining industry has been forced to explore new terrains due

to decreasing ore grades, deeper deposits, harder rock mass,

and an ever-increasing need for rare-earth minerals [2–8].

This has resulted in underground mining and mining in

caves, wherein operations have to be performed in com-

plex, congested, and risky environments [4, 6, 8].

For the underground mines, the ground falls pose the

highest risk of injury and fatality [8]. A recent study reports

3,532, 519, 177, and 85 coal mine-related fatalities in China,

India, USA, and South Africa, respectively, between 2006

and 2010 [9]. The majority of these fatalities are either due to

ground falls or explosions [9]. In these challenging times for

the mining sector, the mine workers are at continuous risk

from mine-related fatalities [9–12]. Directorate General of

Mines Safety, Government of India [13] has reported 95

deaths, 82 fatal injuries, and 226 severe injuries due to ground

falls from 2010 to 2015. These data suggest that the miner’s

safety due to ground falls is a serious, life-threatening health

concern, especially in the era of underground mining, which

includes mining at depths as large as 500 feet. This imposes a

socioeconomic, legal, andmoral burden on themining sector.

Head and neck are typically injured organs in fatal and severe

injuries [1, 9, 13, 14]. The effectiveness of current helmets in

protection against ground falls is not known [13].

Surprisingly, to the best of the authors’ knowledge, direct

work on understanding ground fall-related mine fatalities is

not available in the literature. A few investigations (e.g., see

[15, 16]) study the effect of a mine explosion on occupant

safety in a seated vehicle. The goal of this work is to inves-

tigate the head-neck responses under simulated roof falls.We

also evaluate the efficacy of helmets for protection against

roof falls. Towards this end, a simplified, full-body human

finite element (FE) model was built. We study the effect of

helmet material, helmet layer configuration, and roof
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velocity on the resulting biomechanical response. The

biomechanical response is evaluated in terms of maximum

principal strain and vonMises stress in the brain and resultant

reaction force and reaction moment at the neck bottom.

The manuscript is organized as follows. In the methods

section, we describe details of the full-body human FE

model, loading and boundary conditions, and solution

scheme. In the results section, we present a comparison of

FE simulation and experimental results for model valida-

tion. This is followed by the detailed biomechanical anal-

ysis of head-neck response with and without the helmet. In

the next section of the discussion, we discuss the important

insights from this work and compare them with the relevant

literature. The key findings are summarized in the conclu-

sion section.

2. Methods

2.1 Finite element (FE) human model

A simplified, full-body, FE human model (figure 1) with a

mass of 78.6 kg and height of 174.9 cm [17] in a standing

position is built. The model consists of a simplified

spherical head surrogate (comprising skull and brain), neck,

and lower body. The inner diameter and the thickness of the

skull are 150 mm and 10 mm, respectively. The inner

diameter and thickness of the skull are selected based on

the dimensions of the human skull [17–19]. For the

spherical head, we obtain a head mass of 3.22 kg, which is

close to the mass of the human head (*4.5 kg) of an

average adult male [19]. Even though the inner diameter

and the thickness of the skull are selected based on the

dimensions of the human skull [17–19], the differences in

the mass between the spherical head and the anatomically

accurate human head arise from other geometric differences

between spherical head and CT and MRI based head model.

Note that, in this work, we have used a spherical head for

(a) simplicity and (b) as experimental data on brain

deformation, generated in-house, was available for the

spherical head. This experimental data is used for model

validation. The geometry, dimensions, and materials of the

neck are based on the Hybrid-III neck [20]. A flexion angle

of 25� is provided to the neck (figure 1) as the naturally

positioned cervical spine has a flexion angle of *25� [21].
The roof is modeled as a cuboid of 450 mm9350 mm9100

Figure 1. A simplified, full-body human finite element (FE) model.
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mm. Roof mass of 50 kg is considered. The helmet is

modeled as a hemispherical structure with a thickness of 10

mm for each layer. Five different helmet configurations are

considered. The three types of existing double-layered

helmets, helmets I-III (table 1), are selected from the lit-

erature [18, 22–24]. Triple-layered helmet IV with addi-

tional Extruded Polystyrene (XPS) layer on the top of hard

Acrylonitrile butadiene styrene (ABS) layer is also con-

sidered. Hypothetical helmet V made up of only XPS is

also considered (table 1).

