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Multi-Scale Comparative Analysis of 3D
Random Fiber Composites for
Industrial Helmet Shell Applications

This paper investigates the replacement of conventional High-Density
Polyethylene (HDPE) shells in industrial safety helmets with 3D randomly
oriented fiber-reinforced composites. A multi-scale finite element
framework is developed, coupling micro-scale Representative Volume
Element (RVE) homogenization with macro-scale thin-shell simulations.
Several analytical micromechanics bounds are compared against high-
fidelity RVE results to evaluate effective isotropic elastic properties. The
homogenized and specific stiffness of composite systems demonstrate
significant improvements over HDPE, enabling significant reductions in
shell thickness and weight while maintaining protective clearance margins.
Carbon/Epoxy and Kevlar/Epoxy exhibited the highest specific stiffness
and clearance-retention performance among the investigated materials,
although matrix brittleness, manufacturing-induced fiber orientation bias,
and cost remain important considerations. Threfore, discontinuous fiber
composites offer a promising pathway toward lighter and more ergonomic
industrial helmet shell concepts, with future work required in dynamic
validation and prototype testing. The presented framework is intended for
preliminary comparative material screening and should not be interpreted
as a substitute for certification-level transient impact analysis or
experimental validation.
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1. INTRODUCTION

Industrial safety helmets are designed to reduce head
injuries by attenuating impact energy and maintaining
clearance between the outer shell and the wearer's head.
Such injuries remain a major concern in construction,
mining, and manufacturing environments, where wor—
kers are exposed to falling objects and accidental im—
pacts. Modern helmets rely on two primary protective
components: a structural shell that resists penetration
and distributes loads, and an internal suspension system
that reduces the force transmitted to the head. Owing to
their low cost, ductility, and impact resistance, most
industrial helmets are manufactured from High-Density
Polyethylene (HDPE) or related thermoplastics.
Although widely used, HDPE helmets exhibit
relatively low specific stiffness (E/p ~ 1.0 GPa cm’/g),
requiring comparatively thick shell structures to achieve
adequate mechanical performance. Increased shell
thickness contributes to higher weight, reduced user
comfort, and long-term fatigue during extended use. In
addition, thermoplastic materials may be affected by
environmental degradation, thermal softening, and
creep, which can reduce service life and structural reli—
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ability. These limitations have motivated the investi—
gation of fiber-reinforced composite alternatives.
Randomly oriented short-fibre composites offer
several attractive characteristics for protective headgear
applications [1,2]. Compared with unreinforced poly—
mers, they provide substantially higher stiffness-to-
weight ratios while retaining manufacturing flexibility.
Their energy absorption capability is enhanced through
multiple micro-mechanical damage mechanisms, inclu—
ding matrix cracking, fibre pull-out, and fibre-matrix
debonding. Furthermore, three-dimensional random fibre
architectures exhibit near-isotropic mechanical behaviour,
which is advantageous for complex doubly curved shell
geometries subjected to multi-directional loading. Three-
dimensional randomly oriented fiber composites have
also been investigated in structural repair applications,
including the rehabilitation of damaged honeycomb
cores, demonstrating their potential for complex load-
bearing applications [1,3]. Such materials can be
manufactured using established high-volume processes,
including Sheet Molding Compound (SMC) and Bulk
Molding Compound (BMC) compression molding [4,5].
The structural performance of short-fibre composites
depends strongly on microstructural parameters such as
fibre volume fraction, aspect ratio, orientation distri—
bution, and spatial arrangement. Consequently, reliable
material assessment requires a multi-scale framework
capable of linking microstructural characteristics to
macroscopic structural behaviour. Representative Volu—
me Element (RVE) homogenization provides an effi—
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cient approach for determining equivalent material pro—
perties while accounting for the influence of the under—
lying heterogeneous microstructure.

This study presents a comparative multi-scale fra—
mework for evaluating the feasibility of replacing con—
ventional HDPE helmet shells with randomly oriented
Glass/Epoxy, Carbon/Epoxy, and Kevlar/Epoxy com—
posites. The objective is not to reproduce certification-
level impact testing, but rather to provide an early-stage
engineering screening methodology for material selec—
tion and shell-weight reduction studies. To avoid the
computational complexity of fully transient impact
simulations, standardized impact energies are repre—
sented through an energy-equivalent quasi-static loading
framework. This approximation enables consistent
comparison of candidate materials under identical im—
pact-energy conditions while preserving the primary
structural performance metric: maintenance of a positive
residual clearance between the shell and the headform.

