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a b s t r a c t Fingertips often wrinkle after extended exposure to water. The underlying mechanics issues, in particular the critical parameters governing the wrinkled morphology, are studied by using both ﬁnite element simulation and analytical modeling. The wrinkling behaviors, characterized by the wrinkle-to-wrinkle distance (wavelength), wrinkle depth (amplitude) and critical wrinkling stress/strain, are investigated as the geometry and material parameters of the ﬁngertip are varied. A simple reduced model is employed to understand the effect of ﬁnger curvature and skin thickness, whereas a more reﬁned full anatomical model provides the basis for analyzing the effect of a multilayered skin structure. The simulation results demonstrate that the stiffness of the stratum corneum and the dermal layer in the skin has a large effect on the wrinkling behavior, which agrees well with the analytical predictions. From the uncovered mechanical principles, potential ways for effectively slowing down and suppressing skin wrinkles are proposed; among them, increasing the modulus of the dermal layer in the skin appears to be the most effective. Ó 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.



1. Introduction After bathing or swimming, prominent wrinkles are often observed on the skin of human ﬁngertips and toes (Fig. 1). Unlike permanent skin wrinkles due to aging or sunburn, wrinkles caused by water immersion are temporary and diminish upon drying. Several attempts have been made to explain the underlying physiological mechanisms of ﬁnger wrinkling after exposure to water. The earlier studies argued that the swelling in the outermost skin layer (stratum corneum, SC) due to osmosis is the main cause of wrinkling [1–3]; however, it cannot explain the absence of wrinkles in the denervated ﬁnger [4]. Bull and Henry [5] hypothesized that, besides the swelling of the SC, wrinkles also depend on the change in turgor (ﬁnger pulp pressure) in the dermal layer; in essence, the sympathectomy could cause vasodilation and thereby increase turgor, which would suppress the swelling of the SC and reduce wrinkling [5,6]. Vasudevan et al. [7] postulated the important role of the contraction of myo-epithelial cells during wrinkling. Recently, signiﬁcant reduction in blood ﬂow velocity in vessels was observed during the formation of wrinkles [8], implying the role of the contraction of the underlying tissue. Wilder-Smith and Chow [8,9] suggested that the wrinkling of a ﬁnger upon water immersion is due to vasoconstriction, which decreases the turgor and effectively shrinks the tissue volume to produce skin wrinkles. A recent exper-
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iment by Hsieh et al. [10] showed the signiﬁcant vasodilatatory response of replanted ﬁngers accompanying lack of wrinkles to water immersion, which provides supportive evidence for such a physiological hypothesis. Despite the progress in showing the complicated microscopic physiological cause of ﬁnger wrinkling [6,10], the macroscopic physical/mechanical principles governing the shape of the wrinkled patterns (such as wavelength and amplitude) have not yet been established to the best of the authors’ knowledge. From a fundamental and macroscopic physics/mechanical point of view, the main mechanism of ﬁnger wrinkling is caused by the mechanical instability (bifurcation) of the skin due to mismatched deformation between the skin and the underlying tissues, i.e. the relative shrinkage of the underlying tissues [8,9] with respect to the skin owing to the aforementioned vasoconstriction. The mismatched deformation in compression induces the occurrence of instability in the skin, causing intriguing wrinkle (buckle) patterns to form in the skin of the ﬁngertip.1 In this paper, we establish the quantitative macroscopic mechanical principles that could explain the overall morphology (shape) of the wrinkles in ﬁngertips upon water immersion. On the fundamental side, recently the mechanics of the buckling of thin ﬁlm–substrate systems has been intensively studied theoretically and experimentally [11,12], with diverse potential applications in 1 For a denervated or replanted ﬁnger, the relatively swollen tissue due to signiﬁcant vasodilatation [5] places the skin under tension, thus wrinkling does not occur.
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Fig. 1. Observation of the wrinkle processes of ﬁngertips of a young Asian male immersed in water for a prolonged time. After 4 min, wrinkles ﬁrst appear in the center of ﬁngerpad and align in the longitudinal direction. With prolonged immersion time, wrinkles become more distinct and spread toward the sides and top areas, where some concavities and a few circumferential ridges emerge on top. Finally the wrinkles evolve into labyrinthine patterns. The wrinkle wavelength remains almost unchanged.



small-scale fabrications [13–16], measurement of ﬁlm modulus [17], fruit and plant morphogenesis [18–20], and wrinkles in the human skin [12,21–23]. However, most previous studies were limited to the buckling of a monolayer thin ﬁlm deposited on a planar homogeneous substrate [11,12]. The ﬁngertip incorporates a complex curved topology in geometry and a heterogeneous multilayer skin in structure: the combination of both factors has a signiﬁcant effect on the wrinkling morphology. Thus, a better understanding of the mechanical principles of wrinkling of a multilayered ﬁlm on a curved substrate could contribute to the ﬁeld of solid mechanics (and differentiates our study from previous investigations). From a practical viewpoint, a detailed mechanistic study could improve the understanding of the macroscopic physical/mechanical mechanism governing the overall appearance of skin wrinkling (in particular the pattern and shape of wrinkles) caused by various factors, including water immersion and aging, and identify the most important intrinsic and extrinsic factors/parameters governing the wrinkle morphology. It is therefore possible, from a mechanical point of view, to manipulate or eliminate the macroscopic morphology of skin wrinkles by adjusting certain material parameters. This may shed some light on cosmetic science. 2. Macroscopic observation of wrinkling of ﬁngertips immersed in water and related mechanical issues From the outmost surface toward the interior, the ﬁnger contains multiple layers/components, including the SC, viable epidermis, dermis, subcutaneous soft tissues and bone. The ﬁrst three layers are the basic components of the skin, and the combination of the ﬁrst two layers is also known as the epidermis. The SC is the stiffest layer in the skin, and is composed of dead corneocyte cells. The viable epidermis is the living interior layer of the epidermis, and is composed of keratinocyte cells. The dermal layer can be structurally separated into two components: the papillary dermis, mainly composed of bundles of collagen and elastin ﬁbers, and the reticular dermis, formed by a denser network of collagen ﬁbers. Beneath the dermis is the subcutaneous layer, which contains fats as well as areolar tissues.



