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ABSTRACT 

A need for a quantitative method to determine body water level has been identified by a 

team of Clinical Innovation Fellows at the Centre for Technology in Medicine and Health 

(CTMH). A reliable way to determine body water level would bring great benefits to the 

healthcare sector, where no optimal method is available at the time of writing. A possible 

solution is a sensor that would measure alterations in skin properties due to changes in total 

body water. CTMH has had an idea of such a sensor, which is evaluated in this work. At an 

early stage of this evaluation process, it became clear that the research regarding correlations 

between skin properties and body hydration level was not sufficient to warrant the initiation of 

a sensor development process. Therefore, the main objective of this thesis became to 

investigate such correlations. 

 
An extensive literature review is presented, from which an experiment was developed. The 

experiment was performed on four human test subjects and involved measurements of skin 

thickness and elasticity parameters, before and after a weight loss of 3.2-3.7 % due to 

dehydration. The results showed clear decreases in skin thickness and indications of alterations 

in skin distensibility as well as in the skin’s immediate elastic response to applied negative 

pressure. It could also be seen that skin at different body sites does not respond in the same way 

- calves showed more distinct results than thighs and volar forearm. 
 
The material provided in this thesis encourages further studies of the correlation between the 

mentioned properties and total body water. If a predictable correlation can be found, a sensor 

development process could start. A reliable way to determine body water level would bring 

great benefits to the healthcare sector, where no optimal method is available at the time of 

writing. 

 

  



 

 

 

  



  

v 

 

SAMMANFATTNING 

Ett behov av att kvantitativt kunna mäta kroppens vattennivå har identifierats av Clinical 

Innovation Fellowship vid Centrum för Teknik i Medicin och Hälsa (CTMH). Ett 

tillförlitligt sätt att mäta kroppens vattennivå skulle gynna hälso- och sjukvården på många 

sätt då ingen optimal metod är tillgänglig i dagsläget. 

 

En möjlig lösning skulle kunna vara en sensor som mäter variationer i hudegenskaper till 

följd av förändringar i kroppens vattennivå. CTMH har haft en idé om en sådan sensor, 

vilken utvärderas i detta arbete. I ett tidigt skede av utvärderingsprocessen framkom det 

tydligt att tillräcklig forskning saknades gällande korrelationer mellan hudens egenskaper 

och kroppens vattennivå. Det huvudsakliga syftet med detta masterexamensarbete blev 

därför att undersöka sådana korrelationer.  

 

En omfattande litteraturgransking gjordes, och utifrån denna utformades ett experiment. 

Experimentet utfördes på fyra testpersoner och innefattade mätningar av hudens tjocklek 

samt elasticitetsparameterar. Dessa utfördes före och efter viktnedgång av 3,2-3,7 % till 

följd av vattenförlust. Resultaten visade på en tydlig minskning av hudtjockleken samt 

indikationer på förändringar av hudens tänjbarhet samt dess omedelbara elastiska respons 

vid pålagt negativt tryck. Det visade sig också att huden inte reagerar på samma sätt på 

olika kroppsdelar - vader visade tydligare förändringar jämfört med lår och armar. 

 

Det material som presenteras i detta examensarbete uppmuntrar till fortsatt utredning av 

korrelationer mellan de nämnda hudegenskaperna och kroppens vattennivå. Om det går att 

förutse korrelationer finns det förutsättningar för att påbörja utveckling av en sensor.   
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GLOSSARY 

Abbreviation  Meaning 

CTMH    Centre for Technology in Medicine and Health 

ECF     Extracellular fluid 

HA     Hyaluronic acid 

HF     High-frequency 

ICF     Intracellular fluid 

ISF     Interstitial fluid 

MER     Magnetoelastic resonance 

OCT     Optical coherence tomography 

RH     Relative humidity  

SC     Stratum corneum 

SLL     Stockholms läns landsting (Stockholm County Council) 

TBW     Total body water 

TS      Test subject 
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TERMINOLOGY 

Creep  

A viscoelastic material starts to creep, i.e. continues to deform, during a constant stress. 

 

Distensibility 

A material’s ability to elongate without rupturing.  

 

Damping 

Describes the amplitude decrease of oscillations in an oscillatory system. 

 

Echogenicity 

The ability to reflect ultrasonic waves.  

 

Elasticity 

A material’s ability to return to original shape after being deformed under stress.  

 

Shear modulus 

The ratio of the shear stress to the shear strain. 

 

Skin thickness  

In this thesis defined as the combined thickness of epidermis and dermis. 

 

Viscoelasticity 

A viscoelastic material shows both elastic and viscous behavior when being deformed. 

 

Young’s modulus 

Describes the relationship between mechanical tension and deformation. 
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1 INTRODUCTION 

1.1 BACKGROUND 
The Centre for Technology in Medicine and Health (CTMH) is a cooperation between the 

Royal Institute of Technology, the Karolinska Institutet and the Stockholm County Council 

(Stockholms läns landsting, SLL). As a part of its annual Clinical Innovation Fellowship 

program, CTMH forms two multidisciplinary teams of fellows which aim to solve problems 

with focus on hospital clinics. In their work at Karolinska University hospital year 2010, a need 

was identified for a precise, simple and economically viable way to measure patients’ hydration 

condition, since no satisfactory quantitative method exists. 

 

Patients and elderly people often get dehydrated, which negatively affects physiological 

functions and organs. It is therefore important to determine and monitor patients’ hydration 

states to be able to give correct diagnosis. An instrument or a sensor that determine the 

hydration status could also facilitate rehydration and avoid overhydration, which can cause for 

example negative effects like edema and water intoxication. 

 

Several methods to estimate body hydration exist. Examples are determining skin turgor, 

weighing the patients and examining urine color or blood samples. These methods are for 

different reasons insufficient, economically unjustifiable or time consuming. Thus, there is a 

need for a device which can measure body hydration in a quick and exact way and yet be 

economically beneficial. Prior to the start of this thesis, a team of fellows and employees at 

CTMH had developed an idea for a sensor which would be able to meet these requirements. The 

project is called HyperHypo and was the winner of KTH Innovation idea competition in 2013, 

where the price was 100 000 SEK to evaluate the sensor idea. The sensor concept was based on 

that mechanical properties of the skin vary depending on body hydration status. If property 

changes could be measured it would be possible to determine the body water level.  

 

However, at an early stage of this study it was concluded that the correlations between skin 

properties and body hydration level had not been sufficiently evaluated to start developing a 

sensor. Instead, the bulk of this thesis has been an experiment aimed to investigate correlations 

between skin properties, such as elasticity and thickness, and body hydration level. 

1.2 PURPOSE 
The main purpose of this study was to investigate the correlations between skin properties and 

body hydration state. Furthermore, a purpose was to provide relevant information for a future 

development process of a sensor aimed to determine body water level. 

1.3 PROBLEM DEFINITION 
This thesis proceeds from following problem definitions: 

 Do mechanical properties or thickness of the skin and body hydration level correlate? 

 If so, how do they correlate? 
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1.4 GOALS 

 Evaluate the sensor idea by CTMH. 

 Identify factors affecting skin properties. 

 Identify, and explain the function of, existing instruments for measuring mechanical 

properties or thickness of the skin. 

 Investigate correlations between mechanical properties or thickness of the skin, and 

body water level at dehydration condition. 

 Provide recommendations for further development of a sensor measuring variations in 

skin properties. 

1.5 SCOPE 
The skin can be examined in many ways, for example by measuring electrical properties such 

as bioimpedance or permittivity. This thesis has solely focused on the mechanical properties 

and thickness of the skin since these are properties that can be useful in the future development 

of a sensor. 

 

This thesis had a limited budget which meant that some possible, but too costly, solutions 

concerning the experiment design had to be excluded.  

1.6 METHODS 
The starting point of this thesis is a literature study handling the skin and its properties, body 

fluids, body water level and skin measuring techniques. A chapter is also dedicated to the base 

of the sensor idea, magnetoelastic resonance. 

 

Relevant literature was found using the search engines Google Scholar and Karolinska 

Institutet University Library’s reSEARCH. Keywords used are presented in Appendix A. A few 

key people have been interviewed during the work as part of the literature study. 

 

From the literature study, an experiment was developed. Its purpose was to investigate 

correlations between skin properties and body hydration level. Elastic properties and thickness 

of the skin were in focus and the experiment involved a dehydration process for four human test 

subjects. Two well-established instruments were used to measure the properties before and 

after dehydration. During the experiment design process, further reading was required in order 

to get adequate and reliable results from the experiment. The results from the experiment were 

evaluated and analyzed using statistical methods. 
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2 THEORETICAL FRAMEWORK 

This chapter describes relevant and established knowledge concerning different aspects of this 

thesis. 

2.1 RELEVANT ANATOMY AND PHYSIOLOGY OF 
THE SKIN 
The skin is the largest organ in the human body and it constitutes about 18 % of the total body 

weight [1, p. 767]. The skin, with a surface area of approximately 2 m
2
, covers the whole body 

and has many different functions, including the following: 

 Protect against physical impacts and wearing. 

 Protect against chemical substances and biological organisms. 

 Be part of the body’s thermoregulation. 

 Prohibit dehydration. 

 Store water and fat. 

 Sense pain, cold, heat, pressure and contact. 

The skin consists of three main layers, which, from the outside, are epidermis, dermis and 

subcutis. They have different compositions and thicknesses [2, p. 13, 29]. A cross-section of the 

skin is shown in Figure 2.1. 

 

 
Figure 2.1. Cross-section view of thick and thin human skin [3]. 
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Epidermis 

Epidermis is the outer layer and its thickness varies between 0.05 and 0.1 mm at different parts 

of the body. It is mainly composed of keratinocytes which function to synthesize keratin. 

Keratin is an important threadlike protein [2, p. 13, 14]. The water content in epidermis varies 

between its different layers, but also within them [4, p. 4]. 

 

The epidermis can be divided into four layers: 

 Stratum basale. 

 Stratum spinosum. 

 Stratum granulosum. 

 Stratum corneum (SC).  

 

Stratum basale is attached to dermis and SC faces the outer environment. The three layers 

below SC represent the living epidermis since the keratinocytes migrate from stratum basale 

and mature and degrade during transportation towards SC. When the keratinocytes reaches SC 

they are dead and the cells are flat. In the deeper layers of epidermis melanocytes are found 

which absorb both visible light and UV-radiation. 

 

Stratum corneum is approximately 15 µm thick except on the palms and soles where it is much 

thicker, up to 2 mm. It is made of degraded keratin cells and constitutes a good protection 

against wearing and foreign substances [2, pp. 13-17]. This layer also prevents loss of 

interstitial fluid [5, p. 14]. If SC is removed the water loss from the skin surface can be up to 50 

times greater than normally. The water content in SC is approximately 15-40 %, less at the 

surface and more in the deeper parts [4, p. 4].  

Dermis 

The thickness of dermis varies from approximately 0.5 mm to more than 5 mm [6, p. 3.1]. The 

dermis consists of cells, fibers, ground substance
1
, nerves and also blood and lymphatic vessels. 

Two main types of fibers are present in the skin, collagen and elastin. Collagen fibers provide 

strength to the skin and prevent tearing when the skin is stretched. Elastin fibers give the skin its 

elasticity which makes it return to the original position after being stretched [2, pp. 26-28]. 

 

The fibers are embedded in a water absorbing ground substance which let nutrients, hormones 

and waste products pass through dermis [5, p. 20]. The water also makes the skin soft and 

distensible [7, p. 44]. The ground substance acts like a shock absorber against physical impact 

[5, p. 20]. 

 

The skin’s weight consists of approximately 70 % water [1, p. 767]. Some of this water is bound 

to the hyaluronic acid (HA) molecules found in the ground substance of the skin [8], [9]. The 

skin contains 50 % of all HA molecules in the body, and the dermis layer has significantly 

higher amount of the HA molecules than the epidermis [9]. One HA molecule can bind water up 

to 1 000 times its own volume [10], [11]. 

                                                 
1
 Ground substance is a gel-like material surrounding the cells. 
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Subcutis 

Subcutis consists of loose connective and adipose tissue. The adipose tissue is a good shock 

absorber, nutrient storage and heat conserver. Adipose tissue contains approximately 10 % 

water [1, p. 767]. 

 

In big parts of the body arteries and veins are also positioned in the subcutis layer [12, p. 180].  

 

Subcutis is not always considered a part of the skin since it mostly consists of adipose tissue. In 

most articles therefore only dermis and epidermis are included in the term “skin”. This 

denotation is adopted in all parts of this thesis. 

2.2 BODY FLUIDS AND HYDRATION CONDITIONS  
The total body water (TBW) content is approximately 60 % of a human’s body weight. TBW 

can be divided into intracellular fluid (ICF), extracellular fluid (ECF) and transcellular fluid 

[13, pp. 285-296]. However, transcellular fluid is usually not included [14, p. 34]. The ECF can 

be divided into interstitial fluid (ISF) and intravascular fluid (IVF or plasma) [13, pp. 285-296]. 

Just above half the blood volume consists of plasma. The plasma itself is 90 % water and one of 

its main purposes is to transport substances between different parts of the body [15, p. 264]. 

 

A 70 kg person with 60 % TBW contains 42 liters of water, of which 28 liters is ICF and 14 

liters is ECF. The ECF consists of 3.5 liters of plasma and 10.5 liters of ISF. The TBW content 

of individuals with little fat is higher than for overweight individuals. There is also a gender 

difference; men generally have greater TBW content compared to women. Additionally 

children have a greater proportion of TBW than adults [13, pp. 285-296]. 

 

The two main controlling factors of TBW is fluid intake and renal excretion of water [13, p. 

345]. The kidneys normally keep the relationship relatively constant between water and 

inorganic ions, such as Na
+
, K

+ 
and HCO3

-
 [15, pp. 20-21, p. 338]. 

 

During a day of no exercising the water loss of a human is approximately 2.3 liters, which is 

compensated by intake of the same volume. More than half of the water loss depends on urine 

excretion while 450 ml is lost through the skin. 100 ml is excreted as sweat and 350 ml of water 

diffuses from the skin. This diffusion of water is denoted as insensible water. During a day of 

hard physical activity the total output of water can be almost tripled where most of the water is 

excreted as sweat. A person can lose 1000-2000 ml fluid from sweating in one hour while the 

amount of insensible water loss is constant at 350 ml. However, sweat rate vary depending on 

individuals, surrounding environment and physical activity [13, pp. 285-296]. 

 
Dehydration means that the body has a deficit of water. There are many different symptoms of 

dehydration depending on how severe it is. SLL has definitions of different states of dehydration 

[16]: 

 Mild dehydration 

o 2-3 % of body weight water loss. 

o Potential symptom: Thirst. 

 Moderate dehydration 

o Approximately 5 % of body weight water loss.  
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o Potential symptoms: Increased respiration rate, decreased urine output and 

reduced skin and mucous membrane turgor. 

 Severe dehydration 

o 8-10 % of body weight water loss.  

o Potential symptoms: Circulatory disorders (hypotension and tachycardia), 

chock and anuria. 

 

There are three types of dehydration: Hypotonic, isotonic and hypertonic. Hypotonic and 

isotonic dehydration occurs due to different medical disorders. Hypertonic dehydration can 

occur from the same reasons but also because of normal water loss such as sweating combined 

with too low water intake [16]. During hypertonic dehydration the ECF and ICF volumes are 

affected equally, i.e. the relative water distribution remains the same between the two volumes 

[14, p. 44]. The total sodium concentration increases in the blood [13, pp. 285-296]. The 

reference interval for normal state sodium is 137-145 mmol/l [17] and 98-107 mmol/l for 

chloride [18]. 

 

The state when water is retained in the body and TBW consequently increases is called 

overhydration. Overhydration can, like dehydration, be hypotonic, isotonic or hypertonic [13, 

pp. 285-296]. 

2.3 METHODS IN USE TO ASSESS BODY 
HYDRATION CONDITION 
Several different methods are in use to estimate patients’ body hydration. One well-established 

approach is to determine skin turgor. This is done by grasping and then releasing the skin on the 

back of the hand, lower arm or abdomen. If the skin snaps back slowly rather than quickly it is 

said that the person is more likely dehydrated. 

 

Another method is to monitor the patients’ weight changes with a bed or standard scale. Weight 

changes can then be connected to fluid loss. Bed scales, however, is a costly solution, and is for 

that reason not a good solution for the healthcare sector. To use a standard scale is cumbersome 

for employees, and some patients cannot be moved from their beds
2
. 

 

Furthermore, the body water level can be examined by blood samples. There are different 

substances to examine, but usually sodium levels and/or erythrocyte volume fraction is 

determined. However, this method does not give a very exact measure of body hydration state
3
. 

 

It is also possible to examine urine color. Darker urine usually means less hydrated. However, 

for instance medication can affect the color and thus give misleading indications [19]. A final 

method to assess body water level balance is to record how much patients eat, drink, urinate and 

defecate. For employees this is a very time demanding method
3
. 

                                                 
2

 Personal communication of Clinical Innovation Fellowships team with personnel from renal medicine 

department at Karolinska University Hospital. 2010. 
3
 Personal communication with Hans Hjelmqvist, Associate Professor, Department of Clinical Science, 

Intervention and Technology, Karolinska Institutet, 2013-07-30. 
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2.4 MAGNETOELASTIC RESONANCE SENSOR  
The idea of a sensor CTMH had is based on magnetoelastic resonance. A magnetoelastic 

resonance (MER) sensor can measure changes in elasticity and pressure, but also liquid 

viscosity and density of surrounding mediums. It can be placed either on a surface or within 

liquid. 

 

The sensor vibrates mechanically when it is excited in a varying magnetic field since it is made 

of a magnetostrictive magnetoelastic material. The viscosity and density of the medium have a 

damping effect on the sensor. This changes both its resonance frequency and amplitude. In turn, 

these changes give information about the properties of the surrounding medium [20]. 

 

The Imego division at Acreo, a Swedish research institute within the field of sensor technology, 

provides an instrument which utilizes a MER sensor. When the MER sensor is excited by a 

magnetic field the generated elastic waves have a penetration depth of 1-10 µm in the 

surrounding medium. The sensor detection is wireless [21]. 
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3 RELATIONSHIP BETWEEN BODY WATER 
AND SKIN WATER 

The skin contains about 20 % of the TBW and hence is a main storage of water [1, p. 767], [22]. 

Approximately 70 % of the skin’s weight is water [1, p. 767]. The skin and its water content is 

important to maintain the body homeostasis
1
 [13, p. 6], [23]. Water stored in the skin is utilized 

if the body experiences water deficit [7, p. 44].  

 

During dehydration, the body’s first defense is to stop sweating. At prolonged dehydration, the 

water content in muscles and the skin decreases, while more vital organs such as the brain, 

heart, kidneys and liver are prioritized
2
. Nose et al. confirmed this in a study where rats were 

dehydrated thermally, and lost 10 % of their body weight over 6-8 hours. The approximate 

TBW loss was 17 % of which 30 % was due to a decrease in skin water content. The organs 

losing least water were the brain and liver. In the skin was water losses significant in the ECF 

and ISF but not in the ICF [24].  

 

Campbell et al. studied the correlation between lean
3
 skin water and lean body water in an 

overhydration model. In the study, Ringer’s solution
4
 was infused in piglets and thereby 

increasing their TBW. An indicator dilution method was used to estimate TBW, extracellular 

water and plasma volume. The subjects were also weighed throughout the experiment. Skin 

water content was measured by analyzing tissue biopsies. One of the authors’ conclusions is 

that lean skin water content gives a good estimate of lean body water [25]. 

 

  

                                                 
1
 The term homeostasis means to maintain stable conditions of the human body’s internal environment [114, p. 3]. 

2
 Personal communication with Hans Hjelmqvist, Associate Professor, Department of Clinical Science, 

Intervention and Technology, Karolinska Institutet, 2013-07-30. 
3
 The term lean means that body fat is excluded.  

