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Abstract
Silicone applied to the exterior of jersey-lined neoprene may increase heat absorption and water repulsion without the loss 
of strength and durability observed in smoothskin neoprene. The purpose of this study was to compare skin temperature 
under silicone-coated jersey-lined neoprene and smoothskin neoprene during recreational surfing. A secondary purpose was 
to compare density, tensile strength, and tangent modulus of these materials. Thirty male surfers wore a 2-mm thick wetsuit 
designed with the chest and back panels on one side constructed of smoothskin neoprene and the other side silicone-coated 
neoprene (n = 30). Separate surf protocols were carried out in laboratory (n = 10) and field (n = 20) settings while skin tem-
perature was collected bilaterally at the upper chest, upper back, abdomen, and lower back. In the field, skin temperatures 
under the smoothskin and silicone-coated neoprene were not significantly different at the upper chest, upper back, and lower 
back. In the laboratory, there were no significant differences in skin temperatures under the two materials at the upper chest 
and lower back. However, in both studies the skin temperatures were significantly higher under smoothskin neoprene at 
the abdomen (p < 0.01). In addition, the skin temperature at the upper back in the laboratory study was significantly higher 
underneath the silicone-coated neoprene (p < 0.01). Silicone-coated neoprene exhibited similar tensile strength but greater 
tangent modulus compared to smoothskin neoprene. These findings suggest that silicone-coated neoprene and smoothskin 
neoprene have similar thermal characteristics across most body sites but differ in tensile stiffness.
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1 Introduction

Competitive and recreational surfing have increased in popu-
larity in recent years [1]. Surfing occurs in diverse environ-
ments, including water that is far below body temperature 
[2–5]. Many surfers wear wetsuits to reduce convective heat 
loss to improve comfort and prolong the amount of time 
that they can be submerged in the water without develop-
ing hypothermia [3–8]. The market for surfing wetsuits is 
growing rapidly; in North America alone, the total wetsuit 
market is projected to reach $300 million in 2022 and surfing 

wetsuits are expected to account for the largest segment at 
45% (Grand View Research, Wetsuit Market Size, Share, 
Industry Report, 2022).

Despite their popularity and widespread use, recent data 
suggest that there is potential for innovation and improve-
ment in surfing wetsuits [9]. For example skin temperature, 
a physiological variable that is often used in apparel research 
to quantify heat transfer and insulation [10–12], has been 
reported to decrease significantly within minutes during a 
typical surf session while wearing a standard 2 mm thick 
wetsuit [3, 4, 7, 8]. Heat loss does not occur homogenously 
across the body because regions that interact more with cold 
water lose heat faster [3, 4, 7, 8]. Further, regions of the 
body that are more exposed to air were shown to be warmer 
under wetsuit materials with outer surfaces that more effec-
tively repel water and absorb radiant heat from the sun [5].

The most common wetsuit material comprised a layer of 
foamed chloroprene (neoprene) sandwiched between layers of 
nylon fabric or “jersey” [5–7]. In this design or “packaging,” 
the neoprene provides insulation and the nylon jersey improves 
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the strength and durability of the material [5]. Smoothskin is 
another type of neoprene packaging that is made by adding 
heat and pressure to the outer layer of the chloroprene foam 
(known as embossing), leaving the exterior with a smooth and 
shiny surface [5]. Smoothskin neoprene is typically combined 
with a single layer of nylon jersey covering the interior surface 
of the wetsuit, but the exterior is comprised solely of embossed 
chloroprene foam. In a recent study, chest and upper back skin 
temperatures under smoothskin neoprene were 1.5 °C warmer 
than skin temperatures under jersey-lined neoprene of the 
same thickness [5]. These findings suggest that the water repel-
lent and radiant heat absorption properties of the smoothskin 
material may lead to higher skin temperature [5]. However, 
smoothskin neoprene appears to be less durable than jersey-
laminated neoprene and is prone to tearing [13]. Therefore, it 
would be advantageous to develop a material that combines 
the desirable thermal properties of smoothskin neoprene with 
the durability of nylon jersey laminated to neoprene.

Silicone-coated neoprene is a novel design that may 
exhibit both properties. Liquid silicone material can be 
applied to the nylon jersey neoprene packaging through a 
silk-screening process, and a silicone layer would create a 
smooth and shiny exterior surface that can reproduce the 
heat absorption and water repellent properties of smoothskin 
[14]. Also, since the nylon jersey is retained, the compos-
ite material retains the strength and durability provided by 
two layers of nylon jersey. Further, the intrinsic properties 
of silicone rubber material may enhance the insulation and 
durability of the wetsuit.

