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Abbreviations

NR Natural Rubber

MTPS Modi�ed Transient Plane Source

FSC Forest Stewardship Council

PAH Polycyclic aromatic hydrocarbon

Mat A new wetsuit material investigated in this report

Wet ref a high end wetsuit material on the market
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Abstract

A novel material composition has been investigated in terms of thermal, mechanical, eco-
nomical and sustainable aspects to be compared to neoprene wetsuits. It is believed that
a sandwich structure produced by a dipping method with rubber layers containing an in-
sulating textile can insulate better than foamed neoprene. The hypothesis is also that this
sandwich structure can increase durability and have similar elastic behaviour as neoprene.
The e�ect of using Forest Stewardship Council (FSC)® -certi�ed rubber and recycled fabric
has also been investigated from a sustainable point of view. To further test if this material
can compete with neoprene, an economical analysis have been carried out. It was found
using simulations and thermal conductivity measurements that the new material insulates
approximately 35% better than a high end wetsuit material on the market (Wetref ) which
was expected due to the absence of rubber in the middle layer. In terms of elasticity, the new
material has slightly higher elastic modulus than the neoprene suit, which is probably due
to the use of solid instead of foamed rubber. Using a low modulus latex might change these
results. Regarding sustainability many aspects are similar for both the new material investi-
gated and neoprene such as transportation and disposition of the product. There is one large
environmental gain for the novel material in using natural rubber with a FSC® -certi�cation
and recycled cotton. The relatively limited cost analysis shows that the neoprene suit is
slightly cheaper to produce. The dipping method used to produce the samples in this report
is believed to be easier to automate, but there are certain complex problems when scaling
up production to full wetsuits that need to be addressed.

1 Introduction

Since the 1950s wetsuits have been produced using neoprene sheets o�ering insulating clothing
for the water sport athlete. Trapped water between the neoprene and skin quickly reach body
temperature and as long as the clothing is properly insulated, the trapped water will show
relatively low variation in temperature, resulting in lower convective heat loss. The neoprene
has the elastic characteristics of rubber and thanks to a closed cell foam of air or nitrogen it is
also a great insulator [1]. One problem water sport users see today is that neoprene wetsuits are
too bulky and have limited stretch. In a market research performed on di�erent sur�ng forums
in Sweden, 50% of 621 participants put the highest priority (1 to 10) on the wetsuit's �exibility,
and 97% put 7 or higher, see �gure 21 in Appendix A. Another factor that the users start to
question is that neoprene is petroleum based and the search for more sustainable alternatives
is also illustrated by the same market research where 66% put 5 or higher on the priority scale
to use a wetsuit from sustainable materials. A third factor to consider is the durability of
the wetsuit, which is an economical factor but also has a big impact on the sustainability of
the wetsuit. Almost all of the survey's participants prioritise durability of the wetsuit as 7 or
higher. Currently, foamed rubber such as neoprene is the only material with su�cient insulation
and �exibility to use for water sports. Furthermore, to overcome the use of neoprene as the
primary material for wetsuits all of these properties have to be either maintained or improved.
In this report a new structural design is investigated, which could drastically improve the thermal
insulation performance making it possible to reduce the thickness of the wetsuit. This could in
turn increase the mobility for the user. Over half of the participants of the survey would pay
an additional 1000SEK or more for a thinner wetsuit (meaning more �exibility), as long as the
insulation is equivalent that of a neoprene wetsuit (see �gure 21 in Appendix A for the market
research). The aims of this report will be described more in detail below in section 1.2.
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1.1 New structural design and production method

This report aims to assess whether neoprene can be replaced by alternative materials by engi-
neering a sandwich structure with the hypothesis that the material composite will restrict heat
loss better and increase �exibility. To enhance durability a new production method has been
analysed for the possibility of producing a seamless wetsuit. Wetsuits tend to wear out in their
weakest links and the seams are also parts that lowers the insulation and stretching capabilities.
Stitching a wetsuit includes making holes in the neoprene which let water and wind enter [2].
Both neoprene and the conceptional sandwich structure are illustrated in �gure 1.

Figure 1: Illustrated structures of neoprene (left) and the sandwich structure (right).

