[bookmark: _Hlk34307404][bookmark: _Hlk38285554]Modelling the Effects of Age-Related Morphological and Mechanical Skin Changes on the Stimulation of Tactile Mechanoreceptors
Abstract
Our sense of fine touch deteriorates as we age, a phenomenon typically associated with neurological changes to the skin. However, geometric and material changes to the skin may also play an important role on tactile perception and have not been studied in detail. Here, a finite element model is utilised to assess the extent to which age-related structural changes to the skin influence the tactile stimuli experienced by the mechanoreceptors. A numerical, hyperelastic, four-layered skin model was developed to simulate sliding of the finger against a rigid surface. The strain, deviatoric stress and strain energy density were recorded at the sites of the Merkel and Meissner receptors, whilst parameters of the model were systematically varied to simulate age-related geometric and material skin changes. The simulations comprise changes in skin layer stiffness, flattening of the dermal-epidermal junction and thinning of the dermis. It was found that the stiffness of the skin layers has a substantial effect on the stimulus magnitudes recorded at mechanoreceptors. Additionally, reducing the thickness of the dermis has a substantial effect on the Merkel disc whilst the Meissner corpuscle is particularly affected by flattening of the dermal epidermal junction. In order to represent aged skin, a model comprising a combination of ageing manifestations revealed a decrease in stimulus magnitudes at both mechanoreceptor sites. The result from the combined model differed from the sum of effects of the individually tested ageing manifestations, indicating that the individual effects of ageing cannot be linearly superimposed. Each manifestation of ageing results in a decreased stimulation intensity at the Meissner Corpuscle site, suggesting that ageing reduces the proportion of stimuli meeting the receptor amplitude detection threshold. This model therefore offers an additional biomechanical explanation for tactile perceptive degradation amongst the elderly. Applications of the developed model are in the evaluation of cosmetics products aimed at mitigating the effects of ageing, e.g. through skin hydration and administration of antioxidants, as well as in the design of products with improved tactile sensation, e.g. through the optimisation of materials and surface textures.
Introduction
[bookmark: _Hlk29211449][bookmark: _Hlk27236048]It is estimated that the global proportion of people over the age of 60 will almost double between 2015 and 20501. This demographic increase necessitates a better understanding of the process of physiological degradation to be able develop tailored products and treatments aimed at improving quality of life. One function that deteriorates over time is our sense of touch2-4. Touch is initiated at the skin-object interface, resulting in the generation and propagation of mechanical stimuli such as stresses, strains and vibrations to the sites of our mechanoreceptors. However, due to the complexity of the skin, the process of tactile mechanotransduction is not fully understood. 
The skin exhibits large variations in its structural properties between individuals, due to both biological and environmental factors. From a mechanics point of view, skin is an inhomogeneous, non-linear, time-dependent solid comprising three distinct layers supported by the subcutis1,5,6. From outermost to innermost, these layers are the stratum corneum, viable epidermis and dermis, each with different mechanical and structural properties. The stratum corneum and viable epidermis are often jointly referred to as the epidermis. The boundary between the epidermis and the dermis has an irregularly undulated structure and is called the dermal epidermal junction (DEJ). The dermis is of particular importance, as in addition to having a large contribution to the skin’s non-linear behaviour due to its fibre-matrix structure6-10, it houses the mechanoreceptors that convert local mechanical stimuli to a sequence of action potentials. The four types of dermal mechanoreceptors are the Pacinian Corpuscles, Ruffini Endings, Merkel Discs and Meissner Corpuscles. These are situated at different locations within the dermis and each responds to a different stimulus and has a different receptive field, adaptive rate and stimulus detection threshold11. The Pacinian Corpuscles and Ruffini Endings are located deep within the dermis and have a large receptive field. The Merkel Cells and Meissner Corpuscles are fine touch receptors, have a small spatial resolution and are situated closer to the skin surface, along the DEJ1,12-14. 