From a practical engineering perspective, the pro—
posed framework is intended to support the preliminary
selection of alternative helmet-shell materials before
costly prototype manufacturing and certification testing.
By combining micromechanical homogenization, equi—
valent impact-energy loading, and structural shell ana—
lysis, the methodology enables rapid comparison of
candidate materials in terms of stiffness, weight-reduc—
tion potential, and residual head clearance. The practical
motivation is to identify material systems capable of
providing the required structural performance with a
reduced shell thickness and mass. A lighter helmet can
improve wearer comfort and reduce fatigue during
prolonged use, while adequate shell stiffness and
residual clearance remain essential for maintaining pro—
tective performance. In this sense, advanced short-fiber
composites may provide a practical route toward lighter
and structurally efficient industrial helmet shells, pro—
vided that their impact response, durability, manufac—
turing consistency, and long-term performance are sub—
sequently confirmed through dedicated testing.

The proposed methodology combines analytical
micromechanics, numerical RVE homogenization,
energy-equivalence analysis, and macro-scale shell
finite element modeling. The resulting framework is
used to compare the stiffness, specific stiffness,
thickness-reduction potential, and clearance-retention
capability of the investigated material systems. Rather
than proposing an immediate replacement of conven—
tional HDPE helmets, the study provides a preliminary
engineering screening tool for identifying the most
promising composite configurations for further develo—
pment. The selected candidates may then be subjected
to detailed transient impact simulations, prototype ma—
nufacturing, experimental drop testing, and ultimately
certification assessment.

2. MULTI-SCALE MATERIAL CHARACTERIZATION

2.1 Homogenization Theory and Numerical
Framework

Effective properties of the 3D random fibre composites
are determined via computational homogenization using
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Representative Volume Elements (RVEs) [6,7]. The
RVE is assumed to be statistically representative of the
microstructure, containing a sufficient number of ran—
domly oriented fibres [6,8]. To ensure continuity of
displacements and tractions across neighbouring volume
elements, periodic boundary conditions (PBCs) are app—
lied to the RVE faces [9,10]:

u(x+Ll~)—u(x)=§-Ll~,i:1,2,3 @)

where L; are the RVE periodicity vectors and £ is the
macroscopic strain tensor [9,10]. By solving six in—
dependent load cases—comprising three uniaxial strains
and three shear strains—and averaging the resulting
localized stresses, the effective macroscopic stiffness
matrix [C] is obtained [7,10]:

{5} =[Cy {7} @)

2.2 Theoretical and analytical microme-chanics
bounds

Before performing detailed numerical RVE homoge-
nization, analytical micromechanics models provide
essential bounding limits and screening criteria for the
effective elastic properties [11-14].

Classical Voigt and Reuss Bounds

The absolute upper limit of the effective elastic modulus
is governed by the Voigt bound, which assumes a state
of uniform strain throughout both phases [11,12]:

Eygige =V Ep+(1-V/)E, (3)

where Ers the fiber modulus, E,, is the matrix modulus,
and V;is the fiber volume fraction [4,5]. Conversely, the
lower bound is governed by the Reuss uniform stress
assumption [11,12]:

L
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Hashin-Shtrikman Bounds for Isotropic Composites
For macroscopic multi-directional configurations such
as 3D random fiber architectures, the Hashin-Shtrikman
(HS) bounds offer significantly tighter and more phy—
sically realistic limits [13]. The upper bounds for the
effective bulk modulus K and shear modulus G are de—
fined as follows [13]:

V
K =Ky + u (5)
(. 3(1-77)
K;—K, 3K, +4G,
Vf

G =G+ 6
s " 1 6(Km+2Gm)(l_Vf) ©

+
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The corresponding lower bounds are obtained by
systematically interchanging the fiber and matrix
material properties [13]. The effective Young's modulus
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can subsequently be extracted using the standard elastic
relationship [14,15]:

K oy Gopy
By =2 ()
e +Gepy

For isotropic short-fiber architectures, experimental
and high-fidelity numerical data typically fall within
these HS bounds, often shifting closer to the lower
bounds for stiffness-dominated response [13,14].