4
 Ringer’s solution is a water solute containing salts, and are used to increase human blood volume [126]. 
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4 RELEVANT MECHANICAL PROPERTIES 
OF THE SKIN  

There are many material-specific mechanical properties. The skin, however, is a living 

material, which means classic mechanical theories cannot be applied uncritically [7, p. 41]. For 

the literature review of the thesis, this meant that only published material specifically handling 

skin properties was considered. Since relevant material dealing with several of the classic 

mechanical properties could not be identified for skin, these have been left out and are not 

mentioned. Appendix A lists the search engine keywords used to identify articles handling the 

mechanical properties of the skin. 

4.1 BASIC MECHANICAL PROPERTIES OF THE SKIN 
The mechanical properties of the skin mainly depend on the composition of material in the 

extracellular space of the dermis, and in particular the deeper reticular layer [7, p. 20], [26]. The 

epidermis, including stratum corneum, does also give some contribution [27].  

 

The human skin is viscoelastic, which means it has both viscous and elastic characteristics [28]. 

The viscous properties are given by the tissue fluid and the ground substance in the dermis’ 

extracellular space [27]. The collagen and elastin fibers that are embedded in the dermis give 

the skin its firmness and elastic characteristics [15, p. 202]. 

4.2 IMPORTANT PARAMETERS 

Distensibility 

The term distensibility is a little fuzzy. For a suction method device, it is defined as the highest 

point of a time-elongation curve after a first suction. Thus, when a certain negative pressure is 

applied on the skin it will start to rise, and the highest point reached corresponds to the 

distensibility. Distensibility can also be expressed with a stress-strain curve [7, p. 42, pp. 

112-113]. The stretching ability of the collagen and elastin fibers in the skin is a determining 

factor for skin distensibility [7, p. 217], but interstitial fluid between fibers also contributes. 

More water makes the skin softer and more distensible [7, p. 44]. 

Creep 

Skin creeps since it is a viscoelastic material. If skin is stressed repeatedly it will get more and 

more distended for every repetition. This can be seen in an elongation-time curve during 

elongation due to suction. Creep probably depends on the interstitial fluid and fibers in the skin 

[7, p. 42]. 
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Stiffness 

Young’s modulus  

The Young’s modulus is a measure of stiffness and for skin it has been investigated in many 

studies. According to Diridollou et al. different studies have proposed the modulus to be in the 

range 0.02 MPa to 57 MPa, a difference of almost a factor 3000 [27]. The results have varied 

depending on methods [27], body sites [29, p. 588], gender [30], age [31], hydration [32] etc. 

This means it is hard to estimate the Young’s modulus of skin without measurements. What 

also makes determination of Young’s modulus difficult is the skin’s non-linear behavior [29, p. 

587].  

Shear modulus  

Not many studies have been identified regarding the skin’s shear modulus. This is highlighted 

in the introduction of an article by Geerligs et al. in year 2010. In the article, the authors present 

an in vitro experiment which showed decreased dynamic
1
 shear modulus of the epidermis 

during increasing RH [33]. 

 

Lamers et al. performed a study in which female skin was shown to have gradually decreasing 

dynamic shear modulus, from 8 kPa at epidermis to 2 kPa in the dermis [34].  

 

Gennisson et al. determined the shear modulus on five different subjects by using an 

own-developed method based on transient elastography
2
. Shear modulus of dermis was found 

to be in the range 1.20 to 3.10 MPa, and of epidermis 3.10 to 9.68 kPa [35].  

                                                 
1
 Dynamic modulus is the ratio of stress to strain when material experiencing vibrations. 

2
 Transient elastography is a technology that detects mechanically induced shear waves by an ultrasonic device 

[35]. 
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5. FACTORS AFFECTING SKIN 
PROPERTIES 

The following two sections aim to illustrate how responsive the skin is to different factors. 

These factors need to be considered when developing a skin sensor for total body water 

measurements. 

5.1 INDIVIDUAL FACTORS 

Age 

The effect on skin due to aging has been investigated in many studies (most likely because of 

the big market for cosmetic products). Some of the studies’ results contradict each other. 

 

When skin gets older, its elasticity generally decreases [36]–[39]. This is due to the decreased 

proportion of elastin in the dermis, which contributes greatly to the elastic properties [36], [40]. 

The viscoelastic properties also change due to aging. There is an increase in time of viscoelastic 

recovery [36], [41] that may occur not due to elastin changes but to the ground substance [36]. 

These viscoelasticity changes are unequal at different sites of the skin [41]. 

 

Some studies have found that if age as only factor influences skin, it gets thinner [38], [42]. This 

could probably be explained by the proportional relationship between collagen content and 

dermal thickness [40]. However, the skin thickness decrease due to aging is counteracted by the 

impact from sunlight. Skin gets thicker with exposure time to sunlight [38]. This contributes to 

the varying skin thickness over the body. 

 

The mechanical properties of the neck, in comparison to other body sites, have been shown to 

correlate well with age. The reason is said to be the influence of constant movement and 

sun-exposure [43]. 

 

Nakagawi et al. showed that old forearm skin has higher water content than the younger ditto. 

In their study, 30 male subjects 20-24 years of age had 67.6-71.0 % water content, while the 

elder group of 30 male subjects, 60-68 years of age, had 71.7-74.9 % water in forearm skin [44]. 

Body position 

Eisenbeiss et al. showed that dermis thickness changes due to body position. 20 male test 

subjects were measured immediately before, and 30 minutes after, body position changes. At 

the first procedure, they changed from upright to supine position, and secondly from upright to 

30 degree head-down tilt position. The dermal thickness at forehead increased significantly 

after both procedures, while the thickness at lower leg decreased significantly after the second 

procedure but remained unchanged after the first [45]. 
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Body site 

The elasticity and skin thickness varies depending on anatomic region [43], [46]. Furthermore, 

skin thickness is a factor that determines the mechanical properties; Smalls et al. conclude that 

skin stiffness is correlated with thickness and that skin at the calf is more stiff than at the thigh 

and shoulder [46]. 

 

Kim et al. compared skin properties at the neck, cheek and forearm. The results showed that 

skin at the neck has higher values for some elasticity parameters compared to the forearm and 

cheek. There were weak correlations found between dermal thickness and elasticity parameters 

at the neck [43]. 

Gender 

Giacomoni et al. points out several differences in skin properties between men and women. 

Men have 30 to 40 % higher sweat rate than women. Men also have thicker skin at all ages, but 

the difference varies at different body sites. Women have less skin collagen compared to men of 

the same age [40]. 

Nutrition 

This thesis did not make a deep analysis of the impact on skin properties from food. However, it 

was relevant to show that correlations exist and this is confirmed by the following examples: 

 A diet rich in sugar has been shown to have negative effect on the repair mechanisms of 

elastin and collagen fibers. This leads to decreased skin elasticity. The process is 

aggravated by UV light exposed to the skin [47]. 

 In study, 13 females ingested flaxseed oil four times a day during a twelve week period. 

This lead to a significant decrease in transepidermal water loss and an increase in SC 

hydration [48]. 

Skin disease 

Skin diseases can change skin properties in many ways. Here are some examples presented only 

to illustrate that body hydration measurements using a skin sensor could be problematic on 

diseased skin: 

 Provoked contact dermatitis has been shown to cause increased epidermal thickness and 

more irregular outer skin surface [49]. 

 Psoriatic skin has been shown to be thicker, less distensible and having higher values of 

viscoelastic parameters compared to healthy skin [50]. 

 Scleroderma causes increased content of collagen in the skin, which makes it harder and 

thicker [2, p. 254]. 

Skin type 

Several studies have investigated differences between different skin types. Maibach et al. 

reviewed several studies and compared the results in terms of, among others, transepidermal 

water loss, elastic recovery and pH gradient. They concluded that most findings are 

contradictory. However, there is support for black skin having higher transepidermal water loss 

and lower surface pH compared to white skin [51]. 
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5.2 EXTERNAL FACTORS 

Relative humidity and temperature 

Cravello and Ferri investigated how relative humidity and surrounding temperature affect 

stratum corneum hydration. The experiment took place in a climatic room where relative 

humidity (RH) and temperature could be regulated. SC hydration correlated with RH and 

ambient temperature. The authors provide a mathematical model for this correlation [52]. 

 

Sandford et al. showed that epidermis’ stiffness and slightly its damping properties increases 

when RH increases [53]. 

 

Xu et al. investigated how mechanical properties of the skin changes with temperature. This 

study was done in vitro on pig skin samples and the results suggest that when temperature 

increases, stiffness decreases due to skin water content [54]. 

Moisturizers and external hydration 

The effect of moisturizers differs. Some moisturizers have been shown to increase the skin 

stiffness and skin damping [53] while others decrease skin stiffness. Vexler et al. reported that 

hydrating creams decreased forearm skin stiffness for three hours [55]. It has been claimed that 

depending on which moisturizing product is used, the hydration rate of SC and epidermis varies 

[22]. A couple of studies have shown that both short and long term use of moisturizers increases 

the viscous contribution to the skin’s mechanical behavior and its ability to return to original 

position [56], [57]. Changes in skin viscoelastic properties have been observed already 15 

minutes after application [55]. Further, it has been stated that the dermis may be affected 

secondarily after long-term moisturizing treatment, for instance by retinoids [7, pp. 234-235]. 

 

The effect on the skin from external hydration or application of Vaseline has been investigated. 

Vaseline prevents water from evaporating from the skin surface. Treatment resulted in an 

increased SC thickness. Results also showed that SC swelled up and increased its thickness 

during seven hours of external hydration, but returned back to its initial thickness after being 

left dry [58]. Welzel, too, showed swelling of SC after contact with water, as well as with soaps 

[49]. Further, Russell et al. too concluded that SC gets affected by external hydration. 

Measurements were performed before and after soaking the test subject’s hands for five 

minutes in water. Results for wave propagation, damping and viscosity as function of time were 

different between the dry and wet state. They concluded that after such short exposure to water 

the mechanical properties of SC is affected but not the dermis, since barely any, or no, water 

reaches it [59]. 

 

Also Jemec et al. did an experiment where 18 test subjects immersed skin in water. 

Measurements were made at the volar forearm before water contact, and ten and twenty 

minutes after immersing. Distensibility, elastic retraction and hysteresis were measured and 

analyzed. It was found that elasticity had decreased and hysteresis significantly increased both 

after 10 and 20 minutes of the external hydration. The results were statistically significant. The 

authors claim that only epidermis is affected by the hydration since the skin is only exposed to 

water for 20 minutes [60]. 

 

Hendriks et al. suggest that the effect of external hydration on the skin needs further evaluation. 

They performed a study on thirteen males where each test subject got one arm hydrated while 
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the other was kept dry. The study involved measurements with optical coherence tomography 

(OCT, see Section 7.1), a 20 MHz ultrasound system and a suction method device, in order to 

obtain mechanical properties and thickness of the skin. The results showed that eight of the 

subjects had stiffer skin and four the opposite. The authors conclude that it seems like hydration 

indeed does affect the mechanical properties of the skin, but that the effect is ambiguous [61]. 

 

Liang and Boppart conclude in their experiment that SC gets less stiff after soaking the skin for 

20 minutes in water and followed by application of glycerin for 10 minutes. With a hair dryer 

they achieved a dehydrated condition by passing heated air on the skin. The results after 

provoked dehydration showed higher stiffness compared to the hydrated SC [32]. 

Ultraviolet light 

UV-light is an external factor which has strong impact on skin aging. Keratinocytes in 

epidermis is affected by UVB-light and fibroblasts in dermis by UVA-light [62], [63]. These 

changes, also called photoaging, lead to a loss of elasticity as during intrinsic aging [7, pp. 

234-235], [63], [64]. Examples of signs from photoaging are wrinkles and leather appearance of 

the skin [63], [65]. Takema et al. showed that skin at different parts of the face, which is 

exposed a lot to the sun, gets thicker with age, while the less exposed volar forearm skin gets 

thinner [38]. 

Diurnal variations 

Tsukahara et al. showed that skin thickness was unequal at different times of the day for a group 

of 40 test subjects (average age 30.7 years for men and 29.3 years for women). Three areas of 

the face and two of the arm had significantly decreased skin thicknesses in the afternoon 

compared to morning. For the same time period, the skin at the leg showed increased thickness. 

Also echogenicity changed due to time of the day. When skin thickness decreased, echogenicity 

increased, and vice versa. The diurnal change in dermal water content is suggested to occur due 

to that skin tissue water moves according to gravity in daily life. 

 

In the same study, the skin’s viscoelastic properties were measured at four of body sites; corner 

of the eye, cheek, forearm and calf. A suction method device was used, the Cutometer SEM 575 

(Chapter 8.6 describes the newer version, Cutometer MPA 580). Several significant differences 

were seen between the afternoon and morning, but only the following applied on both genders. 

Two elasticity parameters, Ue (immediate distension) and Uf (final distension), increased at the 

corner of the eye and cheek, and decreased at the calves. A third elasticity parameter, Uv 

(delayed distension), increased at the forearm [66]. 

 

Gniadecka et al. used a 20 MHz ultrasound system to evaluate changes in dermal echogenicity 

depending on aging and time of the day. The dermal water content significantly decreased at the 

calves and ankles in a group of young (median age 19 years) test subjects. In an older group 

(median age 87 years) water at the ankles significantly increased over the day. The results are 

interpreted as that the mechanism prohibiting water retention for elder people is not as good as 

for younger [67].  

 

It is a contradictory result obtained for the younger group since another study showed an 

increase of dermal water content in the lower part of the body over the day [66]. It has been 

concluded that echogenicity likely varies because of changes in water distribution, and not due 
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to solid skin structure changes, during a relatively short time period of 12 hours (baseline in the 

morning) [67]. 

 

Nakagawa et al. showed that dermis water content in forearm skin varies over the day. In the 

afternoon water content is said to be significantly higher than in the morning [44]. 

5.3 SKIN: HOW WATER CONTENT AFFECTS 
PROPERTIES 
The dermis contains most of the skin’s water, which contributes to its viscoelastic properties [7, 

p. 200, 217], [10]. Water in the skin is partially absorbed by the hyaluronic acid molecules in 

the ground substance of the dermis and by collagen fibers. The level of water and the 

displacement of ISF throughout fibers in the dermis influence the mechanical properties of the 

skin [7, p. 200, 217]. 

 

The water bound creates a hydrostatic pressure and contributes to the appearance of skin turgor 

[10], i.e. water tension of the skin. Decreased levels of HA may result in reduced water binding 

capacity of the skin and dissociation of collagen and elastin fibers. This leads to wrinkling of 

the skin, reduced skin turgor and altered elasticity [68]. The HA molecules, which have high 

water content, contribute to the viscosity, and are part of the water regulation system and the 

osmotic pressure in the body [8]. 

 

Brazzelli et al. found many interesting significant correlations between the body water balance 

and mechanical properties of the skin in a study on 33 subjects who all underwent hemodialysis 

treatment. Patients on hemodialysis treatment usually have kidney problems which makes them 

retain more water than normally. Therefore, water is subtracted from the body during the 

treatment which causes a noticeable weight loss. By performing measurements with relevant 

instruments before and after therapy, the authors could see significant decreases in skin 

elasticity and skin thickness. Skin distensibility was shown to increase significantly [69]. 

 

Nuutinen et al. also showed that skin thickness decreases due to water retraction by 

hemodialysis. In total each patient in the study lost an average of 3100 ml fluid during the 

treatment. The fluid loss correlated with a decrease in skin thickness at the volar forearm. 

Thickness measurements were made with a 20 MHz ultrasound system [70]. 

 

Eisenbeiss et al. investigated how the skin thickness and echogenicity is influenced by the 

skin’s water content. By infusing Ringer’s solution into 20 male subjects, they showed a 

significant increase in thickness at forehead but just slight in the lower leg. Since the thickness 

change at forehead was significant for dermis, while subcutis remained unchanged, it was 

concluded that dermis is the main storage of water in the skin. It is also concluded that dermis 

thickness is negatively correlated to echogenicity [45]. This has been confirmed by others who 

report that an increase in dermal water content leads to a decrease in echogenicity, since water 

disrupt the order of collagen fibers [71]. An increase in dermal water content may also 

influence the viscoelastic properties of the skin [10]. 

 

Klaus et al. also performed an experiment involving Ringer’s solution, but with the purpose to 

measure proximal pre-tibial tissue thickness with a 10 MHz ultrasound equipment. The tissue 

thickness measured was the distance from the skin surface to the bone. The study was 

performed during surgeries and Ringer’s solution was infused continuously. Intraoperative 
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fluid balance (input minus output) and skin thickness was measured every 30 minutes. When 

the last measurement was made, a total of 2310 ± 520 ml was infused into the subjects. The 

results showed a mean tissue thickness increases from 3.1 ± 0.8 mm to 3.75 ± 0.7 mm [72]. 

 

Clancy et al. suggest that further studies of assessing the water content in dermis and subcutis 

are necessary in order to evaluate the relationship between body dehydration and the 

mechanical properties of the skin. However, it is also claimed that if mechanical properties of 

the skin change during skin water distribution changes, an impact from degeneration of elastic 

fibers can be excluded, since this process takes long time. Thus, quick changes in the 

mechanical properties of the skin most likely occur due to skin water distribution changes [68]. 
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6 SKIN TURGOR: CORRELATION WITH 
HYDRATION AND ELASTICITY 

Skin turgor is the water tension of skin. In medicine, skin turgor is known to reflect the 

intradermal and general hydration state [7, p. 44]. The assessment of skin turgor is commonly 

used by healthcare employees to determine if a patient is dehydrated or not. A slow return of the 

skin, after being pinched, is said to imply that a person is more likely dehydrated. The test is 

recommended to be made in an area where the skin is thin and bone is immediately underneath, 

commonly the back of the hand [19].  

 

Changes in skin turgor imply elasticity changes and these partially depend on the ISF in the skin 

[73, p. 14]. The body prioritizes water to vital organs, such as brain, heart and kidneys, during 

dehydration. This means that skin and muscles have lower priority
1
. 

 

The method of determining skin turgor is less reliable when performed on elder people since the 

skin elasticity naturally decreases with age [73, p. 14]. During overhydration, there is no 

difference in skin turgor compared to normal state [74]. 

 

A study by McGarvey et al. tested the reliability of skin turgor examination as a method to 

assess body water level. The study was performed on marathon runners, a group who usually 

lose a great amount of fluid during a race. The authors evaluated the sensitivity and specificity 

of five clinical signs used in healthcare to assess hydration state. After the runners had 

completed the race the appearance of skin turgor, sunken eyes, oral mucous membranes, 

inability to spit and feeling of thirst was investigated. A weight loss of 3 % or more was 

considered as a dehydrated state. Totally 606 runners participated in the study. After the race, 

208 of the runners had lost more than 3 % of their body weight. Approximately 25 % of them 

had decreased skin turgor and 71 % felt thirsty. None of the five tested clinical signs showed 

both good sensitivity and specificity, which could be interpreted as that they are not to rely upon 

when estimating hydration level [75].  

                                                 
1

 Personal communication with Hans Hjelmqvist, Associate Professor, Department of Clinical Science, 

Intervention and Technology, Karolinska Institutet, 2013-07-30. 
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7 SKIN PROPERTY MEASUREMENT 
TECHNOLOGIES 

Throughout the literature study, several instruments and setups have been identified that 

measure skin properties. A selection of commercially available devices used within 

dermatology is presented in Section 7.1, and in Section 7.2 interesting non-established 

technologies.



  

 

 

 1
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7.1 COMMERCIAL PRODUCTS 
 

Instrument Parameter Depth Principle Field of study  

Cutometer dual MPA 580 
(Courage+Khazaka 

electronic GmbH, Germany) 

Elasticity, 

viscoelasticity 

[76]. 

Epidermis, dermis [29], [76]. The Cutometer utilizes a suction 

method. The device has a probe that is 

held against the skin surface and 

builds up a negative pressure. This 

leads to a skin elevation. The skin's 

penetration into the probe is measured 

with an optical system during suction 

and relaxation. To measure different 

skin depths there are four probe sizes 

available; 2, 4, 6 and 8 mm [76]. 

The Cutometer has been used in several 

dermatology and cosmetology studies to 

measure elasticity/viscoelasticity changes 

due to for example age [37], [41], [77], 

[78], cosmetic crèmes and moisturizers 

[53], [56], [79]–[81], body site [41], [46], 

[53], [78], UV-light [82], [83], skin 

thickness [46], gender [78], diurnal 

variation [66] and external hydration 

[32], [53]. The Cutometer is also used in 

monitoring therapies and healing 

processes [83], [84]. 