The Merkel receptors are slowly adapting and respond to sustained stimuli across their small, high-resolution receptive field11,15,16. As result, they are critical for the process of tactile perception, particularly upon contact of the skin surface with surface textures and curvatures17. In contrast, Meissner Corpuscles are rapidly adapting receptors that respond to the onset, offset or change in magnitude of mechanical stimuli. Meissner Corpuscles are sensitive to vibrations between 30-50Hz11,15,18,19, higher than that of Merkel Discs, whose responsiveness to vibrations are more scarcely reported. The Meissner receptors are more abundant in finger skin than Merkel receptors and are critical for object handling20. The mechano-electrical transduction process is initiated when, in response to contact with a countersurface, a mechanical stimulus reaches the mechanoreceptor, causing an influx of ions into the receptors via voltage and stretch-gated channels16,21. This influx is a prerequisite for the release of synaptic transmitters which prompt the receptors to fire action potentials to the central nervous system. The exact method of conversion between the initial mechanical stimulus and the resulting firing of action potentials is not fully understood17 due to limited literature surrounding the topic. Furthermore, engineers and biologists use terms such as pressure and stretching very differently. However, various researchers describe that Merkel Discs are particularly sensitive to deviatoric (Von Mises) stresses and strain energy density (SED), whilst Meissner Corpuscles are more responsive to stretch/deformation, i.e. strain11,17,22-24.
[bookmark: _Hlk29214719][bookmark: _Hlk36215949]As we age, the skin is subjected to numerous geometrical and mechanical changes. The ability of the skin to withstand deformation and recoil changes with age 1,2. The increase in stiffness is often attributed to a decrease in the hydration of the epidermis and an increase in the stiffness of dermal fibroblasts, whilst the decrease in recoil-ability is associated with the reduction of collagen and elastin fibre density within the dermis1,25-30. The decrease in fibre density also weakens the infrastructure of the dermis, thereby contributing to an approximately 20% reduction of the thickness of the skin 1,2. Ageing also results in a flattening of the DEJ of 20 to 35%, as fibres that anchor the dermis to the viable epidermis degrade and the density of dermal papillae reduces1,31. Flattening of the DEJ is a key contributor to the decrease in thickness of the viable epidermis1,31. These manifestations of ageing are well documented in cutaneous tissue over the human body, but literature describing the effects on palmoplantar skin is scarce. For the purpose of this investigation, we hypothesize that similar age-related material and morphological changes occur in the fingertips, albeit perhaps to different extents. It is known that our sense of fine touch deteriorates with age3,29,32. This sensory degradation is typically associated with neurological changes such as decreases in mechanoreceptor density and increases in detection thresholds33-36. An effect of skin mechanics has also been proposed29,35,37, however this has not previously been quantified. A better understanding of the relationship between the geometric and mechanical properties of the skin and tactile perception, and how touch deteriorates with age, would provide insight into possible pathways for more efficient mechanotransduction and help counteract tactile degradation.  
[bookmark: _Hlk29291193]Here, a parametric finite element model of palmoplantar skin was used to quantify how touch stimuli are affected by age-related physical changes. A computational approach allows the calculation of subsurface stress and strain fields at the mechanoreceptor sites in order to evaluate the effect of skin ageing on perception. Most computational and experimental skin investigations focus on characterising the skin’s structural properties. Fewer investigations focus on the transmission of stimuli to the mechanoreceptor sites, and of these, some oversimplify the skin’s geometrical or material properties, e.g. by treating it as linearly elastic38-46. Currently, to the best of our knowledge, there exists no ageing-related, microscale numerical skin model that focuses on varying the tissue geometrical and mechanical properties in order to describe the effect on perception. This paper describes the development of such a model, how skin ageing manifestations were implemented into the model, and how these changes affect the magnitudes of the stimuli at the sites of the fine touch mechanoreceptors. The use of the model as a tool to assist the development of measures aimed at preserving and enhancing tactile sensation will be discussed. These measures include targeted skin treatments and the design of specific surface textures for optimised mechanoreceptor stimulation.