Halpin-Tsai Formulations for Discontinuous Fibers
To explicitly incorporate the geometric influence of
chopped fibers with a finite aspect ratio a = L/d, the
Halpin-Tsai equations are utilized [14,15]:

1-&, Vs
E,o=|—— 8
o T, ®)
where the scaling factor # is given by [14,15]:
E./E, -1
n=l ©)
E;/E,+¢&

The parameter ¢ acts as a structural geometry factor,
where ¢ = 2a handles the longitudinal modulus charac—
terization and ¢ = 2 corresponds to the transverse
modulus evaluation [14,15]. To adapt this formulation
for an idealized 3D random fiber distribution, an orie—
ntation averaging factor mapping approximately to

<cos4 9> =1/5 is applied [16,17].

2.3 Baseline material parameters and analytical
screening

The foundational constituents selected for the compa-
rative analysis encompass High-Density Polyethylene
(HDPE) as the baseline thermoplastic, alongside three
advanced thermoset composite options: E-glass/Epoxy,
High-Strength Carbon/Epoxy, and Kevlar 49/Epoxy.
The foundational phase properties utilized across the
analytical bounds are [15,18]:

Table 1 summarizes the preliminary analytical scre—
ening estimates evaluated at a target fiber volume frac—
tion of ¥y = 0.30 using the Hashin-Shtrikman upper
bound limits [13,15,18].

Table 1. Expected Effective Properties at V;= 0.30 (Theore—
tical Analytical Estimates)

- Eg | per E/p Gy
Material [GPa]|[G/em’]|[GPa-cm’/g]| [GPa] | V¢
HDPE (Baseline)| 1.0 | 0.95 1.05 0.37 |0.42
Glass/Epoxy 23.5| 1.60 14.7 8.5 0.38

Carbon/Epoxy | 70.2 | 1.37 51.2 25.8 (0.36
Kevlar/Epoxy 36.8| 1.27 29.0 13.4 10.37

2.4 Numerical rve homogenization results and mesh
topology

To validate the analytical bounds and extract the co-
mplete, unconstrained macroscopic stiffness profiles,

634 = VOL. 54, No 4, 2026

discrete computational homogenization was executed
via high-fidelity 3D microstructural volume elements.
Figure 1 illustrates the stochastically generated Repre-
sentative Volume Element (RVE) utilized during the
virtual testing loop.

Figure 1. Finite element mesh topology of the stochastic-
ally generated 3D random chopped fiber RVE,
demonstrating periodic geometric trimming and localized
tetrahedral mesh discretization across the fiber-matrix
phases.

The numerical microstructure modeled in Figure 1
expli-citly resolves a dense network of discontinuous,
randomly oriented cylindrical fiber segments embedded
within the isotropic epoxy matrix. The geometric
boundary conditions enforce strict multi-axial transla—
tion matching on cleaved fiber cross-sections inter—
secting the outer bounding planes, ensuring a geomet—
rically periodic unit cell. A high-density, quadratic
tetrahedral mesh was applied to both phases to ensure
precision within the localized high-gradient stress zones
tracking the fiber-matrix interfaces.

By executing the six independent kinematic strain
load cases outlined in the homogenization framework,
the effective isotropic elastic constants were computed
at a standardized fiber volume fraction of V; = 0.30.
Table 2 presents the homogenized properties extracted
from the software solver environment.

Table 2. Homogenized Macro-Scale Engineering Properties
Derived via Numerical RVE Analysis (V;= 0.30)

Material System [gffg] [GGE[;] Veff [Gféﬁf] [préiﬁ/g]
HDPE (Baseline)| 1.0 | 037 |0.42] 095 1.05
Glass/Epoxy  |21.84| 7.91 [0.38] 1.60 13.65
Carbon/Epoxy  |64.95|23.88]0.36 137 47.41
Kevlar/Epoxy  |34.12]|12.45/0.37| 1.27 26.87

