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Skin sensitivity (SS) is a commonly occurring response to a range of stimuli, including environmental 

conditions, chemical irritants, and mechanical forces. Factors affecting whether an individual 

reports SS has been a topic of interest for many years, with studies ranging from questionnaire 

screening tools to objective measurements of skin characteristics. Despite these studies, there is 

no consensus regarding a definition of SS. Furthermore, as differences in individual tolerance to 

stimuli has led to a demand for personalised products, SS continues to be an emerging clinical and 

social challenge. Consequently, the present research aimed to investigate the variability in skin 

sensitivity using an array of skin assessment tools. Specifically, mechanical loading in the form of 

consumer devices were considered, such as electrical shavers where a dynamic combination of 

pressure and shear is exerted on the skin surface. The bearded area of the cheek and neck in males 

were selected as regions of interest in context of electrical shaving, enabling examination of inter- 

and intra-subject variability in perception of enhanced skin sensitivity.  

Parameters for characterising skin health were identified following a review of the scientific 

literature. Findings revealed that the structure and function of the stratum corneum (SC) and its 

effective barrier properties were closely associated with perception of sensitivity, assessed through 

parameters such as TEWL, SC thickness, and surface redness. As such, the need for a multifactorial 

array of skin tissue responses was proposed for understanding the complex pathological 

mechanisms underlying SS. Furthermore, Optical Coherence Tomography (OCT) was identified as a 

potential imaging tool to characterise structural and physiological difference in skin sites before 

and after mechanical stimulation. Consequently, OCT-derived skin parameters were defined and 

algorithms were developed for estimating values from the cheek and neck. Study I was designed to 

investigate the short-term effects of several mechanical insults in a consumer panel with a range of 

self-assessed SS. Study II was designed to investigate the short- and long-term effects of electric 

shaving where a new stimulus model was developed by introducing repetitive loading, reflecting 

the real-world scenario where consumers follow a daily shaving routine.  

The results presented in this thesis revealed significant spatial differences in the skin tissue, 

e.g., higher baseline TEWL and temperature was observed on the neck, indicating a weaker skin 

barrier than the cheek. OCT-derived skin parameters revealed higher basal roughness on the neck.  

The shaving insult resulted in a decrease in the barrier function accompanied by hyperaemia and 

inflammation, with the magnitude of the result corresponding to the anatomical site and beard 

length. Additionally, participants with higher self-reported sensitivity to mechanical stimuli 



 

 

demonstrated higher force values while shaving and higher discomfort post shaving. Remarkably, 

an increase in the perception of SS and the force of stimulus application correlated with a decrease 

in the SC integrity, decrease in optical density of the tissue, and a change in the skin reflectivity.  

The combination of techniques e.g., OCT imaging, biophysical measures of SC function, and 

inflammatory biomarkers provided a comprehensive set of parameters critical in strengthening our 

understanding of skin sensitivity and its associations with mechanical loading. The presented thesis 

addresses the difficulty in quantifying the skin-device interaction and provides a direction for 

selection of suitable skin measurement tools. This is particularly relevant for device manufacturers 

interested in developing skin-friendly products, accounting for the increasing demands for 

personalised solutions.  
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Chapter 1 Introduction 

 

1.1 Research Context 

This work is carried out as part of the project “Skin Tissue Integrity under Shear” (STINTS) that is 

funded from the European Union’s Horizon 2020 research and innovation programme under the 

Marie Skłodowska-Curie Actions (MSCA) grant agreement no. 811965. The main scientific aim of 

STINTS is to understand the complex biomechanical and biochemical pathways leading to loss of 

skin integrity, following exposure of the skin to prolonged pressure and shear forces that ultimately 

result in damage at the cellular level. The STINTS project constitutes of 13 early-stage researchers 

(Table 1.1) in collaboration with 8 academic/private beneficiaries and 6 partners worldwide.  

Table 1.1 Overview of research topics within the STINTS consortium with the current research 

highlighted.  

Researcher Host Project title 
1 Univ. Birmingham, 

UK 
Skin material models and boundary conditions of Stratum 
Corneum and biomarkers. 

2 Univ. 
Southampton, UK 

Identifying early changes in skin integrity using biomarkers and 
physical sensors. 

3 Univ. 
Southampton, UK 

Testing medical interventions in clinical practice using 
biomarkers and physical sensors. 

4 Unilever Research, 
UK 

Multi-scale multi-physics modelling and measurement of skin 
permeation and boundary conditions of Stratum Corneum. 

5 Eindhoven Univ. 
Tech., NL 

Multi-scale, multi-physics modelling of the upper layers of the 
skin. 

6 Eindhoven Univ. 
Tech., NL 

Skin material models (ex vivo shear and compression) for skin 
device interaction. 

7 Philips Consumer 
Lifestyle, NL 

Sensorial and physiological response in the skin-device 
interaction for personal care/devices. 

8 Univ. Grenoble 
Alpes, FR 

Custom-mechanical biomechanical multi-scale multi-physics 
modelling for simulation-driven support surface optimization. 

9 Univ. Grenoble 
Alpes, FR 

Personalized multi-scale, multi-physics modelling of the 
interactions between soft tissues and support surfaces. 

10 Tel Aviv Univ., IL Multi-scale, multi-physics modelling of structure-function 
relations in subcutaneous fat. 

11 Tel Aviv Univ., IL Model protective efficacy of smart materials for support 
surfaces. 

12 Univ. Lille, FR Low frequency ultrasound diagnostics sensor and therapy 
device for Pressure Ulcers. 

13 Univ. Lille, FR Portable diagnostics sensor to rapidly assess mechanical and 
sensorial properties of skin. 
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The following thesis is being submitted through a collaborative project between Philips Consumer 

Lifestyle (PCL; a division of Royal Philips) and the University of Southampton. The research is based 

within the Male Grooming Innovation and Development department at PCL, which pioneers 

innovation for electric shavers.  

 

1.2 Research Motivation 

It is known that extreme cases of skin loading can lead to tissue damage in the form of acute injuries 

i.e., cuts or grazes, or wounds that occur due to prolonged mechanical insults e.g., pressure ulcers 

(Bouten et al. 2003). Such skin damage could be exacerbated in individuals who have a reduced 

tolerance to loading, which may be evident in those with enhanced skin sensitivity. Clinical 

examples include those individuals who spend lengthy periods in sitting or lying postures, and those 

who require medical devices which are attached to the skin for diagnostic or therapeutic purposes 

(Gefen 2020). A recent example of the latter is the use of respiratory personal equipment used by 

healthcare professionals to manage Covid-19 patients in hospitals during the pandemic (Abiakam 

et al. 2021). In addition, consumer products such as electrical shavers interact with the skin while 

exerting a combination of dynamic loading in the form of pressure and shear. Indeed, it has long 

been established that in certain users, shaving can cause redness, inflammation, acne, and other 

symptoms associated with skin sensitivity (Shellow 1938). To meet the demands for personalised 

products and interventions to promote skin health, there is a need to establish individual thresholds 

of tolerance to external mechanical stimuli, and work towards personalised solutions to promote 

skin health.   

 

1.3 Background on the Research Topic  

Sensitive Skin (SS) is a widely occurring phenomenon, with self-reported prevalence approximated 

at 60-70% for women and 50-60% for men, regardless of factors like living environment or socio-

economic status (Farage 2019). Furthermore, individuals reporting SS is on the rise as indicated by 

the increasing number of people consulting dermatologists with specific SS-related concerns 

(Loffler et al. 2001; Halvorsen et al. 2008; Berardesca et al. 2013). In addition, there is an increase 

in prevalence of adverse reactions to cosmetics (Re et al. 2001). This could be attributed to greater 

recognition/evidence of symptoms or even increased interest in cosmetics and the general 



Chapter 1 

3 

maintenance of healthy skin (Farage and Maibach 2010). As such, SS continues to be an active area 

of interest in both industry and medicine/dermatology research fields. 

However, the study of SS is hindered by the lack of a quantifiable definition, which can be assessed 

using objective measurement approaches. Many efforts have been taken to quantify the severity 

of SS in a standardized manner beyond that of a self-report. Researchers have attempted to define 

“Sensitive Skin” but there is still a lack of consensus. A recent paper considers SS  

“A syndrome defined by the occurrence of unpleasant sensations (stinging, burning, pain, pruritus, 

and tingling sensations) in response to stimuli that normally should not provoke such sensations. 

These unpleasant sensations cannot be explained by lesions attributable to any skin disease. The 

skin can appear normal or be accompanied by erythema. Sensitive skin can affect all body 

locations, especially the face” (Misery et al. 2017). 

While this definition addresses the varied nature of stimuli and responses associated with SS, its 

qualitative and generic nature limits the potential for it to be measured objectively and further the 

understanding of the underlying physiological mechanisms such as enhanced immune response or 

hyper-reactive neural pathways. Additionally, the individual variability of clinical manifestations 

makes standardization and quantification of SS challenging, further indicating the need to quantify 

skin status with more robust objective parameters (Slodownik et al. 2007; Do et al. 2020).  

It has been reported that the prevalence of self-assessed SS are higher than those determined by 

dermatologists during clinical examinations (Halvorsen et al. 2008). As such, there seems to be 

more to sensitive skin than that studied in the confines of dermatology from which much of our 

current understanding originates. This may be explained by the inter-subject variability in the 

triggers and the magnitude of the perceived tissue response (Figure 1.1). While different individuals 

could be considered to have sensitive skin, their responses might have arisen from different 

physiological pathways and therefore require different solutions to mitigate the skin reaction.  
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Figure 1.1 Flow chart of inter-subject variability. Adapted from “Sensitive Skin Syndrome”, 2006 

(Enzo Berardesca, Maibach, and Fluhr 2006). 

 

Such inter-subject differences in occurrence and perception of sensitive skin raises the issue around 

identifying the commonality in the underlying pathways. Arguably, the next step to improve our 

understanding of the genesis of skin sensitivity is to avoid ambiguity by 1) limiting the scope to a 

specific stimulus-response relationship and 2) focusing on objective methods to quantify the 

response irrespective of the associated pathways. Consequently, this research is motivated by the 

impact of characterizing inter-subject variability in skin parameters and its influence on the design 

and development of skin-contacting devices.   

 

1.4 Research Scope and Goals 

This research focuses on non-invasive measurement tools that are objective, reliable, and validated 

for use when evaluating skin responses to a range of stimuli. To limit the scope, the focus is on the 

pathways associated with mechanically induced skin sensitivity, e.g., pressure and shear forces 

elicited when rubbing something against facial skin such as while shaving. Considering the vastness 

of the topic, the specific scope of this research has been illustrated in Figure 1.2. 
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Figure 1.2 Scope of the research project. 

 

The overall goal of this research is to define skin sensitivity as a function of skin parameters, 

illustrated in Figure 1.3. Furthermore, this research aims to be able to predict the occurrence of 

skin sensitivity in individuals in response to mechanical loading by correlating the physiological 

(objectively measured) and the sensorial (subjectively quantified) responses of skin following 

stimulus interaction (e.g., skin-contacting consumer products), and investigating the trends in 

baseline physiological parameters and subsequent skin recovery.  

 

Figure 1.3 Illustration of the conceptual relationship between skin sensitivity and objectifiable skin 

responses. Enhanced SS may be due to a lower threshold and/or a heightened/ 

prolonged response or combination of responses.
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Chapter 2  iterature Review 

 

Publication: Chaturvedi, P, Worsley, PR, Zanelli, G, Kroon, W, Bader, DL. Quantifying skin sensitivity 

caused by mechanical insults: a review. Skin Res Technol. 2021; 28: 187– 199. 

https://doi.org/10.1111/srt.13104 

A literature review was conducted with an aim to understand the structure and function of the skin, 

the factors implicated in genesis of skin sensitivity, and to identify state-of-the-art techniques to 

quantify skin integrity in response to mechanical loading. This chapter presents a combination of a 

narrative literature review (Sections 2.1 – 2.3) and a secondary analysis (Section 2.4) to achieve the 

following specific objectives:  

• Summarise the structure and function of the skin. 

• Identify factors (intrinsic and extrinsic) which affect skin sensitivity. 

• Gain an understanding of the existing techniques used to estimate skin health parameters. 

• Critically evaluate the reliability of these methods with respect to mechanical loading.  

• Identify skin parameters of interest and the protocols for prospective in vivo experiments. 

 

2.1 Skin Structure and Function 

Skin is the largest organ of the body (Geerligs 2009). It is a multi-layered, viscoelastic, complex living 

tissue consisting of three distinct layers: the epidermis (~ 100 µm thick), the dermis (~ 1000 µm 

thick), and the hypodermis (>1000 µm thick), as illustrated in Figure 2.1. The epidermis can be 

further divided into the Stratum Corneum (SC; ~ 20µm thick) and the viable epidermis (~ 80µm 

thick). SC is the horny upper layer of the epidermis, made up of about 15-20 layers of dead cells 

called corneocytes, which are held together by lipids and desmosomes. This is commonly referred 

to as a “brick-and-mortar” structure and plays a key role in the barrier function of the skin. The 

viable epidermis is largely made up of cells called keratinocytes, which migrate outwards to the skin 

surface where they become non-viable. This layer also contains other cell types including 

melanocytes which produce the colour pigment called melanin, Langerhan cells which are 

responsible for immune response, and Merkell cells which provide tactile sensation.  

The dermis contains microvessels such as hair follicles, sebaceous glands, sweat glands, and nerve 

endings. The hypodermis, also known as the subcutaneous layer, contains adipose tissue (fat cells), 
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connective tissue, larger nerves and blood vessels, and macrophages (cells which are part of the 

immune system). Subjacent to this layer can be a muscle layer, which overlies either bony  

prominences or internal tissues and organs. 

 

Figure 2.1 Three-dimensional sketch of the skin layers and their thickness. Adapted from Geerligs, 

2009 (Geerligs 2009).  

 

As an organ, the skin has several functions. Skin homeostasis aims to maintain tissue integrity in 

response to chemical, mechanical or environmental insults. The skin’s unique structure and 

function enable it to respond to insults and protect the underlying soft tissues. Distinct responses 

and signalling pathways include changes in local perfusion, inflammation, and remodelling. These 

support the skin’s primary functions which are listed below:  

i) Barrier/protective function – The major function of the skin is to form a barrier between the 

internal structures and the hostile external environment, protecting against physical, chemical 

and microbial insults, as well as against the loss of water and electrolytes (Feingold and Elias 

2014).  

ii) Immunological function – In addition to its barrier function, the skin combats attacks from a 

host of toxins, pathogenic organisms, and physical stresses. Depending on the cytokine milieu, 

certain skin cells promote or attenuate the inflammatory response, supporting the early 

detection of environmental threats (Bangert et al. 2011).  

iii) Sensory function – The skin contains an extensive network of nerve cells that detect and relay 

changes in the environment. There are separate receptors for heat, cold, touch, pain, and itch. 

        m 

         m 

        m 
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Damage to these nerve cells is known as neuropathy, which results in a change in sensation 

(hyper or hyposensitivity) in the affected areas. 

iv) Secretory function – Secretion refers to the process of producing and releasing substances by 

specialized cells or glands. E.g., the sebaceous glands are responsible for secreting an oily 

substance called sebum, released through the shafts of the hair follicle. Sebum serves to 

lubricate the skin’s surface protecting it against friction and enhancing its resistance to 

moisture. 

v) Excretory function – Excretion refers to the removal of waste products from the body. While 

the skin is not a primary excretory organ, the sweat glands support clearing of excess 

micronutrients, metabolic waste, and toxins from the body. These glands are influenced by the 

sympathetic nervous system, the primary goal of which is to stimulate the body’s fight-or-flight 

response, otherwise utilised in maintaining the body’s homeostasis. 

vi) Thermoregulatory function – This function of the skin involves regulation of body temperature 

via insulation, changes in peripheral circulation, and fluid balance via sweat.  

The structural and physiological properties of the skin make it an important sensory organ to 

protect the human body from external insults and to communicate environmental factors to other 

organ systems. In some individuals, the ability of the skin tissue to respond to specific external 

factors can differ significantly, indicating differences in perceived skin sensitivity.  

 

2.2 Genesis of Skin Sensitivity 

Many researchers have relied exclusively on questionnaires for benchmarking skin sensitivity, with 

typical factors listed in Figure 1.1. These cover a plethora of stimuli and responses a person can 

encounter, collating them into a sensitivity index. Consequently, predisposing factors can be found, 

e.g., individuals with SS were shown to have a higher risk of developing allergies when compared 

to those without SS (Loffler et al. 2001; Re et al. 2001). However, there remains a gap in objective 

measurements to identify the underlying mechanism associated with SS. 

2.2.1 Types of stimuli 

The difficulty in understanding SS is linked to the numerous variables complicating the “cause and 

effect” relationship. The stimuli are often unspecified, and the responses are ambiguous and 

undefined, questioning what aspect of the latter makes the tissue/individual “sensitive”.  Some of 

the commonly known stimuli for SS can be classified as: 
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i) Biochemical stimuli – These could be the ingredients of cosmetics, soaps, detergents, and other 

similar topical products used by consumers such as sodium lauryl sulphate or lactic acid (Berardesca 

et al. 1991). Such ingredients trigger neurological and/or immunological responses perceived as SS, 

e.g., itching, inflammation, redness, rashes, and ulcers. 

ii) Mechanical stimuli – An example of this type of stimulus is observed in amputees. The 

combination of pressure and shear forces acting on the skin at the socket interface during daily 

activities can compromise skin health, causing “stump ulcers” and abrasions. These loads can be 

static (during standing) or dynamic (during gait) in nature, which can result in breakdown of skin 

integrity (Swanson et al. 2020).  

iii) Environmental stimuli – Different environmental factors (hot/cold temperatures, humid/dry 

weather, UV rays) have emerged as strongly associated with perceived SS. For example, a study 

questioning over 1000 individuals reported more than 50% individuals responding with some 

degree of irritation to most environmental conditions (Farage 2008). 

iv) Psychosomatic stimuli – Emotional stress plays a substantial role in the skin health and its 

general status. As an example, there is clear evidence that the symptom of itch can be triggered by 

negative emotions, e.g. after watching a threatening movie (Verhoeven et al. 2008). 

In the real-world scenario, one needs to consider a combination of multiple stimuli, which could be 

acting simultaneously. For example, moisture has been shown to increase the interfacial friction, 

which can prove damaging to the skin surface (Gerhardt et al. 2008). Consumers using electrical 

shavers to groom facial hair experience such combination stimuli regularly. Depending on a wet or 

dry shave, the handling of the device needs to be modified to adjust the pressure and shear forces 

for the desired outcome.  

2.2.2 Origin of responses 

Researchers have tried to identify the physiological pathways through which skin symptoms are 

displayed. Factors that have been implicated can be classified as originating from the following 

sources:  

i) Neurological – Sensory receptors such as Transient Receptor Potential channels (TRP channels) 

play a central role in the perception of sensitivity. Certain TRPs are stimulated by chemicals, 

heat/cold, mechanical changes in the lipid layer, etc, acting as cellular sensors, influencing pain 

perception and inflammation (Duarte et al. 2017). 
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ii) Immunological – The immune system can be triggered to release pro-inflammatory cytokines, 

such as interleukins and tumour necrosis factor (TNF). These inflammatory proteins are related to 

the itching and burning sensations characteristic of SS (Guerra-Tapia 2019). 

2.2.3 Intrinsic factors 

Physiological systems of the human body, interacting through complex signalling pathways, are 

predisposing factors that need to be considered while studying SS. These intrinsic factors account 

for the interpersonal variability observed in the population. Individual thresholds, which can be 

influenced by genetics, diet, lifestyle etc., lead to differences in perception of sensitivity even 

though the stimulating triggers and response pathways might be the same. For example, SS was 

found to be twice as common in people with irritable bowel syndrome (Misery et al. 2019). This has 

created the hypothesis that other comorbidities might contribute to skin related issues and be 

clustered under the umbrella term “Sensitive Skin”.  

User-behaviour associated with medical or consumer devices is another intrinsic factor that governs 

the sensitivity of skin. In the example of electric shaving, over-use of the device to achieve a clean 

shave might induce redness and inflammation of the patch of skin due to the mechanical stimuli 

exceeding the intrinsic threshold. These “sensitive skin” symptoms could be further aggravated by 

other intrinsic features like age, genetic predisposition, sex, or hormonal activities. This implies that 

general user-behaviour guidelines for consumer devices that contact skin may not mitigate all skin 

sensitivity issues, creating a demand for modular solutions that suit the individual’s needs. The 

increase in demand for personalized products is reflected in consumer care in general. For the issue 

of SS, this emphasizes the need for objective methods to quantify parameters of skin health, 

allowing individuals to receive customizable solutions for their routines.   

2.2.4 Extrinsic factors 

The relationship between stimuli and skin response is further complicated by extrinsic factors, such 

as the site of insult on the body. For example, studies have reported that the face is largely regarded 

as the most common site for enhanced skin sensitivity (Farage and Maibach 2010). Additionally, 

extrinsic factors, like the magnitude, frequency, and duration of stimuli, also influence the skin 

tissue response. A small stimulus over a long interval (for example, wearing a face mask for 

respiratory support) can cause modest deformations to the underlying skin and sub-dermal tissues, 

which over a period of hours can cause cell damage. By contrast, a large stimulus over a short 

interval (for example mechanical indentation) damages cells through direct deformation, where 

tissue strain values exceed 50%. This damage is usually visible within a few minutes (Bouten et al. 
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2003). Ideally, the measurement of skin sensitivity would account for these extrinsic factors, when 

determining the skin response. 

2.3 State-of-the-art Objective Methods for Assessing Skin Sensitivity 

There is no “gold standard” for identification of Sensitive Skin from either the medical community 

or the cosmetic industry (Slodownik et al. 2007). Several non-invasive biophysical and imaging tools 

have been employed, each of which have examined different parameters that characterise skin 

integrity (Table 2.1) and are discussed separately.  

2.3.1 Stratum corneum water content and permeability  

Water content of the stratum corneum (SC) directly affects the barrier function of the skin, as 

measured through a change in permeability (Fluhr et al. 2006). Failure of the SC to retain water 

induces dryness and increases the susceptibility to irritants (Tupker et al. 1990). Conversely, it is 

well established that prolonged exposure to moisture decreases the mechanical integrity of the 

epidermis and hence increases its susceptibility to localized damage at skin and device interface 

(Gerhardt et al. 2008; Dąbrowska et al. 2016; Bostan et al. 2019). 

Transepidermal water loss (TEWL) – 

A cornerstone measurement of skin response are changes is TEWL which is estimated locally by the 

physiological process allowing the transport of water through the SC into the external environment. 

This transport process is, in part, dependent on the orderly arrangement of the intercellular lipids 

in the SC to form a barrier, which can represent an intrinsic factor in skin sensitivity (Verdier-Sévrain 

and Bonté 2007). TEWL systems have been used for in vivo measurements of the rate of 

evaporation of water through the skin surface in order to detect changes in SC permeability (Fluhr 

et al. 2006). Two different principles are employed for TEWL measurements, involving either the 

unventilated (closed) chamber method or the ventilated (open) chamber method, whose 

performances are not directly comparable. Each have limitations, for example, the closed chamber 

method interferes with the skin surface microclimate during measurement, while the open 

chamber method is intrinsically prone to influences from surrounding environmental conditions 

(Seidenari et al. 1998; Kleesz et al. 2011; van Erp et al. 2018). 

Many studies have reported higher TEWL values following mechanical insults to individuals 

reported to present with enhanced skin sensitivity ( Loffler et al. 2001; Pinto et al. 2011; Richters et 

al. 2016). In a separate study involving tape stripping of skin in healthy volunteers, rapid increases 

in TEWL values were evident with prolonged tape contact and higher contact pressures (Loffler et 
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al. 2004). However, this approach was unable to differentiate between TEWL values in the baseline 

or unloaded state for SS and NSS cohorts. Such findings clearly raise questions about both the 

nature of the relationship between sensory irritation and the baseline skin barrier function, and the 

use of TEWL as an impartial method to quantify skin sensitivity.  

Electrical Impedance Systems –  

The measurement of the water content or hydration of the SC can involve either electrical 

capacitance or conductance principles (Rawlings and Harding 2004). Both systems yield relative 

changes of the dielectric constant between the SC and a surface electrode (measured in arbitrary 

units) but are strongly influenced by the nature of the skin contact and local surface roughness. The 

Corneometer (Courage & Khazaka, Germany) is a frequently used commercial capacitance 

measurement system. However, it has limited  reproducibility and measurement errors are easily 

introduced by features at the skin surface, including hair, sweat and dirt particles (Richters et al. 

2015; van Erp et al. 2018).   

Many studies have reported lower capacitance values for individuals with clinically diagnosed dry 

skin (Sparavigna et al. 2006). In addition, lower values were measured on facial areas of individuals 

with sensitive skin compared to a non-sensitive control group (Roussaki-Schulze et al. 2005). These 

findings imply that dehydration is associated with enhanced skin sensitivity, as water is rapidly 

transported from the SC into the atmosphere. However, mechanical challenges, in the form of tape 

stripping, were not reported to influence SC hydration levels (Loffler et al. 2004; Kottner et al. 2015). 

More research is needed to identify the role of hydration in the occurrence of mechanically induced 

skin sensitivity.  

Imaging Systems –  

In order to detect the spatial distribution of water in the SC, imaging techniques such as Confocal 

Raman Spectroscopy (CRS) have been proposed. CRS exploits the inelastic scattering of light to 

measure the biochemical composition of the skin (Darlenski et al. 2009). This in vivo technique is 

well suited for clinical applications but requires trained personnel for measurement and 

interpretation of images. Regardless, there are conflicting reports with respect to the link between 

SC hydration and SS using imaging. One study using CRS demonstrated significantly different  

composition between hydrated and dry skin samples (Dąbrowska et al. 2016). By contrast, an 

examination of the molecular composition of the skin barrier, using both CRS and the SC water 

content methods (Richters et al. 2017), revealed no differences between cohorts of SS and non-SS 

individuals, noting that those SS subjects also reported dry facial and body skin as compared with 

non-SS.  
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2.3.2 Skin structure   

Differences in skin sensitivity may reflect variations in skin structure and/or morphology. For 

example, a thinner SC might imply a more fragile skin barrier, which might be associated with 

enhanced skin sensitivity (Berardesca et al. 2013). In addition, changes in skin structure following a 

stimulus might indicate physiological responses, such as oedema, which could serve as a proxy for 

skin sensitivity.  

Common in vivo techniques for skin structure assessment, such as capillaroscopy, dermoscopy, and 

infrared photography, provide rapid and inexpensive results, although expertise is needed for 

robust interpretation. Alternative technologies, such as reflectance confocal microscopy (RCM), 

laser speckle contrast imaging (LSCI), optical coherence tomography (OCT), and ultrasound imaging, 

provide expensive options with a range of depth resolutions, to examine the structure of skin and 

sub-dermal tissues. In particular, they have been used to quantify the presence of oedema in the 

dermal and deeper sub-dermal layers following loading (Welzel et al. 2003; Bader and Worsley 

2018). These techniques have also been used to investigate the appropriateness of SC thickness in 

predicting skin sensitivity (Agner and Serup 1989; Ma et al. 2017; Richters et al. 2017). None of 

these studies, however, reported consistency in correlating changes in SC thickness following 

mechanical loading and skin sensitivity. Nonetheless, one study reported  that fewer tape strips 

were required to remove the SC in sensitive skin (Richters et al. 2016), suggesting that enhanced 

skin sensitivity is associated with impaired cell adhesion. A mechanistic link might be found in the 

role of cell shape and size in cell adhesion. Indeed, using RCM, the depth at which cells still form a 

"honeycomb" structure is reportedly indicative of high skin sensitivity  (Ma et al. 2017).   

Other factors such as tissue stiffness and surface roughness represent parameters implicated in the 

assessment of skin sensitivity (Maurer et al. 2016) although, to date, they have not been studied 

in-depth. In addition, an assessment of vascular density may reflect skin sensitivity (Chen and 

Zheng, 2020). Indeed, in related investigations a decreased microvascular density has been 

reported to be associated with cardiovascular and metabolic diseases, such as hypertension, 

diabetes, obesity and metabolic syndrome (Deegan and Wang 2019).  

2.3.3 Erythema / Skin Colour 

Erythema or redness of skin has regularly been recognized as a key indicator in the clinical 

presentation of sensitive skin (Seidenari et al. 1998), as well as with mechanical irritation of skin, 

such as shaving (Maurer et al. 2016; Rietzler et al. 2016). However, the perception of skin colour 

and redness is highly subjective in nature (Farage 2008). This has motivated the development of 
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reliable and reproducible methods to provide an objective evaluation of skin colour (Fullerton et al. 

1996).  

Tristimulus colorimetry represents such a measurement method that is used to analyse light 

reflected from skin structures in the blue, green and red spectrum. Based on the light source, 

commercial devices such as the Chromameter (Minolta, Japan) have been used and increased 

values for redness have been reported  in SS subjects (Diogo and Papoila 2010). Moreover, 

erythema has been closely associated with modified blood perfusion following chemical stimulation 

(Richters et al. 2015). However, the relationship between the light absorbance values and the 

extent of erythema is highly dependent on the pigmentation of the skin (Clarys et al. 2000). 

Subsequently, its relationship to skin sensitivity remains unclear. 

An alternative measurement principle, termed reflectance spectrophotometry, involves analyses 

of light spectrum reflected from the skin. Depending on the wavelengths of the light, several 

commercial systems are available, for example, DermaSpectrometer (Cortex Technology, 

Denmark), Mexameter (Courage-Khazaka Electronic, Germany) or Dermacatch (Colorix, 

Switzerland). Multi- and hyperspectral imaging systems can be considered extensions to these, 

where 2D photos involving reflections of multiple wavelengths are analysed, similar to RCM, to 

assess changes in relative composition of the skin (Paul et al. 2015).  

Interestingly, OCT has also been used to identify objective parameters relating to erythema. For 

example, one study measured the light attenuation coefficient of the skin layers, reporting that 

erythema/pigmentation decreased the signal intensity in the dermis (Welzel et al. 2004). In clinical 

studies, the light attenuation coefficient of skin layers has been associated with dermatological 

conditions, such as psoriasis and contact dermatitis (Welzel et al. 2003). Such a distinction was not 

possible with clinical ultrasound scanners due to its inferior resolution when compared to OCT.  

2.3.4 Microcirculation / Blood Perfusion  

Skin microcirculation, often termed cutaneous blood flow (CBF), is represented by the process of 

blood flow through small blood vessels. It is important for thermoregulation, skin metabolism and 

transcutaneous transportation. Assessment of skin microcirculation has proved a common 

objective measure in both dermatology and cosmetology, for instance microcirculation impairment 

is known to increase with age and its associated comorbidities (Bentov and Reed 2015). 

Laser Doppler Flowmetry (LDF) and Laser Doppler Velocimetry (LDV) are the most widely used 

methods for CBF assessment (Berardesca et al. 2002). They produce an output signal that is 

proportional to the local blood perfusion, measured in arbitrary units. Although LDV can be used to 
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quantify the magnitude of allergic and irritant skin reactions, it cannot discriminate between the 

two (Primavera and Berardesca 2005). Technological developments, such as laser doppler imaging 

(LDI), laser doppler perfusion imaging (LDPI), and LSCI additionally provide 2D images of the spatial 

change in blood flow.   

Only a few studies exist on the effects of mechanical loading on changes in microcirculation. Of the 

few, LDI was reported to provide an objective tool for blood flow assessment and that reactive 

hyperaemia was linearly related to the magnitude of peel force resulting from adhesive tapes 

(Mayrovitz and Carta 1996). By contrast, many studies have used LDV/LDPI to examine skin changes 

following chemical stimulation (Lammintausta et al. 1988; Issachar et al. 1998; Diogo and Papoila 

2010). These studies report a markedly higher value for SS subjects following stimulation, despite 

minimal difference in baseline values. Thus, the changes in blood perfusion evoked in individuals 

with enhanced skin sensitivity could be a direct result of increased penetration of chemicals 

indicating an impaired SC barrier function. However, the relationship between CBF and enhanced 

skin sensitivity to mechanical loading remains poorly understood.  

Extension to ultrasound imaging and OCT also provide information on spatial profiles of blood 

perfusion (Deegan and Wang 2019). For example, Doppler Optical Microangriography (Doppler 

OMAG) has been implemented to quantify changes in blood flow (Wang et al. 2015). This study 

demonstrated that tape stripping results in a transient increase in CBF, which was significant at the 

dermal epidermal junction. 

2.3.5 Skin temperature and microclimate 

Body temperature regulation is maintained, in part, by outward heat flow from skin through 

underlying micro vessels and physiological processes. Conversely, skin temperature can affect the 

local tissue physiology, providing additional risk to vulnerable tissues already compromised by 

external stimuli (Bader and Worsley 2018).  

Several researchers have evaluated the relationship between changes in skin temperature and the 

development of mechanically induced pressure damage. One study revealed that patients 

subjected to prolonged sacral loading had an increased risk of damage, as the relative skin 

temperature started to decrease by 0.1°C (Jiang et al. 2020). These results were consistent with 

other studies evaluating the role of skin temperature as an early indicator of pressure damage 

(Kanazawa et al. 2016). Researchers have also reported a correlation between skin surface 

temperature and intrinsic factors, such as emotional state when exposed to cognitive tasks, 

expanding the triggers associated with SS (Rimm-Kaufman and Kagan 1996).  
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There are a number of methods to monitor the skin microclimate, including thermocouples, 

infrared thermography and hygrometers (Bader and Worsley 2018). These have demonstrated, for 

example, that temperatures exceeding 35°C have a detrimental effect on the barrier function of the 

SC by reducing its mechanical stiffness and strength (Bader and Worsley 2018). Furthermore, a 

reduced reactive hyperaemic response was reported when local cooling was simultaneously 

applied with pressure in healthy subjects (Tzen et al. 2010). However, researchers have suggested 

that analyses of skin blood flow is more effective than local skin temperature measurements to 

monitor development of pressure-induced damage (Jan et al. 2012). Likewise, studies have 

reported that susceptible patients have prolonged recovery times of blood flow during pressure 

relief (Meijer et al. 1994). Thus, assessment and management of skin temperature plays an 

important role in the health status of mechanically loaded skin tissues, thereby highlighting possible 

solutions for maintaining skin health. Further research examining the relationship between skin 

temperature, emotional state, and microcirculation would provide insight into the inter-subject 

differences in the perception of skin sensitivity. 

2.3.6 Pruritus & Inflammation   

Skin inflammatory disorders represent a high proportion of cases in dermatology (Wang et al. 

2015). Specifically, physical irritation of the skin is known to induce an inflammatory response with 

local hyperaemia (Maurer et al. 2016). Historically, the assessment of inflammatory skin reactions 

has largely relied on invasive techniques, such as biopsies, and visual assessment methods. An 

alternative approach is to sample biomarkers associated with inflammatory processes in fluids 

excreted from skin, such as sebum or sweat (Perkins et al. 2001). As an example, the expression of 

the pro-inflammatory cytokine, IL-1α, was shown to be significantly increased following periods of 

continuous and intermittent loading of the sacral skin (Soetens et al. 2019). Furthermore, this study 

also suggested that a normalized IL-1α ratio provided an early indicator of skin status, thereby 

highlighting its potential to identify individuals at risk of loss of skin integrity. Biomarker sampling 

and analysis falls outside the scope of the current review, although perspectives on its use in future 

research have been included in the discussion.  

2.3.7 Skin pH 

The ‘acid mantle’ of the SC plays an important role in the barrier function of skin (Schmid-Wendtner 

and Korting 2006). Indeed, elevation in skin pH results in an increased basal TEWL and an 

impairment in the epidermal barrier function (Hachem et al. 2005; Fluhr et al. 2008). For example, 

daily use of water or a mild detergent on the skin can result in an immediate increase in pH that 

remains elevated up to 6 hours after washing in some individuals (Lambers et al. 2006). 
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Skin pH can be measured by electrochemical methods involving contacting the skin surface with a 

glass electrode, which represents a simple, rapid, and reproducible method (Darlenski et al. 2009). 

Skin pH is known to increase after 50 years of age, and in cutaneous ailments, such as atopic 

dermatitis, psoriasis, rosacea, dry skin, and sensitive skin (Lambers et al. 2006). By contrast, other 

studies have reported no significant differences in skin pH for SS individuals (Seidenari et al. 1998; 

Roussaki-Schulze et al. 2005). While the influence of mechanical stimuli on the skin surface is still 

to be associated with effects on its pH, the imbalance in skin pH could influence mechanisms (e.g., 

barrier function) that typically evoke responses following mechanical insults. 

2.3.8 Sebum content / oiliness  

Several studies have reported a general decrease in sebum levels in individuals with SS (Seidenari 

et al. 1998; Roussaki-Schulze et al. 2005). Sebum, secreted by the sebaceous glands, lubricates the 

skin, minimizes frictional forces, and as such might reduce the skin’s reaction to mechanical loading. 

However, direct evidence describing the effects of sebum on the skin response to mechanical 

loading is lacking. 

Objective measures of skin surface sebum can be performed using several non-invasive methods. 

For example, Sebumetry measures the lipid content by transmitting light through an opaque plastic 

film in after it has been in contact with the skin surface for approximately 30 seconds. Transparency 

of the film correlates to lipid adherence. This method has been reported to be both highly 

reproducible and efficient (Darlenski et al. 2009). However, its reliability is highly dependent on the 

estimation of total sebum amount on the skin surface (Andreassi and Andreassi 2007; Bader and 

Worsley 2018).  
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Table 2.1 Advantages and limitations of measurements methods and the skin properties quantified.  
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2.3.9 Discussion 

The above sections detail skin parameters that have been investigated with reference to the 

aetiology of enhanced skin sensitivity. They highlight that “Sensitive Skin” represents a 

multifactorial issue, which despite attempts by both researchers and clinicians is difficult to define 

objectively. There are a number of commercially available biophysical methods with the potential 

to quantify skin parameters (Antonov et al. 2016; Bader and Worsley 2018), only a few have been 

associated with the assessment of SS. Indeed most studies which have evaluated these tools have 

employed able-bodied cohorts and have not addressed the predefined characteristics of SS (Farage 

and Maibach 2010). Furthermore, studies on SS has been largely undertaken within the cosmetic 

industry, and often unreported, with an emphasis on chemical products designed to elicit a specific 

tissue response (Seidenari et al. 1998; Sun et al. 2016; Balsam and E. 2009). It is evident, however, 

that interest in the topic also encompasses the medical and consumer devices due to its 

implications in identifying individuals at higher risk of compromising skin integrity. For example, the 

physical interaction of a therapeutic or diagnostic device with skin tissue. This review also highlights 

the importance of comparing the skin response to mechanical loading in cohorts of individuals with 

and without SS. In the few such studies, the integrity of the SC and its effective barrier function 

appears to be closely associated with SS (Seidenari et al. 1998). This was evident with parameters 

derived from a range of techniques, including TEWL, SC hydration, SC thickness, layer adhesion, 

erythema, inflammation, and surface temperature. Further research exploring the relationship 

between such parameters would help quantify inter-subject differences within distinct cohorts with 

varying degrees of skin sensitivity.  

According to some researchers, the skin can be considered as sensitive when its integrity is 

compromised and its primary function of protecting the body from external insults is affected 

(Proksch et al. 2008). Following this logic, researchers have attempted to quantify the barrier 

function by evaluating the anatomy and physiology linked with the epidermis. Structurally, at 

baseline, skin tissue of individuals reporting enhanced sensitivity has been associated with a thinner 

stratum corneum, reduced number of corneocytes, increased nerve fibre density, and a higher 

number of sweat glands (Berardesca et al. 1991; Chan 2018; Farage 2019). Functionally, it has been 

associated with an increased penetration of water-soluble chemicals, heightened inflammatory or 

vascular responsiveness, decreased hydration, decreased alkali resistance and less sebum 

production (Roussaki-Schulze et al. 2005; Farage and Maibach 2010; Inamadar and Palit 2013; 

Falcone et al. 2017; Guerra-Tapia 2019). This review presents a table of biophysical and imaging 

measurement techniques available for characterization of such skin parameters (Table 2.1). Some 

of these techniques quantify only one specific skin parameter. For example, TEWL measurements 
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result in the flux density of water vapour across the SC in g/m2h and laser Doppler velocimetry 

quantifies the microcirculation through small blood vessels in arbitrary units. These techniques are 

widely popular and offer advantages for clinical use, although their use in isolation could limit the 

understanding of both structural and physiological changes to skin following mechanical insults.  

With respect to the multifactorial nature of SS, a multimodal measurement method is required to 

identify the range of features in a robust manner present at different skin depths, which 

characterise the symptoms associated with SS. Use of existing tools provide both advantages and 

disadvantages. For example, popular clinical tools such as dermoscopy provide detailed information 

of the skin structure and highlight the presence of erythema, although the inevitable differences in 

interpretations between clinician’s results in poor reliability. By contrast, Confocal Raman 

Spectroscopy is highly specific in identifying structural skin characteristics and has been associated 

with quantifying SC hydration. However, the equipment cost and requirement of trained personnel 

for interpretation of results limits its widespread use in clinical practice. Other imaging modalities 

such as ultrasonography provide an increased imaging depth, thus allowing visualization of the 

subsurface dermal and subcutaneous layers, and the underlying blood perfusion patterns. This has 

enabled identification of oedema and related pathologies. However, individual imaging modalities 

are optimised at different resolutions and penetration depths, as indicated in Figure 2.2, offering 

advantages to each for in vivo imaging depending on the depth of penetration required for the skin 

and subdermal tissue assessment.  

  

Figure 2.2 The relationship between resolution and penetration depth for different skin imaging 

modalities. Adapted from “Handbook of Optical Coherence Tomography”, 2001 

(“Handbook of Optical Coherence Tomography,” 2001). 
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The review identifies Optical Coherence Tomography (OCT) as a potential tool for assessing a range 

of structural and physiological skin parameters. This non-invasive technique has gained popularity 

in clinical research in ophthalmology and cardiology, which requirements match OCT’s inherent 

resolution and depth of penetration (Figure 2.2), and in dermatology where it has been used to 

differentiate between different skin pathologies (Welzel 2001; Thilo et al. 2011; Olsen et al.2018). 

Indeed, its examination of skin anatomy as well as local physiology, including blood perfusion, make 

it an ideal candidate to provide a robust means to objectively assess skin health in both unloaded 

and loaded states (Deegan and Wang 2019; Swanson et al. 2020; Maiti et al. 2020). Appropriate 

algorithms have been developed to process OCT data to extract information, such as skin layer 

thickness, roughness, and local tissue stiffness (Josse et al. 2011; Hu et al. 2016; Maiti et al. 2016; 

Taghavikhalilbad et al. 2017; Askaruly et al. 2019; Maiti et al. 2020) and to quantify vasculature, 

blood perfusion, and erythema (Welzel et al. 2004; Wang et al. 2015; Swanson et al. 2020). OCT has 

been shown to detect physiological changes in a variety of skin conditions such as contact 

dermatitis, psoriasis, and scleroderma (Abignano et al. 2013; Welzel et al. 2003; Welzel et al. 2004), 

linking the parametric output of this technique with clinical applications in dermatology. However, 

the resolution of OCT is limited in terms of its potential to visualise cellular details and differentiate 

between microvessels. Moreover, this technique does not provide information regarding SC 

hydration, pH levels, sebum content, or temperature of skin, each of which have been highlighted 

as important parameters in detecting changes in skin health status. Furthermore, motion artefacts 

associated with OCT imaging, require post processing for noise reduction. Nevertheless, with its 

functional modifications involving Doppler imaging (Jiang et al. 2020), angiographic spectroscopy 

(Wang et al. 2015; Zaveri 2016), and Elastography (Kennedy et al. 2011; Wang and Larin 2016), OCT 

offers potential for promising applications in research and clinical practice.  

There is also emerging evidence regarding the role of non-invasive collection and analysis of 

selected biomarkers as an early identification of skin inflammation and metabolic compromise. For 

example, production of signalling molecules, such as cytokines, are known to be triggered during 

inflammatory processes. These proteins can be obtained from biofluids such as sebum, which can 

be collected using commercially available absorbent tapes (Sebutapes). Several researchers have 

reported a significant upregulation in the level of cytokines following various loading procedures 

(Bronneberg et al. 2007; De Wert et al. 2015; Bostan et al. 2019; Soetens et al. 2019). Others have 

shown similar results after treating the skin with chemical irritants (Ulfgren et al. 2000; de Jongh et 

al. 2007). For example, one study analysed the cytokines obtained from sampling sebum in skin 

sites treated with irritants, such as sodium lauryl sulphate. Even in the absence of visible erythema, 

they reported an upregulation of these molecules, stating possibilities of identifying at-risk patients 

(Perkins et al. 2001). Studies exploring characteristics of sensitive skin have reported differences in 
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post-insult biochemistry of SS individuals as compared to non-SS individuals (Richters et al. 2016; 

Raj et al. 2017; Yatagai et al. 2018). Developing our understanding of how different biomarkers are 

expressed in sensitive skin and their subsequent upregulation to mechanical loading could provide 

critical insight into the management of this clinical issue. 

The combination of multimodal imaging techniques e.g., OCT, biophysical measures of SC function, 

and biomarkers of skin health could provide the array of parameters critical in unlocking our 

understanding of skin sensitivity and its associations with mechanical loading. Consequently, 

prospective studies could be designed to include evaluations of both perceived and measured skin 

symptoms, establishing differences in sensitivity before, during, and after mechanical insults. The 

results of such studies would allow for quantification of differences between cohorts who have 

differing perceptions of skin sensitivity with respect to a specified stimulus, further allowing 

researchers to define SS indicators. With improved understanding, personalised solutions could be 

adopted e.g., medical devices or shavers, to accommodate the needs of varying skin types and 

sensitivities. 