When exposed to water for a few minutes, water penetration induces vasoconstriction and thus the mismatched deformation between the SC and underlying tissues, and the compressive stress in the SC increases with immersion time. When the stress accumulates to a critical value, wrinkles emerge with a particular pattern and become more prominent with prolonged immersion time. Theoretically, the principle outlined above should apply to the skin of most body parts. However, the water immersion-induced wrinkling process is seemingly and curiously restricted to the palms of the hands or feet, with the tips of the ﬁngers and toes usually being the ﬁrst to wrinkle. Physiologically, this is because the hand and foot are particularly susceptible sites for vasoconstriction, since they have different tissue characteristics, including sweat glands types, number, and tissue turgor, which lead to more prominent sympathetic control of the skin and underlying tissues. In the example of wrinkled ﬁngers of a healthy young male presented in Fig. 1, the longitudinal ridge-shaped patterns occur ﬁrst at the center of the ﬁnger pad (Fig. 1a). With prolonged exposure to water (Fig. 1b–d), the amplitude of the ridges increases and the wrinkles propagate away from the center of the pad, and local horizontal ridges are observed on the curved ﬁnger top (Fig. 1c and d). Continued extensive exposure to water may produce a labyrinthine wrinkle morphology with a large amplitude. The wrinkle wavelength remains essentially unchanged throughout the process. The average wavelength is about 1 mm on the little ﬁnger and about 1.5–2 mm on the thumb in Fig. 1; note that these typical wavelengths on the ﬁngertips are much larger than the wrinkles found elsewhere (e.g. eye corners, face and volar forearm) caused by aging or external compression [22,24]. The wrinkles disappear after the evaporation of water inside the skin, resembling a reversible ‘‘elastic” deformation. With respect to the macroscopic mechanical aspects of the water-immersion-induced skin wrinkling process, the fundamental questions that need to be addressed include the following. Besides the aforementioned physiological reasons, are there any other mechanical causes that restrict the wrinkles to just a few body parts, such as the ﬁngertips and toes? Why do the wrinkles occur ﬁrst at the center of the ﬁnger pad? What are the most important parameters governing the wrinkling patterns (e.g. shape, wave-
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Fig. 2. The reduced ﬁnger model. (a) Schematic of the model. The model is created by a half-cylinder and a half-sphere, where the grey color stands for the homogeneous substrate and the gold ﬁlm represents the SC layer. The deformation shapes of wrinkles with increased stress are shown in (b), (c) and (d), where stress level r/rc varies from 1.1 to 1.5. The circular section deformation of AA’ is also shown in (e) and (f).



length and amplitude) on the ﬁngertips? Can we build a more general mechanical model such that, from the uncovered mechanisms, the knowledge may be extended to cosmetic science to slow down or suppress skin wrinkles (e.g. for aging)? These basic issues are explored in this paper from a mechanical point of view, which may complement other physiological or biomedical studies. In what follows, we ﬁrst establish a reduced ﬁnger model with a homogeneous substrate and a relatively simple geometry, so as to focus on the effect of geometrical parameters (including the ﬁnger size/curvature and skin thickness) on the macroscopic wrinkle proﬁles. The wrinkling patterns are quantitatively analyzed using both numerical simulations based on the ﬁnite element method (FEM) [18] and an analytical approach based on the shell bifurcation theory. Next, a reﬁned anatomical model is established to take into account the exact geometry of a human index ﬁnger, and more importantly the effect of the heterogeneous multilayer structure of the skin is explored numerically and analytically. Mechanical/ material ways to manipulate the wrinkle patterns are discussed based on the mechanics principles uncovered. 3. Reduced model: effect of ﬁnger size/curvature and SC thickness 3.1. Reduced model of ﬁngertip A simple reduced model of the ﬁngertip is given in Fig. 2a, which consists of a half-cylinder (with radius R and length 2R) with a smooth half-spherical head, resembling the ﬁnger pad and the more curved ﬁnger top, respectively. As a ﬁrst-order approximation, the SC is assumed to be a homogeneous elastic thin ﬁlm with Young’s modulus E and thickness t (see Table 1 for typical values, t << R)2 [21,25]. Since the main purpose of 2 In order to gain insight into the most important mechanical factors governing the wrinkling process, we employ a simpliﬁed ‘‘ﬁrst-order” model where the materials are assumed to be linear elastic and we further neglect skin stiffening with strain. Due to the limited data available on the mechanical properties of hydrated ﬁngertip layers, all material properties adopted in this study are those without water immersion.