2.5 Kinematic impact energy and standardized
safety requirements

The design of industrial safety headgear is heavily regu—
lated by international compliance protocols, notably the
ANSI/ISEA Z89.1 and EN 397 standards [19,20, 21,22].
These specifications dictate that a protective helmet
must attenuate a severe overhead impact without allo—
wing the outer shell to contact the wearer's skull or the
internal suspension system to bottom out.
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The initial state of the system is governed by a rigid
impactor of mass m dropped from a designated vertical
clearance height /4. Assuming a frictionless gravity field,
the potential energy is entirely converted into kinetic
energy (U;) immediately prior to shell contact:

U, =mgh (10)

In accordance with standard regulatory drop
configurations, the test involves a hemispherical striker
where m = 5.0 kg and 4 = 1.0 m (or equivalent impact
velocity Vy = 4.43 m/s), yielding a standard nominal
input kinetic energy baseline of U, =~ 49.05 J.

2.6 The linear conservative energy-balance
derivation

In an idealized, fully elastic system where thermo-dyna—
mic dissipation, localized friction, and material damping
are neglected, the total incoming kinetic energy must be
entirely transformed into internal strain energy (U;) at
the instance of maximum structural deflection (Jyax):

U, =U, (11)

Assuming the global elastic response of the helmet
shell behaves as a linear structural spring up to the point
of peak deflection, the strain energy is expressed as a
function of the global structural stiffness K:

Uy = o F(8)d6 = [ ™ K645 =1 Ko (12)

At maximum indentation, the peak structural reac—
tion force matches the equivalent static force (F, = F,.
= Kdmax). Substituting this boundary condition into (12)
yields:

Uy =—— (13)

Equating internal strain energy directly to the raw
input kinetic energy (U; = Uy) and isolating the force
parameter provides the foundational closed-form exp—
ression for the material-dependent equivalent static
force:

F,=\2UK (14)

Table 3 provides the master synthesis of the struc—
tural metrics driving the Phase 3 finite element model.
This includes the global stiffness coefficients, the una—
mplified elastic force parameters, and the definitive dy—
namic-equivalent static force targets (F, gyuamic) acting as
the localized normal vector loads on the helmet crown.

The high-performance Carbon/Epoxy shell exhibits
a global stiffness nearly 36 times greater than the ductile
HDPE baseline. Because an ultra-stiff structure restricts
deformation and absorbs energy over a drastically
compressed displacement envelope (Jy.y), it generates a
localized force response that rises to 27472.9 N.

While this elevated force significantly intensifies the
localized stress concentrations around the impact site, the
shell’s ability to resist global flexural defor—mation
prevents the structure from bottoming out [21,22]. In
Phase 3, these forces are explicitly mapped onto the shell
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mesh to verify whether the structural thickness reductions
remain within the allowable stress thresholds and
maintain positive skull clearance boundaries [19,21,22].
Table 3. Material-Specific Global Stiffness Profiles and

Derived Quasi-Dynamic Load Magnitudes (U, = 49.05 J,
Dynamic Multiplier a; = 1.20)

Effective Static Base FEA Target
Material Stiffness Load
Force F,
System K [N] Fe, dynamic
[N/mm] [N]
HDPE
(Baseline) 145.2 3773.5 4528.2
Glass/Epoxy 2145.8 14506.7 17408.0
Carbon/Epoxy 5340.5 22894.1 27472.9
Kevlar/Epoxy 3150.2 17578.9 21094.7

3. MACRO-SCALE QUASI-DYNAMIC SHELL FINITE
ELEMENT ANALYSIS

Following the extraction of the homogenized, microsca-
le constitutive relations in Phase 1 and the determination
of the material-specific equivalent static forces in Phase
2, a macro-scale finite element model of the complete
industrial safety helmet assembly is constructed. This
stage simulates the structural deformation, localized
stress states, and skull clearance margins under the
derived quasi-dynamic force vectors.

Shell geometry, meshing topology, and thin-wall
formulation

The physical hard hat geometry represents a complex,
doubly curved structural domain composed of a
hemispherical crown shell, a reinforcing peak, and a
peripheral lateral brim. To model this thin-walled
configuration with high computational fidelity while
preventing numerical shear locking or artificial
volumetric constraints, a continuous shell element
formulation is employed. The geometry is discretized
using 4-node, bilinear thin-shell elements (CQUDA4/54)
supplemented by 3-node triangular shell transitions
(CRTIA3/S3) in regions of extreme curvature variation,
as illustrated in Figure 2.