Methods
In order to simulate fingertip ageing and evaluate the response at the fine touch receptor sites a two- dimensional, incompressible, isotropic, microscale finger skin model was developed in ABAQUS CAE 2018 and run using the implicit solver via Full Newton numerical integration. Biologically, the skin layers have complex geometries, that is highly variable between individuals. In this investigation, the geometries were parameterised to enable parametric studies related to the manifestations of ageing to be performed with relative ease. Therefore, the purpose of this investigation was to establish the effects and trends of the various skin ageing manifestations on the stimuli magnitudes recorded at the receptor sites, rather than attempting to obtain biologically accurate absolute values.
Material and Morphological Parameters of the Reference Model
The first stage involved the development of a reference finger skin model, onto which ageing manifestations could be implemented and compared to. Age affects the various skin layers in different ways. Therefore, a multi-layered skin model is required to enable implementation of different material and geometric properties. The model is schematically shown in Fig. 1 and consists of the stratum corneum (SC), the viable epidermis (VE), the dermis (D) and the subcutaneous tissue (S). The model geometry was developed as a single geometry before being partitioned into individual skin layers with assigned material properties, thus simulating perfect adhesion between the layers. The interlayer junctions in the skin are irregular waveforms, in the model they are idealised as regular waveforms with amplitudes and wavelengths taken from literature5,12,47-50. Reported values for the thickness of the stratum corneum range from 130 to 795 μm5,51,52, and a mid-range value of 425 μm was implemented into the model. In palmoplantar skin, the viable epidermis is relatively thin compared to the stratum corneum and was modelled with a thickness of 175 μm5,51. The dermis was modelled with a thickness of 1.4 mm30,38, supported by a 1 mm subcutaneous tissue layer that provides a compliant boundary condition for the dermis by representing underlying tissue30,38,42. The model was made 14.4 mm wide in order to mitigate any edge effects on the centre of model, where analysis was to be done, and allow complete interlayer junction wavelengths to form. The dimensions are summarised in Tables 1 and 2.
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[bookmark: _Hlk29218489]Figure 1: Schematic diagram of the numerical skin model developed (A). Image illustrates the translational lock (green horizontal arrows) implemented on the top of the subcutaneous tissue to prevent rigid body motion, and the compressive (blue vertical arrows) and shear (red horizontal half-arrows) forces experienced during sliding against a rigid countersurface. Schematic diagram of the DEJ (B) illustrating the Merkel and Meissner sites where the stress, strain and SED were recorded during the investigation.
The stress-strain response of the skin is commonly described using hyperelastic models5,42,53. Owing to the high degree of non-linearity attributed to the deeper layers of the skin, the mechanical response for each layer was characterised using an first order Ogden model, for which the strain energy potential is described by Eq. 154,55. 
[bookmark: _Hlk29222202]
In which:
· 𝜆 represents the material’s principal stretches
· J is the volume ratio is equivalent to the product of the three principal stretches
· N is the model order – in this case N=1
· Di is a material parameter that defines compressibility
· µ is the Ogden shear modulus
· α is the Ogden exponent and relates to the degree of non-linearity of the stress-strain curve
[bookmark: _Hlk29218553]The Ogden coefficients were established from literature and from compression and shear tests of ex vivo human glabrous plantar skin5 (Table 1). 
		Skin Layer
	Thickness (μm)
	µ (kPa)
	α (-)

