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Abstract

:

Computational analysis of free and forced vibration responses provides crucial information on the dynamic characteristics of deformable bodies. Although such numerical techniques are prevalently used in many disciplines, they have been underutilized in the quest to understand the form and function of human fingers. We addressed this opportunity by building DigiTip, a detailed three-dimensional finite element model of a representative human fingertip that is based on prior anatomical and biomechanical studies. Using the developed model, we first performed modal analyses to determine the free vibration modes with associated frequencies up to about 250 Hz, the frequency at which humans are most sensitive to vibratory stimuli on the fingertip. The modal analysis results reveal that this typical human fingertip exhibits seven characteristic vibration patterns in the considered frequency range. Subsequently, we applied distributed harmonic forces at the fingerprint centroid in three principal directions to predict forced vibration responses through frequency-response analyses; these simulations demonstrate that certain vibration modes are excited significantly more efficiently than the others under the investigated conditions. The results illuminate the dynamic behavior of the human fingertip in haptic interactions involving oscillating stimuli, such as textures and vibratory alerts, and they show how the modal information can predict the forced vibration responses of the soft tissue.
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1. Introduction


Touch sensation occurs with the deformation of the skin under external forces and subsequent stimulation of the mechanoreceptors within the tissue. In the human hand, the fingertips exhibit the highest tactile sensitivity as they are densely innervated with sensory neurons [1,2]. Hence, the deformation mechanics of the fingertips has received considerable attention in scientific efforts to understand touch sensation [3,4,5] as well as in the design of interfaces that provide haptic feedback [6,7,8].



The perception of dynamic forces applied on the fingertip significantly differs from sensation under static conditions. Human skin is sensitive to vibrations up to 1000 Hz, with the peak sensitivity observed around 250 Hz [9]. Many researchers have shown that the mechanical properties of the skin play an important role in its frequency-dependent sensitivity. In the case of fingertips, their intricate geometry and multi-layered internal anatomy restrict the accuracy with which analytical methods can predict deformations under dynamic excitation. Hence, many studies have utilized computational simulations to analyze the dynamic deformation mechanics of the human finger.



For instance, Wu et al. [10] performed two-dimensional (2D) finite element (FE) analyses to simulate the mechanical response of the human fingertip periodically pressing onto flat surfaces. Their results endorsed the suitability of FE simulations in analyzing finger deformation mechanics since their predictions on contact force histories and fingertip–surface separation periods agreed well with the reported experimental observations. Similarly, Wu et al. [11] examined the dynamic strains in a 2D finite element model of the fingertip section exposed to harmonic line indentation. Their results matched well with known experimental findings: they showed that excitation frequencies ranging from 63 to 250 Hz produce large dynamic strains in the deep finger tissue that accommodates the high-frequency mechanoreceptors, while frequencies lower than 31.5 Hz cause high strain values within the shallow layers that harbor the low-frequency mechanoreceptors. Later, Shao et al. [12] measured the propagation of cutaneous vibrations in the hand during interactions with different objects. That study demonstrated that the spatial–temporal pattern of vibrations varies systematically across touch interactions, indicating the possibility of decoding the type of interaction from the recorded vibration data. Recently, Panchal et al. [13] obtained natural frequencies and mode shapes for a simple FE model in the form of a layered rectangular prism, which represents a slab cut out of the skin. The results of that work show that changes in skin elasticity can notably influence the resonance patterns and corresponding frequencies.



The deformation of continuum bodies under dynamic loads is directly influenced by the object’s natural frequencies and mode shapes. However, these modal features have remained unexplored for the fingertip, despite the high interest in the dynamic analysis of human tissue. To address this gap, we developed DigiTip, a detailed 3D finite element model of the human fingertip based carefully on prior studies of fingertip anatomy and biomechanics. We used our model first to determine the fingertip’s natural modes with associated frequencies up to about 250 Hz. Seven modes were identified for the developed model, with several occurring near the frequency of peak sensitivity. Then, we performed frequency-response analyses to predict the forced vibration responses when distributed harmonic forces were applied at the fingerprint centroid in three principal directions. These analyses show that certain free vibration modes are excited significantly more efficiently than the others for the analyzed load cases. The results offer insights into the probable dynamic behavior of the fingertip in haptic applications involving artificial vibratory feedback or light sliding contact with undulating surfaces. They also demonstrate the convenience of utilizing modal information to predict the forced vibration responses of the skin.