Currently there are no data comparing skin temperatures 
under silicone-coated neoprene and smoothskin neoprene. 
There are also no data comparing strength and stiffness of 
different wetsuit materials, which can impact the biomechan-
ics of surfer’s movement while wearing a wetsuit [7, 15]. 
Therefore, the purpose of this study was twofold. The first 
purpose was to determine if skin temperatures were different 
under silicone-coated neoprene vs smoothskin neoprene, and 
a second purpose was to determine whether there are differ-
ences in material strength, stiffness, and density between 
standard jersey-lined neoprene, smoothskin neoprene, and 
silicone-coated jersey-lined neoprene. It was hypothesized 
that there would be no differences in skin temperature in the 
upper torso between silicone-coated neoprene and smooth-
skin neoprene while surfing in field and laboratory-based 
experiments. Further, it was hypothesized that silicone-
coated neoprene would demonstrate the greatest material 
strength, stiffness, and density when compared to smooth-
skin and jersey-lined neoprene.

2  Methods

2.1  Participants

Thirty male recreational surfers from San Diego County 
between the ages of eighteen and forty-five years old were 
included in either a field or laboratory experiment (Table 1). 
This study was limited to male participants due to differ-
ences in skin temperature profiles between sexes [3, 4, 8]. 
All participants had at least one year of surfing experience 
and reported no known injuries. Volunteers who met the 
inclusion criteria provided their written informed consent 
before participation and then provided their physical and 
demographic characteristics as well as information relating 
to their surfing experience. These data were self-reported 
and were not verified by the investigators. All procedures 
were approved by the Institutional Review Board for Human 
Subjects’ Protection at California State University of San 
Marcos (IRB # 1302181).

2.2  Experimental protocol

Upon completion of the informed consent and question-
naire, participants (n = 20) were instrumented with ten 
iButton DS1921L skin temperature thermistors (Maxim 
Integrated/Dallas Semiconductor Corp., USA), with an 
accuracy of ± 0.5 °C per manufacturer specifications [16]. 
The thermistors were attached to the participant using a 
waterproof 3 M Tegaderm transparent dressing (Nex-care 
Tegaderm, USA). The ten thermistors were attached to the 
participants bilaterally at the upper chest (2 cm inferior to 
the clavicle), abdomen (5 cm below last palpable rib), upper 
back (2 cm superior to medial aspect of spine of scapula), 
lateral border of the scapula, and lower back (5 cm from 

Fig. 1  Thermistor placement for field and laboratory studies. Note 
sensor placement over the lateral aspect of the scapula in the right 
pane
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posterior superior iliac spine) (Fig. 1). These sites were 
selected for consistency with prior research studies [2, 5]. 
Two additional thermal sensors were placed over the lat-
eral border of the scapula under the standard jersey-lined 
neoprene packaging for reference to compare with silicone-
coated neoprene and smoothskin neoprene (Fig. 2). Skin 
temperature data were acquired at one-minute intervals for 
the entire surfing session.

Following instrumentation, participants were fitted into 
a 2 mm prototype wetsuit with smoothskin neoprene on one 
half and silicone-coated neoprene on the other (Fig. 2). The 
experimental materials covered only the torso and shoulders 
(anterior and posterior), and the arms and legs of the wet-
suit were comprised standard jersey-lined neoprene (2 mm 
thick). The physical appearance of the experimental materi-
als was very similar, and the researcher and the participant 
were not informed which material was being tested on a 
specific side of the wetsuit. Wetsuit sizing was based on 
manufacturer guidelines for participants’ height and weight 
(Hurley Int., Costa Mesa, CA).

The prototype wetsuits were developed by Hurley Inter-
national (Costa Mesa, CA) and comprised proprietary neo-
prene and silicon and were not based on any commercially 
available model. Six wetsuits (3 sizes: S,M,L and 2 versions: 
left silicone/right smoothskin and right silicone/left smooth-
skin) were constructed to allow for randomization of the 
assignment of materials to each side, thereby eliminating 
the potential impact that southern sun exposure may have on 
radiant heat absorption. The smoothskin neoprene occupied 
more surface area on the wetsuit due to a 2.5 cm margin of 
jersey lined neoprene between the seams and the silicone-
coated neoprene (Fig. 2). After participants had donned their 
wetsuit, the iButton thermal sensors were palpated from the 
exterior of the wetsuit to ensure accurate placement under 
the materials being tested.