	Subcutis (S)
	1000
	25
	5

	Dermis (D)
	1400
	2.55
	-14.53

	Viable Epidermis (VE)
	175
	61.75
	-14.53

	Stratum Corneum (SC)
	425
	86.76
	-14.53


Table 1: Model skin layer characteristics and material properties.




	Table 2: Waveform dimensions of the interlayer junctions.
	Junction
	Peak to peak amplitude (μm)
	Wavelength (μm)

	S-D
	75
	720

	D-VE
	200
	120

	VE-SC
	150
	360

	Fingerprint Ridges
	150
	360







[bookmark: _Hlk29219689]The developed reference skin model contained 94,064 quadratic, quadrilateral, hybrid, plane strain elements (CPE8RH). The region of interest in this study was the DEJ at the centre of the model, at which the finest seed size, approximately 7.5 µm, was applied. The top of the subcutaneous tissue was constrained in the horizontal direction (Fig. 1). A rigid countersurface for the skin model to be compressed and translated on was defined and constrained in all directions.
[bookmark: _Hlk29220227]Simulating Skin Ageing
Material and geometric changes associated with ageing skin manifest themselves by changes to the stiffness of the various skin layers, thinning of the dermis and the flattening or decreasing tortuosity of the DEJ. Changes to the skin layer stiffnesses were modelled independently by incrementally increasing the Ogden shear modulus µ from half that of the reference model to 150%. The dermis is the thickest layer in the skin and the thickness was reduced incrementally to half the thickness of the reference model, this represents an approximate 20% decrease of the thickness of the entire skin2. Table 3 provides an overview of the various skin ageing parameters modelled in this study. Mathematically, the flattening of the DEJ can be interpreted as a combination of an increased wavelength and a decreased amplitude of the interface. In the present study these two phenomena were modelled separately: the amplitude was reduced incrementally to 75% of the original value whilst keeping the wavelength constant. In order to avoid any edge effects influencing the calculation results, the DEJ wavelength can only be increased to certain specific values, as the sinusoidal DEJ should only comprise complete waves. Therefore, the wavelength was increased incrementally to twice the reference value, whilst keeping the amplitude constant. 
In addition to these individual manifestations of ageing, a combined aged skin model was developed in which the stiffnesses of all three skin layers were increased to 120% of the reference values mentioned in Table 3, the dermal thickness was reduced to 80% of the original value, whilst the DEJ’s tortuosity was decreased by reducing the amplitude to 85% and the increasing wavelength to 125% of their respective values in the reference model. As the various manifestations of ageing vary strongly between people, it should be noted that, just like the reference model, this general aged model is for indicative purposes only and is not intended to be representative for a specific degree of ageing.
	Table 3: The ageing manifestations tested in this investigation. All variations were tested incrementally and independently of one another.
	Ageing Manifestation
	Reference Model Parameters
	Variations in Study

	Changes in Skin Layer Stiffness (Ogden Moduli)
	Stratum Corneum - µ: 86.76 kPa
Viable Epidermis - µ: 61.75 kPa
Dermis - µ: 2.55 kPa
	43.38 – 130.14 kPa (50-150%)
30.875 – 92.625 kPa (50-150%)
1.275 – 3.825 kPa (50-150%)

	Flattening of the DEJ
	Wavelength: 120 μm
Peak to Peak Amplitude: 200 μm
	120 – 240 μm (100-200%)
150 – 200 μm (75-100%)

	Thinning of the Dermis
	Thickness: 1400 μm
	700 – 1400 μm (50-100%)






Simulating Sliding and Observing Mechanoreceptor Response
[bookmark: _Hlk29223730]To model fine touch, normal contact is initiated during the finger and the counter surface, followed by sliding between the two surfaces. Adhesive friction is considered to be the main cause of macroscopic friction for unlubricated skin contacts 56,57 and is caused by intermolecular forces between the contacting bodies. Therefore, the countersurface was kept geometrically smooth and deformation friction was ignored. The simulation comprises a compressive phase with a uniformly distributed load of 1 N, and a translation phase with the adhesive friction coefficient, fadh, set to 0.2 using a penalty formulation. 
[bookmark: _Hlk29222071][bookmark: _Hlk37920078]The stimuli magnitude was measured at the receptor sites at the centre of the model. The deviatoric stress and SED experienced at the Merkel site were extracted from the elements along the DEJ, across the so-called “touch dome” that comprises the inner section of the dermal papillae as shown in Fig. 1B. For the Meissner Corpuscle, strain data was extracted across elements within the central section of the dermal papillae, corresponding to the area of the receptor58. Statistical data regarding age-related geometrical changes to the mechanoreceptors are not extensively described in literature34, and therefore the receptor analysis area was kept constant throughout the investigation. Following a global convergence study performed on the model to confirm its robustness, a further sensitivity analysis was conducted at the mechanoreceptor sites in which the local element size was halved from approximately 15 μm to 7.5 μm. This smaller mesh size better represents the volume of the mechanoreceptor sites and provides a satisfactory compromise in terms of accuracy and computational resources. The exact relationship and proportionality between the stimulation of the mechanoreceptors and their action potential firing rate is not clear. Initially the mechanoreceptor stimulation will be reported using data for all elements at that respective mechanoreceptor site. However, to summarise the results of the various investigations, mechanoreceptor stimulation will be presented in terms of the averaged value over all elements contained in that mechanoreceptor; the underlying point-clouds displaying the individual elemental data are presented in the supplementary material accompanying this paper. To assess and quantify the relative impact of each manifestation of skin ageing, the presented results are normalised using the reference model.
Results
Fig. 2A displays a typical maximum principal logarithmic strain distribution at the dermal mechanoreceptor analysis site, as calculated for the reference model, following the compression and shear against a rigid countersurface. Note that the epidermis and the corresponding strains are removed for clarity. At the site of the Meissner corpuscle the principal strain shows a gradual increase from bottom right to top left, whilst the arc shaped Merkel cell experiences a minimum strain at the left-hand side and maximum strains at both the right-hand side and the apex. Other measures for the internal strain field, such as shear strain and minimum principal strain, showed identical trends and therefore only the maximum principal strain is shown here. 
Skin Layer Stiffness
The stiffness of the dermis, viable epidermis and stratum corneum were altered independently to values deviating ±50% of those of the reference model, in 10% increments. Figure 2B shows the effect of dermal stiffening on the elemental principal strain at the Meissner Corpuscle site. A stiffer dermis reduces the range of strains across the elements at the Meissner site and reduces the average value. In the majority of the elements a reduced strain value is calculated. Figures 2C & D illustrate the effect of dermal stiffening on the Von Mises stress and the SED, respectively. Both the average Von Mises stress and the range of stresses experienced across the Merkel receptor increase with increasing stiffness, whilst the SED and the range of SED in the elements representing the Merkel disk decreased.
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Figure 2:  Contour plot of the reference model’s maximum principal logarithmic strain field at the mechanoreceptor sites (A). The effect of dermal stiffening on the nominal elemental maximum principal strain at the Meissner site (B) and the Von Mises (C) and SED (D) at the Merkel site. 