the reduced model is to investigate the effect of geometrical factors of the model on wrinkling behaviors, the multilayered structures underlying the SC can be simpliﬁed as a homogeneous and elastic soft substrate. The thickness ts of the homogeneous substrate is taken to be ts = R = 7.5 mm. The substrate’s effective Young’s modulus (Es) is determined by the weighted average of the elastic modulus of the individual underlying layers. We assume that the Poisson’s ratio of the SC and underlying substrate are the same, m = 0.48 [22]. The ﬁlm is assumed to remain bonded with the substrate throughout the entire process. Upon mismatched deformation, the ﬁlm undergoes compression and will wrinkle/buckle beyond a threshold. Such a mismatched deformation can be caused by the relative shrinkage of the substrate (underlying tissues) in the case of vasoconstriction upon immersion of a ﬁngertip in water [8,9]. Mechanically, the relative shrinkage of the underlying substrate is equivalent to the relative swelling of the ﬁlm that would produce the same compressive stress state in the ﬁlm that would lead to the same buckling morphology. This broadens the application of the present model, which will be discussed in detail later in this paper. We assume the mismatched deformation to be isotropic and uniform, which can be analogously simulated without any external guidance [18], where the relative mismatch deformation rate is denoted as a. We assume that the vasoconstriction of the underlying tissues with respect to the immersion time T is linear before the onset of wrinkling. Denote the magnitude of the maximum compressive in-plane pre-buckling stress component of the ﬁlm as r, r / aT. When r exceeds a critical value rc (or, equivalently, when the immersion time reaches the critical value of Tc), wrinkles start to form. Therefore, the normalized stress r/rc is also a parameter that effectively describes the immersion time. Among the primary parameters characterizing the wrinkling process, the critical wrinkle stress (rc) or wrinkle strain (ec) determines the susceptibility to wrinkle initiation, and the wrinkle-towrinkle distance (i.e. wavelength) and the wrinkle depth (i.e. deﬂection amplitude) depict the proﬁle (morphology) of a wrinkle. Variation of these parameters with respect to the geometrical and material properties (i.e. with varying R, t and E/Es of the reduced
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Table 1 Typical geometrical and mechanical parameters of individual layers of a ﬁngertip, where the material properties differentiate the multi-layered model from the homogenous reduced model.



Elastic modulus (MPa) (Multi-layered model) Elastic modulus (MPa) (Reduced homogeneous model) Poisson’s ratio Thickness (mm)



S.C.



Viable epidermis



Dermis



Subcutaneous



Bone



3 3 0.48 0.15



0.136 0.136 0.48 0.12



0.08 0.136 0.48 1.16



0.034 0.136 0.48 3.86



17,000 0.136 0.48 4.2



model) are discussed in the following simulation and modeling sections. 3.2. Simulation of wrinkling patterns of the reduced model In the FEM simulation of the reduced (base) model, the SC is represented by over 8000 four-node general shell elements, with reduced integration accounting for large rotation. The underlying substrate is meshed by over 50,000 hexahedral solid elements. Fig. 2b–d shows the simulated wrinkling process of the reduced model with immersion time (E/Es = 30). When r/rc is just above 1.0, the peak stresses are found near the center of the ﬁnger pad where the longitudinal wrinkles emerge. With prolonged immersion time (i.e. increased r/rc), more wrinkles emerge, and longitudinal waves and dot-like ordered concaves are observed on the cylindrical pad and the spherical top, respectively. When r/rc is very large (after long-time immersion), a labyrinthine pattern emerges on the spherical top and the longitudinal ridges become curved. The different wrinkle patterns can be qualitatively explained as the competition between the compressive hoop stress rh and longitudinal stresses rl in the ﬁlm [18], the ratio of which at any point can be expressed as rh/rl = 2  R2/R1 with R1 and R2 being the principal radii of curvature of the curved ﬁlm [18,26]. For the cylindrical ﬁnger pad (R1 = 1, R2 = R at any point), rh = 2rl, which renders the orientation of undulations perpendicular to the hoop direction (to release the larger stress component). For the spherical tip (R1 = R2) rh = rl, and the concave dimples emerge to release stresses in all directions. With extensive exposure to water, the concave dimple pattern transits to a labyrinthine pattern to release stress in all directions [27]. The wrinkle shapes of the reduced model agree qualitatively with the macroscopic observation (Fig. 1). For a real ﬁnger, since the radius of curvature along the longitudinal direction is larger than that along the hoop direction (R1 > R2) in the ﬁngertip pad, and according to the mechanical principle above, the wrinkles in the longitudinal direction dominate. Such dominance fades away near the very top of the ﬁnger, where the principal curvatures are close to each other. Fig. 2b and c also shows the deformed amplitude of the ﬁnger pad (the half-cylinder section of the reduced model). The wrinkles are distributed uniformly in the ﬁnger pad and the wavelength remains almost constant with increasing r/rc (although more wrinkles appear in larger surface areas with prolonged immersion). Due to the boundary effect, the wrinkle amplitude is the largest near the center of the ﬁnger pad, and decays away near the two sides. The wrinkle amplitude increases with the stress level in the SC. Simulations in Fig. 2 are based on the parameters in Table 1, which represent typical values of the reduced model of the ﬁngertip. Note that the material and geometrical parameters (R, t, E/Es) may vary for different ﬁngers (e.g. thumb vs. little ﬁnger) and for different people/ages. These parameters are varied next, and the resulting wrinkle wavelength and amplitude of the reduced model are shown in Fig. 3. In Fig. 3a the wavelength increases nonlinearly with R/t and E/Es. In Fig. 3b, the amplitude is taken at the pad center and at a stress level of r/rc = 1.2, showing that the amplitude



increases almost linearly with ﬁlm thickness. In order to explain these results quantitatively, the effects of geometrical and material parameters on wrinkling characteristics can be deduced from an analytical approach. 3.3. Analytical solution: governing geometrical/material parameters For a thin ﬁlm with arbitrary principal curvatures in Cartesian coordinates, according to the thin shell theory, the governing equilibrium and compatibility equations can be expressed as [28]