 

Dermalab elasticity  
(Cortex Technology, 

Denmark) 

Retraction time, 

Young's 

modulus, 

viscoelasticity 

[85]. 

Not defined. The device includes a probe that is 

applied to the skin surface. Within the 

probe aperture a negative pressure is 

built up. This suction is applied on the 

skin is until it is elevated 1.5 mm. 

When the pressure is released the 

time is measured for the skin to return 

to its initial position. The penetration 

depth of the skin is detected within 

the 10 mm probe opening [86]. 

 

The Dermalab elasticity device has been 

used for example in studies evaluating 

how skin elasticity changes with age [87], 

the elasticity of breast skin [88] and how 

healing processes of burn scars affect the 

skin elasticity [89].  

Dermal Torque Meter 

DTM310 
(Dia-Stron, Great Britain) 

Elasticity, 

hydration and  

frictional 

properties [90]. 

Epidermis, dermis [90]. The instrument is based on a torsional 

method. A probe has two concentric 

discs and the distance between them 

determines the measurement depth. A 

torque is applied to the inner disc and 

then released. During the whole 

process the angular rotation time of 

the inner disc is measured as function 

of time [90].  

 

The Dermal Torque Meter is used, for 

example, in dermatology and 

cosmetology studies on variations in skin 

mechanical properties depending on age 

[91] and due to application of 

moisturizers [57], [92].  

 

 

 



 

 

 

Instrument Parameter Depth Principle Field of study  

Ballistometer BLS780  
(Dia-Stron, Great Britain) 

Firmness and 

elasticity [93]. 

Skin and underlying tissue [94]. A small probe arm applies a force on 

the skin. Thereafter, the arm oscillates 

around its balance position while it 

follows the skin's movement until it 

comes to rest. An optical sensor 

records the position of the probe arm. 

This information, combined with the 

known impact force, gives 

information about the skin properties. 

By varying the amount of force 

applied to the skin different skin 

depth can be studied [94].  

 

Applications for the Ballistometer are for 

example monitoring wounds [95] and 

dermatology research regarding skin 

aging [96].  

 

 

 

 

 

 

 

 

VivoSight OCT scanner 
(Michelson Diagnostics) 

 

SKINTELL  
(Afga Healthcare, Belgium)  

Skin thickness,  

skin 

morphology 

[29, p. 258], 

[97], [98]. 

Skin depth down to 2 mm [29, p. 258]. The OCT systems contain a light 

source which sends infrared light 

towards the skin. The light reflected is 

detected as a function of depth. The 

light penetration depth is tissue 

dependent [99]. 

SKINTELL and Vivosight studies are 

published in year 2010 or later. However, 

the OCT method has been used in 

dermatology research before the release 

of the commercial products. OCT have 

been used in studies to measure skin 

thickness [32], [61], skin deformation 

[61], and skin morphology [49], [100]. 

 

Ultrascan UC22, 22 MHz 

(Courage+Khazaka 

electronic GmbH, Germany) 

[101] 

 

Dermascan C, 20-50 MHz 

(Cortex technology, 

Denmark) [102] 

 

Dermalab high resolution 

ultrasound, 20 MHz (Cortex 

technology, Denmark) [86] 

Skin thickness, 

skin density 

[101], [103]. 

Ultrascan UC22 
Max 6-8 mm penetration depth  

(resolution 72x33 µm) [101], [103]. 

 

Dermascan C 
20 MHz: Max 23 mm penetration depth  

(resolution 60x150 µm or 60x260 µm). 

50 MHz: Max 3 mm penetration depth  

(resolution 30x60 µm) [102]. 

 

Dermalab high resolution ultrasound 
Max 3.4 mm penetration depth  

(resolution 60x200 µm) [104]. 

 
Footnote: Resolution is presented as 'axial x lateral'. 

A transducer emits acoustic waves to 

the skin surface. They travel through 

the tissue and are reflected at different 

interfaces. The reflected echo is 

dependent on the tissue's acoustic 

impedance. Frequencies above 10 

MHz are needed to make it possible to 

image skin reasonably well, and over 

50 MHz to differentiate between 

epidermis and dermis [29, p. 475].  

High-frequency ultrasound imaging is 

used in several dermatology studies to 

image the skin [102], [104], measure skin 

thickness [45], [46], [61], [66], [105], 

echogenicity [45], [66], [71] and skin 

deformation [61], [105].  

                     2
0
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7.2 NON-ESTABLISHED TECHNOLOGIES 
A selection of experiments and their results are presented in this chapter to constitute as base for 

a possible future development process of a sensor.  

Mechanically induced waves 

A study by Russel et al. incorporated an instrument that produced shear waves in a frequency 

interval of near zero to 1000 Hz. It was shown that at lower frequencies, shear waves are only 

affected by the surface while at higher frequencies, above 500 Hz, the shear waves are 

travelling deeper in the skin [59]. 

 

Gennisson et al. developed a new device capable of measuring the Young’s modulus of skin. In 

their work an existing transient elastography technique was modified for skin measurement 

purpose. The principle of the technique is a shear wave of 300 Hz that is induced mechanically 

in the skin by a ring that surrounds a transducer. The transducer is an ultrasonic probe with a 

capacity of 50 MHz. The purpose of using high-frequency (HF) ultrasound is to get 

good-enough resolution to track the displacement due to the induced shear wave. The response, 

i.e. the displacement, of the skin varies due to the skin’s elasticity. After validating the 

instrument setup with phantoms, an in vivo study on humans was performed. The results 

showed higher shear wave velocity in dermis than in subcutis, which means dermis is more 

elastic [35]. 

 

The viscoelasticity skin analyzer (VESA) is an approach to measure the viscoelastic properties 

of skin. The VESA involves a probe with three piezoelectric transducers, one transmitter and 

two receivers. The receivers are placed at a distance of 1.5 mm on each side of the transmitter. 

Elastic shear waves are produced by the oscillating transmitter. An experiment with the VESA, 

performed on phantoms, showed that a stiffer material leads to an increase in wave propagation 

velocity [55]. 

 

Liang and Boppart used elastography combined with OCT with the purpose to determine the 

Young’s modulus of skin. Their design had a mechanical wave driver that created waves at the 

skin surface, and an OCT construction to determine different positions of the skin during the 

mechanical stimulation. Information about the positions was needed to calculate the skin 

surface velocity. Based on the equation of wave propagation, a relationship for how Young’s 

modulus depends on the skin surface velocity was developed.  

 

The experiments by Liang and Boppart were performed with driving frequencies of 50-600 Hz 

on normal, hydrated and dehydrated skin. The results for the obtained Young’s modulus varied 

at lower frequencies, but were more similar at higher frequencies. They conclude that the 

measurement depth depends on the frequency of surface wave propagation. Another conclusion 

was that the results depended on SC at lower frequencies and on dermis at higher frequencies. 

The instrument’s functionality and the depth’s frequency dependency were validated with 

multilayer tissue phantoms. The phantoms were not direct replicas of the skin, but different 

layers had different stiffnesses and thicknesses [32]. 

 

Also Zhang et al. used a setup of a mechanical vibrator to induce skin surface waves. The 

motions were measured with a scanning laser. The wave propagation is said to depend on the 

viscoelastic properties of the skin. Six different body sites were measured and the results 

showed differences in viscoelasticity between them [106]. 
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Dynamical mechanical device 

A dynamical mechanical device (DMD) has been developed by Sandford et al. to better 

characterize the dynamic properties of the skin and measure its stiffness and damping. The 

principle of the device is based on normal and tangential forces applied to the skin [53]. A linear 

actuator produces a force through a probe that is in contact with the skin. When a force is 

applied to the skin it makes the actuator change position. The position change and force on the 

actuator are detected by sensors and provided to the data acquisition software [107]. 

 

The DMD was tested in three experimental setups. First, measurements at different body sites 

were performed. Thereafter, the influence due to epidermal hydration was evaluated, and 

finally, the effects of applicated skin-tightening polymers were measured. The two first setups 

were also measured with a Cutometer, to get reference values, which made it possible to 

confirm the reliability of the DMD [53]. 

Deformation due to suction 

The purpose of a study by Diridollou et al. was to determine the mechanical properties of the 

skin with a mathematical model. It calculates the skin’s Young’s modulus and natural tension. 

Three assumptions of the skin were made: 

 Skin is an isotropic elastic membrane. 

 The membrane has an initial tension and.  

 The skin deformation due to suction is spherical.  

The model does not include fluid movements in the skin or its viscosity. Data from an 

instrument called echorheometer was used to determine the reproducibility of the mathematical 

method. The instrument’s principle is based on vertical skin deformation due to suction, and 

displacement is measured with a HF ultrasound device (20 MHz). In the mathematical model, 

the skin thickness was taken into account since it influences the elasticity. It was concluded that 

the mathematical model can be used for evaluating mechanical skin properties but that a more 

complex model is needed to fully determine the skin’s viscous behavior [27]. 

 

The CutiScan CS 100 (Courage+Khazaka electronic GmbH) is an instrument that measures 

skin viscoelasticity properties and anisotropy. The device is not on the market at the time of 

writing. It has a circular probe which uniformly draws the skin in all directions by an applied 

negative pressure. During relaxation the displacement of the skin is measured with a CCD 

(charge-coupled device) camera [108]. 

Indentation 

The aim of a study by Clancy et al. was to develop a new instrument to measure viscoelastic 

properties of the skin in order to assess its water content. The water content was believed to 

vary due to body hydration level. The authors meant that a device able to determining hydration 

state could prevent patients from getting water deficit. Furthermore, rehydration of patients 

could be facilitated and overhydration avoided. The principle of the author’s device is based on 

indentation. After indenting, the skin returns to its initial position while being imaged by a 

side-illumination technology. The device was considered to generate and detect the recovery 

from indentation in a correct way. However, further studies are suggested to investigate how 

well the instrument measures changes in viscoelastic properties of the skin [32]. 
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8 EXPERIMENT: PLANNING AND 
IMPLEMENTATION 

It can be concluded from the literature review that relationships exist between skin properties 

and body water level. In five conducted experiments, involving hemodialysis or Ringer’s 

solution, all results, except from one body site in one study, showed correlations between skin 

thickness and subtracted or added fluid amount. At such overhydration conditions it seems 

valid to conclude that skin thickness increases with increasing body water level, and decreases 

with decreasing body water level. However, no studies could be found handling skin property 

measurements and dehydration of humans. It is reasonable to believe that the skin will react in a 

similar way at dehydration as at overhydration, but if a future sensor will depend on skin 

thickness changes, the correlation has to be both confirmed and possible to predict. 

 

In the literature review it was found that the water content of the skin contributes to the 

viscoelastic properties. It is also well established in healthcare that skin turgor is reduced as a 

result of dehydration. Furthermore Brazzelli et al. observed loss in skin elasticity after 

hemodialysis.  

 

To investigate how skin properties vary as response to body dehydration an experiment was 

planned. Four test subjects participated in the experiment, which involved reference 

measurements and measurements after provoked dehydration. At both sessions the skin 

thickness and elasticity parameters were measured. Afterwards the results were analyzed. 

 

From the abovementioned information, two hypotheses were stated for the experiment: 

1. Skin thickness decreases in response to decreased body water level. 

2. Skin elasticity decreases in response to decreased body water level. 

 

The experiment is considered a first step towards the possibility to predict variations in skin 

properties due to dehydration. If variations can be predicted, a future sensor could be designed 

to measure them, and hence be able to measure body water levels. 

8.1 PARAMETERS 
Viscoelastic properties and thickness of the skin were decided to be investigated in the 

experiment. This section describes and discusses why.  

 

Skin turgor has been used for a long time in healthcare to assess patient’s body water level. If 

the skin snaps back slowly rather than quickly, it has been assumed that the patient is 

dehydrated. This phenomenon has been approved by Vivanti et al. who showed that skin turgor 

significantly varies with hydration state of patients [109] but McGarvey et al. could only 

observe skin turgor for approximately 25 % of test subjects that lost 3 % of their body weight 

after a marathon race [75]. However, during the literature review of this work, no study could 

be found that explicitly investigates the correlation between skin elasticity properties and a 

controlled level of dehydration in humans. It is reasonable to believe that skin elasticity changes 

due to dehydration exist even if they cannot be seen with bare eyes. This makes elasticity a 

possible property to base a sensor development process on. 
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Furthermore, a large number of studies involve skin elasticity measurements in different ways, 

which means there is a lot of useful experience in the field. This is a good reason to believe it is 

possible to make reliable elasticity measurements. 

 

The mechanical properties of the skin depend on its thickness [7, p. 3]. By overhydrating the 

body artificially with Ringer’s solution it has been shown that skin thickness increases in a 

predictable way [72]. Therefore, it is found reasonable to believe the skin thickness should 

decrease at a state of dehydration. This work’s literature review did not identify any study 

which investigates the correlation between skin thickness and a controlled level of dehydration 

in humans. 

 

Stiffness moduli were discussed during the selection process, but were not focused on for 

different reasons: 

 Young’s modulus is hard to determine since the skin is a viscoelastic material. It has also 

been shown to vary significantly under different conditions, such as age, gender and 

measurement regions (see Chapter 4). This makes it unlikely to find a predictable 

correlation between hydration state and Young’s modulus, which also is the reason no 

further research on the topic has been made in this work.  

 Shear modulus has been given very little attention in dermatology research (see Chapter 4), 

thus it was not investigated further. No commercial instrument to determine the shear 

modulus was identified. 

8.2 LAYERS IN FOCUS 
Ultrasound with frequencies of 50 MHz or higher and OCT are the only of the previously 

mentioned commercial products that can focus on solely measuring dermis. All others involve 

epidermis. The possibility to use a 50 MHz ultrasound or OCT was limited due to economic 

reasons. Consequently, the decision of what layers to focus on became a matter of how many 

layers should be involved top down.  

 

In comparison to dermis, subcutis has been considered less likely to constitute a fluid reservoir 

that can be rapidly exchangeable [29, p. 508]. That makes it less suitable as main measurement 

medium for a sensor aiming to determine body hydration level as precisely as possible.  

 

As mentioned in Section 5.2, epidermis, and especially stratum corneum, is strongly affected by 

its surroundings, much more than dermis. This means that a future sensor development process 

would have to take many conditions into account if it only measured epidermis’ properties. 

Dermis, on the other hand, is considered less responsive to such factors. Furthermore, unlike 

the epidermis, dermis contains blood vessels. Thus it is in contact with a medium that is known 

to depend on the body water level. This makes it reasonable to believe that dermis responds 

faster to the current state of body hydration state than epidermis.  
 

No instrument has been identified that can measure properties of dermis only, besides OCT and 

ultrasound devices that utilize frequencies above 50 MHz. However, since dermis is the major 

contributor to the skin’s mechanical properties, and also is considerably thicker than epidermis, 

the experiment measurements involving epidermis and dermis combined should be sufficient. 

Thus, epidermis is not believed to have important impact on the experiment results. 
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8.3 MEASUREMENT DEVICES 
Section 7.1, shows a selection of commercial skin instruments found throughout the literature 

study.  

Choice of device to measure skin elasticity and 
viscoelasticity 

The Cutometer, the Dermalab elasticity device (DED), the Dermal Torque Meter (DTM), and 

the Ballistometer can all measure the skin’s viscoelastic properties. Three different methods are 

used as measuring technique. All four instruments can measure properties of the dermis layer 

since the probe size and pressure of the Cutometer and DED, the probe size and torque of the 

DTM and the force applied from the Ballistometer to the skin all can be altered, which means 

that measurement depths can be selected. 

 

The Cutometer and DED both utilize a suction method. The Cutometer probe is applied to the 

skin and kept stable by the user during the whole measurement. The pressure applied may vary 

due to the user handling the instrument and affect the results. In contrast the DED probe is 

applied at the skin with an adhesive tape and not depending on the user, which is an advantage 

of the DED. The main difference between the instruments is that the Cutometer applies a 

constant pressure for a certain time and then releases the pressure, while for the DED a pressure 

is applied until the skin is elevated 1.5 mm, which results in prolonged suction time for stiffer 

skin sites. The constant pressure is adjustable for the Cutometer and this can be seen as an 

advantage over the DED. The reason for this is that the skin can be very stiff and hence make 

the predetermined elevation height in the DED cause accumulation of water in the skin due to 

long suction time [7, pp. 120-121]. Therefore, one reason that the DED was not preferred over 

the Cutometer is due to its varying suction time. 

 

Torsional methods, as used by the DTM, measure parallel to the skin surface in order to obtain 

its properties [110]. The other three instruments mentioned in this chapter deform the skin 

perpendicular to the skin surface. Murray and Wickett conclude that only three resulting 

parameters correlate between the Cutometer and DTM because of the different ways of skin 

deformation [57]. 

 

In a comparison between the Ballistometer and a suction method, it was concluded that a weak 

correlation exists between their results. It was also concluded that the suction instrument 

measures elasticity better than the Ballistometer, while the Ballistometer gives better results 

regarding skin stiffness. Furthermore, the authors of the study believe that the probe size and 

contact time influences the results. Since a suction instrument’s probe usually is much larger 

and is in contact with the skin longer than the Ballistometer ditto, it affects the results more 

[96]. The Ballistometer also gives information about skin’s damping ability, which in this study 

would have been of interest. However, the instrument could not be used in the experiment due 

to economic reasons. 

 

In comparison to the other instruments, the Cutometer was the most recurrent in published 

articles in the fields of dermatology and cosmetology. The DTM was also of interest but due to 

limited availability and high rental price, the instrument could not be an option. Therefore the 

Cutometer was used to measure the skin’s elastic and viscoelastic properties in the experiment. 
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Selection of device to measure skin thickness 

Skin thickness can be measured with HF ultrasound or OCT. There are several commercial 

products available to measure skin thickness with HF ultrasound. The devices have, for 

instance, different maximum penetration depth and resolution. Two other commercial products 

that measures skin thickness are based on the OCT method, SKINTELL and Vivosight OCT 

scanner. Those instruments do not appear in literature before year 2010. The resolution and 

maximum penetration depth also varies between different OCT products. 

 

The OCT method provides a better resolution than the HF ultrasound. The SKINTELL 

instrument has a 3x3 µm (axial x lateral) resolution compared to 30 x 60 µm with the 50 MHz 

ultrasound device. With both OCT devices, as well as with ultrasound, it is possible to image 

and differentiate between the epidermis and dermis [99], [100]. But to be able to do this with an 

HF ultrasound device, a frequency of 50 MHz or higher is needed [29, pp. 473-491]. A 

disadvantage with ultrasound, compared to OCT, is that a coupling medium is required [49]. 

The coupling medium may have an impact on skin properties.  

 

Some OCT devices with very short penetration depth provide resolutions which make it 

possible to image thick SC, for example at the palms. The maximum penetration depth of the 

commercially available OCT devices identified is 2 mm. With this penetration depth the border 

between dermis and subcutis can only be distinguished if the two outer layers are not too thick 

[99]. Since the 1990s the OCT method has been used to measure skin depth and morphology 

with focus on the latter. However, the OCT could not be considered for the experiment due to 

economic reasons. 

 

What favors the use of ultrasound is that it has been used in several studies to measure skin 

thickness and fluid distribution variations [38], [45], [46], [66], [67], [71], [72], [111], [112]. 

Furthermore HF ultrasound is considered applicable to measure changes in dermis water 

content [71].  

 

Considering advantages and disadvantages with the two techniques, the more commercial 

method, HF ultrasound, was chosen to measure skin thickness. A 22 MHz system, Ultrascan 

UC22, was selected. It has good enough resolution, 72 x 33 µm, and penetration depth of 6-8 

mm. This instrument, specifically developed for dermatology and cosmetology, can measure 

skin thickness automatically and was found economically reasonable. However, a 22 MHz 

ultrasound system is considered sufficient to measure skin thickness. Even if it is not capable of 

differentiating between epidermis and dermis, it is at this stage considered enough to 

investigate skin thickness as a whole.  

