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Abstract

Along with the aesthetics and comfort of the shoes, the thermal characteristics of the shoes are
one of the most important factors that should be considered in their design. In weight-bearing
activities of daily living, the foot plantar temperature can increase considerably which can be
uncomfortable and lead to injuries. Most literature has focused on the mechanical behavior of
the shoe sole to accommodate cushioning. In this study, a shoe sole design that can
accommodate appropriate thermal properties to prevent excessive foot temperature rise during
activities of daily living was investigated.

As it is challenging to find a material that has both suitable thermal and mechanical properties,
in this study, a Phase Change Material (PCM) -enhanced shoe sole was innovated and proposed.
In this design, a structured porous layer is embedded inside the shoe sole, in which the pore
space is filled with PCM. Different low-temperature PCMs were proposed and simulated.
Among them, paraffin wax (RT35) and PEG 900 showed outstanding performance. It was
shown that using these PCM-enhanced shoe soles can keep foot soles cool, after 30 minutes of
slow walking. These sole designs were also effective in keeping the foot sole cool during

intensive activities like jogging or running.
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1. Introduction

The thermal characteristics of footwear are contributing factors to the shoe performance that
shall be taken into account in conjunction with its aesthetics and comfort[1, 2]. In the human
body, only a few percent of energy (around 20~50% [3]) is converted to mechanical work
and the rest is dissipated in the form of heat. Meanwhile, the foot sole as the body radiator [4]
plays an important role in thermoregulation and cooling[5-7]. Consequently, footwear shall
not prevent the cooling role of a foot sole, especially in intense physical activities like
running in which, the foot sole temperature during warm summer days can reach 50°C or
even higher [8]. Foot thermal regulation is more important in conditions such as diabetes as
excess foot temperature is associated with an increase in the risk of diabetic foot ulcers [9-
11].

Although a temperature above 35°C is uncomfortable [12, 13], few analytical or numerical
works can be found with a focus on the solutions for cooling the foot. Based on the
experimental works of Shimazaki et al. [14-17], Nemati et al. [18]proposed an analytical
method to predict the foot sole temperature during running/jogging at different speeds,
considering both the mechanical and thermal properties of the shoe soles. In that study, a
good agreement between the predicted and the measured temperatures at the ball of the foot
was reported [18]. In the same study, in contrast to the temperature at the ball of the foot, the
measured arch temperature did not rise at the same rate and consequently, it deviated after a
while from the predicted temperature[18]. The arch temperature can be 2 to 3°C less than the
ball temperature and this difference in temperature rise can be due to the effect of sweating in
the arch area as highlighted in Nemati et al. [18]. In another study, Nemati and Naemi
developed an analytical model where another source term was considered in the energy
equation to simulate the sweating effect[19]. The results of that study indicated that whereas
the ball temperature is not affected by sweating, it is an effective mechanism in cooling the

arch area and needs to be considered as a source of thermal regulation at the foot [19].In



addition to the variations in heat exchanges of different parts of the foot due to the sweating
effect, the foot temperature is also affected by the amount of heat transfer through the sole of
the shoe [18].

Comparing the results of simulations for two shoe soles from EVAOS8 and EVA12 (with shore
hardnesses of A45 and A35 respectively), showed that EVA12 is softer and maybe more
comfortable[ 14-17]. However, the foot sole maximum temperature rise in a shoe made from
EVAI12 is around 3°C higher than EVAO8which is due to the higher heat capacity of EVAOS
compared to EVAI12[18]. This example shows that suitable mechanical and thermal
properties for a shoe sole may not be gathered in a single material and to accommodate
thermal requirements there is a need for specified materials.

Phase Change Material (PCM) is a substance that stores and releases a great amount of
thermal energy mostly in the form of latent heat within a narrow temperature change [20-22].
So, a PCM-enhanced shoe sole can potentially be used to accommodate foot sole thermal
regulation. During an intensive activity, PCM can store dissipated heat from the shoe sole
within a limited temperature rise and release it later. Generally, concerning the melting
temperature, PCMs can be categorized into two main groups. In the first group, there is a
single point for melting and solidification. So, until there is a solid core in the medium, the
surrounding temperature remains constant at that melting temperature. In contrast, for the
PCMs in the second group, there is a narrow range for melting temperature. Consequently,
the surrounding medium temperature is not constant and varies within the melting
temperature range.

