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Abstract 

Studies on the variation of skin properties with gender, age and anatomical region, with 

regards to interaction with different materials have resulted in significant research output. 

Investigations on skin surface strain and sub-surface layer deformation during sliding, 

however, have not received as much attention. This novel study uses two non-invasive 

techniques, optical coherence tomography (OCT) and digital image correlation (DIC), to 

measure properties of the index finger of a 25 year old female when under normal and 

shear loading. Measurements were taken during static, and for the first time, dynamic 

phases.  

It was observed that the number of ridges in contact with a Quartz glass surface, observed 

under OCT, reduced when the finger started sliding. The sliding also resulted in deformation 

at the stratum corneum junction. The surface strain, analysed using DIC was higher nearer 

to the distal interphalangeal joint compared to the fingertip. This newly developed approach 

provides a powerful and non-invasive method to study the structural changes of finger-pad 

skin during loading and sliding. This approach can now be repeated at different anatomical 

locations for medical, bioengineering and consumer applications. 
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1 Introduction 

Skin is the largest organ in human body and the first line of protection against all 

interactions and potential damage. There are three main layers in adult skin: the 

hypodermis, dermis and epidermis, with total thickness varying from 0.5 mm to 6 mm [1, 2]. 

This study is concerned with the epidermis, which consists of five sub layers, namely 

stratum basale, stratum spinosum, stratum granulosum, stratum lucidum and stratum 

corneum [3].    

 

1.1 General Overview 

There is significant variation in skin properties for different ages, genders and body regions 

due to variations in tissue thickness and anatomical differences [4-6]. The presence of hair 

follicles, for example, alters the visco-elastic properties of the skin and subcutaneous tissues 

[7]. Not a great deal is known about the mechanisms behind the behaviour of finger-pad 

skin when interacting with external materials even though it has been the subject of much 

interest due to its importance in daily living (grip and explorative touch), health and 

consumer products. Knowledge on contact mechanics and frictional behaviour of the finger-

pad is essential to improve the surface interactions with the materials coming into physical 

contact. However, finger-pad skin behaves differently between subjects, loading conditions 

and environment resulting in comparative difficulties in the past studies [7]. The difference 

may be caused due to variation of thickness, geometry, roughness, melanin and erythema 

content between different subjects. 

Various tribological devices have been used to measure the friction between skin 

and materials such as metal, rubber and polymer, showing the different effects caused by 

material roughness [7-9], moisture [7, 10-14], roughness [7-11, 13] and loading [7-9, 11-13]. 

Force plates have been widely used to measure the friction caused by dragging a finger-pad 

across a material sample under applied loads [7-9, 12].  

 

1.2 Skin Strain Measurement 

Digital image correlation (DIC) and optical coherence tomography (OCT) are non-

invasive techniques only used relatively recently to examine skin tissue behaviour during 

loading at the surface [15-18] and sub-surface [19-21]. To our knowledge, only a few 

investigations [22-24] have focussed on quantifying the structural change in finger-pad 
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during sliding. Delhaye et al. [23] investigated finger-pad surface strain on 8 volunteers. 

They observed that the strain patterns propagated from periphery to the centre of the 

contact area during sliding. In addition, a few authors [14, 24-25] also investigated on the 

changes to contact area during sliding. Understanding the deformation of the skin during 

sliding, where the interface includes stick and slip regions [13-14, 24-25], will provide 

additional insight of the finger-pad friction mechanism.  

All the authors listed above have investigated on the effect of friction during sliding 

on the surface of finger-tip reporting the effect of type of interacting materials, roughness, 

load and moisture on the finger-pad skin. None, have investigated the deformation of sub-

surface layers during sliding based on geometrical changes of deeper tissue layers. The aim 

of this work was to use OCT and DIC to determine the surface strain and sub-surface 

deformation of a finger-pad during combination of applied normal load and tangential force 

(shear force or sliding) to understand variation of skin properties. Understanding the strain 

variation in the finger surface and sub-surface under these loading scenarios, will enable 

enhancement of finger-tip models as simulations with more representative layer structure 

and behaviour can be created. This data can also be used for applications in medicine 

(artificial grafts design), bioengineering (sensor design) and consumer products (dexterity, 

touch, feel). The capability to characterise strain in skin could also help give details about 

the irritation and reddening of the skin.  For example, wearing sensors in a hot atmosphere, 

can result in strain on the skin surface, has links to the formation of rashes.  