8.4 MEASUREMENT SITES 
Two criteria were central in the selection of measurement sites: 

1. The sites had to be large and flat enough to make many measurements close to each 

other. 

2. Having both upper and lower body areas represented. It has been shown that skin 

thickness can vary at different body sites due to time of the day [66] and body position 

[45]. Potentially dehydration could also cause unequal thickness changes at different 

parts of the body. 
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When reviewing studies on skin property measurements, one body area appears more 

frequently than others, the volar forearm [37]–[39], [53], [66], [67], [78]. The arguments for 

this area are, for example, low sun exposure and thin skin. Since the site was considered large 

and flat enough, the volar forearm was chosen as an upper body representation. 

 

The two other selected sites were the calves and posterior thighs. They represented lower body 

areas and fulfilled the first criterion. After deciding how many measurements would be 

performed on each area (fourteen on calves and thighs, ten on forearms), it was concluded that 

the amount of three measurement areas was an upper limit due to time constraints. 

8.5 OTHER DESIGN ASPECTS 
Besides the aforementioned, several other aspects of the experiment design was considered.  

Dehydration level 

SLL states that a person is mildly dehydrated when reaching a body weight decrease of 2-3 % 

due to water loss. Moderate dehydration is at 5 % [16]. The appearance of reduced skin turgor 

can be seen from 3-4 % weight loss [113]. The level of dehydration was a critical decision, 

since it should not endanger the health of the participants but still be of reasonable level to make 

it possible to obtain variations in skin properties.  

 

For the experiment all above mentioned information was considered when selecting the 

dehydration level for the experiment participants. Furthermore, for a sensor it would be 

desirable to identify dehydration at an early stage, and therefore the limit was set to a body 

weight loss of 3-3.5 %. This corresponds to mild to moderate dehydration. 

Dehydration process 

During physical activity, the water loss from sweating can be 1000-2000 ml per hour [114, p. 

264]. In three different studies, subjects performed physical activity in rooms with temperatures 

in the range 35 to 40 degrees Celsius, and in all these studies, the desired water losses in this 

planned experiment were achieved [115]–[117].  

 

Based on this, to reach a dehydration level of 3-3.5 % weight loss and to ensure that the time of 

being dehydrated was not unnecessarily long, it was believed that the desired dehydration level 

could be evoked during four hours in a heated room where the participants alternated physical 

activity and rest. The temperature in the room was decided to be approximately 35 degrees 

Celsius, based on the experience in the aforementioned studies. Additionally, ECF loss has 

been shown to be greater when dehydration is performed in a room with a temperature above 

normal [116]. 

 

The selected dehydration method - exercise in a heated surrounding - significantly increases the 

amount of sweat excreted. The participants should reach a state of dehydration, where both 

ECF and intracellular volume decrease [13, p. 295].  

 

If the exercise would turn out to be too intense for the participants, a sauna could be used. Then 

no exercising would be required and the higher temperature would help the participants finish 

the dehydration process. 
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Being dehydrated for a long time is strenuous for the body. If dehydration is prolonged and 

further water loss occurs, inner organs may malfunction [16]. A dehydration process where the 

participants simply stop drinking water would be long and tough. During prolonged 

dehydration, a thirst mechanism is triggered and it is almost impossible to resist the desire to 

drink
1
. The three previously mentioned studies achieve the desired level of dehydration in three 

to four hours [115]–[117].  

 

The dehydration process during the measurement day was not allowed to be longer than four 

hours in order not to endanger the participants’ safety. Another reason to keep the dehydration 

process short was to assure that the body weight loss was due to water loss only, and not, for 

instance, defecation. 

 

Kozlowski and Saltin performed an experiment where subjects were dehydrated. 

Measurements after dehydration were made about 1.5 hours after completed dehydration 

process. This time period allowed the body temperature to decrease to normal [116]. The 

measurements in this planned experiment were therefore decided to start two hours after the 

dehydration process to let the body rest and acclimatize to normal room temperature and 

humidity. The experiment measurements were estimated to last for two hours per participant. 

Water and food intake 

It was important to know that the weight loss depended on water loss. A number of instructions 

were therefore given to the participants to make sure their body water levels were at a correct 

level at the measurements.  

 

Before the reference measurements, the participants were told to eat and drink normally. They 

were asked in particular to make sure that the daily water intake was of what usually is a 

recommended amount, 3.0 liters for men and 2.2 liters for women [118, p. 4-1]. To provoke a 

hypertonic dehydration state, the participants should not compensate the water loss during the 

physical activity at the experiment day. 

 

The water content in food varies. The participants were asked to consume food with low water 

content before and after the physical activity. It was important that the participants ate before 

the physical exercise to be able to perform well. A recommended breakfast with relatively low 

water content but high energy content was provided to the test subjects (see Appendix B). After 

the dehydration process, the test subjects were allowed to eat an energy bar but not consume 

any fluid. Furthermore, the participants were to make sure not to consume high amounts of 

sodium the days before and during the experiment, since the body then retains more water [13, 

p. 296]. 

Dehydration markers  

To ensure that the participants reached the desired level of dehydration, body weight was 

measured continuously throughout the dehydration process. The loss in body weight is a 

common marker within the healthcare sector to determine body water level. SLL’s definitions 

of dehydration relates to body weight loss [16].  

 

                                                 
1

 Personal communication with Hans Hjelmqvist, Associate Professor, Department of Clinical Science, 

Intervention and Technology, Karolinska Institutet, 2013-07-30. 
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Sodium concentration is another marker of dehydration. Sodium chloride is, together with 

water, important for keeping a constant osmolality in all human body fluids and controlling the 

ECF [14, p. 42]. Sodium concentration determination is used in healthcare, but it is an uncertain 

dehydration marker
1
.  

 

Even if this method is not precise it was decided to determine the sodium concentration and see 

if it correlated with the other measurements performed. Chloride level determination was also 

of interest since it correlates with sodium concentration [14, p. 40].  

 

For the study, it was of interest to investigate whether reduced skin turgor, which is used as a 

clinical sign of dehydration, was visible at a dehydration level of 3-3.5 % body weight loss and 

if there are correlations with the other experiment results. 

Test subjects 

The experiment was regarded as a first step in investigating a possible correlation between 

selected skin properties and dehydration. In other words, it was considered sufficient to find 

indications of a correlation, and hence the number of test subjects could be small. Four test 

subjects participated in the experiment. It was not possible to involve more participants since 

the measurements were calculated to be very time-consuming. 

 

All test subjects had to be healthy to be allowed to perform the dehydration process. People 

with skin diseases were not allowed to participate. 

Measurement points 

At each calf and each posterior thigh, fourteen Cutometer measurements were performed. At 

each volar forearm, ten measurements were performed. All sites had as many measurement 

points as possible. The forearms had fewer measurement points since the areas are smaller than 

the others. 

 

For two main reasons it was considered important to have as many measurement points as 

possible: 

 To be able to perform a proper statistical evaluation as many points as possible was 

desirable. 

 The skin properties vary between the different body sites. 

With help of grids drawn at all test subjects’ measurement sites, influences of local variations in 

skin properties could be avoided, since the same point was measured at the reference and 

dehydration measurement. Despite several hours of training the number of measurements 

points needs to be large to reduce the influence from occasional mistakes while handling the 

instruments. 

 

Skin thickness was decided to be measured at eight points at each of the body sites. At each 

point, three measurements were performed from which a mean value could be calculated. A 

mean value would most likely be closer to the actual skin thickness, since the automatically 

calculated thickness varies a few micrometers between the measurements. 

                                                 
1

 Personal communication with Hans Hjelmqvist, Associate Professor, Department of Clinical Science, 

Intervention and Technology, Karolinska Institutet, 2013-07-30. 
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With the Cutometer, it was not possible to perform consecutive measurements at one point 

since the device tires the skin which could have affected the results. For the same reason, the 

ultrasound measurements were not executed at the exact same points as the Cutometer. 

Since the Ultrascan UC22 uses water as coupling medium it wets the skin. External hydration 

has been shown to change properties of the epidermis layer [52], [53]. Therefore, it was not 

possible to perform the ultrasound measurements before the Cutometer, since the Cutometer 

results are depending on full skin thickness. 

Preparation instructions 

The reference and dehydration measurements should be performed on different days. The test 

subjects were given the following instructions prior to the experiment to ensure the results 

would be as reliable as possible: 

1. Avoid overexposure of the skin to sunlight a week before the experiments. 

2. Do not use lotions on the measurement sites the day before or during the experiment 

days. 

3. Shave the measurement sites two days before the experiment. Use moisturizing lotion 

afterwards if needed. 

4. Avoid physical exercise two days before and during the experiment days. 

5. Eat and drink normally two days before and during the day of reference measurements. 

Make sure not to fall below the recommended water intake of 2.2-3 liters per day. Do 

not consume too much or too little salt. 

6. Do not drink alcohol the day before or during the experiment days. 

7. Do not wet the measurement sites two hours before the measurement sessions. 

8. Make sure nothing pushes hard against the measurement sites one hour before the 

measurement sessions. 

9. Lay in prone position during calves and thighs measurements and in supine position 

during the volar forearms measurements. 

 

The reason for instruction 1, 2, 7, 8 and 9 is to avoid factors impacting the skin’s mechanical 

properties (see Chapter 5). Instruction 3 is recommended by the Cutometer producer since body 

hair can have impact on measurements [76]. Instructions 4, 5 and 6 were given to make sure the 

subjects’ water and salt levels were normal at the measurements. Furthermore, to keep track of 

the subjects’ water intake during the second experiment day, instructions were given on what to 

eat and drink. See Appendix B for details. 

Other external factors 

In Section 5.2 it is mentioned that diurnal variation, relative humidity, surrounding temperature 

and body position may affect the measurements. Therefore, it was crucial to aim to keep these 

conditions as similar as possible during the reference and dehydration measurements. The two 

measurement sessions were decided to be made during the same time of the day, in order to 

avoid diurnal variations in the skin. Also, all measurements were performed in one single room 

to keep the relative humidity and temperature approximately constant. 
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8.6 CUTOMETER 
In the experiments of this thesis, the Cutometer Dual MPA 580 was used. It is a non-invasive 

device to measure biomechanical properties of the skin in vivo.  

Principle 

The Cutometer involves a suction chamber method. A suction cup applies a negative pressure 

to the skin which is then pulled into a circular opening of a probe (see Figure 8.1). The pressure 

is subsequently released and the skin returns to its initial position. The whole sequence of skin 

deformation is continuously recorded by an optical system [76]. 

 

The probe is connected to a main apparatus by an electric cable and an air tube. The main 

apparatus has a vacuum pump, pressure sensor and an electronic circuit that controls the pump 

[29, pp. 579-592]. Depending on what depth and skin site that is of interest, different sizes of 

the circular probes are used. The probes have diameters of 2, 4, 6 or 8 mm, where a larger 

diameter allows examination of deeper skin layers [7, pp. 91-97]. For the 2 mm probe the 

epidermal properties are measured and with an 8 mm probe the properties of epidermis and 

dermis combined are measured [29, pp. 579-592]. The optical measurement system consists of 

a LED transmitter and a light receiver to measure the vertical deformation. It has a resolution of 

2 µm. If the penetration depth of the skin into the probe is more than 200 µm, which is usual 

with the 8 mm aperture, the system is said to have an accuracy of 3 % [29, pp. 579-592], [76]. 

 

 
Figure 8.1. The suction principle of the Cutometer. The skin is drawn into the device due to the negative 

pressure applied. The optical system measures the skin’s penetration depth [119]. 

Modes and parameters 

The Cutometer offers four measurement modes that represent different combinations of how 

pressure is applied and released. In all modes, it is possible to adjust pressure load (20-500 

mbar), number of measurement cycles (1-10 cycles) and duration, i.e. suction time and 
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relaxation time (0.1-320 seconds). Mode 1 is most commonly used in literature and is strongly 

recommended by the device’s manufacturer. 

 

With Mode 1, an elongation-time curve is obtained and visualized on a computer screen. Figure 

8.2 shows an example of the curve, the skin elongation as a function of time. In this mode a 

constant pressure is applied during a suction phase, and is then instantly released at the 

beginning of a relaxation phase [76]. 

 

 
Figure 8.2. Cutometer elongation-time curve [120]. 

In Mode 1, the Cutometer can provide 19 parameters, R0-R9, F0-F4 (see Figure 8.2), and 

Q0-Q3 (see Figure 8.3). The parameters F2-F4 are only available when the number of 

repetitions is ten or more. All parameters give different information about the deformation and 

represents viscoelastic properties of the skin. The R-parameters are different lengths and 

relationships given by the curve, while the F-parameters and Q0 are area dependent [76]. The 

parameters Q1-Q3 are different relationships between Q0 and QE (elastic recovery area) and 

QR (viscous recovery area).  

 

In scientific articles, U-parameters (see Figure 8.2), and ratios between them, are also used [37], 

[41], [46]. The U-parameters can all be derived from the R-parameters given by the Cutometer. 

 

The skin’s viscoelastic characteristics are expressed by the curve in Figure 8.2. The first part, 

Ue, is the elastic contribution during suction and the second part, Uv, is the viscous part. The 

elastic part is defined by the producer to last for 0.1 seconds. When suction is no longer applied 

the Ur parameter represents the elastic part of relaxation while the Ua is the complete 

relaxation. The Ua-Ur is called the viscoelastic part [76]. 

 

All parameters are presented in Table 8.1. 
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Table 8.1. Cutometer parameters. The R, F and Q-parameters can be obtained from the Cutometer, while 

the U-parameters can be derived [29, pp. 579-592], [76]. 

Parameter Description Unit Notes 

R0 (Uf) Distensibility. Represents the passive behavior of the skin to force. 

The smaller R0 the firmer material.  

mm First 

sequence 

R1 The ability of the skin to return to its normal position after suction. mm First 

sequence 

R2 (Ua/Uf) Gross elasticity. The closer value to 1 the more elastic is the skin. % First 

sequence 

R3 The highest value of the last curve in a series. Shows “tiring effects” 

since the amplitude increases with repetition.  

mm Last 

sequence 

R4 The last measuring point of the last curve in a series. Also shows 

“tiring effects” since the skin’s ability to return to its original state 

gets reduced after several repetitions.  

mm Last 

sequence 

R5 (Ur/Ue)  Net elasticity. The closer value to 1 the more elastic is the skin. % First 

sequence 

R6 (Uv/Ue) Describes the relation between viscoelasticity and elasticity during 

the suction phase. The smaller the value the greater is the elastic part. 

% First 

sequence 

R7 (Ur/Uf)  The elastic recovery relative to the top value. The closer value to 1 

the more elastic is the skin. 

% First 

sequence 

R8 (Ua) The closer R8 is to R0 the greater is the skin’s ability to return to its 

original state. 

mm First 

sequence 

R9=R3–R0 “Tiring effects” after repeated suctions. The smaller R9 the smaller 

tiring effects. 

mm First and last 

sequence 

F0 Area parameter. A completely elastic material has a value of 0.  mm·s  

F1 Area parameter. A completely elastic material has a value of 0. mm·s  

Q0 The area under the extension of the highest point, R0, during the 

suction phase. Q0 would be the maximum recovery area if the 

material would be 100 % elastic. 

mm·s  

 

Q1=(QE+QR)/Q0 Viscoelastic recovery - overall elasticity. The smaller value the more 

elastic.  

%  

 

Q2=QE/Q0 Elastic recovery. The smaller value the more elastic.  %  

Q3=QR/Q0 Viscous recovery.  %  

Ue Immediate elastic deformation after the suction is turned on.  mm  

Ur Immediate retraction after the suction is turned off. This parameter 

decreases with age. The difference between Ur and Uf is smaller 

among young people than old.  

mm  

 

Uv Viscoelastic contribution. The smaller this value, the more elastic the 

material. This parameter increases with age.  

mm  
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Figure 8.3. The Q-parameters obtained from the Cutometer elongation-time curve [121]. 

Probe handling 

The pressure which the user applies on the probe influences the results. Bonaparte et al. 

concludes that by increasing the probe pressure a decrease in U-parameters can be seen [122]. 

8.7 INSTRUMENT SETTINGS 

Ultrascan UC22 

Skin thickness can be measured either automatically or manually with the Ultrascan UC22 

software. It was preferred to use the automatic function since manual measurements requires 

more experience of evaluating ultrasound images. 

 

The Ultrascan UC22 software also offers three settings to measure skin thickness; with, in the 

middle of, or without the entrance echo. It was decided that the skin thickness measurement 

should not include the entrance echo, which corresponds to the coupling medium.  

 

Tap water is used as coupling medium. The producer suggests use of plastic foil to avoid 

contact between skin and water. The plastic foil, however, reduced the image quality 

considerably, and was therefore not used. 
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Cutometer  

The settings in Table 8.2 were used for the Cutometer throughout the experiment. 

 
Table 8.2. Cutometer settings used in the experiment. 

Pressure 450 mbar 

Suction on 2 sec. 

Suction off 2 sec. 

Number of repetitions 5 

Mode 1 

Probe size diameter 8 mm 

 

The manufacturer recommends a pressure of 450 mbar, three seconds for suction, three seconds 

for relaxation, three repetitions and a probe size of two mm. These settings have been shown to 

be useful in standard tests. Different settings are recommended if fatigue measurements are of 

main interest.  

Pressure 

The negative pressure is crucial for the measurement depth, i.e. which skin layers that deform. 

It was important that the dermis layer got deformed during the measurements. A pressure of 

450 mbar has been used before in combination with the 8 mm probe, in order to measure dermis 

properties [50]. A lower pressure would probably mean less contribution to the results from this 

layer. 

Suction times and number of repetitions 

The suctions on and off times and the number of repetitions had to be compromises of several 

aspects. Many measurements had to be performed during the experiment. In other words the 

total time for one measurement could not be too long. It would still be good if long suction on 

and off times, as well as many repetitions, were used, since this reveals the skin properties in a 

better way. In literature matched suction on and off times of two to five seconds each is 

commonly used [32], [37], [41], [53], [76], [78].  

 

Furthermore, it was found in literature that most relevant studies used a number of repetitions 

between one and five. When using ten or more repetitions, the software calculates three 

additional fatigue-dependent parameters.  

 

From the above information a compromise was found; two seconds on and off pressure, 

repeated five times. This means a total of 20 seconds per measurement sequence. 

Mode 

The Cutometer can be set to four different modes (see Section 8.6). The manufacturer 

recommends Mode 1, which also is most commonly used in literature. This was confirmed 

during the literature review - very few studies use the other three modes and therefore they were 
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never considered good options in this experiment. Furthermore, it was important to compare the 

obtained experiment results with those from literature. The main difference of Mode 2-4 to 

Mode 1 is that a measurement sequence involves varying linear increases and decreases of 

suction on and off pressures. 

Probe size 

The manufacturer offers four different probe sizes. Different probe sizes have different 

measurement depth, and thus the skin layers do not contribute equally to the results. In most 

studies a probe size of 2 mm is used, which also is the size recommended by the manufacturer 

[32], [37], [41], [57], [76], [78]. Many studies are interested in investigating how the epidermis 

layer reacts to external factors, such as RH, photoaging, hydration and moisturizers, and in 

these cases the 2 mm probe is used. In the experiment, however, it was important to involve 

contribution from dermis, and thus an 8 mm probe was selected. The 8 mm probe is 

recommended in literature to measure elasticity and viscoelasticity parameters of the dermis 

and epidermis layers combined [7, p. 217], [29, p. 580]. It is declared in studies that 

measurements with the 8 mm probe involves contribution from mechanical properties of the 

dermis layer [10], [50], [123], [124], [125]. 

8.8 IMPLEMENTATION 
Before the experiment was executed a Failure modes and effects analysis (FMEA) was made, 

see Appendix C. The purpose of the FMEA was to identify, predict and prevent factors that can 

negatively affect the outcome of the measurements. The analysis involves a score system which 

helps to identify high priority risks that need to be handled. The scores were, to the extent 

possible, assigned objectively. 

