The effects of stimulus temperature and skin hydration levels on wetness perception at the underarm
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Abstract
Background
Experiencing wetness on the skin because of sweating or contact with fluids can induce thermal discomfort. Millions of people apply antiperspirant deodorant products to the underarm to minimise this negative experience. However, the mechanisms underpinning wetness perception at the underarm and the influence of underlying stratum corneum hydration remain under investigated. We aimed to evaluate the role of stimulus temperature and skin hydration levels on wetness perception at the underarm in young participants. 
Materials and Methods
 Ten healthy participants (5 M / 5 F; 29 ± 7 y) underwent a quantitative sensory test during which they reported the perceived magnitude of wetness perception from a short-duration static application of a cold-wet (i.e. 5 ℃ below local skin temperature), neutral-wet (i.e. equal to local skin temperature) and warm-wet (i.e. 5 ℃ above local skin temperature) stimuli. Wetness perception was assessed on a 100-mm visual analogue scale (0 = dry; 100 = completely wet), with a repeated measures design exploring the effects of overhydration (+21 %) and dehydration (-40 %) of the underarm’s skin.  
Results
Our results indicated a higher wetness perception (p = 0.012) during the cold-wet (40 mm, 95 % CI: 25, 56) than during the warm-wet (25 mm, 95 % CI: 12, 39), and neutral-wet stimuli (24 mm, 95 % CI: 7, 40). Furthermore, overhydration of the underarm’ stratum corneum can lead to an increase in wetness perceptions upon contact with cold-wet stimuli only (mean increase: 20 mm, 95 % CI: 3, 36; p = 0.024; corresponding to 20 % increase). 
Conclusion
 Our findings provide novel fundamental insights into the underarm's perceptual responses to wetness, which could inform understanding of the determinants of wet feel associated with periods of sweating and the application of antiperspirant products.
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1. Introduction
Experiencing wetness on the skin as a result of sweating or contact with fluids has been repeatedly shown to induce thermal discomfort, which is a critical trigger of behavioural responses in humans (Filingeri and Havenith, 2018, Gagge, 1937). Consider, for example, the common experience of wetness at the underarm resulting from thermal or psychogenic sweating. Millions of people apply antiperspirant deodorant products to the underarm on a daily basis to minimise this negative experience (Watkinson et al., 2007). Antiperspirant deodorants are consumer goods hygiene products applied on the underarm to fight odour, reduce sweating and increase self-confidence (Teerasumran et al., 2023). Inefficiencies of antiperspirant action or a lack of application can create visual sweat stains or noticeably wet skin, all of which may negatively impact a person’s quality of life (Swaile et al., 2012). Sweat is secreted at the underarm through three different sweat glands, eccrine, apocrine and apoeccrine (Sato et al., 1987, Shelley and Hurley, 1953). The fluid secreted from each type of sweat gland varies based on its functional properties. The apoeccrine and eccrine glands secrete a watery-like fluid, whereas, the apocrine glands produce a viscous, odourless lipid-rich fluid, which, bacteria residing at the underarm react with, resulting in malodour (Low, 2012). Daily application of antiperspirant deodorant can minimise sweat secretion and consequently, the malodour (Teerasumran et al., 2023). 
Antiperspirant deodorants have become well-established worldwide and are available in many physical forms and chemical formulations, such as roll-on, aerosols, sticks and gels (Benohanian, 2001). Whilst generally effective in limiting sweat-induced wetness at the underarm (Teerasumran et al., 2023), these products can trigger undesired wetness perceptions at the point of application, i.e. when a “wet” product at room temperature (~23 ℃) contacts the skin of the underarm (which has a likely temperature of ≥ 34 ℃). This “acute” wetness experience may negatively impact the acceptability and comfort of such products. Hence, an increased understanding of the mechanisms of wetness perception at the underarm upon contact with a wet stimulus could inform the design of more comfortable antiperspirant deodorants. 
