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Abstract

Modeling human-object interactions is a necessary step in the ergonomic assessment of products.
Fingertip finite element models can help investigating these interactions, if they are built based on realistic
geometrical data and material properties. The aim of this study was to investigate the fingertip geometry and its
mechanical response under compression, and to identify the parameters of a hyperelastic material property
associated to the fingertip soft tissues.

Fingertip compression tests in an MRI device were performed on 5 subjects ateither 2'or 4 N and at 15°
or 50°. The MRI images allowed to document both the internal and external fingertip dimensions and to build 5
subject-specific finite element models. Simulations reproducing the fingertip compression tests were run to
obtain the material property parameters of the soft tissues.

Results indicated that two ellipses in the sagittal and longitudinal plane could describe the external
fingertip geometry. The internal geometries indicated an averaged maximal thickness of soft tissues of
6.4+ 0.8 mm and a 4 + 1 mm height for the phalanx bone. The averaged deflections under loading went from
1.8+ 0.3mmat 2N, 50°to3.1+0.2mm at4 N, 15° Finally, the following set of parameters for a second order
hyperelastic law to model the fingertip soft tissues was proposed: Cy;=0.59+0.09 kPa and
Cy0 =2.65 £ 0.88 kPa.

These data should facilitate further efforts on fingertip finite element modeling.

Keywords: Fingertip; Pulp; Soft tissues; Experimental Compressions; MRI; Finite element; Hyperelasticity



1 Introduction

Finite element (FE) fingertip models can help investigate fingertip-object interactions during

manipulation tasks (Wu et al., 2006; Chamoret et al., 2016; Harih and Dolsak, 2014). This way, they can be
helpful to predict the ergonomy of a product as in textile industries (Ciesielska-Wrobel et al., 2014) or haptic
device conception (Ambrosi et al., 1999). However, FE models require both appropriate material properties and
geometrical data to predict a biofidelic mechanical behavior (Harih and Tada, 2015; Harih et al., 2016).
The boundary conditions of dexterous manipulations correspond to compressions up to 10 N, with various
loading angles (Gonzalez et al., 2014; Daams, 1994). Prior experiments (Table 1) were carried out with loadings
from 1 to 6N (Serina et al., 1997; Pawluk and Howe, 1999; Shimawaki and Sakai; 2007; Pérez-Gonzalez et al.,
2013) or with a prescribed 2mm-deflection (Srinivasan, 1989; Wu et al., 2003). Two studies also included up to
5N shear loads (Nakazawa et al., 2000; Pataky et al., 2005). Most of these studies consisted in compression tests
with a flat loading plane tilted from 0° to 90°, while a few experiments used a lineic (Srinivasan, 1989) or an
indentation device (Pérez-Gonzalez et al., 2013). These experiments include both static (Srinivasan, 1989; Serina
et al., 1997; Shimawaki and Sakai, 2007; Pérez-Gonzélez et al., 2013) and dynamic studies (Wu et al., 2003;
Nakazawa et al., 2000; Pataky et al., 2005; Pawluk and Howe, 1999). However, these prior set of experimental
data didn’t allow to generate any subject-specific models. Hence, it prevents the identification of a material
property and its parameters to model the fingertip soft tissues through an inverse method (i.e. optimizing the
parameters of a numerical model until its simulated response fit the experimental one).

While fingertip external dimensions have been significantly documented based on large sample of
populations (Greiner, 1991; Wu et al., 2003; Imrhan et al., 2006; Mandahawi et al., 2008; Cakit et al., 2014;
Shimawaki' and Sakai, 2007; Yoshida et al., 2006; Wang et al., 2012), its internal dimensions were only
documented based on a few subjects (Serina et al., 1997; Harih and Tada, 2015). This lack of a large database of
internal geometry dimensions compromises the right positioning of the bony phalanx into the fingertip pulp
during the development of fingertip models that are not based medical images.

Thus, to facilitate further FE fingertip modeling, there is still a need for a thorough experimental data
set that could be used to determine the parameters of a material property associated to the fingertip soft tissues
and that would enlarge the existing set of internal geometry data. Hence, the objectives of this paper are to
investigate the external and internal geometries of fingertips as well as their mechanical responses under

compression and to identify material property parameters of the fingertip soft tissues.



2 Methods

2.1  Subjects

Five healthy male subjects participated in this study (height: 1.75 + 0.036 m, age: 32 * 8 years; weight:
67.5 + 6 kg). The rationale for recruiting only male subjects in this MRI-campaign was to avoid any pregnancy.
risks. The subjects gave informed consent prior to the experiments. Ethics approval was granted by the French

Committee for Person Protection (CPP).