Dr4 w  ðU;yy w;xx þ U;xx w;yy  2U;xy w;xy Þ  r2j U ¼ p



ð1Þ



Fig. 3. Comparison between the theoretical prediction and the FEM simulation of the reduced model. (a) The wrinkle wavelength varies with the normalized size R/t (t = 0.15 mm, Es/E = 0.033) and material ratio Es/E (t = 0.15 mm, R/t = 50). Several typical deformation shapes of wrinkled models are also shown at the same stress ~ =rc ¼ 1:3). (b) The wrinkle wavelength (R = 7.5 mm, Es/E = 0.033) and level (r amplitude varies with the SC ﬁlm (shell) thickness t.
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1 4 r U ¼ w2;xy  w;xx w;yy  r2j w Et



ð2Þ



Here, w = w(x,y) is the deﬂection of the ﬁlm. ðÞ;x ¼ @ðÞ=@x denotes differentiation with respect to x. U is the Airy stress function, its derivatives yielding the in-plane stresses. p is the interface pressure acting on the ﬁlm (SC) arising from the constraint of the substrate (underlying layers and tissues). D = Et3/12(1  m2) and Et are the bending and stretching stiffness of the ﬁlm, respectively. r4 is the bi-harmonic operator. r2j is deﬁned as r2j ðÞ ¼ ðÞ;yy =R1 þ ðÞ;xx =R2 . The homogeneous substrate may be further simpliﬁed as a linear elastic foundation with p varying linearly with w, i.e. p = kw, ~s ~s =t s is denoted as the foundation stiffness with E where k ¼ E =(1  m)Es/(1  2m)(1 + m) and ts is the substrate thickness [29]. Through classical linear stability analysis [28], by eliminating the Airy stress function the general stability equation governing the deﬂection of the thin ﬁlm can be obtained:



Dr8 w þ Et r4j w ¼ r4 f 8



4



4



ð3Þ 4



2



2



N 0x w;xx



2N0xy w;xy



where r ðÞ ¼ r r ðÞ, rj ðÞ ¼ rj rj ðÞ and f ¼ þ þN0y w;yy  kw. N0x , N 0y and N0xy are the initial in-plane forces (applied by the substrate). Given the deﬂection mode w(x,y) and substrate curvature, the critical buckling load and wavelength can be obtained. The shape of a real ﬁngertip is somewhat irregular, which makes it hard to solve the Eq. (3) analytically. Note that after water exposure, according to both observation (Fig. 1) and simulation (Fig. 2), the wrinkle wavelength is uniform along the hoop direction and remains unchanged during the wrinkling process. Thus, we may obtain some theoretical insight by focusing on a whole cylindrical ﬁlm/substrate system, the geometry of which is also consistent with the reduced model (half-cylinder) simulated in last section.3 For the cylindrical ﬁlm/substrate system with section radius R, the ﬁlm (hoop) stress in the pre-buckling state can be obtained from the deformation compatibility at the ﬁlm–substrate interface:



r¼



EEs ð2R2 þ 2Rt þ t2 ÞaT 2Es R2 þ ½Es ð1 þ mÞ þ Eð1  mÞð2Rt þ t 2 Þ



ð4Þ



The positive value of the relative mismatched deformation rate a leads to the compressive stress in the ﬁlm.4 Eq. (4) demonstrates that the pre-buckling compressive stress in the SC depends only on the mismatched deformation aT when the material and geometry parameters are ﬁxed. For simplicity, the interface shear stress is neglected [11]. Following the method in Ref. [19], we can assume that the deﬂection mode can be expressed as w(x,y) = A sin (mp x/L)sin(ny/R), where A is the deﬂection amplitude, m and n are the half-wave number along the longitudinal and circumferential directions, respectively, and L is the cylinder length. Substitution of the deﬂection mode with R1 = 1 and R2 = R in Eq. (3) and minimization can lead to the critical wrinkle wavelength and critical stress [18,19]:



k ¼ 2pt



 14   14 E R ~s t 12E



and



rc ¼



E ~s E 3



!12  1 t 2 R



ð5Þ



 ¼ E=ð1  m2 Þ. The wrinkle amplitude can be obtained from where E the deformation compatibility between the SC and its underlying substrate,



3 The wavelength and amplitude are assumed to be uniform in the whole cylindrical model; the amplitude of the whole cylinder model corresponds to that of the wrinkle amplitude at the ﬁnger pad center in the reduced model. 4 a is positive when the substrate contracts more than the ﬁlm. However, if the substrate swells more than the ﬁlm due to certain physiological reasons, then the stress in SC would be tensile and wrinkling would not occur.