Extensive psychophysical research in wetness perception has indicated that, due to the likely absence of skin hygroreceptors (Clark and Edholm, 1985), humans learn to perceive wetness through the integration of thermo-sensory cues. This is triggered by the heat exchange occurring between the skin and a wet stimulus (Filingeri et al., 2014a, Filingeri et al., 2015a), in combination with mechano-sensory cues resulting from moisture moving across the skin surface (Filingeri et al., 2014a, Filingeri et al., 2014c, Filingeri et al., 2015b). Previous work in this area has relied primarily on the application of temperature-modulated wet stimuli (e.g. above, below or equal to skin temperature) with equal moisture contents to various thermally sensitive regions of the body such as the torso (Filingeri et al., 2014a), forehead (Valenza et al., 2019), neck (Ackerley et al., 2012), lower back (Filingeri et al., 2015c), dorsal foot (Wildgoose et al., 2021), and fingertip (Merrick et al., 2021, Jay and Havenith, 2004). This body of literature has repeatedly demonstrated that a cold-wet stimulus is perceived as wetter than a warm-wet one given the same moisture content (Filingeri et al., 2014a), thereby highlighting the primary role of skin cooling in triggering wetness perceptions. 
This observation is particularly relevant in the context of applying a cold-wet antiperspirant deodorant to the warm skin of the underarm. However, the extent to which the established perceptual mechanisms for wetness sensing observed across the body also apply to the underarm, due to a lack of psychophysical research specifically testing the underarm. Indeed, the underarm is a unique skin site, where the stratum corneum (SC) has reduced barrier function due to personal care regimes, including shaving and antiperspirant deodorant application (Turner et al., 2007). Shaving, in particular, is often associated with sensory irritation from skin damage through artificial, premature removal of skin cells, leading to a thicker epidermis (Chaturvedi et al., 2024). This may impact this skin thermal and tactile sensitivity and the resulting wetness perceptions. 
Furthermore, SC hydration levels vary throughout the day via mechanisms of overhydration (e.g. during sweating) and dehydration, and this may alter skin mechanics, such as elasticity, tactile sensitivity and function (Tagami, 2008). Dead SC cells within the epidermis that are exposed to water solutions, such as during a shower, rehydrate in a two stage process, the initial increase within the first few minutes filling the voids within the most superficial regions of the SC, followed by a slower linear process of hydration, which induces structural alterations of the SC and swelling to the corneocytes, leading to increased epidermal hydration and surface area (Morin et al., 2020, Gerhardt et al., 2008). These water-related changes in the SC modify the chemical structure and mechanical properties of the skin, which in turn may impact tactile sensitivity. Broader evidence indicates that there is a negative correlation between stratum corneum water content and skin roughness (Lee et al., 2022). Indeed, it has been previously reported that hydrated skin decreases the sensation of roughness during the contact of fingertips with textured objects (Verrillo et al., 1998). When considering the relationship between wetness perception and roughness perception, Merrick et al. (2022) found a negative corelation whereby rougher surfaces felt drier while smoother surfaces felt wetter. However, further research is required to fully establish how the hydration status of the skin of the underarm, and any potential change in skin surface roughness, may impact local wetness sensitivity on this skin site.
Altogether, the evidence above highlights our limited understanding of the mechanisms underlying wetness perception at the underarm and their variation with changes in the hydration levels of the SC. Therefore, the aim of this study was to investigate the role of stimulus temperature and skin hydration levels on wetness perception at the underarm in healthy young participants. We hypothesised that wetness perceptions will be greater as a result of cold-wet stimulus application as well as with increases in SC hydration. 

2. Materials and Methods

2.1.  Ethical approval 
This study was approved by the University of Southampton Ethics Committee (approval no.73017). All participants provided written informed consent prior to testing. The study conformed to the ethical standards set by the Declaration of Helsinki.
2.2. Participants 
Ten healthy recreationally active participants (5 M / 5 F; age 28.8 ± 7.2 years; height 171.3 ± 9.5 cm; body mass 78.1 ± 18.2 kg; BMI 26.4 ± 4.2 kg/m²) were recruited for the study. Priori sample size calculation was performed using an effect size corresponding to f = 0.71 (Filingeri et al., 2013), combined with an α = 0.05 and a β (power) = 0.8, determined a minimum sample of seven participants. Ten participants were recruited in case of loss to follow up. 
