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2 Introduction

The basic function of protective footwear
is the protection of the lower extremities
against workplace hazards [1, 2]. It has
been shown that while the materials used
in such footwear do protect the feet ef-
ficiently, they deteriorate the ergonomic
[3] and hygienic [4, 5] properties of the
footwear considerably. Depending on
the existing hazards, protective footwear
may be constructed of “hermetic” ma-
terials, with protective elements consti-
tuting an additional burden on the feet.
The materials and protectors used in such
footwear hamper the distribution of heat
and sweat which are produced in consid-
erable amounts during physical exercise.
Currently available insoles for protec-
tive footwear used in conditions of hard
physical work are hygroscopic products
that retain large amounts of moisture in
their structure, which results in deterio-
rated hygienic properties [4]. High tem-
perature and excessive humidity inside
footwear lead to the decomposition of or-
ganic substances present in sweat. This,
in turn, promotes the growth of patho-
genic bacteria and fungi, adversely af-
fecting the hygienic properties and safety
of these products and reducing the period
of time over which they may be used [5].
Insoles are typically designed as systems
of adhesively bonded materials, which
decrease their elasticity and comfort of
use.
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Abstract

The objective of the paper was to evaluate the influence of the physical and chemical prop-
erties of composite insoles on the microclimate in protective footwear under conditions
of hard physical work. The study used the sorption kinetics of composite insoles using
artificial sweat with acidic and alkaline pH, the porosity of the composite structure, and
measurement of the microclimate inside the footwear in a test involving human subjects un-
der laboratory conditions on a treadmill. The results revealed that sorption kinetics largely
depend on sweat pH — sorption is slower at alkaline pH (less effective moisture transport
across the insole) than at acidic pH (more effective moisture transport). Strong correlations
were found between the sorption parameters of the composite insole at alkaline pH and
the porosity parameters of its structure. The microclimate measurements showed optimum
temperature and humidity levels inside the footwear, which remained within the thresholds
of comfort of use defined in the literature. It was found that composite insoles containing
a polycarbonate melt-blown nonwoven may be recommended in particular for non-permea-
ble protective footwear in conditions of very intensive physical work, which is accompanied
by a shift in pH from acidic to alkaline.

Key words: insoles, protective footwear, sweat sorption, sweat pH, porosity, footwear microcli-

mate, comfort of use.

The sole of the foot contains approxi-
mately 140,000 sweat glands, as com-
pared to approximately 60,000 on the
dorsal surface [6]. Therefore insoles may
be the key structural element in ensur-
ing an appropriate microclimate around
the foot in footwear. It has been shown
that the higher density of sweat glands
on the plantar surface of the foot leads to
excessive dampness of footwear materi-
als in the toe, sole, and heel regions [7].
Insoles come in direct contact with the
plantar surface of the foot and research
has revealed that they absorb as much as
85 — 90% of the sweat generated by the
feet. Therefore they should be designed
to efficiently support the transport of
moisture (sweat).

If insoles are made of a polymer or textile
material buffering moisture, then effec-
tive liquid moisture transport is hampered
and sweat accumulates in other footwear
textiles (that is, in the lining, sole, socks,
and liner) [4, 8, 9]. It has been found that
the more moisture is removed from the
immediate vicinity of the feet, the bet-
ter the microclimate in the footwear be-
comes [10].

It should be stressed that the process of
moisture (sweat) removal from protec-
tive footwear is complicated due to the
special design of footwear, and it may be
very difficult, as is the case of all-rubber
boots. It is argued that sweat in liquid
form accumulates in footwear soles,
which leads to their gradual saturation,

especially if the upper is impermeable.
Under these circumstances, an important
role is played by support textiles (liner,
sole, socks, lining etc.), which may fa-
cilitate the drainage of moisture along
the fibres to a level above the shoe upper,
where it may evaporate as a result of ven-
tilation occurring during movement [11].
In this case, of importance is the influ-
ence of the structure of a textile product
on its ability to sorb and desorb liquids in
terms of such parameters as the chemical
composition of the fibre, the fibre mac-
rostructure, and the textile structure and
weave [12].