In this report all materials, certainly the rubber, can not be classi�ed as fully sustainable due to
the availability of the materials. However it is considered to be relatively straight forward to use
the same production process on more sustainable materials such as new FSC® -certi�ed rubber
alternatives. Two di�erent yarns will be investigated as insulating materials being recycled cotton
and �ne merino wool.

To achieve a seamless wetsuit, a dipping method will be used to mold the rubber in non regular
shapes. This is a well established method that has been used in almost a century. Combining
this process with the materials mentioned above, it is hoped to achieve a wetsuit that insulates
better, hence it could possibly be made thinner than today's wetsuits. Using solid rubber in a
sandwich structure and totally eliminating seams is believed to increase durability considerably.

1.2 Tasks

Below, the di�erent tasks of this thesis are presented with a label of either high or low priority.

High priority

Task 1 - Create small samples using a dipping method- A new structural design and mate-
rial will be created using a dipping method in natural rubber latex.
Task 2 - Simulate thermal conductivity - Simulations of thermal conductivity will be carried out
in COMSOL® for neoprene and the sandwich structure.
Task 3 - Thermal conductivity testing (�ash method) - Thermal conductivity measurements will
be carried out on the small samples using a �ash-method.
Task 4 - Thermal conductivity (MTPS-method) - Thermal conductivity measurements will be
carried out on the small samples using a Modi�ed Transient Plane Source (MTPS)-method.
Task 5 - Tensile testing - The elastic behaviour of the materials will be analysed with tensile
testing.
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Low priority

Task 6 - Create a wetsuit shoe using a dipping method- Depending on the time a wetsuit
shoe will be prepared using the same method as in Task 1.
Task 7 - Thermal insulation test of wetsuit shoes- The shoe from Task 7 and its insulation
properties will be tested and compared with a wetsuit shoe on the market.
Task 8 - Assessment of sustainability- A study will be carried out on the sandwich structure
and on neoprene to assess if there are any di�erences in terms of sustainability.
Task 9 - Cost analysis- Approximations on the cost of producing a wetsuit with both methods
will be done to establish the possibility of creating a product that can compete on the market.

2 Theory

2.1 Heat �ow

Engineering a wetsuit requires extensive knowledge about material properties, especially about
heat �ow. It is paramount for the functionality and performance of a wetsuit. As the functionality
of a wetsuit is to reduce heat loss from the body while in water, the main mechanisms for heat
transfer is convection and conduction. At0:6 W m� 1 K � 1 water is 25 times more conductive than
air: 0:024 W m� 1 K � 1 [3], which makes conductive heat transfer an important mechanism for
evaluating the performance. The thermal conductivity is used as an indicator of the conductive
performance in this report. Convection of trapped water between skin and the wetsuit is assumed
to be negligible.

Wetsuits are designed so that it allows a small amount of water leakage to enter through seams,
insu�cient seals by the legs, arms and neck. The body then warms this trapped water to body
temperature which acts as a shielding layer between the environment and the body. This inner
water layer has limited exchange with the environment. Consequently, the trapped inner water
layer together with an insulating material like neoprene, drastically reduces the convective heat
loss. The convective heat insulation performance is similar in most wetsuits, but is a�ected by
the exchange of the inner water layer with the environment, so called '�ushing'. Flushing is more
common in low-end wetsuits, where water can penetrate more readily through seams and other
openings [2]. A consequence of using the dipping method is that no seams will be present and
hence no water exchange will happen at these points.

One aim of this report is as mentioned earlier to assess whether a new material combination can
increase the insulation properties, primarily the conductive heat insulation performance. Heat
�ow mechanisms will therefore be presented more in detail below.

2.1.1 Fourier law of heat conduction

To model heat transfer for real problems, the �rst law of thermodynamics needs to be supple-
mented by heat transfer functions such as Fourier's law and Newton's cooling law. The one
dimensional model shown in �gure 2 will be used as model for the equations below, where the
cuboid in the �gure has the thermal conductivity � .
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Figure 2: A one dimensional heat conduction model.