The volunteers had no history of sensory-related disorders nor cardiovascular, neurological, or skin-related conditions (e.g., eczema). Participants were provided with specific instructions prior to testing, including refraining from applying antiperspirant deodorant, and they were required to shave their underarms 24 hours prior to the testing sessions. Female participants also provided self-reports of the last day of their most recent menstrual cycle in relation to the testing day. 
2.3.  Experimental design
The study was a single-blind, randomised cross-over design. Participants took part in two testing sessions on separate days, separated by a minimum of 24 hours, performed under the same thermo-neutral ambient conditions (25 ℃ and 45 % relative humidity).  During the sessions, participants performed a standardised quantitative sensory test (Valenza et al., 2019), which consisted in having to report on a visual analogue scale the magnitude of wetness perception arising from the local application of warm-, neutral- and cold-wet stimuli to the skin of the underarm. This was performed under baseline conditions as well as following a local overhydration and dehydration protocol of the SC. Biophysical skin assessments were also performed to characterise local skin properties. 
The dehydration/overhydration protocols were developed following extensive pilot studies. They consisted of a) the application of a 50 cm² cotton patch, fully saturated with room-temperature water (0.1 mL). The patch was covered and secured to the skin with impermeable adhesive tape to prevent evaporation and left in place for 30 minutes to achieve local overhydration; b) the application of calcium-carbonate powder (0.025 g) on the skin side for 30 minutes for dehydration. Pilot studies indicated this experimental approach induced changes in local SC hydration of ~±30 % from baseline. 
It is important to note that the application of the quantitative sensory test at the underarm under dehydration and overhydration skin states required some adjustment from previous studies to minimise the potential carry-over effect following wet probe application within the same testing session. As such, the centre of the underarm was partitioned into three areas, each of which was stimulated by a different temperature stimulus (i.e. cold-wet, 5 ℃ below local skin temperature; neutral-wet, equal temperature as local skin temperature; and warm-wet, 5 ℃ above local skin temperature). The application area was randomised between participants to minimise any bias due to skin site effects on temperature-dependent wetness perceptions. Participants were also blinded to the temperature of the stimuli to limit expectation bias. The same investigator performed all testing. 
2.4.  Experimental procedures
Upon arrival to the laboratory, participants’ anthropometric measurements were collected. Height was measured on a wall stadiometer and weight on a precision scale (KERN 150K2DL, Balingen, Germany). Participants then were positioned in supine on a therapy bed and the testing sites were marked with a washable marker. Subsequently, participants were familiarised with the quantitative sensory test and visual analogue scales using the forearm as a neutral test site (i.e., the midpoint between the wrist and antecubital fossa). Familiarisation procedures have been extensively reported in our previous paper (Valenza et al., 2019). 
