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ABSTRACT

Many researchers have investigated the mechanical loads during hand tool use to increase the user performance,
satisfaction, and lower the risk of acute and cumulative trauma disorders. While grasping, the mechanical loads are
directly transferred to the hand. Rough guidelines of pressure discomfort (PDT) and also pressure-pain threshold
(PPT) were provided by previous researchers, where values differ by the subject and the area of the hand. The
difference in both limits is between subjects due to the different psychological and physiological factors. In order to
understand the physiological aspect of the PDT and PPT difference between subjects, we investigated the influence
of the fingertip anthropometry and anatomy on the grasping and the resulting mechanical loads on the fingertip
using finite element analysis. Results from the numerical tests have shown significant difference between peak
contact pressures as well as the contact pressure distribution between different fingertips. It has been shown that
based only on anthropometry the peak contact pressure values and contact pressure distribution cannot be predicted,
since geometry of the anatomical structures, especially the bone has significantly higher influence on the peak
contact pressure and contact pressure distribution during grasping.

Keywords: finger geometry, finite element analysis, contact pressure, pressure discomfort threshold, pressure pain
treshold

INTRODUCTION

A significant part of manual work is still done using hand-tools, therefore a correct design is crucial for preventing
upper extremity acute trauma disorders and cumulative trauma disorders, such as blisters, carpal tunnel syndrome,
hand-arm vibration syndrome, tendonitis, etc. (Moore, et al. 1991). Many researchers have paid a lot of attention to
hand tools in terms of perceived discomfort. Comfort is strongly correlated to user performance and injury
frequency (Kinchington, et al. 2012, Kuijt-Evers, et al. 2007, Mundermann, et al. 2001). Comfort is affected by
physical, physiological, and psychological factors, and is subjectively defined by feelings, which differs from
subject to subject (De Looze, et al. 2003). Therefore designers have to optimize the human-product interaction in
order to reduce the discomfort (Kuijt-Evers, et al. 2004). The feeling of discomfort whilst using a hand-tool can
reduce the efficiency of the task, and user’s satisfaction. The reduction of discomfort is mainly possible by
optimising the functionality of the hand-tool, and the physical interaction between the hand and the handle. It has
been also shown that great correlation exists between physical and psychophysical properties of the materials which
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are in touch by the users (Wongsriruksa, et al. 2012).

The mechanical properties of the skin and subcutaneous tissue is very important during grasping tasks as they are in
direct contact and the forces and moments are transferred from the tool to the whole hand-arm system. They have
been extensively investigated by many researchers showing that skin and subcutaneous tissue have non-linear
viscoelastic properties, where the skin is stiffer than the subcutaneous tissue (Clark, et al. 1996, Edwards and Marks
1995, Pan, et al. 1998, Wan Abas 1994, Wilhelmi, et al. 1998, Wu, John Z., et al. 2007, Zheng and Mak 1996). Both
have low stiffness regions at small strains followed by a substantial increase in the stiffness when the strain
increases. Brand and Hollisters’ (1999) rough guidelines are provided for the maximum suggested pressure versus
time application over bony prominences. It has been shown that higher contact pressures than allowed for a specific
time can result in discomfort, pain, and ischemia which can lead to ATD and CTD. It has been shown that hand-
tools which require high grip, push, pull or torque exertion on the handle produce high contact pressures, which is
known to be one of the primary factors for the development of ATD and also CTD (Eksioglu 2004, Radwin, et al.
1987, Rempel, et al. 1992, Riedel 1995). However some authors have argued that higher contact area can lower the
subjective comfort rating, since higher contact area triggers more pressure sensors in the soft tissue (Goonetilleke
and Eng 1994, Xiong, et al. 2011). Therefore the designer has to find the optimal contact area which can increase the
subjective comfort rating and lower the risk of ATD and CTD which are contact pressure induced.