2.2 Experimental protocol

Images of the index finger of each subject were obtained using a 3T MRI scanner, (Magnetom Prisma,
Siemens HealthCare, Erlangen, Germany). Isotropic 330um-voxels were generated through a T1 sequence.

Then, fingers were loaded by an experimental device enabling to apply flat compression (Figurela-b).
The index was maintained, its dorsal part lying on an orientable plane. Medical images of the loaded fingers
(250*250*100 pmm? anisotropic voxels) were obtained througha T1 sequence.

Four different configurations were tested for each subject: 2 N and 4 N flat compressions at 15° and

50°(Figurelc).

2.3 Geometrical measurements

For each MRI acquisition, manual segmentations were performed (www.slicer.org (Fedorov et al.,
2012)) to differentiate the soft tissues (skin and adipose) and the bony phalanx. For each configuration, several
points of the dorsal support and loading plane were identified and used in least-square optimisations to obtain
their plane equation.

Geometrical dimensions of the unloaded index fingers were measured (Figure 2) on the images: w, and
ho, fingertip width and height; w, and hy,, phalanx width and height; Do, Dnas, Dngo. thickness of the soft tissues
at 0°,45° and 90°. Two conics describing the curvatures in the sagittal and longitudinal planes were identified
using a least-square optimisation (i.e. each conics section -parabola, ellipse and hyperbola- were tested to
identify the best fit).

The deflection was calculated as the normal distance between the first contact point of the unloaded and
final position of the loading plan. Estimations of the length and width of the contact area were calculated as the

distances between the most extreme contacts point along the finger longitudinal and transversal axis.


http://www.slicer.org/

2.4 FE inverse method

Using the segmentation of the MRI images, subject-specific geometries were 3D-reconstructed for each
subject. They were then meshed with tetrahedron elements (1 mm-characteristic length, as suggested (Petitjean
et al., 2016)). The fingertip soft tissues are known to be heterogeneous (Clark., 2003; Hauck et al., 2004) with
the skin itself consisting in multi-layers and the subcutaneous part being made of adipose tissue. However, to
avoid a too complex model (i.e. having too many material property and geometrical parameters), an
homogeneous representation of the fingertip soft tissues was chosen in accordance with several studies
(Chamoret et al., 2013; Shimawaki and Sakai, 2007; Wu et al., 2002).

The material properties derived from the literature. The bony phalanx -was-considered as a rigid body
(Srinivasan and Dandekar, 1996), and the nail was associated to a linear elastic material (E = 170 MPa, v = 0.30)
(Shimawaki and Sakai, 2007; Wu et al., 2004; Wu et al., 2002). The material properties of the homogeneous soft
tissues were set as nearly-incompressible hyperelastic (Dandekar et al., 2003; Shao et al., 2010; Yin et al.,
2010). A second order law is necessary to reproduce the strain-hardening effect at large strains (Gent., 2012;
Horgan and Saccomandi, 2002; Horgan and Saccomandi, 2003). Thus, a second order hyperelastic law was
chosen (Equation 1), to avoid having too many parameters to identify as imposed by higher order laws:

, With a 0.49 Poisson ratio (Dandekar et al., 2003; Shao et al., 2010; Yin et al., 2010). A second order
law is necessary to reproduce the strain-hardening effect at large strains (Gent., 2012; Horgan and Saccomandi,
2002; Horgan and Saccomandi, 2003). Thus, a second order hyperelastic law was chosen (Equation 1), to avoid
having too many parameters to identify as imposed by higher order laws:

W = Co (I, =3) + Cyo(Iy — 3)* + Foo (K(v),)) (1)
where K is the bulk modulus linked to the Poisson coefficient, K=2G(1+v) / 3(1-2v) with G = 0.5 (C1¢+Cqy);
and J.the Jacobian linked to the third invariant: I3 = (detF)2 = J2.

Simulations were run with a FE implicit code LS-Dyna (LSTC, Livermore, USA). The boundary
conditions included a fixed bony phalanx and a quasi-static displacement of the loading plane (1 mm/s). Inverse
methods were performed to obtain the material property parameters: Co; and Cyo were varied until both the

simulated deflections at 2 and 4N under 15°-flat compressions were within 0.1 mm of the experimental results.