A¼



k



p



1



ðDeÞ2
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ð6Þ



where De is an imposed strain caused by mismatched deformation. The scaling law in Eq. (6) is in the same form as that in Ref. [30]. Eqs. (5) and (6) predict that within the present macroscopic mechanical model the critical wrinkling stress, wrinkle wavelength and amplitude depend only on the geometry and material properties of the system, and are independent of the mismatched swelling/shrinking rate. Fig. 3 shows the good agreement of wavelength and amplitude between the analytical predictions (Eqs. (5) and (6)) and the FEM simulation results of the reduced model. Fig. 3a shows that when the ﬁlm thickness is kept constant (t = 0.15 mm) the wrinkle wavelength increases nonlinearly with R/t and E/Es, which agrees with the analytical result in Eq. (5). When the material properties and ﬁnger radius are ﬁxed, the non-linear increasing trend of the wavelength with the ﬁlm thickness is also consistent with Eq. (5), as shown in Fig. 3b. Fig. 3b also demonstrates that the wrinkle amplitude increases almost linearly with the thickness when the material properties are ﬁxed (at the same ﬁlm stress level), with good agreement with the analytical prediction (Eq. (6)). 3.4. Application of mechanical principles to skin wrinkling induced by water immersion From the above equations, several important insights may be obtained on the external factors affecting the ﬁngertip wrinkling process. Previous studies [6,31] showed that, in general, the critical time to wrinkle Tc, an important parameter for the bedside test of sympathetic innervation [2,4,5], can be shortened by increasing the water temperature and pH. Through the combination of Eqs. (4) and (5), one can show that when the material properties are ﬁxed Tc isproportionalto theSCthickness and inversely proportional to the ﬁngertip radius and the relative mismatched deformation rate, i.e.



Tc /



  1 1 t; ; R a



ð7Þ



In essence, a higher temperature could increase the ﬂuid diffusion rate and thereby increase vasoconstriction (i.e. increase a, which would shorten the time to wrinkle according to Eq. (7). The same effect is found for increasing pH, where the water-binding capacity is enhanced and a is increased [6]. On the other hand, it was observed that the water temperature had no effect on the degree of wrinkling (i.e. the spacing between the peaks and valleys is insensitive to water temperature) [31]. This can be validated from Eq. (5), where the resulting wrinkle wavelength is independent of a, which means that temperature cannot affect the wrinkle wavelength (although it may affect the vasoconstriction process and hence a). The equations in Section 3.3 also provide important mechanical insights into the wrinkle patterns in the ﬁngertips and different parts of the human body (with different parameters R, t and E/Es). Reduced ﬁngertip wrinkles (due to water immersion) are found in manual workers who have a thicker SC [6,32]. This can be explained by Eq. (5), since the thicker SC results in an increase in the wrinkle wavelength (i.e. there is a reduced number of wrinkles); it also increases the critical time to wrinkle (i.e. the wrinkles are more difﬁcult to form), as indicated by Eq. (7). For another example, the larger wavelength observed on the thumb than on the little ﬁnger can be explained from Eq. (5), which predicts that the wrinkle wavelength increases with the substrate radius when assuming the material properties are the same for the ﬁve ﬁngers. From the mechanics perspective, some possible reasons for the curiously restricted wrinkle areas of the palms of the hands or feet upon immersion in water can be explained by the onset of wrin-



1492



J. Yin et al. / Acta Biomaterialia 6 (2010) 1487–1496



kling in Eq. (5). The evolution of stress (Eq. (4)) is mainly associated with the relative mismatched deformation rate a in the case of immersion in water. Compared with the ﬁngertips, palms and soles, the value of a in the other parts of human body is much smaller (due to the aforementioned physiological reasons owing to the different tissue characteristics), which makes them take a much longer time to reach the critical wrinkling stress under the same conditions. In addition, Eq. (5) also implies that the wrinkle wavelength is inﬂuenced more greatly by the SC thickness than by the material properties. For most skin areas covering a human body, the SC is quite thin, on the order of 10–20 lm [21]. However, the SC is about 12–40 times thicker on the ﬁngers [33], soles and palms – which is also the thickest in the body [34]. According to the mechanical scaling law in Eq. (5), one can predict from the wrinkle wavelength on the ﬁngertips (1–2 mm in Fig. 1) that, when other conditions remain the same, the wrinkle wavelength should be about 0.05–0.15 mm in other areas of the body (due to the thinner SC), which is qualitatively consistent with observation (e.g. the average wrinkle wavelength on eye corners is 0.075–0.3 mm [24]). The validation of the mechanics theory suggests that, when the whole body is immersed in water for a few minutes, other body parts are either unlikely to reach the critical wrinkling stress or the wrinkle wavelength is too small to be visible, while wrinkles are more achievable and prominent on the ﬁngertips and toes.



4. Full model: effect of multilayered ﬁnger structure 4.1. Model and simulation of the wrinkle pattern of an index ﬁnger Although the reduced model shows reasonable agreement with observation and uncovers the important geometric/material parameters governing wrinkle appearance, it remains unclear how the underlying layered structure of the skin/tissue would affect the wrinkling behaviors of the ﬁngertips. Therefore, a reﬁned threedimensional (3-D) model is developed based upon the anatomical structure of the human ﬁngertip. The model’s non-linear exterior geometry is created from caliper measurements of a plaster of Paris mold. The mold’s shape is formed from the distal phalange of the index ﬁnger of a young male who anthropologically ﬁts the 50th percentile. Twenty-one key measurements of the mold inform the geometric model, the ﬁrst being the length of the ﬁnger digit from the skin crease to the tip. The other 20 measurements are made perpendicular to the axis of the ﬁnger, 10 each for width and height. The lateral increments for width and height measurements at the 10 locations decrease from 1/4 to 1/16 of an inch nearer the more curved region of the ﬁngertip. More details of the parameterization of the anatomical model can be found elsewhere [35]. Fig. 4a illustrates the anatomical structure, the overall cross-section of which can be roughly viewed as an ellipse, with its major and minor diameters being 18.2 and 14.2 mm, respectively. All ﬁve layers – the SC, viable epidermis, dermis, subcutaneous tissues and bone – are incorporated in the reﬁned (full) model. Each interior layer is offset from the external layer by a speciﬁed thickness value. As a ﬁrst-order approximation, all layers are assumed to be homogeneous, isotropic and linear elastic [21,25]. The thickness and elastic modulus of all the layers/components [36,37] are shown in Table 1. The geometry is meshed layer by layer from the epidermis through to the bone. Similar to the reduced model, the SC is modeled as a thin shell represented by over 5,000 four-node general shell elements with reduced integration. The underlying layers are meshed by over 78,000 hexahedral solid elements. Fixed boundary conditions constrain nodes at the bone interior and ﬁngernail base. The full model utilizes linear elastic material properties that are representative of tissue layers measured in human cadavers [37]. Other researchers have built 3-D models of the ﬁngertip, some