For the field study, participants (n = 20) engaged in surf-
ing for at least an hour, which began once they entered the 

water and ended when the participant exited the water. The 
final length of their surf session was left to their discretion. 
Environmental conditions including ambient air tempera-
ture, water temperature, relative humidity, sun exposure and 
wind speed were recorded from the National Oceanic and 
Atmospheric Administration’s buoys located offshore during 
each surf session (surfline.com).

A separate laboratory experiment was performed to con-
trol more precisely for water temperature and differences in 
body heat that might occur due to differences in physical 
activity. After providing informed consent and completing 
the surfing and activity questionnaire, a separate group of 
participants (n = 10) were instrumented with ten iButton 
thermal sensors at the anatomical locations described above 
and fitted into the appropriately sized experimental wetsuit 
(same wetsuits used for the field study). Participants then 
completed a predetermined protocol in an outdoor Endless 
Pool Elite Model (Commercial Elite Endless Pools ®, Aston, 
PA) consisting of a custom-sized pool (2.75 m wide, 4.9 m 
long) and motorized turbine that can generate a constant flow 
of water against a paddling surfer. The flow of water can be 
started and stopped to allow for various activities within the 
simulated surf session. Water temperature was maintained 
at a constant 16 °C for all participants. This 60-min protocol 
consisted of resting, duck diving, and paddling against a 
1.4 m/s current. Water velocity was measured and verified 
at one-minute intervals using a flow-watch flow meter (JDC 
Electronics, Yverdonles-Bains, Switzerland). This protocol 
was designed to simulate a typical surf session and has been 
used previously [5, 7, 8]. The predetermined water flow rate 
was based on the paddling speed of surfers observed in the 
field [17]. This protocol was repeated continuously for one 
hour, alternating the rest breaks between sitting and laying. 
All procedures took place outdoors during the day to simu-
late a surf session in the field. The laboratory experiment 
took place about a month after the field experiment, and 
the laboratory is located 10 miles (16.1 km) inland from 
the coast.

At the completion of the field or simulated surf session, 
participants were asked if one side of the wetsuit covering 

Fig. 2  Anterior and posterior view of custom designed 2 mm experi-
mental wetsuit

Table 1  Participant characteristics

All values are reported as mean ± standard deviation

Field study Laboratory study

Number of participants n = 20 n = 10
Age (years) 25 ± 3 24 ± 2
Height (cm) 181 ± 6 180 ± 3
Mass (kg) 76 ± 8 75 ± 9
Years surfing 12 ± 6 10 ± 6
Self-reported competency 7 ± 1 7 ± 2
Board length (cm) 190 ± 37 187 ± 36
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their torso was warmer and if one side was more comfort-
able. There were only three responses possible for each ques-
tion: right side, left side, or no difference. No statistical tests 
were performed on perception data.

2.3  Material analysis

Following both field and laboratory experiments, eight 
material specimens were taken from three regions of one 
wetsuit that had been rinsed with freshwater and dried (24 
specimens total). The three regions included the upper 
back on the left and right-hand sides (smoothskin and 
silicone-coated neoprene) as well as the upper scapular 
region of the right-hand side, where the wetsuit com-
prised standard jersey-lined neoprene. All specimens 
were taken from the same wetsuit to minimize variation in 
material properties due to differences in use and exposure 
to environmental conditions. A specialized die cutter and 
arbor press were used to ensure uniform size and shape of 
each specimen (ASTM D412-16 with Dog-Bone Type-C 
specimen) [18]. Care was taken to ensure that nylon fib-
ers in the jersey material ran the same direction for all 
samples (parallel to the long axis of the sample) [19]. 
Dimensions of each specimen were verified using digital 
calipers (Mitutoyo model 500-196-30) and the mass of 
each specimen was determined by digital scale (model 
RD303–300 g/1mgRP, Ruishan).