Upon completion of the familiarisation phase, testing commenced. First, we collected a series of biophysical skin parameters at the underarm with non-invasive methods, including assessments of local SC hydration ((Clarys et al., 2012), Corneometer; CM 825, CK Electronics, Germany), and of surface roughness (i.e. Rq = the root mean square variation of the surface height, acquired using an optical coherence tomography scanner (OCT), Vivo sights DX, Michelson Diagnostics, UK). SC hydration was measured at each stimulation site, The Corneometer measures the capacitance of the skin surface through the electromagnetic contact in the probe during the spring displacement and converted into arbitrary units (Westermann et al., 2020, Anthonissen et al., 2015). The higher the water content in the SC, the greater the capacitance, leading to high readings. It is of note that changes in skin temperature may affect the water mobility and dielectric properties in the skin (Rossmann and Haemmerich, 2014), however, the initial hydration stage is unaffected by temperature, whereas the second stage showed a temperature dependent increase above 42 ℃ (Morin et al., 2020). When considering the skin temperature data collected during our study, we found minimal variation in this parameter between days and across participants (Visit 1; 34.6 ± 1.52 ℃, Visit 2; 34.0 ± 1.2 ℃). Hence, it is unlikely that our measurements of skin hydration would have been impacted by skin temperature. Whereas, surface roughness was measured only at the centre of the underarm. Following these measurements, tactile detection thresholds at the underarm were measured using Von Frey’s monofilaments (North Coast Medical, Inc., Morgan Hill, LA, USA) employing the up-down method (Chaplan et al., 1994, Dixon, 1965). At this point, the quantitative sensory test of wetness perception was performed. This consisted of a 10 second application of a hand-held temperature-controllable probe (surface area: 1.32 cm2), mounted with a 100 % cotton patch wetted with 0.8 mL of water, randomised to one of the three marked areas of the underarm. The area stimulated was dependent on the pre-determined temperature of the stimulus, which was either cold-wet (5 ℃ below local skin temperature), neutral-wet (equal temperature as local skin temperature) or warm-wet (5 ℃ above local skin temperature). Stimulus’ temperature was relative to local skin temperature, which was assessed using infrared thermometry (Spot IR Thermometer TG54; FLIR Systems, Wilsonville, OR, USA). Upon application of the wet stimulus, participants were verbally encouraged to report their local thermal and wetness perceptions on separate visual analogue scales [i.e. 100-mm wetness scale with anchor points: Dry (0) to Completely wet (100); and 200-mm thermal scale with anchor points: Very cold (0), Neutral (100) and Very hot (200)]. The three temperature stimuli were applied in a randomised order with 60 seconds in between applications.  
Upon completion of the baseline quantitative sensory test, and depending on the testing session, the skin of the underarm underwent the 30-minute overhydration or dehydration protocol described in section 2.3. Upon completion of the protocol, the same sequence of biophysical assessments (i.e. local skin temperature, SC hydration, skin roughness, tactile sensitivity) and the same quantitative sensory test of wetness were performed on the same underarm sites to establish hydration-dependent changes in wetness perceptions and their biophysical correlates, for a schematic of the experimental procedure see Figure 1. 
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Description automatically generated]Figure 1. Schematic of experimental design in order of events. SCH = stratum corneum hydration, Tsk = skin temperature, QST = quantitative sensory test

2.5.  Statistical Analysis
Data normality and homoscedasticity were assessed using the Shapiro–Wilk and Levene tests, respectively.  SC hydration, wetness perception and thermal sensation data were identified to be normally distributed, hence parametric tests were used for analysis. SC hydration, wetness perception and thermal sensation data were analysed separately for the overhydration and dehydration sessions by means of 2-way repeated measures ANOVAs [independent variables: i) time, with two levels, i.e. prior and following hydration protocol; ii) skin site for stimulation, with three levels, i.e. warm-wet site, neutral-wet site and cold-wet site)] to determine how skin hydration varied following on each protocol and across testing sites. In the event of a statistically significant main effect or interaction, a post hoc analysis was conducted using a Bonferroni correction. Skin surface roughness data were identified to be normally distributed, paired sample T-test with Bonferroni correction were used to assess overhydration and dehydration outcomes.
Tactile sensitivity data were identified to be non-normally distributed, thus non-parametric test were used. Tactile sensitivity data were analysed separately for the overhydration and dehydration sessions by means of Friedman tests followed by [independent variables: i) time, with two levels, i.e. prior and following hydration protocol; ii) skin site for stimulation, with three levels, i.e. warm-wet site, neutral-wet site and cold-wet site)] to determine how tactile sensitivity varied following on each protocol and its across testing sites. In the event of a statistically significant main effect, a post-hoc analysis was conducted using Wilcoxon signed-ranks tests with a Bonferroni correction.
All data was analysed using SPSS Statistics 19 (version 28.1, Chicago, USA). Statistical significance was set at p < 0.05, and data were reported as means, standard deviation (SD) and 95 % Confidence Intervals (CI).