Besides selecting a proper PCM among different available materials, it is important to use
PCM in a way that does not affect the weight and mechanical properties of the shoe sole. This
study aims to investigate the effect of using a PCM-enhanced shoe sole, in regulating foot

temperature.



The first objective of this study was to propose a design to embed PCM inside the sole of the
shoe without changing the mechanical properties of the shoe sole that can potentially affect
the walking dynamics. This is important because the mechanical properties of a PCM change
during the melting from solid to liquid. So, appropriate design considerations need to be
taken into account to accommodate such changes and to ensure the integrity of the shoe sole.
The second objective was to propose different PCMs and simulate the effect of those on the
foot temperature during different levels of activity using the analytical models. Melting
temperature, as well as single or narrow range melting point of different PCMs, can affect the
thermal regulation performance of the shoe and the temperature of the foot during weight-
bearing activities of daily living which have not been previously investigated. The third
objective of this study was to estimate the maximum value of foot sole temperature rise in the
presence of each PCM and comparing that, with the shoe sole complex made of conventional
materials and finally, the last objective was to determine the adequate amount of PCM that is

necessary to keep feet cool during daily walking or intense physical activities such as running

or jogging.

2. Model development

In this study, we proposed to use PCM inside a layer of a structured porous medium (Fig. 1).
Structured porous medium shows a superior thermal property[23]. In this design, a structured
coarse porous media is embedded between two solid layers, while the pores are filled with a
PCM (Fig. 1). Coarse pores shall be set up to stand the mechanical loads during the activity
(Fig. 1). In a structured porous media, a basic shape is repeated to construct the porous
media[23]. The two solid layers act as load distributers to uniformly distribute the load over
the foot sole surface (Fig. 1).

Figure 1 shows the schematic of a foot in footwear. As shown in this figure, the dissipated
heat from the foot sole (q" et ) is transferred via conduction through the shoe sole and then

to the ambient via convection.



The shoe sole is divided into three layers, i.e. two solid layers and a structured porous layer in
the middle. The porous layer is composed of studs distributed uniformly over the shoe sole
surface. In this study, the total shoe sole thickness is 20 mm adopted from experiments of
Shimazaki et al. [14-17]. The thicknesses of the lower and upper solid layers are selected as
12 mm and 3 mm, respectively. So, 5 mm remains for porous layer thickness. The bottom
layer was selected much thicker to reduce the risk of perforation and spilling of PCM.

Studs in the porous layer are 2x2 mm with a height of 5 mm and pitch of 6 mm. With this
arrangement, the porosity of the layer is 88.9%. The free spaces between studs are filled with
PCM. By choosing a proper PCM, the temperature will not rise beyond the PCM melting
point. Because at the melting point, PCM starts melting and heat is stored in the form of

latent heat.

Upper solid layer

Stud

Lower solid layer

Fig. 1: Schematic of a foot, in a shoe and a zoom-in view of PCM-enhanced shoe sole.



Governing equations, i.e. continuity, momentum, and energy equations are:

- Continuity equation:

V.o =0 (1)
- Momentum-conservation equation:

o(v
% +B.V(@®) = 1/p(=VP + uV2(®B) + GR(T —T))) + S (2)
where T; is PCM melting temperature and g = [0, —9.81,0] is the gravity vector. To model
the buoyancy in the above equations, the Boussinesq approximation [24] was utilized.

- Energy-conservation equation for PCM:

Q+V( H)—V(—VT) 3)

Generally, there are two models to simulate melting: moving boundary and fixed grid [25-
28]. In this study, the “enthalpy-porosity method” was used to simulate the PCM melting
with a fixed grid [29]. In this method, the following source term is added to the momentum

equation to inhibit the motion of the solid PCM:

(- )/)2
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where € = 0.001 is a small number used to avoid an indeterminate division. C = 105 is a

large constant and shows the amplitude of the damping. The liquid fraction, y, is defined as:

0 for T <T;
T—T;
Tl - Ts

1 for T>T

y = for T,<T<T, )

where T, and T; are the solidification and melting temperatures, respectively.