All specimens were dry and at room temperature when 
tested. The tensile strength and stiffness of each specimen 
were evaluated using a material testing device (Instron 
34SC-2, Norwood, MA) with a 2kN load cell and spe-
cialized pneumatic grippers (Instron 2712–042) with 
serrated surface to maintain an appropriate grip pressure 
throughout each test. Air pressure to the pneumatic grips 
was maintained at 6.2 BAR (90 psi), which results in a 
clamping force of 500N according to manufacturer speci-
fications (Instron 2712 Series Operator’s Manual). Speci-
mens were placed in the grips by hand, first by closing 
the specimen into the upper grip (via toggle switch) and 
allowing it to suspend freely. Alignment was confirmed 
by visual inspection. If the material was not aligned, it 
was released from the upper grip, repositioned, and then 
locked again. Once it was aligned properly, the lower grip 
was closed using the toggle switch. While this process 
ensured a relatively consistent level of tension in the sam-
ple before testing, each sample was visually inspected for 
slack and/or tension before testing began. All samples 
were tested in tension, beginning at resting length and 
stretched at a rate of 500 mm/min (strain rate 4.35  min−1) 
until the sample failed (complete rupture), per ASTM 
guidelines [18]. Displacement and force were recorded 
at 50 Hz. Tensile strength was calculated as the maximum 
tension recorded at any point during the test divided by 

the cross-sectional area of the mid-section of the dog-
bone shaped specimen (engineering stress–strain curve). 
Because the stress-stain relationship was nonlinear, the 
tangent modulus was calculated at 10%, 30%, 50%, and 
70% strain for each material (before the yield point).

2.4  Statistical analysis

Water temperature, surf duration, wind speed, and air tem-
peratures between the field and lab-based experiments were 
compared using independent t-tests. Skin temperatures were 
analyzed using procedures described previously for experi-
ments with a similar design [2, 5, 7, 20]. First, skin tempera-
ture time-series data were downloaded from the individual 
iButton thermistors onto the One Wire Viewer application 
and copied into an Excel sheet. Then, data from each ther-
mistor were condensed into 12 intervals of time (epochs) by 
mean skin temperature in increments of five minutes from 
minute 1 to minute 60. Field sessions that were longer than 
60 min were truncated at the 60-min mark. Data were then 
imported into RStudio (version 1.4.1106, Boston, MA) and 
a two-way repeated measures ANOVA (2 materials × 12 
epochs of time) was used to evaluate skin temperature across 
time at each of the four thermistor locations. For locations 
with a significant main effect for material, separate paired 
t-tests were performed at each epoch, comparing skin tem-
peratures under smoothskin and silicone-coated neoprene. 
The Benjamini–Hochberg analysis was utilized to account 
for false discovery rate [21]. A separate, two-way repeated 
measures ANOVA was also used to compare wetsuit materi-
als with standard jersey material on the upper back region 
only. Statistical significance was defined a priori as p < 0.05. 
Effect sizes were estimated using partial eta squared for 
ANOVA and Cohen’s d for pairwise comparisons. Data are 
presented as mean ± standard error (SD) unless otherwise 
indicated.

3  Results

3.1  Environmental conditions

The mean duration of the surf session in the field experiment 
was 67.9 ± 12.1 min. There were no significant differences 
in water temperatures recorded in the field (15.3 ± 1.3 °C, 
range: 13.9–17.78 °C) and in the laboratory (16 ± 0.0 °C). 
There were also no significant differences in wind speed 
recorded in the field (5.4 ± 3.9 mph, range: 1.2 to 12.6 mph) 
and in the laboratory (6.2 ± 2.6 mph, range: 3.4 to 9.9 mph); 
however, mean air temperatures were significantly higher in 
the laboratory (23.7 ± 4.9 °C, range: 16.1 to 30.6 °C) than 
in the field study (15.7 ± 3.4 °C, range: 11.7 to 25.6 °C) 
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(p < 0.001). Relative humidity was also significantly higher 
in the field (63.2 ± 22.4%, range: 26 to 97%) than in the labo-
ratory (35.4 ± 23.2%, range: 9 to 79%) (p = 0.004). Lastly, 
environmental conditions were considered sunny in 90% of 
the trials performed in the laboratory compared to only 55% 
of trials during the field studies.