3. Results 

3.1. Stratum corneum hydration and skin surface roughness 
Regarding SC hydration during the overhydration protocol, a statistically significant effect of time (F = 10.53, p = 0.010), yet no effect of skin site for stimulation (F = 3.25, p = 0.074) nor an interaction (F = 0.92, p = 0.883) was found. Specifically, when collapsed over skin site for stimulation, SC hydration increased by 10.0 au (95 % CI: 3.1, 16.7, p = 0.010) from a baseline value of 47.6 au (95 % CI: 37.4, 57.8) to a post-overhydration value of 57.5 au (95 % CI: 43.9, 71.0). This corresponded to an average increase in SC hydration of 21 % (Figure 2A). 
During the dehydration protocol, SC hydration significantly changed over time (F = 32.34, p < 0.001), with no effect of skin site for stimulation (F = 3.73, p = 0.083), and an interaction effect (F = 5.67, p = 0.030). When collapsed over skin site for stimulation, SC hydration decreased by 22.4 au (95 % CI: 13.5, 31.4, p < 0.001) from a baseline value of 50.9 au (95 % CI: 37.6, 64.2) to a post-dehydration value of 28.4 au (95 % CI: 17.1, 39.8). This corresponded to an average decrease in SC hydration of 44 % (Figure 2B). Yet, the interaction effect indicated that this average decrease was less pronounced at the neutral-wet site of stimulation (-10 au, 95 % CI: -23.2, 1.5, p = 0.078) than at the warm-wet (-31.2 au, 95 % CI: -45.6, -16.8, p < 0.001) and cold-wet sites (-25.2 au, 95 % CI: -33.9, -16.5, p < 0.001).
Surface roughness had no statistically significant difference between baseline (Rq = 0.021 ± 0.005 µm) and post-hydration values (Rq = 0.023 ± 0.005 µm; t = -0.965, p = 0.367) nor dehydration values (Rq = 0.022 ± 0.004 µm; t = 0.211, p = 0.840). 
[Insert Figure 2, see pg 19]
Figure 2. Changes in stratum corneum hydration from baseline to post overhydration (A) and dehydration (B) protocols in the warm-wet, neutral-wet and cold-wet sites at the underarm. Statistically significant differences are pictured (*p < 0.05).
3.2. Wetness perceptions
Regarding wetness perception data during the overhydration protocol, we found a statistically significant effect of time (F = 7.21, p = 0.025), of wet stimulus temperature (F = 5.16, p = 0.020), and an interaction (F = 3.63, p = 0.047). Specifically, the interaction effect indicated that wetness perceptions increased following the overhydration protocol as a result of the cold-wet stimulus application only (mean increase: 20 mm, 95 % CI: 3, 36; p = 0.024). This corresponded to an average increase in cold-wet perception of ~20 % above baseline (Figure 3. A, B). Regarding wetness perception data during the dehydration protocol, we found no statistically significant effect of time (F = 1.14, p = 0.312), a statistically significant effect of wet stimulus temperature (F = 6.83, p = 0.012), and no interaction (F = 1.07, p = 0.352). Specifically, when collapsed over time, wetness perceptions were wetter during the cold-wet stimulation (40 mm, 95 % CI: 25, 56) than during the warm-wet (25 mm, 95 % CI: 12, 39), and neutral-wet stimulation (24 mm, 95 % CI: 7, 40) (Figure 3. C, D).
[Insert Figure 3, see pg 19]
Figure 3. Changes in wetness perception from baseline to post overhydration (A) and dehydration (C) protocols in the warm-wet, neutral-wet and cold-wet sites at the underarm. Statistically significant differences are pictured (*p < 0.05). 95 % confidence intervals for the warm-wet, neutral-wet and cold-wet sites for overhydration (B) and dehydration (D) report. 
