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Abstract. Railway shunters ride on wagon footsteps and hold steel handrails amid coupling
impacts, jerks and track-induced vibration. This study develops a two-degree-of-freedom model
of a detachable cover clamped to a standard handrail without drilling or welding. Retaining cover-
shell inertia gives coupled equations and closed-form transfer functions for the shell and an
effective hand mass. Four 60-80 Shore A variants are evaluated under three idealized spectra.
With adopted parameters, the hand-dominated mode is 22.6-25.1 Hz, compared with 25.2 Hz for
the bare handrail, whereas the shell mode is 158-814 Hz. Two comparisons are required. The
model-based biodynamic response ratio compares T, with the bare-hand response Ty,se and
remains 1.00-1.07. The contact-surface ratio compares T; with bare-rail motion and, over the
common 8§-200 Hz validity band, is 1.00-1.06 after W, weighting and 1.00-1.48 without
weighting. Thus, internal hand response, shell motion and an ISO 10819 palm-adapter output must
not be treated as the same observable. A necessary stiffness condition, k., < kg, is combined with
the anti-rotation pressure constraint. For the assumed 2-3 MPa admissible pressure, the four
variants would require approximately 12-78 MPa to reach that stiffness condition; this is a
parameter-dependent feasibility result, not a universal impossibility proof. A minimax screen
favours V4 within this band, but no full-band optimum is claimed. Engineering benefits remain
anti-rotation retention, ergonomics and retrofit installation. A verification programme using paired
rail/cover measurements, a separate standard glove test and a slip-torque test is proposed.

Keywords: two-degree-of-freedom model, hand-arm vibration, railway shunter, ergonomic
handrail cover, vibration transmissibility, anti-rotation retention, vibration neutrality, parametric
analysis.

Nomenclature
Ahy Vibration total value (ISO 5349-1), m/s?
A(8) Daily vibration exposure normalized to 8 h, m/s?
Wy, W, Frequency weightings of ISO 5349-1 and ISO/TR 18570
T, T, Rail-to-shell and rail-to-effective-hand transmissibilities
Thase Bare-hand biodynamic transmissibility through glove and palm tissue
D(w) Characteristic determinant of the two-degree-of-freedom system, N*/m?
f Excitation frequency, Hz

Natural frequencies of the tract and shell modes; prescribed minimum shell-mode
fla f25 fZ,min frequency, Hz
fw> fiim First internal layer resonance and conservative lumped-model limit, Hz
Nes Ns Loss factors of the cover layer and of the glove—tissue stage
¢ Equivalent viscous damping ratio, { =7/2
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ke, ks, kesyss ke, ks,

Real cover, glove—tissue and series stiffnesses; corresponding complex stiffnesses,

kgys N/m

Ce» Cs Damping coefficients of the cover layer and of the glove and tissue, N-s/m
m. Effective mass of the cover (shell, fixators and participating elastomer), Kg
my Effective hand mass coupled at the grip, Kg

u Mass ratio m./my,

E, Young’s modulus of the elastomer, Pa

G, Csp Shear modulus and shear wave speed of the elastomer, Pa; m/s

H, Shore A hardness

K Relief area ratio

Ay Area of the loaded contact arc, m?

h Thickness of the elastomer layer, m

Rbio,W, Rsu‘rf,W
ILbio» ILsurf

Biodynamic and contact-surface band-synthesized ratios
Biodynamic and contact-surface insertion losses, db

Mgy, M, Friction resisting torque; service traction—torsion moment, N-m
Hesr Effective friction coefficient of the relieved contact

N Total radial clamping force, N

Dadm Permissible contact pressure of the elastomer, Pa

1 Handrail radius, m

ng Safety factor of the rotation retention

Sy Logarithmic sensitivity of a natural frequency to parameter x

X0, X1, X2 XOa Xls X2

0, 0; Dours Dinax

Absolute displacements and their complex harmonic amplitudes, m
Design vector and feasible set; outer grip diameter and its permitted limit, m

1. Introduction

Railway shunters take part in train formation and other manoeuvring operations. They ride on
a wagon footstep while holding the standard handrail of a moving freight or passenger wagon.
Coupling, uncoupling, run-in impacts, starting jerks and passage over rail joints generate shocks
and broadband structure-borne vibration [1, 2]. Longitudinal coupler forces can reach hundreds of
kilonewtons. Measurements of freight-car environments also show switching shocks of several g,
even with cushioned draft gear [3, 4]. These loads reach the handrail and then the worker's hand
and forearm. The authors previously analysed the mechanical loading of shunters during these
operations [5].

Repeated hand-arm vibration and shock are associated with hand-arm vibration syndrome. Its
effects include vascular, neurological and musculoskeletal disorders [6, 7]. Vehicle studies
confirm the relevance of vibration and acoustic loading in transport work [8]. ISO 5349-1 defines
the accepted exposure evaluation method [9]. Acceleration is frequency-weighted with W,
combined over three axes into ay,, and normalized to the 8-hour energy-equivalent exposure A(8).
Directive 2002/44/EC sets an action value of 2.5 m/s? and a limit value of 5 m/s? [10]. For example,
an, = 8 m/s? acting for 2 h gives A(8) = 4 m/s?, above the action value.

A freight-wagon handrail is normally a smooth round steel bar [11]. It provides structural
strength but offers limited ergonomic support. Its friction falls when the surface is wet, icy or oily.
Steel also feels cold in winter and transmits structure-borne motion directly to the contact surface.
These effects are important because the handrail grip is the worker's principal fall-prevention
support while riding on the footstep.