3 Results

3.1  Geometrical measurements

The averaged fingertip width and height were 16.7 £ 1.1 mm and 12.0 £ 0.8 mm, while the averaged



width and height of the bony phalanx were 4.0 £ 0.8 mm and 7.1 £ 0.7 mm. The thickness of soft tissues was
maximal at 0° with 6.4 £ 0.8 mm (Table 2). Furthermore, the conics describing the best the frontal and sagittal
curvatures were ellipses for the 5 subjects. The anthropometric measurements didn’t show large standard
variations (Table 2). The dimensions of the voxels generated a measurement uncertainty of £0.33mm.

Regarding soft tissue deflections, larger deflections were measured at 15° than at 50° (Figure 3, Table
3). The standard deviations were up to 0.34mm and the uncertainty was +0.58 mm due to the voxel sizes
(0.33 + 0.25 = 0.58 mm).

Regarding the dimensions of the contact area (Figure 3, Table 3), the width wasn’t- much influenced by
the compression load nor the angle. The length of the contact area wasn’t influenced by the compression load,

but by the angle: it was about twice larger at 15° than at 50°.

3.2  FE inverse method
The inverse methods provided averaged errors (between the simulated and experimental deflections) of

0.07mm. The resulting averaged parameters were: Co; = 0.59 * 0.09 kPa and C,, = 2.65 + 0.88 kPa (Table 4).

4  Discussion

The objectives of the present study were to provide external and internal geometries of fingertips and to
investigate their mechanical responses under compression to identify material property parameters of the
fingertip soft tissues.

Regarding the geometry, experimental studies from the literature mainly documented the external
fingertip dimensions. The external geometry results are in accordance with the anthropometry measurements by
Serina et al., (1997) but not with those from Greiner (1991). This can be explained by the fact that this last study
focused on a specific population of soldiers. The small standard deviations of the current fingertip dimensions
could be explained by the fact that the subjects had similar stature (close to 1.75m). However, this point should
be confirmed by expanding the study to a larger sample. A few numerical studies built fingertip models based on
ellipses (Shao et al., 2010; Harih and Dolsak, 2014) or ellipsoids (Wagner et al., 2008; Yin et al., 2010) as for
external geometry. The present results seem to confirm that ellipses could be appropriate; even though this
conclusion will need further investigations on more subjects to be confirmed. As for the internal geometry, the
present results in terms of soft tissue thickness at 0° (6.4 £ 0.81 mm) are comparable to the experimental results

provided by Serina et al. (1997) (5.9 mm at 0°).



Regarding the deflection and contact area of the fingertips under loading compression, the present
results are in accordance with prior ones (Serina et al., 1997; Shimawaki and Sakai, 2007) that were obtained
under similar experimental conditions but using different measurement methods. Indeed, the averaged deflection
determined at 4 N, 50° (2.12 mm) is consistent with the experimental data from Serina et al. (1997) who reported
an averaged 4 N-deflection of 2.24 mm at 45°. Furthermore, the length and width of the contact areas.measured
(Table 3) are consistent with the experimental data measured by Shimawaki and Sakai (2007) who obtained, at
15°, for 4 N-compressions, a length of 21.5 mm and a width of 13.2 mm at the contact area. This accordance
confirms the relevance of our measurement approach based on the analysis of medical images despite its
uncertainty associated to the images resolution. It was observed that the larger the loading angle is, the stiffer is
the fingertip and the smaller is the area of contact. This can be explained by the decreasing amount of soft tissue
to be compressed with higher angles. These results confirm that the influence of the soft tissue thickness is
paramount in the fingertip response to loading and that rightly positioning the bony phalanx inside the whole
fingertip is essential in FE fingertip modeling.

As for the material property, the parameters were predicted through an inverse method with a mean
error of 0.07mm. This low error confirms that the second order hyperelastic law used here can thoroughly suit
fingertip models dedicated to plane compression involving boundary conditions close to a [2 N; 4 N] loading
range and a [15°; 50°] angle range. The parameters predicted in this study will have to be used with care, since
they will only suit models the above-mentioned loadings, and will only suit models whose anthropometries are
close to the present subjects.

The main limitation of this study is the large results’ uncertainty due to the MRI images resolution. As a
perspective;a 7 T-MRI device could be used to further investigate the fingertip. As already mentioned, the small
number of tested subjects, which were all male, is also a limitation. A larger sample of subjects integrating
female subjects, would generate a higher variability in fingertip dimensions and would allow to confirm the
present preliminary conclusions. A last limitation is the low number of loading configurations compared to the
number of loading possibilities in dexterous manipulation. Since the experimental device can apply shear forces,
further studies will include shear configuration and compression at various angles and loads. This would permit
to obtain material property parameters that would fit a larger range of boundary conditions.

