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Abstract: Workers can be exposed daily to foot-transmitted vibration (FTV) from standing on mobile
equipment or vibrating platforms and surfaces. This results in a consistent risk of developing
neurological, vascular, and musculoskeletal problems. To date, there are no international standards
describing procedures with which to evaluate the health risks deriving from long-term exposure to
FTV. To study the applicability of hand–arm vibration (HAV) standards to the foot, the biomechanical
responses of the hand and foot in terms of the frequency response function upon varying contact
conditions were compared. Results evidenced similarities between the responses of the wrist and
ankle, with differences in resonance for the fingers and toes. The study confirms that HAV standards
are more suitable than whole-body vibration standards for evaluating higher frequency exposure
to FTV.

Keywords: hand–foot vibration similarity; foot-transmitted vibration (FTV); hand–arm vibration
(HAV); vibration-induced white-foot (VIWFt)

1. Introduction

Occupational exposure to standing foot-transmitted vibration (FTV) occurs on dif-
ferent means of transport (e.g., boat cabin crew members, sailors, and train operators),
in manufacturing industries (operators standing on metallic surfaces close to vibrating
machineries) and on heavy mining equipment (e.g., jumbo drills and bolting platforms).
Prolonged standing on a vibrating floor may cause musculoskeletal disorders, motion
sickness, and neurological as well as vascular diseases [1–4].

Case reports have documented the fact that occupational FTV exposure can cause
vibration-induced white-foot (VIWFt), which typically manifests as Raynaud’s phenomenon,
with decreased blood flow, blanching, and numbness in the toes [4,5]. These vascular and
neurological effects are similar to those of hand–arm vibration syndrome (HAVS), affecting
workers exposed to hand-transmitted vibration (HTV) [4–10].

The International Standards Organization (ISO) has established guidelines with which
to minimize the effects of occupational vibration exposure [11,12]. At the moment, the
health impacts of vibration on standing and walking workers are accounted for in ISO
2631-1 [11], whose focus is dedicated to the musculoskeletal effects of whole-body vibration
(WBV) on sitting, supine, and standing subjects.
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The biodynamic response of the foot [13–15] and the epidemiological data on FTV [4,5]
suggest that the current ISO 2631-1 [11] method of evaluating standing WBV exposure
is not appropriate for evaluating vascular risks to the feet. The weighting curves used
completely neglect the vascular vibration effects that cause VIWFt. For this reason, ISO
5349 [12], focused on HTV, may be more appropriate with regard to FTV for preventing
health risks deriving from exposure to high-frequency vibration [9,11,13].

Considering the anatomical, biomechanical, and occupational exposure symptom
similarities between the hand and foot, it seems reasonable to expect comparable frequency
response functions (FRFs) between a vibration entering at the driving point and a vibration
measured on the hand or on the foot.

2. Methodology

We compared the transmissibility responses of 12 paired anatomical locations of the
hand [14] and foot [13,15] when exposed to vertical vibration from 10 to 150 Hz under
three conditions.

Concettoni and Griffin [14] measured vibration transmissibility at 41 anatomical
locations of the hand–arm system in 7 different contact conditions for 14 participants.
An electrodynamic shaker imposed a random vibration to a flat plate with an RMS of
17 m/s2 in a frequency range between 5 and 500 Hz. The transmissibility functions
between acceleration at the driving point and the acceleration measured by a laser Doppler
vibrometer at each anatomical point were calculated.

Goggins et al. [13,15] analyzed the vibration transmissibility at 24 anatomical locations
of the foot and ankle in 3 different standing center of pressure (COP) conditions during
exposure to a sine sweep of 10 to 200 Hz with a constant peak velocity of 30 mm/s.
Twenty-one participants stood on a vertically vibrating platform in their natural COP
position, a forward COP position, with their body weight shifted towards the toes, and
in a backward COP position, with their body weight shifted into the heels. The related
transmissibility curves between the input stimulus of the vibration platform and the outputs
at the anatomical locations were calculated.

Paired FTV–HTV Conditions and Anatomical Locations

In the present study, similar conditions and anatomical locations between hands [14]
and feet [13,15] have been compared. The considered hand–foot paired conditions are
as follows (Figure 1): (i) Condition 1: whole hand on the plate compared to the natural
standing COP position; (ii) Condition 2: only the fingers entirely on the plate compared to
the forward COP position; and (iii) Condition 3: only the palm on the plate compared to
the backward COP position.
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Figure 1. Hand–foot paired conditions. (a) Condition 1: whole hand–natural COP; (b) Condition 2:
only the fingers–forward COP; and (c) Condition 3: only the palm–backward COP [14,15].

The considered hand–foot paired anatomical locations from both studies (Figure 2)
were (i) the tips of the fingers compared to the tips of the toes (1–T1P1, 3–T2P1, 6–T3P1,
9–T4P1, and 12–T5P1), (ii) the knuckles compared to the metatarsal heads (2–T1P3, 5–T2P3,
8–T3P3, 11–T4P3, and 14–T5P3); and (iii) the wrist compared to the ankle (25–M4, 34–L4).
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Figure 2. Anatomical locations analyzed in Concettoni and Griffin [14] as well as Goggins et al. [13,15].
Green dots represent the paired points considered in this study.

3. Results

The transmissibility response at 12 paired anatomical locations of the hand and foot
were compared from 10 to 150 Hz in Conditions 1, 2, and 3 (Figure 3). In all three conditions,
the transmissibility response at the wrist–ankle (i.e., 25–M4 and 34–L4) is similar, with a
peak below 50 Hz and a decreasing magnitude up to 150 Hz. The transmissibility response
at the finger and toe tips as well as the knuckles and metatarsal heads is similar until
approximately 75 Hz. Generally, above 75 Hz, the transmissibility of the foot increases (i.e.,
greater than 1.5), while the hand transmissibility decreases below 1.
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4. Conclusions

The comparison between the vibration transmissibility of HTV and FTV illustrates
that the toes’ resonance frequency (above ~80 Hz) is larger than the fingers’ resonance
frequency (10–60 Hz). The transmissibility response at the wrist was similar to the response
at the ankle regardless of the contact condition, with the main resonance below 50 Hz in
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both cases. Variations in the posture, gripping/pushing forces, and usage of antivibration
gloves or shoes alter the resonant frequencies.

The similarity between the vibration transmissibility of HTV and FTV suggest that
using the HAV standards (i.e., ISO 5349 or its modifications) may be more appropriate for
the feet; ultimately, specific standards for the evaluation of FTV exposure are necessary.
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