Fourier's law state the heat transfer by conduction

~q=
Qnet

A
=

Q2 � Q1

A
= � � r T (1)

where ~q is the heat �ux, � is the thermal conductivity, Q is the heat transfer rate and r T is
the temperature gradient. Combined with the �rst law of thermodynamics the heat di�usion
equation in three dimensions can be written as

r � � � T + _q = �c p
�T
�t

(2)

where _q is a volumetric heat release,� the density and cp the speci�c heat capacity. The
limitations of this equation is that the medium is considered incompressible and no convection
is accounted for [4].

2.1.2 Newton's law of cooling

Newton's law of cooling states that a typical convective cooling situation can be explained such
that the energy from the warmer body is proportional to the temperature di�erence between the
body and convective medium.

Q / Tbody � T1 (3)

This can be written in terms of the heat �ow q where �h is called the heat transfer coe�cient.

q = �h(Tbody � T1 ) (4)
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�h is an average ofh over the surface of the body and varies signi�cantly for di�erent situations
[4].

2.1.3 The energy equation

Extending the heat conduction equation with the convection term is necessary when studying
a realistic situation in simulation programs such as COMSOL® . The equation is usually writ-
ten with four di�erent parts: energy storage, enthalpy convection, heat conduction and heat
generation.

�c p(
�T
�t|{z}

energy
storage

+ ~u � r T| {z }
enthalpy

convection

) = � r 2T| {z }
heat

conduction

+ _q
|{z}
heat

generation

(5)

~u is the velocity �ow �eld of the �uid or gas [4].

2.2 Measuring thermal conductivity

Thermal conductivity measurements were carried out using a MTPS-technique and a �ash
method. Both techniques will be described in the sections below.

2.2.1 Modi�ed Transient Plane Source-technique

This technique uses a sensor spiral heating element together with a guarded ring to apply a one-
dimensional heat transfer to the sample. When a known current is applied to the spiral heating
element, it heats up and supplies heat to the sample, see �gure 3. The temperature increase in
the interface between the sensor and sample, induces a change in the voltage drop in the sensor
element. This drop depends on the thermal properties of the sample. The thermal conductivity
is inversely proportional to the rate of increase in the temperature at the interface. A steeper
rise in temperature will be observed for materials with low thermal conductivity since they have
poor heat transfer [5].

Figure 3: MTPS-setup. The orange arrow indicates the thermal gradient direction.
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2.2.2 Flash method

The Flash-method uses a powerful �ash to apply a momentary temperature increase at the
surface of the sample, while the temperature change over time is recorded by a thermal imaging
camera placed on the opposite side, see �gure 4. The result is a temperature transient which can
be compared to a simulation in COMSOL® where the thermal conductivity parameter is varied
to match the recorded transient. Speci�c heat, density and sample dimensions must be known
beforehand.

Figure 4: Setup for the �ash experiments.

2.3 Tensile testing

One of the most important parameters for engineering wetsuits is their �exibility. To determine
wetsuits' �exibility, more precisely their elasticity, a tensile test is performed. The sample is
clamped together on two ends. The machine exerts a force stretching the sample. The elongation
length as well as the applied force is continuously measured. The resulting force is divided by
the original cross-section area to obtain the engineering stress, see equation 6.

� =
F
A0

(6)

The strain is measured by the di�erence in elongation divided by the original elongation.

� =
� L
L 0

(7)

The stress as a function of strain is then shown in a plot, which is called 'Young's modulus'.
Elongation at break is important, but for a wetsuit it also needs high �exibility at low strains to
be comfortable to wear. Thus, low elastic modulus is required for high performance wetsuits [3].
The elastic modulus can be calculated through the slope of the linear part of Young's modulus,
which corresponds to the elastic behaviour of the material. The 'yield strength' can be obtained
by using this slope with a 0.2% o�set on the strain.

2.4 Producing latex

There are many ways of producing latex products. In this report a method called dipping will
be used. Dipping is a well-established method for producing rubber products with good control
of the thickness on the �nal product. Using latex dipping, non regular shapes can be produced
and this enables the possibility to produce a wetsuit without having to sew pieces together.
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When creating a seamless wetsuit by latex dipping it is important to understand how the process
works to obtain high quality samples and to be able to engineer a sandwich structure that can
insulate as good as neoprene, at a fraction of the thickness.