Elastomeric and anti-slip covers are used on sports equipment, bicycle handlebars, tools and
domestic handrails. Known examples include ergonomic shock-absorbing grips [12], damping
covers for implement handles [13] and tuned mass dampers for handlebars [14]. They are not
designed for railway weather, contamination or torsional loading on a round steel rail. Railway
elastomers can suppress other vibrodynamic effects, as shown by under-sleeper pads at rail joints
[15]. A perforated wagon handrail has also been patented [16], but it requires replacement of the
standard rail. The closest prototype is a two-half-shell haptic cover [17]. Its retention is directed
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mainly against longitudinal slip and does not provide dedicated anti-rotation relief or a separately
characterized damping layer.

Shunters work in protective gloves, and anti-vibration gloves are evaluated under ISO 10819
[18]. Experimental studies and multi-degree-of-freedom glove models show that compliant
interfaces mainly affect components above about 100-150 Hz [19, 20]. W}, -weighted exposure is
dominated by lower frequencies, so the weighted benefit is usually small and may reverse near an
interface resonance. A new cover must therefore be assessed with frequency weighting, a clearly
defined reference state and a clear distinction between the measured surface motion and an internal
biodynamic coordinate.

This work develops a reduced-order vibration model and uses it to evaluate a detachable cover
for a standard wagon handrail. The design must resist angular slip, provide a weather-resistant
ergonomic grip and remain installable without drilling or welding. It is the subject of an
Uzbekistan patent application [21]. The contributions are application-specific rather than a claim
that two-degree-of-freedom glove models are new in general. First, shell inertia is retained in a
closed-form railway handrail-cover-glove-hand model, and the vanishing-mass limit is recovered.
Second, output-specific references separate contact-surface motion from modelled hand response.
Third, the necessary stiffness condition is combined with anti-rotation retention and pressure
sensitivity. Fourth, a minimax criterion covers both outputs and three excitation spectra. Fifth, a
measurement map identifies the observable obtained by each proposed test. Sixth, these tools are
integrated with a retrofit anti-rotation cover for railway shunters. Section 2 describes the device.
Section 3 develops the models and metrics. Section 4 presents the parametric results and
verification plan. Section 5 gives the conclusions.

2. Design of the detachable handrail cover

The detachable vibration-damping ergonomic cover is intended for installation on the working
part of the standard round wagon handrail. The design (Fig. 1) comprises a split rigid body, an
inner viscoelastic elastomer layer with a friction contact surface, and an outer working surface
with anatomical zoning [21].

The body of the cover is formed by two half-shells 3 and 4, made of an impact-resistant
structural polymer such as polyamide PA-6, which embrace the handrail 1 and are joined by side
flanges 14 tightened by fixators 11. Screw, bolt, clamp-band, latch or combined fixators can be
used. This solution allows the cover 2 to be mounted without drilling or welding of the standard
rail: the half-shells are placed around the working part of the handrail and the fixators are
tightened. A worn cover is replaced in the same way, so the device is a serviceable, replaceable
wear part.

A viscoelastic polyurethane or thermoplastic-elastomer layer 5 lies between the rigid body and
the steel handrail. Candidate hardness is 60-80 Shore A over the intended outdoor temperature
range. The layer supplies damped compliance and frictional retention; a reduction in exposure is
not assumed a priori. Its inner face carries ribs, knurling or notches forming the friction relief 13.
Tightening the fixators creates radial preload, concentrates pressure at the rib crests and promotes
micro-interlock with rail roughness. The resisting torque must exceed the traction-torsion moment
applied during acceleration, braking and impacts; Section 3.4 quantifies this condition. Reducing
the relief area ratio k lowers layer stiffness but raises crest pressure. The vibration and retention
functions are therefore coupled by a constraint, not assumed to be synergistic.

The outer working surface 6 has an anatomically zoned profile. The central zone 7 of enlarged
diameter is intended for the full palm grip; the transition zones 8 with a smooth taper serve for re-
gripping; the end zones 9 are intended for finger retention and carry an anti-slip texture 10 in the
form of longitudinal, transverse, diagonal or combined ribs and grooves. Because the cover cannot
rotate about the rail, the angular orientation of these zones with respect to the worker remains
fixed in service. In the lower part of the body, drainage-ventilation channels 12 connect the contact
zone between the cover and the rail with the environment and evacuate moisture, condensate and
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contaminants, which stabilizes the friction conditions during operation in precipitation and dust.
For heavy-duty applications a coaxial reinforcing insert can be moulded into the central zone of
the half-shells.

d)

Fig. 1. Design of the cover: a) isometric general view of the cover 2 installed on the working part of a
standard wagon handrail 1; b) front view; c) cross-section: 3, 4 — half-shells; 5 — damping layer; 6 — outer
surface; 11 — fixators; 13 — friction relief; 14 — side flanges; d) longitudinal zoning of the outer surface:
7 — central palm zone; 8 — transition zones; 9 — end finger-grip zones; 10 — anti-slip texture

3. Vibration transmission model and evaluation methodology

This section develops the analytical basis of the study. Subsection 3.1 recalls the metrics by
which hand-transmitted vibration is assessed and explains why weighted and unweighted
quantities have to be reported side by side. Subsection 3.2 formulates the two-degree-of-freedom
model of the transmission tract, derives the two transfer functions in closed form, recovers the
single-degree-of-freedom description as a limiting case and states the frequency range in which
the lumped description remains admissible. Subsection 3.3 establishes the effective mass of the
cover from a mass budget of its parts. Subsection 3.4 describes the friction retention model of the
anti-rotation function. Subsection 3.5 defines the excitation spectra, fixes the reference
configuration against which the device is judged and introduces the evaluation ratios and the
insertion loss.