 

The experiment was conducted on four test subjects (TS), one female and three males of age 

from 24 to 42 years. All had light skin type. Each of the subjects was evaluated in the same 

room and in the same manner twice. The first time, the subjects were evaluated at normal body 

water level and secondly they were evaluated after a weight loss due to dehydration. The 

second evaluation, the dehydration measurements, was done one or two days after the first, the 

reference measurements (see Table 8.3). To avoid influence from diurnal variations of skin 

properties, the measurements were performed at approximately the same time of the day for 

each subject. 

 
Table 8.3. Test subject measurement days. 

 Day of reference measurements 

 

Day of dehydration process and 

measurements 

TS 1 2 3 

TS 2 2 4 

TS 3 5 7 

TS 4 1 3 

 

The subjects were given instructions before the experiment days to make sure the impact from 

external factors was limited and in other ways make sure the measurements would be as correct 

as possible (see Section 8.5). 
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Before the dehydration measurements, the subjects had to lose 3-3.5 % of their body weight due 

to water loss. In order to do this, they were supposed to exercise on a stationary bicycle at 

medium level in a room heated to 30-39 °C. The time needed for the subjects to dehydrate 

varied from two to four hours and the whole process was monitored by physicians. 

 

The experiment included in total eight measurement sessions, two for each of the four subjects. 

Each session involved the following steps: 

 Measuring room temperature and humidity. 

 Filming skin turgor. 

 Measuring body weight. 

 Taking blood samples. 

 Measuring with the Cutometer. 

 Measuring with the Ultrascan UC22. 

Room temperature and humidity measurements 

The measurement room’s temperature and relative humidity was recorded with the device TH-1 

from producer Amprobe. The instrument was turned on and approximately ten minutes was 

given for the device to stabilize before reading. 

Skin turgor filming 

This step was not a crucial part of the experiment, but was considered an interesting aspect. The 

subject placed their left hand and lower arm flat on a table, palm downwards. While filming 

from the side of the hand on a distance of approximately 20 centimeters, an experiment 

conductor pinched the subject’s skin on the upper side of the hand several times and let it snap 

back (see Figure 8.4). 

 

 
Figure 8.4. Skin turgor test. 
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Body weight measurements 

Each subject’s weight was measured at three times; before the reference measurement, before 

the dehydration process and before the dehydration measurement. The subjects did not wear 

clothes when weighing and at each of the three times, two measurements were made. By taking 

two values each time, the impact from possible faulty measurements was reduced. The scale 

used was a Vetek VB2-200-EC, which has 20 gram precision. See Appendix E for calibration 

certificate provided by the manufacturer. 

Blood samples collection 

A blood sample was taken from the subjects by a physician or nurse before each measurement 

session. The blood’s concentration of sodium and chloride was examined by the Karolinska 

University Laboratory. 

Cutometer measurements 

Six areas were measured with the Cutometer; both calves, posterior thighs and volar forearms. 

The device is displayed in Figure 8.5 and its function and output parameters are explained in 

Chapter 8.6. On each calf and thigh, fourteen points were measured and on each forearm, ten 

points. Thus, in total 76 points were measured on each subject and day. See Figure 8.6 for point 

distribution at the calves and thighs, and Appendix D for all measurement sites and the order the 

points were measured in. The same point was never measured two times on the same 

measurement day. 

 

 
Figure 8.5. The Cutometer dual MPA 580. 

All measurements were performed by two persons who had practiced with the device several 

hundred times. The subject lied in prone position during the measurement on the calves and 

thighs, and in supine position during the measurements on the forearms. The probe was placed 

perpendicularly to the skin and pushed down until the spring was compressed to a level where 

the outer ring aligned with the central part. Then slightly more pressure was applied on the 
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probe to make sure no air would seep into the opening. A double-sided adhesive tape shaped as 

a ring and supplied with the device was used at all measurements. Each piece of tape was used 

four to seven times prior to changing. The same number of tapes was used at both measurement 

sessions for all subjects. During the 20-second measurements the probe was held as steady as 

possible and with a constant pressure. 

 

 
Figure 8.6. Measurement points distribution at the calves and thighs. 

The Cutometer’s probe opening was 8 mm (see Figure 8.7). All settings used at measurements 

are shown in Table 8.2, Section 8.7.  

 

 
Figure 8.7. The Cutometer probe with 8 mm opening. 

In the Cutometer software, the skin elevation as a function of time is displayed. An example of 

a 20-second measurement, five repetitions, can be seen in Figure 8.8. The curve represents the 

skin elevation response to applied negative pressure. Based on the shape of this curve, the 

Cutometer software calculates 16 parameters representing the skin’s viscoelasticity properties. 
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The Cutometer was delivered with a calibration certificate, see Appendix E. Before each 

measurement day, the probe was cleaned with supplied cleaning equipment and calibrated in 

accordance with the manual [76]. 

 

A very small number of measurements on the test subjects were clearly erroneous, for instance, 

by air leaking into the probe opening. In these cases, a new measurement was done slightly 

beside the first one, but not on a point where the Cutometer or ultrasound had been or would be 

used. 

 

 
Figure 8.8. Screen shot from the Cutometer software which shows the skin’s elevation as function of time. 

The curve shows five repetitions of 450 mbar negative pressure applied for 2 seconds followed by 2 seconds 

relaxation. 

Ultrasound measurements  

The same sites, but not exactly the same points, as for the Cutometer were measured with the 

ultrasound device; both calves, posterior thighs and volar forearms. Each of the six body sites 

had eight measurement points which sums up to 48 points per subject. Three skin thickness 

measurements were performed on each point, which means a total of 144 measurements on 

each subject and day. 

 

The device used was the 22 MHz Ultrascan UC22 (see Figure 8.9). Calibration certificate was 

obtained from the manufacturer, see Appendix E. 
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Figure 8.9. The Ultrascan UC22. 

Two people who had many hours of practice with the UC22 performed all skin thickness 

measurements in the experiment. The subject lied in the same positions as during the Cutometer 

measurements. For the calf and thigh measurements, the applicator was placed against the skin 

and its own weight was used to achieve a constant pressure. During the arm measurements, the 

device would not allow such pressure and the applicator had to be slightly lifted to make it 

possible to obtain good measurements. After filling the applicator’s water chamber, (see Figure 

8.10), with tap water its position was slightly adjusted from which a good skin thickness 

measurement could be obtained. The UC22’s automatic skin depth calculation was used. If the 

border between dermis and subcutis were of low quality, the software would make a clearly 

incorrect measurement of the thickness. The image was then rejected and a new acquisition was 

made on a slightly different position. The quality was considered good when a distinct and as 

straight as possible border between the dermis and the underlying subcutis was seen. The depth 

measurement in numbers was never taken into account when deciding whether an acquisition 

would be rejected or not. 

 

  
Figure 8.10. Left: The applicator. Right: The water chamber. 

Figure 8.11 show examples of acquisitions that were accepted and rejected respectively. The 

yellow and red vertical lines are automatically designated by the software and the distance 

between them represents the skin thickness. The white area to the left is the water used as 

acoustic coupling medium. 
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Figure 8.11. Left: Accepted measurement. Right: Rejected measurement. (Increased indicator lines for 

illustrative purpose.) 

8.9 ETHICAL ASPECTS 
In this thesis ethical aspects had to be considered since it involves experiment on humans and 

how biometric data is presented and saved to assure the safety and integrity of the test subjects.  

 

The level of dehydration was well considered not to endanger the participant’s health during the 

experiment. Furthermore, the whole dehydration process was under surveillance of a physician. 

The measurement data is anonymous to assure the integrity of each individual. All involved 

participants were informed about the measurement procedures and how the results were going 

to be presented.  

 

An ethical vetting was submitted to the Swedish Central Ethical Review Board. An approval 

from this board was not necessarily needed to make the experiment and present the results in 

this master thesis, but gives an opportunity to publish the results in scientific journals. 
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9. RESULTS 

In this chapter all results from the experiment are presented. 

 

All the measurements, except for the weight, were performed in the same room. The room had 

approximately the same temperature and relative humidity during all measurements. Room 

temperature and humidity are presented in Table 9.1.  

 
Table 9.1. Room temperature and humidity during the reference and dehydration measurements. 

 Temperature [°C] Humidity [%] 

 Reference Dehydration Reference Dehydration 

TS 1 21.5 22.0 50.1 44.0 

TS 2 21.8 21.5 50.8 45.8 

TS 3 21.2 20.4 63.7 39.2 

TS 4 21.8 22.8 41.2 42.0 

9.1 WEIGHT 
In Table 9.2 the average weight for all TS is presented. The weight was registered three times 

for each subject; before the reference measurement, before the dehydration process and before 

the dehydration measurement (see Appendix F). 

 

The weight is presented as an average of two measurements. The total weight loss in percent is 

the weight before the dehydration measurement relative the weight just before the dehydration 

process started.  

 

Three of the TS reached the desired level of dehydration, 3-3.5 % weight loss. TS 1, 3 and 4 

with 3.3 %, 3.3 % and 3.2 % respectively. TS 2 got slightly too dehydrated and lost 3.7 % of 

body weight. 

 
Table 9.2. The average weight for TS 1-4. The total weight loss due to dehydration is presented in percent. 

9.2 ELECTROLYTE CONCENTRATION 
The results from the blood samples are presented in Table 9.3. Reference interval (what is 

considered normal) for sodium is 135-145 mmol/l and for chloride 98-107 mmol/l. 

 

 Weight [kg] Weight loss [%] 

 Reference 

Before 

dehydration 

process 

After 

dehydration 

process 

 

TS 1 80.42 80.04 77.42 3.3 

TS 2 68.34 67.34 64.88 3.7 

TS 3 63.12 61.96 59.94 3.3 

TS 4 83.02 83.02 80.40 3.2 
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The sodium concentration remained within the reference interval in both measurements for all 

four TS. The concentration increased for all after dehydration. TS 2 had the largest increase, 

with 4 %, and TS 1 the smallest, 1 %. 

 

Also chloride concentration increased after dehydration for all subjects. TS 2 exceeded the 

reference interval both before and after dehydration, as well as TS 4 after dehydration. In 

similarity to the results for sodium did TS 2 have the largest chloride concentration increase 

with 3 %, while the smallest increase was seen for TS 3 with 1 %. 

 
Table 9.3. Sodium and chloride concentration before reference and dehydration measurements. 

9.3 SKIN TURGOR 
Skin turgor was filmed for all subjects before and after dehydration. Due to insufficient video 

quality, the retraction time could not be measured and instead a subjective evaluation was 

made. Changes in skin turgor could be seen for two of the four TS. 

 

For TS 2 and 4 no differences were observed. TS 1 and 3 had similar differences. When the skin 

was released, the skin initially snapped back as fast after as before dehydration. However, after 

dehydration, the skin slowed down more during the second half of the return movement, i.e. the 

second half lasted longer. This could be observed in several of the filmed skin turgor tests for 

both TS 1 and 3. 

9.4 SKIN MEASUREMENTS 

Statistical analysis 

Results from the Cutometer and ultrasound measurements are presented below. Mean values 

were calculated for each parameter, subject and area. The differences between before and after 

dehydration were plotted in Matlab R2012a (The MathWorks, Inc.). Also, by using Matlab, it 

was found that the results for all parameters can be assumed to follow normal distribution. 

One-tailed paired Student’s t-tests were performed for each of the four TS and each 

measurement area to evaluate whether significant differences between before and after 

dehydration existed. Significance levels used were *P<0.05, **P<0.01 and ***P<0.005. 

Skin thickness 

The skin thickness reference measurements for TS 4 were found to be deficient. Due to time 

limits during the experiment, several ultrasound measurements were performed incorrectly, and 

 
Na

+
 concentration  

[mmol/l] 

Conc.  

increase  

[%] 

Cl
-
 concentration 

[mmol/l] 

Conc. 

increase 

[%] 

 Reference Dehydration  Reference Dehydration  

TS 1 140 142 1 102 104 2 

TS 2 138 144 4 109 112 3 

TS 3 138 140 1 102 103 1 

TS 4 141 144 2 105 108 3 
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therefore all skin thickness results for TS 4 have been excluded. On the calves of TS 3, one of 

three values on point 4 was lost, which means a mean of only two values was calculated. All 

other results were found to be satisfactory. 

 

The results for each body site are presented as mean values with error bars of ± one standard 

deviation (SD). Results for the measurements before and after dehydration for all TS combined 

are shown in Figure 9.1, and in Figure 9.2 for each TS separately. See Appendix G and I for 

tables of all obtained data. One-tailed Student’s t-tests for the three significance levels were 

performed. 

 

 
Figure 9.1. Mean thickness ± one SD of calves, thighs and arms for TS 1-3 combined. 

When combining the results from TS 1-3 all body sites showed significantly decreased skin 

thickness at ***P<0.005. 

 

 
Figure 9.2. Mean thickness ± one SD of calves, thighs and arms for TS 1-3 individually. 

When considering each TS individually, a statistically significant (***P<0.005) difference was 

obtained for all three TS only at the calves. The skin thickness for TS 1 and 2 also decreased 

significantly at the thighs and arms, but not for TS 3.  

Viscoelastic properties 

Each calf and thigh had 14 measurement points, i.e. 28 per body site. The arms had 20 

measurement points. Results from the Cutometer are presented as mean values ± one SD. In 
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total, the Cutometer gave 16 parameters, and another five were derived from those. See 

Appendix H and J for all obtained data. One-tailed Student’s t-tests were performed for all 

parameters. 

Individual results: Calves 

Five Cutometer parameters, R0 (Uf), R3, R8 (Ua), F0 and Q0, showed significant (***P<0.05) 

increases after dehydration for all four TS. 

 

Furthermore, the parameters Ue and Ur increased significantly after dehydration for each of the 

TS. The increase in Ue was significant at ***P<0.005 for all TS, while Ur was significant at 

***P<0.005 for three TS and **P<0.01 for one.  

 

The R2, F1, Q1 and Ur parameters increased significantly for TS 2-4. The viscoelastic 

contribution, Uv, increased significantly for TS 1-3.  

 

No significant changes were found for R1 and R4, and the remaining parameters, R5, R6, R7, 

R9 and Q3, only showed significant differences for one or two TS. The R6 parameter was the 

only parameter that significantly decreased, TS 3 and 4 had lower values after dehydration. 

 

The results are presented in Figure 9.3 and 9.4. 
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Figure 9.4. Mean value ± one SD of parameter Ue, Uv, Uf, Ur and Ua of the calves for TS 1-4 individually. 

Individual results: Thighs 

For the thighs, no significant increase or decrease was obtained for all of TS for any of the 

parameters. Q3 and Uv increased significantly for TS 1-3, and F0 for TS 1, 3 and 4.  

 

There were other parameters that also had significant differences for three out of four TS: R6, 

R7, Q1 and Q2. However, the differences for each parameter were not consistently a decrease 

or increase. 

 

14 out of 21 parameters increased and/or decreased significantly for only one or two TS. 

Several of those with significant differences for two subjects had changes in both directions. 

The results are presented in Figure 9.5 and 9.6. 
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Figure 9.6. Mean value ± one SD of parameter Ue, Uv, Uf, Ur and Ua of the thighs for TS 1-4 individually. 

Individual results: Arms 

On the arms, no parameter showed significant changes for all TS. The R9 parameter showed a 

significant difference for three TS after dehydration, but increases only for two of them. The R0 

(Uf) parameter did not change significantly for any of the TS after the dehydration. 

 

For all other parameters, i.e. 18 out of 21, the results showed significant increases and/or 

decreases for one or two subjects. For many of these parameters the results between different 

subjects were contradictory. 

 

The results are presented in Figure 9.7 and 9.8. 
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Figure 9.8. Mean value ± one SD of parameter Ue, Uv, Uf, Ur and Ua of the arms for TS 1-4 individually. 

Measurement sites: Comparison of individual results  

In a comparison of the three measurement sites, only the calves and thighs showed some 

similarity in changes after dehydration. The parameter F0 at the calves increased (***P<0.05) 

for all TS, and also on the thighs, with exception for TS 2. Other parameters that showed 

similarity and also increased after dehydration were R3, F1 and Q3.  

 

For the calves, all U-parameters increased significantly at ***P<0.005 with exception for Uv 

for TS 4 and Ur for TS 1. The only similarity between calves and the other body sites is the Uv 

parameter at the thighs where three TS had increasing values for Uv.  

 

For TS 2, all U-parameters increased significantly at the calves and thighs. This result was not 

observed at the thighs or arms for any of the other three TS.  

Combined results of all test subjects  

Ten parameters increased significantly for the calves: R0, R2-R3, R8-R9, F0-F1 and Q0-Q1. 

Eight parameters increased significantly for the thighs: R0, R3, R6, R8, F0-F1, Q0 and Q3. And 

five parameters increased significantly for the arms: R0-R1, R3-R4 and Q0. At the calves and 

thighs did all parameters increase with a significance level of ***P<0.005 with exception for 
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R5 and R6 at the thighs. Parameter R1 and R5 at the arms were the only ones with the highest 

level of significance. 

 

At the calves R6 decreased (***P<0.005) significantly. Decreases were also obtained at the 

thighs: R5, R7 and Q2; and arms: R2, R5, R7 and Q1-Q2. The parameters R5 (arms), R7 and 

Q2 (thighs and arms) were the only ones statistically determined to decrease with significance 

level of ***P<0.005. The results for TS 1-4 combined are presented in Figure 9.9.  
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All the U-parameters for the calves and the thighs (except from Ur) increased, ***P<0.005. At 

the arms Ue and Uf increased at the second significance level (see Figure 9.10).  

 

 
Figure 9.10. Mean value ± one SD of parameter Ue, Uv, Uf, Ur and Ua of the calves, thighs and arms for TS 

1-4 combined. 

The same behavior at all measurement sites was obtained for the parameters R0 (Uf), R3, Q0 

and Ue when considering all TS combined. 
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10 DISCUSSION 

This thesis originates from the need of a method to measure the human hydration level. The 

need was identified by a team of fellows partaking in the Clinical Innovation Fellowships 

program at the Center for Technology in Medicine and Health. Starting from this clinical need 

they came to an idea based on change of mechanical properties with state of hydration, which 

was intended to be measured with a MER sensor. Existing point-of-care methods, such as for 

example skin turgor test or bed scales, are not satisfactory to determine the hydration state as 

they either are subjective assessments or expensive. 

 

The intended objective of this thesis was to design a sensor based on the existing MER 

technology. However, the thesis took a new direction early on and focus was turned to 

investigating the correlation between skin properties and state of body water level. 

10.1 METHODOLOGY 
Throughout the literature study, the search engines Google Scholar and Karolinska Institutet 

University Library’s reSEARCH have been used. The reSEARCH tool refers to both articles 

and the library’s books. The keywords in Appendix A are presented to show what areas 

regarding skin properties were investigated. 

 

Furthermore, a limited number of researchers were consulted for their knowledge about skin 

properties and the body’s response to dehydration, as well as for expertise regarding the 

experimental setup and how to statistically evaluate the retrieved data. 

 

The experiment conducted is, to the best of the knowledge available, the first of its kind; skin 

property measurements performed on human subjects experiencing dehydration. 

10.2 EXPERIMENT EVALUATION 
The dehydration process of the experiment was much shorter, only 2-4 hours compared to what, 

for instance, an elderly person might experience. How well this provoked dehydration 

corresponds to a “normal” ditto, in terms of skin property changes, is hard to tell since it has not 

been investigated in any study found. But maybe an experiment involving marathon runners, 

described in Chapter 6, does give hints that skin property changes requires time after 

dehydration. As in the conducted experiment the runners lost plenty of water in a short period of 

time. Only 25 % of the 208 dehydrated test subjects showed decreased skin turgor. It is hard to 

neglect that skin turgor tests have been used in healthcare for a long time to determine hydration 

status, and therefore also hard to conclude that the correlation between skin turgor and 

hydration level would be as weak as the study suggests. A similar view can be applied on the 

Cutometer results from the conducted experiment, which turned out to be less convincing than 

expected. Maybe a longer time between the dehydration process and the start of the 

measurements could have given more significant elasticity changes, but that would have been 

very hard for the test subjects to follow through. Also from an ethical point of view, a prolonged 

time of dehydration would be problematic. 
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Measurements with the two main instruments were performed on the same body sites, but not 

on the exact same spots. The main argument for this was that the skin would be left unaffected 

before each measurement, which would avoid impact on skin properties and hence allow for 

more reliable results. 