While performing intensive physical
work under difficult conditions (in min-
ing, steel works, fire fighting etc.), sweat
pH turns from acidic to alkaline. There-
fore it was hypothesised that sweat pH
influences the efficiency of sweat trans-
port across composite insoles and thus
affects the comfort of use of protective
footwear. The objective of the study was
to evaluate the influence of the physi-
cal and chemical properties of insoles
on the microclimate inside protective
footwear under simulated conditions of
hard physical work. Composite insoles
were subjected to physical and chemi-
cal measurements of porosity and sweat
sorption (at acidic and alkaline pH), and
the laboratory results were verified in a
functional experiment involving human
subjects (measurements of the microcli-
mate in protective footwear).
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B Experimental

Materials

The authors of the present study had pre-
viously conducted research concerning
the design and production of composite
insoles for protective footwear, and their
experiments are described at length in
paper [13]. Based on their previous re-
sults for protective parameters (mechani-
cal and hygienic — in accordance with the
standards applicable to protective foot-
wear) and microbiological parameters
(based on the criteria currently used for
casual footwear), which were reported in
the above-mentioned work, two types of
insoles were selected for further study.
The insoles differ in terms of the chemi-
cal composition of fibres used in the mid-
dle layer (polycarbonate or polyamide).

The composite insoles designed com-
prise three layers:

Top layer: woven fabric with an el-
ementary warp satin weave 4/1(3).
One side of the fabric is dominated by
a warp overlap consisting of hydro-
phobic fibres (pneumatically linked
textured yarn made of DTY (draw
textured yarn) polyester fibres with
a linear density of 220/48x2 dtex,
white, manufactured by ELANA S.A,
Torun, Poland, under the trade name
of TORLEN®), while the other has a
weft overlap consisting of hydrophilic
fibres (man-made lyocell cellulose
fibres — open-end yarn with a linear
density of 25 tex, manufactured by
LINZ TEXTIL® GMBH, Linz, Aus-
tria, under the trade name of TEN-
CEL®, white, in a crude form);
Middle layer: a bioactive nonwoven
fabric produced using melt-blown
technology from commercially avail-
able polymers:

LEXAN Resin polycarbonate

(General Electric Plastics, USA)

for composite insole variant 1,

Table 1. Characteristics of the insoles for protective footwear studied.

No Type of Component, Structure, type of fabric, Thickness, | Weight,
' insole blend ratio, % blend ratio, % mm [76] g/m2
Three-layer textile composite consisting of:
Composite woven fabric made of PES/LY = 10/20,
1 insole PES/LY/PC/PP melt-blown nonwoven made of PC = 60, 5.60 450
designed =10/20/60/10 stiffening nonwoven made of PP = 10. ’
(variant 1) The layers were spot-welded using
ultrasound.
Three-layer textile composite consisting of:
Composite woven fabric made of PES/LY = 10/20,
2 insole PES/LY/PA/PP melt-blown nonwoven made of PA = 60, 5.80 450
designed =10/20/60/10 stiffening nonwoven made of PP = 10. ’
(variant 2) The layers were spot-welded using

ultrasound.

AQUAMID 6 polyamide (Auqa-

fil Engineering Plastics, Italy)

for composite insole variant 2;
containing a biocidal substance (mag-
nesium monoperphthalate);
Bottom layer: a nonwoven consist-
ing of polypropylene fibres (FILTEX
S.A., Poland), used as a substitute for
gasket felt.

Characteristics of the composites studied
are given in Table 1, while physical and
chemical properties of the melt-blown
nonwovens used in the composite insoles,
which were meant for use in protective
footwear, are presented in Table 2.

B Methodology

Evaluation of porosity

The porosity of the composite insoles
was examined using a capillary poro-
simeter (PMIAPP, USA) [14]. We deter-
mined the mean sizes of the largest and
smallest pore fractions, which in turn
made it possible to determine the internal
voids that form capillaries with varying
diameters participating in the process of
liquid absorption and distribution in the
material. The analysis involved the fol-
lowing parameters:

substitute diameter of the largest pores

(bubble point), um;

substitute diameter of the largest

pores, um;

average size of the main fraction
pores, pm.