 

2.4 Secondary Analysis of Biophysical Data in a SS/NSS cohort 

To inform a new protocol, biophysical skin responses linked with self-assessed skin sensitivity were 

analysed from an established database (Richters et al. 2016). In their study, SS and non-SS (NSS) 

groups were assigned via a “Q-score” obtained from a novel self-assessment questionnaire covering  

the occurrence and extent of tissue responses following different stimuli interactions (Richters et 

al. 2017). The in vivo biophysical measurements included redness, TEWL, and SC hydration (SCH).  

The authors reported no significant differences in median baseline values of the biophysical 

parameters for the SS and NSS groups (Figure 2.3). Following tape stripping to mechanically 

stimulate the skin, they reported that the number of tapes required to completely remove the SC 

was significantly lower in the SS group than that of the NSS group (Table 2.2), while the thickness 

of the SC was comparable. The authors also reported that maximum values for redness and SCH 

were reached at 30 minutes after stimulus, and for TEWL at either 30 minutes or 8 hours after 

stimulus. Also, erythema responses peaked at either 30 minutes or 8 hours after stimulus.  
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Figure 2.3 Comparison of biophysical values at baseline for SS and NSS groups. Adapted from 

(Richters et al. 2016).  

 

The aim of the secondary analysis is to critically evaluate trends in biophysical parameters for SS 

and NSS individuals following a standard mechanical load (i.e., biophysical responses per tape strip). 

This approach differs from that by Richters et al., where the mechanical load differed between 

participants based on the total number of tape strips needed to remove the SC entirely. Thus, this 

research reanalysed the data1 with the following objectives: 

• Identify the optimal time frame for biophysical measurements of the tissue response linked to 

normalized stimulus rather than the absolute stimulus; and    

• Identify possible new patterns in normalised biophysical responses with respect to Q-scores of 

skin sensitivity. 

2.4.1 Methods 

In the original study, 16 participants were selected based on criteria including Q-scores, Fitz-Patrick 

skin type (either type 2 or type 3), and to exclude participants with any skin disease. Thereafter, the 

groups with SS and NSS skin were matched for gender. Mechanical stimulation was performed using 

sequential tape stripping on the upper side of the intergluteal cleft and stopped when the skin 

became homogeneously refulgent. As such, the number of tapes used per participant varied.  

As we are interested in a standardized mechanical load, we normalised the skin responses with 

respect to the number of tapes, as follows: 

 

1 Courtesy of Dr. Piet van Erp, Radboud University, The Netherlands.  
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𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑣𝑎𝑙𝑢𝑒    
𝑉𝑎𝑙𝑢𝑒

#𝑡𝑎𝑝𝑒 𝑠𝑡𝑟𝑖𝑝𝑠
 

(Equation 2.1) 

Furthermore, the normalised biophysical responses were adjusted by subtracting the baseline 

values as follows: 

𝛥 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒   𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 −
𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑣𝑎𝑙𝑢𝑒

#𝑡𝑎𝑝𝑒 𝑠𝑡𝑟𝑖𝑝𝑠
 

 

(Equation 2.2) 

The data were non-normally distributed and boxplots of the Δ Response were plotted for the NSS 

and SS groups. Differences in the groups were evaluated for statistical significance using the Mann 

Whitney U test. Correlations of Δ TE L, Δ SCH, Δ Redness values with respect to the Q-score were 

determined at each time point. Correlations were determined through Spearman’s Rank tests.  

2.4.2 Results 

Details of the participants from the dataset are summarised in Table 2.2. This includes the 

participant ID, demographic details (gender, age, Fitz-Patrick skin type), self-assessed responses of 

dryness on face and body, calculated Q-score and subsequent SS/NSS label, and number of tape 

strips used during the study. 

 

Table 2.2 Participant details from Retrospective Analysis dataset in ascending order of the number 

of tape strips.  

ID Gender Age 
Skin 
type 

Dry Face Dry Body 
Q-

Score 
SS / 
NSS 

Number of 
tape strips 

118 Female 28 2 Normal Dry 126 SS 17 

15 Female 20 2 Normal Normal 175 SS 18 

49 Male 21 2 Combined Normal 68 SS 22 

78 Male 24 2 Combined Combined 103 SS 24 

122 Female 20 3 Combined Dry 219 SS 25 

7 Female 24 3 Normal Normal 43 NSS 25 

23 Male 19 3 Normal Normal 37 NSS 26 

106 Female 24 2 Dry Dry 363 SS 26 

34 Female 20 2 Combined Normal 44 NSS 27 

82 Male 21 2 Oily Normal 98 SS 31 

109 Male 24 2 Combined Dry 204 SS 33 

18 Male 20 3 Normal Normal 32 NSS 36 

65 Female 22 3 Dry Normal 11 NSS 37 

44 Male 21 2 Combined Normal 30 NSS 49 

22 Male 19 3 Dry Normal 13 NSS 52 

25 Female 19 3 Combined Normal 12 NSS 58 
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Results of the normalized biophysical parameters are shown in Figure 2.4. It is noted that for each 

parameter there was a high degree of variability in the response post-tape stripping, as observed 

by the quartile and range values. The ΔTEWL (Figure 2.4a) increased from basal values at 30 minutes 

post-tape stripping for both the NSS and SS groups and remained elevated at up to 24 hours. 

However, the SS group revealed higher values at t=30 min, t=8 hrs, and t=24 hrs (p<0.05). A partial 

recovery relative to baseline was observed at 72 hours post-tape stripping for both SS and NSS 

groups (Figure 2.4a).  

By contrast, ΔSCH (Figure 2.4b) provided limited differentiation between SS and NSS groups. 

Temporal trends in SC hydration post-tape stripping revealed that for both groups there was an 

increase in values at 30 minutes. This response then declined at 8 and 24 hours, where values 

returned to basal (median ΔSCH at 24 hours = 0.14, for NSS and SS groups). It is of note that at 72 

hours post-tape stripping both NSS and SS groups had negative values i.e., ΔSCH values were lower 

than baseline. This was most pronounced in the SS group with a value of -0.74 (interquartile range 

-1.21 to - 0.62) such that the SS and NSS group medians were statistically different (p<0.05).  

ΔRedness (Figure 2.4c) had high degree of variability in the values post-tape stripping. Some 

differences in the median ΔRedness between SS and NSS groups were observed at 8 and 24 hours 

post-tape stripping (p>0.05). ΔRedness remained elevated throughout the test period, with only a 

partial recovery noted at 72 hours.  
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Figure 2.4 Temporal ΔResponse of the skin for the SS and NSS groups for (a) TEWL, (b) SC 

Hydration, and (c) Redness.  
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The analysis illustrated in Figure 2.4 does not consider possible clusters within the groups, i.e., in 

following the approach by Richters et al. and clustering them into NSS and SS groups based on Q-

score, more subtle relations between the Q-score and biophysical response might have been 

overlooked. Accordingly, the separate responses for each of the biophysical parameter could be 

analysed and presented against the individual Q-scores in ranked order, as presented in Figure 2.5.  

From Figure 2.5a, it is evident that for 75% (n=6/8) of the NSS group at 72 hours the normalised 

TEWL values are similar to those observed at baseline. Within this NSS cohort, those with a Q-

score >30 revealed an elevated ΔTEWL response (2-4 g/m2/hr/TS) compared to those with Q-score 

<30 (1-2 g/m2/hr/TS), with the values elevated from basal up till 8 hours post-tape stripping. Indeed, 

there were consistent changes within each individual for ΔTE L at 30-minute, 8-hour, and 24-hour 

(values 1.45-5.40 g/m2/hr/TS, 1.20-5.57 g/m2/hr/TS, 1.08-5.30 g/m2/hr/TS, respectively). For the SS 

cohort, there was variability in the magnitude of the ΔTEWL between individuals, with increases 

observed in all participants between 30 minutes to 24 hours post-tape stripping. The relative 

difference in ΔTEWL between SS participant did not appear to correlate with the corresponding Q-

score.  

The ΔSCH demonstrated a high degree of variability between participants of both NSS and SS groups 

(Figure 2.5b). In addition, there was a clear temporal trend with ΔSCH highest at 30 minutes post-

tape stripping and corresponding decreases at 8, 24, and 72 hours. In the latter case, the values 

reach baseline at 24 hours and negative values at 72 hours, indicative of skin drying effect. As with 

the ΔTEWL, the magnitude of ΔSCH did not correspond with the Q-score.  

Similar to ΔTEWL, for the ΔRedness within the NSS cohort (Figure 2.5c), those with a Q-score >30 

revealed an elevated value as compared to those with Q-score <30, with values continuing to be 

elevated in most participants up to 24 hours post-tape stripping.  
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(a)  

(b)  

(c)  

Figure 2.5 ΔResponse with individual Q-scores for (a) TEWL, (b) SC Hydration, and (c) Redness. The 

Q-score is plotted on the second Y axis.  

 

For all the biophysical parameters at 30 minutes post-tape stripping it was observed that below a 

Q-score of approximately 100, the values of the ΔResponse increased monotonically. This is 

evidenced by the significant correlations for the NSS group and positive correlation coefficients 

(Figure 2.6). For values >100, representing SS individuals, there was a less apparent trend, with 

most values decreasing with a higher level of variability (no significant trends). By contrast, the 
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associations between Q-score and the ΔResponse at 72 hours was limited, with redness being the 

only significant parameter. It is of note that TEWL and redness demonstrated similar trends 

between Q-scores and ΔResponse, such that for both parameters the lower Q-scores (0-100) 

revealed a positive association while the higher Q-scores (>100) revealed a negative association. 

There may have been a ceiling effect on these associations whereby the range of the values at 72 

hours was less than that observed at 30 minutes. 
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Figure 2.6 Scatterplots at 30 minutes and 72 hours for (a) TEWL, (b) SC Hydration, and (c) Redness 

with Rs and p values from the Spearman Correlation test. 
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2.4.3 Discussion 

Retrospective analysis was conducted using the dataset published by Richters (Richters et al. 2016) 

where the effects of tape stripping from 30 minutes up to 72 hours after stimulus interaction were 

studied. Temporal changes for each of the ΔResponse were reported. It is evident that with tape 

stripping the trends for both, sensitivity groups and each parameter, are similar with a significant 

increase in ΔResponse at 30 minutes and 8 hours, and a subsequent decrease thereafter. Indeed, 

ΔSCH returns to baseline value by 24 hours, whereas ΔTEWL and ΔRedness remain elevated at 72 

hours. It is also noted that ΔSCH was lower than baseline at 72 hours, implying a general drying out 

of the skin at this time following tape stripping. When comparing data between the sensitivity 

groups, the SS group demonstrated higher values for ΔTEWL and ΔSCH compared to the values 

associated with the NSS group (Figure 2.4 a, b). By contrast, elevated values for ΔRedness were only 

evident in the SS group at 8 hours and 24 hours, respectively (Figure 2.4c). Close examination 

revealed that the differences between groups for each of the three parameters at consecutive time 

intervals for ΔTEWL and ΔRedness were most marked at 8 hours following tape stripping.  

Tape stripping is a well-recognized method when investigating skin responses due to, amongst 

others, mechanical stimulus (Lademann et al. 2009; Surber et al. 2001). Indeed, it has been utilised 

in few studies aiming to quantify the differences in SS and non-SS individuals (Seidenari et al. 1998; 

Ota 2002), including the original study referred to in this chapter. Additionally, it has also been used 

for characterising facial skin parameters (Gorcea et al. 2013), which is the anatomical region of 

interest in the present research. Furthermore, tape stripping has been compared to shaving in 

terms of the biophysical response of the skin tissue (Rodijk et al. 2016), where between 8-12 tapes 

appeared to be a suitable model to mimic the mechanical impact of shaving for roughly 30 seconds. 

This comparison was critical in receiving approval from the ethics committee for introducing tape 

stripping on facial skin of consumers for future studies.  

Changes in skin parameters at 30 minutes appear to be indicative of the 24-hour response, with 

recovery only observed in the 72-hour time point. As such, a shorter protocol including up to 30 

minutes time-point is sufficient to evaluate the skin response. However, as the earliest time point 

was 30 minutes post-stimulus, the immediate effect within 30 minutes of tape stripping on 

biophysical parameters remains to be explored. Moreover, for discriminating SS from NSS, Richters 

developed the Q-score, but the level of detail underlying the questionnaire (total 32 questions with 

8 general questions, and 4 specific questions on 6 stimuli each) poses at least two major practical 

difficulties when applied outside the clinical realm to generate new data: they demand 

perseverance of the study subject, hampering a sufficiently high response rate needed for 

screening; and more importantly, they involve clinically sensitive information, or information 
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otherwise restricted by GDPR. As an alternative, to be used in the prospective study, a short version 

of the questionnaire was developed (Appendix A) for a consumer-friendly environment, consisting 

of the 4 non-medical questions that best predicted the categorisation into NSS and SS by the Q-

score. However, future analysis remains to be conducted to establish the correlation between the 

biophysical values and combinations thereof with respect to the Q-score to find experimental proof 

for the response curves as conceptualised in Figure 1.3.  
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2.5 Aims and Objectives 

Following the review of the current state of the art and relevant data sets of individuals with and 

without SS, the subsequent research aims and objectives were defined for the PhD. It is noted that 

OCT imaging is particularly included in the project given the availability of a system at the facility 

and it’s aforementioned potential in dermatological applications. 

 

Aim 1: Investigate the use of robust objective parameters from OCT and biophysical approaches to 

evaluate the status of skin pre- and post-mechanical insult.   

Objectives: 

1.a)  Evaluate trends in biophysical parameters from retrospective data taken from individuals 

with sensitive skin following mechanical insults. 

1.b)  Evaluate feasibility of OCT imaging in key skin sites to monitor skin status. 

1.c)  Optimise OCT image processing techniques to extract skin parameters indicative of 

mechanically induced changes in integrity.  

Aim 2: Study the link between perceived skin sensitivity and the variability of skin response to 

simple mechanical loading using objective skin parameters. 

Objectives: 

2.a)  Develop a means to apply simple mechanical load to the skin of the face and neck.  

2.b)  Recruit volunteers with varying degrees of SS to study the relationship between 

parameters contributing to skin sensitivity (e.g., layer thickness and local physiology).  

2.c)  Employ a range of non-invasive approaches (including OCT imaging and biophysical 

measurements) to assess the skin status pre- and post-mechanical insult. 

2.d)  Examine the long-term effects of singular and repetitive mechanical loading.  

2.e)  Explore correlations between perceived and objectively defined skin parameters following 

mechanical insults.  

Aim 3: Study the influence of perceived skin sensitivity and the variability of skin response to 

complex mechanical loading using objective skin parameters.  

Objectives: 

3.a)  Develop a means to apply complex mechanical load to the cheek and neck skin using a 

shaving handle integrated with force sensors.  

3.b)  Recruit volunteers with varying degrees of SS to study the relationship between 

parameters contributing to skin sensitivity (e.g., skin layer stiffness and local physiology). 
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3.c)  Use an optimal set of non-invasive approaches including OCT, biophysical and biomarkers 

to assess skin status pre- and post-complex mechanical loading.  

3.d)  Examine the relationships between complex loads (magnitude and duration of loading) 

and the skin’s response using the pre-defined skin parameters.  

3.e)  Explore the correlations between perceived and objectively defined skin parameters 

following mechanical insults.  

 

Aim 4: Inform device design for optimal skin-device interaction, addressing personalized solutions. 

Objectives: 

4.a)  Develop temporal profiles of skin responses and adaptability to mechanical loading. 

4.b)  Employ analytical techniques to predict levels of skin sensitivity in individuals (at a specified 

site, with a specified load).   

4.c)  Suggest guidelines for optimal personalized skin-device interaction.
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Chapter 3 Protocol Development for  uantifying skin 

sensitivity using  CT 

 

The investigation of skin sensitivity has been hindered by a lack of consensus as to the objective 

definitions of stimuli as well as the overall skin response (Chapter 2). This was addressed in the 

present study by adopting an array of subjective and objective parameters of skin integrity. These 

included biophysical, biomarker, and imaging tools to investigate the effects of distinct mechanical 

stimuli, in the form of tape stripping, friction, and electric shaving. It was proposed to examine the 

changes in skin structure at relevant body sites e.g., cheek and neck. Changes were monitored using 

Optical Coherence Tomography (OCT), which required the development of a protocol to analyse its 

feasibility.  

Several studies have reported the differences in skin morphology at different anatomical locations 

(Gambichler et al. 2006; Mogensen et al. 2008; Tsugita et al. 2013; Maiti et al. 2020; Monnier et al. 

2020). While many of these studies have reported data for the cheek, data for the neck is scarce. 

As such, the general aim of the present research is to extract a series of parameters derived from 

OCT images that quantify the unloaded skin and the changes following mechanical loading. 

Specifically, the aim is to establish the value of these parameters in delineating sensitivity between 

individuals, as well as characterising differences between cheek and neck within individuals. 

Objectives:  

• Establish a protocol to acquire OCT skin images of the cheek and neck. 

• Develop processing algorithms to extract relevant parameters for characterising the skin.  

• Explore the feasibility of these parameters to differentiate between and within individuals.  

3.1 Experimental setup 

Preliminary experiments were conducted with the Thorlabs Telesto Spectral Domain OCT system 

(TEL221, imaging depth 1.5 mm, axial resolution 5.5 µm, centre wavelength 930nm) at the Phillips 

Laboratories in Drachten, The Netherlands. The system had been previously set up for imaging the 

forearm, with the camera mounted onto a robotic arm and facing vertically downwards (Figure 3.1). 

To prepare the system for facial imaging, accessories were conceptualized, and 3D printed to 

change the orientation of the camera probe.  
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(a)      (b)  

Figure 3.1 OCT system with different camera orientations. (a) Camera positioned vertically for 

forearm imaging; (b) camera position horizontally for facial imaging. 

 

Furthermore, accessories were developed in-house so that the skin was in focus during image 

acquisition. The mount shown in Figure 3.2a was already available with the equipment. However, 

it was observed that due to flexibility of the facial tissue on the cheek, the skin would protrude into 

this mount causing a doming effect. Accordingly, a solution was needed to maintain contact 

pressure with the camera mount, thereby reducing motion artefacts while avoiding local pressure 

peaks resulting in excessive skin protrusion through the aperture. To mitigate the protrusion effect, 

a mount with a larger aperture was preferred to lower the contact pressure and capture images 

further away from any unnatural boundary condition imposed by it. Thus, a new mount was 

designed, and 3D printed (Figure 3.2b). Although, this newly developed prototype was suitable for 

imaging the cheek, it was found to be unsuitable on the neck as the large aperture was not stable 

due to the neck curvature. A compromise was reached where the two separate accessories were 

selected for imaging the cheek and neck using OCT. Thus, the participant could be seated with their 

cheek/neck resting against the camera, as indicated in Figure 3.3.  
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(a)       (b)  

Figure 3.2 Accessories to maintain the required focal distance for facial OCT imaging. (a) Mount 

with smaller aperture used for the neck; (b) Mount with larger aperture used for the 

cheek. 

(a)     (b)  

Figure 3.3 Typical position of a participant when imaging the (a) cheek and (b) neck, using the OCT 

system. 

 

Furthermore, the OCT system included an associated software, ThorImage (version 5.4.2), where 

scanning parameters could be prescribed. Different combinations of pixel sizes and field of views 

(FOV) were tested to select suitable balance between image quality and acquisition times, as 

illustrated in 

 

Table 3.1. A preferably large field of view and/or high resolution yielded long acquisition times, that 

increased risks of motion artefacts in the scans. Initially, a combination of 10 x 6 µm pixel size and 

9 x 2 mm FOV was selected as this rendered an acquisition time of 12 seconds. The results from 

these scans are included in this chapter. As participants were comfortable to hold a stable position 

for up to 20 seconds, ultimately 6 x 6 µm pixel size and 4 x 4 mm FOV was used for future studies. 
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Nonetheless, particularly while taking sequential B-scans in the neck, motion artifacts due to heart 

beats were present.  

 

Table 3.1 OCT scan pattern and image acquisition times tested. 

Pixel Size, 
Field of View 

Acquisition 
time 

Example 3D-OCT Scan 

 

10 x 6 µm,  

9 x 2 mm 

12 seconds 

 

6 x 6 µm,  

7 x 7 mm 

56 seconds 

 

6 x 6 µm,  

4 x 4 mm 

20 seconds 
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3.2 OCT parameters to assess skin structure and morphology 

OCT uses infrared light to create a grey-value reflection intensity profile across the depth of a tissue 

(Welzel 2001; Thilo et al. 2011; Deegan and Wang 2019), expressed in a logarithmic scale. By 

projecting the light beam in a plane perpendicular to the skin, a 3D depth profile of the skin is 

obtained. Typically, there is a fast and a slow axis in the scanning plane. The reflection profiles, or 

A-lines, acquired along the fast axis form a B-scan (2D-image), and a stack of B-scans along the slow 

axis forms the 3D depth profile. A schematic of an in vivo 3D-OCT scan of the cheek with B-scans 

and A-lines is shown in Figure 3.4. 

 

Figure 3.4 Schematic of a 3D-OCT Scan with a stack of exemplar B-scans and a single A-scan. 

 

It is noted that individual A-scans contains considerable noise and do not represent the entire 2D 

or 3D stack. Consequently, averaging is needed before reliable parameters can be extracted. Thus, 

averaged A-scans can be generated for each 2D-OCT image, which can be further averaged along 

the Y-direction to generate an average A-scan representing the entire 3D-OCT scan (Figure 3.5). The 

“Averaged A-scan” of the 3D-OCT scans is further used to estimate skin parameters as discussed in 

the following paragraphs. 
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Figure 3.5 Example of a 3D-OCT Averaged A-scan, representing the depth of the signal penetration 

on the x-axis and the Intensity of the signal on the y-axis. Each of the thin coloured 

lines represents the average of the A-scan in a single B-scan, i.e., 2D averaged A-scan. 

The 3D averaged A-scan (thick black line) is the average of the 2D averaged A-scans. 

 

In Figure 3.6, a B-scan of the skin on the cheek is shown in which several structures are annotated. 

Clearly visible are features such as hair and the two layers of skin, namely, the epidermis and 

dermis, which have previously been identified in OCT studies when comparing with histological 

reports (Gambichler et al. 2007).  

 

Figure 3.6 Annotated 2D-OCT scan of the cheek. 

 



Chapter 3 

43 

Several parameters can be extracted from these OCT scans to characterise the skin objectively. The 

present research focuses on the following:  

1. Epidermal thickness –  

Skin thickness can be influenced by factors such as gender, age, skin type, and anatomic site 

(Gambichler et al. 2006). Furthermore, researchers have investigated the effects of surface 

interactions such as application of topical products that cause irritation or mechanical 

stimulus such as tape stripping of the epidermal structure (Lademann et al. 2009; Qin et al. 

2018), generally reporting a decrease in thickness due to the intervention. Epidermal 

thickness changes have also been investigated for SS/non-SS individuals (Richters et al. 2016), 

reporting that fewer tapes were required to strip off the SC in SS individuals as compared to 

non-SS. Thus, this parameter was considered relevant in the present research.   

For OCT scans, the epidermal thickness is characterised by the difference in depth values of 

the two peaks in the Averaged A-scan plot (Welzel et al. 2004). The first peak corresponds to 

the surface of the skin and the second peak has been associated with the dermal-epidermal 

junction  (Figure 3.7), as such the layer between these peaks corresponds to the epidermis 

(Mogensen et al. 2008; Josse et al. 2011; Taghavikhalilbad et al. 2017). 

 

 

Figure 3.7 Illustration of epidermal thickness calculation. 
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2. Signal attenuation –  

OCT signal attenuation is  influenced by the presence of structures such as sebaceous glands, 

blood vessels, and  collagen and/or other compositions  (Welzel et al. 2003). With variation 

in structure, the attenuation of the signal varies accordingly. Thus, this parameter highlights 

the composition and its density in the skin tissue.  

With reference to a previously reported algorithm (Adegun et al. 2013), the Scaled Intensity 

Drop (SID) has been introduced as a metric for this OCT signal attenuation (Figure 3.8). It is 

computed as the ratio of the difference in intensity values corresponding to two points on 

the cumulative intensity curve and the depth of the signal at both points (Equation 3.1). 

These authors calculated the SID between the 5% and 90% backscatter points (Adegun et al. 

2013). 

 

𝑆𝑐𝑎𝑙𝑒𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝐷𝑟𝑜𝑝 (𝑆𝐼𝐷)  𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝐷𝑟𝑜𝑝
𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 𝐷𝑒𝑝𝑡ℎ ⁄  (Equation 3.1) 

 

 

Figure 3.8 Illustration of Scaled Intensity Drop calculation from 5% to 90% cumulative intensity. 

 

3. Surface roughness –  

Skin roughness is often monitored as an indicator of the effect of topical treatments, e.g., 

when examining facial wrinkles (Ferreira et al. 2010). Additionally, this parameter has been 

also used to distinguish healthy skin and diseased skin for conditions such as psoriasis (Welzel 
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et al. 2003). For devices interacting with the skin surface, the mechanical forces at the 

interface are influenced by the roughness of interacting surfaces. Thus, this parameter could 

prove opportune in the present research. 

Figure 3.9 illustrates the evident difference in the roughness of the skin surface between the 

cheek and neck for one healthy individual. The roughness of the skin surface can be estimated 

from such 2D-OCT scans by calculating the root mean square of the deviation of the 

peaks/troughs from the mean line of the skin surface (Maiti et al. 2016; Askaruly et al. 2019). 

 

Figure 3.9 Examples of 2D-OCT scans with visibly different surface roughness between the (a) 

cheek and (b) neck for the same healthy individual. 

 

3.3 Development of OCT Parameters 

Preliminary experiments were conducted as input for the development of image processing 

algorithms that characterised basal skin using OCT. The scan pattern for this dataset was 10x6 µm 

pixel size and 9x2 mm field of view. The demographic details of five healthy participants, each 

identified with an ID, are included in Table 3.2.  

Table 3.2 Demographic details of participants from preliminary experiments.  

Participant ID Gender Ethnicity Age 

D11 Male Caucasian 49 

D12 Male Caucasian 26 

D13 Male Caucasian 44 

D14 Female Indian 27 

D15 Male Caucasian 39 

 

Cheek

 eck

(a)

(b)
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Exemplar B-mode images acquired from this preliminary dataset are shown on the cheek and neck 

in Figure 3.10 and Figure 3.11, respectively. For each participant, the camera image highlights the 

macroscopic skin area that was sampled by the OCT probe. The B-modes reveal the different layers 

of the skin tissue represented by varying intensities of the optical signal.  

 

Figure 3.10 Camera images and B-mode images for the cheek. 

 

Figure 3.11 Camera images and B-mode images for the neck. 
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To estimate the epidermal thickness, intensity gradient, and surface roughness from such OCT 

scans, it is critical to accurately detect the skin surface and distinguish it from noise, in the form of 

hair follicles or background features. Thus, a MATLAB script was developed to estimate the skin 

surface in the raw OCT images, which is detailed in the following paragraphs.  

3.3.1 Skin surface detection – Version 1  

A script was developed based on the algorithm previously reported (Askaruly et al. 2019). The 

processing stages are depicted in Figure 3.12. First, a Gaussian filter is used on the original OCT 

image in the depth direction to reduce the effect of signal to noise. Next, a median filter is used in 

the lateral direction to create a smoothed image while preserving the edges of the original image. 

Then, a differential filter is applied to highlight the surface boundary. Finally, the skin surface is 

rendered by finding the minimal intensity values from the previous stage.   

 

Figure 3.12 Flow diagram illustrating the processing stages of Skin surface detection - Version 1.  

After the skin surface is detected, the A-scans can be plotted for estimation of the skin parameters. 

However, due to the variation in level of the skin surface within and across each B-scan, averaging 

the A-scans at this stage may lead to loss of features in the results (Figure 3.13). Thus, surface-

flattened B-scans are generated by setting the detected skin surface at the same level. The 

subsequent A-scans plotted are now aligned at the first peak and a corresponding averaged A-scan 

can be plotted to represent the stack.  
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Figure 3.13 Individual A-scans and averaged A-scans (overlaid in bold) at different stages of the 

image processing. 

However, it is noted that this algorithm was not able to distinguish hair from the skin surface, as 

illustrated in Figure 3.14. This is considered an important limitation as the OCT images are captured 

on the skin areas with beard growth, i.e., presence of hair in the scan may impede the OCT signal 

from reaching the skin surface, thereby casting a shadow in the Z-direction. Thus, the version 1 

algorithm needed to be improved.  

 

Figure 3.14 Exemplar B-mode images where hair has been wrongly detected as skin, highlighting 

the limitation in the version 1 skin surface detection algorithm. 

 air detected 
as skin
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3.3.2 Skin surface detection – Version 2 

The version 1 algorithm was modified as detailed in Table 3.3 and illustrated in Figure 3.16. First, a 

scaled-space filter (Witkin 1984) is used rather than a fixed-kernel gaussian filter to smooth the 

image in the depth direction. Then, the mean of the different scaled spaces is taken to combine the 

features of the individually filtered images (Figure 3.15), where the smaller kernel sizes closely 

follow the skin surface but are influenced by noise, whereas the larger kernel sizes are less prone 

to noise but introduce excessive blurring.  

 

Figure 3.15 Examples of gaussian filtered images with different the kernel sizes (σ). 

This is followed by a median filter with a range of 3 pixels only. The reduced median filter range 

prevents excessive filtering in the lateral direction, retaining the features contributing to the peaks 

in the A-scans. However, this stage does not filter out hairs at the skin surface. Thus, the B-scans 

are then evaluated for noise along the temporary skin surface using an envelope which has been 

created using a “rolling ball” (Huang et al. 2016). This method is combines morphological image 

filtering techniques of erosion followed by dilation, where a “ball” of a predetermined radius 

follows the skin surface creating an envelope above and below the surface. Any features outside 

this envelope are then considered as noise and discarded. The pixels below the surface noise are 

also discarded. Thus, the skin surface is clearly determined. This is followed by surface flattening as 

detailed in the previous version of the algorithm. Finally, the Averaged A-scan can be extracted for 
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estimation of the skin parameter. Here, the Averaged A-scans from each B-mode are normalised 

with respect to the first peak, further reducing the spread in the 3D-OCT Averaged A-scan.    

 

Table 3.3 Comparison of image processing parameters in the skin surface detection algorithms. 

Image 

processing 

step 

Skin surface 

detection 

Version 1 

Skin surface 

detection Version 2 
Reason 

Depth filtering Gaussian filter, 

σ = 3 

Scaled-space filter,    

f = [1 2 4 16] 

Scaled-space filtering allows flexible 

blurring of the image. 

Lateral 

filtering 

Median filter, 

m = 6*σ   1   

Median filter,          

m = 3 

Reducing the median filter retains the finer 

characteristics of the image. 

Artefact 

detection  

N/A “Rolling ball” 

method 

Artefacts can be discarded from the scans 

along with the shadows cast in the Z-

direction.  

A-scan 

averaging 

Absolute values Normalised values Reduces the spread between the averaged 

A-scans from each B-mode in the 3D stack. 
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Figure 3.16 Flowchart of Skin surface detection - Version 2.  

 

Version 2 of the algorithm provided two distinct improvements in the skin surface detection when 

compared to version 1, as highlighted from the same image in Figure 3.16. In particular, the former 

followed the skin surface more closely as the image was not excessively smoothened in the depth 

direction. Furthermore, it was able to detect artefacts such as hair and discard them from the stack. 

Accordingly, the skin parameter estimation for the preliminary dataset was conducted using the 

Version 2 algorithm. 

Scale space 
 lter

Median  
 lter

Original 2D 
OCT image

Skin surface 
enhancement

Skin surface  a ening

 lo ng averaged A‐lines

Artefact detec on

Skin surface detec on
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Figure 3.17 Comparing the skin surface detection algorithm versions 1 and 2 on a B-mode image 

with hair. The blue line indicates detected skin surface from each version. 

3.3.3 Epidermal Thickness calculation 

To calculate the epidermal thickness, the A-line intensity profiles were plotted as illustrated in 

Figure 3.7. The resulting Averaged A-scans for each participant are shown below in Figure 3.18.  

These individual profiles demonstrate a degree of variability between the A-scan profiles, although 

the trend in waveform features is consistent across the imaging area. As the epidermal thickness 

on the face has been reported to range from 0.030mm to 0.063mm (Chopra et al. 2015), the current 

algorithm was prescribed to distinguish the first two peaks that are at least 0.025mm apart. 

However, close examination of the Averaged A-scans has revealed a third peak, generally 

associated with the images on the cheek (Figure 3.18). This may be attributed to the wavy nature 

of the dermal-epidermal junction irrespective of the flattening of the skin surface. Where present, 

two thickness values are reported, with respect to both Peak 2 and Peak 3.  

The median thickness on the cheek with respect to Peak 2 was 0.035mm and with respect to Peak 

3 was 0.105mm (n=5). From the literature, thickness of the cheek has contrasting values with one 

researcher stating it as 0.045 mm (Chopra et al. 2015) and another as 0.094 mm (Firooz et al. 2016). 

Further analysis with a larger sample size may help us identify the suitable parameters regarding 

which peak to select for epidermal thickness calculation.  

With respect to the Averaged A-scans on the neck, only participant (D11) demonstrated a distinct 

third peak. In addition, there were clear differences between the nature of the second peak as 

detected by the algorithm with, for example, participant D13 only demonstrating a small peak while 

D14 demonstrated a large second peak. Overall, the median thickness on the neck was estimated 

to be 0.102mm, which should be compared to contrasting reported values of 0.040 mm (Chopra et 

al. 2015) and 0.10 mm (Firooz et al. 2016). The values on the neck are generally lower than the 

corresponding values on the cheek, although there is no consistent trend in the thickness values at 

each facial site across the small cohort.  

 D  CT Scan with detected skin surface from 
Algorithm  ersion 

 D  CT Scan with detected skin surface from 
Algorithm  ersion 
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Figure 3.18 A-scans from the 3D-OCT scans highlighting the thickness of the epidermis on the 

cheek for (a) D11, (c) D12, (e) D13, (g) D14, (i) D15 and on the neck for (b) D11, (d) 

D12, (f) D13, (h) D14, (j) D15. 
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3.3.4 Scaled Intensity Drop (SID) calculation  

The initial intention was to calculate the SID between the 5% and 90% cumulative intensity points, 

as illustrated in Figure 3.8. However, close analysis of the previous study (Adegun et al. 2013) 

indicated that these authors selected the initial point on the intensity curve based on the depth of 

the 1st peak in the A-scan. Thus, the present algorithm was modified for this dataset to calculate 

the relative intensity from the Peak 1 in the A-scan plots. Furthermore, to optimise the parameter 

to find maximal differences between independent scans, the SID was examined at different depths 

corresponding to the 60%, 70%, 80%, and 90% of the normalised intensity points in the A-scans, as 

indicated in Figure 3.19.  

 

Figure 3.19 Comparison of SID at 60%, 70%, 80%, and 90% of the normalised intensity points for 

two exemplar A-scans. 

From these preliminary results, it was observed that the OCT signal continued to scatter beyond 

the 60% and 70% normalised intensity points, demonstrated by the non-linear decrease in intensity 

of the A-scans. Additionally, the 90% normalised intensity point was observed to coincide with the 

tail of the curve which, in some cases, may not represent a reliable OCT signal. Thus, in the present 

study a lower threshold of 80% of the maximum intensity was selected and the SID was defined as 

the coefficient of the slope from Peak 1 to 80% of the maximum intensity of the signal. The results 

from the preliminary data at both facial sites are illustrated Figure 3.20.  

The SID was estimated to range from -1.762 mm-1 to -2.495 mm-1 on the cheek and from -1.499 mm-

1 to -1.997 mm-1 on the neck. Furthermore, it is noted that n=3/5 had a higher SID value on the 

cheek (median = -1.896 mm-1 ) than on the neck (median = -1.806 mm-1). Any changes between the 

values estimated from the scattering of the OCT signal might be attributed to the nature and density 

of the collagen fibres, which have been reported to be different on the neck and cheek sites 

(Luebberding et al. 2014).  
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Figure 3.20 A-scans from the 3D-OCT scans highlighting the SID on the cheek for (a) D11, (c) D12, 

(e) D13, (g) D14, (i) D15 and on the neck for (b) D11, (d) D12, (f) D13, (h) D14, (j) D15. 
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3.3.5 Surface roughness  

Surface roughness values can be estimated from the 2D-OCT as well as 3D-OCT scans. First, the skin 

surface without artefacts was extracted, as detailed in version 2 of the skin surface detection 

algorithm. To offset any possible curvature of the skin tissue due to, for example, the measurement 

system or anatomical location, the detected skin surface needs to be adjusted. Here, the same 

process as adopted previously in “surface flattening” (Figure 3.16) is not appropriate because it 

creates a smooth skin surface without any undulations.  Instead, first, a moving average of the skin 

heights is estimated along the X-direction, discarding values at the tails of the curve where the 

moving mean resulted in errors. After subtracting the newly defined curve from the detected skin 

surface, an adjusted surface is obtained in 3D with peaks and troughs along the zero value on the 

Y-axis. Thus, the heights of these irregular peaks and troughs in the adjusted OCT image can be 

defined. The RMS value (Rq) for each B-mode is then used as a metric of the surface roughness of 

the 3D scan. Figure 3.21 illustrates the intermediate steps in estimating the surface roughness on 

both the cheek and neck for the B-modes indicated in Figure 3.9.  

The Rq was estimated for each participant on the cheek and neck and has been reported for 

exemplar B-modes from the 3D-OCT scan (Figure 3.22). Overall, the Rq for the cheek ranged from 

10.0 to 14.1 µm with a median value of 12.3 µm. For the neck, the roughness values ranged from 

12.6 to 22.7 µm, with a median value of 14.8 µm. These values are similar to those reported by 

others with the cheek roughness stated as 17.5 ± 4.4 µm and neck roughness stated as 25.3 ± 5.2 

µm (Cowley et al. 2012).  
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(a)  

(b)  

Figure 3.21 Example of participant D13 surface roughness calculation. (a) For the Cheek; Rq = 11.5 

µm; (b) For the neck; Rq = 22.7 µm. 
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Figure 3.22 Estimated roughness on the cheek and neck for each participant. 
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3.4 Protocol Development Summary  

Preliminary experiments were conducted with the goal of exploring the use and usefulness of OCT 

in characterising skin parameters in prospective consumer studies. Accessories were developed in-

house for this specific OCT system to ensure that it was suitable for imaging facial locations and 

reduce interference due to the measurement apparatus. A combination of pixel sizes and field of 

views were evaluated to guarantee a practical acquisition time ( 

 

Table 3.1) in which motion artefacts introduced by the participants breathing and pulse are limited. 

Ultimately, an image acquisition time of 20 seconds, a pixel size of 6x6 µm and field of view of 4x4 

mm was selected to be used in prospective studies. A significant part of the protocol development 

activities was focused on detecting the true skin surface and distinguishing it from artefacts due to 

hair follicles and noise. The processing steps cited in the literature generally included protocols for 

imaging non-hairy skin surfaces. However, the present research is focused on examining the skin 

response at both the cheek and neck, specifically at sites where there is beard growth. This is a 

critical element associated with the project aims, namely, to investigate the influence of complex 

mechanical loading such as electrical shaving on various skin parameters.  

Thus, it is essential to include artefact removal processes, which detected hair on the skin surface 

and distinguished it from the surface itself. This was achieved by the development of the algorithm 

version 2. In addition, due to inherent variation in skin response, it will be important to perform 

repeat measurements and estimate the average values for each skin parameter. OCT-Skin 

parameters have been identified as epidermal thickness, scaled intensity drop (SID), and skin 

roughness, Rq. These will provide complimentary data to biophysical parameters to characterise 

the skin. As a summary, the results from these newly defined parameters have been listed in Table 

3.4.  
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Table 3.4 Summary of OCT parameters from the preliminary dataset, listed in ascending order by 

the participant’s age. SID is represented by the magnitude of the result. 

 Cheek Neck 

Participant 

Thickness (mm) SID 
Roughne

ss, Rq 
Thickness (mm) SID 

Roughn
ess, Rq 

wrt 
Peak 2 

wrt 
Peak 3 

(mm-1) (µm) 
wrt 

Peak 2 
wrt 

Peak 3 
(mm-1) (µm) 

D12 0.032 0.112 2.43 14.1 0.169 N/A 1.50 18.4 

D14 0.042 0.130 1.76 10.0 0.116 N/A 1.68 13.8 

D15 0.035 0.105 1.90 13.3 0.095 N/A 2.00 12.6 

D13 0.042 0.095 1.86 11.5 0.105 N/A 1.95 22.7 

D11 0.032 0.070 2.50 12.3 0.035 0.102 1.81 14.8 

 

As this dataset was primarily collected to initiate the algorithm development for OCT parameters 

to characterize skin, the test conditions were not standardised to the level required in a human 

study. There was no pre-requisite based on gender or even the shaving and grooming habits for the 

male volunteers, implying that the skin may not reflect a standard baseline state for all participants. 

Additionally, the precise location on both the cheek and neck for image acquisition was not 

prescribed. Thus, the analysis of the results obtained has been limited to evaluating the range of 

values for each parameter, and only initial observations based on anatomical locations. 

In summary, the following recommendations were proposed for the prospective consumer study: 

1. The physical imaging setup required optimisation. This included a bespoke interface with the 

skin and mechanical arm to position the device for the neck and cheek. This was critical to avoid 

tissue distortion in the skin due to contact pressure.  

2. The following imaging parameters were selected to provide optimal data: pixel size 6x6 µm, 

field of view 4x4 mm, acquisition time 20 seconds. These provided a suitable compromise 

between image acquisition time, skin area imaged, resolution is required, and participant 

comfort. 

3. Repeat measurements will be conducted to improve the precision of the parameters extracted 

from the scans.  

4. Differences were observed between participants and anatomical locations when comparing the 

Averaged A-scans for epidermal thickness characterization. The algorithm for this parameter 
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requires additional validation based on data acquired from a controlled study with a larger 

sample size. 

5. The attenuation coefficient of the OCT signal has been approximated by calculating the SID, 

which has been defined as the coefficient of the slope from Peak 1 where the depth of the 

signal is 80% of the maximum intensity.  

6. The roughness parameter, Rq, depends on the window size supplied to the algorithm. This 

parameter will be optimized for the images from a controlled study.  
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Chapter 4 A consumer study to evaluate the skin’s 

biophysical response to mechanical challenges 

 

4.1 Introduction 

Several reviews have been published regarding the widespread prevalence of skin sensitivity (SS) 

and the challenges associated with its identification and treatment (Berardesca et al. 2013; Duarte 

et al. 2017; Do et al. 2020). Due to its impact on the quality of life, this topic is of interest to 

healthcare researchers in academia and industry. However, the descriptions of skin sensitivity often 

involve terms such as burning, stinging, and discomfort. The variability in its perceptions make it 

difficult to identify the mechanisms underlying the condition. Consequently, there is no consensus 

regarding an objective quantifiable definition for SS.   

Many experimental studies conducted by the cosmetic industry aim to define characteristics of SS 

but their findings are generally not reported in the public domain. Such studies often focus on the 

relationship between the response of skin tissues and the chemical triggers of skin sensitivity 

(Seidenari et al. 1998; Balsam et al. 2009; Sun et al. 2016). However, in the present project, the 

motivation is driven by the mechanical interactions of skin when exposed to pressure, shear, and 

friction associated with consumer devices.  

Thus, the present research aimed to evaluate the skin response within a cohort of individuals 

following three distinct insults involving mechanical loading. A study was designed to purposefully 

sample individuals with varying levels of skin sensitivity to assess any associations between the 

subjective and objective parameters of SS. A series of biophysical and anatomical/structural 

measurements were recorded at two selected sites of the face, representing common sites for 

consumer device interactions. Skin parameters were assessed at baseline and at several time points 

following the mechanical insults.  

The results from only the biophysical measurement tools have been reported in this chapter. Those 

from the OCT have been reported in Chapter 5. Thus, the objectives of this chapter were as follows: 

• Purposefully recruit a cohort of individuals with varying degrees of perceived skin sensitivity 

assessed using a standardised questionnaire.  

• Establish basal skin characteristics on the cheek and neck using biophysical parameters.  
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• Perform standardized mechanical insults (involving tape stripping, rubbing with a frictional 

surface, and shaving) to provoke changes in skin health parameters. 

• Evaluate the temporal effects of the mechanical insults on the selected biophysical parameters. 

• Investigate the relationship in skin responses between the cheek and neck for all participants. 

• Compare skin responses between participants categorised with different skin sensitivity.  

4.2 Methods 

The study was approved by the research ethics panel at Philips (internal document).  

4.2.1 Skin sensitivity questionnaire 

To identify associations between the perceived and observed parameters of skin sensitivity, 

participants were purposefully selected based on a questionnaire which is detailed in Appendix A. 

This short version of the questionnaire was developed in-house at Phillips Consumer Lifestyle (PCL) 

from a more detailed version previously published (Richters et al. 2017).  

To review briefly, the original questionnaire contained 32 questions including details of the 

presence and extent of typical responses associated with SS following interaction with various 

stimuli, such as toiletries and weather conditions. This questionnaire was developed based on 

inputs obtained from 481 responders and was validated in the clinical studies based on both non-

invasive and histological data obtained from human volunteers. Benchmarking against the score 

derived from the original questionnaire, the PCL team aimed to reduce the number of questions 

related to the various stimuli. Subsequently, models were developed to evaluate the effects of 

reducing the number of input parameters. The predictive performance of these models was then 

assessed in terms of the r-squared values (goodness of fit), percentage of classification errors, and 

their ability to derive the pre-determined class sizes. The classification error calculation estimated 

how many individuals with true “very SS”, as responded in the original questionnaire, were re-

classified as “normal”. Thus, stating the desired class sizes, threshold values were chosen, which 

should be reconsidered for new studies with different observations. Based on the results of the 

performance indicators, the following model was selected to estimate the skin sensitivity score (i.e., 

Q-score): 

Q-score   81.02 +  4.93 ∗ Q1 +  36.89 ∗ Q2 +  27.77 ∗ Q3 −  35.2 ∗ Q4  (Equation 4.1) 

where the variables were coded as shown in Table 4.1. 
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Considering the specific focus of the research, an explicit question regarding the skin response to 

mechanical stimulation (Q5) was added to the questionnaire and subsequently to the selection 

criteria.  