3.2  Thermoregulatory characteristics

For the field study, a two-way repeated measures ANOVA 
revealed a significant main effect of time at the upper 
chest (p < 0.001, �2

p
 = 0.393), upper back (p = 0.012, �2

p
 = 

0.172), abdomen (p < 0.001, �2
p
 = 0.712), and lower back 

region (p = 0.001, �2
p
 = 0.391) (Fig. 3). There was also a 

main effect of wetsuit material at the abdomen (p < 0.001, 
�
2

p
 = 0.508). The interaction effect of wetsuit material 

by time was significant at the abdomen (p = 0.016, �2
p
 = 

0.166), upper back (p = 0.009, �2
p
 = 0.147), and lower back 

(p = 0.045, �2
p
 = 0.115). Post hoc analysis for the abdomen 

revealed a significantly higher abdomen skin temperature 
under the smoothskin material compared to the silicone-
coated material for all time epochs between minutes 5 and 
60 (all p < 0.001, mean Cohen’s d = 0.57, Fig. 3). For the 
laboratory study, a two-way repeated measures ANOVA 
revealed a significant main effect of time at the upper 
chest (p < 0.001, �2

p
 = 0.756), upper back (p = 0.022, �2

p
 

= 0.359), and abdomen (p < 0.001, �2
p
 = 0.909) (Fig. 4). 

There was also a significant main effect of wetsuit mate-
rial at the abdomen (p = 0.008, �2

p
 = 0.558), lower back 

(p = 0.017, �2
p
 = 0.484), and upper back (p = 0.003, �2

p
 = 

0.640). Finally, there was a significant interaction effect 
of wetsuit material by time at the upper (p = 0.017, �2

p
 = 

0.388) and lower back regions (p = 0.004, �2
p
 = 0.424). Post 

hoc analysis revealed significantly higher skin temperature 

Fig. 3  Comparison of skin 
temperature differences between 
the silicone-coated neoprene 
and the smoothskin neoprene 
at the upper chest, upper back, 
abdomen and the lower back 
while surfing in the ocean. Bars 
represent standard error of the 
mean. The asterisk (*) repre-
sents a significant difference 
in skin temperature between 
the silicone and smoothskin 
neoprene (p value < 0.05)

Fig. 4  Comparison of skin 
temperature differences between 
the silicone-coated neoprene 
and the smoothskin neoprene 
at the upper chest, upper back, 
abdomen and the lower back 
during the laboratory study. 
Bars represent standard error of 
the mean. The asterisk (*) rep-
resents a significant difference 
in skin temperature between 
the silicone and smoothskin 
neoprene (p value < 0.05)
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under the smoothskin material when compared to the sili-
cone material at the abdomen for epochs between minute 
30 and minute 60 (mean p = 0.01, Cohen’s d = 0.88). It also 
revealed significantly higher skin temperature under the 
silicone-coated material when compared to the smoothskin 
material at the upper back for all epochs between minutes 
5 and 60 (mean p = 0.002, Cohen’s d = 0.61, Fig. 4).

3.3  Thermoregulatory characteristics: jersey vs. 
materials

Silicone-coated neoprene and smoothskin neoprene were 
both compared to the standard jersey material at the lat-
eral upper back region (Fig. 5). In the field experiment, a 
two-way repeated measures.

ANOVA revealed a significant main effect of time, a 
significant main effect of material, and a significant inter-
action effect of wetsuit material by time for comparisons 
of both silicone (all p < 0.001, �2

p
 = 0.372–0.887) and 

smoothskin neoprene (all p < 0.001, �2
p
 = 0.344–0.843) 

versus standard jersey neoprene. Post hoc analysis 
revealed significantly higher skin temperatures under 
both the silicone-coated material (all p < 0.001, mean 
Cohen’s d = 1.83) and smoothskin material (all p < 0.001, 
mean Cohen’s d = 1.83) when compared to the standard 
jersey material at all time points.

In the laboratory experiment, a two-way repeated 
measures ANOVA revealed a significant main effect of 
material and a significant interaction effect of wetsuit 
material by time for comparisons of both silicone-coated 
neoprene (p < 0.001, �2

p
 = 0.795–0.878) and smoothskin 

neoprene (p < 0.001, �2
p
 = 0.692–0.891) versus standard 

jersey neoprene. Post hoc analysis revealed significantly 
higher skin temperatures under both the silicone-coated 
material (mean p < 0.001, Cohen’s d = 1.72) and smooth-
skin material for minutes 5 through 60 (mean p < 0.001, 
Cohen’s d = 2.41) when compared to the standard jersey 
material.