Evaluation of sorption

The kinetics of the sorption of the com-
posite insoles was studied using a sorp-
tion meter (SORP-3, Poland) [15]. This
apparatus was used to analyse the kinet-
ics of the phenomenon, providing infor-
mation about the wettability of the sur-
face as well as the time and maximum
rate of the sorption process. Based on the
sorption curve determined, the following
parameters were calculated:
Maximum sorption, S, — the amount
of liquid absorbed per unit of area of
the sample in ul/cm?;
Mean sorption rate, V3079 — the sorp-
tion rate calculated as the increase in
sorption in time over the section of the
sorption curve between the points cor-
responding to 30% and 70% of S,y in
ul/em?2s;
Maximum sorption rate, V), — sorp-
tion rate at the extreme of the sorption
curve in pl/cm?2s;
Total sorption time, #,,,, — time from
the moment when the sample made
contact with the wet surface to the end
of the sorption process in s.

The sorption test was modified in two
ways by the authors of the study pre-
sented. Due to the fact that the compos-
ites studied are to be used in protective

Table 2. Physical and chemical characteristics of the melt-blown nonwovens used in the composite insoles designed for protective foot-
wear, *) The absorption of cold water by the melt-blown nonwovens studied was measured according to Standard PN-EN ISO 62:2008
“Plastics — Determination of water absorption”. **) The water content of the melt-blown nonwoven samples studied was determined by
coulometric titration using a Karl Fischer DL 39 coulometer from Mettler Toledo. During the Karl Fischer analysis, water contained in
the nonwoven samples was released from the polymers in an oven at 110°C in an atmosphere of high purity nitrogen. ***) The nonwoven
samples studied were analysed by Fourier transform infrared spectrometry (FTIR). IR spectrophotometric spectra were acquired by means
of Genesis Series FTIRTM apparatus from Unicam, using the following parameters: measurement range.: 4000-500-1, resolution 4.0, and
the number of scans done while acquiring a background spectrum: 16. The preparation examined, in the form of KBr tablets containing
sample material at a concentration of 1 mg per 300 mg of KBr, was subjected to spectrometric analysis.

No Tyoe of insole Average fibre | Wetting angle, | Water absorption, | Water content,
' yp diameter, nm degree [66] wiw % *) wiw % **)
1 polycarbonate fibers 3.006 60 644 5.75
2 polyamide fibers 3.177 70 847 7.70
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Vibration bands for FTIR spectra (W-3748 for PA
W-3750 nonwoven; W-3750 for PC nonwoven), cm -1

Vibrations of —OH groups ***)
3437
3000 — 3500
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footwear, the measurements were made
under a load of 5 kPa. Additionally acidic
synthetic sweat and alkaline synthetic
sweat were used to simulate the process
of sweat production during gradually
intensifying physical exercise, which
causes a shift in sweat pH. The synthetic
sweat solutions were prepared in accord-
ance with the procedure described in the
standard concerning textile colour fast-
ness to perspiration [16].

Evaluation of microclimate inside
footwear with insoles

A functional study of footwear was con-
ducted on ten active male firefighters
aged 25 to 30 (28 £ 1.5). The subjects
underwent a medical examination which
ruled out cardiovascular diseases, meta-
bolic diseases, diseases of the locomo-
tor system, and dermatological lesions
on the skin of the lower extremities (the
study protocol was approved by the
Commission of Scientific Research Eth-
ics at CIOP-PIB, decision No. 52/2009).
The insoles were placed in certified im-
permeable protective firefighter boots.
The boots were equipped with special
protective elements, that is, steel toe-
caps designed to withstand an impact
of up to 200 J and steel insoles fitted
in the soles to provide puncture protec-
tion. Prior to the functional study, the
footwear, insoles, and standard socks
(CO/PA = 60:40) were conditioned for
24 h in a standard air atmosphere at
23 + 2 °C and relative humidity of
50 + 5%.