3.3 Thermal and tactile sensations
Regarding thermal sensation data during the overhydration protocol, we found no statistically significant effect of time (F = 0.17, p = 0.683), a statistically significant effect of wet stimulus temperature (F = 24.94, p < 0.001), and no interaction (F = 1.15, p = 0.339). Specifically, when collapsed over time, thermal sensations were warmer during the warm-wet stimulation (119 mm, 95 % CI: 107, 131), colder during the cold-wet stimulation (63 mm, 95 % CI: 49, 78), and close to neutrality during the neutral-wet stimulation (109 mm, 95 % CI: 95, 123) (Figure 4A). During the dehydration protocol there was no statistically significant effect of time (F = 0.24, p = 0.630), a statistically significant effect of wet stimulus temperature (F = 13.26, p < 0.001), and no interaction (F = 2.23, p = 0.147). Specifically, when collapsed over time, thermal sensations were warmer during the warm-wet stimulation (112 mm, 95 % CI: 86, 138), colder during the cold-wet stimulation (58 mm, 95 % CI: 41, 75), and close to neutrality during the neutral-wet stimulation (92 mm, 95 % CI: 76, 108) (Figure 4B).
[Insert Figure 4, see pg 20]
Figure 4. Changes in thermal sensitivity from baseline to post overhydration (A) and dehydration (B) protocols in the warm-wet, neutral-wet and cold-wet sites at the underarm. Statistically significant differences are pictured (*p < 0.05).
Regarding tactile sensitivity data, we found no statistically significant effect of time nor skin site for stimulation for overhydration (Chi square = 1.179, p = 0.877) and dehydration (Chi square = 7.597, p = 0.180). 

4. Discussion
The study aimed to investigate the role of stimulus temperature and skin hydration levels on wetness perception at the underarm in healthy young participants. We hypothesised that wetness perceptions at the underarm will be greater as a result of cold-wet stimulus application as well as with increases in SC hydration. Our findings supported both our hypotheses. First, we observed that, whether applied on normo-, over- or de-hydrated skin, cold-wet stimuli triggered wetter perceptions at the underarm than warm- and neutral-wet stimuli. Second, we found that an increase in SC hydration of ~21 % was associated with a ~20 % increase in wetness perception only when a cold-wet stimulus was applied on the skin of the underarm. These findings provide novel fundamental insights into the underarm's perceptual responses to wetness, which could inform understanding of the determinants of wet feel associated with the application of antiperspirant products.
Regarding our first observation, our findings are in line with previous research that has indicated that, given the same moisture content, cold-wet stimuli consistently trigger wetter perceptions than warm- and neutral-wet test conditions (Valenza et al., 2019, Filingeri et al., 2013, Filingeri et al., 2014b, Wildgoose et al., 2021, Jay and Havenith, 2004, Ackerley et al., 2012). Filingeri et al. (2013) has previously reported that a cold-dry stimulus can elicit a perception of skin wetness, highlighting the importance of skin cooling as a mechanism for the detection of wetness in the absence of a skin hygroreceptor. On the contrary, warmth appears to suppress the perception of wetness when in contact with a wet stimulus (Filingeri et al., 2015c, Filingeri et al., 2014c, Christogianni et al., 2022). Our current findings confirm that such specific perceptual mechanisms for wetness perception also apply to the skin of the underarm, which is a unique skin site due to its anatomy and biophysical properties resulting from personal care regimes, including shaving and antiperspirant deodorant application (Turner et al., 2007). Importantly, our findings extend previous work to demonstrate that the role of coldness in driving wetness perception is maintained irrespective of SC’ hydration levels (i.e. from 44 % dehydration to 21 % overhydration).  
Regarding our second observation, our findings provide novel evidence that an increase in local SC hydration of ~21% is associated with an increase in wetness perception during cold-wet stimulation of the underarm. It has been previously suggested that an increase in water content of the SC could induce swelling of the corneocytes with consequent changes in the mechanical properties of the skin (Warner et al., 2003) such as friction, pliability and thermal conductivity (Draelos, 2009). It has also been suggested that overhydration may increase skin contact area, in turn leading to an increase in tactile sensitivity (Samadi et al.). Verrillo et al. (1998) also observed that skin dehydration impacted the perception of textured roughness by decreasing tactile sensitivity. Due to the importance of thermal conductivity, tactile sensitivity, and contact area in skin wetness perception, we had expected such mechanisms to underlie the hypothesised increase in wetness perception with overhydration of the SC. Despite not observing any overhydration-induced changes in skin surface roughness, tactile sensitivity, or thermal sensation at the underarm, the underlying mechanisms for an increase in cold-wetness perception with overhydration remain unclear. The underarm, being a naturally warm and moist environment that undergoes frequent tactile interactions (such as from clothing and sweat), may be pre-conditioned, which could reduce the sensitivity to these effects. Additionally, repeated moisture exposure can alter the structural integrity of the corneocytes, impacting their maturity, turnover rate, and thickening of the SC (Wickett and Visscher, 2006). This adaptation could contribute to the lack of significant biophysical and anatomical changes observed under the overhydration protocol. Further investigation is needed to fully understand these dynamics. 