 

It was not considered relevant to compare results from different body sites and TS to each other 

in terms of absolute numbers, only to investigate where, and at which significance level, 

changes occurred. With a small test group and the individual differences among the TS the 

results presented in Chapter 9 and in Appendix G-J are considered enough to give a measure of 

the magnitudes of the differences before and after dehydration. 

 

An intention of the experiment was that a good result could lead to a future larger study 

involving more test subjects and the possibility to draw more reliable conclusions. It was not, 

for the present experiment, considered necessary to involve a large number of test subjects 

since it only aimed to identify indications of correlations. With a small number of test subjects, 

only three or four, it is necessary to be careful when drawing conclusions from the experiment. 

However, in total over 300 Cutometer measurements and well over 400 ultrasound 

measurements were performed before and after dehydration. By performing a large number of 

measurements on each TS, it was possible to make a more reliable statistical evaluation of the 

property differences before and after dehydration. 

Ultrasound 

For all ultrasound measurements on the calves and thighs the applicator were pressed with its 

own weight against the skin. For the arms, however, it was often necessary to slightly raise the 

device to make it possible to obtain correct measurements. The applied pressure impacts on the 

thickness, since the skin gets compressed. But the influence on the results is believed to be 

small, because the pressure difference in lifting and let the applicator be pressed by its own 

weight was small. 

 

The intention of making three ultrasound measurements at each spot was to reduce the impact 

from irregularities. Most times, though, all three measurements were taken after each other, 

without moving the applicator. The reason for this is that it often was very hard to obtain images 

with a relatively straight border between dermis and subcutis, which was needed in order to get 

the correct thickness. The three results from the measurements were consequently very similar. 

A way to resolve this could be to use ultrasound equipment with higher frequency, since it 

would probably make it easier to distinguish between dermis and subcutis, but also from 

connective tissue, which sometimes was a problem factor. 

 

Furthermore, the difficulty to find a distinct border between dermis and subcutis meant that 

measurements could not always be performed on the exact desired spot. The applicator was 

sometimes moved slightly lateral of the marked spot, which unfortunately was unavoidable 

with the actual instrument. This might have had slight impact on the results, but the problem 

applied on all areas and all subjects. However, the procedure used, to slightly move the 

applicator until a good border between dermis and subcutis occurs, has been used for thickness 

measurements before, in a study involving a 20 MHz ultrasound system [38]. The mentioned 

study, as well as another one using 20 MHz ultrasound [61], showed similar skin thickness 

results as in the conducted experiment. 
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Cutometer 

The Cutometer measurements are dependent on the person handling the instrument. A high 

pressure on the probe means higher tension in the skin and hence smaller distensibility. The 

user dependency is also a reason for performing a large number of measurements because this 

even out fluctuations. 

 

In the current experiment the Cutometer has been used with the 8 mm probe. This probe size 

has also been used in other studies and the results from these comply quite well with the 

reference measurements from the conducted experiment [50], [123], [125]. The occurring 

differences probably depend on the use of slightly different settings, and/or natural variation 

between individuals. Also, as mentioned, the user-dependent probe pressure influences the 

results. 

 

The Cutometer applies a negative pressure and sucks skin into the probe opening. At an equal 

pressure a wide aperture, such as the 8 mm used in the experiment, involves deeper skin layers 

compared to a narrower one. The wider probe opening was used in the experiment to make it 

possible to measure properties of epidermis and dermis combined. However, it is not known if, 

or how, subcutis may have affected the results. Not even the producer of the Cutometer is sure 

what impact subcutis can have on results. In most studies involving the Cutometer, narrower 

aperture openings are used, and commonly the 2 mm version. The 8 mm probe is used much 

less frequently, which could be a reason why subcutis’ influence has not been investigated. 

10.3 RESULT ANALYSIS 
The presented weight losses for the subjects can safely be assumed to depend on reduced water 

levels, since all inputs and outputs were controlled during the 2-4 hours dehydration process. A 

further indication was the sodium and chloride concentrations, which increased after 

dehydration for all subjects. It should be noticed, though, that most changes were relatively 

small and the values cannot be assumed to correlate exactly to body water level. 

 

Skin turgor tests were performed and filmed. The intention of the videos was not to 

scientifically evaluate if differences occurred but to investigate if clear changes could be seen. 

Reduced skin turgor was only visible for two TS. 

 

The results from the Cutometer and ultrasound measurements are presented and statistically 

analyzed both individually and combined for all TS. The reason is to show both individual 

variations and overall resemblances in terms of skin properties. 

 

Correlations between thickness and elasticity were not investigated. The two properties were 

not measured on the exact same spots, which makes it unsuitable to perform such statistical 

evaluation. The reason is that a certain Cutometer measurement point cannot be put in relation 

to one of thickness, because even two nearby points can have slightly different thicknesses or 

elasticities. If a future study, though, will measure on the same spots it could be interesting to 

make an investigation of this relationship, since it potentially could be valuable in a sensor 

development process. However, the overall impression is that at dehydration condition 

variations in thickness do influence the Cutometer results, which is in agreement with literature. 

 



  

59 

 

The results differed notably between body sites for both instruments. These differences most 

likely do not depend on a faulty experimental setup, but for example on the individual 

variations among the TS. All conditions that, in order to obtain reliable results, have been part 

of similar studies were taken into account when designing the experiment (see Chapter 8). Only 

the humidity difference for TS 3 might have been a factor influencing the results, since it was 

considerably less humid after dehydration. However, the impact from increased humidity has 

been shown to be increased stiffness of epidermis only, and just with a few percent. In other 

words, dermis, the layer which gives the major contribution to the skin’s properties measured in 

this project, was most likely not affected. 

Individual results 

Ultrasound 

A decrease in skin thickness after dehydration was predicted for the experiment. That was also 

observed for all body sites on all subjects, but for two sites on TS 3, the differences were not 

significant. An interesting observation was that the results at the calves were more significant 

than at other body sites. Potentially this could be an irregularity in a small test group (n=3), but 

the mean differences were also greatest at the calves for all subjects. 

Cutometer 

The obtained Cutometer results were ambiguous. No significant unequivocal results were seen 

for all subjects for any parameter at the thighs or volar forearms. More interesting results were 

seen for the calves; therefore the following in this section only regards the results obtained at 

this body site.  

 

The R0 (Uf), R3, R8 (Ua), F0, Q0, Ue, Uf and Ur all showed significant increases after 

dehydration, for each TS. Increased values mean the following: 

 R0 (Uf) and Q0: The skin has become less firm and more distensible. 

 R3: The skin tires more as response to the applied pressure. 

 R8 (Ua): A change of this parameter needs to be put in relation to R0 (Uf). Since also R0 

(Uf) increased, R1, the difference between R8 (Ua) and R0 (Uf), remained unchanged. 

This means the skin has unchanged ability to return to its original position. 

 F0: The creeping behavior is more present during the suction. 

 Ue: The skin gets more distended as response to pressure. 

 Uv: The viscous contribution has increased during suction. 

 Ur: The immediate elastic retraction after pressure release is larger. 

 

The U-parameters are quite frequently used in literature [37], [46], [50], [78], [80]. They can all 

be derived from the R-parameters. The U-parameters gave very clear differences, where they 

all increased significantly for all subjects, with exception for Uv for TS 4. It should be 

highlighted that all U-parameters depends on R0 (Uf). 

 

The skin gets more distended but the R5, R6 and R7, ratios of U parameters, are unchanged for 

three, two and three TS respectively. These relations between U-parameters are therefore the 

same after dehydration as before. 

 

If the skin got more tired the creeping behavior would have been more distinctive and an 

increase of the parameter R9 would have been expected. The difference between the maximum 



 

60 

 

of the last and the first sequence (R3 and R0 (Uf)), R9, has only increased for two TS i.e. no 

clear tiring effect is seen even if R3 increased.  

Combined results of all test subjects 

Ultrasound 

When combining the results from all TS, significant skin thickness decreases were seen for all 

three body sites. This is in accordance with what was hypothesized.  

Cutometer 

According to the TS combined results, the ability to deform elastically during suction increased 

at all three body sites, since the Ue parameter increased. Also, the R0 (Uf) increased for all 

sites, i.e. the skin gets more distended after dehydration. However, the R9 parameter reveals a 

greater distending effect of the skin during repetitive suctions only at the calves, and not at the 

other two body sites. 

 

At the thighs and arms, the decreases of R5, R7 and Q2 are interesting. These parameters all 

imply a decrease in elastic retraction, i.e. the skin’s elastic ability to return to its original 

position is impaired after dehydration. No changes were observed for the calves. 

Comparison of analysis outcomes 

In both analyses, the calves showed more distinctive results. Especially in the analysis on an 

individual level, the calves more frequently showed significant changes, compared to the other 

body sites, both in skin thickness and Cutometer results. The differences between body sites are 

hard to explain, but was observed also by Smalls et al, who claimed that under normal 

conditions, the skin at the calf is stiffer than at the thigh and shoulder. 

 

There are many differences between the individual and group results. When considering the 

results for the whole group more parameters have changed with statistical significance. Some of 

these results may appear to differ remarkably from the individual results, as for example R0 

(Uf). The reason is that if the values for individual subjects are all close to show significant 

changes on a 95 % level, but not quite, larger amount of results in the group analysis makes it 

possible to conclude significant differences. 

 

The experiment showed decreased skin thickness and increased distensibility (except for the 

individual results at arms and thighs). This is in accordance with the results by both Brazzelli et 

al. and Tshukahara et al. They explain their results of decreased skin thickness as due to 

reduced skin water content, which is strongly believed to be the reason of thinner skin also in 

this experiment. On the other hand, as stated in Chapter 4, more skin water has been said to 

increase distensibility. According to this statement it does seem likely that distensibility 

decreases at reduced skin water levels. It means that if, as believed, the skin water decreased in 

the conducted experiment, this would be a contradictory result. 

 

The two studies also observed a decrease in elasticity, which they claimed was inversely 

correlated to distensibility. The elasticity measured by Brazzelli et al. corresponds to the R2 

parameter in this experiment. In the group analysis the results at the arms agrees with the results 
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Brazzelli et al. obtained, while the results at the calves is contradictory. This may be due to an 

older test group (mean age 57 ± 5 years) or the study design including hemodialysis treatment. 

 

For the group results the thickness had a significant decrease at all three body sites, while the 

individual results only showed significant decreases at the calves for all TS. The decreased 

thickness is strongly believed to depend on decreased skin water content after dehydration. This 

agrees with the first hypothesis, Skin thickness decreases in response to decreased body water 

level. 

 

The R2 parameter corresponds to what is measured with a skin turgor test - the skin’s ability to 

return to original position after being deformed - and can be used to approve the second 

hypothesis. The following observations have been made regarding the second hypothesis, Skin 

elasticity decreases in response to decreased body water level: 

 In the individual analysis: 

o R2 has increased for three TS at the calves, which indicates an increase in the 

elastic ability of the skin and contradicts the hypothesis. 

o At the thighs and arms no indications were seen that either support or reject the 

hypothesis. 

 In the group analysis: 

o The results at the arms agree with the second hypothesis, since the R2 parameter 

decreased and R1 increased. 

o At the thighs the elastic ability to return to original position is unchanged, but 

the immediate elastic retraction is impaired. 

o As in the individual analysis the skin at the calves is more elastic since R2 has 

increased. 

10.4 FUTURE WORK 
There are many influencing internal and external factors on the skin and its properties. The 

factors influencing skin properties could be a reason why results found for the Young’s and 

shear moduli differ so vastly. If a development process of a sensor will start, and if this sensor is 

going to measure skin properties, quite a lot of effort has to be put into the development in order 

to avoid artifacts. Age, gender, nutrition, body site, body position and skin diseases as well as 

humidity, temperature, external hydration, moisturizers, sun light and time of the day are all 

factors that have been shown to impact skin - and in particular epidermis - properties in 

different ways. Clearly it is hard to predict the skin behavior of an individual. For example, it 

was stated in Section 5.1 that men in general have thicker skin than women. In the conducted 

experiment it was shown that one of the males had thinner skin than the female, at all body sites. 

 

Furthermore, the MER sensor, which mechanically vibrates, is an interesting solution. 

However, the existing described MER sensor measures variations in surrounding mediums not 

thicker than ten µm, which would only correspond to changes in SC and not to the more 

interesting dermis. The technology needs to be improved before it is possible to apply in a 

sensor.  

 

On the other hand, indications were found throughout the study implying correlations between 

skin properties and dehydration. However, a larger study is needed to get a better picture of the 

relationships. If an experiment similar to the one conducted in this thesis will be performed in 

the future, a few recommendations are given here. 
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First of all a larger number of test subjects is important to draw reliable conclusions and to 

evaluate if the changes are measurable. It could also be interesting to make it possible to 

compare different body sites and test subjects by performing Cutometer and ultrasound 

measurements on the same points. But, obviously, it would be necessary to make sure the two 

instruments do not affect each other’s results. 

 

Especially the Cutometer, but also to some extent the ultrasound device, are user dependent. It 

is therefore advised to have one person conducting all measurements with each device. 

Alternatively, for the Cutometer, a construction could be used to hold the probe perfectly still 

and apply a constant pressure. For ultrasound equipment this solution might be more 

problematic since it is probably necessary to move the applicator several times before a good 

image can be acquired. 

 

Other existing skin property measurement equipment should also be considered in a new study. 

For example a Dermal Torque Meter or Ballistometer could be good alternatives to measure 

mechanical properties. These instruments deform skin in another way than the Cutometer and 

the skin may react differently to this. 

 

For skin thickness measurements, it would definitely be interesting to use ultrasound with 

higher frequencies. If 50 MHz or more is used it is possible to distinguish between epidermis 

and dermis. Thus it would be possible to see how only dermis thickness reacts at, for instance, 

dehydration. Another option that provides the opportunity to measure dermis’ thickness would 

be OCT.  

 

Other interesting claims, which were brought up in Section 7.2 and may be useful in further 

studies: 

 Depending on frequency of mechanically induced waves, mechanical properties at 

different skin depths can be measured. Low frequencies seem to measure the 

mechanical properties of stratum corneum and epidermis, while at higher frequencies 

the properties of the dermis can be determined. 

 The indentation method seems promising. It can be used to detect how the skin recovers 

after imprinting. 
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11 CONCLUSION 

There are many factors impacting on the skin’s properties, for instance temperature, sunlight 

and external hydration. Especially the outermost layer, epidermis, and in particular stratum 

corneum, are easily affected by different conditions. As a consequence of this, it is very 

unlikely that a MER sensor with a measurement depth of 10 µm, in a predictable way, would be 

able to detect skin property changes due to body water level alterations. 

 

The dermis is much less responsive to different outer conditions, compared to epidermis. There 

are also strong reasons to believe dermis depends on body water level, especially in terms of 

thickness. An observed skin thickness decrease due to body water deficit does most likely 

depend on a decreased water level in the dermis. This makes it the best option to have in focus 

when investigating skin property changes due to alterations in body water level. 

 

Skin thickness is the factor of those investigated that showed the most distinctive changes after 

body dehydration. Also, some viscoelastic parameters showed signs of correlation with body 

water level. Distensibility and immediate elastic deformation after a negative pressure is 

applied are the two factors that seem most interesting to evaluate further. Furthermore, other 

elasticity parameters gave indications, though not as strong, of altering due to body water 

changes. 

 

The examined body sites - calves, thighs and arms - did not respond in the same way to body 

dehydration. The calves had more elastic parameters that showed significant changes. Also, all 

test subjects had decreased thickness at this site, which was not the case for the other two. It is 

believed that variations exist in response to dehydration between skin at different body sites, 

partly because of the experiment results, but also since it has been shown earlier that skin 

properties varies over the body. 

 

Individual variations were seen among the test subjects. Most of the findings in the experiment 

were not unequivocal for all. 

 

It can be concluded that the skin responds to body dehydration in different ways, and that the 

correlation needs to be further studied before a development process of a sensor aimed to 

determine body water level can start. 
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12 RECOMMENDATIONS 

Before development of a sensor, with purpose to determine body water level by measuring 

variations in skin properties, can start, more investigation is needed. 

 

Focus should be on measuring the properties of the dermis only. Its changes in thickness in 

response to body water alterations would be interesting to investigate further. Thickness could 

be measured with 50-100 MHz ultrasound or optical coherence tomography. In a future study, 

it is also worth considering the elasticity parameters distensibility and skin’s immediate elastic 

response to applied pressure. It is recommended to measure these elastic properties with other 

devices than the Cutometer in order to deform the skin in a different way, and thus get more 

information about its behavior. 

 

Furthermore, measuring thickness and mechanical properties at the same measurement point 

should be considered, to make it possible to evaluate the correlation between them. 
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B. RECOMMENDED BREAKFAST 
The recommended breakfast for the test subjects before the dehydration process is presented in 

Table B.1. The test subjects were allowed to replace food with something similar, for example 

hazelnuts instead of cashew nuts. If the test subjects felt hungrier before starting the physical 

activity they were recommended to eat more of the food with lower water content.  

 
Table B.1. Recommended breakfast for the test subjects before the dehydration process.  

Food (specification in database) Portion [kcal] Water [g] 

Bread (dark) 2 slices 160 23.9 

Cheese (fat 17 %) 4 slices  134.4 22.5 

Yoghurt (fat 3.6 %) 200 ml  182 162.6 

Oatmeal  50 ml 64.6 1.8 

Cashew nuts  25 ml 73.8 0.3 

Raisins 50 ml 95.4 4.6 

Water 200 ml 0 200 

  Total: 710.2 Total: 416.0 

Livsmedelsverket (Swedish National food agency)
1
 

 

 

 

 

                                                 
1
 “The Food Database,” Livsmedelsverket, 2013. [Online]. Available: 

http://www.slv.se/en-gb/Group1/Food-and-Nutrition/The-Food-Database/. [Accessed: 16-Oct-2013]. 





  

 

 

C. FAILURE MODES AND EFFECTS ANALYSIS TABLE 
 

 

SEV = How severe is effect on the customer? 

OCC = How frequent is the cause likely to occur?    

DET = How probable is detection of cause?    

RPN = Risk priority number in order to rank concerns; calculated as SEV x OCC x DET 
 

  
           

Process step Potential failure mode Potential failure effects 

S
E

V
 

Potential causes 

O
C

C
 

Current process controls 

D
E

T
 

R
P

N
 

Actions recommended 
Responsibility (target 

date) 
Actions taken 

N
ew

 S
E

V
 

N
ew

 O
C

C
 

N
ew

 D
E

T
 

N
ew

 R
P

N
 

What is the step? 
In what ways can the step go 

wrong? 

What is the impact on the 

customer if the failure 

mode is not prevented or 

corrected? 

10 

What causes the 

step to go wrong? 

(I.e., how could the 

failure mode 

occur?) 

 

What are the existing 

controls that either 

prevent the failure mode 

from occurring or detect 

it should it occur? 

10 1000 

What are the actions for 

reducing the occurrence 

of the cause or for 

improving its detection? 

 

Who is responsible 

for the recommended 

action? What date 

should it be 

completed by? 

 

What were the actions 

implemented? 
10 10 10 1000 

Measurement with scale 
The instrument gives incorrect 

values. 

Unconsciously incorrect 

results. 
8 

Instrument is not 

correctly calibrated 

at delivery, either 

because of the 

producer or the 

transportation. 

5 
Test weighing with 

reference weights. 
3 120 

Existing process controls 

are enough.  
            

Measurement with scale Instrument is used incorrectly. 
Incorrect measurement 

values. 
8 

Instrument might 

need settings that do 

not get attention. 

4 
Read the instrument's 

manual. 
3 96 

Existing process controls 

are enough.  
            

Measurement with the 

Cutometer 

Instrument is positioned 

incorrectly. 

Measurement result does not 

get correct. 
8 

If not being careful 

when placing the 

instrument, 

alternatively is not 

sure about how to 

handle it in a correct 

way. 

8 

Well-read and careful 

users who must have 

practiced a lot with the 

instrument. 

6 384 

Double check with a 

colleague to make sure the 

handling is correct. 