The methodology for measuring the tem-
perature and humidity inside footwear
was described at length in our previous
paper [4]. The microclimate was meas-
ured with two T/RH sensors (temperature
with + 0.3 °C accuracy; humidity with
1.5% accuracy). One integrated tempera-
ture and humidity sensor (ElproHotbox
SE, Germany) was placed inside the
boots between the sock and insole, me-
dially, under the longitudinal arch of the
foot. Another sensor measuring the tem-
perature (Elpro, Switzerland) was placed
in the central area of the dorsal region of
the foot, where the surface of the skin
comes in contact with the footwear outer
most intensively. Measurements were
conducted in a continuous online mode,
with readings made every 3 minutes.
Physical exercise was implemented using
a treadmill (VIASYS Healthcare™, Ger-
many) with an adjustable belt speed. The
tests were carried out in a laboratory at
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constant climate conditions: air tempera-
ture of 23 £ 2 °C, relative humidity of
50 £ 5%, and air movement of 0.10 m/s.

The experimental procedure for the foot-
wear microclimate testing consisted of
the following three phases:
Phase [ - warm-up on a treadmill at a
speed of 7 km/h for 10 min,

Phase II - exercise on a treadmill at a
speed of 5 km/h for 60 min,

Phase III - rest in a seated position for
30 min.

Statistical analysis

Sorption properties of the textile materi-
als measured under different conditions
(acidic and alkaline pH) were analysed
for statistical differences. Also relation-
ships between the sorption properties and
porosity of the textile composites tested
were examined.

A 95% confidence interval (= 2 SD) was
adopted. The Kolmogorov-Smirnov test
showed that all the variables analysed in
the study were distributed normally. To
identify statistical differences in terms
of the pH of the solution’s influence on
the process of sorption, we conducted
repeated mixed analysess of variance
(ANOVA). Pairwise comparisons of
means were carried out using post-hoc
tests with Bonferroni correction for
multiple comparisons. The level of sig-
nificance adopted was 0.05 (for the maxi-
mum sorption rate) and 0.001 (for the
maximum sorption and mean sorption
rate, and the total sorption time). If the p
value is less than the p threshold adopted,
then the given factor (acidic/alkaline pH)
has a significant influence on sweat sorp-
tion parameters.

The presence of a correlation between the
parameters studied (porosity and sorp-
tion) was examined using Pearson’s r.
Statistical analysis was also conducted
for measurements of the microclimate in
the footwear with a view to identifying
differences in temperature and humidity
in the region between the foot and in-
sole for two types of insoles over three
phases of footwear use. The statistical
significance of the parameters was evalu-
ated using such statistical coefficients as
the mean, standard deviation, and coef-
ficients of variation. Analysis was con-
ducted by means of SPSS Statistics 17.0
software.

I Results and discussion

Analysis of porosity and sorption

The composite insoles developed rep-
resent a multi-layer material system in-
cluding both hydrophilic and hydropho-
bic fibres that is conducive to sorption,
but also involves absorption, surface
wetting, and capillary transport through
pores (voids). The three materials used
for the composite, differing in terms of
their morphological structures (a wo-
ven fabric, melt-blown nonwoven, and
stiffening nonwoven), spot-welded by
means of ultrasound, provide a gradient
of density. This kind of insole structure
ensures varied porosity with a prevalence
of the smallest-diameter pores. It should
be stressed that the middle layer exhibits
the greatest variation in porosity, consist-
ing of a melt-blown nonwoven character-
ised by considerable interfibre porosity,
which is confirmed by 3D images of the
composite (Figure 1).

The technology of ultrasound bond-
ing was used to spot-weld three layers
of different chemical composition and
structure. This made it possible to avoid
lamination, in which layers are attached
by adhesive substances. Instead a spatial
structure enabling easy transport of heat
and moisture was created. This technol-
ogy was developed by Irzmanska et al.
and described at length in [13]. The up-
per layer of the insole (a woven fabric
with a satin weave) quickly absorbs lig-
uid (sweat) due to its thicker and stiffer
fibres, which lead to larger pores lo-
cated near the place of sweat secretion.
These are synthetic PES fibres, which
continue to be stiff after wetting. Effec-
tive distribution of the liquid occurs in
the second layer, which is composed of
thinner, nanometric melt-blown fibres,
forming smaller pores in the spaces be-
tween them. The use of thin and smooth
hydrophilic fibres (polycarbonate, PC or
polyamide, PA, Figure 2) results in in-
creased capillary pressure, which causes
the liquid to flow further away to the
third layer. The third layer, which comes
in contact with the footwear, is made of
hydrophobic fibres with limited absorp-
tive capacity, whose task is to drain the
sweat away along the support textiles,
such as socks, to a level above the boot
upper, where it evaporates as a result of
ventilation occurring during movement.
Similar conclusions were formulated by
Kuklane et al. and Holmer et al. [17, 18].
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Layer 1 - woven fabric