Aldien et al., (2005) provided rough guidelines of pressure discomfort (PDT) and also pressure-pain threshold
(PPT), where PPT is higher than PDT and values differ by the area of the hand. Also different subjects reported
different values due to subjective perception of the load on the hand. The PDT limit of 188kPa has been reported by
Aldien et al. (2005), however Fransson-Hall and Kilbom (1993) estimated the value as 104kPa. In order to maintain
the desired user performance, the designer has to design tool-handles, which distributes contact pressure more
evenly and do not exceed the PDT limits (Aldien, et al. 2005).

As comfort ratings when using hand tools are subjectively defined, it is also preferable to use subjective
measurement methods such as hand tool testing of targetted populations and questionnaires, when evaluating a hand
tool (Kuijt-Evers, et al. 2007). However this method gives only the resulting comfort rating and does not provide
any insight into the physiological aspect of comfort and the difference between the subjects. Subjective methods also
have clear disadvantages such as time error and context effects (Annett 2002).

Therefore we utilized finite element analysis to investigate the influence of fingertip anthropometry and anatomy on
mechanical loads during grasping using three different 3D fingertip models based on reconstructed medical images.

METHODS

In order to investigate the influence of fingertip anthropometry and anatomy on mechanical loads we used finite
element simulation software Abaqus/CAE 6.10 from Dassault Systems (France). Previous authors have shown, that
it is a reliable FEA software for simulating human tissue behaviour under mechanical stresses (Wu and Dong 2005,
W, et al. 2002, W, J. Z., et al. 2007).

We modelled three different 3D fingertip models based on reconstructed. Tool-handle was modelled as flat block
with corresponding material parameters. Body force was applied on the bones of the fingertip to simulate the finger
force while grasping a tool-handle. Numerical tests using predefined forces were performed to produce characteristic
contact pressures. For each numerical test we observed the contact pressure distribution at the contact area,
continuous peak contact pressure value and vertical fingertip displacement.

Finite element model — material parameters

Fingertip bone and nail were assumed to be linear elastic with isotropic material parameters with Young’s modulus
of 17GPa and 170MPa respectively, with a Poisson ratio of 0.3 (Wu, et al. 2002). The material parameters of skin
and subcutaneous tissue were extracted from a uniaxial tensile test, and were fitted to the Ogden hyper-elastic
material model (Pan, et al. 1998) (Table 1 and 2). Since skin and subcutaneous tissue are almost incompressible, the
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Poisson ratio was determined to be 0.4 (Wu, et al. 2002). Steel as a quasi-rigid material was used for the tool
material with Young’s modulus of 210Gpa and a Poisson ratio of 0.3.

Table 1: Material parameters determining hyper elasticity of skin:

E3

handle

Skin Subcutaneous tissue
N Hi ai Ui o
1 -0.07594 4.941 -0.04895 5.511
2 0.01138 6.425 0.00989 6.571
3 0.06572 4.712 0.03964 5.262

Finite element model — geometrical and boundary conditions

For the FE models we used three different 3D reconstructed models of a human fingertip based on medical imaging
(Figure 1) (Yoshida, et al. 2011).

Figure 1. Comparison of anatomy between different fingertips in cut view.

For the grasping simulation a flat block representing a tool handle was modelled and was positioned to be in contact

with the fingertip (Figure 2). Displacements and rotations of the block representing the tool-handle were fixed

on the

lower surface. The displacement and rotations of the fingertip were fixed, except for the displacement along the

vertical axis. In the simulations the fingertip and surface were meshed using C3D4 elements (Figure 2).

Figure 2. Fingertip and surface meshing.
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Finite element model — numerical tests

The simulated finger force was set to obtain characteristic contact pressures of 40kPa, 80kPa, 120kPa and 160kPa
using the fingertip 003, which was closest to the 50™ percentile human fingertip geometry. Same finger force was
then applied to simulations using other two human fingertips (001 and 002).

RESULTS

Verification

In our previous research we verified and validated our 2D FE model in regard to existing FE models and to
experimental data, since it showed great correspondence between both results (Harih and DolSak 2013).