Table 4.1 Coding values for the responses from the SS Questionnaire. 

Q. 
No. 

Questions from the screener Answers Coding values 

Q1 
 Which skin type best describes you?  
(Fitzpatrick Skin Type) 

1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

Q2 How frequently does your skin breakout? 
Acne 

Sometimes 
No 

1 
0 
0 

Q3 
What is your facial skin like in the morning (before 
washing)? 

Tight 
Comfortable 

Oily 

1 
0 
0 

Q4 Do you think you have sensitive skin? 
Yes 

A bit 
No 

0 
1 
2 

Q5 
Does your skin react during or after shaving or 
contact with fabrics like clothes or towels? 

1, 2, 3, 4, 5 
(Never to Always) 

- 

 

4.2.2 Participant Selection and Recruitment  

A screening email was sent to the cohort of Philips consumer testing panel, who have previously 

consented to take part in studies affiliated with the product range. This included information 

regarding the prospective study and the short questionnaire on skin sensitivity. After 72 hours, a 

total of 262 responses were received (out of 588 individuals invited). Within the following week, 

the responses were analysed to identify suitable participants. The following inclusion and exclusion 

criteria were used, as detailed in the Ethics form: 

Inclusion criteria – 

• Individuals enrolled on the Philips consumer testing panel  

• Individuals of any ethnicity 

• Males with clean shave 

• Individuals presented with the mental capacity and English/Dutch proficiency to provide 

informed consent 

Exclusion criteria –  

• Individuals with broken skin 

• Individuals presented with current active skin condition on the areas of measurement 
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Following the 262 responses received, respondents were filtered based on the self-assessed SS 

category (i.e., Q4), the response to the mechanical stimulus question (i.e., Q5), and the calculated 

Q-Score. Identifying the first and third quartile values for the distribution of the Q-Score, three 

groups were created. Thus, 81 potential participants were identified. When age-related inclusion 

criteria were employed, this number resulted in 12-20 participants per group (Figure 4.1). Aiming 

to recruit a minimum of 7 volunteers per group, 9 respondents from each group were called back 

to confirm their participation.  

 

Figure 4.1 Participant selection criteria flowchart. 

4.2.3 Skin Sensitivity label assignment 

To understand the group skin characteristics of individuals with Low, Mild, and High Skin Sensitivity, 

the participants needed to be assigned SS labels based on thresholds from their questionnaire 

responses. Furthermore, to achieve a more thorough assignment of the SS labels, the participants 

were requested to fill out the short questionnaire on skin sensitivity after the study was completed 

(i.e., 6 months later). Thus, there were two sets of Q-scores calculated for all participants - those 

recorded in July 2021 prior to starting the data collection (i.e., Q score July), and those in December 

2021 after completing the data collection (i.e., Q score Dec). It has already been established that 

the Q-score did not account for the participants answer to the question explicitly enquiring the skin 

response to mechanical stimulation (i.e., Mech SS Score). Thus, a new criterion was developed to 

assign the SS labels based on the following S-score: 

Total no. of respondents
N  262

N 26 N 20N 35

N 1 N 12N 20

Remaining respondents
N 35

Remaining respondents
N 1 1

Q      es 
Q5   1
Q‐Score   26

Q     No 
Q5    , 5
Q‐Score   61

30  Age  55

Q     A bit 
Q5   2, 3
26  Q‐Score  61
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𝑆-𝑆𝑐𝑜𝑟𝑒 %  1 4⁄ (
𝑄-𝑠𝑐𝑜𝑟𝑒 𝐽𝑢𝑙𝑦

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑄-𝑠𝑐𝑜𝑟𝑒
+ 

𝑄-𝑠𝑐𝑜𝑟𝑒 𝐷𝑒𝑐

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑄-𝑠𝑐𝑜𝑟𝑒

+ 
𝑀𝑒𝑐ℎ 𝑆𝑆 𝑠𝑐𝑜𝑟𝑒 𝐽𝑢𝑙𝑦

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑠𝑐𝑜𝑟𝑒
+

𝑀𝑒𝑐ℎ 𝑆𝑆 𝑠𝑐𝑜𝑟𝑒 𝐷𝑒𝑐

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑠𝑐𝑜𝑟𝑒
 ) 𝑥 100 

(Equation 4.2) 

 

By normalising the Q-scores and Mech SS scores to the highest possible values that can be achieved 

respectively, both variables have been reduced to a scale from 0 to 1. Thus, this approach assigns 

equal weights to the Q-scores and Mech SS scores while ranking the respondents in an ascending 

order from Low to High skin sensitivity. Identifying the first and third quartile values for the S-score 

distribution obtained, the participants were categorised as follows:  

• Low SS – individuals with S-score lesser than the first quartile value 

• Mild SS – individuals with S-score greater than the first quartile value, but lesser than the 

third quartile value 

• High SS – individuals with S-score greater than the third quartile value 

 

4.2.4 Measurement Protocol  

Participants attended the test sessions in an environmentally controlled consumer lab at the 

Drachten campus of Philips, NL. The temperature in the lab ranged from 21.1°C to 22.3°C and the 

relative humidity ranged from 51.4% to 56.4%. All participants were instructed to shave 24 hours 

before each test session.  

Using a stencil (70 mm x 50 mm) with a cut-out (15 mm x 15 mm), a square was drawn on both the 

cheek and neck for each participant to standardize the location of the skin sample across multiple 

visits (Figure 4.2). For the cheek (Figure 4.2a), a corner of the stencil was aligned with the outer 

corner of the participants left eye, such that the longer edge of the stencil was placed adjacent to 

the nose, along the skin towards the chin. The square was outlined on the cheek skin using the cut-

out as a boundary. If the cut-out overlapped with the cheek bone, the stencil was shifted down 

vertically by 15 mm and then the square was drawn. For the neck (Figure 4.2b), the shorter edge of 

the stencil was placed below the earlobe such that the corner of the stencil coincided with the 

junction of the earlobe and the neck. Aligning the longer edge in the direction of the collarbone, 

the cut-out was used to mark the square on the skin. If the cut-out overlapped with the jawbone, 

the stencil was position vertically below the cheek square, and approximately 15 mm below the 

jawline.  
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(a)      (b)  

Figure 4.2 Stencil placement to identify skin area for measurements on the (a) cheek and (b) neck. 

The baseline skin parameters were then recorded within the highlighted skin area using the OCT 

(Thorlabs, Inc., USA), Mexameter (MX18, Courage and Khazaka, Germany), Tewameter (TM300, 

Courage and Khazaka, Germany), and Corneometer (CM825, Courage and Khazaka, Germany) in 

the sequence and the acquisition time detailed in Table 4.2, based on established methods (Kottner 

et al. 2014). 

 

Table 4.2 Sequence of biophysical measurements of skin and acquisition times for each site. 

Biophysical measurements 
Measurement 

system 
Acquisition 

time 
# of 

measurements 
Approx. 

Total time 

1. OCT images Telesto, Thorlabs 20 seconds 3 times 1 minute 

2. Redness values Mexameter, C+K 5 seconds 5 times 0.5 minutes 

3. TEWL, temperature values Tewameter, C+K 1 minute 2 times 2 minutes 

4. SC hydration values Corneometer, C+K 5 seconds 5 times 0.5 minutes 

 

The first parameter involved placing the probe of the OCT (Thorlabs Telesto Spectral Domain OCT, 

USA) such that the participant could sit with their cheek/neck resting against the camera (Figure 

4.3). The position was adjusted as described in Section 3.1. Subsequently, three scans were 

acquired per site per participant. 
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Figure 4.3 Example of a participants position when measured with  the OCT system. 

The Mexameter (MX18, Courage & Khazaka) was used to quantify changes in skin redness or 

erythema, as well as the melanin content of the skin. This measurement is based on the principle 

of absorption/reflection of three different light wavelengths. The output from the device was 

obtained following the average of 5 repeated measures recorded through gentle contact with the 

skin. The resulting parameter is converted into arbitrary units (a.u.) ( Clarys et al. 2000; Kleesz et al. 

2011).  

A Tewameter (TM300, Courage & Khazaka, Germany) is a probe which uses the open-chamber 

method to assess Transepidermal Water Loss (TEWL). This is defined by the amount of water that 

diffuses passively through the skin as a result of the pressure gradient of water vapour across the 

skin barrier. TEWL was measured by placing the device in gentle contact with the skin acquired at 

1Hz for 1 minute, the final parameter is determined from the average of five TEWL measurements 

recorded when a period of equilibrium is achieved. TEWL values are expressed in grams of water 

per square meter of skin per hour (g/h.m2) (Kleesz et al. 2011; van Erp et al. 2016). Additionally, a 

temperature sensor is housed within the TEWL chamber with temperatures recorded in °C. 

A Corneometer (CM825, Courage & Khazaka, Germany) provides an estimation of the hydration 

of the stratum corneum (SC). The device measures the variations in the dielectric properties of the 

skin due to changes in surface hydration. The output from the device was estimated  following the 

average of 5 repeated measures recorded through gentle contact with the skin. Its parameter is 

converted into a.u. (Tupker et al. 1990; Kleesz et al. 2011). 
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4.2.5 Mechanical stimuli: Tape stripping, friction, and shaving  

The study was divided into 3 sequential sessions distinguished by the nature of mechanical insult: 

1. Session 1 – Tape stripping (July 2021) 

2. Session 2 – Rubbing with a frictional surface (October 2021) 

3. Session 3 – Shaving (November – December 2021) 

For session 1, tape stripping was conducted using in-house designed metal plates with a small 

aperture (Rodijk et al. 2016) and tape (Sellotape Original 1109, UK), as indicated in Figure 4.4. 

Considering safety guidelines due to COVID-19 and subsequent minimum distance requirements, 

the participants were requested to apply the tape and remove it themselves with the researcher 

monitoring from a distance away. Overall, tape stripping was conducted 10 times at each location 

(Gorcea et al. 2013).   

 

Figure 4.4 Tape stripping equipment used in session 1.  

For sessions 2 and 3, a commercially available Philips shaver from the S9000 series was used for 

mechanical stimulation of the skin (Figure 4.6). The S9000 shaving handle is equipped with load 

sensors to estimate the amount of force applied onto the shaver head. In this model, the shaver 

head is not rigidly attached to the shaver handle. Rather, a spring system is employed which allows 

movement in one axis only. Furthermore, the moving element is mounted with a magnet which 

enables estimation of the displacement due to the force on the shaver head. This displacement is 

recorded by a Hall effect sensor, which is built into the shaver handle unit, and is converted to a 

voltage value. Subsequently, the voltage reading has been calibrated to three colour options, 

providing light feedback to the user (Figure 4.7). It is noted that the sensor has an upper limit of 

force estimation at 7N, which is well-suited for shaving facial hair. The raw force data can be 

recorded using a proprietary firmware and transferred to a computer using Bluetooth.    



Chapter 4 

71 

 

Figure 4.5 Annotated image of the Philips S9000 shaver used in the study. 

 

 

Figure 4.6 Colour feedback options of the S9000 shaving handle. 

 

For session 2, an in-house designed frictional surface was mounted onto the shaving handle (Figure 

4.7). A prototype with frictional coefficient equivalent to a surface roughness 1.725 µm was 

selected for this study based on the institutional regulations regarding the ethical concern of 

providing a suitable irritation to the facial skin of participants. For each participant, the Bluetooth 

connection of the shaver handle to the laptop was confirmed, and the participant ID was entered 
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into the associated software before starting the test session. Additionally, it was ensured that the 

shaving handle had a battery level of at least 30%. Once the baseline measurements were 

completed using the OCT and biophysical tools, the participants were requested to switch on the 

shaving handle and rub the frictional surface over the square drawn on their cheek/neck, 

maintaining contact with the skin surface and mimicking the actions of their normal shaving 

protocol. Furthermore, the participants were requested to maintain the light feedback from the 

shaving handle at the orange level (i.e., > 4N) as this study aimed to elicit SS responses from the 

skin. Simultaneously, force values were saved on the computer at a frequency of 20 milliseconds. 

After 60 seconds, the participants were requested to stop and switch off the shaving handle. After 

the mechanical stimulus was applied, the exact time was noted, and post-stimulus measurements 

were conducted at 0 minutes, 10 minutes, 20 minutes, and 30 minutes intervals. The schematic in 

Figure 4.8 shows an overview of the timeline for each participant.  

For session 3, a commercial shaver head was mounted on to the same shaving handle used in 

session 2 (Figure 4.7). The shaver head was specifically selected for this project based on a range of 

“cap” and “cutter” combinations (detailed in Figure 4.7). As the distance between the cap and the 

cutter is decreased, the skin exposure through the cap slots increases, and thus, the chances of the 

skin getting injured increases. Following institutional regulations regarding the ethical concern of 

purposely irritating the facial skin of participants, a cap and cutter combination yielding an exposure 

of 1.16 mm was selected for this study. For each participant, the equipment was set up according 

to that described for session 2. After the baseline measurements were completed, the participants 

were requested to switch on the shaving handle and shave over the square drawn on their 

cheek/neck. After 30 seconds, the participants were requested to stop shaving and switch off the 

shaving handle. A similar sequence of recording post-stimulus measurement intervals as session 2 

was adopted in this session.  
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Figure 4.7 Shaving handle and mounts used in sessions 2 and 3.  

 

It is evident that the duration of the mechanical stimulus interaction differed for sessions 2 and 3. 

This is because the average shaving experiments at PCL span approximately 2 minutes, where the 

consumer shaves the skin on both sides of their cheek and neck. For the present protocol, the 

mechanical insult was concentrated to a small area of the skin on only one side of the cheek and 

neck of each participant. Based on the irritation reported in preliminary tests, 30 seconds of shaving 

with the prototype device was determined as the upper limit, particularly for the neck. Thus, the 

shaving session was restricted to 30 seconds at each site. By contrast, there were no reports of 

irritation using the frictional surface within 30 seconds. Thus, the protocol in session 2 involved 

interaction with the frictional surface for 60 seconds.  
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Figure 4.8 Protocol for Mechanical response study at Philips. 

 

4.2.6 Statistical analysis   

The distribution of the biophysical values was checked for normality using the Anderson - Darling 

(AD) normality test and the resultant p-values were determined (Appendix C). Descriptive statistics 

such as medians, quartiles, ranges were used. Temporal trends in biophysical parameters at each 

site, and those between participants from different SS groups, were evaluated for statistical 

significance using the Mann Whitney U test. Correlations between the biophysical responses on the 

cheek and neck were estimated using regression analysis and subsequent p-values were 

determined.  
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The values from each biophysical measurement for the SS groups were normalised with respect to 

their baseline value by calculating the ratio, thus estimating the fold changes in the biophysical 

parameters. This normalisation method allowed the comparison of values from different 

biophysical parameters in addition to the comparison of the values between SS groups and 

anatomical site. Furthermore, distinct thresholds were defined based on the following steps: 

1. Calculate the fold changes for all participants. 

2. Identify the 95th percentile value for each biophysical parameter at each anatomical 

location.  

3. Round up the 95th percentile value such that 4 equal increments could be defined starting 

from 0.  

It is noted that the temperature values were recorded by the temperature sensor in the TEWL probe 

and were not indicative of the actual skin temperature. 
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4.3 Results 

22 volunteers participated in the study, as detailed in Table 4.3. It is noted that 18 individuals 

participated in all three sessions, while P6 participated in Session 1 only; P9 participated in Session 

1 and only the cheek measurements of Session 2; and P10 and P15 participated in Sessions 1 and 2 

only. Furthermore, TEWL and temperature values were not recorded for P11 in Session 2 on the 

neck due to malfunctioning of the probe. Additionally, the S-score results and SS Label for each 

participant have been reported.  

Table 4.3 Participant details from the study. Where blank, the data was not available.  

Participant 
No.  

Age 
Shaving tool 

(Blade/Rota/Combination) 

Shaving 
Frequency 
(#/week) 

S-score SS Label 

P1 37 Combination < 2 66% High SS 

P2 42 Blade < 2 69% High SS 

P3 50 Rota < 2 59% High SS 

P4 47 Blade > 5 63% High SS 

P5 35 Combination > 5 46% Mild SS 

P6 54 - - 75% High SS 

P7 53 Combination 3, 4 69% High SS 

P8 30 Combination < 2 56% High SS 

P9 55 - - 17% Low SS 

P10 49 - - 17% Low SS 

P11 51 Rota > 5 17% Low SS 

P12 53 Blade > 5 28% Low SS 

P13 48 Combination 3, 4 52% Mild SS 

P14 50 Combination 3, 4 31% Mild SS 

P15 49 - - 16% Low SS 

P16 49 Combination > 5 46% Mild SS 

P17 48 Combination > 5 41% Mild SS 

P18 48 Blade 3, 4 18% Low SS 

P19 51 Combination > 5 37% Mild SS 

P20 53 Rota > 5 23% Low SS 

P21 33 Combination 3, 4 52% Mild SS 

P22 42 Blade 3, 4 16% Low SS 

 

4.3.1 Baseline skin characteristics 

The medians and inter-quartile values of the biophysical parameters at baseline for both the cheek 

and neck are summarised in Table 4.4. For each biophysical parameter, the median values on the 

neck are greater than that on the cheek for that session.  
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Table 4.4 Summary of the baseline values of the biophysical parameters at the three test sessions.  

CHEEK 
TEWL 

(g/m2.h) 

Hydration 

(a.u.) 

Redness 

(a.u.) 

Temperature 

(C) 

Session 1 
Median 10.8* 43.4 509.7 25.8** 

Quartiles (Q1, Q3) (9.0, 12.6) (39.3, 51.04) (463.5, 538.2) (25.1, 26.1) 

Session 2 
Median 10.2 40.5 471.6 23.9** 

Quartiles (Q1, Q3) (8.8, 13.2) (33.4, 46.8) (405.6, 550.8) (23.4, 24.2) 

Session 3 
Median 11.7 46.7 387.7 24.4** 

Quartiles (Q1, Q3) (9.8,14.7) (37.1, 57.2) (368.2, 488.6) (23.4, 24.7) 

NECK 
TEWL 

(g/m2.h) 

Hydration 

(a.u.) 

Redness 

(a.u.) 

Temperature 

(C) 

Session 1 
Median 13.5* 49.7 537.9 27.3** 

Quartiles (Q1, Q3) (11.8, 17.6) (42.1, 58.2) (482.4, 655.1) (26.8, 27.9) 

Session 2 
Median 12.6 41.4 487.6 26.4** 

Quartiles (Q1, Q3) (10.7, 14.0) (32.4, 46.7) (456.4, 518.2) (26.1, 26.6) 

Session 3 
Median 14.2 52.2 446.6 25.7** 

Quartiles (Q1, Q3) (12.3, 15.6) (42.8, 60.9) (404.7, 488.8) (25.2, 25.9) 

* p <0.05 ; ** p <0.001 

Figure 4.9 details the baseline values for each biophysical parameter on the cheek and neck for 

participants at all three sessions. For TEWL on the cheek, shown in Figure 4.9a, the difference in 

intra-subject TEWL values ranged from 0.1 to 20 g/m2.h, with a median difference of 2.6 g/m2.h. 

Furthermore, most of the participants (15/22 or 71%) demonstrated consistent values across the 

three sessions i.e., a difference between sessions on the cheek of less than 5g/m2.h, emphasizing a 

good degree of reliability between tests. However, there was no evident trend in these values 

attributed to the test session. The corresponding baseline TEWL values on the neck are presented 

in Figure 4.9b. The difference in intra-subject TEWL values ranged from 0.5 to 21.4 g/m2.h, with a 

median difference of 3.4 g/m2.h. In a similar manner to the cheek, the participants demonstrated 

consistent TEWL values on the neck across the three sessions with 15/20 of the participants (75%) 

demonstrating a difference of less than 5 g/m2.h. Close examination of the data revealed that in 
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10/20 of the participants (50%), the maximum TEWL value occurred during Session 1, whereas 9/20 

(45%) demonstrated the minimum TEWL values during Session 2. It was noted that P16 has a large 

variation in TEWL values across the three sessions at both sites, with the maximum occurring during 

Session 3 for the cheek and Session 1 for the neck.  

The individual baseline values for skin hydration on the cheek are presented in Figure 4.9c. The 

intra-subject hydration values had a difference ranging between 4.3 a.u. to 27.1 a.u., with a median 

value of 12.6 a.u. Accordingly, some individuals e.g., P22, demonstrated a limited variation between 

sessions, while others e.g., P8 demonstrated a larger variation. Close examination of the data 

revealed that for 12/21 of the participants (57%), the maximum hydration values occurred during 

Session 3 whereas minimum values coincided with Session 2. Similarly, the baseline values for skin 

hydration on the neck are presented in Figure 4.9d. The differences in the intra-subject hydration 

values ranged between 4.2 a.u. to 42.6 a.u. with a median value of 13.3 a.u, with P8 again 

demonstrating the largest variation. Furthermore, in a similar manner to the cheek, 12/20 of 

participants (60%) demonstrated maximum hydration values at Session 3 and a minimum at Session 

2.  

The individual baseline values for redness on the cheek are presented in Figure 4.9e. A large intra-

subject difference was observed in some participants with redness values ranging from 21.2 a.u. to 

296.8 a.u. with a median value of 74.0 a.u. In 9/21 of the participants (43%) the difference in 

redness values on the cheek was greater than 100 a.u across the sessions. For 11/21 participants 

(53%), the maximum redness values occurred during Session 1, whereas for 13/21 participants 

(62%) the minimum redness values occurred during Session 3. The corresponding baseline redness 

values on the neck are presented in Figure 4.1f. It is noted that the intra-subject difference redness 

on the neck was larger than that observed on the cheek with values ranging from 24.0 a.u. to 269.4 

a.u. with a median difference of 101.4 a.u. Indeed, 11/20 of the participants (55%) revealed a 

difference greater than 100 a.u. in redness values across sessions. However, in a similar manner to 

the cheek, n=14/21 participants (67%) demonstrated the maximum redness values occurred during 

Session 1, whereas for 13/21 participants (62%) the minimum redness values coincided with Session 

3. 

The individual baseline values for temperature on the cheek are presented in Figure 4.9g. The intra-

subject temperature values demonstrated differences ranging from 0.1°C to 3.6°C, with a median 

value of 2.1°C. In addition, it was evident that most participants (19/21, i.e., 90%) demonstrated 

the maximum temperature values at Session 1, whereas 13/21 participants (62%) demonstrated 

the minimum values at Session 2. The baseline temperatures on the neck are presented in Figure 

4.9h, with values markedly higher than that on the cheek. Interestingly, the intra-subject values on 
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the neck were smaller with the difference ranging from 0.3°C to 2.9°C and a median value of 1.6°C. 

It was evident that 16/20 participants (80%) demonstrated the maximum temperature values at 

Session 1, whereas 15/20 participants (71%) demonstrated the minimum values at Session 3. 

 

 

Figure 4.9 Baseline values for all three sessions for (a) TEWL at cheek, (b) TEWL at neck, (c) 

Hydration at cheek, (d) Hydration at neck, (e) Redness at cheek, (f) Redness at neck, 

(g) Temperature at cheek, (h) Temperature at neck.   
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4.3.2 Temporal responses of the mechanical insults 

The temporal changes in biophysical parameters following mechanical stimuli are presented with 

respect to the two anatomical locations. For each parameter, the baseline values have been 

denoted by t=-1. Subsequent measurement time intervals are denoted by t=0, t=10, t=20, and t=30 

corresponding to 0 minutes, 10 minutes, 20 minutes, and 30 minutes post insult, respectively. 

Furthermore, the three sessions have been labelled based on the mechanical stimuli involved with 

Session 1 denoted by Tape Stripping, Session 2 by Friction, and Session 3 by Shaving.  

The Mann Whitney test for statistical significance was used for differences between the values at 

baseline and subsequent measurement times. Only those differences which are statistically 

significant (p < 0.05) are indicated.  

 

4.3.2.1 Temporal response to insults on the cheek 

Figure 4.10 details the temporal changes in the median values for all parameters on the cheek for 

each of the three sessions. The results for Sessions 1 and 3 revealed increases in parameter values 

for each time point post tape stripping and shaving, respectively, with differences from baseline 

which were statistically significant in a large proportion of cases. By contrast, data from Session 2 

generally revealed smaller variations in all the biophysical parameters, except for temperature. 

Indeed, following the friction stimulus there were fewer statistically significant differences.  

Closer examination of the individual data for TEWL (Figure 4.10a), revealed that within each session 

a few participants e.g., P12 consistently demonstrated high outlier TEWL values following all three 

mechanical insults. For hydration (Figure 4.10b), there was a large variation in the cohort values as 

demonstrated by the spread in the quartile values. Although there appears to be a temporal 

increase in hydration values in Sessions 1 and 3, there were only two statistically significant 

differences compared to basal values, namely, at t= 0 following tape stripping and at t= 30 following 

shaving. Similarly, for the redness values (Figure 4.10c), a large spread was observed in the values 

at both baseline and post-insults. Furthermore, there appears to be a small temporal increase in 

the values in both Sessions 1 and 3, although no changes associated with Session 2. By contrast, the 

temperature values (Figure 4.10d), demonstrated a clear increase in values for all the time points 

following each of the stimuli, with differences from baseline which were all statistically significant. 

Furthermore, it is noted that for Session 3 involving shaving, the maximum temperature values 

occurred at t=0, although at subsequent time points the values were higher than baseline.  
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Figure 4.10 Temporal responses to the mechanical stimuli on the cheek for (a) TEWL, (b) Hydration, (c) Redness, (d) Temperature. Outlier values for individual 

participants are also indicated, as are statistically significant differences from baseline. 
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Table 4.5 details an alternative analysis of the individual data, namely, the number and percentage 

of participants that demonstrated fold changes in each biophysical parameter according to defined 

thresholds for each of the three mechanical stimuli on the cheek. Following the method detailed in 

Section 4.2.6, the threshold levels were defined as increments of 25% for TEWL, 10% for hydration, 

8% for redness, and 3% for temperature.  

There was a substantial proportion (33% – 72%) of participants who demonstrated an increase in 

TEWL values from baseline of at least 25% for each timepoint following all three mechanical insults. 

However, only in Session 1 were the increases greater than 50% as evidenced for 32%-45% of the 

cohort.  

For skin hydration, clear differences in the skin responses were evident dependent on the nature 

of the stimuli. Specifically, it was noted that up to 48% of participants revealed a lower hydration 

value from baseline following the friction stimulus in Session 2, and which continued till 30 minutes 

post stimulus.  By contrast, 50% – 67% of the participants demonstrated an increase of at least 10% 

in Session 3, and 36% – 59% of the participants demonstrated an increase of at least 20% in Session 

1.  

For redness, there were small differences in the percentages of participants demonstrating fold 

increases in values across the three test sessions. However, like that for hydration, 48% to 67% of 

individuals demonstrated a lower redness value from baseline following the friction stimulus in 

Session 2.  

With respect to temperature changes, most participants demonstrated an increase from baseline 

of at least 3% for each timepoint following all three mechanical insults. For higher temperature 

changes of between 9% and 12%, a proportion of participants were implicated following some of 

the sessions at different timepoints. An example of this variation is evident in Session 3 which 

revealed 50% of participants demonstrating temperatures values above this threshold at time t=0 

compared to 0% at t=10.    
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Table 4.5 Analysis of the fold changes in the biophysical parameters post stimulus for each test session on the cheek. Within each session for each biophysical parameter, 
the values have been shaded from white to blue in ascending order.  

Parameter 
Threshold 

(fold 
change) 

Number (and percentage) of participants according to the threshold for the cheek 

Session 1 (Tape stripping) Session 2 (Friction) Session 3 (Shaving) 

t = 0 t = 10 t = 20 t = 30 t = 0 t = 10 t = 20 t = 30 t = 0 t = 10 t = 20 t = 30 

TEWL 

<= 0% 
6 

(27%) 
4 

(18%) 
3 

(14%) 
4 

(18%) 
7 

(33%) 
3 

(14%) 
4 

(19%) 
3 

(14%) 
3 

(17%) 
2 

(11%) 
3 

(17%) 
3 

(17%) 

> 0% 
16 

(73%) 
18 

(82%) 
19 

(86%) 
18 

(82%) 
14 

(67%) 
18 

(86%) 
17 

(81%) 
18 

(86%) 
15 

(83%) 
16 

(89%) 
15 

(83%) 
15 

(83%) 

> 25% 
11 

(50%) 
14 

(64%) 
15 

(68%) 
14 

(64%) 
8 

(38%) 
9 

(43%) 
10 

(48%) 
13 

(62%) 
8 

(44%) 
6 

(33%) 
13 

(72%) 
13 

(72%) 

> 50% 
9 

(41%) 
9 

(41%) 
7 

(32%) 
10 

(45%) 
4 

(19%) 
1 

(5%) 
3 

(14%) 
3 

(14%) 
2 

(11%) 
0 

(0%) 
2 

(11%) 
1 

(6%) 

> 75% 
4 

(18%) 
3 

(14%) 
3 

(14%) 
4 

(18%) 
3 

(14%) 
1 

(5%) 
1 

(5%) 
1 

(5%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 

> 100% 
1 

(5%) 
1 

(5%) 
1 

(5%) 
1 

(5%) 
1 

(5%) 
0 

(0%) 
0 

(0%) 
1 

(5%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 

Hydration 

<= 0% 
0 

(0%) 
1 

(5%) 
4 

(18%) 
3 

(14%) 
10 

(48%) 
8 

(38%) 
8 

(38%) 
10 

(48%) 
4 

(22%) 
1 

(6%) 
1 

(6%) 
0 

(0%) 

> 0% 
22  

(100%) 
21 

(95%) 
18 

(82%) 
19 

(86%) 
11 

(52%) 
13 

(62%) 
13 

(62%) 
11 

(52%) 
14 

(78%) 
17 

(94%) 
17 

(94%) 
18 

(100%) 

> 10% 
16 

(73%) 
15 

(68%) 
18 

(82%) 
15 

(68%) 
3 

(14%) 
3 

(14%) 
3 

(14%) 
5 

(24%) 
9 

(50%) 
11 

(61%) 
11 

(61%) 
12 

(67%) 

> 20% 
12 

(55%) 
8 

(36%) 
10 

(45%) 
13 

(59%) 
1 

(5%) 
2 

(10%) 
2 

(10%) 
2 

(10%) 
5 

(28%) 
6 

(33%) 
5 

(28%) 
7 

(39%) 

> 30% 
3 

(14%) 
6 

(27%) 
6 

(27%) 
7 

(32%) 
0 

(0%) 
2 

(10%) 
1 

(5%) 
1 

(5%) 
5 

(28%) 
3 

(17%) 
4 

(22%) 
3 

(17%) 

> 40% 
1 

(5%) 
1 

(5%) 
2 

(9%) 
3 

(14%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
1 

(5%) 
1 

(6%) 
3 

(17%) 
2 

(11%) 
1 

(6%) 
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Redness 

<= 0% 
4 

(18%) 
3 

(14%) 
2 

(9%) 
2 

(9%) 
14 

(67%) 
14 

(67%) 
10 

(48%) 
14 

(67%) 
6 

(33%) 
5 

(28%) 
5 

(28%) 
5 

(28%) 

> 0% 
18 

(82%) 
19 

(86%) 
20 

(91%) 
20 

(91%) 
7 

(33%) 
7 

(33%) 
11 

(52%) 
7 

(33%) 
12 

(67%) 
13 

(72%) 
13 

(72%) 
13 

(72%) 

> 8% 
12 

(55%) 
11 

(50%) 
12 

(55%) 
10 

(45%) 
1 

(5%) 
3 

(14%) 
3 

(14%) 
3 

(14%) 
8 

(44%) 
8 

(44%) 
9 

(50%) 
10 

(56%) 

> 16% 
2 

(9%) 
4 

(18%) 
6 

(27%) 
4 

(18%) 
1 

(5%) 
1 

(5%) 
1 

(5%) 
1 

(5%) 
6 

(33%) 
4 

(22%) 
3 

(17%) 
7 

(39%) 

> 24% 
1 

(5%) 
1 

(5%) 
0 

(0%) 
1 

(5%) 
1 

(5%) 
1 

(5%) 
1 

(5%) 
1 

(5%) 
1 

(6%) 
3 

(17%) 
3 

(17%) 
4 

(22%) 

> 32% 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
1 

(5%) 
1 

(5%) 
1 

(5%) 
1 

(5%) 
0 

(0%) 
3 

(17%) 
2 

(11%) 
1 

(6%) 

Temperature 

<= 0% 
1 

(5%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 

> 0% 
21 

(95%) 
22 

(100%) 
22 

(100%) 
22 

(100%) 
21 

(100%) 
21 

(100%) 
21 

(100%) 
21 

(100%) 
18 

(100%) 
18 

(100%) 
18 

(100%) 
18 

(100%) 

> 3% 
12 

(55%) 
21 

(95%) 
22 

(100%) 
22 

(100%) 
21 

(100%) 
21 

(100%) 
21 

(100%) 
21 

(100%) 
18 

(100%) 
16 

(89%) 
18 

(100%) 
18 

(100%) 

> 6% 
2 

(9%) 
11 

(50%) 
10 

(45%) 
11 

(50%) 
8 

(38%) 
18 

(86%) 
21 

(100%) 
19 

(90%) 
18 

(100%) 
3 

(17%) 
15 

(83%) 
13 

(72%) 

> 9% 
0 

(0%) 
2 

(9%) 
4 

(18%) 
5 

(23%) 
1 

(5%) 
7 

(33%) 
10 

(48%) 
10 

(48%) 
9 

(50%) 
0 

(0%) 
7 

(39%) 
5 

(28%) 

> 12% 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
1 

(5%) 
2 

(10%) 
2 

(10%) 
2 

(10%) 
5 

(28%) 
0 

(0%) 
1 

(6%) 
0 

(0%) 
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4.3.2.2 Temporal response to insult on the neck  

Figure 4.11 details the temporal changes in the median values for all parameters on the neck for 

each of the three sessions. For hydration, redness, and temperature, the results from all three 

sessions revealed increases in values for each time point post stimulus. These increases were were 

statistically different from baseline in a subset of the results. By contrast, data for TEWL revealed 

smaller variations for all stimuli, with a decrease in values at t=0, which was statistically significant 

only for Session 1 involving tape stripping. Furthermore, it was noted that the magnitude of the 

signal for all biophysical parameters was consistently lower for Session 2 when compared to 

Sessions 1 and 3.  

Closer examination of the data revealed that for TEWL, as shown in Figure 4.11a, within each 

session a few participants demonstrated high outlier values. Indeed, P6 demonstrated consistently 

higher outlier values following tape stripping. For hydration and redness, as shown in Figure 4.11 

(b) and (c) respectively, there was a large spread in the values between participants for all time 

points and sessions. However, this spread was significantly different from the basal values for 

redness during Sessions 1 and 3. By contrast, for temperature as shown in Figure 4.11d, there is a 

clear time-dependent change in Sessions 2 and 3. The values demonstrate an increase up to t=20, 

and then reduce slightly. It is noted that in Session 1, the temperature value peaks at t=20, although 

this difference was not statistically significant from baseline. 
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Figure 4.11 Temporal responses to the mechanical stimuli on the neck for (a) TEWL, (b) Hydration, (c) Redness, (d) Temperature. Outlier values for individual participants 

are also indicated, as are statistically significant differences from baseline. 
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Table 4.6 details the number and percentage of participants that demonstrated fold changes in the 

temporal biophysical parameters according to defined thresholds for each of the three mechanical 

stimuli on the neck. Similar to that on the cheek, the threshold levels were defined as increments 

of 25% for TEWL, 10% for hydration, 8% for redness, and 3% for temperature.  

It is noted that for all parameters following all three stimuli, there was a large percentage of 

participants demonstrating a negative fold change from baseline. For TEWL, there were small 

differences in the percentages of participants demonstrating fold increases in values across the 

three test Session. However, there were some differences based on the nature of stimuli. For 

example, a range of 5% - 18% of the cohort exceeded this 50% threshold at the four time points in 

Session 1 (tape stripping), compared to 0% - 39% for Session 3 (shaving). 

For hydration, clear differences in the skin responses were evident dependent on the nature of the 

stimuli. In Session 1, 27% - 50% of the cohort (i.e., 6 to 11 participants) revealed fold increases in 

values greater than 20%. By contrast, there were considerably fewer fold increases in skin hydration 

values during Sessions 2 and 3. For redness, there were small differences in the percentages of 

participants demonstrating fold increases in values across the three test sessions. For temperature, 

it was noted that all participants exceeding the 12% threshold corresponded to Session 3 only. For 

all three test sessions, fold increases were evident for a minimum of 16% of the cohort at all time 

points in excess of 3%. However, when the threshold was raised, there were some differences 

dependent on the nature of the stimuli. For example, the none of the participants exceeded a fold 

threshold of 9% for Sessions 1 and 2, whereas up to 4 participants (i.e., 22%) for exceeded this 

threshold in Session 3. 
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Table 4.6 Analysis of the fold changes in the biophysical parameters post stimulus for each test session on the neck. Within each session for each biophysical parameter, 
the values have been shaded from white to blue in ascending order. 

Parameter 
Threshold 

(fold 
change) 

Number (and percentage) of participants according to the threshold for the neck 

Session 1 (Tape stripping) Session 2 (Friction) Session 3 (Shaving) 

t = 0 t = 10 t = 20 t = 30 t = 0 t = 10 t = 20 t = 30 t = 0 t = 10 t = 20 t = 30 

TEWL 

<= 0% 
17  

(77%) 
10 

 (45%) 
13 

 (59%) 
13  

(59%) 
13 

 (68%) 
10 

 (53%) 
11 

 (58%) 
10 

 (53%) 
13  

(72%) 
6  

(33%) 
5 

 (28%) 
5 

 (28%) 

> 0% 
5  

(23%) 
12 

 (55%) 
9 

 (41%) 
9 

 (41%) 
6 

 (32%) 
9 

 (47%) 
8 

 (42%) 
9 

 (47%) 
5 

 (28%) 
12 

 (67%) 
13 

 (72%) 
13  

(72%) 

> 25% 
3 

 (14%) 
7 

 (32%) 
5 

 (23%) 
7  

(32%) 
2 

 (11%) 
5 

 (26%) 
4 

 (21%) 
4 

 (21%) 
2 

 (11%) 
8 

 (44%) 
12 

 (67%) 
10  

(56%) 

> 50% 
1 

 (5%) 
2 

 (9%) 
1 

 (5%) 
4 

 (18%) 
1 

 (5%) 
3 

 (16%) 
4 

 (21%) 
4 

 (21%) 
0 

 (0%) 
5 

 (28%) 
7 

 (39%) 
7 

 (39%) 

> 75% 
1 

 (5%) 
1 

 (5%) 
1 

 (5%) 
2 

 (9%) 
1 

 (5%) 
3 

 (16%) 
2 

 (11%) 
3 

 (16%) 
0 

 (0%) 
2 

 (11%) 
3 

 (17%) 
5 

 (28%) 

> 100% 
1 

 (5%) 
1 

 (5%) 
1 

 (5%) 
1 

 (5%) 
1 

 (5%) 
2 

 (11%) 
1 

 (5%) 
2 

 (11%) 
0 

 (0%) 
0 

 (0%) 
2 

 (11%) 
3 

 (17%) 

Hydration 

<= 0% 
4 

 (18%) 
4 

 (18%) 
6 

 (27%) 
5 

 (23%) 
10 

 (50%) 
11 

 (55%) 
11 

 (55%) 
8 

 (40%) 
9 

 (50%) 
6 

 (33%) 
5 

 (28%) 
5 

 (28%) 

> 0% 
18  

(82%) 
18 

 (82%) 
16 

 (73%) 
17 

 (77%) 
10 

 (50%) 
9 

 (45%) 
9 

 (45%) 
12 

 (60%) 
9 

 (50%) 
12 

 (67%) 
13 

 (72%) 
13  

(72%) 

> 10% 
12 

 (55%) 
16 

 (73%) 
13 

 (59%) 
15 

 (68%) 
6 

 (30%) 
5 

 (25%) 
7 

 (35%) 
6 

 (30%) 
5 

 (28%) 
8 

 (44%) 
8 

 (44%) 
9 

 (50%) 

> 20% 
6 

 (27%) 
9 

 (41%) 
11 

 (50%) 
11 

 (50%) 
4 

 (20%) 
2 

 (10%) 
4 

 (20%) 
4 

 (20%) 
2 

 (11%) 
6 

 (33%) 
7 

 (39%) 
7 

 (39%) 

> 30% 
3 

 (14%) 
3 

 (14%) 
6 

 (27%) 
4  

(18%) 
2 

 (10%) 
1 

 (5%) 
3 

 (15%) 
2 

 (10%) 
1 

 (6%) 
2 

 (11%) 
2 

 (11%) 
2 

 (11%) 

> 40% 
1 

 (5%) 
1 

 (5%) 
0 

 (0%) 
2 

 (9%) 
1 

 (5%) 
1 

 (5%) 
1 

 (5%) 
0 

 (0%) 
1 

 (6%) 
1 

 (6%) 
1 

 (6%) 
2 

 (11%) 
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Redness 

<= 0% 
1  

(5%) 
1 

 (5%) 
0  

(0%) 
0 

 (0%) 
7 

 (35%) 
5 

 (25%) 
4 

 (20%) 
6 

 (30%) 
2 

 (11%) 
1 

 (6%) 
1 

 (6%) 
2 

 (11%) 

> 0% 
21 

 (95%) 
21  

(95%) 
22 

(100%) 
22 

(100%) 
13 

 (65%) 
15 

 (75%) 
16 

 (80%) 
14 

 (70%) 
16 

 (89%) 
17 

 (94%) 
17 

 (94%) 
16  

(89%) 

> 8% 
13 

 (59%) 
12  

(55%) 
13  

(59%) 
12 

 (55%) 
7 

 (35%) 
9 

 (45%) 
7 

 (35%) 
5 

 (25%) 
11 

 (61%) 
11 

 (61%) 
12 

 (67%) 
11  

(61%) 

> 16% 
4 

 (18%) 
5 

 (23%) 
4 

 (18%) 
3 

 (14%) 
1 

 (5%) 
3 

 (15%) 
3 

 (15%) 
3 

 (15%) 
4 

 (22%) 
5 

 (28%) 
5 

 (28%) 
5 

 (28%) 

> 24% 
2 

 (9%) 
2 

 (9%) 
2 

 (9%) 
2 

 (9%) 
1 

 (5%) 
1 

 (5%) 
1 

 (5%) 
1 

 (5%) 
1 

 (6%) 
2 

 (11%) 
3 

 (17%) 
3 

 (17%) 

> 32%  
2  

(9%) 
2 

 (9%) 
2 

 (9%) 
2 

 (9%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
1 

 (6%) 
1 

 (6%) 
2 

 (11%) 
1 

 (6%) 

Temperature 

<= 0% 
3  

(14%) 
6 

 (27%) 
6 

 (27%) 
8 

 (36%) 
4 

 (21%) 
7 

 (37%) 
5 

 (26%) 
3 

 (16%) 
2 

 (11%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 

> 0% 
19 

 (86%) 
16 

 (73%) 
16 

 (73%) 
14 

 (64%) 
15 

 (79%) 
12 

 (63%) 
14 

 (74%) 
16 

 (84%) 
16 

 (89%) 
18  

(100%) 
18  

(100%) 
18  

(100%) 

> 3% 
6 

 (27%) 
5 

 (23%) 
9 

 (41%) 
8 

 (36%) 
3 

 (16%) 
7 

 (37%) 
9 

 (47%) 
5 

 (26%) 
9 

 (50%) 
14 

 (78%) 
18  

(100%) 
15  

(83%) 

> 6% 
2 

 (9%) 
3 

 (14%) 
2 

 (9%) 
1 

 (5%) 
1 

 (5%) 
1 

 (5%) 
2 

 (11%) 
2 

 (11%) 
1 

 (6%) 
9 

 (50%) 
17 

 (94%) 
9 

 (50%) 

> 9% 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
2 

 (11%) 
9 

 (50%) 
6 

 (33%) 

> 12% 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
0 

 (0%) 
0  

(0%) 
0 

 (0%) 
0  

(0%) 
0 

 (0%) 
0 

 (0%) 
4 

 (22%) 
2 

 (11%) 
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4.3.3 Comparison of the skin responses between the cheek and neck  

4.3.3.1 Cheek and neck relationship for Session 1  

The relationships between the TEWL values on the cheek and the neck for Session 1 involving tape 

stripping are presented in Figure 4.12. It is noted that the plots have axes till 30 g/m2.h, except at t 

= 10, where the axes have been extended till 40 g/m2.h. The linear models indicate that TEWL on 

the neck is greater than that on the cheek for all time points, as determined by the positive intercept 

of the regression equations. It is noted that the slope of the linear models is at a maximum 

immediately after the stimulus i.e., t=0, and at a minimum at t=10.  

 

Figure 4.12 Relationship between the TEWL on the cheek and the neck for Session 1 at  (a) Time = 

-1, (b) Time = 0, (c) Time = 10, (d) Time = 20, (e) Time = 30. 