Layer 3 - stiffening |
nonwoven

Layer 2 - melt-blown
nonwoven

Figure 1. 3D cross-section through the structure of the composite insole designed

for protective footwear:

Figure 2. SEM image of a cross-section through the middle layer of a composite insole
consisting of melt-blown nonwoven made of: a) polycarbonate (PC) and b) polyamide (PA)
fibres.

According to Morton et al. [20], sweat
particles may be attached to fibres me-
chanically or by physical and chemical
processes. The mechanical attachment
of sweat particles may be caused by sur-
face attraction (adhesion) or accumula-
tion inside microcapillary voids, crev-
ices or fractures (porosity) as a result of
capillary forces. This kind of sorption
plays a major role in the case of fibres
and products characterised by a highly
non-uniform macroscopic structure. In
turn, sweat particles attached to fibres
by physical and chemical processes are
bound by absorption.

In the present study, the insoles designed
held sweat both effectively by physi-
cal/chemical and mechanical processes.
From the point of view of the process of
liquid (sweat) transport, the key element
in the insole structure is the melt-blown
nonwoven, made of two types of hydro-
philic polymers: polycarbonate (PC) or
polyamide (PA). According to Silverstein
et al., as compared to other polymers,
polyamides are characterised by high
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water absorption. Even though in theory
polyamide fibres are considered hydro-
phobic, it has been found that one can
modify their water sorption properties
by the addition of low molecular weight
molecules of hydrophobic nature which
limit the availability of the polymer to
water molecules [19]. According to Mor-
ton et al., the hydrophilic properties of
polyamides depend on the structure of
the macromolecules, that is, the content
of —OH groups [20]. The polyamide and
polycarbonate macromolecules used in
this study are characterised by polarity,
which means that they readily absorb
water (Table 2). Both the polycarbon-
ate and polyamide fibres used in melt-
blown nonwoven are characterised by
high wettability, which suggests that they
have hydrophilic properties. This is ad-
ditionally confirmed by the wetting angle
(® < 90°) and moisture content obtained
(Table 2).

In the study presented, sweat was also
held in the insole structure mechanically
as a result of adhesion and liquid accu-

mulation inside microcapillary voids,
crevices and fractures due to capillary
forces. Sorption effectiveness is then
largely determined by the capillary ten-
sion, which is responsible for moisture
retention and its distribution between
voids in the material. In turn, capillary
tension levels depend on the type of lig-
uid and environment. According to Larry
Kenney [21], the pH of a liquid affects
the capillary tension, which is increased
by acidic pH and decreased by alkaline
pH. During exertion, when the body se-
cretes sweat more intensively, the pH of
sweat gradually shifts from acidic to al-
kaline, which has been observed during
strenuous sports exercise. In the present
study, it was assumed that a similar phe-
nomenon occurs during hard physical
work, e.g., among steelworkers, miners
and firefighters. It is a physiological fact
that human sweat is characterised by low
surface tension (pH 4 — 6.8) and contains
inorganic components (e.g., chorine, so-
dium, potassium, and phosphorus ions)
as well as organic ones (e.g., urea, cre-
atinine, ammonia, uric acid, and glucose)
[21]. Acidic sweat contains primarily
inorganic components and, especially,
“strong electrolytes” (N* and K+), which
increase the surface tension of the liquid
due to the strong affinity of these ions to
polar water molecules. Thus one could
expect that during physical exercise al-
kaline sweat containing predominantly
organic compounds, which decrease the
surface tension, will not be as readily
transported by textiles. The influence of
sweat pH on the efficiency of capillary
transport in protective products has not
been studied to date or documented with
appropriate scientific evidence.