 

2 Experimental Details 

2.1 Finger-pad Imaging  

2.1.1 In-house Swept-Source Optical Coherence Tomography (SS-OCT) system  

Imaging of finger-pad skin was performed using a home-built SS-OCT system that is based 

on a Michelson Diagnostics Ltd. swept source OCT data acquisition system (Michelson 

Diagnostics, Kent, United Kingdom) coupled to a Thorlabs LSM03 scan lens and in-house 

fibre based Michelson interferometer. Figure 1 shows a photograph and the schematic 

diagram of the system used.   

The light source was a Santec HSL-2000-10 wide sweep-laser with a wavelength of 

1305nm ±15nm with a full width at half maximum (FWHM) of 110nm. This led to an axial 

resolution of about 10µm in air and 15 µm in tissue.   
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The light was split and coupled to the reference and the sample arms with equal 

power through a 2×2 single-mode fibre-optic coupler. In the reference arm, the light beam 

was reflected from an optical mirror and redirected to the coupler. The sample arm contains 

a two-axis galvanometer scanner (6215, Cambridge Technology, US) and the Thorlabs 

LSM03 OCT scanning lens, yielding a mean spot size in the focal plane of 25 µm, which also 

defined the system lateral scanning resolution. The light beams from the reference and the 

sample arms are combined at the coupler and interfere with each other, used to create an 

OCT image (Figure 1c). 

 

Figure 1: (a) Photography of the SS-OCT system, (b) the schematic diagram of the system 

(Modified from [26]) and (c) sample OCT image. 

 

2.1.2 Digital Image correlation (DIC)  

1mm 
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DIC is an optical technique capable of providing full-field surface displacement/strain 

measurements. The principle behind 2D-DIC is to track the changing displacement of a 

speckled pattern, sprayed on the surface, due to loading and hence calculate the strain over 

the region measured. More details of this principle can be found in Sutton et al. [27].  

The 2D-DIC system used consisted of a 5-MP AVT Pike camera (2452 x 2054 pixels), a 

computer and two white light sources, as shown in Figure 2. The Pike camera is capable of 

high speed flash synchronisation at full resolution. The frame rate of the camera was set to 

150 frame/ms.   

 

Figure 2: Set-up for 2D DIC system. 

 

All images were analysed using a commercial DIC software package (Vic-2D, 2007, 

Correlated Solutions Inc., Columbia, USA). The calculation of Lagrange’s strain in X (exx) and 

Y (eyy) axes are explained in Maiti et al. [28]. Strain plot was calculated by obtaining the 

values of strain from the slice corresponding to the middle of the finger.  

 

2.2 Materials and Test Apparatus 

The same finger was used throughout testing; the right middle finger of a 25 year-old 

female. This was in contact with an optical-grade Quartz glass plate with an average surface 

roughness of below 0.01 µm, measured using Profilometer (Mitutyo UK Ltd), and a thickness 

of 1 mm.  
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A HE6X6 multi-axial force plate (Advanced Mechanical Technology Inc., 

Massachusetts, USA) was used in the study , with inbuilt force data acquisition software 

sampling at a rate of 25kHz. The plate has the capacity to withstand a 44 N force in the Z 

axis and a 22 N force along the X and Y axes. The force plate was modified to include a 

raised table with the glass plate mounted, as shown in Figure 3(a). A finger was pressed 

upwards (along the direction of applied normal load) from below the glass plate sliding 

against the glass plate as shown in Figure 3(b). A tangential force (shear or sliding) opposite 

to the direction of motion is created. This arrangement allowed viewing of the contact from 

above, by OCT or DIC. The finger was tapped on the glass before measurements were 

recorded to synchronise the load and image capturing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: The set-up of (a) Multi-axial force plate, (b) finger-glass interface. 

 

2.3 Test methods and conditions  

(a

 
20 (b) 

Y 

Z
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Sliding 
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Before each test, the participant was required to wash her hands, and dry them with paper 

towels. Regions on the finger were marked for OCT deformation measurement. To obtain 

the image deformation in DIC, the finger pad skin had random dots applied with semi-

permanent ink, as shown in Figure 4(a). In order to obtain clear images with reduced light 

reflectance from the top surface of the glass window, the glass plate was tilted slightly.  

All experiments were conducted at a constant sliding speed of 10±2 mm/s and an 

applied normal load of 6±0.5 N. Displacement vectors (white dotted lines) across the centre 

of the finger pad were used to quantify the deformation in the finger pad. One hundred 

points were selected based on the line of analysis shown in Figure 4(b). The area of interest 

was divided into axes X and Y as shown in Figure 4(c).  

 

 

(a)   (b)   (c) 

Figure 4: DIC images of finger-pad skin (a) Ref image; (b) initial area of analysis marked with 

red ink; and (c) two centre lines plotted with X and Y axes. 