Nevertheless, and from an applied standpoint, these observations are important to drive innovation in antiperspirant deodorant design. Our findings support the view that these products can trigger undesired wetness perceptions at the point of application, i.e. when a (cold) “wet” product at room temperature (~23 ℃) contacts the skin of the underarm (34.6 ± 1.5 ℃). Furthermore, our findings indicate that such cold-wet perceptions may be further increased when antiperspirant application occurs on overhydrated skin. This scenario is commonly associated with the status of the skin following a shower, which is also a common application time for antiperspirant products. Future developments of these products should, therefore, consider approaches to minimise cold-inducing wetness perceptions upon contact with the overhydrated skin of the underarm, as this scenario is likely to trigger the most intense cold-wet perceptions.   
Whilst the findings of this study have relevant applied implications, there are also some study limitations that are worth highlighting. For example, individual variations in the shape of the underarm may impact specific perceptual outcomes as a result of individual variability in contact area during both hydration manipulations and wet stimulus applications. The chemical composition of fluids in antiperspirants affects their thermal conductivity, potentially altering skin cooling rates upon contact (Bergmann Tiest and Kappers, 2009). Skin cooling is known to enhance wetness perception (Filingeri et al., 2013). However, the relationship between a fluid's thermal conductivity and wetness perceptions is not fully understood. Future studies should therefore also consider how the current findings may vary when fluid application extends beyond water to include fluids likely found in the chemical formulations of commercially available antiperspirant deodorants. As these fluids may present varying heat capacity and thermal conductivity properties, it is reasonable to expect that their application may differentially impact wetness perceptions upon contact with the underarm. 
5. Conclusions
In conclusion, we have demonstrated that the established perceptual mechanisms underlying wetness perception in healthy young adults also apply to the skin of the underarm, as we found that cold-wet stimuli were consistently reported to be wetter than warm- and neutral-wet ones when applied to either normally hydrated as well as over- and dehydrated skin.  Furthermore, we provide novel evidence that overhydration of the underarm’ SC can lead to an increase in wetness perceptions upon contact with cold-wet stimuli. These observations carry applied implications to inform the design of antiperspirant deodorants that minimise wet perceptions upon contact and help improve users’ comfort. 
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Figure captions.


Figure 2. Changes in stratum corneum hydration from baseline to post overhydration (a) and dehydration (b) protocols in the warm-wet, neutral-wet and cold-wet sites at the underarm. Statistically significant differences are pictured (*p < 0.05).


Figure 3. Changes in wetness perception from baseline to post overhydration (A) and dehydration (C) protocols in the warm-wet, neutral-wet and cold-wet sites at the underarm. Statistically significant differences are pictured (*p < 0.05). 95 % confidence intervals for the warm-wet, neutral-wet and cold-wet sites for overhydration (B) and dehydration (D) report. 
wetness perceptions were wetter during the cold-wet stimulation (40 mm, 95 % CI: 25, 56) than during the warm-wet (25 mm, 95 % CI: 12, 39), and neutral-wet stimulation (24 mm, 95 % CI: 7, 40) (Figure 3. C, D).


Figure 4. Changes in thermal sensitivity from baseline to post overhydration (A) and dehydration (B) protocols in the warm-wet, neutral-wet and cold-wet sites at the underarm. Statistically significant differences are pictured (*p < 0.05).
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