 

 

  

Sca erplots of TE L Neck vs TE L Cheek
S mulus   1. Tape Stripping

Time   ‐1 Time   0 Time   10

Time   20 Time   30

(a) (b) (c)

(d) (e)



Chapter 4 

91 

The corresponding relationships between the skin hydration values on the cheek and the neck for 

Session 1 are presented in Figure 4.13. The linear models indicate that hydration on the neck is 

greater than that on the cheek for all time points, as determined by the positive intercept of the 

regression equations. It is noted that the hydration data is more consistent than the TEWL data 

with linear models at all times statistically significant with corresponding slopes ranging from 0.69 

to 0.84.  

 

Figure 4.13 Relationship between the skin hydration on the cheek and the neck for Session 1 at  

(a) Time = -1, (b) Time = 0, (c) Time = 10, (d) Time = 20, (e) Time = 30. 

 

 

  

Sca erplots of Hydra on Neck vs Hydra on Cheek
S mulus   1. Tape Stripping

Time   0 Time   10

Time   20 Time   30

Time   ‐1

(a) (b) (c)

(d) (e)
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The relationships between the redness on the cheek and the neck for Session 1 are presented in 

Figure 4.14. The linear models indicate that redness on the neck is always greater than that on the 

cheek for all time points, as determined by the positive intercept of the regression. It is noted that 

the redness data is fairly consistent with linear models at time points post stimuli statistically 

significant with corresponding slopes ranging from 0.70 to 0.88.  

 

 

Figure 4.14 Relationship between the redness on the cheek and the neck for Session 1 at (a) Time 

= -1, (b) Time = 0, (c) Time = 10, (d) Time = 20, (e) Time = 30. 

 

 

  

Sca erplots of Redness Neck vs Redness Cheek
S mulus   1. Tape Stripping

Time   0 Time   10

Time   20 Time   30

Time   ‐1

(a) (b) (c)

(d) (e)
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The relationships between the skin temperature on the cheek and the neck for Session 1 are 

presented in Figure 4.15. The linear models indicate that the temperature on the neck is greater 

than that on the cheek for all time points, as determined by the positive intercept of the regression 

equations. It is noted that the temperature data is consistent with linear models at time points yield 

a statistically significant slope with values increasing across the time points from 0.44 to 0.67.  

 

Figure 4.15 Relationship between the temperature on the cheek and the neck for Session 1 at (a) 

Time = -1, (b) Time = 0, (c) Time = 10, (d) Time = 20, (e) Time = 30. 

  

Sca erplots of Temperature Neck vs Temperature Cheek
S mulus   1. Tape Stripping

Time   0 Time   10

Time   20 Time   30

Time   ‐1

(a) (b) (c)

(d) (e)
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4.3.3.2 Cheek and neck relationship for Session 2 

The relationship between the TEWL values on the cheek and the neck for Session 2 has been 

demonstrated in Figure 4.16. This model indicates that TEWL on the neck is generally greater than 

that on the cheek, further confirmed by the positive intercept of the regression equation. However, 

there is a temporal influence on this relationship which is depicted by the different slopes at each 

measurement interval. Specifically, at t = 0 and t = 20, the slope if positive while at t = 10 and t = 

30, the slope is negative.  

 

Figure 4.16 Relationship between the TEWL on the cheek and the neck for Session 2 at  (a) Time = 

-1, (b) Time = 0, (c) Time = 10, (d) Time = 20, (e) Time = 30. 

 

The relationship between the cheek and neck during Session 2 for hydration, redness, and 

temperature have been shown in Appendix C as they are like those revealed in Session 1. The 

models indicates that each biophysical parameter has a value on the neck is that is always greater 

than that on the cheek.  

 

  

Sca erplots of TE L Neck vs TE L Cheek
S mulus   2. Fric on

Time   ‐1 Time   0 Time   10

Time   20 Time   30

(a) (b) (c)

(d) (e)
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4.3.3.3 Cheek and neck relationship for Session 3 

The relationship between the TEWL on the cheek and the neck for Session 3 has been demonstrated 

in Figure 4.17. Like Session 1, this model indicates that TEWL on the neck is always greater than 

that on the cheek, further confirmed by the positive intercept of the regression equations. At 

baseline, it is noted that P11 and P14 influence the trend, which is otherwise highly linear. 

Furthermore, the modelled relationship post stimulus is fairly consistent with that at baseline, 

except at t=30 where the slope changes from 0.43 to 0.22. 

 

Figure 4.17  Relationship between the TEWL on the cheek and the neck for Session 3 at (a) Time = 

-1, (b) Time = 0, (c) Time = 10, (d) Time = 20, (e) Time = 30. 

 

The relationship between the cheek and neck during Session 3 for hydration, redness, and 

temperature have been shown in the Appendix C as they are similar to those revealed in Session 1. 

The models indicate that each biophysical parameter has a value on the neck is that is always 

greater than that on the cheek.  

 

Sca erplots of TE L Neck vs TE L Cheek
S mulus   3. Shaving

Time   ‐1 Time   0 Time   10

Time   20 Time   30

(a) (b) (c)

(d) (e)



Chapter 4 

96 

4.3.4 Comparison of skin responses between participants categorised with different skin 

sensitivity 

4.3.4.1 TEWL  

Figure 4.18 details the temporal changes in the TEWL values for participants categorized by their 

respective SS labels. On the cheek (Figure 4.18a), the median TEWL values varied between the SS 

categories for each session. Specifically, the lowest baseline values corresponded to the 

participants of the High SS group with the median TEWL values ranging from 7.2 g/m2h to 9.5 g/m2h 

across the sessions. Whereas the Mild and Low SS groups had a median baseline TEWL ranging from 

10.4 g/m2h to 15.1 g/m2h in Sessions 1-3. However, this difference was only statistically significant 

(p<0.05) for Session 2 when comparing the Mild and the High SS groups. Subsequently, following 

the mechanical stimuli in each session, the Low SS group demonstrated consistently highest TEWL 

values at all time points post stimulus. However, a large spread was observed between participants 

within each group. Specifically, following the tape stripping stimulus, the Low SS group 

demonstrated inter-quartile values ranging from 3.11 g/m2h to 10.91 g/m2h. Subsequently, the 

differences in TEWL values between the SS groups were revealed to be significant only at t=10 and 

t=30 following the friction insult in Session 2. Additionally, it is noted that in Session 2, the High SS 

group showed statistically significant differences from the Mild SS group at t = 10 and t = 20, with 

median values for the High SS group ranging from 12.6 g/m2h to 13.4 g/m2h and those for the Mild 

SS group ranging from 9.4 g/m2h to 10.9 g/m2h. By contrast, there were smaller non-statistically 

significant variations between the Low and Mild SS groups.   

For TEWL on the neck (Figure 4.18b), the baseline values clearly revealed differences between the 

SS categories for Sessions 2 and 3. Specifically, the High SS group demonstrated lower baseline 

TEWL values when compared to the Mild SS group, with medians ranging from 10.3 g/m2h to 11.46 

g/m2h for the High SS group and 12.6 g/m2h to 14.56 g/m2h for the Mild SS group. Furthermore, 

the High SS group also demonstrated significant differences (p<0.05) in baseline TEWL when 

compared to the Low SS group with median values ranging from 10.3 g/m2h to 13.55 g/m2h. By 

contrast, smaller variations in TEWL values were evident across the different sessions for each time 

point post stimuli. 
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Figure 4.18 TEWL values for each SS category for the three sessions involving separate mechanical insults on the (a) cheek and (b) neck. Outlier values for individual 

participants are also indicated, as are significant differences (p<0.05) between the SS categories. 
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4.3.4.2 Hydration 

Figure 4.19 details the temporal changes in the hydration values for participants categorized by the 

SS labels. At baseline for each session, the hydration for the High SS group corresponded to the 

highest values with the medians ranging from 46.8 a.u. to 59.5 a.u. on the cheek and 45.3 a.u. to 

66.4 a.u. on the neck. Whereas the Mild and Low SS groups had a median baseline hydration ranging 

from 37.9 a.u. 46.7 a.u. on the cheek and 37.1 a.u. to 52 a.u. on the neck in Sessions 1-3. However, 

this difference was only statistically significant on the cheek (Figure 4.19a) for Session 1. Following 

the different stimuli in each session on the cheek, the High SS group continued to reveal the highest 

median hydration values when compared to the other groups. Indeed, this difference was 

statistically significant (p<0.05) between the High and Mild SS groups at t=0, t=20, and t=30 for 

Sessions 1 and 2, with median hydration values ranging from 44.9 a.u. to 61.87 a.u. for the High SS 

group and 34.45 a.u. to 49.69 a.u. for the Mild SS group. Furthermore, this difference was 

statistically significant between the High and Low SS groups only at t=20 for Session 2. By contrast, 

there were smaller variations evident between the Low and Mild SS groups, which were not 

statistically significant. 

For hydration on the neck (Figure 4.19b), the groups clearly reveal a large proportion of overlapping 

values with the High SS group demonstrating highest median hydration values at a majority of time 

points across all sessions. However, no statistically significant differences were determined for 

hydration values on the neck between the different SS categories for any of the sessions. 
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Figure 4.19 Hydration values for each SS category for the three sessions involving separate mechanical insults on the (a) cheek and (b) neck. Outlier values for individual 

participants are also indicated, as are significant differences (p<0.05) between the SS categories. 
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4.3.4.3 Redness 

Figure 4.20 details the temporal changes in the redness values for participants categorized by the 

SS labels. Interestingly, it is noted that for most sessions on the cheek and neck, the High SS group 

revealed the lowest median redness values. Furthermore, it is noted that the Mild SS group 

revealed peak median redness values at t=20 and t=30. However, due to the large spread in the 

values, no statistically significant differences were observed between the different groups. 

Following tape stripping on the cheek in Session 1 (Figure 4.20a), the Low SS group demonstrated 

the highest redness values, with the median redness ranging from 606.6 a.u. to 642.3 a.u. This 

difference was statistically significant only at t=30 between the High and Low SS groups, where 

median redness was observed to be 587.9 a.u. and 647 a.u. respectively. 
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Figure 4.20 Redness values for each SS category for the three sessions involving separate mechanical insults on the (a) cheek and (b) neck. Outlier values for individual 

participants are also indicated, as are significant differences (p<0.05) between the SS categories.
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4.3.4.4 Temperature 

Figure 4.21 details the temporal changes in the temperature values for participants categorized by 

the SS labels. It is noted that for most sessions at baseline, the High SS group demonstrated the 

highest temperature values with medians ranging from 24.1°C to 26.16°C on the cheek and 25.96°C 

to 27.07°C on the neck. The exception was observed for Session 1 on the neck (Figure 4.21b), where 

the High SS group revealed the lowest basal median temperature values. Furthermore, following 

the mechanical stimulus, the High SS group continued to reveal the higher temperature values for 

Sessions 2 and 3. However, this difference was statistically significant only between the Mild and 

the High SS groups. Specifically, on the cheek (Figure 4.21a), at t=30 for Session 3, the median 

temperatures were observed as 25.66°C for the Mild SS group and 26.37°C for the High SS group. 

Furthermore, on the neck, at t=0 for Session 2, the median temperature was observed as 26.4°C 

and 27.1°C for the Mild and High SS groups respectively. It was noted that one participant (P17) 

from the Mild SS group demonstrated consistently low outlier temperature values in Session 2. For 

Sessions 1 and 3, no such trends were observed.  
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Figure 4.21 Temperature values for each SS category for the three sessions involving separate mechanical insults on the (a) cheek and (b) neck. Outlier values for 

individual participants are also indicated, as are significant differences (p<0.05) between the SS categories.





Chapter 4 

105 

4.4 Discussion 

The aim of this study was to evaluate inter- and intra- subject variability in skin response due to 

mechanical insults in consumer cohort of male shavers (Section 4.1). Specifically, the basal and 

transient skin characteristics were examined across individuals with reported differences in 

perceived skin sensitivities. The study was completed over three test sessions, each involving a 

distinct mechanical stimulus on the cheek and neck. An array of skin parameters selected following 

the literature review (Section 2.3) were assessed to evaluate the basal characteristics and 

corresponding post-insult response (Chaturvedi et al. 2021).  

In the present study, participants were purposefully selected based on a self-assessment of skin 

sensitivity (S-score), providing categories of perceived SS. Six months later, at the end of the study, 

the participants were re-assessed. Strikingly, out of the 18 participants who completed both 

assessments, all but one (P7), showed changes in some of their scoring. This corresponded to a 

increase/decrease in the S-scores such that 6 participants demonstrated a change in the SS 

category, where 3 participants moved from High SS to Mild SS, 2 participants moved from Mild SS 

to Low SS, and 1 participant moved from Low SS to Mild SS (Table 4.7). A modification was thus 

proposed (detailed in Section 4.2.3) where the average of the S-scores from the two assessments 

was considered for the final SS category grouping. However, it remains to be investigated whether 

the inherent variability associated with the self-assessed skin sensitivity is due to objectifiable 

changes in skin parameters.  

For the biophysical parameters at baseline and post stimulus, very few statistically significant 

differences were observed between the different SS groups (Figure 4.18 - Figure 4.21). On closer 

examination of the data, at baseline, it was observed that the High SS group demonstrated the 

lowest TEWL values (p<0.05 in Session 2, for the cheek and neck) and the highest hydration values 

(p<0.05 in Session 1 on the cheek). These findings contrast previous studies where it was found that 

individuals with SS demonstrated higher TEWL and lower hydration values when compared to those 

without SS (Muizzuddin et al. 1998; Seidenari et al. 1998; Roussaki-Schulze et al. 2005; Farage et al. 

2006; Falcone et al. 2017). However, the clinical significance of this small, yet statistically significant 

difference is unknown and requires further investigation. Following mechanical stimulation on the 

cheek, the High SS group exhibited significant increases at specific measurement times (t = 0, 20, 

30) for both tape stripping  and frictional stimulus, but not for shaving. However, as the basal values 

for this group were also elevated, it is uncertain if the subsequent difference between groups was 

in response to the stimulus alone.  
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Table 4.7 Summary of responses from SS questionnaire in July and December.  Only 18 participants 

completed both assessments. Where blank, the response stayed the same. The 

corresponding S-scores and SS labels are stated.  

 

↑/↓ Increase/ decrease in response by one increment 

↑↑/↓↓ Increase/ decrease in response by two increments 

Categorisation based on self-assessed perceptions of sensitivity did not provide distinct differences 

in biophysical parameters of the skin. Indeed, there was a large spread in the subjective responses 

obtained from the participants but the biophysical values at baseline were narrowly clustered 

(Figure 4.9). Thus, addressing the objectives of the study to investigate the relationship between 

the cheek and neck, and evaluate stimuli specific changes in the skin, the biophysical parameters 

have been discussed for the cohort as a whole in the following sections. Future studies investigating 

the relationship between the subjective and objective parameters of SS may consider recording the 

stimuli specific sensitivity using a visual analogue scale. This has been implemented in the 

subsequent study (Chapter 6).  

 

Basal skin characteristics - Cheek versus Neck 

In the present study, the skin on the neck demonstrated consistently higher values for all the 

biophysical parameters when compared to the corresponding basal values on the cheek (Table 4.4). 

These results are consistent with the few studies reporting elevated values in TEWL, hydration, and 

temperature on the neck (Shriner and Maibach 1996; Marrakchi and Maibach 2007; Firooz et al. 

S-Score SS category S-Score SS category S-Score SS category

P1 ↑ ↓ 75% High SS 57% Mild SS 66% High SS

P2 ↑ 64% High SS 74% High SS 69% High SS

P3 ↑ ↓ 64% High SS 54% Mild SS 59% High SS

P4 ↓↓ 59% High SS 67% High SS 63% High SS

P5 ↓↓ ↓ ↓ ↑ 47% Mild SS 44% Mild SS 46% Mild SS

P7 69% High SS 69% High SS 69% High SS

P8 ↑ ↑ ↓ ↓↓ 74% High SS 37% Mild SS 56% Mild SS

P11 ↑ 17% Low SS 17% Low SS 17% Low SS

P12 ↑ ↓ ↓ ↓ 37% Mild SS 19% Low SS 28% Mild SS

P13 ↑ ↑ 47% Mild SS 57% Mild SS 52% Mild SS

P14 ↑ ↓ ↓↓ 46% Mild SS 16% Low SS 31% Mild SS

P16 ↓↓ 47% Mild SS 45% Mild SS 46% Mild SS

P17 ↑ 36% Mild SS 46% Mild SS 41% Mild SS

P18 ↑ ↓ 17% Low SS 19% Low SS 18% Low SS

P19 ↓ 47% Mild SS 27% Mild SS 37% Mild SS

P20 ↑ ↑ 17% Low SS 29% Mild SS 23% Mild SS

P21 ↓ ↑ ↑ 47% Mild SS 56% Mild SS 52% Mild SS

P22 ↓ 16% Low SS 16% Low SS 16% Low SS

AVERAGEQ5. 

Mechanical 

Stimulus 

Response

July December

Participant 

No. 

Q1. Skin 

Type 

Q2. 

Breakout 

frequency

Q3. Face 
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2012). Mechanistically, the combination of higher TEWL and hydration is often associated with skin 

lesions involving a compromised barrier function of the stratum corneum, e.g., due to fresh scars, 

or disruption to the intracellular matrix  (Tagami 2008). The higher hydration values in such cases 

may be caused by presence of oedema, which is associated with local inflammation and 

accumulation of fluid in the epidermal skin layer. Indeed, the neck skin may be more prone to 

mechanical irritation due to the thinner skin morphology when compared to the cheek (Firooz et 

al. 2016). Furthermore, the elevated temperature values on the neck could be attributed to 

increased physiological activity resulting in a greater blood perfusion when compared to that on 

the cheek (Rubinstein and Sessler 1990), also explaining the higher redness values observed on the 

neck in the present study. By contrast, other studies have reported higher redness values on the 

cheek than the neck at baseline, hypothesised to be due to the higher density of fatty tissues and 

blood vessels (Firooz 2012). However, this study does not state the exact measurement site on the 

cheek or neck, which will influence the underlying morphology of the skin and sub-dermal tissues. 

In the present study, given the interest in the region with significant beard growth, the protocol 

involved measuring on the cheek area which was off centred towards the ear. This sampled area 

has a less dense network of blood vessels as typically encountered at the centre of the cheek (von 

Arx et al. 2018), which could explain the lower redness values observed in the present study. 

Furthermore, at baseline, intra-subject differences were observed for all parameters at the 

separate test sessions. These could be associated with seasonal variations, with Session 1 

corresponding to the summer (July 2021), Session 2 to autumn (October 2021), and Session 3 to 

winter (December 2021). The results from the present study demonstrated the following between 

session trends (Table 4.4): 

• For TEWL and hydration (on cheek and neck), the median values in autumn < summer < winter 

• For redness (on cheek and neck), the median values in autumn < winter < summer 

• For temperature –   

o On the cheek, autumn < winter < summer  

o On the neck, winter < autumn < summer  

There were consistencies in the seasonal differences for three of the four biophysical parameters 

at both cheek and neck. This was particularly noted for TEWL and SC hydration where the values in 

the winter (Session 3) were generally higher than the other two test seasons. However, the 

temperature values were different on the cheek and neck between sessions. It has previously been 

reported that winter correlates with elevated TEWL values, and lower values of hydration, redness, 

and skin temperature when compared to the summer (Black et al. 2000; De Paepe et al. 2009; 

Galzote et al. 2014; Song et al. 2015). Furthermore, autumn corresponded to an “intermediate 
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season with no clear trends” (Dolečková et al. 2021). Thus, considering the results only for the 

summer and winter sessions, the values for TEWL indeed revealed higher values in the winter. 

Additionally, the combination of decreased redness and skin temperature in the winter is 

associated with the decrease in sun exposure (Sklar et al. 2013). In contrast to the literature, results 

of the present study revealed higher basal hydration values in the winter than those in the summer. 

This may be explained by the experimental protocol which included requesting the participants to 

clean shave their beard 24 hours before the scheduled tests. It is likely that for the winter session, 

the participants had flaky skin surface due to the overall dry environment (Verdier-Sévrain and 

Bonté 2007). The shaving prerequisite on such skin may have influenced the basal values in the 

experiment leading to an inflammatory response or oedema, which is recorded as elevated 

hydration values. There is a need for a longitudinal study design to characterise the effects of 

repeated shaving which has been further explored in the subsequent study (Chapter 6).  

 

Post stimulus skin characteristics 

The protocol included three distinct mechanical insults on the skin surface. These included tape 

stripping as a positive control (Gorcea et al. 2013; Rodijk et al. 2016). A frictional stimulus and 

electric shaving period were included as distinct mechanical stimuli eliciting changes in skin 

properties, representing real-world loads that the skin is commonly exposed to. The frictional 

stimulus involved a combination of pressure and shear which can alter the microclimate at the skin 

surface (Zhang and Roberts 1993). This process was observed in the temperature values where 

localized heat was generated due to the stimulus interaction. The shaving stimuli includes cutting 

and pulling of hair, in addition to the pressure and shear forces at the skin surface (Maurer et al. 

2016). This process is known to activate the mast cells, in the tissue surrounding the hair follicles. 

These cells, which are responsible for the sensory and immune function of the skin, reacting to 

different stimuli within minutes after their activation and contribute to the redness, swelling, and 

pain (Metz et al. 2008). To our knowledge, this is the first study utilising an array of biophysical and 

imaging parameters to evaluate frictional and electrical shaving stimulus (Section 2.3). 

During the present study, the tape stripping protocol involved the application of 10 consecutive 

tapes on each site. However, only a mild to moderate change in skin parameters was observed 

following the stimulus for the majority of participants. This was significantly less than the two-fold 

change in TEWL on the cheek reported following the application of only five or six tapes (Gorcea et 

al. 2013). This difference could be attributed to several factors. For example, with COVID-19 

restrictions there was a prescribed minimum distance between individuals of 1.5 m. The researcher 

was thus prohibited from performing the mechanical stimulus. Instead, each participant applied 
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the strips to their own skin, using the applicator device (Figure 4.4), with the inevitable tendency to 

minimise pain. This created a risk of inappropriate technique, where the duration of application 

and the speed of removing the tape has been reported as crucial in damaging the skin barrier 

(Breternitz et al. 2007). For the friction and shaving stimuli, the diminished skin response could be 

attributed to either the low magnitude of force or the short duration of interaction. However, the 

duration of stimulus interaction was limited based on institutional guidelines for consumer studies.  

Another reason for the diminished response may be the prior mechanical conditioning of the facial 

skin which, in many cases, would have been exposed to a regular shaving stimulus for a prolonged 

period. It is known that the skin and soft tissues can adapt to prolonged exposure to mechanical 

loads as demonstrated by soft tissues at the stump of amputees as they bear load through 

prosthetic limbs (Wang and Sanders 2003). However, the influence of a comparatively smaller and 

infrequent load remains to be examined with respect to the skin adaptations. In the present study, 

it is likely that the technique used by the participants did not conform to the standard required to 

strip the SC and that the friction and shaving interaction with the load was not harsh enough to 

elicit a significant response.  

Investigating the temporal trends in the skin responses, most biophysical parameters across the 

cohort revealed mild to moderate increases in values immediately following the mechanical insults 

(Figure 4.10 and Figure 4.11). Additionally, most group medians for the skin responses did not 

return to baseline values even 30 minutes post insult. For the tape stripping stimulus, this is 

consistent with findings from other studies involving different protocols (Mihaela Gorcea et al. 

2013; Richters et al. 2016). However, a high degree of inter-subject variability was evident, which 

limited statistically significant differences from baseline values. By contrast, the TEWL values on the 

neck demonstrated a decreasing trend in values immediately after the stimulus. This trend in TEWL 

was also observed for the other two mechanical stimuli on the neck. This unexpected result 

required further investigation, which will be addressed in Chapter 5 when the effects of the 

mechanical stimuli on the structural aspects of the skin were examined using OCT.  

Investigating the trends in the skin responses to the different mechanical stimuli on the cheek 

(Table 4.5), the fold changes from baseline across the cohort were greatest following tape stripping 

for the two parameters, TEWL and hydration. Indeed, it is well established that the mechanical 

stripping of cell layers from the SC increase TEWL values. It also influenced the hydration values, 

which are measured by the electrical capacitance of the tissue and records increased values due to 

removal of the dead skin cells. Furthermore, the increase in hydration values following tape 

stripping could be linked to local inflammation due to the stimulus or hyperaemia. By contrast, 

friction produced the largest response for temperature. This heating was apparent in the absence 
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of changes to TEWL and hydration. The decoupled effect may be a result of the low magnitude of 

frictional stimulus included in the experimental protocol. With reference to the parameter 

reflecting redness, the greatest response was observed following the shaving stimulus. This 

supports the previous hypothesis involving the mechanism of electrical shaving, discussed earlier, 

which activates mast cells and contributes to redness, swelling, and pain response (Metz et al., 

2008).  

On the neck (Table 4.6), the fold changes in biophysical parameters from baseline revealed that of 

the three mechanical insults, shaving generally produced the largest response across the cohort 

with respect to TEWL, redness, and temperature. This corresponds to the widely reported areas of 

shaving irritation (Cowley et al. 2012). The difference in the findings on the cheek and neck could 

be attributed to the different structure and morphology of the skin sites, with the neck having 

horizontally orientated hair follicles and a thinner skin structure. There was a corresponding higher 

basal TEWL value than the cheek on the neck site. Following the insults, there were elevated values 

for TEWL, redness, and temperature post shaving. By contrast, it was observed that the tape 

stripping stimulus produced the largest response on the neck for hydration. Here, it can be argued 

that the damage mechanisms introduced by the different stimuli are distinct in their influence on 

the skin response. Tape stripping leads to removal of dead cell layers, revealing an immediate 

increase in the skin hydration, whereas shaving involves a combination of mechanical forces that 

do not reveal the same magnitude of increase in hydration values. It is proposed to examine the 

influence of these stimuli over a longer time period, recording recovery characteristics at 24 hours 

to determine the physiological processes associated with each stimulus.  

 

Conclusions 

The present study included participants with distinct differences in self-reported SS. There was a 

large spread in the subjective responses obtained from the participants but the biophysical values 

at baseline were narrowly clustered. The protocol developed has generated a novel dataset 

characterising biophysical parameters of the hirsute skin on the cheek and neck. However, the 

insult model limited the magnitude of the skin response post stimulus. Nevertheless, differences in 

the damage mechanisms of each mechanical insult have been discussed, as well as hypothesis for 

differing results between the cheek and neck skin. Furthermore, suggestions have been made to 

optimise the protocol to investigate the influence of mechanical stimuli on these sites.  
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Chapter 5 Characterisation of  CT parameters following 

mechanical challenges in the consumer cohort 

 

5.1 Introduction 

Optical Coherence Tomography (OCT) has been identified as a promising tool for characterizing 

structural and physiological skin parameters (Table 2.1). Furthermore, a need for an array of multi-

modal parameters for the assessment of enhanced skin sensitivity has also been identified (Section 

2.3.9). Thus, a protocol was designed to characterize skin combining biophysical measurements and 

OCT and evaluate the influence of mechanical stimuli (Section 4.2).  

Following the development of algorithms to estimate specified skin parameters from OCT images 

(Section 3.3), this chapter aimed to evaluate their feasibility in distinguishing different anatomical 

sites and participants with varying degrees of skin sensitivity. Thus, the objectives of this chapter 

were as follows: 

1. Establish baseline characteristics on the cheek and neck of participants using OCT-skin 

parameters. 

2. Evaluate the temporal effects of the mechanical stimuli on the OCT-skin parameters.  

3. Establish the relationship between the OCT-skin parameters on the cheek and neck for all 

participants.  

4. Investigate the relationship between the OCT-skin parameters and the biophysical parameters.  

5. Investigate the relationship between the OCT-skin parameters with respect to the SS 

categories.  

 

5.2 Methods 

The protocol implemented in this chapter has been detailed in Section 4.2.4. Exemplar OCT scans 

are illustrated in Figure 5.1.  
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Figure 5.1 OCT scans from the cheek and neck for one participant at baseline. The skin surface 

detected from the MATLAB algorithm has been highlighted in blue. Additionally, 

detected artefacts have been highlighted in red. 

 

The methodology and algorithms for derivation of the OCT-skin parameters have been detailed in 

Chapter 3. Exemplar A-lines have been illustrated in Figure 5.2.  

 

Figure 5.2 Temporal A-scans for the cheek and neck for one participant. 
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5.2.1 Area under the Curve (AuC) estimation  

As described in Chapter 3, the OCT scans were analysed for estimating the epidermal thickness. 

However, results from the present study revealed errors in detecting a second peak. Upon closer 

examination, it was determined that these errors occurred in approximately 50% scans of the cheek 

and 70% scans of the neck, as illustrated in Figure 5.3 for two individuals. 

 

Figure 5.3 Exemplar A-lines for two individuals. (a) Individual 1 reveals missing second peaks for 

the A-lines mostly on the cheek. (b) Individual 2 reveal missing second peaks for 

several A-lines on the cheek and neck. 
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Thus, a new parameter, namely Area under the Curve (AuC), was developed to characterise the A-

lines. AuC is estimated as the area under the A-line curve from the Peak 1 up to a defined depth, as 

illustrated in Figure 5.4. As epidermal thickness is widely approximated as 0.1mm (Graham et al. 

2019), a value of 0.2mm depth was selected ensuring a buffer in the estimation for the variability 

between participants. Thus, the AuC serves as a proxy for the epidermal thickness, quantifying the 

superficial skin tissue and has been included in the results presented in this chapter.  

 

Figure 5.4 Illustration of Area under the curve calculation from an Averaged A-line 

 

5.2.2 Statistical Analysis 

Normality of the distribution of the values was checked using the Anderson - Darling (AD) normality 

test (Appendix D). Accordingly, descriptive statistics such as medians, quartiles, ranges were used. 

Differences between sessions and temporal trends in the OCT-skin parameters at each site were 

evaluated for statistical significance using the Mann Whitney U test. Correlations between the OCT-

skin parameters on the cheek and neck have been estimated using regression analysis. However, 

due to the diminished response observed from the mechanical stimuli, the results have been 

presented for baseline only. Correlations between the OCT-skin parameters and the biophysical 

parameters were estimated using the Pairwise Spearman test.  

For the visual investigation of the influence of extrinsic factors on the OCT-skin parameters, the 

participants were ranked for each parameter in each session, based on descending order of the 

values. The values were then colour coded from dark to light blue in each column. Lastly, the rows 

were arranged in groups based on the SS category. 

   pi els
      mm 

 eak 1   Skin surface

Area under the curve, 
AuC   x   y (dB.mm) 
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5.3 Results 

The demographic details of the participants from this study have been presented in Table 4.3. It is 

noted that 18 individuals participated in all three sessions, where P6 participated only in Session 1, 

P9 participated in Session 1 and only the cheek measurements of Session 2, and P10 and P15 

participated only in Sessions 1 and 2. However, the OCT-skin parameters have not been estimated 

for P6 due to poor quality of the OCT scans. Similarly, there is no data for P12 only from Session 1.  

5.3.1 Baseline characteristics 

The medians and interquartile values of the OCT-skin parameters at baseline for the cheek and neck 

are summarised in Table 5.1. Comparing the median values for each parameter between the 

sessions, distinct trends were observed. Specifically, for SID, the values in Session 1 were smaller 

than those in Session 2, which were smaller than those in Session 3. These differences were 

statistically significant between each session on the cheek, whereas only between Sessions 1 and 

2, and Sessions 1 and 3 on the neck. Conversely, the AuC demonstrated median values in Session 1 

greater than those in Session 2, which were greater than those in Session 3. On both sites, Session 

3 revealed statistically significant differences from Sessions 1 and 2. For the Rq, the data in Session 

3 revealed the largest values (p>0.05) on both sites.  

When comparing the values between the cheek and neck, it was observed that the median SID and 

Rq on the neck were greater than those on the cheek for each session (p<0.001). Furthermore, it is 

noted that the median AuC on the cheek was greater than that on neck for each session (p<0.001). 
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Table 5.1 Summary of the baseline values of the OCT-skin parameters for the three test sessions. 

Statistically significant differences between the sites and sessions have been noted 

using the Mann-Whitney test @. 

CHEEK  SID (mm-1) AuC (dB.mm) Rq (µm) 

Session 1 

Median 2.58 *^ 11.65 ^ 15.73 

Quartiles (Q1, Q3) (2.46, 2.69) (11.21, 11.97) (12.27, 18.77) 

Session 2 

Median 2.93 *# 11.52 # 14.60  

Quartiles (Q1, Q3) (2.72, 3.09) (11.19, 11.77) (11.63, 18.68) 

Session 3 

Median 3.31 ^# 10.63 ^# 16.93  

Quartiles (Q1, Q3) (3.05, 3.37) (10.2, 10.9) (12.05, 22.45) 

NECK  SID (mm-1) AuC (dB.mm) Rq (µm) 

Session 1 

Median 2.38 *^ 11.07 ^ 22.15 

Quartiles (Q1, Q3) (2.23, 2.57) (10.87, 11.32) (19.6, 27.62) 

Session 2 

Median 02.65 * 10.85 # 22.85 

Quartiles (Q1, Q3) (2.51, 2.76) (10.49, 11.18) (17.4, 26.57) 

Session 3 

Median 2.85 ^ 10.25 ^# 24.10 

Quartiles (Q1, Q3) (2.72, 2.92) (10.11, 10.82) (20.24, 28.46) 

@ p<0.001 between cheek and neck for all parameters in each session; * p<0.05 between Session 1 

and Session 2; ^ p<0.05 between Session 1 and Session 3; # p<0.05 between Session 2 and Session 3 

Furthermore, the individual values of each OCT-skin parameter have been plotted in Figure 5.5. For 

the SID on the cheek, shown in Figure 5.5a, the difference in the intra-subject SID values ranged 

from 0.00 mm-1 to 1.15 mm-1 as demonstrated by P12 and P3, respectively. Furthermore, 86% of 

participants (n=18/21) demonstrated the lowest SID values in Session 1 (p<0.05 between all 

sessions), while 66% of participants (n=14/21) demonstrated the highest SID values in Session 3 

(p<0.05 between all sessions). Similarly, the corresponding baseline SID values on the neck are 

presented in Figure 5.5b. The SID on the neck demonstrated a smaller variability within the 

participants such that the intra-subject SID values ranged from 0.17 mm-1 to 0.88 mm-1 across the 

sessions, with a median of 0.48 mm-1. Additionally, similar to that on the cheek, 70% of participants 

(n=14/20) revealed the lowest SID values in Session 1 (p<0.05 between all sessions) and 65% of 
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participants (n=13/20) revealed the highest SID values in Session 3 (p<0.05 between Sessions 1 and 

3 only).  

For the AuC on the cheek, presented in Figure 5.5c, the intra-subject differences in the values on 

the cheek ranged from 0.20 dB.mm to 2.00 dB.mm, where P3 continued to demonstrate the largest 

spread. Furthermore, 52% of participants (n=11/21) revealed the highest AuC values in Session 1 

(p<0.05 between Sessions 1 and 3 only), while 76% of participants (n=16/21) revealed the lowest 

values in Session 3 (p<0.05 between all sessions). The corresponding AuC values on the neck are 

presented in Figure 5.5d. The variability for AuC within participants on the neck is observed to be 

smaller than that on the cheek, with the intra-subject differences in AuC ranging from 0.32 dB.mm 

to 1.80 dB.mm, as demonstrated by P18 and P2 respectively. However, similar to that on the cheek, 

55% of participants (n=11/20) revealed the highest AuC values on the neck in Session 1 (p<0.05 

between Sessions 1 and 3 only), while 70% (n=14/20) revealed the lowest AuC values in Session 3 

(p<0.05 between all sessions).  

For the roughness on the cheek, shown in Figure 5.5e, the differences in the intra-subject Rq values 

ranged from 0.21 µm to 13.56 µm as demonstrated by P10 and P11 respectively. Furthermore, 43% 

of the participants (n=9/21) revealed the highest Rq values occurring in Session 3 (p>0.05), while 

52% of participants (n=11/21) revealed the lowest Rq values in Session 2 (p>0.05). Similarly, the 

roughness values on the neck are presented in Figure 5.1f. The variability between participants is 

greater on the neck, with the difference in intra-subject Rq values from 1.69 µm to 31.50 µm, where 

P11 revealed the largest difference again. Similar to that on the cheek, 45% of participants (n=9/20) 

revealed the highest Rq values in Session 3 (p>0.05), while 50 % of participants (n=10/20) revealed 

the lowest Rq values in Session 2 (p>0.05).  
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Figure 5.5 Baseline values for SID, AuC, and Rq for the three sessions for (a) SID on the cheek, (b) 

SID on the neck, (c) AuC on the cheek, (d) AuC on the neck, (e) Rq on the cheek, (f) Rq 

on the neck. 

 

  



Chapter 5 

119 

5.3.2 Temporal responses to mechanical stimuli 

Figure 5.6 illustrates the temporal changes in the median values of the OCT-skin parameters on the 

cheek for the three sessions involving different mechanical stimuli. Overall, small variations were 

observed in response to the stimulus for each OCT-skin parameter. Closer examination of the 

individual trends for SID, presented in Figure 5.6a, revealed that within each session a few 

participants e.g., P9 and P16 repeatedly demonstrated high outlier values. Furthermore, the 

response in SID revealed a small increasing trend in post stimulus values for Sessions 1 and 2. For 

the tape stripping session, the increase in the median SID from baseline (p>0.05) ranged from 0.08 

mm-1 to 0.13 mm-1. Similarly, for the frictional stimulus, a small increase in the median SID was 

observed post stimulus such that the values continued to increase up till t=30, where the difference 

from baseline revealed statistically significant changes (p=0.05) with an increase from 2.93 mm-1 to 

3.04 mm-1. By contrast, for the shaving stimulus session, the median SID values demonstrated a 

decrease (p>0.05) post stimulus such that the change in the medians ranged from 0.03 mm-1 to 0.13 

mm-1.  

For the AuC on the cheek, shown in Figure 5.6b, fewer outliers are noted as compared to the results 

for SID. The tape stripping and frictional stimuli revealed small changes (p>0.05) from baseline in 

the post stimulus values with the differences ranging from 0.01 dB.mm to 0.10 dB.mm and 0.01 

dB.mm to 0.20 dB.mm in magnitude, respectively. Additionally, P9 and P18 are noted as low 

responding outliers in Session 1 at t=30. By contrast, the shaving stimulus demonstrated a 

consistently increasing trend in values, with the median AuC revealing a statistically significant 

increase from baseline at t=20 (p=0.045) and t=30 (p=0.041).  

For the Rq on the cheek, presented in Figure 5.6c, all three sessions revealed a decrease in Rq post 

stimulus. Furthermore, there were a few participants e.g., P12 and P15, repeatedly demonstrating 

higher outlier values. For the tape stripping stimulus, there was a decrease in Rq values such that 

the median Rq decreased from 15.72 µm to 11.60 µm at t=0 (p=0.044) and 12.35 µm at t=30 

(p=0.022). Similarly, following the shaving stimulus, the values decreased from 16.93 µm to 10.71 

µm at t=10 (p=0.024), 12.14 µm at t=20 (p=0.041), and 11.70 µm at t=30 (p=0.048). By contrast, 

the frictional stimuli revealed smaller changes in the Rq values such that the difference in Rq from 

baseline ranged from 0.63 µm to 2.62 µm (p>0.05).  
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Figure 5.6 Temporal response to mechanical insults on the cheek for (a) SID, (b) AuC, (c) Rq. 

Outlier values for individual participants are also indicated, as are statistically 

significant differences from baseline using the Mann Whitney test. 
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Figure 5.7 illustrates the temporal changes in the median values of the OCT-skin parameters on the 

neck for the three sessions involving different mechanical stimuli. Like that on the cheek, small 

variations were observed overall in response to the stimulus for each OCT-skin parameter. Upon 

closer examination of the individual trends for SID, shown in Figure 5.7a, an increasing trend in the 

median SID values was observed post stimulus. However, these differences did not reveal 

statistically significant differences from baseline in any of the sessions. P8, P10, P20, and P21 were 

noted as outliers, however, only P20 demonstrated recurring outlier values.    

For the AuC on the neck, presented in Figure 5.7b, all three sessions revealed an increase in the 

post stimulus values. However, due to the large spread in the data, these changes were not 

statistically significant from baseline. Specifically, the difference in the median values from baseline 

ranged from 0.14 dB.mm to 0.36 dB.mm for the tape stripping stimulus, from 0.05 dB.mm to 0.23 

dB.mm for the frictional stimulus, and 0.14 db.mm to 0.39 dB.mm for the shaving stimulus. 

For the Rq on the neck, presented in Figure 5.7c, similar to that on the cheek, all three sessions 

revealed a decrease in the values post stimulus. Within each session a few participants e.g., P11 

and P15 consistently demonstrated high outlier values. For the session involving tape stripping, 

small changes were observed post stimulus, with the difference in median Rq values from baseline 

ranging from 1.72 µm to 3.86 µm (p>0.05). For the session involving the frictional stimulus, the 

values at t=0 were significant lower (p=0.047) than that at baseline, with the median Rq equal to 

18.75 µm. Smaller changes were observed at subsequent intervals (p>0.05), with the Rq remaining 

lower than that at baseline. However, P12 was noted as an extreme outlier at t=20 with Rq equal 

to 74.47 µm. For the shaving stimulus, the difference in the post stimulus Rq values from baseline 

ranged from 1.97 µm to 3.16 µm. However, this difference was statistically significant only at t=20 

(p=0.006), where the median Rq was estimated as 21.14 µm.   
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Figure 5.7 Temporal response to mechanical insults on the neck for (a) SID, (b) AuC, (c) Rq. Outlier 

values for individual participants are also indicated, as are statistically significant 

differences from baseline using the Mann Whitney test. 
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5.3.3 Correlation between the OCT-skin parameters on the cheek and neck 

The relationship between the OCT-skin parameters on the cheek and neck have been presented in 

Figure 5.8. This analysis is limited to the values recorded at baseline only due to the small influence 

of the mechanical stimuli observed in each session (Figure 5.6 and Figure 5.7). For each parameter, 

the relationship between the values on the cheek and neck are observed to be dependent on the 

session. Specifically for SID, shown in Figure 5.8 (a) – (c), the linear models indicate that the SID on 

the neck is greater than that on the cheek as revealed by the positive coefficient of the slope for 

sessions 1 and 3, with the values estimated as 0.15 and 0.16, respectively. By contrast, in Session 2, 

the coefficient of the slope is revealed to be negative with a value of -0.16, indicating higher SID 

values on the cheek than on the neck. However, due to the large spread between the participants, 

these trends do not achieve statistical significance (p>0.05).  

Similarly, for the AuC, shown in Figure 5.8 (d) – (f), the linear models reveal differences in the 

direction of the slopes across the sessions, such that the coefficients are determined as -0.04, 0.34, 

and -0.02 for Sessions 1, 2, and 3, respectively. However, the large spread between the participants 

limits the statistical significance of these trends (p>0.05). 

Like that for SID and AuC, the linear models generated for the Rq between the cheek and neck, 

presented in Figure 5.8 (g) – (i), the direction of the slopes are different depending on the session. 

However, Sessions 2 and 3 indicate the Rq on the neck is greater than that on the cheek, with the 

coefficient of the slope estimated as 0.66 (p=0.024) and 0.87 (p=0.019), respectively. 
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Figure 5.8 Relationship between the cheek and neck at baseline for SID in (a) Session 1, (b) Session 

2, (c) Session 3; for AuC in (d) Session 1, (e) Session 2, (f) Session 3; for Rq in (g) 

Session 1, (h) Session 2, (i) Session 3. Where p<0.05, the plots have been highlighted 

in yellow. 
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5.3.4 Relationship between OCT-skin parameters and biophysical parameters 

The relationship between each OCT-skin parameter and biophysical parameter was investigated for 

correlation and statistical significance. This analysis was conducted at baseline only as limited 

influence of the mechanical stimuli was noted in the previous sections. Figure 5.9 represents an 

exemplar plot of this analysis with the scatterplots, Spearman correlation coefficients, and p-values 

for each pair of parameters from Session 2 on the neck. It is observed that of the 21 scatterplots, 

only 4 pairs revealed statistically significant correlations, namely SID and AuC (p=0.002), SID and 

temperature (p=0.014), AuC and temperature (p=0.010), and roughness and hydration (p=0.003). 

Furthermore, the magnitude of the r-value in each case ranged from 0.555 to 0.659, revealing a 

moderate association between the parameters. However, similar trends were not observed for 

Sessions 1 and 3 (Appendix D), with the exception for roughness and hydration where the Spearman 

correlation coefficients and p-values were revealed as r = -0.507 and p = 0.023, and r = -0.434 and 

p = 0.072, respectively, as illustrated in Figure 5.10. Conversely, the correlation for the roughness 

and hydration on the cheek (Appendix D) did not achieve statistical significance (p>0.05).  

 

Figure 5.9 Spearman correlation scatterplots between OCT-skin parameters and biophysical 

parameters on the neck at baseline for Session 2. Where p<0.05, the plots have been 

highlighted in yellow.  



Chapter 5 

126 

 

 

Figure 5.10 Spearman correlation between the roughness and hydration on the neck for Sessions 

1, 2, and 3 at baseline.  

 

5.3.5 Relationship between OCT-skin parameters and SS categories 

The trends across participants skin parameters were investigated with respect to others in the 

group by ranking the participant for each parameter. This exploratory analysis aimed to identify 

clusters for participants where the OCT-skin parameters and the biophysical parameters yielded 

values of differing units and orders of magnitude. Table 5.2 illustrates the ranks obtained from 

Session 1 at baseline for the 17 participants where the results were recorded for all sessions. Those 

from Sessions 2 and 3 are included in Appendix D.  