2. Discretized 3D Fingertip Model: DigiTip


We built a 3D finite element model consisting of six layers: stratum corneum, epidermis, dermis, hypodermis, nail bed, and nail plate. We named this comprehensive model DigiTip since it is a computational model of the tip of a human digit, which is the anatomical designation for a finger or toe. Figure 1 illustrates the model variables that govern the exterior fingertip dimensions, the thicknesses of the tissue layers, and the dimensions of the distal phalanx. We modeled the surfaces of the finger exterior and bone separately. The upper and lower parts of the front exterior surface were modeled as quarter ellipsoids, which are slightly deflated inward and inflated outward, respectively. This approach resulted in a more realistic fingertip shape. The rear exterior surface was modeled by extruding the front outer surface profile at the fingernail root. The necking of the distal phalanx in the middle section of the bone was included in the modeling. After obtaining the surface profiles for the exterior boundary and bone, we filled the space between the interior soft-tissue layers by preserving their specified thicknesses. The hypodermis has a varying thickness throughout the domain since it is the last soft layer lying over the bone with a variable cross-section.



Table 1 shows the value selected for each DigiTip dimension depicted in Figure 1; the referenced sources are given in parentheses. When possible, the dimensions were taken for the average adult male index finger, as this case is prevalently reported in the literature. The material properties (elastic modulus, Poisson’s ratio, and density) of the fingertip tissue layers are given in Table 2. Since we investigate the bulk dynamic behavior of the finger, we did not model the fingerprint ridges, as capturing their surface details would require a vastly increased number of finite elements but would not significantly affect the results of the modal analysis.



We performed the FE analyses using our in-house software developed in MATLAB. The integrated parametric model generator allows the geometric dimensions and mesh density of DigiTip to be easily modified. The generated models consist of solid finite elements whose nodes each have three degrees of freedom, which are the displacements in the x, y, and z directions. Specifically, we employed eight-node hexahedral elements formulated with linear elasticity [29]. For reference, this 3D FE analysis code was used together with experiments in a previous study by the authors [30]. The portions of the code related to dynamic analysis were also previously used to compute the free and forced vibrations of shells [31].



The bone was not explicitly modeled since it was assumed to be rigid due to its significantly higher elastic modulus compared to the other tissue layers [32]. We numerically imposed this condition by immobilizing the innermost nodes of the hypodermis along the bone’s surface. To allow for tissue deformation, we applied a free boundary condition along the surface where the fingertip would connect with the rest of the finger, and we compared the resulting behavior with the effects of fixing this boundary. Therefore, if we denote the number of nodes within the entire model and on the fixed boundary as   N n   and   N  n b   , respectively, the system has    N d  = 3  (  N n  −  N  n b   )    total degrees of freedom.



Due to the linear elastic formulation, the developed FE model produces accurate results only for small deformations. We handled this limitation by choosing relatively low excitation magnitudes in the forced vibration analyses (see Section 5.1).




3. Dynamic Analysis Formulations


3.1. Free Vibration Analysis


This section briefly explains the mathematical basis of free vibration (modal) analysis. In the absence of external forces, the equation of motion for the model can be written as


  K x + M  x ¨  = 0  



(1)




where K and M are the system’s   N d  -by-  N d   global stiffness and mass matrices, respectively. Assuming a complex harmonic displacement solution   x =  X n   e  i  ω n  t    , where   i =   − 1     is the imaginary unit number, we obtain an eigenvalue equation:


   ( K −    ω n   2  M )   X n  = 0  



(2)







The   ω n   are the natural frequencies (in radians per second) that can be obtained by solving det   ( K −    ω n   2  M ) = 0  , which provides nontrivial solutions to the eigenvalue equation. The   X n   are the nodal mode shape vectors corresponding to the   ω n   [33]. These vectors have arbitrary amplitudes and show only the relative displacements of the nodes for each mode, not the absolute displacements that would be expected to occur, as those depend on excitation.