The enthalpy of the PCM, H, is composed of both the sensible enthalpy, 4, and the latent

heat:
T

H = Hyef +f cpdT (6)
Tref

and



AH = yL (7)
where H¢r is the enthalpy of PCM at the reference temperature (T.of = 298.15 K).

- Energy-conservation equation for solid:

10(T
a—s% = V2T )]
To solve the governing equations, the ANSYS-Fluent solver module of ANSYS 19.1 was
used. The PISO (Pressure-Implicit with Splitting of Operators) scheme was selected for the
pressure-velocity coupling [30] and the second-order upwind method was utilized to
discretize energy and momentum equations. The first-order implicit method was used for
time discretization. Residuals were set to 10™ for continuity and momentum, 10 for the
energy equation.

The experiment of Chen et al. [31] was used to validate the above procedure. The comparison
of simulation results with experimental data is shown in Fig. 2 and very good agreement is

observed. As a result, the same procedure is used to simulate PCM melting inside the shoe

sole.
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Fig. 2: Comparison of the average temperature with the experimental results of [31].



3. Data Analysis

Based on the experimental works of Shimazaki et al.[15], several candidates wore the shoes
without socks and stood for a long time (around 10 minutes). In that study, the experiments
were performed in a climate chamber with air at a constant temperature of 25°C, 50% RH,
and no wind and solar load[15]. The shoe was a running shoe with a woven upper. The shoe
sole was from EVA80 with a length of 26cm. Thermo-physical properties of EVA80 are
presented in Table 1.

Table 1: EVAO8thermo-physical properties [17]

Cps kg Ps
[kJ/kgK] [W/mK] [kg/m’]
2.585 0.11 240

At this stage, the measured average temperature of the foot sole was 34°C. Knowing the
temperature of both sides of the shoe sole, the heat flux at the steady-state condition before
the beginning of running is 49.5 W[18]. With the start of running for 30 min., the heat
dissipation from the foot sole increases by a factor F[18]:

0.009V?2 + 0.002V + 0.082

F(V) =13 g
0.009V2, + 0.002V, + 0.082

)

Vier is 0.833 m/s (3 km/hr).
During running, heat is transferred through convection from the outsole of the shoe (qiony)-

Assuming the outsole as a flat surface, the average convection coefficient (h) is [32]:

k
h = 0.037TaRe4/5Pr1/3

pPa-V.1
Re = 10
0 (10)
Ua-Cpa
Pr kg

where [ = 0.26 m is the shoe outsole length and V" is running velocity. In the above equation:
9



Re = (11)
u
.C

Przlla pa (12)
ka

Air thermo-physical properties are presented in Table 2.

Table 2: Air thermo-physical properties at 25 [32]

Temperature Cpa kg Pa Uq
(°C) [kJ/kg K] [W/mK] [kg/m’] [Pa.s]
25 1.007 0.0261 1.171 1.84E-5

For the shoe with a standard shoe sole, equations were solved numerically. Ball temperature

rise, as well as those from experimental measurements, are presented in Fig. 3.
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Fig. 3: Comparison of temperature rise at the ball of the foot (numerical simulation and

experimental measurements).

Numerical and experimental results are in good agreement with each other. Based

on this figure, at the highest gait speed i.e. 9 km/hr, the ball temperature has risen

about 11°C which is not comfortable.
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Based on the numerical results, at the initial state, the temperature at the interface of
the upper solid layer and porous layer is something about 33°C. So, to avoid the
PCM melting and to reserve its thermal storage capacity, the melting temperature
must be more than 33°C. Furthermore, since a foot temperature above 35°C is
uncomfortable [12, 13], the melting temperature shall be less than 38~40 °C. It must
also be effective for low-speed walking like 3 km/hr. On the other hand, PCM shall
not be harmful to human skin.