3.1. Hand-transmitted vibration metrics

According to ISO 5349-1 [9], the root-mean-square acceleration measured at the grip is
frequency-weighted in third-octave bands from 6.3 to 1250 Hz with the weighting W}, which is
close to unity in the 8-16 Hz bands (0.87-0.96) and decreases approximately inversely with
frequency above 16 Hz. The weighted accelerations of the three basicentric axes are combined
into the vibration total value:

1/2
Apy = (aizlwx + alewy + alzlwz) , (1)
and the daily exposure is normalized to 8 h:
A(8) = an, (T/Tp)"?, 2
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where T is the daily exposure duration and Ty = 8 h. W)}, strongly de-emphasizes the range above
100 Hz, where resilient interfaces often have their largest dynamic effect. The supplementary
weighting W, of ISO/TR 18570 [22] gives more weight to higher frequencies. Weighted and
unweighted quantities are therefore reported side by side. The standard contact-surface metric is
formed from Ty, while T,/Ty . is reported separately as a reduced-order biodynamic response
index. The numerical study represents the dominant radial axis. The same equations may be
applied independently to other axes only after axis-specific inputs and parameters are identified;
the scalar results alone do not determine the three-axis values ay,, or A(8).

3.2. Two-degree-of-freedom transmission model

The transmission tract from the handrail to the hand is represented by the lumped model in
Fig. 2. Models of this class are routinely applied to transport-machinery units containing compliant
clastomer elements, such as rotor systems on polyurethane support layers [23]. Comparable
reduced-order vibration models are also used for freight-vehicle suspensions under
vibration-induced fatigue [24]. The handrail is an ideal prescribed-motion source because its
mechanical impedance is much higher than that of the hand. The first moving body is the rigid
shell plus the dynamically participating elastomer mass m,, with absolute displacement x, (t).
The second is the effective hand-forearm mass m,,, with displacement x,(t). The cover layer
forms stage 1 (k., c.), and the glove plus palm tissue forms stage 2 (ks, c;). The reference mass
ratio m./my, is about 0.14, rather than negligible, and produces the shell mode examined in
Section 4.

The coordinates in Fig. 2 are measured from static equilibrium along one selected basicentric
direction. The numerical results below use the dominant radial direction of the grip. Applying
Newton’s second law to each moving body gives the two coupled equations:

meXy + c (& — %o) + (&g — %) + ko (xg — x0) + ks (x; —x,) =0, 3)
mhjéz + Cs(xz - xl) + ks(xz - xl) =0. (4)

all coordinates are absolute displacements from static equilibrium
along the selected radial direction of the grip

X2(t) T

mp

effective hand-arm mass

stage 2
Ks Cs glove + palm

tissue
X1(t)T

G
rigid shell + participating elastomer mass

stage 1
kc Cc cover layer
(elastomer)
Xo(t)
. . A kinematic base excitation:
handrail (prescribed motion source) prescribed handrail motion

777777777777 777777
Fig. 2. Two-degree-of-freedom model of the handrail-cover-glove-hand tract. Each coordinate arrow starts
directly on its body. x(t) is the prescribed handrail displacement and the sole kinematic excitation; x; (t)
and x, (t) are the absolute displacements of the shell and effective hand mass along the selected radial axis

In matrix form, with x = (xy,x,)T, the system reads MX + Cx + Kx = f,(t), where the
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excitation vector fy(t) = (c.%Xo + kcxg, 0)T collects the terms transferred from the moving base.
For harmonic excitation x, (t) = X,e'“? the response is X (w) = Z~*(w)Fy(w) with the dynamic
stiffness matrix Z(w) = —w?M + iwC + K. For an elastomer the viscous element is replaced by
the hysteretic (complex-stiffness) description, which reproduces the frequency-independent loss
factor of rubber-like materials [25, 26]:

ki=k.(1+in.), ki=k,Q+iny), (5)

where 77, and 77 are the loss factors of the cover layer and of the glove—tissue stage. The equivalent
viscous damping ratio of an isolated stage is { = /2. Solving the two-by-two system by Cramer’s
rule gives the two transfer functions in closed form. The transmissibility to the hand and the
transmissibility to the shell are, respectively:

Xy kcks
T = —=
2((1)) XO D((L)), (6)
Xy ki(ks — wzmh)
T. == 7
where the common denominator is:
D(w) = kik: — w?[my (ki + k%) + mcki] + w*momy,. (8)

The two outputs have different physical meanings. T, is the modelled motion of the effective
hand mass and is used below as a reduced-order biodynamic response. T; is the motion of the rigid
cover shell and can be measured relative to the rail by accelerometers bonded to those bodies. A
palm adapter inside a glove under ISO 10819 includes the glove transmission and is not
automatically equal to either coordinate in this lumped model. Section 4.4 maps the outputs to the
proposed measurements. The undamped natural frequencies follow from det(K — w*M) = 0:

w*m.my, — w?[my(k, + k) + mskg] + k.ks = 0. 9)

Whose two roots give the tract mode f;, dominated by the hand on the compliant glove-tissue
stage, and the shell mode f,, dominated by the cover mass on the elastomer layer. Setting
m, — 0 in Eq. (8) collapses the denominator and recovers the single-degree-of-freedom result
used in earlier treatments of this problem:

2 -1

w?m, ]! 1 1
T(a))—>[1— “] Kkl =(—+—) . (10)
’ Kys ke kg

The two-degree-of-freedom model therefore contains the earlier description as a special case,
and the difference between them is controlled by the mass ratio u = m./my. The lumped
description itself remains admissible only while the elastomer layer is acoustically thin, that is,
while the excitation frequency stays well below the first internal wave resonance of the layer:

1

fw Csh Csh (G )E EO
< fijy =E—=—, =—, ={—] , Gz—, (11)
f = fllm 4 16h fw 4h Csn Dol 3

where f,, is the first internal shear-wave resonance and fj;,,, = f,,/4 is adopted as a conservative
screening limit for the lumped layer. For V1-V4, f;;,.. is approximately 202, 253,417 and 814 Hz.
Each predicted shell mode lies below its own limit, but only 8-200 Hz is common to all four
variants. Band-synthesized comparisons therefore use 8-200 Hz. Curves and tabulated points
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above a variant’s fj;,,, are shown only as trend extrapolations and require a distributed-parameter
or finite-element model for confirmation.
The compression stiffness of the cover layer over the loaded contact arc is estimated as:

=R (12)
where A, is the full area of the loaded contact arc (for a palm grip of about 90 mm length on a rail
of 30 mm diameter, Ay = 30 cm?), k < 1 is the relief area ratio, that is the fraction of A, actually
carried by the rib crests of the friction relief, h is the layer thickness and E|, is the Young’s modulus
of the elastomer. Because the relief subdivides the layer into low, narrow ribs, the shape factor of
the loaded elements remains small and the apparent modulus stays close to E, [25, 26]. The
modulus is estimated from the Shore A hardness H, by the Gent relation [27]:

_0.0981(56 + 7.62336 HA)
%7 0.137505(254 — 2.54 HA)'

(13)

which gives E; = 3.61, 5.52 and 9.35 MPa for 60, 70 and 80 Shore A respectively. The effective
mass of the hand coupled at a cylindrical grip is taken as m; = 2.0 kg. This value is consistent
both with the standard body-segment parameters of Winter [28], according to which the forearm-
and-hand segment amounts to 0.022 of body mass, about 1.5-1.7 kg for a 70-75 kg worker, and
with the apparent mass of the hand—arm system at the palm in the 20-80 Hz region given by the
biodynamic data of ISO 10068 [29], namely 1.5-2.5 kg. The adopted value also accounts for the
part of the forearm dynamically coupled at the grip. For the glove-and-tissue stage
kg =~ 5x10* N/m is adopted as an order-of-magnitude estimate [19]; with m, = 2.0 kg this places
the driving-point resonance of the bare hand-rail contact at 25.2 Hz, in agreement with the
hand-arm resonance region reported for the palm. Because this single parameter governs the whole
conclusion of the study, its influence is examined explicitly in Section 4.6. For damping,
high-damping polyurethanes and thermoplastic elastomers have loss factors 77, = 0.3-0.6; the hand
tissue is more heavily damped and 1, = 0.6 is adopted. High-loss elastomers and polymer
composites for vibration-damping elements of transport vehicles are an area of active development
[30, 317, so the upper part of this range is practically attainable.

3.3. Effective mass of the cover

The effective mass m, of the first body is obtained from a mass budget of the parts that move
with the shell. For a cover of 200 mm working length installed on a rail of 15 mm radius, with an
elastomer layer of 8 mm and half-shells of 4 mm wall thickness, the polyurethane layer
(p = 1150 kg/m3) weighs 0.220 kg, the polyamide half-shells (p = 1140 kg/m?) 0.143 kg, and the
flanges with the fixators about 0.050 kg. Following the Rayleigh procedure for a distributed
spring, one third of the layer mass is added to the moving body:

Mgy me
Mme = Mgpen + mfl'x +—=0.27 kg, H=—= 0.14. (14)
3 mpy

A mass ratio of one seventh is not negligible, and Section 4 shows that it determines the
position of the second resonance of the tract. The sensitivity of the results to m, over the range
0.10-0.45 kg is reported in Fig. 3(c) and Section 4.6.

3.4. Anti-rotation retention model

The anti-rotation function of the friction relief is described by a torque balance. When the
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fixators are tightened to a total radial clamping force N distributed over the contact arc, the cover
is retained on the rail by the friction torque:

My, = pespNT;, (15)

where pi.¢f is the effective friction coefficient of the relieved elastomer-steel pair and 7. is the
handrail radius; for a relief forming several distinct contact zones, the products of the zone forces
and friction coefficients are summed. Reliable retention requires:

Mg, = ngM,. (16)

My =10 N'm, yprr = 0.6, . = 15 mm and ng = 1.5 are used as screening values. They give N
= 1.67 kN. Two M6 flange fixators tightened to 3-5 N-m may generate a total preload of roughly
5-8 kN, but the torque-preload relation has wide scatter and must be measured for the actual joint.
At N =1.67 kN and k = 0.20, the nominal crest pressure N/(kA,) is about 2.8 MPa. Because long-
term admissible pressure has not yet been established for the selected elastomer, temperature and
contamination, p,q, = 2-3 MPa is treated only as a sensitivity range in Section 4.5. Reducing «
lowers stiffness but raises crest pressure, so the two functions are coupled by Egs. (12), (15) and
(16).

3.5. Excitation spectra, reference configuration and evaluation ratios

Three idealized third-octave rail-input spectra are defined over 8-1000 Hz for measurement
planning. S; is flat. S, is constant to 16 Hz and then proportional to 16/f, representing ride- and
jerk-dominated motion. S3 is proportional to (f/16)'? and capped above 250 Hz, representing
impacts and structural ringing. The lumped-model band synthesis uses only the common
conservative range 8-200 Hz established by Eq. (11). Full-band workplace exposure must be
obtained experimentally. The alternative to the device is a bare handrail gripped through the same
glove and palm tissue, represented by:

k*
Tpase(w) = T — as)zmh-
s

(17

The bare configuration has a resonance at 25.2 Hz for the adopted parameters. Two
output-specific references are required. The modelled hand response with the cover, T,, is
compared with the bare-hand response T} ,¢.. The cover-surface motion, Ty, is compared with the
bare rail surface, whose transmissibility relative to the prescribed rail input is unity. Using Ty 4
as the denominator of a T; ratio would compare different physical outputs and create a spurious
result. The two band-synthesized ratios are therefore:

1/2 12
R {Zi(WiaiTz,i)z} {&(Wi aiTu)Z} N
biow = 172’ surf,w = W i
{Zi(mainasei)z} (Wa)%}

where q; is the rail-input band acceleration. W; = W}, ; gives the weighted ratios and W; = 1 the
unweighted ratios. Ry, is the contact-surface quantity relevant to a same-duration, one-axis ISO
5349 comparison. Ry,;, is an internal model-response index and is not itself aj,,, or A(8). For three-
axis exposure, the measured axis-specific accelerations must first be combined as in Eq. (1).
Frequency-specific changes are reported as:
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|Tbase(f)|
(O

4. Results and discussion

1
1Ly (f) = 201g ILsurf(f) = ZOIgm- (19)

This section applies the model to four cover variants. Section 4.1 establishes their stiffness and
modal frequencies. Section 4.2 reports the modelled hand response and its insertion loss against
the bare-hand configuration. Section 4.3 evaluates both the biodynamic and contact-surface ratios
with their correct references. Section 4.4 relates T; and T, to feasible measurements. Section 4.5
combines the necessary stiffness condition with retention and pressure constraints. Section 4.6
gives sensitivities and the combined design criterion. Sections 4.7 and 4.8 discuss the technical
effect, limitations and verification programme.

4501 —— 60 Shore A —— 60 Shore A
== 70 Shore A == 70 Shore A
400 = 80 Shore A 500 | = 80 Shore A

400

f,, Hz

300

200 A

4 6 8 10 12 02 0.4 06 08 10
layer thickness h, mm relief area ratio k
a) b)
700

0 —_— V1
design
600 4 range _\2

01 02 03 0.4 05
cover effective mass m¢, kg
¢)
Fig. 3. Design charts of the shell mode f;: a) effect of the layer thickness
for three hardness grades (x = 0.3); b) effect of the relief area ratio (h = 8 mm);
¢) effect of the effective cover mass for variants V1-V3

4.1. System modes and the stiffness of the cover layer

Table 1 presents four design variants of the cover layer spanning the claimed material and
geometry range, from a soft, thick layer with a deep relief (V1) to a hard, thin layer with full
contact (V4). The layer stiffness varies by a factor of 32, from 216 to 7014 kN/m. The decisive
quantity, however, is not k. itself but its ratio to the stiffness of the glove-tissue stage: k./k; ranges
from 4.3 to 140. Because the two stages act in series, the compliance of the tract is set by the softer
of them, and the series stiffness therefore stays within 81-99 % of k for every variant. The first
natural frequency consequently moves only from 252 Hz for the bare handrail to
22.6-25.1 Hz with the cover fitted. This explains, and corrects, the illustrative value f, = 20 Hz
adopted in the patent application [21]: it characterizes the hand on its own tissue rather than any
property of the cover. The second natural frequency is new. It is the shell mode, in which the mass
m, oscillates on the elastomer layer, and it falls between 158 and 814 Hz. For the softer variants
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it lies inside the frequency range that carries the impact content of the excitation. A single-degree-
of-freedom model cannot reproduce this mode at all, which is the principal reason for retaining
me.

Fig. 3 maps the main levers acting on f,. Increasing h, reducing hardness or «, and increasing
m, lower the shell-mode frequency. Reducing mass raises f, without increasing crest pressure.
Each V1-V4 shell mode remains below its own conservative fj;,,, although V4 lies close to that
boundary. Section 4.5 therefore treats stiffness and retention as a conditional feasibility problem,
while Section 4.6 avoids a full-band ranking until the high-frequency model and material data are
validated.

Table 1. Design variants of the cover layer (4, = 30 cm?, my, = 2.0 kg, k; = 5:104 N/m, m, = 0.27 kg)

Variant | Shore A | h, mm K ko, KN/'m | k./ks | fi1,Hz | f5, Hz
No cover - - - - - 25.2 -
V1 60 10 0.20 216 43 22.6 | 1584
V2 60 8 0.30 406 8.1 23.7 | 206.9
V3 70 6 0.50 1380 27.6 | 247 | 366.3
V4 80 4 1.00 7014 140.3 | 25.1 814.0

4.2. Transmissibility and insertion loss relative to the bare handrail

Table 2 and Fig. 4 compare the modelled hand response of V1 with the bare-hand response of
Eq. (17). Below about 30 Hz both configurations amplify the input, and the cover lowers the tract
resonance from 25.2 to 22.6 Hz. The biodynamic insertion loss ILy;, is therefore —0.1 to —1.4 dB
in this range. Between 30 and 100 Hz the curves are close and IL,;, remains within 2.2 dB. The
158 Hz shell mode raises T, above Ty, giving —5.9 dB at 160 Hz. Values at 250 and 500 Hz
illustrate the formal lumped-model roll-off, but exceed the conservative V1 limit f;;,,, = 202 Hz
and are not used in the integrated metrics. These figures describe the internal reduced-order
response, not the ISO 5349 contact-surface acceleration.

Table 2. Modelled hand response and biodynamic insertion loss of V1 relative to the bare-hand
configuration (1, = 0.4, n; = 0.6). Values above 202 Hz are trend extrapolations

fHz | |Tpeeel T, Ty Ly, dB
8 1.079 1.106 | 1.025 -0.2
16 1.379 1.540 | 1.117 -1.0
20 1.656 1.937 | 1.169 -14

25 1.943 1.962 | 1.010 —0.1
31.5 1.413 1.094 | 0.774 2.2
50 0.388 | 0.320 | 0.825 1.7
63 0.220 | 0.195 | 0.888 1.0
80 0.128 | 0.126 | 0.987 0.1

100 0.079 | 0.091 | 1.155 -1.2
125 0.049 | 0.074 | 1.492 -3.5
160 0.030 | 0.058 | 1.971 -5.9