3.4  Perception

When data from both experiments were pooled, a total of 
20 out of 30 (66.7%) participants reported equal comfort 
between wetsuit sides (Table 2). A total of 21 out of 30 

Fig. 5  Comparison of skin 
temperature differences between 
the silicone-coated neoprene, 
smoothskin neoprene and jer-
sey-lined neoprene at the upper 
back region during the field and 
laboratory study. Bars represent 
standard error of the mean. The 
asterisk (*) represents a sig-
nificant difference in skin tem-
perature between the silicone 
or smoothskin and jersey-lined 
neoprene (p value < 0.05)

Table 2  Comfort Ratings

Values reported indicate the number of subjects that perceived which 
material felt more comfortable during the field and laboratory study

Field study Laboratory study

Silicone n = 6 n = 2
Smoothskin n = 1 n = 1
Equal n = 13 n = 7

Table 3  Warmth Ratings

Values reported indicate the number of subjects that perceived which 
material felt warmer during the field and laboratory study

Field study Laboratory study

Silicone n = 1 n = 3
Smoothskin n = 3 n = 2
Equal n = 16 n = 5
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(70%) participants reported feeling equally warm between 
wetsuit sides (Table 3).

3.5  Materials testing

The smoothskin neoprene was 0.5 mm thicker than the sil-
icone-coated neoprene and 0.4 mm thicker than the stand-
ard jersey-lined neoprene (Table 4) due to differences in the 
fabrication process. The smoothskin neoprene also exhibited 
the greatest density of the three types of wetsuit material. 
All three types of neoprene exhibited similar tensile strength 
but exhibited different behavior at failure. The smoothskin 
neoprene failed suddenly at 223.8 ± 8.6% strain, whereas 
the jersey-lined and silicone-coated neoprene failed in two 
stages: first the neoprene material ruptured at 115 ± 16.7% 
strain (both jersey and silicone coated), followed by failure 
of the nylon jersey material at 179.2 ± 33.3% (jersey lined) 
and 213.9 ± 22.0% (silicone coated) strain. Tangent modulus 
results indicated that smoothskin exhibited the lowest stiff-
ness of the 3 materials up to 70% strain, suggesting that it 
may provide the least resistance to movement. The silicon-
coated neoprene package exhibited the greatest stiffness at 
lower amounts of strain (10%, 30%) but jersey-lined neo-
prene exhibited greatest stiffness at 50% and 70% of strain 
(Table 4, Fig. 6).

4  Discussion

The purpose of this study was to determine if silicone-coated 
neoprene provides similar insulation to smoothskin neo-
prene, and to determine whether there are differences in den-
sity, tensile strength, and tangent modulus between wetsuit 
materials. There were several novel findings. First, skin tem-
peratures under silicone-coated neoprene were significantly 
higher than those under standard jersey neoprene in the 
upper back. Second, skin temperatures under silicone-coated 
neoprene were similar to those under smoothskin neoprene 
in the upper chest and lower back. Third, skin temperatures 
under silicone-coated neoprene were significantly lower than 

those under smoothskin neoprene in the abdomen. Fourth, 
skin temperatures under silicone-coated neoprene were sig-
nificantly higher than those under smoothskin neoprene in 
the upper back during laboratory studies. Fifth, the major-
ity of participants did not perceive differences in comfort 
or warmth between the wetsuit materials. Finally, when the 
material properties of these different neoprene packages 
were compared, the silicone-coated neoprene exhibited 
greater stiffness when compared to smoothskin neoprene, 
but comparable stiffness when compared to standard jersey-
lined neoprene. Taken together, these findings suggest that 
silicone-coated neoprene is a potential alternative to smooth-
skin neoprene for wetsuit design.

The smoothskin neoprene packaging utilized here was on 
average 0.5 mm thicker than the silicone-coated neoprene 
and jersey-lined neoprene packaging (Table 4), and this 
may have impacted the insulating behavior of each material 
[6, 20]. However, skin temperatures under silicone-coated 
neoprene were either not different or warmer than skin 

Table 4  Material properties of 
three different types of wetsuit 
neoprene packages