Considering all the above conditions, a few materials can be found suitable. Table 3
presents the list of candidates for them, the melting temperature is between 33—
38 °C. Most of these PCMs are fatty acids[33, 34].The first few ones have narrow-

range melting temperatures and the last three ones have single-point melting

temperatures.
Table 3: The thermos-physical properties of PCMs

Property T,—T,[°C] Late[%}llfg]t @) Ref.
RT35 (Paraffin Wax) 32-38 160 [35]
Lauric-palmitic acids (66%:34%) 33.4-36.5 169.2 [36]
Lauric-palmitic acids (67%:33%) 34.1-36.1 168.4 [36]
Lauric-palmitic acids (68%:32%) 34.7-355 167.7 [36]
Lauric-palmitic acids (70%:30%) 36.0-37.3 165.6 [36]
Polyethylene glycol 900 (PEG 900) 34 150.5 [37]
Lauric-palmitic acids (69%:31%) 35.2 166.3 [36]
Lauric-Stearic Acids (75.5%:24.5%) 37 182.7 [38]

For this study, three organic PCM materials from what was presented in Table 3 -
shown in bold- were selected. The first one is a paraffin wax (RT35) with a melting
point between 32-38°C (from the group of narrow-range melting temperatures).
The second one (L-S acids) is a eutectic mixture of lauric and stearic acids (fatty
acids). The binary mixture of the lauric and stearic acids with a weight percent of
75.5%:24.5% forms a eutectic, which melts in a single point temperature of 37°C

with no subcooling during solidification. This melting point is close to the upper
11



limit of paraffin wax melting temperature. Finally, the third one is PEG900 with a
single-point melting temperature close to the lower limit of paraffin wax melting
temperature. The properties of selected PCMs are presented in Table 4.

Table 4: The thermo-physical properties of PCMs

RT35 Lauric-Stearic Acids
Property (Paraffin Wax) (75.5%:24.5%) PFE?%OO
[35] [38]
T,—T,; [°C] 32-38 37 34
Density (p) [kg/m3] 860 — 770 990 — 894.2 1100 - 1120
Thermal conductivity (k) [W/mK] 0.2 0.18 0.188
Specific heat (cp) [kI/kg K] 2 1.92-2.1 2.26
Latent heat (L) [kJ/kg] 160 182.7 150.5
Dynamic viscosity p [Pa.s] 0.0031 0.0078 0.0016
Volumetric thermal expansion 0.00125 . 0.00076

coefficient 8 [1/K]

The thermal properties of all PCMs are close to each other. However, paraffin melts in a
temperature range whereas the mixture of the fatty acid (L-S) and PEG 900 melt at a single-
point temperature.

Fig. 4 shows the foot sole temperature rise relative to the initial temperature for the case of
the standard shoe sole, i.e., 34 °C. Based on these figures, at the beginning of the running, the
ball temperature is slightly colder than the standard shoe sole (less than 1°C).Because the
total heat capacity of solid PCMs (pcp ) is considerably more than EVAOS. So, the small
layer of PCM slightly improves the thermal performance of the shoe sole. In low-speed
walking (i.e. 3 km/hr), the temperature in the paraffin-enhanced sole is under control as the
onset of melting is at 32 °C, melting commences from the early stages of walking and
consequently, after 30 minutes, the temperature rise is less than 2 °C. So, using RT35
provides an appropriate thermal condition during walking. In contrast, the L-S acids-
enhanced sole only relies on sensible heat storage and not latent heat storage, since the
temperature is lower than the melting point. As a result, the foot sole temperature is only

around 3 °C colder than the standard shoe. PEG900 performance is in between these two

12



above cases. Before the first 18 minutes, the thermal behavior of PEG900 is more similar to

L-S acids. However, at the start of the melting period, the temperature remains constant and

after 30 minutes of jogging, the foot sole temperature is more than 4 °C colder than when

using a standard shoe sole. In conclusion, L-S acids cannot be commended for common

walking shoes.

Conditions for high-velocity jogging (6 km/hr) are more or less similar to 3 km/hr. But, in

this case, PEG 900 melting starts at the earlier stages, at about the thirteenth minute.
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Fig. 4: Comparison of ball temperature rise (standard shoe sole with enhanced shoe soles).