250 0.012 | 0.007 | 0.559 5.0
500 0.003 | 0.0003 | 0.097 20.3

Table 3 extends the T, comparison to all four variants at octave-band centre frequencies. At
16, 31.5 and 63 Hz every variant remains close to the bare-hand response. At 125 and 250 Hz the
softer variants are influenced by their shell modes, while V4 is close to the bare biodynamic
reference. A systematic reduction in T, appears only at 500 Hz and is largest for V1. Higher
damping flattens the modal peaks but slows the high-frequency roll-off (Fig. 4(b)). Entries above
the variant-specific fj;,,, values in Section 3.2 are screening extrapolations.
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Fig. 4. Modelled transmissibility to the effective hand mass: a) V1-V4 and the bare configuration;
b) loss-factor sensitivity for V1. Curve segments above each variant’s fj;,, are trend extrapolations

Table 3. Modelled biodynamic transmissibility |T,(f)]| at octave-band centre frequencies (1, = 0.4);
see the variant-specific validity limits in Section 3.2; italicized entries lie above
that variant’s f};,, and are screening extrapolations

Configuration | 16 Hz | 31.5Hz | 63 Hz | 125 Hz | 250 Hz | 500 Hz
No cover 1.379 | 1413 | 0.220 | 0.049 0.012 | 0.0030
Vi 1.540 | 1.094 | 0.195 | 0.074 0.007 | 0.0003

V2 1.462 1.238 | 0.207 | 0.062 0.018 | 0.0006

V3 1.403 1.362 | 0.216 | 0.053 0.019 | 0.0032

V4 1.384 1.403 | 0.219 | 0.050 0.013 | 0.0043

4.3. Frequency-weighted evaluation

Table 4 separates the two comparisons defined by Eq. (18) over the common 8-200 Hz validity
range. For the modelled biodynamic response, Rp;owp is 1.00-1.07 and Ry, ynw is 1.00-1.06
across the four variants and three spectra. The contact-surface result is different. Rgyppwp is
1.00-1.06, while Rgyyfynw ranges from 1.00 to 1.48 because the shell modes alter unweighted
motion within the common band. These ranges apply only to the four discrete variants, adopted
hand parameters and three idealized radial spectra. Fig. 5 shows the modelled S3 band levels and
how both metric families vary with k_/k. The curves demonstrate why a design optimized only
for T, can amplify T;.

The small change in Ry,;, wp, is consistent with anti-vibration-glove studies [19, 20], but it must
not be presented as a direct prediction of ay,,, or A(8). The standard quantity is based on measured
contact-surface acceleration, represented here by Rg,,r only for the studied radial axis. Three
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consequences follow. First, the model alone does not justify a general exposure-reduction claim;
field measurements over all three axes are required. Second, high loss remains desirable because
it limits the shell resonance. Third, W),-weighted, unweighted, peak and W,,-weighted results
should be reported together so that a small weighted change does not hide high-frequency

amplification.

Table 4. Band-synthesized biodynamic (R),;,) and contact-surface (R, f) ratios over the common
8-200 Hz validity range for spectra S1-S3 (n. = 0.4)

Configuration Weighted | Unweighted | Weighted | Unweighted | Weighted | Unweighted
(S1) (S1) (82) (82) (83) (83)
Biodynamic ratios Ry;,: T, compared with T,
Vi 1.06 1.03 1.07 1.06 1.05 1.00
V2 1.03 1.02 1.04 1.04 1.03 1.00
V3 1.01 1.01 1.01 1.01 1.01 1.00
V4 1.00 1.00 1.00 1.00 1.00 1.00
Contact-surface ratios Rgyrs: Ty compared with the bare rail surface (= 1)

Vi 1.05 1.14 1.06 1.05 1.05 1.31
V2 1.03 1.19 1.03 1.03 1.05 1.48
V3 1.01 1.03 1.01 1.01 1.01 1.10
V4 1.00 1.01 1.00 1.00 1.00 1.02

band-synthesized ratio

Wp-weighted band level, arb.
=
©

- bare: |Tpase|
- V1T,
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Fig. 5. Common-validity evaluation (8-200 Hz): a) W}, -weighted modelled hand-response band levels

12

for S3, comparing T, of V1 with T, ,; b) correctly referenced biodynamic

and contact-surface S3 ratios versus k./k,. Vertical lines mark V1-V4
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4.4. Model outputs and measurement correspondence

Fig. 6 makes the output distinction explicit. A sensor bonded to the cover shell and referenced
to a sensor on the rail measures T;. The corresponding bare-surface reference is unity. The
modelled hand coordinate T, must instead be compared with Ty 4¢.. For V1, |T;|/|T,| corresponds
to about 26 dB at 125 Hz and 31 dB at 160 Hz. The formal 38 dB result at 250 Hz lies beyond the
conservative V1 limit and is shown only as an extrapolated trend. This divergence is caused by
inertial decoupling; it is not an ISO 10819 palm-adapter result. In ISO 5349 workplace
measurements, the transducer estimates acceleration at the hand-contact surface and is used to
calculate ap,, and A(8). In ISO 10819 glove testing, the palm adapter lies inside the glove and
measures the vibration transmitted through the glove relative to the test handle. The present model
combines the glove and palm tissue in stage 2, so its two coordinates cannot reproduce that adapter
signal. An additional interface coordinate and separately identified glove and tissue parameters
would be required.