On both sites, a large variability was observed when examining the ranks across the SS groups. For 

example, on the cheek, the High SS group included individuals such as P1 where the values for 5 of 

the 7 of the parameters yielded ranks greater than 11. Conversely, P4, also from the High SS group, 

revealed ranks ranging from 4 to 17 across all 7 skin parameters.  
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Table 5.2 Ranks for participants from Session 1 at baseline for all the skin parameters, sorted by the 

SS category.  

 

 

 

 

  

Participant
SS 

Category

Shaving 

method

Shaving 

Frequency

Rank

SID

Rank

AuC

Rank

Rq

Rank

TEWL

Rank

Hyd.

Rank

Red.

Rank

Temp.

P11 Low SS Rota >5 14 16 14 7 13 11 16

P18 Low SS Blade 3, 4 8 12 9 11 14 1 1

P22 Low SS Blade 3, 4 13 17 16 8 5 3 11

P5 Mild SS Combination >5 10 14 1 4 6 9 7

P8 Mild SS Combination <2 15 2 15 2 2 4 12

P13 Mild SS Combination 3, 4 7 13 5 3 12 8 6

P14 Mild SS Combination 3, 4 3 4 17 12 11 5 8

P16 Mild SS Combination >5 16 6 3 1 10 12 9

P17 Mild SS Combination >5 11 10 10 5 15 14 5

P19 Mild SS Combination >5 5 15 6 15 8 6 15

P20 Mild SS Rota >5 12 9 2 9 16 7 13

P21 Mild SS Combination 3, 4 1 1 12 10 17 17 10

P1 High SS Combination <2 17 11 11 13 7 16 14

P2 High SS Blade <2 4 8 13 14 3 10 2

P3 High SS Rota <2 2 7 4 6 9 15 3

P4 High SS Blade >5 9 5 7 17 4 13 4

P7 High SS Combination 3, 4 6 3 8 16 1 2 17

P11 Low SS Rota >5 2 6 9 5 16 14 16

P18 Low SS Blade 3, 4 13 17 4 10 11 3 6

P22 Low SS Blade 3, 4 8 3 16 2 3 16 15

P5 Mild SS Combination >5 3 8 15 12 6 11 4

P8 Mild SS Combination <2 4 1 14 16 1 2 3

P13 Mild SS Combination 3, 4 9 7 1 4 14 5 2

P14 Mild SS Combination 3, 4 10 4 12 14 4 13 9

P16 Mild SS Combination >5 14 2 17 1 7 1 1

P17 Mild SS Combination >5 5 14 2 6 9 15 5

P19 Mild SS Combination >5 7 16 11 9 15 6 14

P20 Mild SS Rota >5 17 12 13 11 10 10 12

P21 Mild SS Combination 3, 4 1 10 6 15 17 17 10

P1 High SS Combination <2 12 5 7 8 5 12 11

P2 High SS Blade <2 11 13 5 7 8 7 7

P3 High SS Rota <2 16 9 8 3 12 8 8

P4 High SS Blade >5 15 15 3 17 13 4 13

P7 High SS Combination 3, 4 6 11 10 13 2 9 17

Cheek

Neck
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5.4 Discussion 

This chapter aimed to characterise the skin on two facial locations using parameters extracted from 

OCT images. Subsequently, the SID, AuC, and Rq have been reported from a cohort of consumer 

detailed in Section 4.3. To the authors’ knowledge, there are no studies that have estimated these 

parameters on bearded cheek and neck skin. Consequently, the results from the present chapter 

create an opportunity to investigate the feasibility of the OCT-skin parameters to distinguish the 

inter- and intra-subject variability in the skin tissue at these specific sites.  

Based on the definitions of SID and AuC (Section 3.3.4 and 5.2.1), it is expected that these two 

parameters would reveal inversely proportional results. Indeed, this was observed in the present 

study, where within each participant, the SID and AuC demonstrated opposite trends between the 

different sessions (Figure 5.5). However, examining the correlation between the parameters, 

varying trends between the different sites and sessions were revealed with only results from the 

cheek in session 3 and neck in session 2 achieving statistically significant values (Figure 5.6 and 

Figure 5.7). These variations can be explained by the difference in features characterised by the two 

parameters. While SID estimates the coefficient of the relative optical density, the AuC estimates 

the optical density of the skin tissue with respect to a standardized depth. Combination of these 

parameters provides a composite analysis of the superficial skin, corresponding to microvessels and 

fibrous structures. For example, of the 17 participants that were ranked with respect to each 

parameter (Table 5.2), P21 revealed the lowest SID and highest AuC in the group. Conversely, P3 

ranked second for SID but ranked seventh for AuC. These results indicate that while the relative 

decrease in optical density for the two participants was similar, they demonstrated differences in 

the composition of the skin tissue. Figure 5.11 illustrates exemplar B-mode images for P3 and P21 

where differences in the frequency domain can be observed. While P3 reveals a higher contrast in 

the grey pixels, P21 presents a smoother transition in the pixel values revealing an overall brighter 

image. Clinically, blood vessels, hair follicles, and sebaceous glands create dark cavities in the OCT 

scan, while collagen and elastin fibres appear as bright clusters (Welzel et al. 2004; Mogensen et al. 

2008; Schmitz et al. 2013). Thus, in the present example, it can be hypothesized that while both 

participants have a similar degree of attenuating features, P21 could have higher fibrous content in 

the papillary dermis.  

Overall results from the present study revealed a lower median SID and higher median AuC for the 

cheek when compared to the neck (Table 5.1; p<0.001). While there are no directly comparable 

studies, some researchers have examined the echogenicity of various skin tissues using ultrasound 

imaging, revealing a significantly higher density of the dermal tissue on the neck than on the cheek, 

stating that these differences require additional investigation (Firooz 2016). Furthermore, as a large 
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degree of variability was observed in the trends between participants, the results from the present 

study did not reveal statistically significant correlations between the two sites for the SID or AuC. 

Thus, these parameters may be influenced by specific morphological and physiological properties 

of the skin, which change in isolation to one another. For instance, it can be hypothesized that the 

cheek is more conditioned to mechanical stimuli than the neck, as it receives more exposure to a 

variety of environmental factors (Black et al. 2000). However, further research is needed to address 

identify such trends.   

 

Figure 5.11 Exemplar OCT scans and A-scans for P3 and P21 at baseline in session 1 on the cheek.  

* AuC is calculated from the non-normalized A-scans as this parameter is standardised 

with respect to the depth in vivo. However, the estimation method has been plotted 

on the normalised A-scan for visual comparison with the SID estimation. 
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For skin surface roughness, the methodology employed in this study was based on the root-mean-

square estimation of the skin surface (Section 3.3.5). While several researchers have reported skin 

roughness values (Table 5.3), the anatomical sites investigated do not represent skin with beard 

growth. It has been reported that there is a large degree of variability between anatomical sites. 

Furthermore, for those from seemingly similar sites, the precise location under investigation is 

often unclear. Thus, the results presented in this chapter provide novel information, with median 

roughness at baseline ranging from 14.6 µm to 16.93 µm on the cheek and 22.15 µm to 24.10 µm 

on the neck (p<0.001 between cheek and neck). The correlation between these two sites also 

revealed statistically significant values in Sessions 2 and 3 at baseline (Figure 5.8; p<0.024), with the 

neck demonstrating consistently larger roughness than the cheek. Functionally, as the neck 

supports the mobility of the head, increased cutaneous elasticity of the tissue is expected (Trojahn 

et al. 2015). Consequently, the neck skin presents a higher number of folds and wrinkles. One 

researcher has compared the biomechanical properties of the cheek and neck in a female cohort, 

revealing that the wrinkles on the neck were fivefold deeper than those on the cheek (Kim et al. 

2013). Others have also presented rougher neck skin discussing the impact of these findings on 

male grooming behaviour (Maurer et al. 2016). However, the association of higher basal skin 

roughness remains to established with respect to enhanced skin sensitivity.   

Table 5.3 Roughness values obtained from OCT images for various anatomical sites reported in 

literature. Results have been included for healthy skin at baseline.  

Reference Roughness (µm) Anatomical 
location 

Age range Sample size 

Present study 
(Session 1) 

15.73 Cheek 
30 – 55 years old 

22 

(male only) 22.15 Neck 

(Vingan et al. 
2023) 

16 Cheek 20 – 89 years old 70 

(Askaruly et al. 
2019) 

0.98 ± 0.22 Forearm 
27 years old 

(mean) 
5 2.08 ± 0.40 Cheek 

2.34 ± 0.34 Eye rim 

1.58 ± 0.67 Forearm 
55 years old 

(mean) 
5 4.23 ± 1.94 Cheek 

5.22 ± 1.53 Eye rim 

(Welzel, 
Bruhns, and 
Wolff 2003) 

12.7 ± 2.1 Forearm 24 – 27 years old 
15 

(female only) 

(Maiti et al. 
2020) 

3 Forearm 

18 – 35 years old 12 2 Cheek 

4 Neck (backside) 
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3 Eye bag 

The correlations between the OCT-skin parameters and biophysical parameters were investigated 

in the present study revealing few statistically significant trends. Across all three sessions, 

roughness and hydration on the neck revealed inversely proportional relationships (Figure 5.10; 

p=0.072), demonstrating a rougher skin surface for dryer skin. Similar trends have been reported 

by researchers ( Eberlein-Konig et al. 2000; Dąbrowska et al. 2016), where a decrease in roughness 

values was observed as a result of exposure to water. Furthermore, statistically significant 

correlations were observed between temperature and either SID, AuC or redness. These trends can 

be explained by the influence of cutaneous blood flow (CBF) in estimation of the parameter (Tzen 

et al. 2010). Increased blood flow corresponds with the increase in vessel morphology (Rubinstein 

and Sessler 1990), which in turn will change the optical density of the skin tissue and the skin surface 

colour. Interestingly, however, the SID, AuC, and redness did not reveal correlations in values. These 

trends in results are unclear and need to be further investigated. Functional adaptations of OCT 

have been implemented in dermatological research (Kennedy et al. 2011; Wang et al. 2015; Wang 

and Larin 2016; Zaveri 2016; Jiang et al. 2020). As such, Dynamic-OCT provides an opportunity to 

investigate the microcirculation in the skin tissue, in addition to the structural parameters. Thus, 

the subsequent study has been designed using a Dynamic-OCT system (Chapter 6). Advantages of 

these features are pending validation.  

Results for estimating the epidermal thickness revealed errors in approximately 60% of the images. 

Typically, thickness values from OCT scans are calculated based on the distance between the first 

two peaks in the A-line plots, where the first peak is regarded as the skin surface and the second 

peak as the Dermal-Epidermal Junction (DEJ, Figure 3.6). However, analysis of the OCT scans 

revealed gradually decreasing intensity values in the A-lines as the optical signal penetrated deeper 

into the skin such that only one clear peak was observed in most cases, corresponding to the skin 

surface. Similar features were observed by other researchers, which has been attributed to the 

digital smoothing of the wavy DEJ as the A-lines are averaged (Welzel et al. 2003). Subsequently, 

epidermal thickness was not estimated in the present study. A new parameter was defined, AuC, 

characterising the density of the superficial skin layers. This parameter can be further optimised for 

different applications. 

 

Conclusions 

The feasibility of newly defined OCT-skin parameters to distinguish the inter- and intra-subject 

variability were investigated in this chapter. Results were discussed for basal skin OCT parameters 
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only. SID and Rq revealed greater values on the neck, whereas the cheek had a larger AuC. However, 

only Rq demonstrated statistically significant correlations between the cheek and neck. 

Furthermore, Rq on the neck also correlated with hydration, presenting larger values for less 

hydrated skin. TEWL did not reveal statistically significant correlations with any of the OCT-skin 

parameters. Categorization of the participants based on self-assessed skin sensitivities did not 

reveal clusters with respect to the biophysical or OCT-skin parameters. The protocol can be 

modified to create a larger signal post-stimulus through a modified mechanical insult and new 

dynamic properties can be assessed in skin through Dynamic-OCT technique.  
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Chapter 6 Assessment of skin integrity at different 

anatomical locations in response to shaving 

 

6.1 Introduction 

The motivation of the PhD programme is driven by the inter-subject differences in tolerance 

thresholds to mechanical stimulation introduced by skin contacting consumer devices such as 

electrical shavers (Section 1.2). Thus, an experimental protocol was designed to include tape 

stripping and shaving as mechanical stimuli to characterise skin parameters between individuals 

with varying degrees of perceived skin sensitivities. The previous study (Chapter 4 and Chapter 5) 

revealed limited differences in the selected skin parameters within a cohort of consumers, 

associated with insult and measurement restriction imposed during the COVID-19 pandemic. 

Indeed, the mechanical stimulation of the skin did not elicit a significant response, possibly due to 

the protocol design. Additionally, the selected anatomical sites limited the comparison with studies 

from the literature. Thus, a modified protocol was developed to address the limitations and has 

been presented in this chapter.  

In addition to the small changes in biophysical parameters, there was little change in the 

morphology of the skin characterised with OCT. The review of the scientific literature identified 

cutaneous blood flow (CBF), amongst others, as a relevant parameter in the assessment of 

enhanced skin sensitivity (Section 2.3). Consequently, there was an opportunity to include CBF-

associated parameters in the present study as part of a modified OCT evaluation. A new OCT 

system, Vivosight (Michelson Diagnostics Ltd., UK), with dynamic imaging capabilities was rented, 

and the associated VivoTools software enabled the quantification of several CBF features. Thus, an 

enhanced array of parameters to characterise the skin were explored alongside a modified insult 

model.  

Along with the optical and biophysical methods of skin characterisation, the present study also 

created an opportunity to collaborate with another researcher with expertise in analysis of surface 

biomarkers associated with early detection of skin damage (Jayabal et al. 2022). Based on the 

literature review (Section 2.3), pro-inflammatory cytokines revealed a significant increase in their 

expression following mechanical loading. Subsequently, the present study included non-invasive 

sampling of sebum for exploratory analysis of biomarkers associated with shaving. The 

methodology associated with these inflammatory markers is detailed in Section 6.2.5.  
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Aims and Objectives 

The present study aimed to characterise the skin responses to mechanical stimulus in the form of 

electric shaving using biophysical, optical, and biochemical techniques. The specific objectives of 

this study were as follows: 

• Develop a new the array of parameters to characterise the skin. 

• Establish baseline skin characteristics with respect to the biophysical, optical, and biochemical 

parameters on the forearms, cheek, and neck.  

• Introduce mechanical loading in the form of electric shaving.  

• Investigate the temporal skin response to shaving and tape stripping on the forearms. Further 

examine any changes in the response due to repetitive loading  

• Evaluating the feasibility of tape stripping as a surrogate for shaving on the forearm. 

• Investigate the spatial and temporal skin response to shaving on the cheek and neck. Further 

examine any changes in the response due to repetitive loading. 

The results from this study have been divided into two chapters, with the present chapter focusing 

on the objective parameters of the skin (e.g., TEWL, roughness, and redness), and the following 

chapter (Chapter 7) detailing the subjective parameters associated with enhanced skin sensitivity 

(e.g., S-scores, visual analogue scores, and shaving habits). 

6.2 Methods 

The study was approved by the local Faculty Ethics committee of the University of Southampton 

(FoHS-Ethics-71825). The test protocol (Appendix B) was performed in the Biomechanics Testing 

Laboratory in the Clinical Academic Facility at Southampton General Hospital, Southampton, UK. 

The room temperature was maintained at 24°C ± 2°C. The study was a repeated measures cohort 

design, where healthy volunteers were recruited to be exposed to repeated mechanical insults.  

6.2.1 Participant recruitment and preparation 

Participant recruitment was conducted by means of poster advertisements and word of mouth, 

excluding those who had an underlying skin disease (such as atopic dermatitis). Each potential 

participant was given an information sheet and requested to confirm their decision if they wished 

to participate. The participant inclusion criteria were as follows: 

• Healthy volunteers 

• Minimum age of 18 years  

• Individuals of any ethnicity 
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• Males willing to be clean shave 

• Individuals presented with the mental capacity and English proficiency to provide 

informed consent 

• Individuals with availability for at least 2 hours on two consecutive days.  

The sample size was set at a minimum of 10 participants, for this exploratory study. Upon 

recruitment, participants were requested to clean shave 72 hours before the first test session. At 

the first test session, each individual was able to ask the researcher questions and was then asked 

to sign the consent form and complete the Skin Sensitivity Questionnaire (Appendix A). Using a 

stencil (70 mm x 50 mm) with a cut-out (15 mm x 15 mm), non-permanent squares were drawn on 

both forearms, cheek, and neck for each participant to standardize the location of measurement 

across multiple visits (Figure 4.2). On the forearms, a point was marked along the volar forearm 10 

cm away from the wrist joint line, towards the elbow. Placing the middle of the shorter edge of the 

stencil above the point, the square was drawn using the cut-out (Figure 6.1). For the cheek and 

neck, the region of interest was modified from that used in the previous study to mark areas of the 

skin away from bony prominences. As such, first, a scale ruler was aligned from the top of the ear 

to the corner of the participant’s mouth. Then, a point was marked at 5 cm from the top of the ear. 

Next, the stencil was placed on the cheek such that a corner of the cut-out aligned with the point 

marked previously. The square was outlined on the cheek skin using the cut-out as a boundary. For 

the neck, the scale ruler was used to mark a point vertically below the square draw on the cheek, 

such that the point was located 1 cm above the end of the hairline. Using the stencil, the square 

was drawn on the neck by aligning a corner of the cut-out with the identified point (Figure 6.1). This 

method enabled personalisation of the region of interest, which is considered important given the 

different shapes of heads. 

 

Figure 6.1 Region of interest highlighted on the forearms, cheek, and neck by drawing a square. 
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6.2.2 Protocol 

The measurement protocol was designed to estimate skin parameters on the forearm, cheek, and 

neck at baseline, then following repeated mechanical insults. The methodology was modified 

following analysis of results from the previous study (Chapter 4 and Chapter 5) to elicit a greater 

response in the skin. A sequential protocol was designed whereby measurements could be taken 

pre- and post-stimulus at each location (Figure 6.2). This enabled efficient data collection at each 

site, with its feasibility confirmed by pilot testing.  

 

Figure 6.2 Protocol for assessing the structural and functional response of the skin to shaving. 

 

The skin parameters were recorded within the highlighted skin area using an OCT system (Vivosight, 

Michelson Diagnostics Ltd., UK), a Tewameter (TM300, Courage and Khazaka, Germany), a 

Corneometer (CM825, Courage and Khazaka, Germany), and Sebutapes in the sequence detailed in 
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Table 6.1. The sequence of measurement was based on established methodology which aims to 

minimise the risk of bias and carry over effects (Kottner et al. 2014). Macroscopic photographs of 

the highlighted skin areas were also captured using a DermLite Foto II Pro lens (USA) mounted on 

a Canon EOS R5 DSLR camera. Modifying the protocol from the previous study, the redness was 

estimated using these digital images, as detailed in Section 6.2.4. Furthermore, sebum samples 

were collected from the skin surface using Sebutapes (Figure 6.3). These were placed on the skin 

for 2 minutes using blunt forceps. The tapes were then removed and placed in 2mL tubes, prior to 

being stored in a –80°C freezer for future analysis.  

Table 6.1 Sequence of measurements of skin and acquisition times for each site 

Measurement  
Measurement  

system 
Acquisition 

time 
Number of 

measurements 
Approx. 

Total time 

1. DSLR pictures Dermalite lens 30 seconds 1  0.5 minutes 

2. OCT scans Vivosight 30 seconds 2 1 minute 

3. TEWL values Tewameter 1 minute 2  2 minutes 

4. SC hydration values Corneometer 5 seconds 5  0.5 minutes 

5. Sebum sample Sebutpes 2 minutes 1  2 minutes 

 

Figure 6.3 Placement of the Sebutape on the arm. 

A shaving stimulus was performed on the right forearm and tape stripping was performed on the 

contra-lateral forearm (left) as a positive control, using 20 consecutive tapes. Shaving was also 

performed on the cheek and neck to investigate different facial sites (Figure 6.4). Similar to the 

protocol discussed in Section 4.2.4, the participants were requested to increase the shaving contact 

pressure such that the light ring on the shaver handle was in the orange zone, indicating force values 

between 4N and 7N at the skin/device interface (Figure 4.6). The main modification to the protocol 

involved an increase in time exposure to shaving from 30 seconds to 60 seconds. Increasing the 

time rather than the magnitude of load was assumed to represent the real-world shaving conditions 
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more closely. In addition, the magnitude and frequency of shaving strokes was characterised using 

a built-in load cell and has been detailed in Chapter 7.  

 

 

Figure 6.4 Example of the shaving stimulus on the forearm, cheek, and neck. 

Following the mechanical stimulus, skin response was characterised after an interval of 20 minutes, 

i.e., 0.3 hours. Additionally, the protocol was designed to investigate the influence of repetitive 

loading on the skin and subsequent recovery. Thus, the participants were requested to attend two 

sessions over three days where Session 1 involved the first round of mechanical stimulus and 

corresponds to skin characteristics at baseline (Day 1), 20 minutes post stimulus (Day 1), and 24 

hours post stimulus (Day 2). Subsequently, Session 2 involved the second round of mechanical 

stimulus at the same site, followed by characterising the skin response at 20 minutes post stimulus 

(Day 2), and 24 hours post stimulus (Day3). Thus, the figures and tables illustrated in the Results 

section include the labels illustrated in Figure 6.5.   

 

Figure 6.5 Labels for the timepoints of the data collection on the forearms: BL → Baseline; 

S1+0.3hr → 20 minutes post first stimulus; S1+24hr → 24 hours post first stimulus; 

S2+0.3hr → 20 minutes post second stimulus; S2+24hr → 24 hours post second 

stimulus. 

 

However, during pilot tests, it was determined that the repetitive shaving stimulus on the cheek 

and neck was not ethical as the first stimulus elicited dermatitis symptoms within 24 hours (Figure 
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6.6). Thus, the protocol was modified to evaluate the influence of repetitive loading on the cheek 

and neck on the contralateral side. This was executed by initially requesting the participants to 

prepare for the study by clean shaving their beard 72 hours before the scheduled tests. 

 

Figure 6.6 Exemplar dermatitis response on the neck in the preliminary test. 

During Session 1, the shaving stimulus (60 seconds, orange zone) on the cheek and neck was 

performed on the left side of their face. Immediately after completing the measurements on Day 

1, the participants were requested to clean shave the remaining area of their beard per their regular 

shaving habits (documented by the researcher). This step introduced a proxy for the first stimulus 

on the right side of the face while leaving the left side available for skin recovery characterisation 

at 24 hours post stimulus. Thus, for the cheek and neck, the tests were scheduled such that Session 

1 involved characterisation of the skin with 72-hours-beard (labelled as “Long Beard”) at baseline 

(Day 1) and 20 minutes post-shaving (Day 1). The following day, the 24 hours post stimulus values 

were recorded on the left side of their face (Day 2), concluding Session 1. Additionally, Session 2 

was used to characterise the skin on the right side of the face with the 24-hours-beard (labelled as 

“Short Beard”) at baseline (Day 2), 20 minutes post stimulus (Day 2). The corresponding 2  hours 

post stimulus was then conducted on Day 3, as illustrated in Figure 6.7.  

 

Figure 6.7 Labels for the timepoints of the data collection on the cheek and neck: BL → Baseline; 

S+0.3hr → 20 minutes post stimulus; S+24hr → 24 hours post stimulus. It is noted 

that Session 1 is referred to as “Long Beard” and Session 2 as “Short Beard”. 
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6.2.3 Imaging parameters selection and optimization 

The Vivosght and VivoTools OCT system provides several parameters that allow real-time 

quantifiation of the skin (Figure 6.8). However, as algorithms were previously developed to 

characterise skin properties derived from the Thorolabs OCT system (Chapter 3), there is an 

opportunity to compare and optimise the array of parameters that will be used in this study. An 

overview of the optical parameters has been provided in Table 6.2.  

 

Figure 6.8 Annotated Dynamic OCT image with parameters from the Vivosight OCT system as 

follows: 1. Plexus depth (µm), 2. Vessel diameter (µm), 3. Vessel density (%), 4. 

Optical attenuation coefficient (mm-1), 5. Surface reflectivity ratio, 6. Epidermal 

thickness (µm), 7. Epidermal thickness variation (µm), 8. Epidermal contrast (%), 9. 

Mean variation of surface height, Ra, 10. RMS variation of surface height, Rq, 11. 

Peak-to-trough difference of the surface height, Rz. 
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Table 6.2 Overview of imaging parameters that can be extracted in the present study, including previously developed OCT-skin parameters and Vivosight parameters.   
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It is noted that certain parameters may be providing similar outputs. Thus, comparative analysis 

was conducted between selected parameters to optimize the characterisation of the skin, as 

detailed in the following sections.  

 

6.2.3.1 Scaled Intensity Drop and Optical Attenuation Coefficient 

Scaled Intensity Drop (SID) is estimated as the coefficient of the slope from the point of maximum 

intensity to the point where the signal reduces by 80% (Figure 3.8). Similarly, Optical Attenuation 

Coefficient (OAC) is defined by Vivosight as the slope of the OCT intensity signal versus the depth 

profile in the upper dermis (Vivotools User Guide, Issue 4), illustrated in Figure 6.9. The VivoTools 

software scales the intensity values depending on the maximum measurable value, such that the y-

axis in the A-scans ranges from 0 to 1 corresponding to approximately 0 to 100 dB. The OAC is 

extracted from the curve which is mathematically fitted to the Intensity profile as follows,  

𝑂𝐶𝑇 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  𝐴. 𝑒−2𝜇𝑧 +𝑁𝑜𝑖𝑠𝑒 (Equation 6.1) 

where A is a constant defined by the input beam intensity and the sensitivity of the detection 

system; z is depth below the surface; and μ is the attenuation coefficient. The factor of 2 is used 

because the OCT probe light traverses a total path length 2z (into the skin and back out again to the 

probe). 

 

Figure 6.9 Exemplar A-line for an OCT scan of the cheek at baseline. The plot was created using 

the average Intensity values from the OCT images stack using the VivoTools software. 

As SID and OAC are estimates of the attenuation of the OCT signal, these parameters were 

investigated for correlations. For the entire dataset from the present study, the data was non-

normally distributed. The Spearman Correlation test of the SID versus the OAC revealed a strong 

correlation with the r = 0.807 and p <0.001 (Figure 6.10). Interestingly, some clusters are observed 
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based on the anatomical locations, notably with the cheek having higher values than the arm and 

neck. Consequently, the SID values will be used for further analysis allowing comparsion of the 

results from the present study with those from Chapter 5.  

 

Figure 6.10 Scatterplot of SID vs OAC for all OCT scans in the present study. 

 

6.2.3.2 Plexus Depth, Vessel Diameter, and Vessel Density  

The Vivosight software yields a value corresponding to the Plexus Depth and Vessel Diameter for 

each OCT scan. Vessel Density is estimated by the accompanying VivoTools software which 

measures the active vasculature in the skin as a function of depth, yielding values from 0.0 (no 

vessels) to 1.0 (100% of the tissue is vessels) in increments of 0.05 mm for depth. An exemplar en-

face image of a dyamic OCT scan is illustrated in Figure 6.11a. For the corresponding OCT scan, the 

depth versus Vessel Density plot has been illustrated in Figure 6.11c. The dynamic OCT algorithm 

accuracy reduces when the OCT signal is weak. In practice, the result is not reliable for depths > 

0.50 mm. Furthermore, the manufacturer recommends assesing the Vascular Density at depths of 

0.15 mm, 0.30 mm, or 0.50 mm which corresponds roughly to measurements in the papillary 

dermis, top of the superficial plexus, and just below the top of the superficial plexus, respectievly 

(Section 2.1).   
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Figure 6.11 Dynamic OCT scan of the cheek at baseline. (a) En-face image of the stack at a depth 

of 0.3 mm, (b) exemplar 2D-OCT scan from the stack, (c) plot of depth versus vascular 

density for the OCT scan. 

For the characterisation of the skin with respect to the Plexus Depth and Vessel Diameter (Figure 

6.12), it is noted that the correlation between the parameters is not strong (r = -0.477, p<0.001). 

Furthermore, there appears to be a site-specific shift in the values for both parameters. 

Consequently, both the Plexus Depth and Vessel Diameter will be included in further analysis.  

 

Figure 6.12 Scatterplot of Plexus Depth versus Vessel Diameter from all the OCT scans from the 

present study. 



Chapter 6 

146 

For the Vascular Density, an exemplar plot of results from the cheek for the Short Beard is illustrated 

in Figure 6.13. The values from 0.15mm depth demonstrated an increase from baseline at S+0.3h, 

with the difference almost reaching statistical significane (p=0.053). However, the recovery at 

S+24h did not reveal large differences from the baseline or S+0.3h. The results from 0.30mm depth 

demostrated statisitcally significant differences between BL and S+0.3h (p=0.006), and between 

S+0.3h and S+24 (p=0.018). Recovery characteristics were obseved as the S+24h values returned to 

BL. For the Vascular Density at 0.5mm depth, there were no significant differences between time 

points. As the Vascular Density at a depth of 0.30 mm provided the highest degree of distinction 

between different mesaurement times for the anatomical location being examined, this parameter 

was included in further analysis.   

 

Figure 6.13 Exemplar Vascular Densities plots for OCT scans of the cheek corresponding to the 

Short Beard from the present study. Statistically significant differences between 

measurement times are calculated using Wilcoxon Signed Rank test. 

 

6.2.3.3 Epidermal Parameters 

The Epidermal Parameters include Epidermal Thickness, Epidermal Thickness Variation, and 

Epidermal Contrast. The estimation of these parameters is based on the peak detection in the A-

line profiles as demonstrated in Figure 3.6. Similarly, the VivoTools software extracts the average 

epidermal thickness by analysing the OCT intensity profile. If it cannot find the epidermis due to a 

diminished second peak in the A-scan, then VivoTools will report ‘N’ for ‘Epidermis detected’ and 

the rest of the Epidermal Parameters are set to zero.  
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In the present study, the software failed to produce an output for the Epidermal Parameters in 29% 

scans from the cheek and 69% scans from the neck. An exemplar intensity profile of such a scan is 

shown in Figure 6.14. The thickness estimation was also attempted using the MATLAB algorithm 

previously developed (Section 3.3.3) on the raw Vivosight OCT scans. As demonstrated in Figure 

6.14c, the algorithm was able to detect a second peak in the A-scan, and subsequently estimate a 

thickness value. However, upon examination of the scans for the entire cohort, it was revealed that 

the MATLAB algorithm was unable to estimate the thickness in 15% of the scans on the cheek and 

41% of the scans on the neck. Therefore, the Epidermal Parameters have not been included in the 

analysis of the results from the present study.  

 

 

Figure 6.14 Exemplar Intensity profile for OCT scan of the cheek. (a) 2D-OCT scan; (b) A-scan from 

the VivoTools software where Epidermal thickness is not detected; (c) A-scan from 

the MATLAB algorithm with estimation of the Epidermal thickness. 
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6.2.3.4 Roughness from MATLAB and Roughness from Vivotools 

The VivoTools software yields average roughness, RMS roughness, and peaks-to-trough roughness 

values of the skin surface for each OCT scan (Table 6.2). For direct comparison between the 

VivoTools outputs and those from the MATLAB algorithm, the RMS roughness will be further 

investigated. Furthermore, VivoTools also provides a rendering of the detected surface, enabling 

visualization of the post-processed surface. Thus, a detailed comparative analysis of the roughness 

estimation for one OCT scan is conducted and illustrated in Figure 6.15.  

 

Figure 6.15 Comparison of RMS Roughness estimation from the VivoTools software and the 

MATLAB algorithm. a) Exemplar DSLR image of the cheek; (b) Post-processed surface 

rendering from VivoTools; (c) Surface rendering from MATLAB algorithm. 
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The surface plots in Figure 6.15 (b) and (c) have been generated from an OCT scan of the cheek 

where the skin sample is shown in Figure 6.15 (a). It is noted that the VivoTools software may have 

a filtering step which distinguishes noise (such as hair) and removes the associated pixels before 

calculating the roughness parameters. Indeed, it is observed that the Vivosight surface in Figure 

6.15 (b) has many pixels removed. Similarly, the MATLAB algorithm detailed in Section 3.3.2 has 

been optimized to distinguish hair from skin and calculate the roughness of the remaining pixels. 

However, upon closer examination of Figure 6.15 (c), it is noted that the hair was more closely 

detected by this method, preventing the removal of relevant skin-pixels from the image. This 

difference in skin detection is evident in the roughness values generated by the two methods, 

where, for the example shown in Figure 6.15, the VivoTools software provided a value of 1.45 µm 

and the MATLAB algorithm provided a value of 9.96 µm.  

This trend in the two roughness values was noted for the results from the entire cohort (Figure 

6.16), where the dispersion in the data increases with higher roughness values. Additionally, a 

strong correlation was revealed between the values with the r=0.795 (p<0.001). However, the slope 

and the intersect point indicted a systematic difference. Furthermore, site-specific clusters are 

observed with the roughness of the neck demonstrating the largest values from both estimation 

methods. This detail is considered important, especially in the context of shaving. The difference in 

the results from the two methods requires further investigation. However, for the purpose of the 

present study, one parameter can be selected to evaluate the temporal trends in roughness due to 

mechanical stimuli. Given the closer skin detection using the MATLAB algorithm, the MATLAB 

estimated roughness values will be analysed further in the present study.   

 

Figure 6.16 Scatterplot of Roughness values from MATLAB and VivoTools from all the OCT scans 

from the present study. 
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6.2.4 Redness estimation 

Redness of the skin surface can be estimated from the DSLR images in the CIELAB colour space 

(Weatherall and Coombs 1992; Ly et al. 2020). Briefly, a CIELAB colour value expresses the lightness 

(black to white), red/green intensity, and yellow/blue intensity, as L*, a*, and b* values, 

respectively (Figure 6.17). The L*, a*, and b* values can be transcribed to dermatological 

parameters, where the L* value correlates with the level of pigmentation of the skin; the a* value 

correlates with erythema; and the b* value correlates with pigmentation. Thus, in the present 

study, the a* values have been generated to quantify the redness of the skin surface.  

 

Figure 6.17 CIELAB colour sphere (Tang, Cai, and Xu 2015) with exemplar images from the present 

study. 

 

Prior to estimation of the skin redness, the DSLR images were filtered to define a standardized 

region of interest ignoring the black square drawn on the skin with a mask designed to remove the 

hair in the images (Figure 6.18). Using the RGB2LAB function in MATLAB, the mean a* values were 

then estimated for each image.  
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Figure 6.18 Schematic for redness estimation highlighting the region of interest in the original RGB 

image, skin mask generation, and the resulting a* image. 

 

6.2.5 Biochemical analysis 

The extraction of skin inflammatory biomarkers was performed in collaboration with another 

researcher, who recently developed an optimised approach to protein recovery (Jayabal et al. 

2022). The number of sebum samples had to be reduced to accommodate the capacity of the ELISA 

analysis. Consequently, the samples from the cheek and neck were prioritized over those from the 

forearms due to the overarching aims of the present study. Furthermore, the samples from the 

Short Beard session were prioritised over those from the Long Beard session, hoping to achieving a 

stronger signal due to the repetitive loading. Thus, Sebutapes obtained only from the cheek and 

neck in the Short Beard session were selected for the exploratory analysis.  

Extraction and analysis followed a standard operating procedure. To review briefly, frozen 

Sebutape samples were thawed to room temperature, and a 0.85 ml solution of phosphate-

buffered saline (PBS) (Sigma-Aldrich Co, St. Louis, Missouri, USA) and 0.1% dodecylmaltoside (DDM) 

(Thermo Fisher Scientific, UK) was added to each container. After 1 hour of vigorous shaking and 

immersion in the solution, the containers were sonicated for 5 minutes, the Sebutapes discarded, 

and 0.5 ml of the extraction buffer was transferred into vials for centrifugation. Subsequently, the 

vials were centrifuged for 10 min at 15000 g, whilst being maintained at a constant temperature of 

 ⁰C. The supernatants were discarded and the pellets vortexed for 10 s. The samples were then 



Chapter 6 

152 

processed using U-Plex immuno-assay kits (Meso Scale Diagnostics, USA) to quantify the 

concentration of specified cytokines. The panel of cytokines investigated include high-abundant 

cytokines such as IL-1α and IL-1RA and low abundant cytokines, namely, IL-8 as they have been 

identified to be highly relevant in the context of skin damage owing to their upregulation following 

mechanical stimuli in tissue models (Terui et al. 1998; Perkins et al. 2001). Furthermore, low 

abundant cytokines such as IL-6, INF-γ, and TNF-α are also included as they have been highlighted 

for their role in the inflammatory cascade following insults and in the formation of skin barrier 

(Ulfgren et al. 2000).  

Analysis of the sebum samples was conducted over two sessions involving calibrators and plates 

from different batches. Consequently, the samples from P5 and P7 were analysed in a different 

batch compared to the other remaining samples. As a result, the chemical evaluation for P5 and P7 

was limited to IL-1α, IL-1RA, and IFN-γ.  

 

6.2.6 Statistical analysis 

Most parameters have p<0.05 for the Anderson Darling normality test (Appendix E), indicating that 

the data is non-normally distributed. Thus, non-parametric statistics were chosen. To investigate 

the difference between anatomical locations at baseline, the values for both the arms, and the Long 

Beard session for the cheek and neck were considered. The groups medians of the parameters were 

tested for statistical significance using the Wilcoxon signed rank test. To investigate the influence 

of time at each location, the group medians of the parameters were tested for statistical 

significance using the Friedman test. Each anatomical site was subsequently analysed in more detail 

with differences from baseline, tested for significance using the Wilcoxon signed rank test. 

Furthermore, final recovery characteristics were also tested for statistical significance using the 

Wilcoxon signed rank test after the first and second stimulus, respectively.  
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6.3 Results 

Ten volunteers were recruited for this study, as detailed in Table 6.3. Only one participant, P9, was 

unable to attend Day 3 and thus, there is no data for S2+24h from the forearms and S+24h from 

the Short Beard on the cheek and neck. Furthermore, S2+24h values were not recorded for P1 and 

P2 from the forearms as the protocol was later modified to include this measurement in the cohort. 

Also, only 15 tapes were used for the second forearm stimulus (S2) as the positive control for P6 

because the participant complained of discomfort.  

Table 6.3 Participant details from the study with the calculated S-score and SS Label. 

Participant No. Age Shaving tool 
Shaving frequency 

(#/week) 
S-Score SS Label 

P1 35 Combination <2 29% Mild SS 

P2 28 Non-electric <2 52% Mild SS 

P3 25 Non-electric <2 26% Mild SS 

P4 37 Electric 3, 4 40% Mild SS 

P5 24 Combination 3, 4 27% Mild SS 

P6 38 Non-electric <2 52% Mild SS 

P7 36 Non-electric <2 54% Mild SS 

P8 37 Electric <2 62% High SS 

P9 41 Non-electric <2 59% High SS 

P10 41 Non-electric 3, 4 43% Mild SS 

 

6.3.1 Comparison of baseline characteristics for each anatomical site 

The baseline values for the skin parameters at each anatomical location are illustrated in Figure 

6.19. Overall, for all parameters, the results from each arm had largely overlapped values such that 

no statistically significant differences (p>0.05) were observed. Comparing the results from the arms 

with those from the facial sites, 7 of the 10 parameters, namely TEWL (Figure 6.19a), redness 

(Figure 6.19c), AuC (Figure 6.19e), plexus depth (Figure 6.19g), vessel diameter (Figure 6.19h), 

vessel density (Figure 6.19i), and SRR (Figure 6.19j), revealed statistically significant differences 

(p<0.05) from the cheek and neck. Furthermore, the arms revealed the highest median values for 

hydration (Figure 6.19b, p<0.05 compared to the cheek), AuC, and plexus depth. Additionally, there 
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were differences in the inter-subject variability in several parameters for the different locations, 

such that the vessel density revealed three-fold larger ranges in the results on the facial sites, while 

redness and vessel diameter revealed 50% larger ranges. The plexus depth was observed to be 

shallower on the facial sites with the results revealing 30% higher median values for the arms.  

The cheek demonstrated the highest median values for 6 of the 10 parameters, namely TEWL, 

Redness, SID (Figure 6.19d), Vessel diameter, Vessel density, and SRR (p<0.05 compared to the 

arms). In addition, large inter-subject variability was observed on the cheek for AuC and SRR, such 

that the range of values was 2 times and 1.5 times greater than the other sites, respectively.  The 

neck revealed the highest values for the Rq (Figure 6.19f, p<0.05 compared to arms and cheek), 

which was approximately 1.5 times greater than the medians from the other sites. Furthermore, 

TEWL revealed a high degree of inter-subject variability such that the range of values was almost 2-

fold greater than the other sites. In addition to the Rq, results from the cheek and neck 

demonstrated statistically significant differences for the SID and SRR. In both cases, the cheek 

revealed larger variability between participants.   

Values of the medians, ranges, and outliers have been detailed in the following sections.  
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Figure 6.19 Baseline characteristics for all anatomical locations for (a) TEWL, (b) Hydration, (c) 

Redness, (d) SID, (e) AuC, (f) Rq, (g) Plexus depth, (h) Vessel diameter, (i) Vessel 

Density, (j) SRR. Outlier values are indicated, as are statistically significant differences 

between groups using the Wilcoxon test (* p<0.05).   
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6.3.2 Temporal response for each anatomical site 

For the temporal effect of the mechanical stimuli on each site, the p-values from the Friedman test 

are summarised in Table 6.4. Furthermore, the results from the Long and Short Beards on the cheek 

and neck have been investigated independently to explore the influence of beard length for each 

skin parameter.  

Table 6.4 P-values from the Friedman Test investigating the influence of time on each location for 

the selected parameters. p<0.05 has been highlighted in yellow. Arm_Sh and Arm_TS 

refer to the shaving and tape stripping stimulus on the each arm, respectively.  

Parameter 
Arm_Sh Arm_TS 

Cheek_ 
Long 

Beard 

Cheek_ 
Short 
Beard 

Neck_  
Long 

Beard 

Neck_  
Short 
Beard 

(n=7) (n=7) (n=10) (n=9) (n=10) (n=9) 

TEWL* 0.080 <0.001 
0.013  
(n=9) 

0.030  
(n=8) 

0.002  
(n=9) 

0.002  
(n=8) 

Hydration 0.100 0.020 0.001 0.003 0.001 0.001 

Redness 0.060 0.002 <0.001 <0.001 <0.001 0.001 

SID 0.010 0.004 0.025 0.097 0.002 0.016 

AuC 0.060 0.008 0.082 0.062 0.002 0.032 

Rq 0.200 0.010 0.741 0.368 0.670 0.368 

Plexus Depth 0.454 0.013 0.407 0.013 0.001 0.002 

Vessel Diameter 0.014 <0.001 0.009 0.001 0.207 0.025 

Vessel Density 0.096 0.007 0.082 0.004 <0.001 <0.001 

SRR 0.189 0.002 0.407 0.256 0.076 0.002 

*Sample size for TEWL measurements were different than that noted in the column headers due to 

malfunctioning of the probe for one participant. 

 

Tape stripping revealed statistically significant temporal effects on the arm for all 10 skin 

parameters (p<0.05). Conversely, the only significant changes on the shaving arm were for SID and 

Vessel Diameter parameters (p<0.05). Smaller changes were observed in TEWL, redness, and AuC, 

which were all close to statistical significance (p≤0.082).  
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For the cheek and neck, the shaving stimuli revealed statistically significant temporal effects for 

TEWL, hydration, and redness, whereas the Rq demonstrated smaller changes. The Plexus Depth 

and Vessel Density showed statistically significant changes in most cases, excluding the Cheek_Long 

Beard, where the temporal trend for Vessel Density was approaching statistical significance 

(p=0.082). Additionally, SID and Vessel Diameter also revealed statistically significant temporal 

trends for most cases, excluding the SID for the Cheek_Short Beard (p=0.097) and Vessel Density 

for the Neck_Long Beard (p=0.207). The AuC revealed distinct temporal trends based on the 

anatomical location such that the results for the neck were statistically significant. However, those 

for the cheek were approaching significant values (p≤0.082). Similarly, the SRR also demonstrated 

distinct trends based on the anatomical locations, where the results for the Neck_Short Beard 

revealed statistically significant temporal trends (p=0.002), whereas those for the cheek revealed 

smaller changes such that the differences were not statistically significant (p=0.407 for Long Beard 

and p=0.256 for Short Beard).  

 

6.3.2.1 Shaving on the arm 

The temporal effect of shaving on the arm is illustrated for each parameter in Figure 6.20. For TEWL 

(Figure 6.20a), at baseline (BL) the results were clustered around normative values, ranging from 

5.78 g/m2h to 13.15 g/m2h, with a median of 7.54 g/m2h. The first shaving stimulus and subsequent 

recovery did not reveal remarkable changes in the TEWL values. An exception to this trend was P9, 

who was an outlier with a value of 29.26 g/m2h at S1+24h. A significant increase (p=0.035) in TEWL 

values was observed after the second shaving stimulus (S2+0.3h), where the relative change 

between the participants varied as the values ranged from 7.01 g/m2h to 25.29 g/m2h, while the 

median demonstrated an increase of 2.12 g/m2h. Additionally, P7 was observed as a outlier with 

TEWL equal to 32.92 g/m2h. Subsequently, the cohort revealed partial recovery after 24 hours 

(S2+24h) as the values ranged from 6.92 g/m2h to 14.03 g/m2h but the median remained 

significantly elevated from baseline (median=10.28 g/m2h, p=0.033).  

For hydration (Figure 6.20b), a considerable variation in values was evident between participants 

at baseline, where the results ranged from 22.0 a.u. to 64.3 a.u. with a median of 42.7 a.u. However, 

following the first shaving stimulus, a statistically significant increase (p=0.014) in values was 

observed (median: 51.2 a.u., range: 37.0 a.u. to 65.6 a.u.). At 24 hours post stimulus, the group 

characteristics remained similarly elevated from basal values (p=0.041). Following the second 

shaving stimulus, the results continued to demonstrate an increase (median: 53.6 a.u., range: 43.1 

a.u. to 68.9 a.u.), which was statistically significant (p=0.006) compared to baseline. By contrast, at 
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24 hours post second stimulus, there was some recovery in hydration values where the differences 

to baseline were no statistically significant (p>0.05).  