Alternatively make a 

construction which can 

hold the Cutometer. 

The experiment 

conductors. No 

particular completion 

date. 

The handling of the Cutometer 

was double checked at practice 

and throughout the experiment. 

8 7 2 112 

Measurement with the 

Cutometer 

Results vary since 

measurements cannot be 

repeated on the same point. 

Measurement results will 

have insecurity since 

measurements were not made 

on the same point. 

7 

Bruises will be 

formed and then it is 

not possible to 

perform the 

measurements 

before and after 

dehydration on the 

same point. Marking 

of the measurement 

area is not enough. 

7 

Test beforehand whether 

the Cutometer give bruises 

or not with the 8 mm 

probe. Carefully mark the 

measurement areas. 

4 196 

Compare with other 

measurement results and 

see if they are reasonable 

to exclude that the 

instrument give incorrect 

values. 

The experiment 

conductors. At least 

two weeks before the 

measurement days. 

The results were compared with 

numbers from other studies and 

they were confirmed to be okay. 

Two weeks before the 

measurement days. 

7 4 2 56 
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Process step Potential failure mode Potential failure effects 

S
E

V
 

Potential causes 

O
C

C
 

Current process controls 

D
E

T
 

R
P

N
 

Actions recommended 
Responsibility (target 

date) 
Actions taken 

N
ew

 S
E

V
 

N
ew

 O
C

C
 

N
ew

 D
E

T
 

N
ew

 R
P

N
 

Measurement with the 

Cutometer 

The instrument gives incorrect 

values. 

No measured values can be 

used in the result. 
8 

Instrument does not 

function correctly 

because of 

production or 

calibration errors. 

Instrument has been 

damaged during 

transportation or 

use. 

7 

Test the instrument well 

before the measurement 

days. 

4 224 

Compare with other 

measurement results and 

see if they are reasonable 

to exclude that the 

instrument give incorrect 

values. 

The experiment 

conductors. At least 

two weeks before the 

measurement days. 

The results was compared with 

numbers from other studies and 

they were confirmed to be okay. 

Two weeks before the 

measurement days. 

8 5 2 80 

Measurement with the 

Cutometer 

The number of measurement 

values gets too few since the 

instrument cannot be used on the 

same spot twice. 

Results will have more 

insecurity if the same 

measurement point is not 

used at both measurements. 

8 

Incorrect use of the 

instrument which 

makes measurement 

values unusable in 

the result. 

8 

Well-read and careful 

users who must have 

practiced a lot with the 

instrument. Instrument 

will be checked so settings 

are correct to avoid 

incorrect measurements. 

4 256 

Double check with a 

colleague that correct 

settings are used and the 

Cutometer is positioned 

correctly. 

The experiment 

conductors. No 

particular completion 

date. 

The position of the Cutometer 

and the settings were double 

checked at practice and 

throughout the experiment. 

8 6 2 96 

Measurement with the 

Cutometer 
Incorrect settings. 

Incorrect measurement 

values. 
8 

Users are insecure or 

inexperienced with 

the instrument. 

6 

The users will read the 

instructions and practice 

with the instrument. 

Furthermore, help will be 

received from more 

experienced users at the 

company Oriflame. 

8 384 

Ask for help from the 

producer if the 

instructions given are not 

considered comprehensive 

enough. 

The experiment 

conductors. At least 

two weeks before the 

measurement days. 

None. The users did get enough 

information from the 

instructions and Oriflame. 

8 5 2 80 

Measurement with 

ultrasound 

Instrument is positioned 

incorrectly. 

Measured values do not get 

correct. 
8 

If not being careful 

when placing the 

instrument, 

alternatively is not 

sure about how to 

handle it in a correct 

way. 

7 

Well-read and careful 

users who must have 

practiced a lot with the 

instrument. 

6 336 

Double check with a 

colleague to make sure the 

handling is correct.  

The experiment 

conductors. No 

particular completion 

date. 

The handling of the ultrasound 

device was double checked at 

practice and throughout the 

experiment. 

8 5 2 80 

Measurement with 

ultrasound 

Skin is uneven at the border to 

fat which makes it hard to select 

a certain measurement point. 

Results get difficult to 

interpret which means greater 

insecurity. 

7 

The border between 

dermis and subcutis 

is not naturally 

straight. 

7 

Try to adjust the position 

of the instrument until a 

reasonable measurement 

point is found. 

4 196 

The measurement value 

given by the ultrasound 

software compares to the 

visual result to evaluate if 

the given thickness value 

is reasonable. 

The experiment 

conductors. Well 

before the 

measurement days. 

Practicing with the device and 

software lead to an understand 

of which automatic 

measurements were good and 

reliable, and therefore approved, 

and which were bad. Well 

before the measurement days. 

7 7 1 49 

Measurement with 

ultrasound 

The instrument gives incorrect 

values. 

No values can be used as 

results. 
8 

Instrument does not 

work properly 

because of 

production or 

calibration errors. 

Instrument has been 

damage at 

transportation or by 

a user. 

7 

Test the instrument well 

before the measurement 

days. 

4 224 

Compare with other 

measurement results and 

see if they are reasonable 

to exclude that the 

instrument give incorrect 

values. 

The experiment 

conductors. At least 

two weeks before the 

measurement days. 

The results was compared with 

numbers from other studies and 

they were confirmed to be okay. 

Two weeks before the 

measurement days. 

8 5 2 80 
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Process step Potential failure mode Potential failure effects 

S
E

V
 

Potential causes 

O
C

C
 

Current process controls 

D
E

T
 

R
P

N
 

Actions recommended 
Responsibility (target 

date) 
Actions taken 

N
ew

 S
E

V
 

N
ew

 O
C

C
 

N
ew

 D
E

T
 

N
ew

 R
P

N
 

Measurement with 

ultrasound 
Incorrect settings. 

Incorrect measurement 

values. 
8 

Users are insecure or 

inexperienced with 

the instrument. 

6 

The users will read the 

instructions and practice 

with the instrument. 

Furthermore, help will be 

received from more 

experienced users at the 

School of Technology and 

Health at the Royal 

Institute of Technology. 

8 384 

Ask for help from the 

producer if the 

instructions given are not 

considered comprehensive 

enough. 

The experiment 

conductors. At least 

two weeks before the 

measurement days. 

None. The users did get enough 

information from the 

instructions and the university 

employees. 

8 5 2 80 

Measurements 
Measures on different positions 

before and after dehydration. 

It gets much harder to draw 

conclusions from the 

measurement results. 

7 

Bruises occur 

because of the 

Cutometer at 

reference 

measurements, 

which makes it 

improper to measure 

on the same point 

again. 

5 

The Cutometer will be 

tested to see if bruises 

occur. If it happens the 

schedule will be changed 

in a way so the skin gets 

more time to rest between 

the two measurement 

days. 

3 105 
Existing process controls 

are enough.  
            

The dehydration process 
Weight loss depends on other 

factors than water loss. 

Insecurity about the 

conclusion of how total body 

water affects the skin's 

mechanical properties. 

7 

Test subjects get 

sick or eat less than 

usually. 

5 

The participants get 

instructions how to handle 

these situations.  

2 70 
Existing process controls 

are enough.  
            

The dehydration process 
Dehydration get over 3-3.5 % 

weight loss.  

Conclusions cannot be drawn 

for lower levels of 

dehydration, 3-3.5 %. 

2 
Dehydration is taken 

too far. 
6 

The participants will use a 

scale regularly to know 

when interrupt the 

dehydration process.  

2 24 
Existing process controls 

are enough.  
            

The dehydration process 
Dehydration get under 3-3.5 % 

weight loss.  

Dehydration level gets too 

small and no difference can 

be seen between the results 

before and after it. 

7 

Methods for losing 

body water are not 

sufficient. 

7 

Participants will be 

weighted regularly to 

make sure a sufficient 

weight loss is gained. To 

lose more weight might 

the intensity of the 

exercise or room 

temperature may be 

increased. Participants can 

also use a sauna. 

1 49 
Existing process controls 

are enough.  
            

The dehydration process 

Some or several of the test 

subjects cannot follow through 

the dehydration process. 

Too few results make it hard 

to draw conclusions from the 

experiment. 

9 

Dehydration process 

is too hard and gets 

dangerous for the 

participants. 

8 

The dehydration process 

will be well thought out, 

carefully planned and 

fitted for the participants 

in a way the process works 

as smooth as possible. 

3 216 

If the dehydration process 

gets too hard for some 

participant, a sauna is 

available. That means no 

exercising but still the 

dehydration process can 

continue. 

The experiment 

conductors. No 

particular completion 

date. 

A sauna was available at the 

experiment days. 
9 5 3 135 
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D. MEASUREMENT POINT DISTRIBUTION 
The measurement point distribution is shown in Figure D.1, D.2 and D.3. The numbers in green 

squares represent the areas measured with Ultrascan UC22 and the numbers in yellow squares 

measured with the Cutometer. The numbers represent the order the points were measured in.  

 

   
Figure D.1. Measurement points distribution at the calves. Left: Left calf. Right: Right calf.  

  
Figure D.2. Measurement points distribution at the thighs. Left: Left thigh. Right: Right thigh. 

 
Figure D.3. Measurement points distribution at the arms. Left: Left arm. Right: Right arm.
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E. CALIBRATION CERTIFICATES 

Cutometer dual MPA 580  

 



 

E2 

 

Ultrascan UC22



  

E3 

 

VB2-200-EC 
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F. WEIGHTS 
In Table F.1 the weights before the reference measurement, before the dehydration process and 

before the dehydration measurements are presented. 

 
Table F.1. Weight measurements. M: Measurement.  

 Weight [kg] 
Weight 

loss [%] 

 Reference 
Before dehydration 

process 

Before dehydration 

 
 

 M 1 M 2 Avg M 1 M 2 Avg M 1 M 2 Avg  

TS 1 80.40 80.42 80.42 80.04 80.04 80.04 77.40 77.42 77.42 3.3 

TS 2 68.32 68.34 68.34 67.34 67.34 67.34 64.88 64.88 64.88 3.7 

TS 3 63.12 63.10 63.12 61.96 61.96 61.96 59.92 59.94 59.94 3.3 

TS 4 83.02 83.02 83.02 83.02 83.00 83.02 80.40 80.40 80.40 3.2 
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G. COMBINED RESULTS OF ALL TEST SUBJECTS: 
ULTRASOUND 
The ultrasound results for measurements at the calves, thighs and arms are presented in Table 

G.1. The results are presented as mean ± one SD for TS 1-3 combined.  

 
Table G.1. Mean thickness ± one SD of calves for TS n=1,2,3 combined, before and after dehydration.  

 Thickness [µm] 

 

 
Before After 

Calves 1048 ± 161 955 ± 157 *** 

Thighs 1172 ± 267 1143 ± 273 *** 

Arms 970 ± 106 933 ± 104 *** 





   

 

 

H. COMBINED RESULTS OF ALL TEST SUBJECTS: CUTOMETER 
The following tables present the data obtained with the Cutometer. The Q0 parameter is due to a software error (confirmed by the producer) 

multiplied with 100; in Chapter 9 this is corrected.  

Calves  

The Cutometer results for measurements at the calves are presented in Table H.1 and H.2 as mean ± one SD for TS 1-4 combined.  

 
Table H.1. Results, calves. Parameters R0-R9, F0-F1 and Q0-Q3, before and after dehydration. 

Before After Before After Before After 

R0 [mm ± SD] R1 [mm ± SD] R2 [% ± SD] 

1.174 ± 0.132 1.318 ± 0.177*** 0.1940 ± 0.0544 0.1970 ± 0.0561 0.8323 ± 0.0504 0.8483 ± 0.0444*** 

R3 [mm ± SD] R4 [mm ± SD] R5 [% ± SD] 

1.261 ± 0.134 1.411 ± 0.182*** 0.2836 ± 0.0726 0.2787 ± 0.0704 0.6414 ± 0.0562 0.6392 ± 0.0648 

R6 [% ± SD] R7 [% ± SD] R8 [mm ± SD] 

0.3387 ± 0.0496 0.3294 ± 0.0404*** 0.4803 ± 0.0502 0.4819 ± 0.0564 0.9799 ± 0.1489 1.121 ± 0.180*** 

R9 [mm ± SD] F0 [mm*s ± SD] F1 [mm*s ± SD] 

0.08753 ± 0.01824 0.09298 ± 0.01124*** 0.1680 ± 0.0249 0.1858 ± 0.0277*** 0.1432 ± 0.0134 0.1607 ± 0.0213*** 

Q0 [mm*s ± SD] Q1 [% ± SD] Q2 [% ± SD] 

263.5 ± 35.3 263.5 ± 35.3*** 0.7666 ± 0.0527 0.7826 ± 0.0483*** 0.5415 ± 0.0517 0.5446 ± 0.0598 

Q3 [% ± SD]     

0.2251 ± 0.0213 0.2381 ± 0.0257     

 
 

Table H.2. Results, calves. Parameters: Ue, Uv, Uf, Ur and Ua, before and after dehydration. 

Before After Before After Before After 

Ue [mm ± SD] Uv [mm ± SD] Uf [mm ± SD] 

0.8786 ± 0.1087 0.9915 ± 0.1325*** 0.2953 ± 0.0427 0.3261 ± 0.0569*** 1.174 ± 0.132 1.318 ± 0.177*** 

Ur [mm ± SD] Ua [mm ± SD]  

0.5672 ± 0.1110 0.6376 ± 0.1296*** 0.9799 ± 0.1489 1.121 ± 0.180***   
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Thighs 

The Cutometer results for measurements at the thighs are presented in Table H.3 and H.4 as mean ± one SD for TS 1-4 combined.  

 
Table H.3. Results, thighs. Parameters R0-R9, F0-F1 and Q0-Q3, before and after dehydration. 

Before After Before After Before After 

R0 [mm ± SD] R1 [mm ± SD] R2 [% ± SD] 

1.480 ± 0.208 1.523 ± 0.198*** 0.1820 ± 0.0399 0.1866 ± 0.0493 0.8759 ± 0.0265 0.8765 ± 0.0318 

R3 [mm ± SD] R4 [mm ± SD] R5 [% ± SD] 

1.583 ± 0.221 1.627 ± 0.214*** 0.2685 ± 0.0555 0.2731 ± 0.0778 0.7047 ± 0.0420 0.6963 ± 0.0513** 

R6 [% ± SD] R7 [% ± SD] R8 [mm ± SD] 

0.3236 ± 0.0267 0.3309 ± 0.0291* 0.5325 ± 0.0311 0.5235 ± 0.0415*** 1.298 ± 0.199 1.336 ± 0.190*** 

R9 [mm ± SD] F0 [mm*s ± SD] F1 [mm*s ± SD] 

0.1031 ± 0.0391 0.1046 ± 0.0228 0.1990 ± 0.0278 0.2090 ± 0.0307*** 0.1690 ± 0.0217 0.1755 ± 0.0258*** 

Q0 [mm*s ± SD] Q1 [% ± SD] Q2 [% ± SD] 

296.0 ± 41.7 304.6 ± 39.6*** 0.8141 ± 0.0266 0.8144 ± 0.0334 0.5958 ± 0.0334 0.5879 ± 0.0445*** 

Q3 [% ± SD]     

0.2183 ± 0.0144 0.2265 ± 0.0195***     

 
Table H.4. Results, arms. Parameters: Ue, Uv, Uf, Ur and Ua, before and after dehydration. 

Before After Before After Before After 

Ue [mm ± SD] Uv [mm ± SD] Uf [mm ± SD] 

1.119 ± 0.162 1.144 ± 0.144*** 0.3611 ± 0.0536 0.3789 ± 0.0611*** 1.480 ± 0.208 1.523 ± 0.198*** 

Ur [mm ± SD] Ua [mm ± SD]  

0.7889 ± 0.1249 0.7972 ± 0.1202 1.298 ± 0.199 1.336 ± 0.190***   

 

 

 

 

                    H
2
 



   

 

 

Arms 

The Cutometer results for measurements at the arms are presented in Table H.5 and H.6 as mean ± one SD for TS 1-4 combined.  
 

Table H.5. Results, thighs. Parameters R0-R9, F0-F1 and Q0-Q3, before and after dehydration. 

Before After Before After Before After 

R0 [mm ± SD] R1 [mm ± SD] R2 [% ± SD] 

1.279 ± 0.191 1.320 ± 0.169** 0.2533 ± 0.0656 0.2815 ± 0.0894*** 0.7996 ± 0.0506 0.7877 ± 0.0569* 

R3 [mm ± SD] R4 [mm ± SD] R5 [% ± SD] 

1.380 ± 0.195 1.424 ± 0.176*** 0.3833 ± 0.0920 0.4029 ± 0.1146*** 0.5617 ± 0.0665 0.5382 ± 0.0811*** 

R6 [% ± SD] R7 [% ± SD] R8 [mm ± SD] 

0.3632 ± 0.0697 0.3529 ± 0.0629 0.4126 ± 0.0482 0.3980 ± 0.0568*** 1.025 ± 0.187 1.039 ± 0.144 

R9 [mm ± SD] F0 [mm*s ± SD] F1 [mm*s ± SD] 

0.1013 ± 0.0167 0.1035 ± 0.0198 0.1896 ± 0.0273 0.1934 ± 0.0286 0.1703 ± 0.0312 0.1734 ± 0.0273 

Q0 [mm*s ± SD] Q1 [% ± SD] Q2 [% ± SD] 

255.7 ± 38.2 264.1 ± 33.8** 0.7287 ± 0.0501 0.7180 ± 0.0569* 0.4769 ± 0.0434 0.4617 ± 0.0528*** 

Q3 [% ± SD]     

0.2518 ± 0.0379 0.2563 ± 0.0310     

 
Table H.6. Results, arms. Parameters: Ue, Uv, Uf, Ur and Ua, before and after dehydration. 

Before After Before After Before After 

Ue [mm ± SD] Uv [mm ± SD] Uf [mm ± SD] 

0.9434 ± 0.1714 0.9794 ± 0.1466** 0.3352 ± 0.0519 0.3409 ± 0.0514 1.279 ± 0.191 1.320 ± 0.169** 

Ur [mm ± SD] Ua [mm ± SD]  

0. 5270 ± 0.0967 0.5226 ± 0.0826 1.025 ± 0.187 1.039 ± 0.144   
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I. INDIVIDUAL RESULTS: ULTRASOUND 
The ultrasound results for measurements at the calves, thighs and arms are presented in Table 

I.1, I.2 and I.3 respectively. The results are presented as mean ± one SD for each TS 1-3 

individually.  

 
Table I.1. Mean thickness ± one SD [µm] of calves for each TS n=1,2,3 individually, before and after 

dehydration. 

 Thickness [µm] 

 

 
Before After 

TS1 841 ± 34 789 ± 46 *** 

TS 2 1176 ± 63 1119 ± 100 *** 

TS 3 1127 ± 81 958 ± 83 *** 

 

 
Table I.2. Mean thickness ± one SD [µm] of thighs for each TS n=1,2,3 individually, before and after 

dehydration. 

 Thickness [µm] 

 

 
Before After 

TS 1 826 ± 54 792 ± 50 *** 

TS 2 1282 ± 98 1239 ± 79 ** 

TS 3 1407 ± 105 1398 ± 121 

 

 
Table I.3. Mean thickness ± one SD [µm] of the arms for each TS n=1,2,3 individually, before and after 

dehydration. 

 Thickness [µm] 

 

 
Before After 

TS 1 856 ± 53 814 ± 63 *** 

TS 2 1048 ± 60 1009 ± 64 * 

TS 3 1006 ± 82 974 ± 54 





  

 

 

J. INDIVIDUAL RESULTS: CUTOMETER 
The following tables present the data obtained with the Cutometer. The Q0 parameter is due to a software error (confirmed by the producer) 

multiplied with 100; in Chapter 9 this is corrected.  

 

The Cutometer results for measurements at the calves are presented in Table J.1 and J.2 as mean ± one SD for each TS 1-4 individually.  
 

 Table J.1. Results, calves. Parameters R0-R9, F0-F1 and Q0-Q3, before and after dehydration. 