In the study presented, we sought to con-
firm the physical phenomena above. Gen-
erally it was found that the insoles stud-
ied exhibited very good sorption proper-
ties (Table 3). Our tests also confirmed a
characteristic feature of the sorption pro-
cess, that is, very high intensity at the ini-
tial stage, followed by much lower inten-
sity up to the state of saturation. Further-
more we observed that the sorption rate
of the composite insoles was incremental
due to structural differences between the
layers, which is shown in the 3D image
of the composite insole (Figure I). Our
experiments showed that the chemical
composition of the liquid (sweat pH) is a
statistically significant factor influencing
the effectiveness of sorption by compos-
ite insoles (7Tuble 4). We also found that
the chemical composition of the liquid
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had a significant influence on the kinetics
of sorption by composite insoles — alka-
line pH improved sorption effectiveness
in terms of increasing the amount of lig-
uid absorbed, thus also increasing the
maximum sorption time, while acidic pH
improved sorption effectiveness in terms
of the maximum and mean absorption
rates. The above findings were observed
to strongly depend on the type of fibres
used in the textiles, which was also re-
ported by Patnaik et al. [23], Petrulyte et
al. [24], Bogustawska-Baczek et al. [26],
Hes et al. [27], and Mangat et al. [28].
Analysis of differences in the pH taking
into consideration the material variants
showed the insoles containing polycar-
bonate fibres (variant 1) to have the best
sorption properties at alkaline pH and
those containing polyamide fibres (vari-
ant 2) to have the best sorption properties
at acidic pH. Both insole variants con-
tained the same satin weave woven fabric
from Lyocell and polyester fibres.

Even though alkaline pH theoretically
decreases the surface tension of the fi-
bres, which should imply inferior capil-
lary transport, the presence of very thin
hydrophilic polycarbonate fibres and a
great number of small pores significantly
improves the sorption effectiveness of
the composite material. In turn, the poly-
amide variant more effectively absorbs
and transports liquids with acidic pH,
which theoretically increases the sur-
face tension of the fibres, thus improving
capillary transport. Different pH values
of the liquid have different wetting ef-
fects on the fibre surface, increasing or
decreasing the ability of the fibres to
adhesively bind water [22 - 24]. Thus it
was found that at alkaline pH, the excep-
tionally efficient liquid transport is due
to the structure of the melt-blown non-
woven, which consists of an extremely
high number of nanometric filaments,
which was also reported by Dutkiewicz,
who examined nonwovens for hygienic
applications [29]. The very high capil-
lary tension generated between them is
responsible for retaining moisture in the
nonwoven layer. Therefore the driving
force for efficient liquid (sweat) transport
in the melt-blown nonwoven is surface
tension, that is, the attraction between
droplets of body fluid (sweat) and the
surface of fibres, as well as the configura-
tion of a large number of voids (pores) in
the insole structure, which was discussed
in detail by, e.g., Dutkiewicz [29] and
Woodcock [30]. The presence of smaller
pores, entailing greater surface tension,
leads to more efficient capillary transport
in insoles (Table 3).
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Table 3. Descriptive statistics of sorption parameters at alkaline and acidic pH for compos-
ite insoles with the middle layer consisting of melt-blown nonwoven made of polycarbonate
fibres (variant 1) or polyamide fibres (variant 2).

Sorption at Parameter

Sorption (S max)

Maximum sorption rate (Vmax)

alkaline pH
Mean sorption rate (V 30.70%)
Maximum time (t max)
Sorption (S max)
Maximum sorption rate (Vimax)
acidic pH

Mean sorption rate (V 30.70%)

Maximum time (t max)

Composite insole variant, Mean/SD

1 2
341.4/20.6 347.5/13.6
17.5/3.8 26.8/0.9
9.9/1.6 24.4/0.9
52.2/5.2 63.7/7.8

310.00/13.76 361.10/10.26

15.99/3.47 25.67/1.76
10.04/0.98 23.47/1.90
44.40/4.38 48.38/5.09

Table 4. ANOVA for differences between insole variants in respect of sorption parameters
and post-hoc comparisons based on estimated marginal means.

i ANOVA statistics Composite :
Sorption parameters . " Post hoc comparison
insole variant
F df P
i 1 alkaline pH > acidic pH
Sorption 1157 : p ! P
(Smax) 2 alkaline pH < acidic pH
< 0.001 - —
Maximum sorption rate 1 alkaline pH > acidic pH
5.64
(Vmax) 2
3 3 1 t significant
i not significan
Mean sorption rate 299 <005 9
(V30-70%) 2
i i 1 alkaline pH > acidic pH
Maximum time 15.44 <0.001 P- : P
(tmax) 2 not significant

Table 5. Pearson's correlations between sorption parameters at alkaline and acidic pH and

porosity parameters for composite insoles.