3.2. Forced Vibration Analysis


The steady-state vibration response of the fingertip under external dynamic forces can be computed through frequency-response analysis. In this case, the equations of motion have a nodal force term f on the right-hand side:


   K ∗  x + M  x ¨  = f  



(3)







In addition to the stiffness and mass properties, damping can also be incorporated into the system through the complex stiffness matrix   K ∗  , which is obtained by modifying the stiffness matrix K with a loss factor  η :    K ∗  = K  ( 1 + i η )    [33]. For a harmonic nodal force vector   f =  F ∗   e  i ω t     with complex amplitude   F ∗   and frequency  ω , we can write the steady-state displacement response vector as   x =  X ∗   e  i ω t    . By inserting these terms into Equation (3), we obtain the following equation, which allows us to solve for the complex displacement amplitude   X ∗   that results from a particular dynamic force:


   (  K ∗  −  ω 2  M )   X ∗  =  F ∗   



(4)







The value of the loss factor ( η ) was determined according to the experimental results given in the literature. When the fingerprint centroid is subjected to harmonic normal indentation with a cylindrical probe of 2 mm radius, the complex part of the effective finger elastic modulus was reported to be 10 times smaller than its real part [34], which corresponds to a loss factor of 0.1. This value is also consistent with the loss factor calculated using experimentally measured effective fingertip mass (m), stiffness (k), and damping (c) for tangential deformation. Solving the equation   η = c /   m k     [33] for the values reported by [35] yields an average loss factor of 0.11, which is close to 0.1.





4. Modal Analysis


4.1. Convergence Study


We initially performed a convergence study to determine the minimal mesh resolution required to reach a precise solution. In this analysis, the number of nodes was exponentially increased (by a factor of approximately 1.5 at each step) until the natural frequencies of the relevant vibration modes changed by less than   1 %   compared to the previous values. For the converged mesh, there are seven modes whose frequencies are below or around 250 Hz. The converged frequency of the eighth mode was computed to be 295.1 Hz, which is relatively distant from the seventh natural frequency of 256.8 Hz. Thus, we considered only the first seven modes in the convergence analysis.



Figure 2 shows the convergence of the first seven fingertip natural frequencies to their final values as we increased the number of nodes in the model. By examining these results, we selected a model with 11,637 nodes and 10,080 elements (see Figure 3), which satisfies our target tolerance. The volume of the deformable parts of the finger model is 4084.8   mm 3  ; hence, the discretization resolution was approximately 2.47 elements per   mm 3  , for an average element volume of about 0.405   mm 3  . There are 1293 nodes on the fixed hypodermis–bone boundary; therefore, the system’s total number of degrees of freedom becomes    N d  = 3  ( 11,637 − 1293 )  = 31,032   when the rear boundary is free. When the other 512 nodes on the rear boundary are also fixed, we have instead    N d  = 3  ( 11,637 −  ( 1293 + 512 )  )  = 29,496  .




4.2. Low-Order Free Vibration Modes


In this section, we present the mode shapes for the natural frequencies computed in Section 4.1. Figure 4 shows the first seven fingertip mode shapes and corresponding natural frequencies. The mesh contours demonstrate relative displacement magnitudes; the blue and yellow colors show the lowest and highest displacement regions, respectively. Readers can refer to Video S1 provided in the supplementary materials to see the evolution of the modal deformations over time. The first mode primarily exhibits torsional deformation around the distal phalanx. The second mode shape involves a rotational motion around the lateral axis. In the third mode, a lateral movement is observed around the distal section, while some torsional deformation appears at the proximal side. The fourth mode shape includes contraction around the fingerprint centroid and expansion at the sides or vice versa. In the fifth mode, an out-of-phase motion normal to the surface is observed in the lower-left and -right regions of the finger. The sixth mode shape contains out-of-phase vertical motions around the distal and proximal sections. In the seventh mode, distal-left and proximal-right sides contract toward the fingerprint centroid, while distal-right and proximal-left sections expand outward, or vice versa.