Fig. 4. The full ﬁngertip model. (a) The section of a ﬁnger with a ﬁve-layered structure: SC (golden color), viable epidermis (black color), dermis (white color), subcutaneous tissues (grey color) and bone (dark color). (b) Validation test of the full ﬁnger model with other models under a 50 lm line load. (c) The grey region of the ﬁngertip is allowed to swell. (d) Simulation result of a wrinkled ﬁnger ~ =rc ¼ 1:10) with the material and geometrical parameters given in Table 1. (r



employing hyper- and viscoelastic material models. We ﬁrst validate the present full model in Fig. 5b, where a 50 lm line load that spans the width of the ﬁnger is indented to a depth of 1.0 mm, perpendicular to the long axis of the ﬁnger. The results show that the deﬂection of the exterior surface of the model compares favorably to that predicted by other models [38,39] and to empirical imagery data from the indentation of actual ﬁngertips [40]. Next, FEM wrinkling simulations are carried out on the full model. Since wrinkles are often found within the region of the ﬁnger pad, only the pad area (grey region) is allowed to respond to the mismatched deformation as shown in Fig. 4c (due to vasoconstriction). Fig. 4d shows a simulated typical wrinkled ﬁngertip with the full model (at r/rc = 1.15), where the wrinkle wavelength is about 2.6 mm. The wrinkled shape is consistent with the observation in immersed water (Fig. 1). 4.2. Effect of individual layer and analytical insights While the material properties tabulated in Table 1 (which are used in the simulation in Fig. 4) represent that of a typical ﬁngertip, note that elastic properties of skin vary with hydration, dehydration, sunburn and intrinsic aging [41,42], and could affect the wrinkling characteristics. In what follows, we focus on the effect of variation in the elastic property of each layer, which could provide some mechanical/material insights on manipulating skin wrinkles due to water immersion. In Fig. 5, the Young’s modulus of each of the ﬁve layers varies from half to twice its original value (Table 1), while other layers are kept unchanged. Fig. 5a shows the resulting variation in the wrinkle wavelength obtained from the FEM simulation of the full model (solid lines). Compared with the reduced model with a homogeneous substrate (dash line), the wrinkle wavelength is larger in the full model. Among the ﬁve layers in the full model, the variation in the SC modulus has the largest impact on the wrinkle wavelength and the
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Fig. 5. (a) Comparison between the reduced model and the full model on the wrinkle wavelength. The Young’s modulus of respective layer is changed from half to double its initial value in Table 1, while other layers are kept unchanged. (b) Deformation of the ﬁnger cross-section as the modulus of the respective layer is varied by either half or double its original value.



wavelength increases with stiffening of the SC layer, whereas the variation in the bone modulus on the wrinkle wavelength is negligible. Interestingly, the variation in the stiffness of the viable epidermis layer has almost no effect on the wrinkle wavelength of the ﬁngertip even though it is adjacent to the SC, indicating its minor mechanical role in the wrinkling process. The wavelength decreases with increasing stiffness of the dermal and subcutaneous tissues – it appears that, among the underlying compliant layers, the dermis has the biggest impact on the wrinkle wavelength. Fig. 5b shows the relevant deformed morphology of the cross-section of the full model of the ﬁngertip at the same stress level (with r/rc = 1.15) when the modulus of the corresponding layer is halved or doubled. The section morphology shown in the ﬁgure demonstrates that the amplitude increases linearly with the wavelength, and the relevant simulation results are consistent with Eq. (6). A qualitative explanation of the effect of the underlying layers can be sought from a proof-of-concept multilayer analytical composite model. Denote the thickness of the viable epidermis, dermis, subcutaneous soft tissue and bone as tv, td, tt and tb, respectively, and their moduli as Ev, Ed, Et and Eb, respectively. As remarked upon earlier, in the reduced model, the effective Young’s modulus of the substrate is Es, which can be expressed as 1/Es = tv/tsEv + td/ tsEd + tt/tsEt + tb/tsEb with ts = tv + td + tt + tb the total thickness of the layers below the SC. According to Eq. (5), for a layered composite substrate, after the substitution of R = ts, the wrinkle wavelength kf and critical wrinkling stress rf in the full-scale model are5