Sorption at alkaline pH

Variant Parameter
smax Vmax
Substitute diameter } )
of the largest pores
Size of the smallest pores
1 of the main fraction 0.86 | 0.90
Size of thg Iarge_st pores 032 042
of the main fraction
Mean flow pore size 0.34 | 0.48
Substitute diameter 032  -0.33
of the largest pores
Size of thfa small_est pPores | 49 | 043
2 of the main fraction
Size of the largest pores 031 | -0.34

of the main fraction
Mean flow pore size - -

This is confirmed by the correlations be-
tween sorption and porosity parameters
obtained (7able 5). The sorption parame-
ters for insoles containing polycarbonate
fibres (variant 1) are strongly related to
the pore size at alkaline pH — the greater
the size of the smallest pores, the higher
the sorption (Spax), mMaximum sorp-
tion rate (Vax), and mean sorption rate
(V30.70%) are, and the lower the maxi-
mum sorption time (ty,x) is. In turn, the
sorption parameters for the insole con-
taining polyamide fibres (variant 2) are
strongly related to the pore size at acidic

Sorption at acidic pH

V30-70% tmax | Smax | Vmax V30-70% tmax
- - 0.37 | 0.46 0.44 -0.49
0.92 -0.92  -0.46 | 0.43 -0.35 | -0.36
0.58 -0.58 - - - -
0.45 -0.53 - - - -
-0.37 0.47 | 0.56 | 0.40 0.56 -0.49
-0.49 0.32 |1 092 | -0.92 -0.85 0.97
-0.34 042 093 -0.92 -0.91 0.88

pH (a different type of correlation). In
this case, the greater the size of the small-
est and largest pores is, the higher the
sorption, the longer the maximum sorp-
tion time (tyay), the lower the maximum
sorption rate (Vay), and the lower mean
sorption rate are (V30.70%)-

Analysis of the microclimate in
footwear

In order to confirm the conclusions fol-
lowing from the physical and chemical
examination of the insoles, we conducted
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Figure 3. a) Mean temperature in °C and b) mean relative humidity in % in protective
footwear with composite and commercial insoles. Insole 1 —composite insole designed con-
taining a PC melt-blown nonwoven, insole 2 —composite insole designed containing a PA

melt-blown nonwoven.

a functional study involving human sub-
jects.

According to Gran [6], insoles store
moisture in the form of liquid sweat, as
they absorb most of the moisture present
in the footwear. A study by Ogden [11]
showed that insoles absorb as much as
85-90% of the sweat produced by the
feet. Thus one could argue that the more
moisture is removed from the immedi-
ate surroundings of the feet, the better
the microclimate inside the footwear will
be. However, the use of unhygienic poly-
meric insoles with adhesively bonded
layers may completely block the sorp-
tion properties. In such a case, moisture
(sweat) would accumulate in other parts
of the footwear and in the socks, promot-
ing the growth of pathogenic bacteria and
fungi, which may adversely affect the hy-
gienic properties and safety of protective
products and reduce the duration of their
use, which was discussed by Irzmanska
et al. [13]. According to the literature,
optimum conditions for the foot consist

94

of a temperature not exceeding 35 °C and
relative humidity of 65 — 80% in protec-
tive footwear and a temperature not high-
er than 34 °C and relative humidity of
60— 65% in sports footwear [4,2, 17, 18].