10°
Py
= 1071
a
o
0
£
2 102
©
=]
= |T1|: cover-shell sensor
S |T|: effective hand mass
1077y . |Thasel: bare biodynamic reference
------- bare rail surface (= 1)
— = fim=ful4
104 T T
10! 102 1
frequency, Hz
a)
10°
=
= 107! 4
Q
‘o
0
5
c 1072
©
i=1
1073 4
1074

102 102 10°
frequency, Hz
b)
Fig. 6. Output-specific transmissibilities: cover-shell motion |T;| is compared with the bare rail surface
(= 1), whereas modelled effective-hand motion |T5,| is compared with the bare biodynamic reference
|Tyasel: @) V1; b) V4. Shading begins at the conservative variant-specific limit fj;,

4.5. Necessary stiffness condition and retention constraint

The model gives a useful order-of-magnitude screening condition. Because the cover layer and
glove-tissue stage act in series, the cover cannot materially reduce the combined quasistatic
stiffness unless its stiffness is comparable with or smaller than k;. Thus the following is a
necessary, but not sufficient, condition for appreciable resonance shift:
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E kA
k. = “h %S ky~5-10*N/m. (20)

Anti-rotation retention acts in the opposite direction. Eqgs. (15) and (16) require
N = ngM./(phesst). With ng = 1.5, My = 10 N'm, perr = 0.6 and 7. = 15 mm, the illustrative
minimum is 1.67 kN. If the rib crests carry this force over k4,, the admissible long-term contact
pressure pgam gives the lower bound:

n.M,
K> sttt

>— 21
ﬂeffrrpadmAO ( )
Substituting Eq. (21) into Eq. (20) eliminates x and yields an explicit upper bound on the

modulus of the elastomer, and hence, through the Gent relation Eq. (13), on its Shore hardness:

Eo < kshﬂeffr‘rpadm. (22)
nth

For pgam = 3 MPa and h = 12 mm, Eq. (22) gives E; < 1.08 MPa, or about 29 Shore A by
Eq. (13). For 2 MPa and 10 mm it gives 0.60 MPa, or about 16 Shore A. These values are
sensitivity examples because pggm, M, and u.rr have not yet been measured for the proposed
material, temperature and contamination states. An equivalent way to expose that dependence is
to solve Eq. (22) for pressure. V1-V4 would require about 12, 15, 31 and 78 MPa, respectively,
before Eq. (20) could be met; each exceeds the assumed 2-3 MPa range. Accordingly, the
necessary stiffness and retention conditions do not overlap under the adopted assumptions, but the
analysis is not a universal impossibility proof. At k., = kg the S3 biodynamic calculation gives
Rpiounw = 0.92 and Ry wp = 1.09, which also shows that satisfying the necessary condition
would not by itself guarantee a favourable standard exposure result.

14 14
range claimed 2.0 range claimed 2.0
in the manuscript in the manuscript
12 16 12 1.6
£ €
£ €
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5 10 3 2 G0 3 9]
g S 8 3
= 08 T g 08 %
= V2 -y 2 V2 5
£ 8 ) 2 < 8 ° o
o 04 2 % 04 =
9} 7}
g E)
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Fig. 7. Illustrative feasibility map for the adopted retention parameters. Contours show log;o(k./k;) after K
is set by Eq. (21): @) paam = 2 MPa; b) paam = 3 MPa. Hatching marks the necessary condition k. < kj.
The map is a pressure-sensitivity calculation, not a universal material limit

4.6. Parametric sensitivity and design recommendations

The influence of the design parameters on the two natural frequencies is quantified by
logarithmic sensitivities:

_ Olnf

= . 23
*  Olnx 23)
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For k. > kg, the shell mode is approximately f, = (1/2m)(k./m.). Egs. (9), (12) and (13)
then give Sk = SE; =+0.5 and S, = S, =—0.5. The Shore-hardness sensitivity Sy 4 is about 1.2,
1.6 and 2.5 at 60, 70 and 80 Shore A. Thus one Shore unit changes f, by roughly 2-3 %. Across
the considered ranges, k., h, hardness and m,. shift f, by factors of approximately 2.2, 1.6, 1.6 and
2.1. Mass is the only one of these levers that does not directly tighten the contact-pressure
constraint. For the tract mode, sensitivity to k. is small when k_./kg is large, while sensitivity to
ks approaches 0.5. Raising 7, from 0.2 to 0.8 reduces the V1 T, peak and improves its S3
biodynamic ratios, but the corresponding Ry, metrics must be checked separately. Varying kg
from 25 to 400 kN/m changes the predicted benefit substantially, confirming that k5 must be
identified experimentally rather than treated as a universal hand parameter.

A defensible design objective must control both physical outputs. Let 8 = (Hy, h, k, m,, 1.)
belong to the feasible set @ defined by retention, pressure and geometry constraints. For the three
spectra used here, the combined vibration-neutrality problem is:

rgneigse{g‘rll‘asz(‘sﬁ{'RbiO'Wh(S) - 1|' |Rbio,unw(s) - 1|' |Rsurf,Wh(5) - 1|' |Rsurf,unw(5) - 1|}:

i N
subjectto My, = nsMy, Doyt < Dpmaxs  — < Paams (24)
KA,
f2 2 fomin fiim(6) = 200 Hz.

where D, is the outer grip diameter, D,,,, its ergonomic and clearance limit, and f, ;,;, the
prescribed lower shell-mode bound. The constraint f;,,,(6) = 200 Hz keeps every candidate within
the common admissible band. Eq. (24) is a discrete minimax screen, not a claimed continuous
optimization. On the four-variant 8-200 Hz grid, V4 has the smallest maximum rounded departure
(about 2 %) across the twelve ratios in Table 4. This is not a full-band optimum: its shell mode is
near 814 Hz, and rankings change when extrapolated bands are included. Final material selection
therefore requires measured spectra and a distributed high-frequency model. Table 5 summarizes
the provisional guidance.