%

ZE7T

ose5d

Figure 2. Figure 2: Macro-scale structural Finite Element
Analysis (FEA) grid setup of the industrial hard hat
assembly, displaying the doubly curved shell element
discretization of the outer protective helmet shell coupled
with the discrete strap modeling of the underlying internal
skull suspension network.
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The structural response of the shell domain is
governed by the global virtual work equation balancing
the internal virtual strain energy against the virtual work
done by the external equivalent static impact loads:

T T
jQShell5g oX2 = bu Fe,dynamic (15)

where de and Ju represent the virtual strain tensor and
virtual displacement vector fields, respectively. The
kinematic behavior of the shell mesh operates under
first-order shear deformation theory (Mindlin-Reissner
kine-matics). The displacement vector u(x,y,z) at any
spatial point through the shell wall thickness is mapped
as a function of the mid-surface translations (u,vo,wo)
and independent section rotations (6,8,):

u (x,y) gy (st)
u(x,y,z): Vo (x,y) +2z4-0, (x,y) (16)
wy (x, ) 0

where the coordinate variable z defines the distance
along the surface normal vector, bounded by —#/2 < x <
t/2. The resulting continuous total strain field & is
partitioned into membrane, flexural bending, and tra-
nsverse shear tensor components:

E=Ey +zK+ Y 17)

where ¢,, isolates the in-plane membrane stretching stra-
ins, k represents the mid-surface curvature changes
induced by bending moments, and y, tracks the out-of-
plane transverse shear deformation. The structural inte—
gration through the shell wall profile ¢ utilizes a
minimum of five Gauss-Legendre thickness integration
points, mapping the local continuum stresses ¢ by
directly invoking the homogenized elastic compliance
matrix derived via the micro-scale RVE loop:

o=[Cy e (18)

This formulation ensures the solver accurately deco—
uples pure membrane tension stretching along the hel-met
sides from the severe outer-fiber localized flexural bending
stresses occurring immediately around the crown impact
site. A rigorous mesh convergence study was executed by
monitoring peak displacement stability at the crown, veri—
fying that a localized element edge length of approximately
2.5 mm yields a fully grid-independent solution.

Boundary conditions and suspension system
modeling

To accurately replicate standardized certification configu—
rations (e.g., ANSI Z89.1 or EN 397 [21,22], the boundary
conditions must model the load path mapping from the
outer shell down to the rigid headform. As demonstrated in
the numerical layout (Figure 2), the internal suspension
system is explicitly modeled to distri-bute forces safely.

Suspension Harness Discretization

The harness straps, configured in a multi-point inter—
secting suspension network over the wearer’s skull, are
modeled using high-strength 1D tension-only truss
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elements or shell strips. The suspension system is
physically decoupled from the outer shell except at the
designated anchor slots situated along the lower internal
perimeter brim. At these specific anchor slots, rigid
multi-point constraints (MPCs) or tied contact equations
couple the translational degrees of freedom between the
shell nodes and the harness extremities.

Cranial Headform Boundary Constraints

The terminal ends of the harness assembly converge
along an idealized rigid cranial headform. The support
boundary conditions are applied at the base of the
headform or via fixed displacement constraints (u, = u,
= u, = 0) at the apex nodes of the internal webbing
where it conforms to the skull geometry. This constraint
allows the outer helmet shell to dynamically deflect
relative to the headform, realistically capturing the
compression and tension of the harness network under
vertical load transfer.

Loading application and quasi-statis mapping

The loading profile acts as a concentrated normal vector
force applied directly over a localized circular patch at
the topmost apex of the helmet crown, mirroring the
geometry of a standard hemispherical dynamic drop
striker. The load magnitude applied to each discrete
model run is selected directly from the material-depen—
dent load vectors synthesized in Phase 2 (Table 3):

Table 4. Summary of Applied Quasi-Dynamic Target Loads
for FEA Input

Material System Ej;ij”]:([);%
HDPE (Baseline) 4528.2
Glass/Epoxy 17408.0
Carbon/Epoxy 27472.9
Kevlar/Epoxy 21094.7

Because the advanced composite shells exhibit sig—
nificantly reduced compliance compared to the unrei—
nforced polymer, the severe force magnitudes are nece-
ssary to enforce the correct energy-equivalent work
enve-lope within the static linear and nonlinear solvers.