As described before, the rear boundary of the modeled fingertip is free to move except the innermost nodes, which are fixed as they are in contact with the bone. We explored the implications of this modeling decision by performing additional modal analyses for the other extreme condition, in which the rear boundary is entirely restrained. Figure A1 in Appendix A shows the results, which can be compared with Figure 4. This investigation shows that immobilizing the nodes at the proximal boundary of DigiTip causes the modal frequencies to rise, but the general shapes and the order of the modes do not change. This boundary condition has a limited influence on the modal dynamics since the bone’s cross-section expands toward the joint and decreases the soft-tissue thickness. The observed insensitivity also supports the simplification of further anatomical details (e.g., tendons) around the interphalangeal joint. However, one should note that a real finger joint might exhibit additional damping mechanisms.



The influence of the presented natural vibration modes depends on the application of interest. For example, the modes that involve normal motion at the skin surface (e.g., the fifth and sixth modes) probably play an essential role in scenarios that provide normal excitation, such as the ultrasonic cues provided during mid-air haptics. The modes that exhibit tangential skin motion are likely to have a major impact in situations where the finger is exposed to lateral vibrations of a contacted object. The first and second modes may be particularly important since the bulk in-phase motion of the skin can cause significant resonances. However, the modal attributes may vary due to prestressing effects, which depend on the magnitude of the pressing force.





5. Frequency-Response Analysis


5.1. Loading


We applied harmonic forces in the region of the fingerprint centroid in three orthogonal directions: normal, radial–ulnar, and distal–proximal, which are shown in Figure 5. The dynamic force was equally distributed to nine neighboring points selected by considering the nodes of the discretized model in the center of the finger pad, which is a common location for haptic stimulation [36]. The excitation nodes lay in an approximately rectangular region with edge lengths of 1.92 mm in the radial–ulnar direction and 2.45 mm in the distal–proximal direction, covering an area of about 4.7   mm 2  . This size is between the tip areas of the cylindrical indenters with 1 and 2 mm radii used in [34], which is the study that we used to estimate finger pad damping properties (see Section 3.2). We chose a total force amplitude of 0.1 N assuming a light-touch scenario [12].




5.2. Displacement FRF Curves


In this section, we present the frequency-response function (FRF) curves for the displacement magnitude (   |   X ∗   |   ) of the fingerprint centroid, computed through the frequency-response analyses. To cover all identified free vibration modes, we swept the loading frequency from 1 to 260 Hz with an increment of 1 Hz.



Figure 6 shows the results of the FRF computations performed for each load type diagrammed in Figure 5; for each experiment, we separately report the average displacement of the nine nodes where force was applied and the average overall displacement of the entire model. The results show that major resonances occur around the first (122.4 Hz) and second (163.7 Hz) modes under radial–ulnar and distal–proximal vibrations, respectively. Furthermore, the FRF curves for the normal force both have peaks around 225 Hz due to the excitation of the fourth mode. The third, fifth, sixth, and seventh modes are not efficiently excited with normal excitation due to their low displacement magnitudes in the region of the fingerprint centroid. Compared to the normal excitation, dynamic amplification at the resonances is stronger for tangential loading, possibly due to the lack of bone support beneath the skin during lateral deformation.




5.3. Forced Vibration Modes at 50, 100, 150, 200, and 250 Hz


Following the FRF calculations, we present the static deflection shape and forced vibration mode shapes at 50, 100, 150, 200, and 250 Hz for each loading direction (Figure 7). The contours are colored with respect to the relative displacement magnitudes within each mode to ensure the visibility of mode shapes with smaller displacements. Readers may refer to Video S2 in the supplementary materials and Figure A2 in Appendix A to see the animation of the forced vibration modes and the contours colored according to their absolute displacement magnitudes, respectively. The results indicate that the deflection is concentrated around the loading region for the majority of the cases. However, maximum displacement occurs at other locations for radial–ulnar excitation at 150, 200, and 250 Hz. This behavior is caused by the excitation of modes that have their largest relative displacement away from the fingerprint centroid. A similar case is observed for the distal–proximal excitation at 200 Hz. Resonance effects that induce maximum deformations distant from the excitation source have also been reported in the literature [37].