The observed changes in strains and stresses in the mechanoreceptors, which were represented on the element level in Figures 2B, C and D, can be summarised in terms of their average values. Figure 3A shows these average values in response to dermal stiffening, a decreasing the average strain (green triangles) in the Meissner corpuscle, an increasing Von Mises stress (red squares) and a decreasing SED (blue stars) in the Merkel discs. In the rest of this paper these normalised average values will be shown, whilst results showing the distribution over the individual elements will be presented in the supplementary materials. Figure 3 describes the change of the average stimulus magnitudes at the location of the mechanoreceptors, relative to the reference model, as the result of a single specific age-related morphological skin change. Stiffening the viable epidermis (Fig. 3B) results in a decrease in stimulus magnitudes experienced at both mechanoreceptor sites, with the decrease in strain at the Meissner corpuscle more pronounced than the stimuli at the Merkel cells. Stiffening the stratum corneum (Fig. 3C) results in a relatively strong decrease of SED, whilst the Von Mises stress and the strain show a modest decrease. Overall, except for the Von Mises stresses resulting from dermal stiffening, stiffening of skin layers causes a reduction of the stimulus magnitudes at both mechanoreceptor sites.
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Figure 3: The effect of age-related material skin changes on the stimuli magnitude at the mechanoreceptor sites were evaluated by altering (A) the stiffness of the dermis, (B) the viable epidermis and (C) the stratum corneum. Geometric skin-ageing manifestations tested include (D) dermal thinning and reducing the tortuosity of the DEJ. The change in tortuosity was modelled by independently reducing the amplitude (E) and increasing the wavelength (F) of the DEJ. Note that for comparative purposes the graphs have different y-axes. A normalised relative magnitude of 100 denotes the stimulus magnitude experienced at the mechanoreceptor sites of the reference model.





Dermal Thickness
The bulk thickness of the dermis was incrementally reduced to 50% of the thickness in the reference model. Figure 3D shows the results for the stimulus magnitudes experienced at the receptor sites. Dermal thinning reduces the strain at the Meissner Corpuscle site, but this effect is modest: halving the thickness of the dermis results in a 7% reduction of the strain. The effects on the Merkel cell are more pronounced and non-monotonic; maximum values for the Von Mises stress and SED are observed when the dermal thicknesses are reduced to respectively 80% and 90% of the reference values. Further thinning causes a decrease of the stimuli at the Merkel cell, which in the case of the SED amounts to approximately 18% when the thickness of the dermis reaches half the original value. Figure 4 shows SED contours along the DEJ for four different dermal thicknesses, from which it can be seen that a thinner dermis reduces the differences in SED between the two ‘legs’ of the Merkel cells, whilst also reducing the stress peak observed at the apex of the touch dome.
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	Figure 4: Strain energy density at different dermal thickness values. Note the reduced value of SED along both sides of the dermal papilla at the Merkel site, particularly when the dermal thickness is reduced to 50%.