2.4.1 Coagulant dipping

The dipping process that will be used in this report is called coagulant dipping, which uses a
coagulant to more easily regulate the rubber thickness.

When Natural Rubber (NR) is collected from the inner bark of Hevea brasiliensis (or other trees
containing rubber latex), the dried product is not the rubber as we know it. This rubber is a
thermoplastic polymer with low tensile strength and low elasticity much due to the absence of
crosslinks. When adding sulphur to the latex, that contains chains of isoprene, the sulphur will
create bridges between these chains (see �gure 5) [6]. This reaction occurs faster with added
heat and the vulcanisation process usually takes place in an oven.

Figure 5: Sulphur bridge between to polymer chains of isoprene building up the crosslinked
network.

Two advantages of using coagulant dipping are the possibility to make thin coats and to more
accurately adjust the thickness. The principle is that the negatively charged latex particles in
solution will need to coagulate at the surface of the used mold. Dipping the mold in a salt
solution, usually calcium nitrate in alcohol, the relatively diluted latex dispersion will start
to form a three dimensional network at the surface of the mold. This happens because the
positively charged calcium ions interact and break up the electrostatic stabilisation between the
latex particles resulting in them approaching each other. Here Van der Waal forces dominate
which cause the particles to coagulate (see �gure 6). Hence, the thickness of the �lm depends on
di�usion of Ca2+ through the formed latex network. Since di�usion length of the calcium ions
depend on the square root of the time, the thickness that is built up stagnates accordingly. From
an industrial point of view coagulant dipping is said to create rubber products with a maximum
thickness of1:5 mm. In the case where one wants higher thickness, it is possible to dip multiple
times and the layers then fuse together during the �nal vulcanisation [7].
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Figure 6: Colloidal explanation of the coagulation reaction happening on the mold.

3 Methods

3.1 Simulation

COMSOL® Multiphysics (Classkit License) version 5.3a has been used for simulation of heat
�ow in the di�erent structures. Geometries were drawn in the program itself (see �gure 7) and
the physics used was 'heat �ow in solids'. Table 1 shows the parameters on speci�c heat (Cp),
thermal conductivity ( � ) and density (� ).

When carrying out the simulations, all boundaries were set to be insulating except the contact
boundary to the body and to the ocean. Doing so, it was assumed that heat transfer in the
lateral direction parallel to the body could be neglected. The heat �ow from the body was set
to 50 W=m2 and the boundary to the ocean was set to10°C. Initial value in all geometries was
20°C [8]. The boundary between skin and the inner water layer water was measured over time.

Table 1: Input parameters for simulation in COMSOL® .

Cp (J=kgK ) � (W=mK ) � (kg=m3)
Polyisoprene 1880 [9] 0.14 [10] 910 [11]
Water from program from program from program
Air from program from program from program
Nitrogen from program from program from program
Titanium dioxide [12] 690 5 4000
Neoprene 2100 [13] 0.19 [14] 1240 [15]
Nylon from program from program from program
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Figure 7: Geometries used in simulation.

Di�erent parameters were varied for the new wetsuit material investigated in this report (MatA )
to establish if these have in�uence on the heat �ow or not. A factorial design was implemented
to make this work as logical and e�ective as possible (see table 2).

Table 2: Codes and values for the factorial design for simulation of MatA .

Name + - Code
Penetration 0.5 mm 0.2 mm P
Thickness rubber 1 mm 0.5 mm T
Diameter �bre 1 mm 0.5 mm W
Skin temp (15 min) Y

3.2 Sample preparation

A dipping process was used to prepare the samples, see �gure 8. Four samples were constructed
where the vulcanisation temperature and the type of yarn used was varied (see table 3). The
Mat A has consistently been prepared using this dipping process that will be described more in
detail below.

An aluminium mold was used to dip in the latex after being treated with coagulant. Keeping the
mold warm in an oven assured good heat transfer to the latex and for the vulcanisation process.
There was no need for glue to seal the edges since the second rubber layer was applied within
the same process before �nal vulcanisation. This allowed the rubber layers to fuse together
providing a water-tight seal. The rubber layers were of similar thicknesses for all the samples:
minimum thickness of 0:8 mm and thickest at 1:5 mm. However, the thickness of the insulating
layer di�ered between the structures. Wool showed the highest thickness at1:9 mm due to it
having the largest �bre thickness. Cotton had a smaller thickness at roughly1:1 mm.