Brain is modeled as a hyperelastic solid using neo-Hoo-

kean strain energy function, which has the following form.

U ¼ C10 k
2

1 þ k
2

2 þ k
2

3 � 3
� �

þ 1

D1

ðJ � 1Þ2 ð1Þ

where, C10 ¼ l0
2
and D1 ¼ 2

K0
are the material parameters,

and ki ¼ kiffiffi
J3

p are the deviatoric principal stretches. J and ki
are the Jacobian and principal stretches, respectively. Time

dependent behavior of brain simulant is modeled using a

quasilinear viscoelastic function [25], expressed as

l tð Þ ¼ l0 � 1�
XN
i¼1

gið1� e�t=siÞ
" #

ð2Þ

where, l0 is the instantaneous shear modulus and gi, and si
are the material constants.

The foam pads (Helmet-I) are modeled as a linear, vis-

coelastic material. The properties of foam pads are taken

from Moss et al. [26], who obtained the properties from

low-rate compression and acoustic testing. All other

structures are modeled as linear, elastic material with

properties (table 1) adopted from the literature [18, 19, 22].

Note that the rate-dependent properties are not available for

these structures. Hence, we relied on linear, elastic material

properties; consistent with the literature [19, 27–30]. The

model is discretized to yield 5,883, 13,500, 13,326 hexa-

hedral elements on the skull, brain, and lower body,

Table 1. Material properties used in the FE model (a) elastic properties (b) viscoelastic properties.

Substructure Density (kg/m3) Mass (kg) Elastic modulus (MPa) Poisson’s ratio

(a)

Skull 1710 1.38 5370 0.19

Brain 1040 1.84 – 0.49

Hybrid-III Neck 1.67

Aluminium 3200 70000 0.36

Rubber 2500 4 0.49

Body 1040 75.38 2200 0.32

Roof (Concrete) 2300 50 14000 0.2

Helmet I 0.682

Kevlar 1230 6000 0.33

Foam Pads 136 0.49

Helmet II 0.622

Acrylonitrile butadiene styrene (ABS) 1200 2000 0.37

Extruded Polystyrene (XPS) 26 17.7 0.35

Helmet III 0.626

Polycarbonate 1210 2200 0.37

Expanded PolyStyrene (EPS) 22 18 0.05

Helmet IV 0.638

Extruded Polystyrene (XPS) 26 17.7 0.35

Acrylonitrile butadiene styrene (ABS) 1200 2000 0.37

Extruded Polystyrene (XPS) 26 17.7 0.35

Helmet V 0.024

Extruded Polystyrene (XPS) 26 17.7 0.35

Extruded Polystyrene (XPS) 26 17.7 0.35

Substructure

(b)

Brain neo-Hookean hyperelastic:

l0 ¼ 2588Pa, l1 ¼ 1717Pa,
g1 ¼ 0:17,g2 ¼ 0:17, s1 ¼ 0:0021sec,s2 ¼ 0:03sec

Foam Pads l0 ¼ 2000kPa, l1 ¼ 20:1kPa,g ¼ 0:98995
s ¼ 0:01sec
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respectively, and 13,243 tetrahedral elements on the neck.

The interfaces between various structures of the body are

considered ‘tied’ (i.e., no sliding, no separation), whereas

the interface between the head and the helmet is treated as

frictionless sliding.