Interestingly, the FRF curves for the normal force also show a slight increase at around 160 Hz, indicating the weak excitation of the second mode, which involves movement of distal finger tissue in the vertical direction. We believe that the influence of this mode was indirectly observed in a previous investigation by Wu et al. [38]. In that study, for the fingertip exposed to harmonic plane vibrations around 100 Hz, a resonance is reported to cause the largest displacements close to the tip. We attribute the discrepancy between the two resonance frequencies to the differences between the two FE models. Within DigiTip, we utilized many additional parameters to include the details of the nail bed and the characteristic shape of the distal phalanx. We also used smaller width and height, and a thicker stratum corneum, all of which tend to increase the associated resonant frequencies. When interpreting particular phenomena associated with forced vibration responses such as the aforementioned resonances, it is highly advantageous to possess information about free vibration characteristics.





6. Conclusions


This study focuses on the dynamic analysis of a human fingertip through computational simulations. We developed an inhouse finite element analytical framework capable of generating 3D finger models and performing free and forced vibration analyses. The resulting finite element model of the fingertip, DigiTip, includes the details of six tissue layers (stratum corneum, epidermis, dermis, hypodermis, nail bed, and fingernail) and the characteristic profile of the distal phalanx, which is the bone supporting the fingertip.



We performed modal analyses to determine the free vibration modes with associated frequencies below or around 250 Hz. Seven characteristic vibration patterns were found in the frequency range of interest. Next, we utilized frequency-response analyses to predict forced vibration responses of the fingertip excited by harmonic forces applied on a small patch of skin at the fingerprint centroid in three orthogonal directions. The forced vibration analyses revealed that certain free vibration modes tend to be excited significantly more efficiently than the others under these conditions. The results give valuable insight into the probable dynamic behavior of the fingertip in haptic applications involving vibratory feedback, and they show the usability of modal information in predicting the forced vibration responses of soft-tissue.



In future studies, we plan to conduct experiments with human fingers to analyze the coherence between real measurements and our simulations. We hypothesize that some variations in tactile perceptual capabilities may be caused by differences in the physical structure and properties of the fingertip itself, as these clearly impact the fingertip’s resonant modes. Consequently, the sensitivity of the results to changes in key model parameters (e.g., finger dimensions, elastic moduli of the tissue layers) will be investigated. We also aim to consider scenarios involving multiple excitations at different locations and examine internal strains around the mechanoreceptor locations. As previously demonstrated by [4] and others, we believe the simulated strains can be used as input for neural models to predict tactile responses of the skin subjected to dynamic forces.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/app11125709/s1: Video S1. An animation showing the first seven natural modes of the fingertip. One full cycle is shown for each mode, synchronized for comparison, even though their actual frequencies differ. Video S2. An animation showing the forced vibration modes of the fingertip excited by dynamic forces with different directions and frequencies. One full cycle is shown for each mode, synchronized for comparison, even though their actual frequencies differ. Since the excitation amplitude is 0.1 N, the deformations are small but still observable on close inspection.
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Appendix A. Additional Results
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Figure A1. DigiTip’s first seven mode shapes and corresponding natural frequencies for an alternative model configuration, in which the rear boundary is entirely restrained. The contours indicate equivalent displacement magnitudes. In comparison with the results from the free boundary condition in Figure 4, the nodes along the boundary remain fixed (dark blue color), but the general shapes and the order of the seven modes do not change. 
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Figure A2. The recolored contours of the forced vibration mode shapes shown in Figure 7. Here, the coloring shows the absolute displacement magnitudes so that the plots can be compared to one another. 
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Figure 1. The variables that govern the dimensions of DigiTip: (a) Exterior fingertip dimensions; (b) thicknesses of tissue layers; (c) dimensions of the distal phalanx. 
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Figure 2. The convergence of the first seven fingertip natural frequencies to their final values as the number of nodes in the model was exponentially increased. 
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Figure 3. A section view of the finite element model that resulted from the convergence analysis; it consists of 11,637 nodes and 10,080 elements. 
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Figure 4. DigiTip’s first seven mode shapes and corresponding natural frequencies. The contours indicate equivalent displacement magnitudes. 
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Figure 5. The nine nodal locations (grey dots) across which harmonic forces are applied, along with the three tested force directions. 
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Figure 6. The FRF curves for the displacement magnitude of the fingerprint centroid under different harmonic loads applied in the normal, radial–ulnar, and distal–proximal directions. For each result, the dashed lines show the average displacement of the nine excitation points, and the solid lines show the average displacement of all moving nodes in the model. The previously obtained natural frequencies are marked with gray vertical lines to facilitate the interpretation of the FRF plots. 
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Figure 7. Forced vibration mode shapes of the fingertip excited by harmonic forces applied in the region of the fingerprint centroid. The loads are applied in the normal, radial–ulnar, and distal–proximal directions. The excitation frequencies range from 0 (static condition) to 250 Hz with an increment of 50 Hz. 