12



Figure 8: Images from the latex dipping process performed to produce the samples.

Table 3: Summary of the prepared samples.

Temperature (°C) Fibre type
Sample 1 96 Merino wool
Sample 2 116 Merino wool
Sample 3 96 Recycled cotton
Sample 4 116 Recycled cotton

A shoe was moulded for further testing (see section 3.5). This was created using a vulcanisation
temperature of 96°C and a sock containing merino wool and various synthetic �bres.

3.3 Thermal Analysis

To determine the insulation performance of the samples, the thermal conductivity was used as
a benchmark. The measurements of the thermal conductivity was performed using a MTPS-
technique from C-Therm, see section 2.2.1, and a Flash method, see 3.3.1.Elastocon AB per-
formed the MTPS-measurements on �ve di�erent samples and two neoprene samples as refer-
ences.

3.3.1 Flash method

The sample was placed on the lamp shield about 10-15 cmfrom the �ash-source, see experimental
setup in �gure 4. The sample was painted with black spray paint to ensure the heat absorption
at the surface would be su�cient, as well as a well de�ned emissivity to match the setting of
the camera. Attaching the sample between two pieces of circular cardboard with rectangular
openings made it easier for simulation in COMSOL® and heat �ow was directed through the
sample. The camera was placed 20-30 cm from the sample. Figure 9 shows an image from the
heat camera illustrating the small opening in the cardboard where the temperature data was
collected.
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Figure 9: Picture from heat imaging camera showing the sample (yellow) with surrounding
cardboard (blue).

The �ash was �red six times at intervals of 10 seconds, which caused a temperature increase
recorded by the thermal imaging camera. Thermal conductivities were matched by �tting a sim-
ulated curve in COMSOL® with the obtained time vs temperature graph. Geometry dimensions
and densities were measured and values ofCp were chosen as weight averages from table 1.

3.4 Tensile testing

The sample was clamped together on two ends with a spacing of 3.8-10 mm. This spacing
was measured closely and recorded asL 0, see equation 7. The clamps were5 cm wide. The
machine was set to a pulling speed of15 mm=min with an extensiometer with a maximum range
of 20 mm. With the data-collecting program started, the machine was set to begin pulling.
When the extensiometer had reached its limit the measurement was ended. By using this raw
data together with the recorded dimensions the stress strain� and force strain curves could be
produced.

3.5 Thermal insulation testing of wetsuit-shoe in water

To investigate the thermal properties of MatA in a situation more close to where it will be used
by the user, a test in cold water was performed. A wetsuit-shoe prepared according to section 3.2
was compared with a shoe from Wetref . Both shoes were �lled with 300 mL of warm water and
placed in a plastic box containing cold water with an initial temperature of 3 � C. The opening
in both shoes were sealed with styrofoam and the thermometer was attached to the styrofoam
measuring the warmer shoe reservoir. To keep the shoes from �oating up to the surface weights
were placed on top of them. Temperatures were collected every 60 seconds. Figure 10 illustrates
the experimental setup.
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Figure 10: Experimental setup for thermal testing of the wetsuit-shoes.

3.6 Assessment of sustainability

An assessment of sustainability was performed. It followed Fiksel et al. [16] by using three
sections:Resource and value, Three aspectsand Life cycle. Sustainable products should minimize
resource consumption while maximizing value creation, which is covered byResource and value.
Both resource and value creation should then be examined using theThree aspects; economic,
environmental, and societal aspects. Lastly, an evaluation of the life cycle of the resources as
production or re-use was performed.

3.7 Cost analysis

Production costs for MatA have been analysed in a rather limited manner to compare this new
possible production route with the already established production of neoprene wetsuits. For
simpli�cation, one wetsuit shoe produced in the classic way of sewing/gluing neoprene sheets
together was compared with the dipping method of one wetsuit shoe described in this report. Due
to limited information about the production facilities, the material costs, production times etc.,
they had to be estimated using several di�erent references. Furthermore, this analysis is limited
to the actual time of producing one shoe and the costs that is included in that process. Costs
that are not considered are for instance: rents, warehouse costs and transportation. Production
times are estimated from lab work and the limited insight in the production of neoprene wetsuits.