Finally, a numerical sensitivity analysis could interestingly reveal the influence of each parameter of the
FE fingertip model (i.e. either geometrical parameters or material property parameters) on the different results

and could allow identify where the experimental efforts should be directed to.
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Captions of the Figures

Figure 1: Illustrations of the experimental set-up. a) A subject is lying in the MRI tunnel, his arm and hand
maintained by sand bags and his finger loaded. b) The specific device enabling to load the finger using sand bags
of 2N or 4N. c) Two different wedges (15° or 50°) are used to generate different flat compressions.

Figure 2: Transversal and longitudinal section of the conics model of the fingertip

Figure 3: a) Force vs deflection at 2 N and 4 N, at 15° and 50°. b) Length of the fingertip contact areas at 2 N
and 4 N, 15° and 50°. c) Width of the fingertip contact areas at 2 N and 4 N, 15° and 50°
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Table 1: Prior experimentations concerning fingertip mechanical characterization

Subjects . .
Contact _ Loading type . Geometrical
Study angle (°) '(:I\_/If—male, (loading device) Imposed condition Results description
=female)
- 4 primates, . .
SN0 Shman SWOIMMESN gt Olee :
subjects g
. Repeated static -
Serina et al., - . . Force vs Length, Width and
1997 0,45,90 12M, 8F compression (Flat 1 N; 4 N loading Displacement Height
plane)
Dynamic Force vs
Wu et al., 2003 20 2M, 2F compression (Flat 2 mm deflection Displacement; Force ~ Width and Height
plane) vs Time
. Loading Displacement vs
Ne;lrazza(\)/g)%et 15 3M Ioell:()j?rrl]aTFI::afh?ZLe) Normal: upto 4.1 N Time; Area of -
v g P Shear:upto 2 N contact vs Force
Dynamic Loading
Pata;goeg al., 0 6M, 3F compression (Flat Normal: up to5 N Digci;%ee;sent -
plane) Shear: upto5 N P
. . Force vs
Dynamic Loadingupto3 N . )
Pawluk and [20; 40] 4M, 1F compression (Flat Velocity up to Displacement; -
Howe, 1999 Pressure vs
plane) 80 mm/s .
Displacement
Shimawaki and Static compression . Width and Length of )
Sakai, 2007 = 1M (Flat plane) Loading upto 4.5 N contact area vs Force
Pérez-Gonzalez Static inde_ntation . Force vs
etal. 2013 0 10M, 10F (3,8 mm diameter Loadingupto6 N Displacement -

cylinder)




Table 2: Fingertip anthropometric measurements. wg and ho are the mean width and height of the fingertip; w,
and hyare the mean width and height of the bony phalanx; Dyo , Dnas @and Dygo are the fingertip soft tissue
thicknesses measured at different angles; vy, (a;; b)) and ys (as; bs) are the longitudinal and frontal ellipses (first
axis length; second axis length), their orientation is given by the B angle.

Wo ho hp Wy Do Dnss Dnso i (au; by) Ys{@s; bs) B

Subject 1 16 13 3.8 1.7 7.5 4.3 2.5 11.5;7.2 16; 7.2 10.2
Subject 2 16 125 5.6 7.9 5.41 3.52 2.9 12.1;7.6 16; 7.6 19.5
Subject 3 17 11 4 8.1 6.4 3.4 2.7 10.7;6.7 17; 6.7 12.1
Subject 4 16 115 2.7 6.3 6.7 2.8 19 11.6; 6 16; 6 12.1
Subject 5 18.5 12 3.7 7.1 5.9 2.7 17 14.1;6.5 18.5;6.5 2.3
Mean (mm) 16.7 12.0 4.0 74 6.4 3.3 2.3 12; 6.8 16.7. 6.8 11.2

StD (mm) 11 0.8 1.0 0.7 0.8 0.6 0.5 1.3;0.6 1.1;04 6.1




Table 3: Deflections and dimensions of the contact area averaged over the subjects at 2 N, 4 N, 15° and 50°

Deflections (mm) Length of the contact area (mm) Width of the contact area (mm)

2N 4N 2N 4N 2N 4N
15° 2.8+0.2 3.1+0.2 20041 219+42 118+1.6 134+14
50° 1.8+0.3 22+04 109+138 12.0+£20 11.8+2.0 12.3+£1.6

Table 4: Results of the Cy; and Cy identification for each subject (units: kPa)

Cu Cyo

Subject 1 0.7 2.8

Subject 2 0.6 1.95

Subject 3 0.5 1.8
Subject 4 0.65 4

Subject 5 0.5 2.7

Mean 0.59 2.65

StD 0.09 0.88