For redness (Figure 6.20c), the basal values ranged from 9.3 a.u. to 21.0 a.u., with a median of 14.4 

a.u. Furthermore, P4 was noted as an outlier with the redness value of 25.8 a.u, demonstrating 

highest basal redness values in the cohort. Overall, there were only a few remarkable changes in 

the results following the shaving stimuli. After the first insult, there was a statistically significant 

(p=0.025) increasing trend in the results such that the values ranged from 9.9 a.u. to 25.8 a.u., while 

the median demonstrated an increase of 1 a.u. Subsequent measurements revealed smaller 

changes in results (p>0.05). 

For SID (Figure 6.20d), the results at baseline ranged from 1.32 mm-1 to 1.65 mm-1 with a median 

value of 1.53 mm-1. Following the first shaving stimulus there was a statistically significant increase 

(p=0.025) in SID with the values ranging from 1.40 mm-1 to 1.81 mm-1. After an interval of 24 hours, 

the group demonstrated a return to baseline, with values clustered between 1.46 mm-1 and 1.60 

mm-1 and P9 as an outlier (SID=1.75 mm-1). After the second shaving stimulus, there was a 

significant increase in SID (p=0.006), with the median value equal to 1.65 mm-1 (range: 1.46 mm-1 

to 1.90 mm-1). Subsequently, the group demonstrated recovery characteristics with a statistically 

significant difference from S2+0.3h (p=0.022) where the values ranged between 1.49 mm-1 to 1.55 

mm-1 and P8 was observed as an outlier (SID= 1.74 mm-1). 

For AuC (Figure 6.20e), the baseline values ranged from 13,288 a.u. to 14,586 a.u. with a median of 

13,824 a.u. Overall, there were few remarkable changes in the results following the insults. Notably, 

there was a decrease in AuC after each shaving stimuli, and a return towards baseline at S1+24h. 

However, 24 hours after the second shaving stimulus, the group demonstrated a significant 

increase (p=0.022) from baseline, where the difference in median AuC was estimated as 185 a.u. 

For Rq (Figure 6.20f), the basal values ranged from 10.5 µm to 15.7 µm with a median on 13.3 µm. 

Following the first shaving stimulus, there was statistically significant decrease (p=0.006) in values 

with the median roughness equal to 11.5 µm (range: 7.9 µm to 13.0 µm). 24 hours after the first 

stimulus, the group median continued to decrease to 10.4 µm, which remained statistically lower 

than baseline (p=0.006). However, the trends between participants were different as the values 

ranged from 8.7 µm to 16.5 µm. Following the second shaving stimulus, the Rq remained low with 

the median value equal to 10.9 µm (p=0.006). After 24 hours, a small increase was observed in the 

group characteristics such that the median Rq was equal to 11.1 µm, which was not statistically 

significant when compared to BL.  
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Figure 6.20 Temporal response following shaving on the arm for (a) TEWL, (b) Hydration, (c) 

Redness, (d) SID, (e) AuC, (f) Rq, (g) Plexus depth, (h) Vessel diameter, (i) Vessel Density, (j) SRR. 

Outlier values are indicated, as are statistically significant differences from baseline and 

statistically significant recovery from stimulus using the Wilcoxon test. 
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For plexus depth (Figure 6.20g), the results at baseline ranged from 338 µm to 403 µm with a 

median value of 355 µm. Furthermore, P6 was observed as an outlier with the plexus depth as 290 

µm, indicating the shallowest depth in which basal vascular flow recorded for this cohort. After 

initial shaving, there was a small decrease in the plexus depth (median: 34.3 µm, range: 300 µm to 

394 µm). The plexus depth continued to decrease up to 24 hours post stimulus reaching values that 

were then statistically lower than those at baseline (p=0.011), corresponding to a median change 

of 13 µm (range: 291 µm to 355 µm). After the second shaving stimulus, the plexus depth remained 

low such that the values were still significantly different (p=0.041) from baseline. Here, P7 was 

noted as an outlier with a plexus depth of 245 µm. Partial recovery was observed at 24 hours after 

the second stimulus such that the distribution of values was no longer statistically different from 

baseline (p > 0.05).  

For vessel diameter (Figure 6.20h), the baseline values ranged from 20 µm to 69 µm with a median 

of 45 µm. Overall, there were few remarkable changes in the results in response to the shaving 

insults. There was an increase (p>0.05) in the vessel diameter after each round of shaving where 

the difference in medians from baseline estimated as 5 µm at S1+0.3h and 6 µm at S2+0.3h. 

Furthermore, both recovery periods revealed a decrease (p>0.05) in vessel diameter towards 

baseline.  

For vessel density (Figure 6.20i), the values at baseline ranged from 2.2% to 5.6% with a median of 

3.3%. Over the course of the study there was an incremental increase in vessel density values, 

where 24 hours after the initial stimulus (S1+24) and for both time points after the second stimulus, 

values statistically higher than baseline. During both 24-hour recovery periods, there was a high 

degree of inter-subject variability, evidenced by the wide range between values (range: 2.7% to 

8.9% at S1+24h and 3.0% to 7.7% at S2+24h). In addition, outliers were noted, for example P7 had 

a vessel density equal to 13.9% at S2+0.3h.  

For SRR (Figure 6.20j), the basal values ranged from 1.02 to 1.11 with a median of 1.06. After the 

first shaving stimulus, a statistically significant increase (p=0.02) was observed in the cohort with 

median value of 1.1. After 24 hours, differences in relative trends were observed for individual 

participants, as the results ranged from 1.03 to 1.17 with a median of 1.09. For example, P4 revealed 

a decrease in SRR values from 1.1 at S1+0.3h to 1.03 at S1+24h, while P10 revealed an increase in 

SRR from 1.08 to 1.11, respectively. Following the second shaving stimulus, a small increase 

(p>0.05) in group median value was observed, although there was a high degree of variation 

between participants with values ranging from 1.04 to 1.17. The final time point revealed some 

recovery of values back to baseline, where there was a significant reduction in SRR between 

S2+0.3h and S2+24h (p=0.043).  
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6.3.2.2 Tape stripping on the arm 

The temporal effect of tape stripping on the arm is illustrated for each parameter in Figure 6.21. All 

parameters demonstrated a statistically significant increase in values from baseline following each 

tape stripping insult. Exception to this trend is observed for AuC, Rq, and Plexus depth, where values 

demonstrated a statistically significant decrease following simulation. Results for each parameter 

have been reviewed in detail in the following paragraphs.  

For TEWL (Figure 6.21a), the basal values ranged from 6.63 g/m2h to 13.60 g/m2h with a median of 

9.78 g/m2h. After the first round of tape stripping, there was a statistically significant increase 

(p=0.022) in the values and in the variation between participants such that the median TEWL was 

equal to 12.94 g/m2h (range: 9.48 g/m2h to 29.32 g/m2h). After 24 hours, there was a small increase 

of 2.83 g/m2h in the median, which continued to reveal statistically significant elevation (p=0.009) 

from baseline. Furthermore, a large variation was observed between participants (range: 8.66 

g/m2h to 46.67 g/m2h). After the second round of tape stripping, there was a 6-fold increase in 

median TEWL from BL (p=0.009, median: 60.34 g/m2h). P5 was noted as an outlier, demonstrating 

a smaller increase (TEWL=16.57 g/m2h). Partial recovery was observed at S2+24h for most 

participants as the group demonstrated a decrease (p=0.0035) in values with the median equal to 

39.28 g/m2h, which was 4-fold greater than BL (p=0.009).  

For hydration (Figure 6.21b), the results at baseline ranged from 27.4 a.u. to 66.6 a.u. with a median 

of 42.8 a.u. An increase in values (p=0.008) was observed after the initial tape stripping with median 

hydration equal to 57.7 a.u. After 24 hours, the participants revealed differences in relative trends, 

as the results ranged from 35.4 a.u. to 80.8 a.u indicating a drying effect for some participants. 

However, the median revealed statistically significant differences from BL (p=0.014). After the 

second round of tape stripping, there was a 2-fold increase in values from BL (p=0.006), with median 

hydration equal to 92.2 a.u. Additionally, large variation was observed between individuals as 

results ranged from 29.7 a.u. to 100.6 a.u. Subsequently, recovery characteristics were observed 

for the group as hydration values decreased towards baseline (p>0.05).  

For redness (Figure 6.21c), the basal values ranged from 9.59 a.u. to 17.68 a.u. with a median of 

14.36 a.u. Like that on the other forearm, P4 was noted as an outlier with redness equal to 24.01 

a.u. The results revealed a 40% increase (p=0.006) in the median following the first tape stripping 

stimulus. Subsequently, the group demonstrated initial recovery characteristics after 24 hours as 

the redness values decreased significantly (p=0.008) towards baseline. Following the second tape 

stripping stimulus, the group demonstrated a 50% increase (p=0.006 from BL). In contrast to the 

previous 24 hours interval, the group did not reveal recovery characteristics at S2+24h as the results 
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remained elevated from baseline (p=0.035). However, P5 was noted as a low responding outlier 

with redness equal to 10.06 a.u. 

For SID (Figure 6.21d), the basal values ranged from 1.31 mm-1 to 1.66 mm-1 with a median of 1.47 

mm-1. The first round of tape stripping revealed a significant increase (p=0.006) in SID such that the 

median was equal to 1.65 mm-1 (range: 1.48 mm-1 to 1.84 mm-1). After 24 hours, the group 

demonstrated initial recovery characteristics as the results returned towards baseline (p=0.014 

from S1+0.3h). Following the second round of tape stripping, there was a significant increase 

(p=0.006) in SID again (range: 1.50 mm-1 to 1.87 mm-1). Subsequently, the results returned towards 

baseline (p>0.05 from BL).   

For AuC (Figure 6.21e), the results at baseline ranged from 13,114 a.u. to 14,849 a.u. with a median 

of 13,940 a.u. After the first round of tape stripping, there was a significant decrease (p=0.006) in 

AuC from baseline (median=13,255 a.u.). Following an interval of 24 hours, initial recovery 

characteristics were observed as the AuC demonstrated an increase (p=0.008) which was 

statistically significant from the first stimulus. However, the spread between the values was smaller 

than that observed at baseline as the results ranged from 13,226 a.u. to 14,452 a.u. After the second 

round of tape stripping, the group revealed a decrease (p>0.05) in the AuC (difference in median = 

335 a.u.). Interestingly, after an interval of 24 hours, recovery characteristics were not observed as 

the AuC continued to demonstrate a decrease such that group revealed statistically significant 

differences from baseline (p=0.035).   

For the surface roughness (Figure 6.21f), the basal values ranged from 9.4 µm to 15.8 µm with a 

median of 12.2 µm. After the first stimulus, there was a significant decrease (p=0.006) in values 

such that the median Rq was 9.48 µm (range: 7.1 µm to 12.9 µm). Recovery was not observed after 

24 hours as the Rq remained significantly lower than BL (p=0.006). After the second round of tape 

stripping, the values decreased again (p=0.006), revealing a median Rq of 7.7 µm. Subsequently, 

recovery was not observed after 24 hours as a small increase in Rq was revealed which remained 

significantly lower than basal values (p=0.022). However, two outliers were observed as P5 and P7 

revealed Rq values of 11.88 µm and 4.98 µm at S2+24h.  
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Figure 6.21 Temporal response following tape stripping on the arm for (a) TEWL, (b) Hydration, (c) 

Redness, (d) SID, (e) AuC, (f) Rq, (g) Plexus depth, (h) Vessel diameter, (i) Vessel 

Density, (j) SRR. Outlier values are indicated, as are statistically significant differences 

from baseline and statistically significant recovery from stimulus using the Wilcoxon 

test. 
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For the plexus depth (Figure 6.21g), the values at baseline ranged from 294 µm to 423 µm with a 

median of 355 µm. Following tape stripping, an overall decreasing trend in plexus depth was 

observed. After the initial tape stripping stimulus, there was a statistically significant decrease 

(p=0.006) in values from baseline (median: 343 µm, range: 285 µm to 345 µm). No significant 

changes were observed in the subsequent recovery period. After the second tape stripping 

stimulus, the cohort revealed a significant decrease (p=0.025) from baseline (median: 319 µm, 

range: 256 µm to 363 µm). After 24 hours, the median plexus depth continued to decrease, but did 

not reveal any significant changes due to a large variation within the cohort which ranged from 256 

µm to 385 µm.  

For the vessel diameter (Figure 6.21h), the values at baseline ranged from 22 µm to 68 µm with a 

median of 36 µm. Significant changes in results were observed after each tape stripping stimulus 

where the median values increased by 12 µm at S1+24h (p=0.006) and 25 µm at S2+24h (p=0.011). 

Both recovery periods revealed a decrease (p>0.05) in values towards baseline, however large 

variability was observed between participants at S2+24h (range: 33 µm to 81 µm). 

For the vessel density (Figure 6.21i), the values at baseline ranged from 2.5% to 7.3% with a median 

of 3.2%. Similar to the shaving stimuli on the contralateral arm, there was in incremental increase 

in vessel density such that each time point revealed significantly higher values from baseline. 

Furthermore, partial recovery was observed at S1+24h as the results revealed a significant decrease 

from stimulus (p=0.041). Conversely, the results at S2+24h demonstrated an increase (p=0.035 

from BL) and a high degree of inter-subject variability (range: 3.5% to 21.9%) 

For the SRR (Figure 6.21j), the results at baseline ranged from 0.99 to 1.15 with a median of 1.06. 

Both tape stripping sessions revealed significant increases in values such that the median was 

estimated as 1.15 at S1+0.3h (p=0.006) and 1.16 at S2+0.3h (p=0.006). Furthermore, initial recovery 

was observed at S1+24h as the SRR decreased significantly (p=0.006 from stimulus) where the 

median was similar to baseline (difference in median = 0.01). Conversely, the second recovery 

period revealed a large spread in individuals was observed with results ranging from 1.04 to 1.18. 

 

6.3.2.3 Shaving on the Cheek  

The temporal effect of shaving on the cheek for the Long and Short Beard is illustrated for each 

parameter in Figure 6.22. For TEWL (Figure 6.22a), the results at baseline for the Long and Short 

Beards revealed similar medians of 12.38 g/m2h and 14.61 g/m2h, respectively. The shaving 

stimulus demonstrated an increase in TEWL values for both sessions where the difference in 

medians from baseline was estimated as 3.3 g/m2h (p=0.013) for the Long Beard and 8.93 g/m2h 
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(p=0.018) for the Short Beard. Furthermore, the variability between participants also increased as 

the values ranged from 10.39 g/m2h to 29.56 g/m2h and 10.36 g/m2h to 34.51 g/m2h, respectively. 

Both sessions demonstrated recovery characteristics as the TEWL decreased significantly towards 

baseline with the median for the Long Beard session estimated as 13.67 g/m2h and that for the 

Short beard as 12.09 g/m2h (p=0.013 and p=0.021 from stimulus, respectively).  

For hydration (Figure 6.22b), the results at baseline for the Long and Short Beards revealed 

differences in medians with values equal to 34.49 a.u. and 44 a.u., respectively. However, both 

sessions revealed a large variation within the cohort such that the hydration values ranged from 

14.22 a.u. to 42.84 a.u. and 19.04 a.u. to 52.88 a.u., respectively. For the Long Beard session, the 

results demonstrated a statistically significant increase (p=0.006) from baseline with the median 

clustered around 45.85 a.u. No recovery was observed as the group continued to demonstrate 

elevated values (p=0.006) with the median difference from baseline estimated as 13.7 a.u. For the 

Short Beard session, a similar increase (p=0.006) was observed post shaving, with the median 

hydration equal to 53.37. Conversely, however, the recovery period revealed an overall drying 

effect as the values decreased (p=0.013 from stimulus) for most participants (median: 42.34 a.u., 

range: 19.5 a.u. to 58.8 a.u.).  

For redness (Figure 6.22c), the basal values for the Long and Short Beards revealed similar medians 

of 21.77 a.u. and 20.98 a.u., respectively. However, the variability between participants was 

different as the Short Beard session revealed P6 as a low responding outlier (redness=10.29 a.u.). 

Both sessions revealed similar trends in the skin response with statistically significant increases in 

values post shaving where difference in medians from baseline were estimated as 7.6 a.u. (p=0.006) 

and 6.2 a.u. (p=0.008), respectively. Furthermore, both sessions revealed a decrease in values after 

24 hours. However, this difference was significant for the Long Beard session only (p=0.009) when 

compared to baseline.  

For SID (Figure 6.22d), the results at baseline for both sessions revealed medians of 1.81 mm-1. 

Furthermore, there were statistically significant increases in values post shaving as the difference 

in medians from baseline were estimated as 0.15 mm-1 (p=0.032) and 0.08 (p=0.008), respectively. 

Subsequent decrease in SID was observed after 24 hours. For the Long Beard session, this difference 

was statistically significant from baseline (p=0.008) as the results ranged from 1.57 mm-1 to 2.06 

mm-1 with median equal to 1.77 mm-1. Conversely, the Short Beard sessions revealed results ranging 

from 1.64 mm-1  to 1.99 mm-1 and median equal to 1.85 mm-1 (p>0.05). 

For AuC (Figure 6.22e), the results at baseline for Long and Short Beards revealed similar medians 

of 12,602 a.u. and 12,755 a.u., respectively. For both sessions, there was a decrease in AuC 

following the shaving stimulus. However, this difference statistically significant (p=0.008) for the 
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Short Beard session only where the difference in median from baseline was 614 a.u. After 24 hours, 

both sessions revealed an increase in AuC. This difference was significant post stimulus (p=0.025) 

for the Long Beard session only as the difference in median was 748 a.u. Additionally, P8 was noted 

as a low responding outlier in the Short Beard session (AuC=10,393 a.u.).  

For Rq (Figure 6.22f), the results at baseline for both sessions revealed medians of 12 µm. There 

were no significant changes in results post shaving for either of the sessions as the difference in 

medians ranged from 1.3 µm to 1.6 µm throughout the experiment. However, the Short Beard 

session revealed a higher variation in results between participants at S+24h as the values ranged 

from 7.18 µm to 18.16 µm. Furthermore, P5 was noted as a high responding outlier in the Long 

Beard session at S+0.3h (Rq=20 µm).  

For the plexus depth (Figure 6.22g), the results at baseline for Long and Short Beards revealed 

similar medians of 258 µm and 255 µm, respectively. 20 minutes post shaving, there was a decrease 

in the plexus depth for both sessions, with the medians equal to 251 µm and 240 µm, respectively. 

This difference was statistically significant only for the Short Beard session (p=0.014). However, P7 

was noted as an outlier with a plexus depth of only 133 µm for the Long Beard session, while the 

Short Beard session did not reveal any outliers as results ranged from 133 µm to 278 µm. After 24 

hours, the group values were clustered around the medians which were equal to 255 µm and 262 

µm, respectively. Furthermore, these differences were statistically significant for the Short Beard 

session when compared to the stimulus (p=0.018), indicating recovery in characteristics.  

For the vessel diameter (Figure 6.22h), the results at baseline for the Long and Short Beards 

revealed medians of 66 µm and 55 µm respectively. For both sessions, similar trends in results were 

observed as the vessel diameter increased significantly post stimulus where the difference in 

medians from baseline was 7 µm (p=0.006) and 15 µm (p=0.009) respectively. However, the 

variability between participants was different for the sessions, with the values for the Long Beard 

sessions ranging from 64 µm to 97 µm and those for the Short Beard from 50 µm to 106 µm. 

Subsequent recovery revealed a decrease in vessel diameters, however only the Short Beard group 

demonstrated statistically significant recovery from stimulus (p=0.009) with median vessel 

diameter estimated as 63 µm.  
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Figure 6.22 Temporal response following shaving on the cheek for (a) TEWL, (b) Hydration, (c) 

Redness, (d) SID, (e) AuC, (f) Rq, (g) Plexus depth, (h) Vessel diameter, (i) Vessel 

Density, (j) SRR.. Outlier values are indicated, as are statistically significant 

differences from baseline and statistically significant recovery from stimulus using 

the Wilcoxon test. 
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For the vessel density (Figure 6.22i), the results at baseline for the Long and Short Beards revealed 

similar medians of 14.3% and 14.2%, respectively. Results from both sessions demonstrated 

significant increases in vessel densities with medians equal to 19.3% (p=0.011) and 21.3% (p=0.006), 

respectively. In both sessions, P7 was observed as an outlier at S+0.3h with vessel density equal to 

41% and 34.8%, respectively. After 24 hours, results from both sessions demonstrated decreasing 

values clustered around the medians which were equal to 17.3% and 14.5%, respectively. However, 

these differences were statistically significant for the Short Beard session (p=0.018), indicating 

some recovery characteristics.   

For the SRR (Figure 6.22j), the values at baseline for the Long and Short Beards revealed similar 

medians of 1.17 and 1.15, respectively. There were no significant changes in SRR for either session 

in response to shaving where the median values ranged from 0 to 0.04 throughout the experiments.  

However, the variability between participants revealed values ranging from 1.04 to 1.25 for the 

Long Beard session and 1.07 to 1.38 for the Short Beard session.  

 

6.3.2.4 Shaving on the Neck  

For TEWL (Figure 6.23a), the results at baseline for the Long and Short Beards revealed similar 

medians of 11.32 g/m2h and 11.86 g/m2h, respectively. Both sessions revealed an increase in TEWL 

in response to shaving as there was an approximately 4-fold (p=0.009) and 3.5-fold (p=0.009) 

increase from baseline, respectively. Furthermore, there was large variability between participants 

in both sessions as the results ranged from 12.74 g/m2h to 91.88 g/m2h and 17.33 g/m2h to 73.44 

g/m2h, respectively. Subsequently, recovery characteristics were observed as both sessions 

demonstrated significant decrease in results with median TEWL estimated as 15.64 g/m2h and 

15.72 g/m2h (p=0.013 and p=0.014 form stimulus, respectively). Additionally, P10 is noted as an 

outlier at S+24h for the Bong Beard with a TEWL value of 36.89 g/m2h.  

For hydration (Figure 6.23b), the results at baseline for the Long and Short Beards revealed medians 

estimated as 33.3 a.u. and 45.8 a.u., respectively. Both sessions revealed a large variation within 

the cohort at baseline such that the hydration values ranged from 21.3 a.u. to 56.9 a.u. and 28.0 

a.u. to 64.2 a.u., respectively. Following mechanical stimulation, the results revealed significant 

increases in values from baseline such that the medians were estimated as 48.0 a.u. (p=0.006) and 

60.7 a.u. (p=0.009), respectively. However, the results were skewed for the Long Beard sessions as 

values ranged from 39.78 a.u. to 83.84 a.u. Additionally, the Short Beard session revealed values 

ranging from 28.4 a.u. to 82.9 a.u. After the recovery period, results from both sessions 
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demonstrated recovery characteristics as the hydration values decreased significantly towards 

baseline with median equal to 41.2 a.u. (p=0.014) and 33.5 a.u. (p=0.009), respectively.  

For redness (Figure 6.23c), the results at baseline for the Long and Short Beards revealed median 

values equal to 16.56 a.u. and 18.18 a.u., respectively. The variability between participants was 

different for the sessions as P4 was observed as an outlier for the Short Beard session only. 

Following the shaving stimulus, both sessions revealed a significant increase (p=0.006 for both) in 

redness such that there was an approximately 2-fold increase in the medians. However, there were 

differences in the spread between participants as the results for the Long Beard session ranged 

from 23.32 a.u. to 51.61 a.u., and those for the Short Beard ranged from 19.07 a.u. to 42.93 a.u. 

After 24 hours, both groups demonstrated a statistically significant decrease in redness with 

medians equal to 21.46 a.u. and 26.14 (p=0.009 and p=0.013 from stimulus, respectively). However, 

these differences were significantly elevated when compared to baseline (p=0.009 and p=0.018, 

respectively), indicating that recovery was not achieved.  

For SID (Figure 6.23d), the results at baseline for the Long and Short Beards revealed median values 

equal to 1.56 mm-1 and 1.58 mm-1, respectively. For both sessions, there was a significant increase 

(p=0.008 for both) in SID post shaving as the difference in medians from baseline was 0.16 mm-1 

and 0.12 mm-1, respectively. Furthermore, recovery characteristics were observed in both sessions 

as the SID values demonstrated statistically significant decreases after 24 hours (p=0.006 and 

p=0.013, respectively). However, the Short Beard group consistently revealed larger variations in 

the results when compared to the Long Beard group. For example, at 20 minutes post stimulus, the 

results for the Long Beard session ranged from 1.61 mm-1 to 1.78 mm-1, whereas those for the Short 

Beard session ranged from 1.51 mm-1  to 1.91 mm-1 . Additionally, P5 was noted as a low responding 

outlier for the Long Beard group at 24h post stimulus, with SID equal to 1.43 mm-1.   
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Figure 6.23 Temporal response following shaving on the neck for (a) TEWL, (b) Hydration, (c) 

Redness, (d) SID, (e) AuC, (f) Rq, (g) Plexus depth, (h) Vessel diameter, (i) Vessel 

Density, (j) SRR. Outlier values are indicated, as are statistically significant differences 

from baseline and statistically significant recovery from stimulus using the Wilcoxon 

test. 
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For AuC (Figure 6.23e), the results at baseline for the Long and Short Beards revealed medians of 

13,004 a.u. and 12,899 a.u., respectively. However, the variability between the participants differed 

as the results for the Long Beard session ranged from 12,256 a.u. to 13,684 a.u. while P9 was a low 

responding outlier with AuC equal to 11,182 a.u. The Short beard session revealed a larger range in 

results with values spread from 11,036 a.u. to 13,467 a.u. Following the shaving stimulus, both 

sessions revealed a significant decrease in AuC such that the difference from baseline was 

estimated as 1,204 a.u. (p=0.006) and 1,227 a.u. (p=0.008), respectively. After 24 hours, both 

sessions demonstrated an increase in values towards baseline where only the Long Beard session 

revealed a significant increase (median=13,215 a.u., p=0.008).  

For Rq (Figure 6.23f), the results at baseline for the Long and Short Beards revealed medians of 21 

µm. However, the spread between participants was different as the results for the Long Beard 

session ranged from 14 µm to 25 µm, and those for the Short Beard session ranged from 18 µm to 

26 µm. No significant changes in Rq were observed in response to shaving for either of the sessions. 

Notably, P8 was revealed as a low responding outlier at S+0.3h for the Short Beard (Rq=16.95 µm), 

where the group median was 21.34 µm. Subsequent recovery periods demonstrated distinct 

differences in trends as the Long Beard session revealed a decrease in Rq (median: 21.46 µm, range: 

14.0 µm to 26.6 µm, p>0.05) while the Short Beard session revealed an increase (median: 35.72 

µm, range: 17.0 µm to 25.3 µm, p>0.05).  

For the plexus depth (Figure 6.23g), the results at baseline for the Long and Short Beards revealed 

medians equal to 279 µm and 275 µm, respectively. After shaving there was a statistically significant 

decrease in the plexus depth for both sessions, such that the medians were 217 µm (p=0.006) and 

222 µm (p=0.006) when compared to baseline. However, the Short Beard session revealed a larger 

variability between participants such that the range in values was two-fold greater than that for the 

Long Beard. Following an interval of 24 hours, both sessions revealed some recovery characteristics 

which was statistically significant only for the Long Beard session (median: 260 µm, p=0.009 from 

stimulus). The Short Beard session demonstrated statistically significant differences from baseline 

(p=0.018) with P7 as a low responding outlier (plexus depth=107 µm).  

For the vessel diameter (Figure 6.23h), the results at baseline for the Long and Short Beards 

revealed medians of 62 µm and 56 µm, respectively. Following the shaving stimulus, there was an 

increase in the vessel diameter for both sessions, with the Short Beard results revealing statistically 

significant elevation (p=0.009) from baseline with difference in medians estimated as 32 µm. 

However, the Long Beard group revealed a median difference of 17 µm from baseline with P2 

(vessel diameter=136 µm) and P8 (vessel diameter=36 µm) demonstrating high and low outlier 

values, respectively. After 24 hours, an overall decrease in vessel diameter was observed for both 
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sessions. However, large variability was observed as results ranged from 53 µm to 135 µm for the 

Long Beard and 45 µm to 131 µm for the Short Beard.  

For the vessel density (Figure 6.23i), the basal values for the Long and Short Beards revealed median 

values of 11.1%. and 13.6%, respectively. Following the shaving stimulus, both sessions revealed 

statistically significant increases (p=0.006 for both) such that the medians were approximately 3-

fold greater. Subsequent recovery was observed for the Long Beard group as the results revealed a 

statistically significant decrease (p=0.006) in vessel density from stimulus where the median was 

estimated as 19.0%. Similarly, the Short Beard group also revealed a statistically significant decrease 

(p=0.009) in values from stimulus, although these results were still significantly elevated (p=0.009) 

from baseline. Furthermore, P5 was observed as a low responding outlier with the vessel density 

decreasing to 9.6%. 

For the SRR (Figure 6.23j), the values at baseline for the Long and Short Beards revealed medians 

of 1.03 for both. However, the two sessions demonstrated differences in variability between 

participants as the values ranged from 0.95 to 1.09 and 0.90 to 1.05, respectively. Furthermore, P8 

was noted as a high responding outlier in the Short Beard session with SRR equal to 1.19. Following 

the shaving stimulus, both sessions demonstrated significant increases (p=0.011 and p=0.006, 

respectively) in group characteristics such that the medians revealed 100% increase from baseline.  

Additionally, the Short Beard session demonstrated a larger spread between participants with the 

values ranging from 1.02 to 1.35. Following an interval of 24 hours, both sessions demonstrated a 

decrease in SRR with medians estimated as 1.02 (p=0.038) and 1.11 (p>0.05), respectively. 

However, recovery characteristics were not observed for the Short Beard as the results remained 

significantly elevated from baseline (p=0.013). Conversely, the difference in medians for the Long 

Beard were smaller (p>0.05) with P10 observed as an outlier (SRR=1.23). 

 

6.3.3 Biochemical markers 

As noted in Section 6.2.5, results for P5 and P7 are limited to IL-1α, IL-1RA, and IFN-γ. In addition, 

P9 was not available for the S+24h measurement for the Short Beard session. Also, there was an 

error in the extraction of cytokines for P6 at S+0.3h on the cheek, P6 at S+24h on the neck, and P10 

at BL on the neck, and consequently no results were found. Furthermore, the IL-6 values for P1 on 

the cheek and the TNF-α values on the neck for P2 at S+24h and P4 at BL were below for detection 

limits, yielding erroneous results.  
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For all the biomarkers in the panel, the temporal response to shaving on the cheek has been 

illustrated in Figure 6.24. For IL-1α (Figure 6.24a), the basal values ranged from 33 pg/mL to 469 

pg/mL, with a median of 145 pg/mL. However, P7 was observed as a high responding outlier with a 

basal value of 782 pg/mL. After the shaving stimulus, there was a statistically significant increase 

(p=0.009) in the IL-1α concentration, such that the median was more than two-fold greater. 

Furthermore, a large spread was observed between participants as the values ranged from 157 

pg/mL to 1,418 pg/mL. After 24 hours, the group demonstrated a return towards baseline as the 

results revealed a statistically significant decrease (p=0.014) in the parameter, with the median 

estimated as 149 pg/mL. 

For IL-1RA (Figure 6.24b), the results at baseline ranged from 485 pg/mL to 3,210 pg/mL, with a 

median of 1,732 pg/mL. Like the results for IL-1aplha, P7 was noted as an outlier with the basal IL-

1RA concentration of 6,945 pg/mL. After shaving there was a statistically significant upregulation 

(p=0.009) in the IL-1RA concentration with a two-fold increase in the median. This trend was also 

observed for P7, again an outlier for this group with the IL-1RA concentration estimated as 15,802 

pg/mL. After 24 hours, recovery characteristics were observed as there was a statistically significant 

decrease (p=0.042) in the parameter, such that the group median was revealed as 2,631 pg/mL with 

values ranging from 362 pg/mL to 3,424 pg/mL.  

For IL-6 (Figure 6.24c), the baseline values ranged from 0.16 pg/mL to 0.64 pg/mL, with a median 

of 0.24 pg/mL. Following the shaving stimulus, there was an increase (p>0.05) in the cytokine 

concentration (median: 0.48 pg/mL, range:  0.25 pg/mL to 0.83 pg/mL). After 24 hours, the group 

demonstrated a decrease in the IL-6 concentration such that the median was 0.27 pg/mL and results 

ranged from 0.15 pg/mL to 0.43 pg/mL. For all the measurement times, P8 was noted as a 

consistent outlier. However, a similar temporal trend for P8 was observed with the basal value of 

0.64 pg/mL, post stimulus value of 3.54 pg/mL, and recovery value of 0.88 pg/mL.  

For IL-8 (Figure 6.24d), the basal values ranged from 0.36 pg/mL to 2.15 pg/mL with a median of 

1.57 pg/mL. After the shaving stimulus, there was an increase (p>0.05) in the concentration and 

spread between participants such that the results ranged from 0.62 pg/mL to 16.21 pg/mL with a 

median of 3.08 pg/mL. After 24 hours, most of the group demonstrated a decrease in the IL-8 

concentration, which was 2.5-fold greater (p=0.052) than baseline. However, P10 demonstrated an 

increase in the cytokine with the IL-8 concentration estimated as 22.45 pg/mL.  

For IFN-γ (Figure 6.24e), the results at baseline ranged from 3.20 pg/mL to 11.52 pg/mL with a 

median of 5.85 pg/mL. Here, P2 was noted as an outlier with the IFN- γ concentration estimated as 

87 pg/mL. Following the shaving stimulus, the group demonstrated a statistically significant 

increase (p=0.009) in the IFN- γ concentration such that the group median was 2.5 times greater. 
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Again, P2 was noted as an outlier, with the cytokine concentration of 257 pg/mL. After 24 hours, 

the group demonstrated recovery as there was a statistically significant decrease (p=0.014) in 

results with values returning to baseline (median: 5.99 pg/mL, range: 2.55 pg/mL to 11.31 pg/mL).  

For TNF-α (Figure 6.24f), the results at baseline ranged from 0.45 pg/mL to 1.55 pg/mL with a 

median of 0.84 pg/mL. Additionally, P2 was noted as an outlier with the result estimated as 13.5 

pg/mL. No significant changes were observed in the TNF-α concentration in response to shaving. At 

S+0.3h, there was an increase (p>0.05) in the group characteristics such that the values ranged from 

0.69 pg/mL to 3.68 pg/mL with a median of 1.31 pg/mL. After an interval of 24 hours, the group 

demonstrated a decrease in the parameter such that the results ranged from 0.34 pg/mL to 1.65 

pg/mL with a median of 0.69 pg/mL. 
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Figure 6.24 Temporal response following shaving on the cheek for the Short Beard for (a) IL-1α, 

(b) IL-1RA, (c) IL-6, (d) IL-8, (e) IFN-γ, (f) TNF-α. Sample sizes and outlier values are indicated, as 

are statistically significant differences from baseline and statistically significant recovery from 

stimulus using the Wilcoxon test. 
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The temporal response to shaving on the neck has been illustrated in Figure 6.25. For IL-1α (Figure 

6.25a), the basal values ranged from 127 pg/mL to 993.71 pg/mL with a median of 257 pg/mL. After 

the shaving stimulus, there was a statistically significant increase (p=0.009) in the IL-1α 

concentration, such that the median was 3-fold greater. Furthermore, a large spread was observed 

between participants as the values ranged from 282 pg/mL to 2,635 pg/mL. After 24, the group 

demonstrated a decrease towards baseline as the results revealed a statistically significant 

decrease (p=0.014) in the parameter, with a median estimated as 225 pg/mL. Consistently, P7 was 

noted as an outlier with a basal value of 5,492 pg/mL, a post stimulus value of 6,545.37 pg/mL, and 

a recovery value of 2,835.62 pg/mL.  

For IL-1RA (Figure 6.25b), the results at baseline ranged from 255 pg/mL to 2,090 pg/mL, with a 

median of 1,329 pg/mL. Following the shaving stimulus, there was a statistically significant increase 

(p=0.009) in with the median revealing a 2.5-fold greater value. After 24 hours, recovery 

characteristics were observed as there was a statistically significant decrease (p=0.014), such that 

the group median was revealed as 1,172 pg/mL. Similar to the results for IL-1aplha, P7 was 

consistently noted as an outlier with the basal IL-1RA concentration of 14,985 pg/mL, post stimulus 

value of 19,219 pg/mL, and a recovery value of 16,928 pg/mL.  

For IL-6 (Figure 6.25c), the baseline values ranged from 0.13 pg/mL to 0.34 pg/mL with a median of 

0.27 pg/mL. After shaving there was a two-fold statistically significant increase (p=0.014) in the 

cytokine concentration such that the values ranged from 0.35 pg/mL to 1.17 pg/mL. After 24 hours, 

the group demonstrated a statistically significant decrease (p=0.052) in the IL-6 concentration such 

that the values returned to baseline (median: 0.26 pg/mL range: 0.18 pg/mL to 0.41 pg/mL). 

Furthermore, P8 was noted as an outlier with a value of 0.96 pg/mL.  

For IL-8 (Figure 6.25d), the basal values ranged from 1.10 pg/mL to 6.90 pg/mL with a median of 

1.33 pg/mL. Furthermore, P6 was observed as an outlier with the IL-8 value estimated as 18.49 

pg/mL. Following the shaving stimulus, there was a seven-fold statistically significant increase 

(p=0.030) in the concentration such that the results ranged from 1.23 pg/mL to 29.94 pg/mL. After 

24 hours, most of the group demonstrated a decrease in the IL-8 concentration, which did not 

achieve statistical significance. However, P8 demonstrated an increase in the cytokine with the IL-

8 concentration estimated as 187 pg/mL.  

For IFN-γ (Figure 6.25e), the results at baseline ranged from 2.86 pg/mL to 15.39 pg/mL with a 

median of 7.62 pg/mL. Following the shaving stimulus, the group demonstrated a statistically 

significant increase (p=0.009) in the IFN-γ concentration such that the group median was two-fold 

greater. Here, P7 was noted as an outlier, with the cytokine value of 61.11 pg/mL. After 24 hours, 

the group demonstrated recovery as a statistically significant decrease (p=0.024) in characteristics 
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was observed (median= 6.20 pg/mL). Again, P7 was noted as an outlier with the IFN-γ concentration 

of 41.58 pg/mL.  

For TNF-α (Figure 6.25f), the results at baseline ranged from 0.12 pg/mL to 0.53 pg/mL with a 

median of 0.20 pg/mL. Additionally, P6 was noted as an outlier with the TNF-α concentration 

estimated as 6.57 pg/mL. Following the shaving stimulus, there was an increase (p>0.05) in the 

cytokine concentration such that the values ranged from 0.95 pg/mL to 2.20 pg/mL and a median 

of 1.55 pg/mL. However, P8 demonstrated a larger increase as the result was estimated as 60 

pg/mL. After an interval of 24 hours, most of the group demonstrated a statistically significant 

decrease (p=0.036) in the parameter such that the median was estimated as 0.40 pg/mL. However, 

there was a large spread between the participants as the results ranged from 0.23 pg/mL to 8.43 

pg/mL. Again, P8 revealed an outlier value of 32 pg/mL, demonstrating a decrease in the parameter 

after 24 hours.  
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Figure 6.25 Temporal response following shaving on the neck for the Short Beard for (a) IL-1α, (b) 

IL-1RA, (c) IL-6, (d) IL-8, (e) IFN-γ, (f) TNF-α.  Sample sizes and outlier values are 

indicated, as are statistically significant differences from baseline and statistically 

significant recovery from stimulus using the Wilcoxon test. 
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6.4 Discussion  

The present study explored the spatial and temporal changes in skin tissue response with respect 

to shaving. Addressing limitations of the previous consumer study (Section 4.4), the stimulus was 

successfully modified to elicit a change in the structure and function of local skin tissues by 

increasing the duration of the shaving stimulus from 30 s to 60 s. Furthermore, a new OCT system 

with dynamic-imaging capabilities was employed for characterisation of blood perfusion. This was 

integrated into an enhanced array of measurements, which were successfully implemented for the 

objective assessment of skin. This chapter provides novel data to evaluate the morphological and 

physiological skin response to shaving, giving a unique perspective on skin response to mechanical 

stimulation. For example, it was found that the neck skin was significantly rougher than the cheek 

skin. Additionally, post shaving, biomarkers such as IL-1α, IL-1RA, and IL-8 revealed >2 fold increase 

in concentration at both sites. However, as the study was conducted with 10 participants only, the 

findings should be considered preliminary pending further evaluation on larger cohorts.   

Clinical usability of the parameters was evaluated for the newly developed OCT-skin parameters 

(Section 3.3) and compared against those obtained from the commercially available Vivosight 

system (Section 6.2.3), revealing equivalence for SID and OAC. In contrast, the roughness estimation 

from the two methods revealed large differences in the magnitude of the corresponding results 

(Figure 6.15). The underlying reason for these differences may be associated with the estimation of 

the true skin surface, in particular the tracking of hair which is particularly challenging over facial 

sites of the cheek and neck. Furthermore, similar to the limitation in Chapter 5 (Section 5.2.1), both 

methods failed to detect the epidermal thickness in a large number of scans from the cheek and 

neck. This has been associated with the undulating nature of dermal-epidermal junction, as 

discussed in Section 5.4. Alternatively, the AuC was estimated from the OCT scans in the present 

study, which demonstrated significant spatial and temporal trends in results. However, as the 

intensity values exported from Vivosight OCT scans were scaled to arbitrary units, the subsequent 

AuC parameter has been presented in a.u. This contrasts with the results from Chapter 5, where 

the AuC was estimated in dB*mm. Thus, direct comparison between the values is limited for this 

parameter.  

In addition to the new OCT system, the protocol was modified to estimate redness of the skin 

surface using macroscopic photographs. Interestingly, the redness response did not reveal recovery 

characteristics in most cases following the mechanical stimulation. This finding is considered 

important in the present research as the perception of enhanced skin sensitivity is largely driven by 

the subjective assessment of skin appearance where skin is regarded as sensitive when it is more 

red in colour (Seidenari et al. 1998; Farage and Maibach 2010). Furthermore, the protocol included 
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chemical analysis of sebum as studies exploring characteristics of sensitive skin have reported 

differences in post-insult biochemistry of SS individuals ( Richters et al. 2016; Raj et al. 2017; Yatagai 

et al. 2018). Remarkably, the results revealed significant increases for the inflammatory biomarkers 

post shavings, with some also demonstrating upregulation after 24 hours. This is the first time an 

optimised non-invasive biomarker approach has been used in the context of skin shaving, providing 

unique insight into the inflammatory cascade of the local tissue.  

 

Dynamic-imaging for skin characterisation  

Dynamic-imaging was specifically included in this study as cutaneous blood flow (CBF) parameters 

allowed examination of the multifactorial nature of enhanced skin sensitivity (Lammintausta et al. 

1988; Diogo and Papoila 2010). In particular, it is not currently known how the local microvascular 

structures in the dermis in response to mechanical stimuli and the dynamic OCT offers the potential 

for a novel evaluation of changes in local blood flow. In the present study, the CBF parameters 

demonstrated distinct spatial differences such that the magnitude of values for the Vessel Diameter 

and Vessel Density were smaller on the forearms than on the cheek/neck at baseline (Figure 6.19) 

and in response to the mechanical stimuli (Figure 6.20 - Figure 6.23). Conversely, the Plexus Depth 

on the forearms was higher when compared to the cheek/neck, indicating that the vasculature on 

the facial sites is more superficial and denser than on the forearm. These results also indicate that 

the forearm is not be a suitable proxy for the cheek/neck when investigating skin parameters. This 

finding may be of interest for future research, specifically in the development of site-specific 

products.    

Conversely, the CBF parameters demonstrated largely overlapping values between the cheek and 

neck skin, demonstrating some equivalence of these facial sites at baseline. However, differences 

were observed in the skin response to shaving. Specifically, the Plexus Depth and Vessel Density 

(Figure 6.23 g, i) did not demonstrate complete recovery on the neck in the Short Beard session as 

the results were significantly different from those at baseline. By contrast, the results from the 

cheek demonstrated overlapping values between baseline and recovery. No directly comparative 

studies were found in literature to corroborate this finding. One study (Marrakchi and Maibach 

2007) examined the basal blood flow in skin tissue on several facial sites using Laser Doppler 

Flowmetry and, similar to the presented results, did not reveal any statistically significant 

differences between the cheek and neck. Another study (Wang et al. 2015) investigated the 

changes in CBF on the finger following tape stripping using Optical Microangiography (OMAG), 

revealing significantly increased blood flow at 1-minute post stimulus which recovered after 15 

minutes. The results found in this study suggest that there is a distinct hyperaemic response in the 
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local tissues following mechanical stimulus, where superficial microvascular vessels become 

perfused as part of a physiological reaction to the load. This could be associated with local damage 

to the epidermal and dermal tissues, where blood can transport platelets and leukocytes to 

facilitate coordinated and cooperative activities in normal healing that limit acute inflammation and 

trigger tissue repair. Consequently, it is likely that despite similarities in basal characteristics, there 

may be differences in the skin tissue response to stimuli. Indeed, such vascular response have been 

investigated in the context of the overall skin function, revealing dynamic oscillation of blood flow 

in response to external stress (Bertuglia et al. 2000; Rossi and Carpi 2004). However, additional 

research investigating the vasculature of facial skin is needed to understand the differences in the 

skin response to mechanical stimuli such as shaving. As such, dynamic-imaging and its functional 

adaptations are promising techniques in the exploration of enhanced skin sensitivity. Preliminary 

analysis of the presented CBF parameters and associations with intrinsic and extrinsic factors 

related to SS have been included in Chapter 7.   

