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A B S T R A C T

Health and safety regulations in many countries require workers at risk to wear safety shoes in a factory
environment. These shoes are often heavy, rigid, and uncomfortable. Wearing safety shoes daily leads to
foot problems, discomfort and fatigue, resulting also in the loss of numerous working days. Currently,
knowledge of the biomechanical effects of insoles in safety shoes, during working activities, is very
limited.
Seventeen workers from a metalworking factory were selected and clinically examined for any foot

conditions. Workers feet were 3D scanned, with regards to their plantar view, and the images used to
design 34 custom-insoles, based on foot and safety shoe models.
Three insoles were blind-tested by each worker: custom (CUS); prefabricated with the safety-shoe

(PSS), and off-the-shelf (OTS). Foot-to-insole pressure distribution was measured in seven motor tasks
replicating typical working activities: single and double-leg standing; weight lifting; stair ascending and
descending; normal and fast walking.
Wearing CUS within safety shoes resulted in a greater uniform pressure distribution across plantar

regions for most of the working activities. Peak pressure at the forefoot during normal walking was the
lowest in the custom insole (CUS 275.9 � 55.3 kPa; OTS 332.7 � 75.5 kPa; PSS 304.5 � 54.2 kPa). Normal
and fast walking were found to be the most demanding activities in terms of peak pressure.
Wearing safety shoes results in high pedobarographic parameters in several foot regions. The use of

custom insoles designed on the foot morphology helps decrease peak pressure and pressure-time
integral compared to prefabricated featureless insoles.

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

Workplace injuries are often associated to residual disability
and functional deficits, thus leading to the loss of working days and
large economical and social costs. About 10% [1] and 25% [2] of all
accidents occurring in the workplace is related, respectively, to the
foot and ankle. According to the Italian Institute of Insurance for
Professional Illness and Injuries, 700.000 work-related injuries are
reported each year across a population of about 60 million people,

and 15% of these affects the foot and ankle. In the United States,
according to the Bureau of Labor Statistics, the foot and ankle are
concerned with nearly 10% of the 12 million a-year workplace
injuries. The foot is in fact an extremely fragile body region, whose
lesions can be particularly disabling and hence require long
recovery periods. The metatarsus and toes have been reported to
be the most affected areas (34% of all injuries) [3], due to the
frequent occurrence of heavy objects falling on the forefoot.

In order to limit the occurrence of foot injuries within the
workplace, health and safety regulations recommend the use of
safety footwear. Due to the variety of hazards across different
workplaces, safety shoes are classified and recommended accord-
ing to job-specific duties, as established in the European standards
minimum requirements. Most safety footwear is equipped with
hard toe caps which protect against impacts, protective uppers,
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puncture-resistant and anti-slip outsoles, and encapsulating backs.
Although these features are designed to protect from serious
accidents, they also inflict some discomfort to the worker’s feet,
with about 90% of workers reporting feet problems [4]. Maintain-
ing a prolonged upright posture or moving heavy objects can lead
to musculoskeletal disorders (e.g. fasciitis and tendonitis), lower
leg edema, and fatigue due to reduced effectiveness of the venous-
muscle pump mechanism [5]. Plantar pressure peak deviations, in
particular heel and metatarsal heads overloading, are associated to
muscular fatigue and may lead to lower limb stress reaction and
fractures [6]. This is also due to the rigidity of some of the metal
components comprising these shoes. Despite these critical issues,
the relevant literature on this important topic is scarce [2,4].

Current regulations are strict on the type, position and
materials of the protective elements featuring standard safety
shoes, but no clear recommendations have been established for the
shoe footbed. The prefabricated insoles provided with safety shoes
are often thin, with insufficient arch-support, and made of
inadequate materials. However, feet morphology, and sometimes
deformities, are unique to each person and shoe design can seldom
take into account differences between the most typical foot types,
such as flat or cavus foot. In-shoe pedobarography has long been
used to study the effect of orthotics on plantar pressure
distribution [7,8], and the clinical implications of the foot-to-
insole interface [9]. It has been shown that peak pressure can be
reduced by adding cushioning elements to the footbed [10], thus
providing early evidence of pressure relief when using appropriate
orthotics. While off-the-shelf all-purpose comfortable insoles may
help to mitigate the inherent discomfort of wearing heavy and stiff
safety shoes, these are available in a limited number of shapes and
materials, and are hardly capable to fit specific foot types and
safety shoes. Recent advancements in the 3D scanning technology,
in association with CAD-CAM, is enhancing the design and
production of custom insoles via subtractive or additive
manufacturing [11,12]. Custom insoles are prescribed as a non-
invasive solution to deal with lower limb pathologies [13,14], foot
ailments and deformations [15,16], and to improve sport perfor-
mance [17]. These are usually more expensive than off-the-shelf
insoles, since the design requires an in-depth examination with a
podiatrist and additional measurements, but the user generally
experiences a greater uniform pressure distribution, increased
comfort, and less pain [18,19]. However, the current literature on
plantar pressure distribution in safety shoes is limited, and only
one study has evaluated the plantar pressure distribution in
barefoot standing to assess the effect of different insoles on the
foot’s health [20]. Moreover, in-shoe plantar pressure when
wearing safety footwear has yet to be investigated in relation to
different working activities. This information has the potential to
provide recommendations and enhance the policies regulating the
working activities of those required to wear safety shoes.