 Before After Before After Before After 

 R0 [mm ± SD] R1 [mm ± SD] R2 [% ± SD] 

TS1 1.219 ± 0.148 1.316 ± 0.192*** 0.1438 ± 0.0364 0.1516 ± 0.0336 0.8790 ± 0.0386 0.8810 ± 0.0354 

TS 2 1.183 ± 0.146 1.307 ± 0.145*** 0.1651 ± 0.0244 0.1611 ± 0.0227 0.8594 ± 0.0214 0.8749 ± 0.0245*** 

TS 3 1.217 ± 0.0775 1.489 ± 0.087*** 0.2396 ± 0.0332 0.2538 ± 0.0496 0.8019 ± 0.0334 0.8292 ± 0.0334*** 

TS 4 1.072 ± 0.0861 1.153 ± 0.066*** 0.2287 ± 0.0478 0.2223 ± 0.0358 0.7872 ± 0.0364 0.8065 ± 0.0339* 

 R3 [mm ± SD] R4 [mm ± SD] R5 [% ± SD] 

TS1 1.297 ± 0.154 1.403 ± 0.199*** 0.2180 ± 0.0538 0.2203 ± 0.0410 0.6602 ± 0.0594 0.6605 ± 0.0639 

TS 2 1.273 ± 0.147 1.399 ± 0.148*** 0.2435 ± 0.0372 0.2293 ± 0.0345 0.6774 ± 0.0291 0.6942 ± 0.0371*** 

TS 3 1.318 ± 0.0790 1.590 ± 0.088*** 0.3414 ± 0.0454 0.3415 ± 0.0520 0.6253 ± 0.0569 0.6084 ± 0.0553 

TS 4 1.155 ± 0.0783 1.244 ± 0.075*** 0.3334 ± 0.0562 0.3254 ± 0.0486 0.6013 ± 0.0414 0.5922 ± 0.0429 

 R6 [% ± SD] R7 [% ± SD] R8 [mm ± SD] 

TS1 0.3067 ± 0.0346 0.3137 ± 0.0386 0.5060 ± 0.0510 0.5036 ± 0.0548 1.075 ± 0.169 1.164 ± 0.208*** 

TS 2 0.3085 ± 0.0292 0.3095 ± 0.0268 0.5180 ± 0.0243 0.5302 ± 0.0277*** 1.018 ± 0.136 1.146 ± 0.149*** 

TS 3 0.3791 ± 0.0539 0.3588 ± 0.0463* 0.4538 ± 0.0413 0.4492 ± 0.0519 0.9778 ± 0.0951 1.235 ± 0.0951*** 

TS 4 0.3612 ± 0.0298 0.3361 ± 0.0269*** 0.4420 ± 0.0326 0.4433 ± 0.0322 0.8437 ± 0.0706 0.9311 ± 0.0763*** 

 R9 [mm ± SD] F0 [mm*s ± SD] F1 [mm*s ± SD] 

TS1 0.07746 ± 0.0106 0.08757 ± 0.01240*** 0.1641 ± 0.0233 0.1801 ± 0.0286*** 0.1501 ± 0.0133 0.1535 ± 0.0225 

TS 2 0.08979 ± 0.0102 0.09275 ± 0.00733* 0.1654 ± 0.0206 0.1794 ± 0.0207*** 0.1343 ± 0.0147 0.1503 ± 0.0179*** 

TS 3 0.1005 ± 0.00859 0.1008 ± 0.0084 0.1919 ± 0.0198 0.2157 ± 0.0168*** 0.1423 ± 0.0102 0.1797 ± 0.0171*** 

TS 4 0.08218 ± 0.0279 0.09078 ± 0.0120 0.1499 ± 0.0150 0.1673 ± 0.0158*** 0.1465 ± 0.00990 0.1593 ± 0.0138*** 
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 Before After Before After Before After 

 Q0 [mm*s ± SD] Q1 [% ± SD] Q2 [% ± SD] 

TS1 243.9 ± 29.6 263.1 ± 38.4*** 0.8125 ± 0.0427 0.8178 ± 0.0387 0.5735 ± 0.0530 0.5753 ± 0.0538 

TS 2 236.6 ± 29.2 261.3 ± 29.0*** 0.7981 ± 0.0224 0.8129 ± 0.0258*** 0.5803 ± 0.0226 0.5930 ± 0.0310** 

TS 3 243.5 ± 15.5 297.8 ± 17.3*** 0.7393 ± 0.0343 0.7647 ± 0.0360*** 0.5131 ± 0.0407 0.5107 ± 0.0550 

TS 4 214.5 ± 17.2 230.7 ± 13.2*** 0.7147 ± 0.0343 0.7335 ± 0.0334* 0.4976 ± 0.0240 0.4976 ± 0.0304 

 Q3 [% ± SD]     

TS1 0.2390 ± 0.0238 0.2424 ± 0.0290     

TS 2 0.2178 ± 0.0112 0.2199 ± 0.0121     

TS 3 0.2262 ± 0.0199 0.2540 ± 0.0251***     

TS 4 0.2172 ± 0.0216 0.2359 ± 0.0217***     

 
 

Table J.2. Results, calves. Parameters: Ue, Uv, Uf, Ur and Ua, before and after dehydration. 

 Before After Before After Before After 

 Ue [mm ± SD] Uv [mm ± SD] Uf [mm ± SD] 

TS1 0.9342 ± 0.1190 1.002 ± 0.149*** 0.2852 ± 0.0397 0.3133 ± 0.0539*** 1.219 ± 0.148 1.316 ± 0.192*** 

TS 2 0.9042 ± 0.1105 0.9981 ± 0.1103*** 0.2785 ± 0.0427 0.3086 ± 0.0422*** 1.183 ± 0.146 1.307 ± 0.145*** 

TS 3 0.8840 ± 0.0669 1.097 ± 0.077*** 0.3333 ± 0.0393 0.3919 ± 0.0420*** 1.217 ± 0.078 1.489 ± 0.087*** 

TS 4 0.7887 ± 0.0741 0.8639 ± 0.0558*** 0.2837 ± 0.0218 0.2895 ± 0.0207*** 1.072 ± 0.086 1.153 ± 0.066*** 

 Ur [mm ± SD] Ua [mm ± SD]  

TS1 0.6223 ± 0.1324 0.6692 ± 0.1586** 1.075 ± 0.169 1.164 ± 0.208***   

TS 2 0.6147 ± 0.0952 0.6953 ± 0.1021*** 1.018 ± 0.136 1.146 ± 0.149***   

TS 3 0.5547 ± 0.0822 0.6697 ± 0.0955*** 0.9778 ± 0.0951 1.235 ± 0.0951***   

TS 4 0.4739 ± 0.0506 0.5114 ± 0.0485*** 0.8437 ± 0.0706 0.9311 ± 0.0763***   
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Thighs 

The Cutometer results for measurements at the thighs are presented in Table J.3 and J.4 as mean ± one SD for each TS 1-4 individually.  
 

Table J.3. Results, thighs. Parameters R0-R9, F0-F1 and Q0-Q3, before and after dehydration. 

 Before After Before After Before After 

 R0 [mm ± SD] R1 [mm ± SD] R2 [% ± SD] 

TS1 1.531 ± 0.114 1.542 ± 0.119 0.1650 ± 0.0315 0.1590 ± 0.0278 0.8920 ± 0.0200 0.8971 ± 0.0147 

TS 2 1.330 ± 0.120 1.444 ± 0.135*** 0.1671 ± 0.0342 0.1591 ± 0.0333 0.8728 ± 0.0305 0.8884 ± 0.0269*** 

TS 3 1.723 ± 0.174 1.749 ± 0.166 0.2191 ± 0.0417 0.2312 ± 0.0579 0.8716 ± 0.0277 0.8664 ± 0.0379 

TS 4 1.331 ± 0.102 1.350 ± 0.101 0.1766 ± 0.0247 0.1976 ± 0.0309*** 0.8668 ± 0.0200 0.8533 ± 0.0230** 

 R3 [mm ± SD] R4 [mm ± SD] R5 [% ± SD] 

TS1 1.618 ± 0.121 1.643 ± 0.133* 0.2316 ± 0.0442 0.2195 ± 0.0360 0.7214 ± 0.0244 0.7292 ± 0.0281 

TS 2 1.424 ± 0.123 1.541 ± 0.139*** 0.2588 ± 0.0434 0.2443 ± 0.0526* 0.7259 ± 0.0475 0.7244 ± 0.0446 

TS 3 1.849 ± 0.183 1.879 ± 0.178 0.3162 ± 0.0599 0.3392 ± 0.0968 0.6859 ± 0.0443 0.6664 ± 0.0552** 

TS 4 1.437 ± 0.123 1.441 ± 0.102 0.2674 ± 0.0359 0.2902 ± 0.0518* 0.6848 ± 0.0300 0.6640 ± 0.0319** 

 R6 [% ± SD] R7 [% ± SD] R8 [mm ± SD] 

TS1 0.3181 ± 0.0226 0.3390 ± 0.0155*** 0.5474 ± 0.0196 0.5447 ± 0.0226 1.366 ± 0.110 1.383 ± 0.104 

TS 2 0.3338 ± 0.0214 0.3124 ± 0.0211*** 0.5442 ± 0.0352 0.5521 ± 0.0364* 1.163 ± 0.132 1.285 ± 0.147*** 

TS 3 0.3264 ± 0.0346 0.3500 ± 0.0360*** 0.5174 ± 0.0344 0.4943 ± 0.0453*** 1.504 ± 0.181 1.518 ± 0.181 

TS 4 0.3156 ± 0.0235 0.3220 ± 0.0245 0.5205 ± 0.0196 0.5023 ± 0.0223*** 1.154 ± 0.101 1.153 ± 0.0983 

 R9 [mm ± SD] F0 [mm*s ± SD] F1 [mm*s ± SD] 

TS1 0.08732 ± 0.0122 0.1011 ± 0.0184*** 0.2006 ± 0.0182 0.2104 ± 0.0187*** 0.1762 ± 0.0187 0.1751 ± 0.0193 

TS 2 0.09364 ± 0.00904 0.09668 ± 0.00915 0.1896 ± 0.0194 0.1911 ± 0.0164 0.1521 ± 0.0146 0.1595 ± 0.0157* 

TS 3 0.1254 ± 0.0185 0.1300 ± 0.0247 0.2293 ± 0.0255 0.2470 ± 0.0283*** 0.1883 ± 0.0171 0.2044 ± 0.0227*** 

TS 4 0.1060 ± 0.0704 0.09026 ± 0.0122 0.1756 ± 0.0146 0.1869 ± 0.00980*** 0.1591 ± 0.0154 0.1627 ± 0.0174 

 Q0 [mm*s ± SD] Q1 [% ± SD] Q2 [% ± SD] 

TS1 306.2 ± 22.8 308.3 ± 23.9 0.8300 ± 0.0195 0.8358 ± 0.0158 0.6147 ± 0.0208 0.6132 ± 0.0222 

TS 2 266.1 ± 24.0 288.9 ± 27.1*** 0.8112 ± 0.0298 0.8285 ± 0.0292*** 0.6045 ± 0.0383 0.6171 ± 0.0393*** 

TS 3 344.6 ± 34.7 349.8 ± 33.1 0.8124 ± 0.0284 0.8035 ± 0.0394* 0.5836 ± 0.0373 0.5603 ± 0.0494*** 

TS 4 266.2 ± 20.4 270.1 ± 20.2 0.8025 ± 0.0203 0.7887 ± 0.0212*** 0.5799 ± 0.0206 0.5599 ± 0.0219*** 

 Q3 [% ± SD]     

TS1 0.2153 ± 0.0108 0.2226 ± 0.0136***     

TS 2 0.2067 ± 0.0133 0.2114 ± 0.0138***     

TS 3 0.2288 ± 0.0137 0.2431 ± 0.0191***     

TS 4 0.2226 ± 0.0093 0.2289 ± 0.0166     
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Table J.4. Results, thighs. Parameters: Ue, Uv, Uf, Ur and Ua, before and after dehydration. 

 Before After Before After Before After 

 Ue [mm ± SD] Uv [mm ± SD] Uf [mm ± SD] 

TS1 1.162 ± 0.089 1.151 ± 0.102 0.3690 ± 0.0363 0.3904 ± 0.0384*** 1.531 ± 0.120 1.542 ± 0.135 

TS 2 0.9975 ± 0.1462 1.101 ± 0.134*** 0.3330 ± 0.0444 0.3438 ± 0.0497* 1.330 ± 0.174 1.444 ± 0.166*** 

TS 3 1.301 ± 0.080 1.297 ± 0.087 0.4218 ± 0.0298 0.4517 ± 0.0228*** 1.723 ± 0.102 1.749 ± 0.101 

TS 4 1.012 ± 0.083 1.022 ± 0.090 0.3190 ± 0.0426 0.3279 ± 0.0545 1.331 ± 0.103 1.350 ± 0.112 

 Ur [mm ± SD] Ua [mm ± SD]  

TS1 0.8380 ± 0.1054 0.8389 ± 0.119 1.366 ± 0.132 1.383 ± 0.147   

TS 2 0.7273 ± 0.1293 0.8009 ± 0.129*** 1.163 ± 0.181 1.285 ± 0.181***   

TS 3 0.8939 ± 0.0621 0.8665 ± 0.0571* 1.504 ± 0.101 1.518 ± 0.0983   

TS 4 0.6930 ± 0.0723 0.6781 ± 0.0705 1.154 ± 0.108 1.153 ± 0.117   
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Arms 

The Cutometer results for measurements at the arms are presented in Table J.5 and J.6 as mean ± one SD for each TS 1-4 individually.  

 
Table J.5. Results, arms. Parameters R0-R9, F0-F1 and Q0-Q3, before and after dehydration. 

 Before After Before After Before After 

 R0 [mm ± SD] R1 [mm ± SD] R2 [% ± SD] 

TS1 1.234 ± 0.103 1.277 ± 0.112 0.2082 ± 0.0391 0.2127 ± 0.0405 0.8304 ± 0.0328 0.8323 ± 0.0347 

TS 2 1.208 ± 0.095 1.243 ± 0.0807 0.2626 ± 0.0436 0.2470 ± 0.0376 0.7810 ± 0.0425 0.8002 ± 0.0345* 

TS 3 1.473 ± 0.210 1.514 ± 0.194 0.3030 ± 0.0890 0.4119 ± 0.0579*** 0.7904 ± 0.0651 0.7228 ± 0.0546*** 

TS 4 1.199 ± 0.185 1.248 ± 0.0932 0.2392 ± 0.0384 0.2542 ± 0.0439 0.7964 ± 0.0452 0.7954 ± 0.0366 

 R3 [mm ± SD] R4 [mm ± SD] R5 [% ± SD] 

TS1 1.331 ± 0.110 1.384 ± 0.122* 0.3066 ± 0.0707 0.3027 ± 0.0571 0.6084 ± 0.0576 0.5986 ± 0.0843 

TS 2 1.307 ± 0.100 1.336 ± 0.084 0.3892 ± 0.0494 0.3679 ± 0.0521 0.5592 ± 0.0502 0.5477 ± 0.0490 

TS 3 1.581 ± 0.206 1.633 ± 0.190 0.4602 ± 0.1076 0.5633 ± 0.0770*** 0.5012 ± 0.0512 0.4480 ± 0.0449*** 

TS 4 1.302 ± 0.189 1.342 ± 0.092 0.3771 ± 0.0608 0.3776 ± 0.0557 0.5782 ± 0.0589 0.5585 ± 0.0538 

 R6 [% ± SD] R7 [% ± SD] R8 [mm ± SD] 

TS1 0.3849 ± 0.0503 0.3947 ± 0.0670 0.4393 ± 0.0381 0.4285 ± 0.0519 1.026 ± 0.108 1.064 ± 0.117 

TS 2 0.3756 ± 0.0678 0.3276 ± 0.0466*** 0.4067 ± 0.0336 0.4123 ± 0.0307 0.9456 ± 0.1098 0.9956 ± 0.0914* 

TS 3 0.3410 ± 0.0993 0.3573 ± 0.0682 0.3758 ± 0.0480 0.3316 ± 0.0436*** 1.170 ± 0.228 1.102 ± 0.212* 

TS 4 0.3513 ± 0.0435 0.3322 ± 0.0466 0.4285 ± 0.0479 0.4194 ± 0.0397 0.9600 ± 0.1931 0.9943 ± 0.1004 

 R9 [mm ± SD] F0 [mm*s ± SD] F1 [mm*s ± SD] 

TS1 0.09645 ± 0.0136 0.1080 ± 0.0279* 0.1931 ± 0.0237 0.2034 ± 0.0340 0.1596 ± 0.0165 0.1719 ± 0.0242 

TS 2 0.09845 ± 0.0131 0.09340 ± 0.0115 0.1845 ± 0.0215 0.1728 ± 0.0142*** 0.1588 ± 0.0133 0.1663 ± 0.0187** 

TS 3 0.1082 ± 0.0145 0.1188 ± 0.0111*** 0.2041 ± 0.0266 0.2177 ± 0.0125* 0.1983 ± 0.0413 0.1983 ± 0.0318 

TS 4 0.1022 ± 0.0227 0.09390 ± 0.0112* 0.1768 ± 0.0305 0.1796 ± 0.0225 0.1645 ± 0.0277 0.1573 ± 0.0129 

 Q0 [mm*s ± SD] Q1 [% ± SD] Q2 [% ± SD] 

TS1 246.8 ± 20.6 255.3 ± 22.3 0.7614 ± 0.0329 0.7609 ± 0.0363 0.5027 ± 0.0346 0.4914 ± 0.0493 

TS 2 241.7 ± 19.0 248.5 ± 16.1 0.7112 ± 0.0428 0.7293 ± 0.0349* 0.4734 ± 0.0266 0.4731 ± 0.0293 

TS 3 294.6 ± 42.0 302.7 ± 38.8 0.7189 ± 0.0620 0.6537 ± 0.0543*** 0.4449 ± 0.0489 0.3998 ± 0.0404*** 

TS 4 239.9 ± 37.0 249.7 ± 18.6 0.7233 ± 0.0459 0.7282 ± 0.0382 0.4866 ± 0.0407 0.4824 ± 0.0333 

 Q3 [% ± SD]     

TS1 0.2587 ± 0.0344 0.2695 ± 0.0355     

TS 2 0.2378 ± 0.0316 0.2562 ± 0.0246*     

TS 3 0.2740 ± 0.0402 0.2539 ± 0.0365***     

TS 4 0.2367 ± 0.0340 0.2458 ± 0.0221     J5
 



 

 

 

Table J.6. Results, arms. Parameters: Ue, Uv, Uf, Ur and Ua, before and after dehydration. 

 Before After Before After Before After 

 Ue [mm ± SD] Uv [mm ± SD] Uf [mm ± SD] 

TS1 0.8922 ± 0.0829 0.9169 ± 0.0897 0.3418 ± 0.0426 0.3595 ± 0.0545 1.234 ± 0.103 1.277 ± 0.112 

TS 2 0.8815 ± 0.0950 0.9377 ± 0.0794*** 0.3267 ± 0.0414 0.3049 ± 0.0318*** 1.208 ± 0.095 1.243 ± 0.081 

TS 3 1.111 ± 0.217 1.124 ± 0.195 0.3618 ± 0.0570 0.3897 ± 0.0245* 1.473 ± 0.210 1.514 ± 0.194 

TS 4 0.8887 ± 0.1408 0.9391 ± 0.0856 0.3106 ± 0.0539 0.3095 ± 0.0336 1.199 ± 0.185 1.248 ± 0.093 

 Ur [mm ± SD] Ua [mm ± SD]  

TS1 0.5428 ± 0.0723 0.5458 ± 0.0705 1.026 ± 0.108 1.064 ± 0.117   

TS 2 0.4929 ± 0.0683 0.5128 ± 0.0551 0.9456 ± 0.110 0.9956 ± 0.0914*   

TS 3 0.5559 ± 0.1200 0.5067 ± 0.1174*** 1.170 ± 0.228 1.102 ± 0.212*   

TS 4 0.5162 ± 0.1100 0.5251 ± 0.0752 0.9600 ± 0.1931 0.9943 ± 0.1004   
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