 

Shaving on the cheek and neck  

The shaving stimulus included in the present study elicited statistically significant changes from 

baseline for most of the measured skin parameters on the cheek and neck (Figure 6.22 and Figure 

6.23). However, the ratio in values with respect to baseline demonstrated larger differences on the 

neck than on the cheek (Table 6.5). Specifically, with respect to TEWL, the post stimulus values on 

the neck were twice as large as those on the cheek. Indeed, it is widely reported that mechanical 

stimulation in the form of tape stripping results in an increase in TEWL, explained by the 

compromise of the functional integrity of the stratum corneum (Bashir et al. 2001; Gao et al. 2013; 

Gorcea et al. 2019). However, as the functional difference between the skin on cheek and neck 

remains unclear, the anatomical variations in the TEWL response in the present study implicates 

the interaction of the stimulus with the skin surface. It is possible that the density and direction of 

beard hair varied between the two sites leading to differences in the subsequent skin tissue 

response. Reportedly, the neck skin is more rough than the cheek and the hair has a lower emerging 

angle which leads to a higher chance of ingrown hairs (Maurer et al. 2016). These factors may 

contribute to the stimulus introduced in the present study where participants were requested to 

shave in a small area for 60 seconds. These parameters have been explored and discussed further 

in Chapter 7. There may also be differences in the pre-conditioning of these skin sites, with cheek 

skin exposed to environmental challenges (UV, wind, rain) more frequently than the neck site. This 

may alter the tolerance to external stimuli.  
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With respect to hydration, the cheek and neck skin revealed similar increase in values post stimulus, 

corroborated by studies investigating the temporal influence of tape stripping (Loffler et al. 2004; 

Richters et al. 2016). Interestingly, larger differences from baseline were observed in the Long Beard 

session. As the accuracy of results for hydration estimation using the Corneometer depends on the 

contact area between the probe and skin surface (Berardesca et al. 1997), it can be assumed that 

these basal values may not reflect the true skin hydration status on the facial sites because all 

participants had a 72-hour long beard which prevented sufficient skin contact. Consequently, the 

post shaving values may reveal larger differences from baseline due to the improved contact.  

Furthermore, redness revealed larger differences on the neck from baseline even after the recovery 

period. Indeed, other studies have also reported an increase in redness values post shaving (Kolbe 

et al. 2006; Cowley et al. 2012), however recovery characteristics were not explored. In the present 

study, redness was estimated by filtering the DSLR images and provided quantification of the visible 

erythema (Section 6.2.4). Thus, it is expected that larger vessel diameters and densities would be 

associated with more redness on the skin surface. However, correlations between the various 

objective parameters remain to be investigated and have been presented in Chapter 7.    

 Table 6.5 Median ratio in values from baseline. Highlighted cells represent a ratio greater than 1.3 

(this threshold was arbitrarily selected).  

  Long Beard Short Beard 

  Post stimulus Recovery Post stimulus Recovery 

B
io

p
h

ys
ic

al
 

 Cheek Neck Cheek Neck Cheek Neck Cheek Neck 

TEWL 1.3 2.8 1.1 1.2 1.3 3.1 0.9 1.1 

Hydration 1.4 1.5 1.3 1.3 1.2 1.3 1.1 0.9 

Redness 1.2 1.9 1.1 1.2 1.2 1.7 1.0 1.3 

St
ru

ct
u

ra
l 

SID 1.1 1.1 1.0 1.0 1.0 1.1 1.0 1.0 

AuC 1.0 0.9 1.0 1.0 1.0 0.9 1.0 1.0 

Rq 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Plexus Depth 1.0 0.8 1.0 0.9 0.9 0.8 1.0 0.9 

Vessel Diameter 1.2 1.2 1.2 1.1 1.4 1.5 1.3 1.4 

Vessel Density 1.2 2.6 1.2 1.8 1.3 2.4 1.2 1.8 

SRR 1.0 1.1 1.0 1.0 1.0 1.1 1.0 1.1 

B
io

ch
e

m
ic

al
 

IL-1alpha - - - - 2.8 2.2 0.9 0.7 

IL-1RA - - - - 2.5 3.2 1.2 0.8 

IL-6 - - - - 1.8 3.0 1.1 1.2 

IL-8 - - - - 3.7 3.9 3.9 8.9 

IFN gamma - - - - 2.9 1.8 1.0 1.5 

TNF-alpha - - - - 1.5 5.0 0.6 1.4 
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Smaller changes in the temporal response were observed for the non-dynamic structural 

parameters, i.e., SID, AuC, Rq, and SRR. Except for AuC, it was noted that these parameters provided 

distinction between the cheek and neck skin at baseline (Figure 6.19), with the results for the neck 

revealing higher Rq values. Comparisons with literature for skin roughness have been presented in 

Chapter 5 (Table 5.3). In contrast, the cheek revealed higher SID and SRR values. As the scattering 

of the OCT signal is influenced by the presence of micro vessels and structural elements such as 

collagen fibres (Welzel et al. 2003), the results indicate that the neck had a more dense dermis, 

similar to the observations in Chapter 5 with respect to SID and AuC. However, as the SRR estimates 

the relative intensity of the top surface of the skin to that of the dermis, a denser dermis is expected 

to yield lower SRR values (assuming similar intensities for the skin surface). As such, it is unclear 

which component is driving the spatial differences, requiring further investigation. The SRR is 

estimated by the VivoTools software and per the manufacturer, it has not been independently 

validated since its release in November 2021. Optical attenuation of the skin tissue has been studied 

by a few researchers (Olsen et al. 2018), however, trends between the cheek and neck skin remain 

to be investigated.  

For the array of biochemical parameters, all proteins revealed an upregulation in concentrations 

post shaving on both facial sites (ratio from baseline ranging from 1.5 to 5.0; Table 6.5). Indeed, 

such inflammatory response has been reported following various mechanical insults (De Wert et al. 

2015, 2019; Soetens et al. 2019). However, there were large differences in the recovery 

characteristics observed on the cheek and neck. For example, results for IL-8 revealed an increasing 

trend in the recovery period with the cheek skin demonstrating a median ratio of 3.9 from baseline, 

while the neck demonstrated median ratio of 8.9. The authors believe this is a novel finding as the 

magnitude of the results exceeds those observed in literature where different skin sites have been 

examined ( Feldmeyer et al. 2010; Soetens et al. 2019; Abiakam et al. 2023). This may be explained 

by the structural properties of perifollicular skin, which is rich in vasculature, innervation, and cells 

of the innate and adaptive immune system (Maurer et al. 2016). This makes the perifollicular skin 

a highly responsive and inflammatory system. The presented results indicate that a shaving stimulus 

activated this system, resulting in shaving-induced skin irritation. Indeed, subjective responses from 

participants also indicated the perceived discomfort following the stimulus. This has been discussed 

in more detail in Chapter 7.  

With respect to the different sessions, it was hypothesized that the Long Beard session may yield a 

larger skin response than the Short Beard session due to the mechanics of cutting longer hair at the 

skin/device interface. This could have increased the likelihood of shearing forces on the hair 

follicles, creating local damage in the dermis. Indeed, the hair follicle is a sensory organ, and the 

perifollicular skin is highly responsive to external signals including mechanical and thermal 
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stimulation. Alternatively, it was hypothesized, that the Short Beard session may yield a larger skin 

response due to a brief period between the repeated shaving stimuli. As results from the present 

study revealed a larger post stimulus value in the Short Beard session for most parameters with 

many not achieving recovery, it can be suggested that for the present cohort, a repetitive shaving 

stimulus elicited a larger response in the skin than a single shaving stimulus involving a longer beard. 

Further investigation characterising the shaving load have been presented in Chapter 7.  

 

Tape stripping versus shaving on the forearms 

In the present research project, it has been challenging to find comparative studies in literature 

because of the anatomical region of interest (i.e., bearded skin on the cheek and neck) as well as 

the nature of the mechanical stimulus (i.e., electric shaving). Consequently, regarding the nature of 

the stimulus, analysis has been expanded to include studies involving controlled mechanical 

stimulation of skin in the form of tape stripping. Prior research (Rodijk et al. 2016) indicated that 

tape stripping using 8-12 tapes was a suitable model for shaving up to 30 seconds when 

investigating the skin response with Confocal Raman Microscopy. Thus, the protocol developed in 

Chapter 4 aimed to explore associations between tape stripping and shaving with respect to an 

array of skin parameters. However, the study did not reveal significant temporal trends due to the 

magnitude of the stimuli (Section 4.3.2), preventing further analysis. Accordingly, in this chapter, 

the skin response to tape stripping versus shaving was conducted on the forearms, with one arm 

allocated to tape stripping and the contralateral side to shaving. The influence of both stimuli has 

been summarized in Table 6.4, revealing differences in temporal trends in 8/10 parameters. For 

example, hydration revealed smaller changes following the shaving stimulus, while tape stripping 

demonstrated a statistically significant temporal influence (p=0.020). Similar results are observed 

for SRR, where shaving revealed small changes (p=0.189) while tape stripping revealed significant 

changes (p=0.002). This can be explained by the damage mechanism of the two stimuli. As discussed 

in Section 4.4, tape stripping primarily impairs the barrier function of the skin by removing layers 

of the stratum corneum ( Bashir et al. 2001; Lademann et al. 2009) resulting in exposure of the 

underlying water-saturated epidermis (Tagami et al. 1980). In contrast, shaving involves the cutting 

and pulling of hair, in addition to the pressure and shear forces at the skin surface (Maurer et al. 

2016), not necessarily damaging the skin barrier. This can be observed in Figure 6.20, where shaving 

on the forearm did not elicit an increase in TEWL. Indeed, years of development effort towards 

consumer comfort may be minimizing the non-functional aspect of the skin/device interaction. 

These arguments questioned the hypothesis establishing equivalence between tape stripping and 

shaving. Consequently, in the present study it was concluded that tape stripping was not a good 
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surrogate for shaving on the forearm. While tape stripping has many advantages in dermatology, 

specifically for obtaining minimally invasive skin samples (Hughes et al. 2021; Barber and Boiko 

2022), its utility in modelling complex mechanical loads such as shaving seems to be limited.  

 

Conclusions 

In the present study, a wide array of skin parameters including biophysical, imaging, and 

biochemical parameters, were investigated for characterising facial skin. The roughness values 

were larger on the neck, while the SID and SRR were larger on the cheek. The shaving insult resulted 

in a decrease in the barrier function accompanied by hyperaemia and inflammation, with the 

magnitude of the result corresponding to the site and beard length. Subsequent differences were 

observed in the recovery characteristics as most parameters returned to basal values.  

Furthermore, the forearm skin was found to be an unsuitable proxy for the cheek/neck, and tape 

stripping was revealed as an unsuitable surrogate for shaving on the forearm.  
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Chapter 7 Perceived and observed changes in skin 

response following shaving  

 

7.1 Introduction 

Sensitive skin is considered to be a highly subjective phenomenon (Draelos 1997; Re et al. 2001;  

Richters et al. 2017). Indeed, perception of changes in skin status is relative to the conditions that 

an individual is accustomed to. For example, a consumer familiar with redness on the skin surface 

after shaving may believe it is a typical response of the tissue. Conversely, another user may deem 

it to be associated with discomfort and sensitivity. Often, such perceptions are governed by factors 

like the individual’s habits (e.g., the type of shaving device and frequency of shaving per week) and 

are regarded as intrinsic factors contributing to the skin response (Section 2.2.3). Additionally, there 

is also an influence from extrinsic factors such as the magnitude, frequency, and duration of the 

stimulus (Section 2.2.4), which may impact the local changes in skin structure and function following 

activities such as shaving. 

Consequently, the present chapter aimed to study the associations between intrinsic and extrinsic 

factors related to a shaving load with the observed changes in skin response to the stimulus in the 

context of enhanced skin sensitivity. Thus, the specific objectives were as follows: 

• Characterise the shaving stimulus. 

• Investigate trends within the intrinsic and extrinsic factors associated with shaving loads.   

• Evaluate relations within the objectively measured skin responses and a selected array of skin 

parameters.  

• Compare trends between the observed changes in skin tissue and perceived comfort.  

 

7.2 Methods 

The protocol used in this study has been detailed in Section 6.2.2. Even though data was also 

recorded for the forearm, analysis has been limited to the results obtained from the cheek and neck 

to focus on the effects of shaving on relevant skin sites. These include results from the long and 

short beard sessions.   
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7.2.1 Perceived sensitivity and intrinsic factors  

The factors evaluated in this chapter include the calculated S-scores and Q-scores. Additionally, 

responses from the intake quesstionare for “ 5  Does your skin react during or after shaving or 

        w                              w   ?” have been included, refrred to as the “Mech SS” 

hereafter. Furthermore, participants’ habitual shaving device and shaving frequency have been 

detailed. Lastly, post-stimulus visual analogue scores (VAS) were recorded and are presented as 

VAS_0.3h and VAS_24h.  

Furthermore, using an adapted analytical approach presented in Section 6.2.4, DSLR images of the 

beard were analysed over a fixed region of interest to estimate the count of detected hairs (Figure 

7.1). Subsequently, the baseline images from the cheek and neck were digitally processed to 

determine the number of hairs as Nhair.  

 

Figure 7.1 Exemplar image of the neck with estimation of the count of detected hair. 

 

7.2.2 Estimation of Extrinsic factors  

The present study focuses on mechanical stimulation of two facial locations (cheek and neck) using 

an electric shaver. The stimulus for each participant was characterized, providing information 

regarding the extrinsic factors associated with the load. A commercially available Philips shaver that 

was equipped with load sensors was used (Section 4.2.5). The force applied during shaving was 

recorded at 50Hz using a proprietary software and transferred to a computer. Figure 7.2 provides 

examples of the Force vs Time data that was recorded for the shaving stimuli on different 

anatomical locations for one participant. It is noted that the load sensor had an upper limit of 7N, 

above which signal truncation occurs.   
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For characterisation of the mechanical stimulus, the following metrics were used: 

1. Frms – the square root of the arithmetic mean of the squares of the force values (in Newtons).   

2. fstrokes – the stroke frequency as quantified by the total number of peaks recorded divided by the 
duration of the shave (in strokes/second).  

3. Nmax – The ratio of peaks with values equal to 7N divided by the total number of peaks (in 
percentage).  

 

 

Figure 7.2 Exemplar Force vs Time plots from the shaving stimulus on the cheek and neck for one 

participant. 

 

7.2.3 Statistical Analysis 

Data from the new shaving parameters, participant reported outcomes and beards characteristics 

were collated and summarised using descriptive statistics. Prior to further analysis, the data was 

assessed for normality using the Anderson Darling test (Appendix F). Exploratory analysis was 

conducted involving case studies to provide exemplar data sets from distinct individuals within the 

cohort tested. Correlations between the intrinsic and extrinsic factors were investigated using the 

Spearman Correlation test. The strength and nature of the trends were depicted through colour-

coded rankings of participants within each parameter. Furthermore, the rankings for each 

participant were assessed in the light of perceived sensitivity and shaving behaviours, to evaluate 

trends between objective parameters and participants.  
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7.3 Results 

In addition to the demographic details presented in Table 6.3, the information has been repeated 

in Figure 7.3 including the calculated Q-scores and reported Mech SS score. It is observed that of 

the 10 participants, only two (i.e., P8 and P9) were classified as High SS, while the remaining were 

Mild SS. There were no Low SS individuals in this cohort. Furthermore, the results obtained from 

load characterisation has been detailed in Table 7.1. It is observed that the majority of the cohort 

(n=7/10) reported shaving less than 2 times per week, and most participants commonly used non-

electric devices (n=6/10).  

 

 

Figure 7.3 S-scores for all participants, sorted in ascending order. Associated Q-scores and Mech 

SS have also been plotted. 



Chapter 7 

191 

Table 7.1 Participant details including calcualted S-scores, self reported Mech SS, and estimated load characteristics.  

Location Participant S-scores 
Mech 

SS 
Shaving 

freq/week 
Shaving 
device 

Long Beard Session Short Beard Session 

Frms  

(N) 
fstrokes 

(strokes/s) 
Nmax  

(%) 
Nhair 

(count) 
Frms  

(N) 
fstrokes 

(strokes/s) 
Nmax  

(%) 
Nhair 

(count) 

C
h

e
e

k 

P1 29% 2.0 < 2 Combination 5.11 1.58 40% 32 4.50 1.88 39% 40 

P2 52% 2.5 < 2 Non-electric 4.84 1.23 45% 20 5.05 1.92 28% 21 

P3 26% 2.0 < 2 Non-electric - - - 12 4.95 1.95 39% 12 

P4 40% 3.0 3, 4 Electric 4.69 2.22 53% 43 4.37 3.08 34% 38 

P5 27% 2.0 3, 4 Combination 4.53 1.78 0% 12 4.33 2.48 29% 19 

P6 52% 4.5 < 2 Non-electric 5.66 3.85 63% 33 5.63 2.73 76% 38 

P7 54% 3.5 < 2 Non-electric 5.35 2.70 50% 26 5.43 1.82 48% 28 

P8 62% 4.5 < 2 Electric 5.42 3.77 86% 38 4.76 2.95 67% 23 

P9 59% 3.0 < 2 Non-electric 6.58 1.10 98% 19 6.43 1.23 99% 31 

P10 43% 2.5 3, 4 Non-electric 5.86 1.23 96% 23 5.58 2.48 50% 9 

N
e

ck
 

P1 29% 2.0 < 2 Combination 4.29 2.17 30% 23 4.79 2.20 23% 23 

P2 52% 2.5 < 2 Non-electric 4.37 2.40 4% 11 4.28 1.28 5% 16 

P3 26% 2.0 < 2 Non-electric 4.21 1.80 1% 24 4.12 2.18 14% 21 

P4 40% 3.0 3, 4 Electric 4.26 2.38 20% 64 3.23 2.82 0% 41 

P5 27% 2.0 3, 4 Combination 3.85 2.05 0% 22 4.36 2.38 38% 10 

P6 52% 4.5 < 2 Non-electric 4.73 2.48 43% 21 4.84 1.88 44% 20 

P7 54% 3.5 < 2 Non-electric 5.76 2.45 67% 29 5.57 1.75 57% 22 

P8 62% 4.5 < 2 Electric 4.81 3.78 59% 13 4.50 3.30 56% 12 

P9 59% 3.0 < 2 Non-electric 5.96 2.62 99% 21 6.11 1.50 90% 16 

P10 43% 2.5 3, 4 Non-electric 5.45 2.22 71% 16 5.36 1.70 71% 15 
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7.3.1 Case study 

An overview of the various skin characteristics recorded in the present study has been illustrated 

for participant P7, corresponding to the Long Beard shaving session in Figure 7.4 and the Short 

Beard shaving session in Figure 7.5. P7 reported the use of a non-electric shaving method less than 

two times per week. Based on the responses to the SS Questionnaire, he was categorised in the 

Mild SS group. However, he ranked third in the cohort with respect to the S-score which was 

estimated as 54%. It is noted that the self-assessed SS response for this participant was neutral but 

he marked a relatively higher score for sensitivity to mechanical stimuli specifically.  

Characterisation of the shaving stimulus demonstrated differences in the load at the two 

anatomical sites, where the Frms and Nmax was higher on the neck than the cheek. For example, in 

the long beard session, the results were estimated at 5.35 N and 50% on the cheek and 5.76 N and 

67% on the neck, respectively. Conversely, the fstrokes were observed to be greater on the cheek than 

the neck. This implies that the shaving technique employed by P7 on the cheek was at a higher 

frequency of stroke rate with a lower load when compared to the neck. However, the fstrokes in the 

Long Beard session were greater than the Short Beard session at both sites, indicating that this 

participant shaved more rapidly in the Long Beard session.  

Overall, for P7 there was an increase in the post stimulus values (at S+0.3h) for most measured 

parameters with the Vessel Density demonstrating consistently high results (e.g., 125% and 172% 

increase from baseline in the Long Beard session for the cheek and neck, respectively). Conversely, 

the plexus depth demonstrated a decrease following shaving with difference in results from 

baseline ranging from 20% to 47%. Indeed, the DSLR images revealed distinct areas of redness on 

the skin surface post shaving. Following the recovery period, most parameters demonstrated a 

return towards baseline. In contrast, it was noted that the Rq on the cheek and vessel diameter on 

the neck revealed a further increase in values in the Long Beard session at S+24h (Figure 7.4), with 

differences from baseline equal to 58% and 143%, respectively. Additionally, in the Short Beard 

session (Figure 7.5), there was a higher degree of variability in the temporal trends for the 

parameters, such that at S+0.3h on the cheek, only the IL-1RA results revealed a fold change >1. 

Whereas on the neck, the difference in values from baseline demonstrated fold changes >1 for 

TEWL, redness, vessel density, and IFN-γ. Following recovery, the vessel density and IFN-γ remained 

elevated on the neck. Interestingly, recovery characteristics on the cheek demonstrated a decrease 

>50% from basal values for the vessel density and IL-1α.  

Investigating the visual analogue scores (VAS) post stimulus on the cheek and neck in both sessions, 

the participant reported a higher VAS on the neck indicating greater discomfort than the cheek (for 
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both sessions, VAS_cheek = 2 and VAS_neck = 8). Interestingly, the VAS on the cheek revealed 

different trends between the two sessions after the recovery period, with a decrease in the 

sensitivity observed in the Long Beard session (∆VAS = -1), while an increase was observed in the 

Short Beard session (∆VAS = +1). VAS on the neck at S+24h in both sessions remained elevated with 

values equal to 3 and 5 in the Long and Short Beard sessions, respectively. 
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Figure 7.4 Case study for P7 from the Long Beard session (does not include biochemical 

parameters).  

 ong  eard Cheek  eck

Shaving s mulus

 aseline 

S      h

S     h

Frms   5.35 N fstrokes   2. 0   s 

Nmax   50  Nhair   26

Frms   5. 6 N fstrokes   2. 5   s 

Nmax   6   Nhair   29

Baseline characteris cs ‐ Baseline characteris cs ‐



Chapter 7 

195 

 

Figure 7.5 Case study for P7 from the Short Beard session.  

  

Short  eard Cheek  eck

Shaving s mulus

 aseline 

S      h

S     h

Frms   5. 3 N fstrokes   1. 2   s 

Nmax       Nhair   2 

Frms   5.5  N fstrokes   1. 5   s 

Nmax   5   Nhair   22

Baseline characteris cs ‐ Baseline characteris cs ‐
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7.3.2 Intrinsic and Extrinsic factors associated with shaving 

Extrinsic factors on the cheek and neck  

The shaving load was characterised for each participant, investigating associations between the 

cheek and neck as illustrated in Figure 7.6 (a) - (c).  Additionally, the hair count is also presented 

(Figure 7.6d).  

Overall, the cohort revealed overlapping values in shaving force profiles between the two sessions 

(Figure 7.6a). This is assumed to be related to the protocol where participants were requested to 

shave such that the device feedback light was in the orange colour zone (estimated force range 4N 

– 7N; Section 4.2.4). However, inter- and intra-subject differences were observed. For example, P9 

demonstrated similar results in both sessions on the cheek (Frms_Long Beard = 6.58 N, Frms_Short 

Beard = 6.43 N) and neck (Frms_Long Beard = 5.96 N, Frms_Short Beard = 6.11 N). In contrast, P1 did 

not reveal a consistent trend (for the cheek, Frms_Long Beard = 5.11 N, Frms_Short Beard = 4.50 N; 

on the neck, Frms_Long Beard = 4.29 N, Frms_Short Beard = 4.79 N).  

In contrast to the results observed for the Force, the cohort revealed differences in the fstroke trends 

(Figure 7.6b) with respect to the session. Interestingly, it is noted that P9, while demonstrating high 

force values, revealed lower stroke frequency. For Nmax (Figure 7.6c), the results revealed 

similarities in the profiles when compared for the results for Frms which follows logically as the 

greater the number of peaks at the maximum force, the greater the overall force value. Lastly, for 

the count of hair (Figure 7.6d), most participants were clustered around 20 - 40 on the cheek and 

10 - 25 on the neck, revealing site-specific differences. However, P4 had a high density of hairs at 

both sites. 

Upon examining the Long and Short beard groups for statistically significant trends, the results 

revealed p>0.05. However, overall trends between the cheek and neck demonstrated statistically 

significant trends for several parameters. Specifically, Frms and Nmax revealed a strong correlation 

between the cheek and neck (r = 0.730, p<0.001 and r = 0.664, p = 0.003, respectively). Additionally, 

the correlation for fstroke was approaching significance while results for Nhair demonstrated p>0.05.  
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Figure 7.6 Scatterplots of values on the cheek and neck for the Long and Short Beard sessions for 

(a) Frms, (b) fstroke, (c) Nmax, (d) Nhair.  

 

 

Correlation between the Intrinsic and Extrinsic factors  

Table 7.2 details the results from the Spearman Correlation test for each pair of the identified 

Intrinsic and Extrinsic factors. It follows logically that the S-scores are significantly correlated with 

the Q-score (r=0.723, p<0.001) and the Mech SS (r=0.826, p<0.001) as the former is defined using 

the latter two (Section 4.2.3). Furthermore, Frms was also expected to be well-correlated with Nmax 

(r=0.859, p<0.001) based on the definitions of the parameters (Section 7.2.2).  

Interestingly, Mech SS revealed statistically significant correlations (p<0.05) with n=7/8 other 

parameters. Specifically, this parameter was not correlated only with Nhair, which in turn was not 

correlated with any other parameter. Amongst the Extrinsic factors, Frms and Nmax demonstrated 

significant correlations with the S-scores, Q-scores, Mech SS, and fstrokes. Furthermore, VAS_0.3 

revealed statistically significant correlations with most intrinsic factors (n=4/5), but none of the 

extrinsic factors. Given the interest of the present research in consumer comfort, this parameter is 

considered important and selected for further analysis. Consequently, the Mech SS, Frms, and 

RMS Force, Frms (N) Stroke frequency, f stroke (strokes s)

 eaks at max force, Nmax ( ) Count of detected hair, N hair

(a) (b)

(c) (d)

Cheek

N
ec
k

r   0. 30, 
p 0.001

r   0. 51, 
p   0.053

r   0.66 , 
p   0.003
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VAS_0.3 were selected for further investigations exploring associations with the objective skin 

responses to shaving (Section 7.3.4).   

Table 7.2 Spearman correlation values, p-values, and sample size for all Intrinsic and Extrinsic 

factors. Pairs with p < 0.05 have been highlighted in bold with shades of light to dark 

blue for ascending positive r values. 

 

 

7.3.3 Selecting an optimised array of skin parameters  

Table 7.3 details the results from the Spearman Correlation test for each pair of the 16 skin tissue 

parameters. Remarkably, TEWL revealed statistically significant correlations (p<0.05) with 10 of the 

15 other parameters, wherein moderately positive relationships were observed (r value ranging 

from 0.310 to 0.739). The exception to this trend was observed for AuC and plexus depth which 

demonstrated negative relationships (r= -0.532 and r= -0.566, respectively). Indeed, the AuC and 

plexus depth consistently revealed negative correlations with other parameters, which was 

confirmed by the decreasing temporal trend post stimulation (Figure 6.22 and Figure 6.23).  

The vessel density revealed statistically significant correlations (p<0.05) with majority of the 

parameter array (n=11/15). Upon closer examination, these included the parameters associated 

with the cutaneous blood flow, namely, redness, plexus depth, and vessel diameter. Furthermore, 
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the vessel density also demonstrated significant correlations (r-value ranging from 0.341 to 0.520, 

p<0.01) with most of the inflammatory biomarkers, excluding TNF-α.  

For the sub-array of biochemical parameters, all except IL-8 revealed statistically significant 

correlations with the other cytokines. Indeed, the low abundant IL-8 did not achieve statistical 

significance in correlations for most pairs from the wider array. However, it is noted that when 

compared to Rq, the results demonstrated a moderate relationship (r=0.352, p=0.021). 

Interestingly, both parameters have previously revealed spatial differences when investigating 

trends on the cheek and neck (Section 6.3).  

Fewer statistically significant correlations were observed for some parameters such as hydration. 

Indeed, the results for hydration stand out due to the lack of correlations with any of the 

biochemical parameters and most of the structural parameters and have been discussed further in 

Section 7.4. A summary of the observations have been listed in Table 7.4, supplemented with 

information from the spatial and temporal trends from Section 6.3.  
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Table 7.3 Spearman correlation values, p-values, and sample size for the biophysical, structural, and biochemical parameters. Pairs with p < 0.05 have been highlighted in 

bold with shades of light to dark blue for ascending positive r values and shades of light to dark red for descending negative r values.  
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Table 7.4 Decision matrix to reduce the number of variables, minimising the array of skin tissue 

responses. Spatial and temporal differences have been summarized considering the 

observations from Chapter 6.  

 Parameter 

Sp
at

ia
l 

d
if

fe
re

n
ce

s 

Te
m

p
o

ra
l 

d
if

fe
re

n
ce

s 

C
o

rr
e

la
ti

o
n

s 

Rationale 

B
io

p
h

ys
ic

a
l 

p
a

ra
m

et
er

s TEWL - xx xx All biophysical parameters had similar results in 
distinguishing spatial and temporal trends. TEWL 
showed a higher number of correlated pairs. 
Furthermore, TEWL is considered to represent 
the functional barrier of the skin. 

Hydration - xx x 

Redness - xx x 

St
ru

ct
u

ra
l  

p
a

ra
m

et
er

s 

SID xx xx x 

Few structural parameters demonstrated spatial 
differences, where SID was also sensitive to 
temporal trends, while SRR showed significant 
correlations with many parameters. Additionally, 
for the dynamic structural parameters, the vessel 
density showed significant correlations with a 
larger number of parameters and differences in 
temporal trends following shaving. 

AuC - x xx 

Rq xx - x 

Plexus 
depth 

- xx xx 

Vessel 
diameter 

- x x 

Vessel 
density 

- xx xx 

SRR xx x xx 

B
io

ch
em

ic
a

l 

p
a

ra
m

et
er

s 

IL-1α xx xx xx Most biochemical parameters showed a 
significant correlation with a large number of 
parameters. Additionally, IL-1α and IL-8 also 
demonstrated significant differences in basal 
values from the cheek and neck. Thus, each were 
selected to represent the high and low 
abundance biomarkers in the array.  

IL-1RA - xx xx 

IL-6 - x xx 

IL-8 xx x x 

IFN-γ - x x 

TNF-α - - x 

-    No significant differences observed 
x    Moderate significant differences observed  
xx  Large significant differences observed 
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7.3.4 Associations between Intrinsic and Extrinsic factors, and the skin tissue responses  

Associations between the parameters selected in Sections 7.3.2 and 7.3.3 were investigated for the 

Long and Short Beard sessions combined, including the basal, post-stimulus, and recovery 

responses. Results have been presented in Table 7.5. It is observed that TEWL, SID, and SRR 

demonstrated statistically significant correlations with the intrinsic and extrinsic factors. 

Specifically, TEWL and SRR revealed p<0.05 with a weak to moderate correlation with Mech SS, 

VAS_0.3h, and Frms (r-value ranging from 0.197 to 0.352). However, SRR and VAS_0.3h 

demonstrated a negative correlation (r = -0.251, p = 0.012), indicating a decrease in the skin 

reflectivity with an increase in discomfort.  SID revealed statistically significant positive correlations 

with Mech SS (r = 0.258, p = 0.005) and Frms (r = 0.503, p<0.001), indicating a higher scattering of 

the optical signal with an increase in the self-assessed sensitivity and the applied force.   

 

Table 7.5 Spearman correlation values, p-values, and sample size between Intrinsic and Extrinsic 

factors, and the skin tissue responses. Pairs with p < 0.05 have been highlighted in bold 

with shades of light to dark blue for ascending positive r values and shades of light to 

dark red for descending negative r values. 

  Mech SS VAS_0.3h Frms 

TEWL 
r = 0.352, 
p <0.001 
(n = 106) 

r = 0.217, 
p = 0.041, 

(n = 89) 

r = 0.197, 
p = 0.047, 
(n = 103) 

SID 
r = 0.258, 
p = 0.005, 
(n = 118) 

r = -0.116, 
p = 0.252, 
(n = 99) 

r = 0.503, 
p <0.001, 
(n = 115) 

Vessel 
density 

r = 0.041, 
p = 0.660, 
(n = 118) 

r = 0.132, 
p = 0.192, 
(n = 99) 

r = 0.122, 
p = 0.192, 
(n = 115) 

SRR 
r = 0.213, 
p = 0.020, 
(n = 118) 

r = -0.251, 
p = 0.012, 

(n = 99) 

r = 0.294, 
p = 0.001, 
(n = 115) 

IL-1alpha 
r = 0.109, 
p = 0.429, 
(n = 55) 

r = -0.194, 
p = 0.249, 
(n = 37) 

r = -0.079, 
p = 0.567, 
(n = 55) 

IL-8 
r = 0.188, 
p = 0.228, 
(n = 43) 

r = 0.002, 
p = 0.991, 
(n = 29) 

r = -0.151, 
p = 0.335, 
(n = 43) 

 

For closer examination of the trends across the cohort, participants responses were ranked and 

colour-coded. Table 7.6 illustrates the results for the Short Beard session for the selected array of 

parameters identified in Table 7.2 and Table 7.3 (similar to the analysis presented in Section 5.3.5). 
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 articipants’ shaving frequency and device have also been listed, and the rows have been sorted to 

display an increasing trend in Mech SS. These parameters represent the intrinsic factors associated 

with shaving, and thus, stay consistent for each participant spatially and temporally. Similarly, the 

VAS_0.3 and Frms are linked with the shaving stimulus and thus, the values only differ spatially. In 

addition, as P9 did not attend the recovery session, there is skin response no data for this 

participant for S+24h.  

The ranks for VAS_0.3 demonstrated differences based on the skin site being investigated. For 

example, P9 revealed the highest rank on the cheek and the 8th rank on the neck. However, P8 

revealed the same rank on both sites (rank = 2). Similarly, the Frms ranks also demonstrated spatial 

differences. For example, the results revealed that P1 had the 8th rank on the cheek while the 5th 

rank on the neck. In contrast, P3 demonstrated the 6th rank on the cheek and the 9th rank on the 

neck. However, only P9 revealed the same rank on both sites, with the highest force values in the 

cohort (rank = 1).  

Furthermore, site specific trends were also observed with respect to the skin tissue responses. For 

example, at S+0.3h, P8 revealed similar relative force values with the Frms ranks equal to 7 on the 

cheek and 6 on the neck. However, this participant revealed TEWL rank equal to 1 on the cheek, 

while on the neck, it was 8. After recovery, the relative values demonstrated differing trends as the 

rank on the cheek was 3, while it was 6 on the neck. Similar differences in trends were observed 

when examining the other parameters. These findings highlight the relative intra-subject variability 

following shaving.  

Investigating clusters across all parameters, large inter-subject variability was observed. For 

example, on the cheek at S+0.3h, P9 demonstrated the 1st rank for SID and IL-1α, and the 3rd rank 

for SRR and IL-8. However, with respect to TEWL and vessel density, P9 revealed relatively lower 

tissue responses as the ranks were equal to 6th and 7th, respectively. On the neck at S+0.3h, P9 

revealed ranks ranging from 1st
 to 4th for all parameters except SRR where the results were the 

lowest in the group (rank = 10).  
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Table 7.6 Participant ranks for each parameter in the Short Beard session. Where data is missing, 
the cells have been filled black.  

 

 

 

 

  

Extrinsic 

factors

Location Time Participant
Shaving 

freq/week

Shaving 

device
Mech SS 

Rank 

VAS_0.3

Rank

Frms 

Rank 

norm.

TEWL

Rank

norm.

SID

Rank

norm.

V. Den. 

Rank

norm.

SRR

Rank

norm.

IL-1α

Rank

norm.

IL-8

P1 < 2 Combination 2.0 9 8 7 3 9 8 2 5

P3 < 2 Non-electric 2.0 6 6 8 8 6 4 7 1

P5 3, 4 Combination 2.0 4 10 4 4 3 1 6

P10 3, 4 Non-electric 2.5 5 3 9 2 10 2 8 7

P2 < 2 Non-electric 2.5 2 5 5 8 6 3 6

P4 3, 4 Electric 3.0 10 9 3 6 1 5 5 2

P9 < 2 Non-electric 3.0 1 1 6 1 7 3 1 3

P7 < 2 Non-electric 3.5 6 4 2 10 4 9 9

P6 < 2 Non-electric 4.5 6 2 5 9 1 10

P8 < 2 Electric 4.5 2 7 1 7 5 7 4 4

P1 < 2 Combination 2.0 9 8 8 6 5 6 7 3

P3 < 2 Non-electric 2.0 6 6 2 1 6 4 8 2

P5 3, 4 Combination 2.0 4 10 1 2 1 5 4

P10 3, 4 Non-electric 2.5 5 3 6 5 7 3 5 1

P2 < 2 Non-electric 2.5 2 5 8 2 9 1 6

P4 3, 4 Electric 3.0 10 9 5 3 3 7 3 5

P9 < 2 Non-electric 3.0 1 1

P7 < 2 Non-electric 3.5 6 4 7 7 9 8 9

P6 < 2 Non-electric 4.5 6 2 4 4 3 1 6 7

P8 < 2 Electric 4.5 2 7 3 9 8 2 2 4

P1 < 2 Combination 2.0 5 5 1 2 5 1 8 3

P3 < 2 Non-electric 2.0 4 9 2 7 9 6 6 6

P5 3, 4 Combination 2.0 7 7 9 10 8 9 4

P10 3, 4 Non-electric 2.5 9 3 6 9 10 5

P2 < 2 Non-electric 2.5 1 8 4 1 4 1 2

P4 3, 4 Electric 3.0 9 10 4 6 2 8 5 7

P9 < 2 Non-electric 3.0 8 1 3 1 4 10 2 1

P7 < 2 Non-electric 3.5 2 2 5 8 6 7 9

P6 < 2 Non-electric 4.5 5 4 7 3 2 2 3 5

P8 < 2 Electric 4.5 2 6 8 5 7 3 7 4

P1 < 2 Combination 2.0 5 5 5 7 6 1 7 5

P3 < 2 Non-electric 2.0 4 9 1 2 7 5 5 3

P5 3, 4 Combination 2.0 7 7 4 5 8 4 3

P10 3, 4 Non-electric 2.5 9 3 3 9 9 3

P2 < 2 Non-electric 2.5 1 8 1 1 2 2 2

P4 3, 4 Electric 3.0 9 10 2 6 3 6 1 4

P9 < 2 Non-electric 3.0 8 1

P7 < 2 Non-electric 3.5 2 2 8 4 2 8 6

P6 < 2 Non-electric 4.5 5 4 7 3 3 7

P8 < 2 Electric 4.5 2 6 6 8 5 9 4 1

Skin tissue

responses

N
ec

k

S+
0

.3
h

S+
2

4h

C
h

ee
k

S+
0

.3
h

S+
2

4h

Intrinsic 

factors
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7.4 Discussion  

The shaving stimulus was characterised in this chapter, yielding participant-specific parameters for 

the assessment of variability in skin response following loading. The authors believe this is one of 

the first studies to characterise the shaving stimulus on the cheek and neck. As such, extrinsic 

factors associated with the stimulus were defined and estimated. Furthermore, intrinsic factors 

were also defined based on participants’ perceived sensitivity and comfort. Comprehensive 

evaluation of the skin response to shaving was presented as case studies Section 7.3.1, highlighting 

the novelty of the present protocol in characterising a wide array of skin parameters (as discussed 

in Section 6.4) and linking the participant comfort with the skin responses. Indeed, it was observed 

that there was a higher degree of visible redness (Figure 7.4 and Figure 7.5) accompanied by an 

increase in the VAS, indicative of enhanced sensitivity post shaving.  

Results revealed statistically significant correlations between several intrinsic and extrinsic factors. 

For example, it was observed that the higher the mechanical sensitivity, the higher the force applied 

by the participant (Mech SS and Frms, r = 0.398, p = 0.012) and the higher the reported discomfort 

post shaving (Mech SS and VAS_0.3, r = 0.439, p = 0.005). Subsequently, it can be hypothesized that 

individuals who apply more force during shaving regard themselves as more sensitive to mechanical 

stimuli. However, the protocol implemented in this study required participants to shave in a small 

region on their face for 60 seconds, maintaining a high load such that the device feedback light was 

in the “orange zone” (Figure 4.6). Thus, the results obtained from characterising the shaving 

patterns are not considered the true consumer behaviour. Nevertheless, such parameters may be 

exemplary of stimuli involving pressure, friction, and combinations thereof, and provide 

opportunities for future analysis involving mechanical stimulation of skin.  

Furthermore, TEWL, SID, and SRR demonstrated statistically significant correlations with Mech SS, 

VAS_0.3h, and Frms (Table 7.5). As such, it can be suggested that with an increase in the perception 

of SS and the force of stimulus application, there is a decrease in the SC integrity, decrease in optical 

density of the tissue, and a change in the skin reflectivity. As the SRR demonstrated a positive 

correlation with Mech SS and a negative correlation with VAS_0.3h, the relationship between SRR 

and skin surface colour/composition requires further investigation to understand the mechanisms 

underlying perception of SS. The authors believe this is one of the first studies correlating skin tissue 

response to mechanical stimulation with intrinsic and extrinsic factors in shaving.  

The relationship between shaving and skin sensitivity has been conceptualised in Figure 7.7, 

highlighting the inter-dependent network of physiological actions that are subsequently triggered 

(Table 7.3) and the variety of overarching factors that influence the responses (Table 7.2). The 

interaction of an electric shaver with the skin surface can be explained with a combination of 
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intermittent loading and manipulation of hair. Indeed, the former can lead to abrasion of the outer 

skin layers (Bhaktaviziam et al. 1963) and subsequent removal of corneocytes (Turner et al. 2006). 

As these cells are crucial for the barrier function of the skin, several pathological pathways are 

subsequently triggered by such stimuli. For example, increase in TEWL and hydration is observed 

( Bashir et al. 2001; Loffler et al. 2004; Gorcea et al. 2013; Richters et al. 2016; Jayabal et al. 2021), 

as well as an upregulation in pro-inflammatory cytokines (Nickoloff and Naidu 1994; De Wert et al. 

2015; Soetens et al. 2019). Interestingly, statistically significant correlations were found between 

these parameters in Section 7.3.3 (e.g., TEWL and IL-1α, r = 0.388 and p = 0.006), indicating that the 

shaving stimulus implemented in the present study impaired the local skin barrier. 

Furthermore, the loading component of the stimulus leads to the occlusion and reperfusion of 

blood vessels in the underlying tissue. Physiologically, this has been linked with microvascular 

remodelling (Wang et al., 2015). Indeed, significant changes were observed in dynamic skin 

parameters such as vessel density and plexus depth following shaving (Figure 6.22 and Figure 6.23) 

and the present chapter established significant correlations between such parameters (r = -0.705, 

p<0.001). It is noted that the redness of the skin also yielded significant correlations with the 

dynamic skin parameters (redness and vessel density, r = 0.567, p<0.001; redness and plexus depth, 

r = -0.326, p<0.001). Visible redness of the skin is important in the evaluation of SS as consumers 

often regard an increase in surface redness with enhanced sensitivity. However, there is a missing 

link between increased redness and enhanced sensitivity. It may be that components of the 

epidermis responsible for the skins’ sensory function are directly indirectly activated by mechanical 

loads. Indeed, manipulation of hair while shaving reportedly leads to shearing of hair follicles and 

subsequent activation of mast cells (Cowley et al. 2012; Maurer et al. 2016; Rietzler et al. 2016). 

Additionally, others have hypothesized the role of keratinocytes and Merkel cells in SS (Ständer et 

al. 2009; Misery 2016; Sun et al. 2016), implicating abnormal activation of TRP channels present on 

these structures. Further research is needed to investigate this relationship and establish trends for 

mechanical stimulation of skin.    

However, inter- and intra-subject variability is observed in the skin responses to shaving (Section 

6.3). It is hypothesized that several intrinsic and extrinsic factors influence the tolerance thresholds 

for individuals (Sanders et al. 1995; Draelos 1997; Misery et al. 2006), implicating the subjective 

nature of perception of SS. Upon closer examination, no clear trends were revealed when exploring 

such associations (Section 7.3.4). This is believed to be a limitation of the results as the study 

included a small cohort of 10 participants only (Sawyer 1982). Thus, further analysis was restricted 

due to the low statistical power.        
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Figure 7.7 Conceptualization of the skin responses to shaving, and the intrinsic and extrinsic factors influencing skin sensitivity. 
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For device manufacturers hoping to develop skin-friendly products, it is important to also consider 

the self-reported comfort/discomfort associated with the product use. In the presented study, this 

parameter was recorded as the VAS where participants reported perceived sensitivity values on a 

scale from 0 to 10 following shaving. Indeed, intermediate efforts to improve product comfort 

should be aimed at reducing the VAS. However, objective skin parameters are still required as it is 

difficult to derive concepts for device improvements from subjective, perception-based data. 

Furthermore, there is a risk associated with extrapolating global device requirements from such 

datasets, where the expected improvement would need to be objectively quantified. As such, the 

authors believe that the approach highlighted in the presented thesis provides a suitable 

methodology to address the complexity underlying improving consumer comfort in response to 

interactions with skin contacting devices.        