The purpose of this study was to assess the effect of safety shoes
fitted with different insoles, on the resulting plantar pressure
magnitude and distribution during common working activities.

A thorough clinical and functional evaluation was performed on
subjects by physical examination, comfort scoring, and baropodo-
metric measurements. The design of the subject- and footbed-
specific custom insoles was obtained, for the first time, by
integrating 3D foot morphological data and the shape of the
safety shoes.

2. Methods

2.1. Participants

A total of 40 workers of a metalworking factory (Bonfiglioli
Riduttori, Italy) underwent clinical examination by an experienced

physiatrist to identify morphological and functional character-
istics, such as toes’ alterations, soft tissue’s pain, and plantar
fasciitis. Workers found to have severe degenerative pathologies,
systemic diseases (e.g. diabetes), and those with normal asymp-
tomatic feet, were excluded for ethical reasons. In agreement with
the specific criteria, and the metalworking company, 17 workers (6
women and 11 men, age 45.1 �5.2 years; BMI 26.7 �4.5 kg/m2;
shoe size 42 � 3 Euro) were chosen for this study. Fourteen of these
workers reported to habitually wear plantar orthoses for foot
ailments. Ethical approval was granted by the Ethics Committee of
“Istituto Ortopedico Rizzoli”, and informed consent was obtained
from all participants.

2.2. Tested insoles

The workers wore safety shoes produced by the same footwear
company (Base Protection, Italy). The shoes feature a padded collar
in the back, puncture-resistant outsole and a steel toe cap (Fig. 1c).
The safety shoes are fitted with thin, perforated, and featureless
prefabricated insoles (PSS). The PSS was tested against a standard
off-the-shelf insole (OTS) and a custom insole (CUS). The OTS is
made in polyurethane combined with perforated thermoplastic
material and covered by anti-slip surface; it features a latex heel
pad, medial arch support, and a metatarsal bones pad insert
(Fig. 1d).

Two CUS, made in EVA (ethylene-vinyl acetate), were indepen-
dently designed on the morphology of the left and right foot of
each subject, and according to the footbed of the safety shoes. The
plantar view of each foot was 3D scanned with a system comprised
of a commercial, laser-based foot scanner device (i-Qube, Delcam,
UK) and an external frame holding an elastic membrane (Fig. 1).
The subject was asked to stand over the scanner and place the foot
on the elastic membrane lying over the scanner top (Fig. 1a, b). The
tension in the membrane prevents the foot arch from flattening,
replicating the plantar foot shape during dynamic activities, and
allowing adjustment for specific corrections. CAD models of the
shoes provided by the manufacturer aided the design of the CUS
bottom to match exactly the shoe footbed. The CUS’s were
fabricated via subtractive-manufacturing from EVA blocks using a
milling machine. As a final production quality check, the fit
between each CUS and the corresponding foot and shoe was
performed by visual inspection inside and outside the shoe.

2.3. Clinical and comfort evaluation

The Manchester Oxford Foot Questionnaire (MOxFQ) was used
to score the health status of the worker’s feet [21]. The resulting
overall comfort of the safety-shoe with insole compound was
assessed, for each insole, via a 0–100 VAS-based questionnaire. A
VAS score of 0 is associated to “Not comfortable at all” and 100 to
“Most comfortable condition imaginable” [22]. Comfortable
walking shoes owned by the workers, were used as a reference
for comfort evaluation.

2.4. Pedobarography

Each worker wore safety shoes fitted with one of the three pairs
of insoles, and walked through an ad-hoc “working-trial”
replicating the most typical motor tasks performed during a
working day: single-leg standing upright posture; double-leg
standing upright postures; normal walking; 4 kg weight lifting;
fast walking; stair ascending, and stair descending. Blind
randomized testing of the insoles was used for each worker.
Plantar pressure at the foot-to-insole interface was measured
using the 99-sensor Pedar insoles (Novel gmbh, Germany; pressure
range 15–600 kPa; nominal accuracy 2.5–5 kPa) sampling at 50 Hz.
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