2.2 Loading and boundary conditions

The roof has been given an initial velocity at time t = 0. The

human model is subjected to dynamic loading as the impact

is established between the roof and the human model. The

baseline case of roof mass 50 kg, roof velocity 3 m/s ori-

ented at ?150 with neck axis is considered (figure 2a). This

angle is considered based on Nightingale et al. [21], who
found that the highest risk for injury occurs within ±30� of
the axis of the neck (cervical spine). The effect of roof

velocity on the biomechanical response has been studied by

changing the initial roof velocity. The kinematic coupling is

used to couple all the nodes at the neck bottom to a single

reference node located in the center of the neck bottom

(figure 2b). In order to calculate reaction forces and reac-

tion moments, the reference node is constrained in all

degrees of freedom. We have also studied the response with

the unconstrained neck. The responses between constrained

and unconstrained neck are similar (Supplementary Fig. 1).

Further, lower body displacements (Supplementary Fig. 2)

are negligible (\ 1 mm) as compared to the head-neck

displacements ([ 5 mm).

2.3 Solution scheme

FE model is solved using a nonlinear, transient, dynamic

procedure using an explicit scheme (Abaqus, Dassault

Systemes Simulia Corp). The total simulated time of 5 ms

is considered. A typical run requires *180 minutes of CPU

time using an Intel i7-8550U processor (4 cores, processor

speed 1.8 GHz, 7.84 GB memory).

3. Results

3.1 Model validation

The head and neck models are validated against the experi-

mental data in the literature and data generated in-house.

Myers and Nightingale [31] measured resultant neck force in

post-mortem human subjects for a range of normal and

oblique impacts using a vertical drop setup impacting a rigid

surface. Using a linear impactor system, we have measured

2D strains in a brain simulant in a hemispherical head (skull-

brain) model subjected to impact loading. The complete

details of the experiment are available in Singh et al. [32].

Figure 2. (a) Loading and (b) boundary conditions.
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Briefly, the hemispherical head (skull-brain) wasmounted on

the Hybrid-III neck (Humanetics, Farmington Hills, MI) and

subjected to impact loading using a linear impactor system.

The motion of the brain simulant to impact loading was

captured using a high-speed camera (Phantom v341, Vision

Research, Inc., Wayne, NJ). A midsagittal plane (open sur-

face) was selected for imaging, and a frame rate of 2500

frames/s was used. To capture the motion of the midsagittal

plane and quantify strains, a random speckles pattern was

applied on the brain simulant. Imaging was done at spatial

and temporal resolutions of 0.38 mm/pixel and 0.4 ms,

respectively. 2D strains in a brain simulant were calculated

from acquired images using a digital image correlation

technique [33].

Digital image correlation uses subset based image

registration algorithms to track the relative displacements

of material points between a reference image and a

current image. The displacements of a subset are

obtained by maximizing a correlation function between

the reference image and the deformed image. 2D, Green-

Lagrangian strains are calculated from displacements

using pointwise least square fit on a subset. Large

deformations are accounted for by updating the boundary

of the region of interest based on the displacement field.

Additional details regarding the estimation of brain

strains using digital image correlation are available in

Singh et al. [32] and hence avoided here.

The aforementioned experiments are simulated using a

computational human model used in this work, and the

model response is compared against corresponding

experimental data. The agreement between simulations

and experiments is reasonable in terms of resultant neck

force (table 2), spatiotemporal evolution of brain strain

(figure 3, table 3a), and the peak values of brain strain

(table 3b).

4. Head-neck biomechanical response
with and without the helmet

The biomechanical response is evaluated in terms of

maximum principal strain and von Mises stress in the brain

and resultant reaction force and reaction moment at the

neck bottom. We have focused on early time response (*5

ms), which is relevant for moderate and severe injuries

[31, 34]. It has been demonstrated that the dynamics in

moderate and severe neck injuries play out within a few

milliseconds [31, 34].