The functional tests confirmed the very
good sorption properties of the compos-
ite insoles designed. The average record-
ed temperature shows that the composite
insoles enabled the optimum temperature
in the footwear during each of the three
phases of footwear use (Figure 3.a). In
phase I, the two insoles exhibited very
similar parameters — the temperature for
insole 1 (containing PC melt-blown non-
woven) was about 1% lower than that for
insole 2 (containing PA melt-blown non-
woven). During phase II, the difference
between the insoles increased to 5%.
In phase III, the temperature difference
slightly decreased and remained stable
at 1.5%. It should be emphasised that
the temperature inside the footwear did
not exceed 35 °C during exercise, which
translates into comfort of use according

to the literature data, and the internal
temperature remained within the comfort
threshold throughout the entire footwear
testing cycle, suggesting that the insole
materials do not exhibit a buffer action,
that is, they do not release the heat stored
in the subject resting phase.

Just as in the case of temperature, the
mean recorded humidity levels also in-
dicate that the composite insoles studied
ensure optimum humidity in the foot-
wear during each of the three phases of
footwear use (Figure 3.b). A slight and
gradual increase in mean humidity was
observed for the composite insoles be-
tween the three phases. Humidity levels
rose by about 3% in phase II, and by
about 3% in the rest phase, as compared
to phase I. The humidity levels recorded
in the footwear with the insoles tested did
not exceed 80%, which implies comfort
of use of the protective footwear.

The results of microclimate measure-
ments inside the footwear prove that the
composite insoles used in the protective
footwear lead to optimum temperature
and humidity levels in the metatarsal re-
gion during simulated physical exercise.
They ensure good ventilation and rapid
absorption of sweat from the skin, as well
as its desorption, which is indicated by
the temperature and humidity parameters
remaining at nearly constant levels in
the rest phase (phase III). The compos-
ite insole containing a polycarbonate
melt-blown nonwoven and fabric made
of Lyocell and polyester fibres exhibited
optimum properties, as confirmed by the
results of physical and chemical studies —
during exercise involving intensive sweat
production; when sweat pH becomes al-
kaline, efficient transport is supported by
the structure of composites containing a
melt-blown nonwoven made of polycar-
bonate fibres, efficiently transporting lig-
uids (sweat) at alkaline pH.

@ Conclusions

Multilayer composite insoles consist-
ing of both hydrophobic and hydro-
philic fibres improve liquid sorption
due to absorption, surface wetting,
and capillary transport through voids
(pores).

The non-uniform macroscopic struc-
ture of the composite insoles influ-
ences their sorption kinetics: the
composite consisting of a polycarbon-
ate melt-blown nonwoven and fabric
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made of Lyocell and polyester fibres
(with very small pores) efficiently
transports sweat at alkaline pH, while
the composite containing a polyam-
ide melt-blown nonwoven and fabric
made of Lyocell and polyester fibres
(large pores) efficiently transports
sweat at acidic pH.
Sorption kinetics largely depends on
the pH of the liquid (sweat): at alkaline
pH the sorption time is longer (mois-
ture transport through the medium is
less efficient), while at acidic pH the
sorption rate is much higher (moisture
transport through the medium is more
efficient). Also the fibre type has an
impact on sorption kinetics:
composites containing a melt-
blown nonwoven made of polycar-
bonate fibres efficiently transport
liquids (sweat) at alkaline pH;
composites containing a melt-
blown nonwoven made of poly-
amide fibres efficiently transport
liquids (sweat) at acidic pH.
The composite insoles used in imper-
meable protective footwear lead to a
more beneficial microclimate than
that afforded by commercial insoles,
meaning lower temperature and hu-
midity levels in the metatarsal region
during physical exercise.
The type of insole recommended for
impermeable protective  footwear
worn during hard physical work (in
the mining industry, steel industry,
mountain rescue services, and fire ser-
vices) is the composite insole contain-
ing a melt-blown nonwoven made of
polycarbonate fibres, as it improves
the disposal of alkaline sweat, which
is characteristic of intensive physical
exercise.
The results concerning the physical
and chemical properties of materials
and the microclimate inside footwear
prove that during the process of de-
signing and selecting insole materials
for protective footwear to be used un-
der conditions of hard physical work,
the key criterion is evaluation of their
sorption qualities and porosity at acid-
ic and alkaline pH.
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Editorial note
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by the FTIR method as well as tested for
moisture content and water absorption at the
Institute of Biopolymers and Chemical Fibres
in £6dz, Poland.
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