Values reported are the mean of 8 specimens tested for each material; mean ± SD

Jersey-lined Smoothskin Silicone

Sample thickness [mm] 2.5 ± 0.1 2.9 ± 0.1 2.4 ± 0.1
Density [kg/m3] 211 ± 7 285 ± 12 272 ± 12
Tensile strength at failure [MPa] 2.19 ± 0.19 2.13 ± 0.12 2.05 ± 0.14
Tensile strain at failure [%] 179.2 ± 33.3 223.8 ± 8.6 213.9 ± 22.0
Tangent modulus at 10% strain [MPa] 0.44 ± 0.08 0.44 ± 0.11 0.69 ± 0.15

  30% strain [MPa] 0.76 ± 0.18 0.33 ± 0.10 1.09 ± 0.38
  50% strain [MPa] 1.77 ± 0.52 0.30 ± 0.07 1.43 ± 0.48
  70% strain [MPa] 1.94 ± 0.36 0.35 ± 0.14 1.77 ± 0.68

Fig. 6  Tensile stress vs strain curves for 3 different wetsuit materi-
als. Jersey: standard neoprene lined with jersey on both sides. Sili-
cone: standard neoprene lined with jersey on both sides and a silicone 
coating applied to the outer surface. Smoothskin: standard neoprene 
heated and embossed on the outer surface and nylon jersey on the 
interior surface. Each curve represents the average of eight uniform 
samples. All samples were tested until failure, but data are only pre-
sented here up to 0.75 (or 75%) strain, an approximation of the range 
of strain that a wetsuit might realistically experience in the field
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temperatures under smoothskin neoprene for three of the 
four locations compared here. This suggests that a thinner 
packaging of silicone-coated neoprene can achieve a similar 
thermoregulatory effect to that of smoothskin in multiple 
anatomical locations. A thinner, more efficient wetsuit pack-
age is desirable because it may also have a beneficial effect 
on movement biomechanics through reduced mass and mate-
rial stiffness [15].

Recently published data established that upper back 
skin temperature under smoothskin neoprene was on aver-
age ~ 1.5 °C higher compared to skin temperature under 
standard jersey neoprene due to its radiant heat absorption 
and water repellent properties [5]. The current results are 
consistent with these previous findings, since significantly 
higher skin temperatures were found under the smoothskin 
neoprene compared to jersey material at the upper back 
(Fig. 5). Similarly, upper back skin temperatures under sil-
icone-coated neoprene were also significantly higher than 
skin temperatures under standard jersey neoprene (Fig. 5).

4.1  Smoothskin vs silicone‑coated neoprene—
thermal results

At the upper back, skin temperatures under silicone-coated 
neoprene were significantly higher than those under smooth-
skin neoprene in the laboratory study but not in the field. It is 
well known that between 2 and 16% of the total time surfing 
consists of miscellaneous activities where the upper back of 
the surfer is directly interacting with the water (i.e., swim-
ming, diving under waves, and falling after riding waves) 
[22]. The difference in skin temperature found in the labora-
tory may be a result of the upper back interacting with the 
water less than during experiments in the ocean since in the 
laboratory setting the upper back of the participants only 
interacted with the water briefly when duck diving between 
rest and paddling phases. Skin temperature differences in the 
upper back between laboratory and field setting may also be 
attributed to differences in environmental conditions. Specif-
ically, ambient air temperature, humidity, and sun exposure 
differed between research settings. These factors suggest that 
silicone-coated neoprene may absorb radiant heat from the 
sun more effectively than smoothskin neoprene at the upper 
back in conditions with warmer air temperature, higher 
exposure to the sun and minimal relative humidity. However, 
without direct measure of radiation-mediated heat absorp-
tion, these conclusions are speculative. Additional study is 
needed to determine the exact mechanisms behind differ-
ences in skin temperature under different neoprene packages.

In both the laboratory and field experiments, no sig-
nificant differences were found between the skin tempera-
tures under the smoothskin neoprene and silicone-coated 
neoprene at the lower back and chest. During paddling and 
resting phases, the lower back and chest experience greater 

exposure to the water and less exposure to radiant heat from 
the sun than the upper back. These findings support the pre-
vious assertion that relative exposure to water, sun and air 
likely contribute to the insulation capacity of smoothskin 
and silicone-coated neoprene [5]. Therefore, in conditions 
where there is intermittent interaction with water and sun 
exposure, smoothskin neoprene and silicone-coated neo-
prene may provide very similar insulation.