Table 5. Provisional design recommendations from the combined two-output criterion

Design parameter Recommendation Rationale
Laver stiffness k Select jointly; no full-band V4 minimizes the 8-200 Hz screen, but its
Y ¢ optimum is established shell mode lies near 814 Hz
No final grade before full-band Temperature-dependent modulus and
Shore hardness . .
tests durability remain unknown
Layer thickness A Verify jointly with grip diameter | Changes stiffness, lntemal—\{ve.lve validity and
and fiim, shell-mode position
Relief area ratio Set from measured pressure and Retention and crest pressure require
K slip torque experimental confirmation
Effective cover As low and reproducible as Raises f, without increasing the contact-
mass m, practicable pressure demand
> 0.4, subject to low-temperature | Limits shell-mode amplification; both output
Loss factor 1, . )
testing metrics must be checked
I lief . . T .
finer reie Crossed ribs or notches Resists axial slip and angular rotation
pattern
Drainage In the lower part of the cover Stabilizes contact u'nde.r moisture and
channels contamination

4.7. Discussion of the expected technical effect

The analysis supports three distinct functions. First, the friction relief provides a calculable
anti-rotation mechanism that is absent from the closest prototype [17]. Its predicted margin still
depends on the torque—preload relation and on friction under temperature, moisture and
contamination. Second, anatomical zoning, drainage, anti-slip texture and low thermal
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conductivity can improve grip usability without modifying the standard rail. Third, the vibration
target is neutrality rather than assumed isolation. Within the common 8-200 Hz band, V4 keeps
both output families closest to unity; this does not establish a full-band optimum because its shell
mode lies near 814 Hz. A very stiff shell can appear neutral in T, while amplifying high-frequency
T, and a soft shell can place its mode near 158-207 Hz. The retrofit character remains an
operational advantage: the two half-shells are installed without welding, drilling or replacement
of the rail. Limitations are the linear lumped model, one-axis radial numerical study, idealized
spectra, combined glove-tissue stage, estimated m¢, kg, Paam, M; and p.zf, and the absence of
prototype data. These limitations define the verification tasks below.

4.8. Proposed experimental verification procedure

Workplace measurements should follow ISO 5349-2 [32]. A tri-axial transducer or validated
adapter should measure acceleration at the hand-contact surface in the basicentric axes, with
instrumentation conforming to ISO 8041-1 [33]. The same operators, wagons and speed ranges
should be tested with and without the cover. At least three operators and at least twenty
coupling-uncoupling cycles per condition are proposed for the pilot stage. The confirmatory
sample size should then be set by an a priori power analysis using the observed between-operator
and cycle-to-cycle variance. Report Qpyx, Apwy> Apwzs Anp» A(8), peaks and third-octave spectra,
together with uncertainty. Compact MEMS sensors may be used only after appropriate calibration
and uncertainty evaluation [34, 35]. Risk-oriented processing of the recorded vibration signals, of
the kind developed for predictive machine diagnostics [36], can be adapted to classify individual
coupling events by severity rather than to average them.

A laboratory test should excite a standard handrail section from 8 Hz to at least the shell mode.
Comparison with the lumped model is restricted to each variant’s fj;,,, from Eq. (11); a distributed
or finite-element model is required above it. One accelerometer is bonded to the rail and another
to the rigid cover shell in the palm zone. Their ratio is:

lacon (I
|arail(f)|

where a.,, and a,,;; are the complex cover-shell and rail acceleration spectra, respectively.
Eq. (25) validates T;, k. and 7,; it does not directly validate T,. T, requires a calibrated inertial
hand surrogate or an identified hand-arm impedance model. The predicted f; and f, are the
primary modal quantities to confirm. A separate ISO 10819 test should be used when glove
transmissibility is required. Its palm-adapter result must not be labelled T; or T, unless the model
is extended with a glove-palm interface coordinate and independently identified parameters.
Finally, a slip-torque test should record the onset of angular motion for smooth and relieved
surfaces under dry, wet, cold and contaminated conditions. These tests provide the axis-specific
data needed before any three-axis A(8) claim is made.

1T (HI = = T (NI, (25)

5. Conclusions

1) A detachable ergonomic cover has been designed for a standard wagon handrail. It combines
a clamped two-half-shell body, friction relief against rotation, anatomical zoning, anti-slip texture
and drainage, and can be installed without drilling or welding [21].

2) The mathematical contribution is an application-specific two-degree-of-freedom model
with explicit cover-shell inertia, two coupled equations and closed-form transfer functions. Its
vanishing-mass limit recovers the reduced one-mass form, and Eq. (11) bounds the lumped-model
frequency range. The adopted 0.27 kg cover mass produces a shell mode at 158-814 Hz for
V1-V4.

3) Two reference states are required. The biodynamic index compares T, with Ty, and gives
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1.00-1.07 over the common 8-200 Hz band. The contact-surface metric compares T; with unity
and gives 1.00-1.06 after W), weighting and 1.00-1.48 without weighting. These scalar, band-
limited results do not determine ay,, or A(8).

4) The condition k. < kg is a necessary order-of-magnitude requirement for appreciable
stiffness change, not a sufficient isolation criterion. Combined with the assumed retention
parameters, it requires about 12-78 MPa contact pressure for V1-V4, above the adopted 2-3 MPa
range. The non-overlap is therefore conditional on parameters that must be measured.

5) T; is measurable with sensors bonded to the shell and rail. T, is an internal model coordinate.
An ISO 10819 palm-adapter output includes glove transmission and cannot be identified with
either quantity in the present two-coordinate model. At 125 and 160 Hz, |T;| and |T,| differ by
about 26 and 31 dB for V1; the formal 250 Hz value is outside the conservative V1 limit.

6) The retention equations predict that two M6 fixators can provide a margin above the
illustrative 10 N-'m service moment, but this depends on torque-preload scatter, friction,
temperature and contamination. The slip-torque test is therefore a required validation, not a
formality.

7) The combined minimax criterion favours V4 within the common 8-200 Hz range, with a
maximum rounded deviation of about 2 %. Because its shell mode lies near 814 Hz and rankings
are band-limit-sensitive, no full-band material optimum is claimed.

8) Verification requires paired rail/cover measurements, full three-axis workplace assessment,
modal identification, a separate ISO 10819 glove test and slip-torque tests. Future work should
identify material properties and hand parameters, manufacture prototypes, quantify uncertainty
and test durability, cold conditions and field performance with serving shunters.
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