5 It should be noted that the composite model is a proof-of-concept approach, which does not take into account the location of individual layers. In fact, the layers closer to the inner bone (i.e. subcutaneous tissues) should have smaller contributions to the wrinkling properties (or with smaller weight factors). A rigorous analytical solution of the effective modulus of the layered substrate upon wrinkling will be studied in future and reported elsewhere.
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In Eqs. (8) and (9) the inﬂuence of the substrate radius R is cancelled out in the multi-layered model, which implies that Eqs. (8), (9), and (6) are also applicable to the wrinkle of skins on planar substrates. Eq. (8) shows that in general, the wavelength decreases with the Young’s modulus of the underlying soft layers and increases with that of the SC. These trends agree with that shown in Fig. 5a. The qualitative effect of individual layer’s stiffness on the wrinkling behavior can be deduced from Eqs. (6), (8), and (9). Taking the viable epidermis as an example, its modulus is larger than other underlying layers (Ev  2Ed  4Et) yet its thickness is very small (tt  3td  30tv). According to the above equations, the change in the viable epidermis’s stiffness has negligible effects on the wrinkle wavelength and critical wrinkling stress. Similarly, since the bone’s Young’s modulus is much larger than that of the other layers, the inﬂuence of the bone stiffness on the wrinkling characteristics can also be omitted. Thus, the effective modulus of the substrate is determined mainly by the dermal and subcutaneous layers. From the mechanical scaling law in Eq. (8), the qualitative effect of the thickness variation can be predicted in a similar way: the wrinkling wavelength will increase with the thickness of the underlying tissue layers. Among the four underlying layers, thickness variations in the viable epidermis and bone have negligible inﬂuence because of their larger moduli. Thickness variations in the SC and dermal layer play a more important role in manipulating the wrinkle wavelength.



1494



J. Yin et al. / Acta Biomaterialia 6 (2010) 1487–1496



5. Implications for cosmetics: skin aging and wrinkle suppression Although the motivation of the present paper is to establish a mechanical model for studying the macroscopic morphology of wrinkles observed on ﬁngertips upon immersion in water, the mechanical model itself is broad and does not have to be limited to water immersion; some of the unveiled basic mechanical principles may be qualitatively applied to general skin wrinkles. In essence, the wrinkles are all caused by the mismatched deformation between the ﬁlm and the substrate, regardless of whether such a mismatched deformation is due to vasoconstriction (in the case of the immersion of a ﬁngertip in water), skin swelling with respect to the tissue, mismatched evolution of skin/tissue properties or mechanical stress in other types of application. In what follows, we focus on skin aging. Skin wrinkles, often observed on the face, eye corner, forehead and neck, are the inevitable result of natural aging or extrinsic factors such as smoking and chronic sun exposure [43]. Wrinkles occur when skin is deformed due to muscle contraction or mechanical forces [12]. Skin aging and wrinkling involve complicated biological, biochemical and physiological processes at the cellular and tissue scales [44], which result in distinct alterations in collagen and elastic ﬁbres [45,46]. We focus on the mechanical aspects as follows. Aging causes changes in the organization and composition of skin throughout the epidermis, dermis and subcutaneous tissues, which greatly affect the mechanical properties and layer thickness [46,47]. Wrinkles are thin (i.e. small wavelength), numerous and of low amplitude in young skin, while in aged skin they are wider, fewer and of higher amplitude [12,21]. Although the aging and wrinkling processes are different from the reversible wrinkles caused by the immersion in water of ﬁngertips and toes, from the mechanical point of view, the buckling mechanism is similar because the buckles are always caused by compression of the skin, owing to the mismatched deformation between the skin and the underlying tissues [12,23,30]. Recall that, in the full ﬁngertip model with a multilayered skin/ tissue structure, since the substrate curvature has no effect on determining the wrinkle wavelength (Eq. (8)), wrinkle amplitude (Eq. (6)) or critical wrinkling stress (Eq. (9)), some of the previously established mechanical principles may be safely applied to skin wrinkles in facial and other, ‘‘ﬂatter” regions.



5.1. Skin aging With aging or sun exposure, large changes can occur in the thickness and mechanical properties of the skin. A continuous reduction of the overall skin thickness may be observed after 20– 30 years of age [48], whereas the thickness of the SC hardly changes at all with age [46]. Meanwhile, a progressive increase in the thickness is observed in the papillary dermis region with aging or exposure to the sun [49]; this region, termed the subepidermal non-echogenic band (SENEB), is characteristic of aging [49,50]. From Eq. (8) and the discussion in Section 4.2, when the thickness of the SC remains unchanged, the change in the thickness of the dermis layer in the skin has the greatest inﬂuence on the wrinkling of the skin. In other words, the progressive increase in the thickness of the dermis layer leads to the enlargement of the wrinkle wavelength and thereafter prominent wrinkles. In addition, from the same mechanical principle, the thickening of the dermal layer/SENEB could also reduce the wrinkling stress, which makes wrinkles appear more easily. The reduced elasticity and extensibility of skin with aging leads to the increase in overall Young’s modulus of skin especially in the