Shell thickness scaling laws and weight reduc—
tion optimization

The core engineering objective behind replacing heavy
unreinforced thermoplastics with high-stiffness advan—
ced short-fiber matrices is the minimisation of pro—
tective gear weight while maintaining identical flexural
performance boundaries. To track this analytically
before running the final global FEA sweeps, a shell
thickness scaling law is established based on equivalent
structural flexural rigidity. For a flat or shallow shell
segment, the flexural stiffness per unit width scales as a
function of the effective Young's modulus (£,) and the
cube of the wall thickness (£):

Et
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To achieve a structural behavior that matches or exceeds
the baseline HDPE shell performance, the target design
thickness ., for each advanced short-fiber composite
system is scaled directly relative to the benchmark
polymer thickness t;ppr = 4.0 mm according to the
following equation:

2
1- Veff ,comp (20)

1=vuppE

Epyppe

tcomp 2 'HDPE 3
eff ,comp

Using the composite densities (p.;) derived through
our micro-scale RVE homogenization loops, the global
mass saving efficiency parameter #,,; is computed
using the following relation:

y
Tnass = (1_M].100% @1
PHDPE "'HDPE

This optimization framework permits a major syste-
matic lowering of the nominal shell thickness profile,
resulting in substantial weight relief for the user without
causing an expansion in global structural deformation.

Cranial clearance validation and safety criteria

The primary structural safety criterion dictates that a po-
sitive residual clearance margin must be preserved
between the deformed interior surface of the outer
helmet shell and the topmost crown of the wearer's skull
or suspension webbing. Let d,, define the nominal
clearance gap designed into the unladed helmet
(typically dinitial = 25.0 mm to 30.0 mm). The residual
clearance distance d,.; during peak force exposure is
defined at the critical crown node via:

dres = finitial — Omax (22)

where Jy. i1s the peak vertical downward deflection
computed via the FEA solver. To satisfy global regu—
latory safety protocols, the structural design requires
that:

dres 2 dmin (23)

res

where dy, = 15.0 mm represents the mandatory
bottoming-out threshold needed to eliminate traumatic
contact with the skull.

Concurrently, to ensure the shell walls do not
undergo localized structural failure, the field stresses are
evaluated against a localized multi-axial Failure Index
($FI$). For the isotropic composite matrices derived via
Phase 1, the equivalent von Mises field stresses o, are
mapped to verify that:

FI=2M 10 (24)
Oall

where o,; represents the allowable matrix tensile
strength limits defined in the raw constituent phase data
summary.

Because the present study treats the homogenized
short-fiber composite as an equivalent isotropic conti—
nuum for first-order comparative screening, the von
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Mises criterion is adopted as a simplified engineering
indicator rather than a definitive composite failure law.

Cranial clearance and bottoming-out verification
results

To verify compliance with international protective hea—
dgear regulations (ANSI Z89.1 and EN 397), the peak
displacement fields obtained from the macro-scale
structural shell simulations are analyzed. The primary
objective is to evaluate whether each candidate material
system preserves a safe clearance boundary above the
cranial headform under its unique quasi-dynamic force
vector.

Assuming an initial designed unladen gap height of
diniiar = 30.0 mm between the helmet apex mid-surface
and the skull crown, the residual clearance distance
(d,.s) 1s extracted using the relationship defined in (22).
Table 5 summarizes the maximum vertical downward
deflections (dax), the resulting residual clearance spa—
ces, and the margin of safety values relative to the man—
datory bottoming-out failure threshold (dy,;, = 15.0 mm).

Table 5. Finite Element Clearance Verification and Bottom—
ing-Out Margin Summary (dinitias = 30.0 mm, diin = 15.0 mm)

Material I({]?a I;l: Glass Carbon Kevlar
System line) / Epoxy / Epoxy / Epoxy
Thikness 4.0 2.2 1.5 1.8
f[mm)]

Applied

Load 4258.2 17408.0 24572.9 21094.7
F ed [N]

Max

Deflection 14.80 8.11 5.14 6.69
Omax [mm]

Residulal

Clearance 15.20 21.89 24.86 23.31
des [mm]

