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INTRODUCTION

The mechanical properties of skin are of interest for many applications, including the design of devices that interact with the skin and simulation of skin deformation for applications such as animation. There is also a need to better understand the mechanical behavior of the skin in order to be able to measure its properties, for example to evaluate the effect of medical treatments or cosmetics. The mechanical properties of the skin are parameters in a constitutive model, and without a suitable constitutive model they cannot be measured properly. For example, many studies have considered the skin to be linearly elastic and measured its Young's modulus but this is of limited value because of its extreme nonlinearity.

The aim of this study was to use an extensive set of data obtained from tests on human subjects with multiple tests in different directions to identify anisotropic material properties. The anisotropy of the skin is complicated by the large anisotropic initial strain that it has in vivo, which has the effect of making its in situ behavior anisotropic even if its actual material properties are not. Tensile tests on ex vivo human skin [1] have shown two phases of deformation, similar to other biological membranes [START_REF] Persson | Poisson's ratio and strain rate dependency of the constitutive behavior of spinal dura mater[END_REF]. In the initial phase the stiffness is very low, and then when the collagen fibres in the dermis become taught the stiffness increases dramatically. It was found that the major difference between loading directions was the length of the first phase, the stiffness in the second phase was similar in all directions. There is thus close relationship between the initial strain and the anisotropic material behavior; both determine the strain that is needed to reach the stiffer second phase of deformation.

METHODS

The testing device aims at imposing a tension on a delimited surface of the skin in a chosen direction. The extensometer is composed of a static and a movable pad attached to the skin by double-faced adhesive. The choice of a static pad permits to measure the force due only to the stressed area. Indeed, the movable pad measures the force of the stressed area in addition to the force due to the surrounding area. The size of the pads can be from 10×10 up to 20×50 mm 2 . The gap between the pads ranges from 2 to 27 mm. Each pad is mounted force sensors (tangential and normal). The normal force sensors allow controlling the pressure applied by the pads on the skin. This point has been discussed by [1] and seems to be very important to improve the accuracy of the measurement. Ideally, tests should be performed with a pressure as close as possible of zero.

The translation stage allows a movement with a velocity ranging from 0.1 to 1.5 mm/s with accuracy less than 1 µm. This equipment is itself mounted on a complete movable frame allowing X,Y,Z movement and rotation using a ball pivot. Measurement of the skin deformation is performed by a dedicated Digital Image Correlation set-up made of an 8 bits camera placed over the pads and low-distortion optics (deformation less than 0.1%). Two groups of three blue (λ= 470 nm) LEDS lighten the studied area. Last, a laser projects a line on the stressed area in order to measure a profile. The field of view is 1280×960 pixels 2 , corresponding to an area of 20×15 mm 2 (15.6 µm/pixel). During the test, images are recorded at a frequency of 10 frames/s. The in vivo test have been performed on the forearm of 2 groups of healthy young and old women, respectively 23.2 +/-1.6 (10 subjects) and 60.4 +/6 2.4 (group 2, 10 subjects). Only one typical result is presented here for the seek of clarity (26 years old woman). The size of the pads was 10×10 mm 2 , the initial gap was 10 mm and the displacement of the movable pad was an extension of 1 mm with a velocity of 1 mm/s. The reference axis ⃗ ⃗ is the axis of the forearm, and the angle between ⃗ ⃗ and the axis of the tension test ⃗ is noted . 4 different angles (0°, 45°, 90°, 135°), and 10 load step are used for each experimental test-case. Displacement fields and maximum load on static and movable pads for each direction are shown in figure 2 using 5% strain (0.5 mm of displacement on movable pad). Furthermore, we can also observe a difference of 41.6 %, 101.8 % and 86.3 % between the forces on static and movable pads respectively for 0°, 45°, 90° and 135° direction which confirm the influence of the surrounding area for the force measurement. The tests were simulated by a finite element model, using FEBio [ref??]. The experiment was modeled in three steps as shown in Fig. 1, an initial anisotropic biaxial deformation to simulate the initial stretch in the skin, a rotation to simulate measurements in different directions relative to the principal stretches in the skin, and finally the test itself in which one jaw was fixed and the other moved. The resultant force in each jaw was then recovered for comparison with the experimental data.

The skin was initially modeled as an Ogden material with isotropic properties, using parameters identified in a previous study (=10 Pa, =26). The jaws were modeled as rigid bodies and a novel feature of FEBio was used whereby the tied contacts between the jaws and the skin could be switched on and off at different stages of the analysis, allowing different initial stretches and loading directions to be easily simulated. Various initial stretches in the range 1.2 to 1.35 were simulated in order to determine whether the apparent anisotropic behavior of the skin could be adequately simulated by an isotropic, nonlinear model with anisotropic initial stretches. Fig. 1. Stages of the finite element simulation showing the initial stretch, the rotation of the jaws and the extension of the skin. Loading at an angle to the anisotropic initial stretch produces a complex stress distribution -the maximum principal stress is shown here.

RESULTS

Fig. 2 shows the predicted force on the moving jaw at 0.5mm displacement for various different initial stretches and loading directions. Fig. 2. Measured and predicted forces at 0.5 mm deformation for various initial stretches. The legend shows the initial stretch in the x (parallel to the forearm) and y directions; "Exp" indicates the experimental measurements.

DISCUSSION

Mechanical properties for skin in the literature vary enormously, but much of this variation may be due to differences in different parts of the body, in the condition of the skin and the test environment and the constitutive model that is used to describe it. However, using values derived from a previous, different experiment we were able to correctly predict the forces measured in this study. This tends to confirm that much of the variation in published properties may be due to differences in body sites and test conditions and that the properties of the skin may be more consistent than the literature would suggest.

It was also possible to reproduce much of the measured variation in stiffness by using an anisotropic initial stretch with an isotropic material model. Although we know from ex vivo tests that the skin is anisotropic, the difference in different directions is mainly in the length of the initial phase of deformation and replacing this with an anisotropic initial stretch could allow a simpler modeling approach and avoid the need to identify material property directions and anisotropic properties. However, in the experiment it was found that one direction was much stiffer and the others were all similar and this cannot be reproduced by varying the initial stretch. Changing the initial stretch produces a sinusoidal variation in properties, modified by the material nonlinearity, and it would be difficult to reproduce the measured behavior without an extreme and unrealistic nonlinear material response. Anisotropic material behavior is therefore needed to fully reproduce the observed deformation, although an isotropic material with anisotropic initial stretch offers a useful compromise between accuracy and simplicity.

Further simulations are in progress to include different deformations and multiple subjects and to make use of simultaneous digital image correlation measurements of the deformation around the loading jaws. The effects of a range of different material properties and initial stretches will be described by a statistical model which will then be used to identify the initial stretches and material parameters for a large number of subjects and to determine confidence intervals for these parameters. 
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 1 Fig. 1. Testing device during in vivo test on the arm.
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 2 Example of result obtained from DIC measurement ( =0°) a) transverse displacement b) longitudinal displacement
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