epidermis [12,47], while the dermal layer becomes less stiff with aging, primarily due to the loss of collagen and elastin [45,46]. Similarly, from Eq. (8), the combination of the increasing modulus in the SC and the decreasing stiffness in the dermal layer may lead to a larger wrinkle wavelength with aging. From the mechanical point of view, the full multilayer model provides a plausible theoretical explanation for the macroscopic characteristics of skin aging and skin wrinkles. 5.2. Suppressing wrinkles The previous understanding of the mechanics of wrinkling could provide insights into the suppression/slowing down or removal of wrinkles using mechanical or material approaches through a reverse analysis. The ‘‘anti-aging” goal of cosmetic products is to prohibit or slow down the wrinkling process, whereas those cosmetics designed for ‘‘wrinkle removal” aim to make the existing wrinkles ﬁner and less prominent/visible. From the mechanical perspective, the wrinkle process may be slowed down (or prohibited) if the critical wrinkling stress is increased (see Eq. (9)), whereas the wrinkle removal process is equivalent to reducing the wrinkle wavelength and amplitude (see Eqs. (6) and (8)). For the design of anti-aging cosmetic products (for skin), inspired by Eq. (9), stiffening the SC and the underlying skin layers can contribute to the increase in the critical wrinkling stress. The stiffening of the SC includes the increase in the modulus and the thickness. The incorporation of biocompatible nanoparticles into the skin is an effective way to increase the modulus of the SC, which has been validated by a recent study on the alleviation of buckles by embedding nanoparticles into a polymer ﬁlm [51]. Compared with the variation in modulus, the thickness of the SC has a larger effect on increasing the critical wrinkling stress in terms of Eq. (6), which may be consistent with the rare observation of aging wrinkles on horny skin. Thus, certain cosmetic products designed to increase the SC thickness, or simply an appropriate coating on top of the SC (e.g. lip cream), may effectively increase the critical wrinkling stress and make it harder for the wrinkles to appear. Another method for anti-aging is to increase the modulus of the underlying layers in the skin. Increasing the modulus of the dermal layer is the most effective way to lead to a larger critical wrinkling stress (demonstrated in Section 4.2), which is also consistent with the current cosmetic design strategy. The main components of most anti-aging cosmetic products are organic nutrients such as vitamins A, C and E and alpha-hydroxy acid: these active ingredients must penetrate the SC and target the cells in the dermis layer in order to proliferate and increase the number of collagens and elastins, resulting in an increase in the elasticity of the dermal layer and thereby raising the critical wrinkling stress. For the design of wrinkle removal cosmetic products, in terms of the discussion in Section 4.2 and Eqs. (6) and (8), the effective ways are to decrease the stiffness of the SC or increase the stiffness of the underlying skin layers. The key aspect in the design of suitable cosmetic products is to maintain the barrier function of the SC while providing hydration and nutrition to the skin. Most current wrinkle removal products on the market contain a variety of moisturizers, which are used to maintain or supply the water content in the skin to keep its elasticity. With the application of moisturizers, the Young’s modulus of the SC will decrease substantially [52], thereby decreasing the wrinkle wavelength and also the amplitude to make the wrinkles less visible. This strategy is consistent with the fact that hydrated SC results in a lower depth of wrinkles [53]. According to the mechanical principles, an efﬁcient way for wrinkle removal is to stiffen the dermis or decrease its thickness. This strategy is also consistent with wrinkle suppression discussed above. Meanwhile, it is interesting that the strategy of the reduc-
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tion of SC modulus for wrinkle removal is in conﬂict with that for wrinkle suppression. Therefore, in order to ﬁght wrinkles, different cosmetic strategies need to be considered depending on the practical situation. It should be remembered that the wrinkling of skin with aging and cosmetic treatment involves a very complicated biophysical and biochemical process. The current mechanical study, based on a simple model, is aimed at providing some basic mechanical/material insights into the control of skin wrinkles, some of which need to be examined from the perspective of cosmetic science.



6. Concluding remarks A theoretical/numerical investigation is performed to understand the physical mechanism governing the macroscopic morphology of wrinkling of ﬁngertips immersed in water. The model is based on the physiological cause, where the vasoconstriction of substrate tissues leads to mismatched deformation between the ﬁlm (skin) and the substrate, rendering the ﬁlm in compression and causing the wrinkle morphology. Simulations based on both reduced and full ﬁngertip models agree with or observations. It is found that, with increased exposure to water, the wrinkles ﬁrst emerge in the center of ﬁnger pad, form a ridged pattern and propagate towards the end of the ﬁngertip, ﬁnally evolving into a labyrinthine morphology. The effects of ﬁnger geometry and elastic properties on the wrinkle characteristics (the critical wrinkling stress/strain, wrinkle wavelength and wrinkle amplitude) are derived explicitly from the reduced model. The wrinkle wavelength increases nonlinearly with the ﬁnger radius/thickness ratio and SC/substrate moduli ratio, and the wrinkle amplitude increases linearly with the wrinkle wavelength. Possible reasons why the wrinkles are restricted selectively to the skin of the ﬁngertip, palm and sole are given based on the mechanical perspectives of the reduced model. A multilayered full model further reveals the role of the individual underlying layers’ material properties and thickness on the wrinkle wavelength, where the variation in the SC and dermis has the greatest effect. The inﬂuence of the viable epidermis and the inner rigid bone is negligible. Based on the mechanical principles uncovered here, qualitative insights into the suppression or removal of wrinkles of the skin caused by aging are obtained. From a mechanical/material perspective, stiffening of the SC and the dermal layer can increase the critical wrinkle stress (for anti-aging), whereas increasing the dermal layer’s modulus and decreasing the SC’s stiffness may lead to ﬁner wrinkles (smaller wavelength) with lower wrinkle depth/amplitude (for wrinkle removal). Although the original mechanical model is based on the vasoconstriction of the substrate (due to water immersion), the model is broad and can be readily applied to study the skin (ﬁlm) wrinkle morphology in other general cases. From the mechanical point of view, wrinkle proﬁles are essentially the equivalent of ﬁlms that undergo similar compression due to other types of mismatched deformation, which may be caused by other reasons, such as relative skin swelling or aging. As an illustration of the extended application, the model is used to provide qualitative insights into general skin wrinkling due to aging as well as suggesting how to suppress the wrinkles using mechanical/material methods. Note that, although we have reproduced the wrinkle patterns of ﬁngertips well, the current approach could be further reﬁned by taking into account the viscoelastic properties and pre-stress of the skin layers; this will be pursued in future. The results also have potential biomedical applications in the human sense of touch [39] and the design of artiﬁcial skin. In contrast to skin wrinkles caused by compressive stress, skin cracks due to dryness are often observed (e.g. in heels and lips in winter) to be
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