Figure 7. Forced vibration mode shapes of the fingertip excited by harmonic forces applied in the region of the fingerprint centroid. The loads are applied in the normal, radial–ulnar, and distal–proximal directions. The excitation frequencies range from 0 (static condition) to 250 Hz with an increment of 50 Hz.



[image: Applsci 11 05709 g007]







[image: Table] 





Table 1. The descriptions and values of the model dimensions shown in Figure 1. The selected values are given along with the references from which they were taken.
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	Variable
	Description
	Value (mm)
	Variable
	Description
	Value (mm)





	   l f   
	Fingertip length
	28.0 [14]
	   t  s t j    
	Soft-tissue thickness at the interphalangeal joint
	2.9 [15]



	   w f   
	Fingertip width
	18.0 [14]
	   l b   
	Bone length
	22.5 ** [16]



	   h f   
	Fingertip height
	15.0 [14]
	   l  b d    
	Bone length at the distal section
	8.4 *** [17]



	   l n   
	Total nail plate length (apparent + root)
	13.0 [18] + 4.6 [19] = 17.6
	   w  b d    
	Bone width at the distal section
	8.6 **** [20]



	   w n   
	Nail plate width
	12.3 [18]
	   h  b d    
	Bone height at the distal section
	4.2 **** [20]



	   h n   
	Nail plate height
	2.5 * [18]
	   w  b p    
	Bone width at the proximal section
	13.0 **** [20]



	   t n   
	Nail plate thickness
	0.4 [21]
	   h  b p    
	Bone height at the proximal section
	8.0 **** [20]



	   t  s c    
	Thickness of stratum corneum
	0.4 [22]
	   w  b n    
	Bone width at the neck
	5.3 [23]



	   t  e p    
	Thickness of epidermis
	0.1 [22]
	   h  b n    
	Bone height at the neck
	3.8 [23]



	   t  d e    
	Thickness of dermis
	1.5 [24]
	
	
	







* The nail height was calculated according to the reported nail curvature radius and nail width. ** The total length of the distal phalanx was determined by preserving the reported ratio between the fingertip’s soft-tissue thickness and the bone length. *** The bone length at the distal section was determined by preserving its reported proportion to the total length of the distal phalanx. **** The width and height at the distal and proximal sections of the bone were calculated by preserving their reported proportions with respect to the total length of the distal phalanx.
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Table 2. The values of elastic modulus, Poisson’s ratio, and density for six fingertip tissue layers. The selected values are given along with the references from which they were taken.






Table 2. The values of elastic modulus, Poisson’s ratio, and density for six fingertip tissue layers. The selected values are given along with the references from which they were taken.














	
	Stratum Corneum
	Epidermis
	Dermis
	Hypodermis
	Nail Bed
	Fingernail





	Elastic modulus (MPa)
	1.000 [25]
	0.140 [25]
	0.080 [25]
	0.034 [25]
	1.000 [25]
	170.0 [25]



	Poisson’s ratio
	0.30 [25]
	0.3 [25]
	0.48 [25]
	0.48 [25]
	0.30 [25]
	0.30 [25]



	Density (g/  cm 3  )
	1.100 [26]
	1.106 [26]
	1.274 [26]
	0.920 [27]
	1.100 *
	1.300 [28]







* The nail bed was assigned the density value of the stratum corneum since these two layers were modeled with the same material properties in the study by Somer et al. [25].
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