4 Results

4.1 Simulation

Di�erent structures were built in COMSOL ® (see �gure 7) in two dimensions and the geometries
were then used in simulation using the physics heat �ow in solids, see section 3.3.1. Figure 11
shows skin temperature as a function of time for MatA , Wetref with nitrogen bubbles and Wetref

without nitrogen bubbles. It can be seen that MatA shows a signi�cant di�erence in insulation by
conduction compared to the other two. As expected, the nitrogen bubbles have big in�uence over
the insulation properties in the Wetref . The nitrogen bubbles have signi�cantly lower thermal
conductivity than the surrounding rubber and additional nitrogen is believed to increase the
insulation. To demonstrate what thickness of MatA that corresponds to Wetref in terms of
insulation, �gure 12 was constructed by increasing the neoprene (containing nitrogen) geometry
to 5 mm. It is clear that according to these simulations, 3 mm of MatA has insulation properties
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matching 5 mm of Wetref .

Figure 11: Skin temperature vs. time for a wetsuit with: a) neoprene (Wetref ) with nitrogen
bubbles, b) neoprene (Wetref ) without nitrogen bubbles and c) MatA .

Figure 12: Skin temperature vs. time for a wetsuit with: a) neoprene (Wetref ) with nitrogen
bubbles (5 mm) and b) MatA (3 mm).
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A 1D simulation was performed with the same dimensions used as in �gure 7 but as a homoge-
neous material. Values ofCp were chosen from table 1 as weighted averages.� for Wet ref without
nitrogen bubbles was also chosen from table 1 while measured densities were chosen for MatA

and Wetref containing nitrogen bubbles. The thermal conductivity was then varied to match
the curves in �gure 11. The result is shown in table 4. Wetref without nitrogen shows the same
thermal properties as in the 2D simulation which was expected since the material throughout the
2D structure was principally homogeneous. The results can be interpreted such that the Wetref

with nitrogen conducts heat 33% better than MatA . Literature values on foamed neoprene is
about 0:054 W=(m K) which is rather low compared to the obtained value in table 4 [3]. Hence,
the drawn geometry in �gure 7 can be questioned of its accuracy. The ratio between nitrogen
and neoprene is crucial for insulation and this could have a big e�ect on the results.

Table 4: Results from the 1D simulation.

Sample � (W=(m K) ) � (kg=m3) cp (J=(kg K) )
Mat A 0.048 680 1790
Wetref with nitrogen 0.072 210 2100
Wetref without nitrogen 0.19 1240 2100

Skin temperatures were calculated for 8 di�erent structures from the factorial design (see table
5 and compared with Wetref . A high skin temperature means that the material is insulating
better. All structures had a thickness of 3 mm when doing the calculation. Looking at tables 5
and 6 it seems that thickness of the rubber has a signi�cant e�ect on a signi�cance level less than
0.1 % represented by the P-value in the statistical model of the factorial design. This was an
expected result since the higher ratio polyisoprene present in the structure should theoretically
make MatA conduct heat closer to polyisoprene itself. Interestingly enough nothing can be said
about the �bre diameter. The �bre contains lots of air itself and this could possibly explain why
it does not seem to signi�cantly a�ect the result. Figure 13 and 14 both illustrate the result
where �gure 14 shows the heat �ow through the di�erent geometries. It is clear that for all 8
variations of MatA it still insulates better than Wet ref .

Table 5: The structure of the factorial design for the simulation work.

P T W Y ( °C)
- - - 21.41
+ - - 21.97
- + - 18.37
- - + 20.92
+ + - 19.72
+ - + 21.77
- + + 17.96
+ + + 18.86

Table 6: Results from the simulation work based on the factorial design from table 2 and 5.

P T W
P-value 0.778 0.000742 0.430

17



Figure 13: Skin temperature vs. time for all geometries in the factorial design.

Figure 14: Showing all simulated geometries including Wetref at 900 s. Skin is on the left
boundary and the ocean is on the right boundary.
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