 

Images from OCT were captured at 10 images per second during static and dynamic 

phases. The contact between ridges of human finger skin were plotted against the glass 

plate (Figure 5) in ImageJ (Contributors Worldwide, USA). The contact perimeter was 

quantified by calculating the percentage ratio of total length of contact (d1+d2+d3+d4+d5) 

and image length (4mm).  

Interphalangeal 

Joint 

Fingertip 
Y 

X 

Lateral Medial 
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Image length 

 

Figure 5: Calculation of contact perimeter 

Images from DIC were taken at each stage of the motion to allow the strain at the 

finger-pad surface to be investigated. Each finger position was assigned a number, relating 

to its respective image (see Figure 6). Images for positions P0 to P15 relate to the pre-

movement period, considered as the reference images with applied horizontal and shear 

loads (static phase). P15 defines the position of the finger on the verge of moving (static 

phase) when the tangential force overcomes the friction resistance and is about to start 

sliding i.e. shear force changes to sliding. P16 to P56 were the positions of finger during sliding 

(dynamic phase).  

 

Figure 6: Finger position represented as P0-P56 on the finger-pad surface during sliding. 

 

The DIC/OCT – friction experiments were repeated twice. Additional friction experiments 

were carried out five times to test the repeatability of the finger-pad glass interaction. The 

error bars of the strain plots and friction experiments were not plotted to avoid 

overcomplicating the graphs in the result sections.  

 

3 Results and Discussion  

3.1 Deformation of sub layers of finger-pad skin  

OCT images of the finger-pad taken while in static and dynamic phases are shown in Figure 

7. During the static phase, ridges come into contact with the glass surface as shown in white 

dotted circles in Figure 7(a). When the tangential force is increased beyond shear, sliding 
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occurs i.e. dynamic phase, and the number of distinguishable ridges in the image decreases 

(Figure 7(b)) as the finger contact with the glass surface becomes flat. The real contact 

perimeter from a single image slice (based on the average length from numerous slices) 

during the static phase was measured to be 50% of the total available image length (4 mm). 

The real contact perimeter increased from 50% to 88% of the available contact length 

during dynamic phase. The increased tangential force and initiation of sliding resulted in 

smoothening of the stratum corneum junction as shown in Figure 7.  

 

Figure 7: OCT images of the finger-pad skin in contact with the glass surface (gap between 

finger-pad the surface marked by white dotted circles), obtained during (a) static phase; (b) 

dynamic phase of contact. 

Skin is firmly connected to the underlying body tissue structures. When the multilayer 

composite is subjected to stretching due to sliding of finger-pad over glass or mechanical 

loading as reported in Maiti et al. [28], the skin will accommodate the exposed strain and 
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respond in such a way that both the stratum corneum junction, in this study, flatten and top 

skin surface asperities smoothen out.  

 

3.2 Strain on finger-pad skin surface 

Vector displacement maps of the examined region of the finger-pad are shown in 

Figure 8 with the X and Y axes origin representing the lateral side of interphalangeal joint. 

The first image, Figure 8(a), is during contact with a glass surface at 0.2 N pre-loading stage 

and shows minor deformation of the finger pad. Figure 8(b) shows distortions in the finger 

as applied normal load and shear force was applied during the static phase. An increment in 

tangential force (beyond the limit of shear force, just before the glass plate starts sliding), 

necessary for sliding during the dynamic phase led to higher distortion as seen in Figure 8(c). 

    

    (a)                                                 (b)                                                  (c)  

Figure 8: Displacement field of a finger in X and Y axes (origin at lateral 

interphalangeal joint) corresponding to: (a) minor flattening against the glass, (b) 

static phase of contact with glass, without movement between interfaces but under 

shear loading, and (c) dynamic sliding phase with sliding. 

 

Surface strain in the X axis along a mid-line was extracted and plotted in static phase 

(without sliding initiation) with change in load as shown in Figure 9(a). The strain data 

fluctuates in the X direction with skin stretching along the lateral and medial edges (Figure 9 

c, d, e). The highest percentile change in surface strain (22%) was observed at the medial 

edge for about 1N loading. The middle section of the finger-pad in the Coronal plane 

(dividing front/anterior and back/posterior) was rarely influenced by normal load and 

tangential force applied during static and dynamic phases.  

X 

Y 

X 

Y 

X 

Y 
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Figure 9: (a) Percentage strain (exx) on finger-pad skin at different position in static phase 

with negligible shear force; (b-e) four examples of corresponding DIC images. 