DEJ Flattening
As discussed previously, ageing results in a reduced tortuosity of the DEJ, which can be modelled either by decreasing the amplitude or by increasing the wavelength. Figure 3E shows that across the range modelled the effects of amplitude reduction on the Merkel stimulus magnitudes are small. It should be noted that, as the analysis areas for the mechanoreceptors shown in Fig. 1 were kept constant, when reducing the amplitude of the DEJ to 80% of its original value (i.e. a reduction of 20%), the height of the Meissner corpuscles becomes comparable to the height of the dermal papillae. In that case the Meissner mechanoreceptor would incorrectly be partially contained in the bulk of the dermis which affects the obtained results. As a result, DEJ amplitudes reduced by greater than 20% are affected by this artefact. For DEJ amplitudes larger than 80% the geometric validity of the model is maintained and for these values a decreased amplitude gives a consistent reduction in stimulus magnitudes recorded at the Meissner site, as indicated by the diagonal green dotted line. Reducing the amplitude by 15% results in a 7% reduction of the strain. Figure 3F illustrates the effect of increasing the wavelength of the DEJ. Whilst the SED and Von Mises stress at the Merkel site are relatively unresponsive, the strain at the Meissner site decreases considerably across the modelled range. A 30% increase of the wavelength of the dermal-epidermal junction yields an almost 20% decrease in strain response at the site of the Meissner corpuscle.
[bookmark: _Hlk33608829]

Combined Effects
Fig. 5 shows the effects of the combined ageing model, in which all manifestations of ageing were simultaneously modelled. The stiffness of the stratum corneum, viable epidermis and dermis were increased, the thickness of the dermis was reduced, and the tortuosity of the DEJ was decreased by both reducing the amplitude and increasing the wavelength. Fig. 5A shows the local strain field in the dermis of the aged skin, showing a similar pattern as previously presented in Fig. 2A for the reference skin model. Comparing Figures 2A and 5A shows that the aged skin experiences a reduced level of strain across the entirety of the dermal papillae, as illustrated by the dark blue high strain area that fans out diagonally rightwards from the apex of the touch dome, and along the “legs” of the Merkel disc. However, the apex of the touch dome, which is the centre of the Merkel disc, remains an area of high local strain. The reduction in strain across the dermal papillae is reflected in Fig. 5B, showing that the strain across the Meissner corpuscle both in terms of the element distribution and the average value as indicated by the horizontal dashed lines site, are significantly reduced for aged skin. Figure 5C shows the deviatoric stress magnitudes at the Merkel site for both models, indicating a mild increase of the range of stresses calculated and a slight decrease of the average stress calculated in the mechanoreceptor. The aged skin also experiences a decrease in Merkel SED, both in terms of range and average value (Fig. 5D).
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Figure 5: Contour plot of the aged skin model (A). Elemental strip plots illustrating that combining the ageing manifestations results in a decrease in strain at the Meissner (B) and deviatoric stress (C) and SED (D) at the Merkel site relative to the reference model. The horizontal broken lines illustrate the mean stimuli magnitude in the model at the respective site. 