Preliminary| Marginal | Promising High Promising
Structural | structural | structural | clearance | structural
Assessment| retention | retention | retention | retention

4. CONCLUSION

This study presented a multi-scale finite element frame—
work to evaluate the feasibility of replacing conven—
tional High-Density Polyethylene (HDPE) shells in in—
dustrial safety headgear with 3D randomly oriented
fibre-reinforced composites. Analytical micromechanics
bounds and numerical Representative Volume Element
(RVE) homogenization confirmed that Glass/Epoxy,
Carbon/Epoxy, and Kevlar/Epoxy systems deliver sig—
nificantly higher specific stiffness and strength compa—
red to HDPE, enabling substantial reductions in shell
thickness and overall helmet weight.

The energy-balance derivation provided a conser—
vative mapping of dynamic impact events into equi—
valent static forces, ensuring compliance with ANSI and
EN safety standards. While the static approximation
highlighted the stiffness—force paradox, the incor—
poration of dynamic amplification factors and nonlinear
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considerations offers a pathway toward realistic simu—
lation fidelity.

Overall, the results demonstrate that discontinuous
fibre composites represent promising candidate mate—
rials for lightweight industrial helmet shell concepts
within a preliminary comparative engineering frame—
work. However, challenges remain in addressing matrix
brittleness, manufacturing-induced orientation biases,
and cost-effectiveness. Future work should focus on
dynamic drop tower validation, strain-rate characteri—
zation, and full-scale prototype testing to bridge the gap
between computational predictions and industrial imp—
lementation.

The presented methodology should be interpreted as
a preliminary engineering screening framework rather
than a full dynamic certification model, with future
work focused on explicit transient impact validation and
experimental verification.

The proposed framework provides a practical
engineering tool for preliminary material screening and
helmet-shell redesign. By linking microstructural mate—
rial properties with shell-level structural response, the
methodology enables designers to quantify the potential
benefits of alternative composite materials in terms of
specific stiffness, shell-thickness reduction, mass redu—
ction, and preservation of protective clearance. In this
way, the study supports the development of lighter and
structurally more efficient industrial safety helmets while
providing a rational basis for early-stage material se—
lection and design optimization. Nevertheless, the pro—
posed approach remains a preliminary engineering scre—
ening framework, and final certification-level assessment
requires explicit transient impact simulations, strain-rate-
dependent material characterization, and experimental
validation through full-scale prototype testing.
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NOMENCLATURE

Cer effective macroscopic stiffness matrix

D flexural stiffness per unit width

d fiber diameter

dor initial clearance between helmet shell and
headform

d residual clearance between helmet shell and

res headform

doin minimum allowable residual clearance

E Young's modulus

E; fiber Young's modulus

E, matrix Young's modulus

E.4 effective Young's modulus

Evoias Voigt upper-bound effective modulus

Ereuss Reuss lower-bound effective modulus

F, equivalent static force

F. amamic | dynamic-equivalent static target force

FI failure index

G shear modulus

Gy fiber shear modulus

G, matrix shear modulus

Gy effective shear modulus

s Hashin-Shtrikman upper bound for shear
modulus

h impactor drop height

K global struc.tural. stiffness; bulk modulus
when used in micromechanics context

K, fiber bulk modulus

K, matrix bulk modulus

Koy effective bulk modulus

K" Hashin-Shtrikman upper bound for bulk
modulus

L fiber length

L; RVE periodicity vector

m impactor mass
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t shell thickness

Leomp composite shell thickness

tupre reference HDPE shell thickness

Ui kinetic energy of impactor

U elastic strain energy

u, v, w  displacement components

ug, vy, wo mid-surface translational displacements

v, impact velocity immediately before shell
contact

Ve fiber volume fraction

. through—thickness coordinate measured from
shell mid-surface

E/p specific stiffness

Greek symbols

o fiber finite aspect ratio, o = L/d

0y dynamic multiplier

0 variation operator / virtual quantity

Omax maximum structural deflection

oe virtual strain tensor

ou virtual displacement vector

e strain tensor / macroscopic strain tensor

Em membrane strain tensor

Vs transverse shear strain tensor

K curvature tensor

n Halpin-Tsai parameter

Hmass mass-saving efficiency

% fiber orientation angle

0. 0, shell-section rotations

Vesr effective Poisson's ratio

p density

Deiy effective density

Deomp composite density

PHDPE HDPE density

o stress tensor

Oumt equivalent von Mises stress

Ol allowable stress / strength

é Halpin-Tsai geometry parameter

Qgell shell structural domain

Superscripts

f fiber

m matrix

eff effective / homogenized property

comp composite

HDPE  |HDPE reference material

HS Hashin-Shtrikman

max maximum value

min minimum value
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initial initial value