 

Conclusions 

The shaving stimulus was characterised in the present chapter, defining extrinsic factors associated 

with the mechanical load. Furthermore, intrinsic factors were defined and specified for each 

participant. Results indicated that participants with higher self-reported mechanical sensitivity 

demonstrated higher force values while shaving and higher discomfort post shaving. Additionally, 

an increase in the perception of SS and the force of stimulus application correlated with a decrease 

in the SC integrity, decrease in optical density of the tissue, and a change in the skin reflectivity. An 

optimised array of skin responses was identified, including TEWL, SID, Vessel Density, SRR, IL-1α, 

and IL-8.  
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Chapter 8 General Discussion and Future Work  

 

8.1 Meeting the research objectives  

This research project provides new insights into the effects of mechanical stimulus on the skin and 

its relationship with perception of skin sensitivity (SS). It is reported that more than 50% of the 

population identify as individuals with enhanced SS (Section 1.3), driving interest from industry and 

academia to define it objectively, and thus, support innovation in personalised strategies to 

maintain skin health. Previous research in this area has been limited by the lack of quantifiable skin 

responses associated with the multifactorial nature of SS, particularly with regards to mechanical 

stimuli (Section 1.2) caused by commonly used consumer devices such as shavers. Thus, a review 

of the state-of-the-art objective methods for characterizing skin tissue was conducted (Section 2.3), 

identifying several parameters with potential to provide insights underlying SS. For example, 

parameters such as TEWL (Loffler et al. 2001; Pinto et al. 2011), SC hydration (Roussaki-Schulze et 

al. 2005), epidermal thickness (Berardesca et al. 2013), and interleukin protein composition (Raj et 

al. 2017) are implicated in the perception of enhanced SS. It is hypothesized that studies exploring 

the relationship between these numerous parameters would help create a holistic model of the 

skin response. Furthermore, OCT was identified as a potential research tool for dermatological 

applications (Section 2.3.9). Consequently, the present thesis evaluated the feasibility of a multi-

model approach, combining biophysical, biochemical, and imaging techniques with subjective 

responses to give a broad understanding regarding the factors associated with SS following 

mechanical insults.  

The specific aims of this PhD project have been listed in Section 2.5 and are repeated below with 

comments. Study I refers to the protocol executed in Section 4.2.4, while Study II refers to that in 

Section 6.2.2. 

 

Aim 1: Investigate the use of robust objective parameters from OCT and biophysical approaches 

to evaluate the status of skin pre- and post-mechanical insult.  

Relevant OCT-derived skin parameters were identified (Section 3.2), namely, epidermal thickness 

(Qin et al. 2018), scaled intensity drop (Adegun et al. 2013), and RMS surface roughness (Welzel et 

al. 2003). Algorithms were developed to estimate the values for facial skin in a pilot study. Using a 

research OCT device (Thorlabs, USA), feasibility of these parameters to characterise the skin tissue 



Chapter 8 

212 

pre-insult was evaluated (Sections 3.3.3 – 3.3.5). However, restrictions in tasks due to the COVID-

19 pandemic prevented further experiments and the post-insult parameters remained unexplored. 

This task was followed up in Study I, where it was revealed that epidermal thickness was not 

detected in several scans. Subsequently, a new parameter was defined, Area under the Curve (AuC; 

Section 5.2.1), replacing the epidermal thickness to quantify the superficial skin tissue. Additionally, 

a commercial OCT system (Vivosight, UK) with dynamic functions was used in Study II, expanding 

the array of skin parameters to include those derived from cutaneous blood flow (Table 6.2). Thus, 

a wider array of OCT-skin parameters have been investigated including plexus depth, vessel 

diameter, vessel density, and skin reflectivity ratio.  

With respect to the biophysical parameters, a literature review was conducted critiquing objective 

methods of characterising skin specifically following mechanical insults (Section 2.3). Furthermore, 

retrospective analysis was conducted on a dataset collected by another researcher (Richters et al. 

2016), where the biophysical parameters, namely TEWL, hydration, and redness were measured at 

baseline and post tape stripping (Section 2.4). The retrospective analysis included normalising skin 

responses to the number of tape strips used and evaluating the temporal effect to inform 

prospective protocols. It was revealed that the skin responded to tape stripping within 30 minutes 

of interaction, with the corresponding response retained up to 24 hours. Aiming to identify a time-

frame suitable for consumer-based studies, a prospective study was designed to investigate the 

changes in skin parameters at several intervals up to 30 minutes post stimulation. Results revealed 

that TEWL demonstrated the largest changes from baseline at 20 minutes post stimulus (Figure 4.10 

and Figure 4.11). Consequently, it was recommended that for complex mechanical loads such as 

electric shaving, prospective studies can be designed to measure post stimulus skin responses at an 

interval of 20 minutes.  

Results presented in this thesis revealed that the selected skin parameters varied in their sensitivity 

to detect temporal changes following mechanical insults (Table 6.4). For example, TEWL, hydration, 

and redness demonstrated statistically significant temporal differences for the cheek and neck 

following shaving, while AuC revealed significant trends only on the neck, and Rq did not reveal 

significant temporal changes.  

 

Aim 2: Study the link between perceived skin sensitivity and the variability of skin response to 

simple mechanical loading using objective skin parameters.  

Tape stripping was identified as a suitable simple mechanical load when investigating SS (Section 

2.4.3). Volunteers with varying degrees of perceived SS were recruited based on a modified version 
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of an existing SS Questionnaire (Appendix A), and S-scores and SS groups were defined (Section 

4.2.2). Study I was designed to investigate the temporal effect of tape stripping on the facial skin 

and explore variability between participants from different SS groups (Chapter 4 and Chapter 5). 

Results revealed that the High SS group demonstrated largest values for hydration on the cheek 

(Figure 4.19). Furthermore, an exploratory analysis was defined, involving ranking participants for 

each skin parameter and sorting based on the SS groups (Section 5.3.5). Subsequent results did not 

reveal any clusters visually between the perceived skin sensitivity and the objective skin 

parameters. Suggestions for future studies have been included in Section 8.5.  

In Study II, a repetitive stimulus model was designed (Section 6.2.2), involving two sessions of tape 

stripping and shaving on contralateral forearms. The objective of this part of the protocol was to 

compare the skin response following the two mechanical stimuli, where it was concluded that tape 

stripping is not a suitable surrogate for shaving on the forearm (Section 6.4). As the primary region 

of interest in the present research is defined as the cheek and neck skin, associations to sensitivity 

following tape stripping on the forearm were not explored.  

 

Aim 3: Study the influence of perceived skin sensitivity and the variability of skin response to 

complex mechanical loading using objective skin parameters.  

A complex mechanical stimulus was designed using a novel electric shaver, where the interaction 

of the device with the skin surface is a combination of loading and manipulation of hair (Cowley et 

al. 2012). The device used in the present study was equipped with load sensors to estimate the 

applied force (Figure 4.5). The protocol in Study I included different mounts on the handle such that 

one session involved rubbing the skin with a frictional surface, whereas the other involved a shaving 

stimulus for duration of 30 seconds (Section 4.2.5). For the different SS groups, remarkable results 

were observed for TEWL and hydration on the cheek, where the High SS group demonstrated low 

TEWL values and high hydration values following the frictional surface stimulus (Figure 4.18 and 

Figure 4.19). This finding is in contrast with other studies where individuals with SS demonstrated 

higher TEWL and lower hydration values when compared to those without SS (Muizzuddin et al. 

1998; Seidenari et al. 1998; Roussaki-Schulze et al. 2005; Farage et al. 2006; Richters et al. 2016). 

However, as the protocol presented some limitations (Section 4.4), these results are uncertain.  

In Study II, the protocol included a complex mechanical stimulus in the form of shaving for a 

duration of 60 seconds (Section 6.2.2). The shaving stimulus was objectively characterised, defining 

extrinsic parameters contributing to the skin response (Section 7.2.2). Statistically significant 

correlations were found between several intrinsic and extrinsic factors (Section 7.3.2). For example, 
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for higher self-reports of sensitivity to mechanical stimuli, it was observed that the force applied by 

the participant during shaving was higher and the discomfort reported post shaving was also higher. 

Furthermore, analysis of the relationship between the perceived and observed skin responses 

(Section 7.3.4) revealed an increase in the perception of SS and the loading force with a decrease 

in the SC integrity (measured by TEWL), decrease in optical density of the tissue (measured by SID), 

and a change in the skin reflectivity (measured by SRR). The authors believe this is one of the first 

studies correlating skin tissue response to mechanical stimulation with intrinsic and extrinsic factors 

in the context of electric shaving, addressing the gap between subjective and objective parameters 

in perception of skin sensitivity. 

 

Aim 4: Inform device design for optimal skin-device interaction, addressing personalized 

solutions.  

Case studies were developed as an exemplar report investigating the influence of complex 

mechanical loading on the skin response for one participant (Section 7.3.1). Due to the small cohort 

size (n=10), the results have not been generalised, suggesting opportunities for future studies to 

continue the investigation (Section 7.4). Nevertheless, the case studies revealed an increase in the 

VAS reported by the participant post-stimulus, observed in conjunction with an increase in the skin 

tissue parameters. Optimal skin-device interaction aiming to ensure consumer comfort should 

consider minimising the VAS while maintaining the device functionality. Translation of the research 

findings to industrial applications has been discussed in Section 8.4.  

 

8.2 Research novelty  

Sensitive skin (SS) is a topic that is growing in relevance in the consumer industry as well as 

academia. This is evidenced by the increasing number of studies attempting to quantify and define 

the skin characteristics typically associated with enhanced SS (Diogo and Papoila 2010; Kim et al. 

2013; Misery et al. 2017), identify methods to prevent and mitigate the unpleasant skin responses 

(Yokota et al. 2003; Chan 2018; Hawkins and Foy 2019), and investigations into associated skin 

pathologies (Kobayashi and Tagami 2004; Farage and Maibach 2010; Yatagai et al. 2018). Most of 

the available research focuses on enhanced skin sensitivity in response to chemical triggers (Loffler 

et al. 2001; Diogo and Papoila 2010; Sun et al. 2016; Jiang et al. 2020). However, mechanical loads 

on the skin surface are known to compromise skin integrity (Bouten et al. 2003; Gefen 2020; 

Abiakam et al. 2021), and represent a gap in the literature. This project aimed to evaluate the skin 
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response to simple and complex mechanical loads in the form of tape stripping and shaving, and 

simplifications of shaving loads in the form of interaction with a frictional surface. Protocols were 

designed to characterise the skin status by combining a wide array of established and emerging 

technologies with cutaneous applications. While typically in literature only a subset of parameters 

are reported, the present thesis included measurement of biophysical parameters such as TEWL 

and hydration; structural parameters derived from OCT imaging such as surface roughness and 

vessel density; and inflammatory biomarkers such as IL-1α and IL-1RA. The authors believe this 

study is a first of its kind, specifically in the investigation of skin responses to shaving. The findings 

from this research have been conceptualised in Figure 7.7 and repeated in Figure 8.1.   

Furthermore, the anatomical sites primarily investigated in this thesis included the skin on the 

cheek and neck for males. The results offer novel data, creating opportunities for future studies 

examining characteristics of hirsute skin. Indeed, results revealed that the forearm skin differed 

significantly from the cheek/neck at baseline and in response to shaving. Additionally, there is a 

paucity of studies reporting values for healthy males, specifically on facial skin sites (Elsner 2012). 

Thus, this data is considered crucial for the development of skin contacting devices as results from 

broader studies examining differences in skin parameters with reference to gender, race, and 

anatomical sites have reported conflicting results (Berardesca et al. 1991; Reed 1995; Wa and 

Maibach 2010; Kleesz et al. 2011; Firooz et al. 2012; Hadi et al. 2016; Mehta et al. 2018; Voegeli et 

al. 2019)  
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Figure 8.1 Revisiting the illustration of the conceptual relationship between shaving and skin sensitivity. 
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Thus, this thesis provides novel contributions to expanding the knowledge on sensitive skin and the 

inter- and intra- subject variability in facial skin responses to mechanical stimuli. In summary, key 

findings have been listed below:  

• An increase in the perception of SS and the loading force correlated significantly with a decrease 

in the SC integrity, decrease in optical density of the tissue, and a change in the skin reflectivity. 

This highlights the complex nature of SS, implicating a multifactorial network of pathways.  

• Participants with higher self-reported mechanical sensitivity demonstrated higher force values 

while shaving and higher discomfort post shaving. This suggests that comfort can be increased 

by pressing less hard while shaving.    

• Significant differences between the basal skin on the cheek and neck were found. For example, 

the neck demonstrated higher TEWL, temperature, roughness, and IL-1α concentrations, while 

the SID, AuC, and SRR was larger on the cheek.  

• At baseline, the High SS group revealed lower TEWL values and higher hydration values when 

compared to the Low and Mild SS groups. These findings contradict previous studies and 

requires further investigation.  

• Irrespective of SS, a harsh shaving stimulus resulted in statistically significant changes in the 

facial skin response followed by selective recovery characteristics.  

• Inflammatory biomarkers such as IL-1α and IL-1RA revealed >2-fold increases in the 

concentrations in response to shaving, with values approaching baseline after recovery. 

Strikingly, IL-8 demonstrated further increases in concentration after the recovery period as 

well. This is believed to be the first time an optimised tape based sebum biomarker analysis of 

shaving insults has been conducted to also analyse high and low abundance markers.  

• Statistically significant associations between the array of skin parameters were found. For 

example, visible redness of the skin surface revealed correlations the other biophysical 

parameters (i.e., TEWL and hydration) and with the structural parameters (namely, blood vessel 

density and diameter). Indeed, TEWL and vessel density were correlated with majority of the 

other objective parameters. Additionally, most biochemical markers demonstrated significant 

correlations amongst themselves.  

• Interestingly, epidermal thickness was not detectable with OCT in a majority of the facial scans. 

It is hypothesized that a distinct skin layers were not identified due to the digital smoothing of 

the wavy DEJ.  

• At baseline and in response to shaving, the forearm was found to be an unsuitable proxy for 

the cheek/neck when investigating skin parameters. 
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• Damage mechanisms of tape stripping, frictional surface interaction, and electric shaving were 

studied. Tape stripping was revealed as an unsuitable surrogate of shaving, at least not with 

the device used.  

• Suitable techniques were identified to characterise skin following mechanical loading, focusing 

on studies investigating SS. This led to the incorporation of OCT in skin status quantification, as 

suggested in the publication Chaturvedi et al., (2021). Skin Res. & Techn. Quantifying skin 

sensitivity caused by mechanical insults: a review. Skin Research and Technology.  

• Following a novel test protocol to characterise skin response to mechanical insults, an 

optimised subset of parameters were identified that enabled skin characterisation with a 

limited set of variables.  

• Algorithms were developed to estimate skin parameters derived from OCT images. These were 

optimized for the hirsute skin surfaces.  

• Characteristics of bearded skin on the cheek and neck were established for healthy males.  

• Guidelines for future protocols including a shaving load were developed. For instance, as skin 

tissue demonstrated largest changes from baseline at 20 minutes post stimulus, it is suggested 

to focus/design studies on that time point. 

 

8.3 General limitations  

One of the main limitations in this project included the restrictions of research activities due to 

COVID-19. In Study I, the institutional guidelines required a distance of 1.5 m between individuals. 

Consequently, the tape stripping stimulus was performed by the participants themselves, rather 

than the trained researcher. It is argued that an inappropriate technique may have been used due 

to the inevitable tendency to minimise pain (Section 4.4). Furthermore, measurement of the skin 

parameters was also performed by the participants, where it is likely that the handling of the 

instruments did not conform to the required standards. These factors are believed to have 

influenced the results, as comparison to literature suggested diminished skin responses were 

observed in Chapter 4 and Chapter 5.   

In Study II, the results were limited due to a small cohort size. Participants were selected based on 

availability rather than responses to the SS Questionnaire. In addition, the protocol was executed 

as part of a secondment and the researcher had limited time at the institute, further complicating 

the scheduling efforts. The resulting cohort included 10 participants only. This limited the usability 

of certain statistical tests and generalizability of the findings. Additionally, this study aimed to 

investigate the influence of repetitive loading on the skin response. However, as the pilot test 

revealed a painful dermatitis response after the initial stimulus, the protocol was modified to 
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examine the skin on the contralateral side. Ideally, the skin characteristics would be measured from 

the same site for each individual under different test conditions to avoid potential influences of 

differing extrinsic factors.  

Another considerable limitation in the present research was the lack of sufficient biochemical 

analysis. In Study I, the protocol did not include biofluid sampling due to inaccessibility to the 

required equipment and lack of facilities for analysis of the samples. In Study II, collaboration with 

another researcher allowed this analysis. However, the number of samples had to be reduced to 

accommodate the capacity of the ELISA plates. As this thesis propagates the use of a wide array of 

skin parameters for a comprehensive understanding of SS, the relationship of biochemical 

responses with respect to the biophysical and imaging parameters was not explored for all the test 

conditions.  

 

8.4 Translation of research to industry  

This project is motivated by the demands for personalised solutions and interventions to promote 

skin health in the consumer products industry (Section 1.2). For device manufacturers, the 

development criterion includes the usability of the product and the user experience. The usability 

of a product can be defined in terms of the efficiency and effectiveness in achieving the intended 

function, and is often objectively measured. For instance, a metric for a shaver is how close the 

device cuts the beard hair with respect to skin level. In contrast, the user experience is more 

subjective in nature, defined by the satisfaction of the consumer with the performance of the 

product. In the example of closeness of the shaver, a certain closeness may not be regarded as close 

enough. Consequently, mixed method studies recording qualitative and quantitative data regarding 

the products are considered important by the manufacturers. There is an opportunity to bridge the 

gap between academia and industry by introducing consumer products into academic experimental 

protocols to investigate the skin responses specific to those interventions. As such, the data 

presented in this thesis serves as an asset that device manufacturers developing skin contacting 

products can use to understand the skin responses to complex mechanical stimuli.  

More specifically with respect to electrical shaving, results from the presented studies revealed 

significant spatial differences in the skin tissue. Indeed, as consumers often complain of more 

sensitivity on the neck than on the cheek (internal surveys), these findings can be further 

investigated towards developing site-specific skin-friendly devices. It is recommended to build 

solutions addressing localised heightened skin responses in individuals rather than considering 
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them as SS/non-SS individuals. Minimizing discomfort in response to shaving would thus be aimed 

at reducing the VAS post stimulus, improving the user experience related to the product.  

As SS is largely driven by the perception of comfort rather than the objectively measurable stimulus-

response relationship, monitoring the user experience remains an invaluable metric in the 

development of consumer products. The studies presented in thesis revealed associations between 

loading force, participant comfort, and skin tissue responses. Such findings address the difficulty in 

quantifying the skin-device interaction in a research environment and provides a direction for 

selection of suitable objective tools. The protocols executed in this research enabled the 

identification of core outcome sets such that an exclusively selected cohort may outweigh the need 

for larger, exploratory studies.  

 

8.5 Future Work 

An objective definition of Sensitive Skin remains to be established. Future studies researching the 

effects of mechanical stimuli on skin can expand the methodology presented in thesis with a 

clinically suitable number of participants to develop a quantifiable relationship between the various 

skin responses and factors influencing the trends. Due to the small cohort size, these results have 

been included only to provide an example of the analysis which may be considered in future studies. 

For example, in Study II (n=10), a regression model identified the following relationship between 

perceived SS and observed skin parameters for the Short Beard session (Equation 8.1):   

𝑆 𝑆𝑐𝑜𝑟𝑒  0.433 + 0.1200 𝐹𝑟𝑚𝑠 + 0.0044 𝑉𝐴𝑆_0.3 − 0.0319 𝑇𝐸𝑊𝐿
− 1.522 𝑆𝐼𝐷 + 0.1011 𝑉𝑒𝑠𝑠𝑒𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 + 0.786 𝑆𝑅𝑅
+ 0.0324 𝐼𝐿_1𝛼 + 0.000120 𝐼𝐿_8 (Equation 8.1) 

where the skin tissue responses were normalised to baseline before modelling.  

However, the R2 value was estimated as 63.8%, revealing the percentage of variation in responses 

explained by the mathematical model. Interestingly, Frms provided the largest influence in 

estimating the S-Score (p = 0.007; Figure 8.2), corroborating the findings presented in this thesis 

that identify loading force to be a critical factor in the perceived and observed changes associated 

with SS. In addition, SID also achieved statistical significance in estimating the S-Score (p=0.032), 

highlighting OCT as a promising tool in investigating SS. Furthermore, it is noted that two of the 

OCT-derived parameters (namely, SID and vessel density) and a high abundance biomarker (namely, 

IL-1α) influenced the S-score to a greater extent than TEWL, which is popularly regarded as a key 

parameter underlying SS (Farage and Maibach 2010). Although some of the associations do not 
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achieve statistical significance in the present example, there may be opportunities for future studies 

to explore similar trends and subsequently improve the interventions affecting clinical outcomes.   

 

Figure 8.2 P-values and pareto chart of an exemplar regression model.  

The combination of multimodal imaging techniques such as OCT, biophysical measures of SC 

function, and biomarkers of skin status provides a comprehensive overview of parameters critical 

in advancing our understanding of the skin. However, due to the highly subjective nature of SS, 

future studies should consider implementing psychosomatic models to explore the interplay 

between the observed and perceived factors. Indeed, some researchers claim SS is a psychological 

disorder (Misery 2017; Farage 2022) and have developed questionnaires to record self-reports of 

SS (Loffler et al. 2001; Misery et al. 2014; Richters et al. 2017). Furthermore, the role of 

biopsychosocial factors have also been investigated in chronic itch (Verhoeven et al. 2008), atopic 

dermatitis and psoriasis (Magin et al. 2008; Evers et al. 2005), and acne (Kenyon 1966), revealing 

greater levels of neuroticism in the patients. As such, further research is needed to better 

understand the complex interactions between psychological and physiological factors in SS, and to 

develop tools and interventions that can effectively address both aspects of the condition. 

The feasibility of application of bioengineering tools in consumer settings should also be 

investigated. If key techniques are identified for suitably distinguishing SS responses, future steps 

would include advancing to in-store assessment of skin profiles. With improved understanding, 

personalised solutions could be adopted in the development of devices to accommodate the needs 

of varying skin types. Research in this direction could enable mitigation of adverse skin responses 

by identifying events where the skin is at risk of loss of integrity. The clinical impact of such 

interventions would support efforts to improve patients’ quality of life.  

Parameter P value

Frms 0.00 

SID 0.032

Vessel Density 0.10 

IL‐1 0.11 

TE L 0.1  

SRR 0.231

VAS 0.3 0.6  

IL‐ 0.  3
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Appendix A Skin Sensitivity Questionnaire 

(Dutch version below) 

Characteristics of enhanced skin sensitivity  

1. How sensitive is your skin to the sun? Which skin type best describes you? 

Skin colour refers to skin that has not been exposed to the sun. 

• Skin type I: I always burn and never tan (Characteristics: fair skin, often freckles, 

often red to light brown hair, often blue or green eyes) 

• Skin type II: I usually burn and sometimes tan (Characteristics: fair skin, often blond 

hair, often blue or green eyes) 

• Skin type III: I sometimes burn and usually tan (Characteristics: white to light brown 

skin, often dark blond or brown hair, often brown eyes) 

• Skin type IV: I seldom burn and tan easily (Characteristics: light brown skin, often 

brown hair and brown eyes) 

• Skin type V: I have naturally brown skin and tan easily (Characteristics: brown skin, 

often brown or black hair, often brown eyes) 

• Skin type VI: I have naturally black skin (Characteristics: dark brown or black skin, 

often black hair and often brown eyes) 

 

2. How frequently does your skin breakout?  

• Often (e.g., because of presence of acne) 

• Sometimes (e.g., occasional red spots or bumps) 

• Never 

 

3. What is your facial skin like in the morning (before washing)? 

• Tight 

• Comfortable 

• Oily 

 

4. Do you think you have sensitive skin (e.g. in comparison to others)? 

• Yes 

• Sometimes 

• No 

 

5. Does your skin react during or after shaving or contact with fabrics like clothes or towels? 

• 1 – never 

• 2 

• 3 –  

• 4 

• 5 – always 

 

 

 



Appendix A 

224 

Kenmerken van verhoogde huidgevoeligheid 

1. Hoe gevoelig is uw huid voor zonlicht?  

Hieronder staan een aantal huidtypen genoemd. Kies het huidtype die het best bij u past.  

Met de kleur van de huid wordt huid bedoeld die niet aan de zon is blootgesteld. 

• Huidtype I: Ik verbrand altijd en word niet bruin.  
Kenmerken: zeer lichte huid, vaak sproeten, vaak rossig of lichtblond haar, vaak blauwe of 

groene ogen. 

• Huidtype II: Ik verbrand meestal en word soms bruin.  
Kenmerken: lichte huid, vaak blond haar, vaak blauwe of groene ogen. 

• Huidtype III: Ik verbrand soms en word meestal bruin.  
Kenmerken: lichte tot lichtbruine huid, vaak donkerblond of bruin haar, vaak bruine ogen. 

• Huidtype IV: Ik verbrand zeer zelden en word gemakkelijk bruin.  
Kenmerken: lichtbruine huid, vaak bruin haar en bruine ogen. 

• Huidtype V: Ik heb een natuurlijk bruine huid en bruin gemakkelijk en snel.  
Kenmerken: bruine huid, vaak bruin of zwart haar, vaak bruine ogen. 

• Huidtype VI: Ik heb een natuurlijk zwarte huid.  
Kenmerken: zeer donker bruine of zwarte huid, vaak zwart haar en vaak bruine ogen. 

 

2. Heeft u wel eens last van onregelmatige huid? 

• Vaak (bijv. door Acne) 

• Soms (Bijv wel eens last van rode plekjes/bultjes) 

• Nooit 

 

3. Welk huidtype heeft u normaal gesproken in uw gezicht, wat betreft droogheid? 

• Droog (bijv. de huid kan schilferen en/of strak aanvoelen) 

• Normaal (voelt comfortabel) 

• Vettig (bijv.de huid kan glimmen) 

 

 

4. Vindt u dat u een gevoelige huid heeft (bijv. in vergelijk met andere mensen)? 

• Ja 

• Een beetje 

• Nee 

 

5. Reageert uw huid na/tijdens het scheren of contact met weefsels zoals kleding, 

handdoeken? 

1 – 5 scale  
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Appendix B Study II Participant Information Sheet 

 
 

Study Title: Assessing the structural and functional response of skin to representative mechanical 
loads.  
Researcher: Pakhi Chaturvedi 
ERGO number: 71825         
 
You are being invited to take part in the above research study. To help you decide whether you 
would like to take part or not, it is important that you understand why the research is being done 
and what it will involve. Please read the information below carefully and ask questions if anything 
is not clear or you would like more information before you decide to take part in this research.  
You may like to discuss it with others but it is up to you to decide whether or not to take part. If 
you are happy to participate you will be asked to sign a consent form. 
 
What is the research about? 
Skin sensitivity (SS) is a commonly occurring response to a range of stimuli, including 
environmental conditions, chemical irritants, and mechanical forces, e.g., shaving. 
More than 50% of the population are reported to present with varying degrees of sensitive skin, 
with an increasing number of individuals attending dermatology clinics with specific skin 
sensitivities. Furthermore, consumer products such as electrical shavers interact with the skin 
while exerting a combination of dynamic loading in the form of pressure and shear. Differences in 
individual tolerance to these devices has led to a demand for personalised products. 
The aim of this study is to use measurement tools to assess parameters of skin health before and 
after the application of a commercial shaver which incorporates as special sensor which depicts 
how hard you are pushing.  
 
This work is carried out as part of the project “Skin Tissue Integrity under Shear” (STINTS) that is 
funded from the European Union’s Horizon 2020 research and innovation programme under the 
Marie Skłodowska-Curie Actions (MSCA) grant agreement no. 811965.  
 
 
Why have I been asked to participate? 
We are recruiting participants from the local university population. The sample we are looking for 
are males aged between 18 - 65 year. We are afraid if you have Eczema, Psoriasis, any facial 
trauma or malignancy you will be unable to take part, as the research process may cause further 
irritation to your skin. We also need to feel confident that you can give informed consent to take 
part in this study. We hope to use the data as part of preliminary research, as there is little 
information on objective markers of enhanced skin sensitivity. 
 
 
What will happen to me if I take part? 
This experiment will take place over three sessions of two hours for each participant based on the 
time interval from the last clean shave, i.e., 24 hours post shaving, 48 hours post shaving, 72 
hours post shaving.  
 
Each session will involve shaving on a patch of skin on your forearm, cheek, and neck using an 
electric shaver. The electric shaver may feel a little uncomfortable during the testing procedure. 
However, if this causes too much discomfort the testing will be stopped immediately.  
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On arrival to the lab, participants will be offered the chance to ask any questions. They will be 
asked to wear comfortable clothing including a short-sleeved tee-shirt. Their height and weight 
will be taken once consented. To allow the skin to acclimatize to the room temperature, the 
participant will be requested to wait for 20 minutes before the measurements can be initiated. 
During this time, the participant will be requested to complete a “Skin Sensitivity Questionnaire”. 
Furthermore, a square will be drawn on the left and right forearms (volar side), and only on one 
side of the face for the cheek and neck.  This is done to standardize the location of the skin 
sample across multiple visits. A non-permanent eye-liner pencil will be used, and marks will be 
removed on completion of the testing. Then, a photograph will be taken of the skin sample 
highlighted. There will be no personal identifying features will be included in the image. 
  
Before shaving, we will establish your baseline skin health using a range of tools. These include 
Optical Coherence Tomography imaging (OCT; for characterising skin layer thickness, pore count, 
and redness), Sebutapes (for collecting and analysing the biomarkers in the sebum), Tewameter 
(for characterizing TEWL and temperature), and Corneometer (for characterising surface 
hydration). These series of test procedures have been detailed below: 
 

1. OCT Imaging –  
a. Participants will be seated with their forearm/cheek/neck in front of the OCT 

imaging probe such that the top layers of the skin are focused within the 
corresponding software (Figure 1a).   

b. The researcher will record 2D/3D OCT scans using the software. The scan will take 
approximately one minute (Figure 1b).   

 

Figure 1 OCT measurement. a) Example of probe placement on the cheek from Vivosight 

catalogue, b) The outcome of the measurement as presented by the manufacturer’s software. 

 
 

2. Sebutape sampling – 
 

a. The researcher will apply commercially available Sebutapes on the participant’s 
skin at a predefined site using gloved hands to avoid cross contamination of skin 
proteins.   

b. The adhesive side of the tape will be placed directly on the skin surface for 2 
minutes.   

c. After the 2 minutes collection interval, the researcher will remove the tapes from 
the skin site using tweezers. Taking care not to crumple or fold the samples, each 
tape will be placed flat into individually labelled glass vials and immediately 
transferred to an Ultra-Low Temperature Freezer. The tape samples will be stored 
in the freezer until analysis of biomarkers can be performed.   
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Figure 2 Example of placement of Sebutape on a  participant’s forearm 

 
 

3. TEWL measurement – 
a. The researcher will gently press the Tewameter probe (Figure 3a) on the skin area 

to be measured. The button on the side of the probe will be pressed to start the 
recording. The computer will show a signal and stores it while it plays a tone 
every second to indicate the signal was recorded.  

b. TEWL and temperature will be continuously recorded for a period of 1 minute.   
c. After 60 seconds, the researcher will press the button again to end the 

measurement.  
d. This will be repeated 2 times. 

 
4. Hydration measurement – 

a. The researcher will gently press the Corneometer probe on the skin area to be 
measured (Figure 4a). The computer shows a signal and stores it while it plays a 
tone to indicate the signal was recorded.  

b. This will be repeated 5 times. 

 

Figure 4 Hydration measurement. a) The Corneometer probe and b) the outcome of the 

measurement as presented by the manufacturer's software 

 
 

a) b) c) 

Figure 3 TEWL measurement. a) Open-chamber method, b) Temperature and humidity sensors 

inside the probe and c) The outcome of the measurement as presented by the manufacturer’s 

software. 
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Following this, the mechanical stimulus will be applied. For the left forearm, cheek, and neck,  
you will be asked to shave at the specified skin site on the using the electric shaver for 60 
seconds. For the right forearm, the researcher will conduct tape stripping at the specified site. We 
will then ask you to rate the level of skin sensitivity you feel on a scale from 1 to 10. After 20 
minutes, the measurements methods from before shaving will be repeated to record the post-
stimulus skin parameters.  
 
 
Are there any benefits in my taking part? 
A £25 John Lewis voucher will be available on completion of the research project.  
Additionally, your participation will contribute to establishing individual thresholds of tolerance to 
external mechanical stimuli. This will benefit the development skin friendly consumer products.  
 
Are there any risks involved? 
To minimise risks associated with cross contamination of biological substances, the shaving unit 
will be cleaned as per manufacturer guidelines. Furthermore, to minimise risks associated with 
COVID-19, the shaver will be disinfected as well.  
Additionally, all researchers and participants will be provided personal protective equipment (face 
masks, hand washing/gloves, and aprons). Facilities to wash hands and to maximise social 
distancing will also be available.  All research will be conducted under the Clinical Academic 
Facility Method Statement for keeping researchers and participants safe during COVID-19. 
 
 
What data will be collected? 
Personal data including your name and signature (consent forms) will be kept in a locked cabinet 
in the lead researchers office (card access only). This will only be accessible to the lead researcher. 
Thereafter, you will be given an anonymised reference number, which will be linked to all 
subsequent data we collect from you during this study.  
 
During the study we will collect data regarding your age, gender, height, and weight. In addition, 
we will collect data regarding your shaving habits (that is, frequency of shaving facial hair and type 
of tool used). We will also collect data to characterise the skin parameters at the forearm, cheek, 
and neck, at baseline and after shaving. Furthermore, we will place a small tape on your skin to 
collect sebum, which is a natural oil released from the skin surface. We will use this sebum to 
analyse whether your skin has reacted to the external mechanical stimuli.  
 
To monitor the growth of hair between the sessions, we will capture close-up photographs of the 
skin surface. There will be no personal identification factors included in this photograph. This will 
be an optional element to the consent form, i.e., you may opt out of photos being taken.  
 
Physical study forms will be kept in a study file, stored in the Clinical Academic Laboratories 
(AA80) in a locked cabinet. Electronic files will be stored on a password protected laboratory 
computer. Anonymised files from the data collection will be shared between researchers (only 
those named in the above application) using an encrypted data stick. 
 
 
Will my participation be confidential? 
Your participation and the information we collect about you during the course of the research will 
be kept strictly confidential.  
 
Only members of the research team and responsible members of the University of Southampton 
may be given access to data about you for monitoring purposes and/or to carry out an audit of 
the study to ensure that the research is complying with applicable regulations. Individuals from 
regulatory authorities (people who check that we are carrying out the study correctly) may 
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require access to your data. All of these people have a duty to keep your information, as a 
research participant, strictly confidential. 
 
In accordance with data protection policy of the University of Southampton and the Data 
Protection Act 2018, your data will be kept anonymously (coded), and stored in a filing cabinet in 
the locked office of Dr Peter Worsley. Anonymous data will also be stored on computers and 
coded with an unidentifiable identification number in the laboratory, which is also locked. Only 
the investigators will have access to the data. Data will be stored securely for 10 years. 
 
 
Do I have to take part? 
No, it is entirely up to you to decide whether or not to take part. If you decide you want to take 
part, you will need to sign a consent form to show you have agreed to take part.  
 
 
 
What happens if I change my mind? 
You have the right to change your mind and withdraw at any time without giving a reason and 
without your participant rights being affected. If you withdraw from the study, we will keep the 
information about you that we have already obtained for the purposes of achieving the objectives 
of the study only. 
 
 
What will happen to the results of the research? 
Your personal details will remain strictly confidential. The data will be stored on an electronic 
database as per EU open access agreement. Research findings made available in any reports or 
publications will not include information that can directly identify you without your specific 
consent. After we have finished the study, we will write the findings up for publication in scientific 
journals and conference abstracts. These will present anonymised data from the study, where no 
personal information will be disclosed. 
 
 
Where can I get more information? 
If you would like further information before deciding if you would like to take part in our study, 
please contact the lead research, Dr Peter Worsley using the following email: 
p.r.worsley@soton.ac.uk. 
p.chaturvedi@soton.ac.uk 
 
 
What happens if there is a problem? 
If you have a concern about any aspect of this study, you should speak to the researchers who will 
do their best to answer your questions.  
If you remain unhappy or have a complaint about any aspect of this study, please contact the 
University of Southampton Research Integrity and Governance Manager (023 8059 5058, 
rgoinfo@soton.ac.uk). 
 
For enquiries to the research team please contact 
Dr Peter Worsley 
Tel: 02381 208287 
Email: P.R.Worsley@soton.ac.uk  
 
Data Protection Privacy Notice 
The University of Southampton conducts research to the highest standards of research integrity. 
As a publicly-funded organisation, the University has to ensure that it is in the public interest 

mailto:rgoinfo@soton.ac.uk
mailto:P.R.Worsley@soton.ac.uk
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when we use personally-identifiable information about people who have agreed to take part in 
research.  This means that when you agree to take part in a research study, we will use 
information about you in the ways needed, and for the purposes specified, to conduct and 
complete the research project. Under data protection law, ‘ ersonal data’ means any information 
that relates to and is capable of identifying a living individual. The University’s data protection 
policy governing the use of personal data by the University can be found on its website 
(https://www.southampton.ac.uk/legalservices/what-we-do/data-protection-and-foi.page).  
 
This Participant Information Sheet tells you what data will be collected for this project and 
whether this includes any personal data. Please ask the research team if you have any questions 
or are unclear what data is being collected about you.  
 
Our privacy notice for research participants provides more information on how the University of 
Southampton collects and uses your personal data when you take part in one of our research 
projects and can be found at 
http://www.southampton.ac.uk/assets/sharepoint/intranet/ls/Public/Research%20and%20Integri
ty%20Privacy%20Notice/Privacy%20Notice%20for%20Research%20Participants.pdf  
 
Any personal data we collect in this study will be used only for the purposes of carrying out our 
research and will be handled according to the University’s policies in line with data protection law. 
If any personal data is used from which you can be identified directly, it will not be disclosed to 
anyone else without your consent unless the University of Southampton is required by law to 
disclose it.  
 
Data protection law requires us to have a valid legal reason (‘lawful basis’) to process and use 
your Personal data. The lawful basis for processing personal information in this research study is 
for the performance of a task carried out in the public interest. Personal data collected for 
research will not be used for any other purpose. 
 
For the purposes of data protection law, the University of Southampton is the ‘Data Controller’ for 
this study, which means that we are responsible for looking after your information and using it 
properly. The University of Southampton will keep identifiable information about you for 10 years 
after the study has finished after which time any link between you and your information will be 
removed. 
 
To safeguard your rights, we will use the minimum personal data necessary to achieve our 
research study objectives. Your data protection rights – such as to access, change, or transfer such 
information - may be limited, however, in order for the research output to be reliable and 
accurate. The University will not do anything with your personal data that you would not 
reasonably expect.  
 
If you have any questions about how your personal data is used, or wish to exercise any of your 
rights, please consult the University’s data protection webpage 
(https://www.southampton.ac.uk/legalservices/what-we-do/data-protection-and-foi.page) where 
you can make a request using our online form. If you need further assistance, please contact the 
University’s Data  rotection Officer (data.protection@soton.ac.uk). 
 

 

  

https://www.southampton.ac.uk/legalservices/what-we-do/data-protection-and-foi.page
http://www.southampton.ac.uk/assets/sharepoint/intranet/ls/Public/Research%20and%20Integrity%20Privacy%20Notice/Privacy%20Notice%20for%20Research%20Participants.pdf
http://www.southampton.ac.uk/assets/sharepoint/intranet/ls/Public/Research%20and%20Integrity%20Privacy%20Notice/Privacy%20Notice%20for%20Research%20Participants.pdf
mailto:data.protection@soton.ac.uk
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Appendix C Additional figures from Chapter   

Normality test 
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Cheek vs Neck Scatterplots   

 

Relationship between the skin hydration on the cheek and the neck for session 2 
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Relationship between the redness on the cheek and the neck for session 2 
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Relationship between the skin temperature on the cheek and the neck for session 2 
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Relationship between the skin hydration on the cheek and the neck for session 3 
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Relationship between the redness on the cheek and the neck for session 3 
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Relationship between the skin temperature on the cheek and the neck for session 3 
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Appendix D Additional figures from Chapter   

Normality test 
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Scatterplots for OCT-skin parameters and biophysical parameters at baseline 
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Relationship between OCT-skin parameters and extrinsic factors 

Ranks for participants from Session 2 at baseline for the all the skin parameters, sorted by the SS 

category. 

 

 

  

Participant
SS 

Category

Shaving 

method

Shaving 

Frequency

Rank

SID

Rank

AuC

Rank

Rq

Rank

TEWL

Rank

Hyd.

Rank

Red.

Rank

Temp.

P11 Low SS Rota >5 11 5 1 2 12 12 7

P18 Low SS Blade 3, 4 4 9 2 12 11 2 11

P22 Low SS Blade 3, 4 12 10 10 6 2 13 7

P5 Mild SS Combination >5 7 14 3 3 4 9 17

P8 Mild SS Combination <2 15 1 16 13 15 17 14

P13 Mild SS Combination 3, 4 14 13 6 10 13 1 12

P14 Mild SS Combination 3, 4 2 11 11 14 3 11 4

P16 Mild SS Combination >5 17 17 13 1 8 6 2

P17 Mild SS Combination >5 6 7 15 4 10 14 14

P19 Mild SS Combination >5 5 12 4 10 14 3 4

P20 Mild SS Rota >5 10 2 8 7 16 7 12

P21 Mild SS Combination 3, 4 9 16 12 5 17 16 4

P1 High SS Combination <2 8 8 5 16 1 8 7

P2 High SS Blade <2 13 3 9 9 7 5 1

P3 High SS Rota <2 1 15 7 8 9 15 3

P4 High SS Blade >5 3 6 14 17 5 10 10

P7 High SS Combination 3, 4 16 4 17 15 6 4 16

P11 Low SS Rota >5 4 4 4 #N/A 16 15 #N/A

P18 Low SS Blade 3, 4 15 15 5 6 9 2 5

P22 Low SS Blade 3, 4 10 5 13 1 4 7 6

P5 Mild SS Combination >5 1 3 16 10 2 13 6

P8 Mild SS Combination <2 14 6 11 11 13 5 12

P13 Mild SS Combination 3, 4 8 12 2 5 15 1 6

P14 Mild SS Combination 3, 4 16 16 17 14 3 12 12

P16 Mild SS Combination >5 5 10 6 3 8 3 4

P17 Mild SS Combination >5 7 9 14 2 10 11 16

P19 Mild SS Combination >5 12 14 1 8 17 4 14

P20 Mild SS Rota >5 17 17 10 4 11 14 15

P21 Mild SS Combination 3, 4 9 13 9 9 14 16 9

P1 High SS Combination <2 2 2 12 14 1 8 1

P2 High SS Blade <2 3 1 8 12 12 8 2

P3 High SS Rota <2 11 8 7 7 7 17 9

P4 High SS Blade >5 6 7 3 16 5 10 2

P7 High SS Combination 3, 4 13 11 15 13 6 6 11

Cheek

Neck
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Ranks for participants from Session 3 at baseline for the all the skin parameters, sorted by the SS 

category.  

 

 

 

  

Participant
SS 

Category

Shaving 

method

Shaving 

Frequency

Rank

SID

Rank

AuC

Rank

Rq

Rank

TEWL

Rank

Hyd.

Rank

Red.

Rank

Temp.

P11 Low SS Rota >5 4 3 1 3 11 7 12

P18 Low SS Blade 3, 4 12 11 17 12 16 1 15

P22 Low SS Blade 3, 4 17 15 12 4 7 13 2

P5 Mild SS Combination >5 8 7 14 5 2 14 4

P8 Mild SS Combination <2 16 4 10 10 17 17 13

P13 Mild SS Combination 3, 4 11 14 4 6 8 2 5

P14 Mild SS Combination 3, 4 14 10 11 9 12 3 14

P16 Mild SS Combination >5 10 6 2 1 5 12 11

P17 Mild SS Combination >5 1 1 15 8 6 11 6

P19 Mild SS Combination >5 5 16 3 15 9 6 17

P20 Mild SS Rota >5 9 2 9 13 14 16 16

P21 Mild SS Combination 3, 4 2 9 7 11 15 15 9

P1 High SS Combination <2 6 8 13 17 3 10 8

P2 High SS Blade <2 13 12 6 16 3 8 3

P3 High SS Rota <2 15 17 8 7 13 9 7

P4 High SS Blade >5 7 13 5 2 10 5 1

P7 High SS Combination 3, 4 3 5 16 14 1 4 10

P11 Low SS Rota >5 10 9 1 10 17 13 13

P18 Low SS Blade 3, 4 13 6 12 11 10 4 15

P22 Low SS Blade 3, 4 11 15 11 2 7 6 5

P5 Mild SS Combination >5 3 3 10 3 9 9 1

P8 Mild SS Combination <2 2 2 14 5 14 11 12

P13 Mild SS Combination 3, 4 7 14 5 4 8 2 8

P14 Mild SS Combination 3, 4 9 11 17 6 4 8 11

P16 Mild SS Combination >5 14 8 7 1 6 3 7

P17 Mild SS Combination >5 5 12 13 9 5 5 10

P19 Mild SS Combination >5 12 13 4 13 13 10 16

P20 Mild SS Rota >5 17 17 2 14 16 15 17

P21 Mild SS Combination 3, 4 1 4 3 8 11 17 6

P1 High SS Combination <2 6 5 16 12 1 12 3

P2 High SS Blade <2 4 16 6 17 2 7 4

P3 High SS Rota <2 16 1 15 7 15 14 9

P4 High SS Blade >5 15 10 9 15 12 1 2

P7 High SS Combination 3, 4 8 7 8 16 3 16 14

Neck

Cheek
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Appendix E Additional figures from Chapter   

Normality test 
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Appendix F Additional figures from Chapter   

Normality test 
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