At a running speed as high as 9 km/hr, L-S acid plays a role and prevents a sharp rise in foot
temperature. The performance of RT35 is still outstanding. At such a high running speed, the
temperature rise is only 2 °C more than this shoe sole at a 3 km/hr speed. Since PEG melts at
a single point temperature, at the end of 30 minutes of running, the foot temperature is the

same, regardless of the running speed.
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PCMs’ liquid fractions over time are presented in Fig. 5. Liquid fraction is defined as the
mass percent of liquid PCM and shows how much PCM is melted. y = 0 means PCM is in
the solid state while y = 1 means PCM is totally melted. This figure shows that for the worst
case, the liquid fraction is less than 14%. It means that there is still enough capacity for heat
storage in warmer climates or worse conditions. Moreover, this extra PCM brings flexibility
to the mechanical design of the porous layer. In other words, the porosity can be reduced

without losing the thermal performance of the enhanced shoe sole.

Comparing the performances of these enhanced shoe soles shows that:

- L-S acid is activated only in high-speed running. Since its melting temperature is high, it
is not so effective. At the end of the experiment, a small value of L-S acid melts.

- RT35 has the lowest melting temperature and consequently, it plays the cooling role even
at the lowest jogging speed. Since it has a melting temperature range, it slows down the
foot sole temperature increase and limits it to less than 4 °C (from -1 °C to 3 °C at 9
km/hr).

- PEG 900 has a single melting temperature. So, at the beginning of running, it does not
melt effectively and only its sensible heat is working. So, the temperature relatively rises
sharply. But very soon, it stabilizes the temperature of the foot at a constant value. In this

respect, the performance of PEG is similar to RT35.
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Fig. 5: PCM liquid mass fraction during running time.

4. Conclusions
The high risk of injuries due to load-bearing activities (especially in diabetics) at high foot
plantar temperature necessitates the design of a comfortable shoe sole from both thermal and
mechanical points of view. It is not always possible to gather suitable thermal and mechanical
properties in a single shoe sole structure. For this reason, in this study, a PCM-enhanced shoe
sole was proposed. In this sole, a structured-porous layer, filled with PCM is embedded in the
sole. Results show a considerable reduction in foot sole temperature increase. In this study,
three PCM were selected, i.e. RT35 (paraffin wax), L-S acids (Lauric-Stearic acids), and PEG
900. All of these PCMs have low melting temperatures. The first one has a narrow-range
melting temperature while the rest have single-point melting temperatures.
Results show:

- Because the sensible heat capacity of the PCM is higher than the shoe sole, at the

beginning of the running, the foot sole temperature is colder by almost 1 °C.
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- RT35 and PEG 900 show excellent performance and can keep the foot sole cool
during walking and even more intense activities such as jogging and running.

- Due to the relatively high melting temperature of L-S acid, it is activated only at high
running speed.

- With an enhanced shoe sole, foot sole temperature increases less than 4 °C even in
running with a speed of 9 km/hr.

- After running for 30 minutes at the speed of 9 km/hr (the most exothermic activity in
this study), only 14% of RT35 melted. It shows that there is a high capacity for
absorbing heat for a longer time.

This study showed that without a noticeable change in shoe sole weight and mechanical
properties, the PCM-enhanced shoe sole can be used to regulate foot temperature to prevent

the risk of injuries due to hyperthermia especially, for the diabetic feet.
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5. Nomenclature

U

xX,Y,Z

Greek letters

Area [mz]

Specific heat [J/kgK]

Metabolism intensification factor
gravity vector [m/s’]

Enthalpy [J/kg]

Average convective heat transfer coefficient [W/m*K]
Thermal conductivity [W/mK]

Latent heat [J/kg]

Shoe length [m]

Pressure [Pa]

Prandt]l number

Heat flux [W/m?]

Reynolds number

Source term in the momentum equation
Temperature [K]

Gait speed [m/s]

Velocity vector [m/s]

Cartesian coordinate axis

Thermal diffusivity [m?/s]
Thermal expansion coefficient [1/K]
liquid fraction

Viscosity [Pa.s]

19



Subscripts
a
amb

conv

met

ref

Density [kg/m’]

Time [s]

Air

Ambient

Convection

Melting

Metabolism

Reference

Shoe sole, solidification

Ambient

20
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