Skin temperatures under the smoothskin neoprene were 
significantly warmer than the skin temperatures under 
silicone-coated neoprene at the abdomen (Fig. 3). Similar 
findings at the abdomen were also observed in the labora-
tory (Fig. 4). It is interesting that the abdomen is the only 
location where skin temperatures under the smoothskin were 
greater than those under silicone-coated neoprene. These 
differences in skin temperatures may be influenced by lack 
of sun exposure and more consistent interaction with cold 
water during prone paddling and resting while surfing. Skin 
temperatures at the abdomen may also be influenced by dif-
ferences in neoprene package thickness, since the silicone-
coated neoprene was 0.5 mm thinner than the smoothskin 
neoprene.

The combined results of this study suggest that silicone-
coated neoprene would have the greatest impact on ther-
moregulation when applied to the regions of the body that 
are most exposed to radiant heat from the sun. These regions 
include the upper chest, shoulders, and the upper and lower 
back. Conversely, this material may have little impact on 
thermoregulation when used in the abdomen of wetsuits due 
to greater exposure to cold water. In addition, recent research 
that reported no differences in skin temperature at the abdo-
men when smoothskin was compared to standard jersey neo-
prene [5]. Therefore, since jersey material provides greater 
durability than smoothskin material, the combined results 
suggest that jersey-lined neoprene should be utilized at the 
abdominal region. By the same logic, silicone-coated neo-
prene should also not be placed in the lower extremities due 
to the higher interactions with cold water and lack of sun 
exposure.

4.2  Mechanical results

These results suggest that adding silicone increases mate-
rial density to a level that is greater than standard jersey-
lined neoprene, but less than or comparable to that of 
smoothskin (Table 4). Unexpectedly, the silicone-coated 
neoprene did not exhibit greater tensile strength than the 
smoothskin neoprene (Table 4). The stiffness of the mate-
rial is an important factor in predicting its impact on an 
athlete’s movement. It is interesting that smoothskin neo-
prene exhibited less than 33% of the stiffness (i.e., tangent 
modulus) of silicone-coated neoprene up to 70% strain 
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(Table 4, Fig. 6). However, the silicone-coated neoprene 
exhibited similar stiffness to that of the standard jersey-
lined neoprene, suggesting that adding a silicone coat-
ing will have minimal impact on movement biomechanics 
when these two packages are compared. The impact of a 
silicone-coated neoprene on human movement should be 
evaluated in a future study.

The combination of multiple materials into a compos-
ite package has a complex effect on material strength and 
stiffness. The current data suggest that silicone coating 
contributes more to overall package stiffness at smaller 
amounts of stretch. This effect can be seen in Fig. 6 where 
both the jersey-lined and smoothskin neoprene curves 
exhibit reduced slopes at lower strain (e.g., 10–30%) than 
the silicone-coated neoprene. It is also interesting that the 
jersey-lined neoprene exhibits a clear increase in stiffness 
at around 50% strain, which may indicate that the nylon 
jersey fibers become more engaged at this level of stretch. 
It should also be noted that there were differences in 
behavior of the different materials at failure. Smoothskin 
neoprene tended to fail/rupture more abruptly, while the 
jersey-lined neoprene failed in two stages. The inconsistent 
behavior at failure among materials was a limitation to the 
current study. Future research should incorporate methods 
that limit this effect, potentially using other sample shapes 
such as those recommended for fabric. In addition, a closer 
examination of tearing would improve understanding of 
the durability of each material. While this analysis pro-
vides some initial insight into the mechanical properties 
of these materials, additional research is needed to pro-
vide a more detailed analysis of the behavior of different 
neoprene packages. Finally, additional research is needed 
to evaluate the environmental impact of silicone in the 
manufacture and disposal of wetsuits, including additional 
energy costs associated with production. Neoprene wet-
suits are difficult to recycle and/or dispose of properly and 
a silicone coating may add to this challenge.

4.3  Conclusion

The findings from this study demonstrate for the first time 
that silicone-coated neoprene results in comparable skin 
temperatures when compared to smoothskin neoprene 
in regions that have intermittent interactions with water 
and exposure to radiant heat from the sun. In addition, 
silicone-coated neoprene exhibited comparable tensile 
strength and greater stiffness when compared to smooth-
skin neoprene. Additional study is needed to determine the 
impact of silicone-coated neoprene on human movement, 
particularly the paddling motion. The impact on ther-
moregulation observed here suggests that manufacturers 
should consider the application of a silicone coating for 

specific regions of their wetsuits to increase insulation 
capacity and durability.
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