 

The strain (eyy) in the Y axis represents the local tangential strain corresponding to the 

friction force observed during sliding of the finger. Four different points in the friction and 

normal forces curve (Figure 10a) were analysed. Point P1 represents the point without any 

applied normal load and acts as a reference. P12 was selected during static phase with no 

sliding, but under both normal load and shear force, P16 was selected when sliding was 

initated and P37 was selected based on complete sliding i.e. the dynamic phase having been 

fully developed. 
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Figure 10: (a) Applied normal load and tangential force plots as a function of time; (b) 

Strain field and percentage strain (eyy) at four different data points (P1, P12, P16, P37) 

with compressive (positive) and tensile (negative) strains. The arrow in the strain field 

represents the movement of finger with respect to glass. The 0 displacement is at the 

interphalengeal joint. 

 

Point P12 corresponds to the state of maximum normal load and shear force (70% of 

maximum tangential force), both with magintude of 2.5 N at time 4.5 second. The surface 

strain measured between the finger pad and the glass surface at this stage was -3.2% and 

2.3% at the distal interphalangeal joint end and fingertip end respectively (Figure 10(b)). 

Point P16 corresponds to the friction force (highest tangential force) during transition 

between the static and dynamic phases. The surface strain increased by 3.6% at the 

fingertip and decreased by -11.2% in the distal interphalangeal joint. Friction force and 

normal load were similar at positions P16 and P37, and therefore gave similar YY strain plots. 

Strain in the mid-region of the skin contact was significantly smaller (Figures 9 and 10) with 

respect to the other regions. This observation was similar to that by Tada et al. [24], 
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suggesting no tangential forces acting on the mid-region of the finger in the pre-loading 

phase (P12). During the dynamic phase, the strain in the mid region is still relatively small 

approximately 1%.  

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Strain fields in the X and Y axes. The red dotted lines signify the regions of 

minimum strain. 

The contact in the middle region plays a less important role in finger-pad friction, 

compared to the edges as shown in Figure 11. During initial contact, DIC images of finger 

show that the middle region of the finger-pad was in contact with the glass surface. This 

region, referred to as the ‘stick’ zone, was sticking to the glass plate, whereas, other regions 

moved with the finger during the transition phase. The magnitude of strain in the X-axis 

(Figure 10, P1 to P37) is lowest in the middle region (red dotted line in Figure 11) compared 

to the edges indicating that the influence of sliding interactions in this region will also be 

lowest. A similar experiment to determine the contact area [29] reported a decrease in 

contact area with an increase in tangential force when the finger starts sliding. This signifies 

that the real contact area decreases suggesting that the middle regions in the X and Y axes 

do not play a major role in sliding interactions, compared to the edge regions. The trailing 

edge in the imaged region underwent significant deformation after the finger overcame the 

interface resistance, on the verge of moving. This region can be defined as the ‘slip’ zone. 

During continuous sliding, the stick zone gradually converted to the slip.  
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Similar studies by André et al. [14] and Terekhov and Hayward [25] have showed 

that with increasing friction force, the stick region decreased under the action of constant 

load. In the current study, the stick region decreased as the friction force increased from 0 

(at P1) to 1.79 N (at P12). No presence of stick region was observed for points P16 and P37 due 

to the conversion of stick region to slip. The process follows in portions of skin adhering 

(stuck) while other regions slipped. This evolution of contact state has been termed partial 

slip [30-31]. During partial slip, the outer periphery of the finger-pad showed higher strain 

similar to reported in Delhaye et al. [23]. However, the magnitude and direction of the 

strain cannot be compared as the sliding direction of glass in their study was perpendicular 

to the sliding direction of finger adapted in the current study. Due to limitation on the speed 

of DIC and OCT, images were captured only at partial slip and stick region. A detail 

investigation on the contact area during static and dynamic phase will give further 

information on the real area when is in contact with glass surface. This information will be 

useful when designing elastography equipment as suggested in Hu et al. [32].  

 

4 Conclusions 

A new technique to evaluate the mechanical properties, such as strain of skin, was 

developed using OCT and DIC. Strain was measured at different stages of sliding. Slip and 

stick regions were seen during static phase and stick region converted to slip during dynamic 

phase due to sliding of the finger against the surface. There is a lack of contact observed in 

the middle region of the finger concluding that no force is acting in the middle region during 

sliding. This implies that different regions of finger-pad behave differently during static and 

dynamic phases.  

This case study was performed on only one subject. Further studies with more 

subjects are needed to observe whether the same behaviour is replicated on others. This 

will also implicate the variation of skin properties among different subjects (stratification) 

due to variation of thickness, roughness, geometry [33], melanin and erythema content.  
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