Discussion
[bookmark: _Hlk38283098]The results presented in Figures 2, 3 and 4 illustrate how individual ageing-related mechanical and geometrical changes to the skin strongly affect the stimulus magnitudes experienced by the mechanoreceptors under the same external loading conditions. The simulations show that all age-related changes modelled resulted in a decrease of the strains at the Meissner site. The Merkel SED reduced in all cases except for the dermal thickness, which shows a maximum stimulus intensity at 90% dermal thickness. The decrease of the stimulus magnitudes could result in a higher proportion of stimuli not meeting the detection thresholds of the mechanoreceptors and thus offer an additional explanation for the reduction in perceptive fine touch ability amongst the elderly. The deviatoric stresses at the Merkel cell site are less clearly affected by ageing, both in terms of the absolute values and the relative trends. An increase of the dermal stiffness results in an increased local deviatoric stress, which differs from the other ageing manifestations tested. Whilst it could be hypothesised that this means that, mechanically, the stiffer dermis appears to dampen the other observed effects of ageing, in a biological sense the net effect on the Merkel site of the deviatoric stress and the SED responding differently is not understood. Empirically, literature suggests that static touch, which is detected at the Merkel sites, is more significantly impacted by ageing than the Meissner Corpuscle’s dynamic touch59. However, our results suggest that age-related material and geometric changes affect dynamic touch to a greater extent, indicating that perhaps the Merkel’s response is more influenced by neurological changes.
Relative Effects of Age-Related Geometrical and Mechanical Skin Changes
The main affecting factors for the Meissner corpuscle are the stiffness of the dermal and epidermal layers and the wavelength of the DEJ. For the Merkel site the three largest impetuses on the value of the SED are the stiffness of the dermis and stratum corneum, and the thickness of the dermis. As the applied force in the simulations is kept constant at 1 N, a stiffer dermis leads to lower strains at the sites of the fine touch mechanoreceptors. Overall, both the Meissner and Merkel sites are strongly affected by increased stiffness of the various skin layers (Fig. 3A-C). The relatively stiff stratum corneum and viable epidermis cover the much more compliant dermis, and the further stiffening of these two layers with increasing age means that local stress variations will be distributed more evenly in the dermis, and consequently the local deformations will be reduced. This results in a reduction of the peak strains at the receptor sites and, as the strain energy depends on the product of local stress and strain values, also directly affects the SED. The exact effect of stiffer skin surface layers depends on the interplay of mechanical and geometrical properties, which both have a marked effect.
The effect of the tortuosity of the DEJ can be explained by looking at the epidermal rete pegs. These act as stiff protrusions that interdigitate with the more compliant dermis. This geometrical structure facilitates the efficient transfer of shear stresses from one layer to the other, thereby protecting the interface between the two layers: if the epidermis and dermis were not interdigitated, the DEJ would be directly subjected to these shear stresses. Both a decrease in amplitude (3E) and an increase in wavelength (3F) of the DEJ reduce the interdigitation meaning that the DEJ, which is modelled as a perfectly adhered layer, would be subjected to elevated levels of shear. The calculated results indicate that the overall effect of the reduced interdigitation on the Merkel discs is relatively small, as the increased stress at the apex is offset by the reduced stress along the two legs of the mechanoreceptor. The stimulus at the Meissner site is strongly affected by the changed tortuosity of the DEJ as the lower stresses acting on the sides of the dermal papillae reduce the strain in the dermal papillae. Physiologically, excessive flattening of the DEJ leads to elevated peak stresses acting along the DEJ and, if these exceed the value for delamination to occur, can potentially cause blisters or skin tears. Because the geometry of the mechanoreceptor analysis sites in the model was kept constant, a reduction of the DEJ amplitude of more than 20% would cause the Meissner site being partially contained in the dermis, skewing the calculated results. A better understanding of age-related effects on mechanoreceptor geometry, as discussed by Garcia-Piqueras34, would allow analysis over a more precise area. As previously discussed, maximum values for the SED and deviatoric stress were observed at slightly reduced values of the dermal thickness. This suggests that there may be an optimal bulk dermal thickness that amplifies the stimuli response at the sites of the mechanoreceptors and thus improves tactile perceptiveness (Fig. 3D), perhaps counteracting the negative effects of the other manifestations of ageing at the initial stages of ageing.
Aged Skin Model 
The results obtained using the combined ageing model are shown in Figure 5, indicating that the strains at the Meissner Corpuscle are particularly affected by ageing. In more detail, for the aged skin model the average strain in the Meissner corpuscles reduced by 36%, the SED in the Merkel cells reduced by 30% and the deviatoric stresses in the Merkel cells reduced by 7% compared to the reference model. Table 4 compares these values to the superposed results calculated for the various individual manifestations of ageing. Their superposition adds up to a 38% reduction of Meissner strain, a 19% reduction of Merkel SED and a 5% increase of Merkel deviatoric stress, respectively. The differences between the sum of the effects of individual manifestations and the combined model indicates that the modelled effects of ageing on the mechanoreceptor sites cannot be linearly superimposed and that, in reality, there is significant coupling between the various aspects of ageing. This coupling particularly manifests itself at the Merkel mechanoreceptor sites. 
Table 4: A summary of the effects of ageing for the various individual manifestations as well as the combined aged skin model. Stimuli magnitude at the receptor sites are quantified relative to the values of the reference model.
	Ageing Manifestation
	% Change from Reference Model