Figure 4 shows the biomechanical response of the

brain and neck for the baseline case (roof velocity 3

m/s), with and without the helmet (helmet II). For the

brain, the response is shown for an element just beneath

the impact location (i.e., coup site), where the mechani-

cal field values are maximum. The helmet reduces the

peak maximum principal strain and peak von Mises

stress in the brain by 34 % and 47 %, respectively. On

the contrary, the use of the helmet increases the magni-

tude of peak neck reaction force and peak neck reaction

moment by 68 % and 86 %, respectively. This increase

in neck force and neck moment is due to the increase in

mass of the system due to the addition of the helmet.

Table 2. Comparison of peak resultant neck force between the simulation and experiment (Myers and Nightingale).

Velocity

(m/s)

Angle of impact

(o degrees)

Peak resultant neck force (N)

% errorsimulation experiment

3.18 ?15o 3058 2612 17.07

3.26 ?15o 1784 1895 5.86

3.2 0o 1810 1973 8.26

Figure 3. Comparison of 2D brain strains between the experi-

ment and simulation for a hemispherical head model consisting of

skull and brain for an impact velocity of 1 m/s.
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4.1 Effect of helmet material and layer
configuration on biomechanical response

As stated earlier, three types of existing double-layered

helmets (table 1) are selected from the literature

[18, 22–24]. A triple-layered helmet IV with an additional

XPS layer on top of the hard ABS layer is also considered.

Hypothetical helmet V made up of only XPS is also con-

sidered (table 1). The biomechanical responses at the brain

and neck (figure 5) are estimated with each helmet for the

baseline case (roof velocity 3 m/s). Compared to the helmet

I, the peak values of maximum principal strain, von Mises

stress, neck force, and neck moment are reduced by *20

%,*20 %, *2 %, and*10 %, respectively, in helmets II-

IV. This is due to the differences in the mass and impe-

dance (i.e., qcÞ properties between the helmet I and helmets

II-IV. Helmets II-IV show equivalent peak values for the

aforementioned biomechanical variables. With respect to

helmet I, the occurrence of peak (i.e., time at which peak

occurs) is delayed for helmets II, III due to the lower

impedance of helmets II, III. The occurrence of the peak is

further delayed for helmet IV due to the additional XPS

layer. For the hypothetical helmet V, peak values of

biomechanical variables are reduced, and the occurrence of

the peak is further delayed as compared to all other helmet

configurations due to the smaller mass of the helmet and

reduced impedance. Specifically, compared to helmet I, the

peak values of maximum principal strain, von Mises stress,

neck force, and neck moment are reduced by 24%, 20%,

37%, and 45%, respectively, in helmet V. However, note

that, for helmet V, neck force and neck moment are yet

marginally increased by 6.44 % and 2.38 %, respectively,

compared to the no helmet case.

4.2 Sensitivity of biomechanical response to roof
velocity

Figure 6 shows the biomechanical response for three dif-

ferent roof velocities 1 m/s, 3 m/s, and 5 m/s. The results

are sensitive to the roof velocity; peak values of biome-

chanical parameters increase with an increase in roof

velocity.

5. Discussion

Mine-related fatalities constitute a significant health

concern in the age of underground mining and mining in

caves, wherein operations have to be performed in

complex, congested, and risky environments [2–8]. Lack

of awareness and poor quality of life has resulted in

these fatalities going unnoticed or forgotten without any

significant protocol or policy changes [9–12]. Roof and

ground falls account for a significant portion of mine

fatalities during underground mining and mining in caves

[8], with head and neck injuries being most common

[1, 9, 13, 14]. The biomechanical response of a miner

against ground falls is not known. Further, to the best of

the authors’ knowledge, the role of the miner’s helmet in

Table 3. (a) Metrics of agreement of strain fields between experiment and simulation for an impact velocity of 1 m/s. (b) Comparison of

peak brain strains between the simulation and experiment for an impact velocity of 1 m/s.