res residual value

dynamic |dynamic-equivalent quantity
upper upper bound

lower lower bound

Abbreviations (

BMC Bulk Molding Compound

FEA Finite Element Analysis

HDPE  High-Density Polyethylene

HS Hashin-Shtrikman

MPC Multi-Point Constraint

PBC Periodic Boundary Conditions
RVE Representative Volume Element
SMC Sheet Molding Compound

YIHOPEIHA AHAJIM3A KOMITIO3UTHHUX
MATEPHUJAJIA CA TPOAUMEH3NOHAJIHO
OPJEHTUCAHUM BJIAKHUMA 3A U3PALY

NHAYCTPOJCKUX 3AHITUTHUX IIJIEMOBA

H. b. hypuuh, M.P. Tpaunuh, I./l. 'apaamesuh,
H. I. MusnomeBuh
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OBaj paj HMCTpaxyje 3aMEHY KOHBEHIMOHAIHHUX LIKO—
JbKM 3aIITHTHUX MHIYCTPHjCKHX IIIEMOBa, M3paheHux
on nonuerwieHa Bucoke ryctuHe (HDPE) ca xom—
NO3UTHUM MaTepHjajiuMma ca TPOIUMEH3UOHAITHO OpH—
JEHTHCAHUM BIIAKHUMA (CTAKJIO/CMOKCH, KapOOH/CTOKCH
n Kepnap/emokcu). Pa3BujeH je Mozen 3acHOBaH Ha
METO/IM KOHAYHUX eJIeMeHaTa KOjU ITOBE3yje XOMOre—
HU3alUjy PENpe3eHTATHBHOI 3alPEMHHCKOT eJIeMEHTa
(RVE) Ha MHKpO-HHMBOY ca CHMYyJNal{jamMa TaHKHX
JbYCKH Ha MaKpO-HUBOY. AHAJIUTHYKE TPaHHULEC MUKPO—
MexaHuke ynopelene cy ca pesyiaratuma RVE Bucoke
MPEU3HOCTH Kako OW ce mporeHwIa eheKTUBHA
H30TPOIIHA €JaCTHYHA CBOjCTBA.

XoMOreHn3oBaHa U crenupuIHa KpyTOCT KOMIIO—
3UTHUX CHCTEMa I[OKa3yjy 3Ha4yajHa I00OJbIIaka Y
onnocy Ha HDPE, omoryhaBajyhu 3HatHO cMmameme
neOJbMHE M Mace IIKOJbKE, 3alITUTHOT MHAYCTPUjCKOT
nuieMa, y3 3aJpkaBame 3aITHTHO IOMepamba MaTe—
pujana. Kommosutn Ha 06a3u kapOOHa M KeBiapa ca
SIIOKCUTHOM CMOJIOM IIOKa3ald Cy HajBUIIYy CIle—
mupUIHy KpyTOCT W mephopMaHce 3aipiKaBarba 3alli—
TUTHOT TIOMepama Marepujana, Mel)y HCnuTHBaHUM
Marepujanuma. Mmak, KpyTocT Marpule, OACTyNama y
OPMjeHTALljH BJIaKaHa H3a3BaHa IPOM3BOJHOM U
TPOIIKOBHU OCTajy BaXKHU (QaKTOPH 3a pa3zMaTpame.

CTOF&, JUCKOHTUHYHWPAHU BJIAKHACTU KOMIIO3UTH
Hyzae obehaBajyhu myT ka JIakIIMM M €proHOMHYHUjUM
KOHIICTITUMA IIKOJbKE 3alITUTHOT MHAYCTPH]CKOT IIIe—
Ma, [IpY YeMy cy NoTpeOHa Jajba NCTPaXKUBamba y 001a—
CTH IMHAMHUYKE IIPOBEPE U MCIUTUBAbA IIPOTOTHIIOBA
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