	Characteristic
	Magnitude
	Merkel VM
	Merkel SED
	Meissner Strain

	Dermal Stiffening
	20%
	5.26
	-8.53
	-9.04

	Epidermal Stiffening
	20%
	-3.99
	-2.81
	-7.73

	Stratum Corneum Stiffening
	20%
	-0.82
	-5.39
	-0.99

	Dermal Thinning
	20%
	4.84
	0.66
	-2.38

	DEJ Amplitude
	-15%
	0.58
	-1.01
	-6.08

	DEJ Wavelength
	25%
	-0.34
	-1.83
	-11.36

	Superposition of Individual Manifestations 
	5.53
	-18.91
	-37.58

	Combined Ageing Model
	-7.45
	-29.98
	-36.24

	Difference
	12.98
	11.06
	-1.34



Interventions
Most interventions aimed at mitigating the effects of age-dependent degradation of touch and tactile perception can be divided into two categories: those affecting the skin and its ageing manifestations, and those that concern surface and product engineering methods. With respect to the skin itself, it has been shown that hydration and, by extension, softening of the skin increases the perceptive ability amongst individuals3. Methods such as moisturising have a two-fold effect on the skin-surface interaction. Firstly, they plasticise the stratum corneum60 thereby increasing the deformability and the contact area of the skin. Secondly, moisture in the skin-surface interface affects the intermolecular forces that cause adhesive friction, thereby potentially affecting perceptive ability61,62. However, the softening benefits of moisturisers are limited to the superficial layers as conventional moisturisers do not penetrate deeper towards the dermis. Additionally, due to the regeneration and cycling of the keratinocytes in the viable epidermis and stratum corneum these moisturisers offer only a temporary solution and require frequent reapplication. The results of this study indicate that the dermis plays a dominant role in transmitting tactile sensations, and its stiffness strongly affects this transmission. Methods to preserve the geometric and material integrity of the dermis include the administration of antioxidants, which are reported to reduce fibre degradation and thus slow the decomposition of the dermal matrix63. The maintenance of the dermis could slow the thinning of the layer and the flattening of the DEJ, helping to preserve our sense of touch. With respect to product design, the surfaces of objects can be optimised for tactile perception. This could involve changing the materials used, as the surface free energy directly relates to the grip and friction characteristics. It should, however, be noted this should be done with caution as the DEJ of aged skin is less able to support shear and deviatoric stresses31,64 and increased friction could result in blisters and skin tears65. Product surfaces might also be optimised by changing the surface microgeometry, e.g. through texturing66, to provide more prominent cutaneous sensations during touch. It is envisioned that the developed model can be used to analyse and improve measures aimed at preserving and enhancing tactile sensation. This includes modelling the effects of skin treatments and the design of specific surface textures for optimised mechanoreceptor stimulation.


Conclusion
[bookmark: _Hlk34308077][bookmark: _Hlk34308253]The purpose of this investigation was to evaluate whether age-related structural changes to the skin influence tactile perception. A finite element finger skin model was developed into which a range of geometrical and material alterations were implemented. This model was employed to calculate the effects of ageing on the stimulation of the dermal fine touch mechanoreceptors by observing the strain at the Meissner corpuscles and the deviatoric stress and the strain energy density at the Merkel discs. Each of the ageing manifestations resulted in a decrease in Meissner strain, albeit to different degrees; however, the net effect on the Merkel discs is less clear. In addition, it was found that the individual ageing manifestations, particularly at the Merkel site, show significant interaction and cannot be linearly superimposed to analyse their overall effect. The results indicate that skin ageing affects the proportion of stimuli meeting the detection thresholds of the mechanoreceptors. It can be concluded that, in addition to neurological effects, biomechanical skin changes are a significant cause of tactile perceptive degradation amongst the elderly. The developed model enables the evaluation of skincare products and surface engineering methods aimed at mitigating the effects of ageing and enhancing our sense of touch.
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