Time1

(ms) Strain

Index of

agreement2, dr

Coefficient of

efficiency2, E2

Root mean square error-standard deviation

ratio2,

RSR

Correlation scores3,

CS

(a)

3 Exx 0.86 0.75 0.60

(good3)

92.50

(excellent3)

Eyy 0.88 0.76 0.59

(good3)

93.30

(excellent3)

Exy 0.89 0.78 0.56

(good3)

94.90

(excellent3)

Strain

Peak Strain

% errorSimulation Experiment

(b)

Exx 0.19 0.20 5

Eyy 0.15 0.16 6.25

Exy 0.20 0.19 5.26

1 Values at a representative time point of 3 ms are shown. A similar agreement is obtained at other time points.
2 Details regarding these quantitative measures are available in Ganpule et al. [27]
3 Qualitative performance ratings are available in [27, 55]
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mitigating ground fall-related injuries has never been

evaluated.

Using a simplified full-body human model, we have

studied the head-neck biomechanical response of human

against a roof fall. The model has been validated against

relevant, available experimental data. The agreement of

brain strains and neck reaction forces between experi-

ments and simulation is reasonable (figure 3, tables 2 and

3). Nightingale et al. [21] measured neck reaction forces

in post-mortem human subjects for an impactor velocity

of 3.14 ± 0.19 m/sec for a range of normal and oblique

impacts using a vertical drop setup. Camacho et al. [35]
have conducted computational simulations using a finite

element based head-neck model. These studies report

peak neck force and peak neck moment in the range of

2-4 kN and 20-80 N-m, respectively. For no helmet case,

we obtain peak neck force and peak neck moment of 3

kN and 25 N-m, respectively. For the helmet case, we

obtain peak neck force and peak neck moment of 5 kN

and 55 N-m, respectively. The peak values of neck force

and neck moment are consistent with the aforementioned

studies of Nightingale et al. [21] and Camacho et al.

[35]. Further, for the simulated time considered in this

work, the shape of the neck force and neck moment time

histories are consistent with the ones observed in

Nightingale et al. [21].
In response to a roof fall, the head and neck undergo

compression. Since the brain does not follow the motion of

the skull, it induces significant strains and stresses in the

brain. As compared to the no-helmet case, the addition of

the helmet reduces the peak maximum principal strain and

peak von Mises stress in the brain by up to *47 % and

59%, respectively. However, the helmet increases the peak

resultant neck reaction force and peak resultant neck

reaction moment by up to *68 % and 86 %, respectively.

This is due to the increase in the mass of the system due to

the addition of the helmet. This trend remains similar for all

helmet configurations except for the hypothetical helmet V

made up of only XPS, for which peak neck response is

similar (equivalent) to the no helmet case. Adding the softer

layer on top of the hard layer (helmet IV) did not reduce the

peak biomechanical response. The softer layer on top of the

hard layer only delayed the occurrence (i.e., time) of the

peak values.

Figure 4. Biomechanical response of the brain and neck with and without the helmet for the baseline case (roof velocity 3 m/s).

(a) maximum principal strain (b) von Mises stress in the brain (c) resultant neck reaction force (d) resultant neck reaction moment.
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We also performed additional simulations by incorporat-

ing a nonlinear stress-strain response for EPS [36]. Results

did not alter significantly with the incorporation of nonlinear

stress-strain response. In our simulations, the peak strains in

XPS and EPS helmet layers are *10%. Densification and

nonlinearity in EPS are observed at much higher strains

(*60 %) [36]. Thus, the energy absorption regime of these

materials is not utilized for the type of strains seen in our

simulations. Future target helmet materials should focus on

materials with densification at smaller strains or shape

memory alloys (e.g., see [37] and references therein) capable

of attenuating the incoming load at smaller strains and within

shorter timescales implied in impact or blast.

These observations, yet non-intuitive, are not fully sur-

prising. Jadischke et al. [38] conducted pendulum impact

tests on Hybrid III head and neck with different helmet

configurations. They found that the addition of the helmet

reduced the peak head accelerations by up to 44% and

increased the peak resultant neck forces by up to 49%. They

attributed the increase in neck forces to the increase in mass

of the system due to the addition of the helmet. They

concluded that the increased neck forces enhance the risk of

concussion. Collins et al. [39] measured neck strength in

high school athletes at the beginning of the sports season.

They monitored reported concussion incidence and athletic

exposure data during the course of a sports season. They

found that neck strength was a significant predictor of

concussion in high school athletes.

Most of the retrospective investigations studying

motorbike accidents suggest that motorbike helmets are

protective to prevent head and brain injuries. On the

contrary, the role of motorbike helmets in reducing neck

injuries is controversial and a topic of intense discussion

and scrutiny [40]. Several retrospective studies suggest

that helmets increase the risk of neck injuries [41–45],

while a few other retrospective studies suggest that hel-

mets do not increase the risk of neck injury during

motorbike accidents [40, 46–49] as compared to the no

helmet scenario. To the best of the authors’ knowledge,

biomechanical and retrospective investigations into the

miner’s helmet are not available, and this work is one of

the first of such studies.

Figure 5. Biomechanical response of the brain and neck for various helmet configurations for the baseline case (roof velocity 3 m/s).

(a) maximum principal strain (b) von Mises stress in the brain (c) resultant neck reaction force (d) resultant neck reaction moment.
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Our biomechanical analysis suggests that the neck loads

are increased due to the use of helmets. Thus, other alterna-

tives such as the use of a neck collar (e.g., see [50–52]) during

mining operations should be explored. Extrapolating our

results to the risk of injury is not considered, as a simplified

model is used in this work. We emphasize caution while

extrapolating our results to the risk of injury with andwithout

the use of the helmet. Our results, however, underscore the

fact that the relationship between the helmet and neck load

should be carefully considered in future biomechanical

studies and helmet designs. Further, the protection offered by

the helmets in preventing brain injury should also be criti-

cally evaluated asmaximumprincipal strain values predicted

by a simplified head model are above reported critical injury

threshold values [28, 53] for roof velocities of 3 m/s and 6

m/s. The vonMises stress value predicated by simplified head

model for a roof velocity of 6 m/s is above reported critical

threshold value for 50% probability of sustaining a mild

traumatic brain injury [54].

This work has several limitations. A simplified human

model (including simplified head-neck model) is

considered in this work. Even though the model has been

validated for brain and neck responses, the absolute values

obtained using this model should be considered in a sim-

plified modeling context. Nonetheless, the model captures

overall trends with and without helmets that are consistent

with the literature.

6. Conclusions

Biomechanical response of human head and neck under a

roof fall has been studied using a simplified FE model. The

model response has been compared against relevant, avail-

able experimental data. Various helmet configurations have

been studied. Some of the key findings of this work are:

o Helmets are effective in reducing the strains and stresses

in the brain. As compared to the no-helmet case, the

addition of the helmet reduces the peak maximum

principal strain and peak von Mises stress in the brain by

up to *47 % and 59%, respectively.

Figure 6. Effect of roof velocity on biomechanical response. (a) maximum principal strain (b) von Mises stress in the brain (c) resultant
neck reaction force (d) resultant neck reaction moment.
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o Helmets increase the peak neck reaction forces and peak

neck reaction moments. As compared to the no-helmet

case, the addition of helmet increases peak resultant neck

reaction force by up to *68 % and peak resultant neck

reaction moment by up to 86 %, respectively.

o Helmet layer configuration affects the biomechanical

response in terms of the timing of the peak values and

their magnitudes. However, the overall trends remain

unchanged by helmet layer configuration. Mass and

impedance of the helmet layers play a critical role in

dictating the magnitude and timing of peak values.

o The neck responses between the hypothetical helmet

made of softer layers only and no helmet case are

equivalent. Hence, alternative strategies should be con-

sidered to reduce the neck load.

o Peak values of biomechanical parameters increase with

the increase in roof velocity.

These results provide preliminary (but unique and novel)

insights into the biomechanical response of head and neck

under the roof fall, with implications in designing the next

generation of the miner’s helmet, especially to cater to the

needs of the underground mining sector.
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