In order to verify the 3D fingertip model, the closest match according to the anthropometric measurements of the 2D
fingertip was chosen. We investigated the continuous peak contact pressure versus vertical displacement of the
fingertip. Results show excellent correspondence, since there is only small difference in the contact pressure for the
given vertical displacement (Figure 3). The slight difference in the curve shape can be explained by slightly different
geometries of the 2D and 3D fingertip models. Thereby it can be assumed, that the 3D fingertip has been verified.
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Figure 3. Comparison of continuous peak contact pressure versus vertical deformation of the 2D and
3D fingertip.

Contact pressure distribution

For each fingertip and load-case we provided contact pressure distribution, which showed the distribution of the
contact pressure of the fingertip across the contact area between the fingertip and tool-handle. Thereby direct

comparisons and evaluations between different fingertip geometries and load-cases were possible (Figures 4, 5, 6,
and 7).

Firstly we observed the load-case where a peak contact pressure of 40kPa was obtained during the contact of the
fingertip 003 with the surface (Figure 4), which simulates contact pressure holding a tool in the hands (Aldien, et al.
2005). The finger force, which needed to reach this contact pressure, was then applied to simulations using other two

fingertips (001 and 002). The highest contact pressure was obtained with fingertip 001 and was 52kPa, while the
contact pressure with fingertip 002 was 41kPa.
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Figure 4. Contact pressure distribution for finger force producing 40kPa with fingertip 003.

For the next load case we set the finger force to produce the maximum contact pressure of 80kPa during the contact
of a fingertip 003 with the surface (Figure 5). The resulting maximum contact pressure for the set finger force was
with the case of fingertip 001 104kPa and for fingertip 002 84kPa. From the distributions it is also evident, that
different fingertip geometries start to show different contact pressure distributions.
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Figure 5. Contact pressure distribution for finger force producing 80kPa with fingertip 003.

In next load case we observed the contact pressure distribution where a maximum contact pressure of 120kPa was
obtained during the contact of the fingertip 003 with the surface (Figure 6). The results show the trend that fingertip
001 produces the highest maximum contact pressure (154kPa) followed by fingertip 002 (125kPa). Additionally the
difference in contact pressure distributions for each fingertip become more different.
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Figure 6. Contact pressure distribution for finger force producing 120kPa with fingertip 003.

The final load case was set to produce 160kPa of maximum contact pressure with the fingertip 003. The finger force
needed to obtain this contact pressure was then again applied to other fingertips. The highest contact pressure was
again obtained with the fingertip 001 (203kPa) followed by the fingertip 002 (166kPa) (Figure 7).
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Figure 7. Contact pressure distribution for finger force producing 160kPa with fingertip 003.

Contact pressure — normalized finger force

We also plotted the maximum continuous contact pressure for each fingertip in comparison to the normalized finger
force to observe the difference between the different fingertip geometries (Figure 8). The results show almost linear
correlation between the maximum contact pressure and the normalized finger force. It is evident that fingertip 002
and 003 have almost the same behavior, while the fingertip 001 shows significant higher contact pressures for the
given normalized finger force.
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Figure 8. Maximum continuous contact pressure versus normalized finger force.

Contact pressure — vertical finger displacement

We also observed the continuous contact pressure in comparison to the vertical finger displacement. Fingertips 002
and 003 show almost the same behavior, where the fingertip 002 shows slightly higher vertical finger displacement
for the given contact pressure. The fingertip 001 shows almost the same behavior to a vertical finger displacement of
around 3mm. Afterwards the fingertip 001 produces significantly higher vertical finger displacement for the given
contact pressure.
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Figure 9. Maximum continuous contact pressure versus vertical finger displacement.

DISCUSSION

Contact pressure distribution

It has been shown that power grasps of badly sized and shaped tool-handles can yield in high contact pressures,
which can induce many ATD and CTD. Previous research showed different values of PDT and PPT, where values
differ by the subject and the area of the hand. In order to investigate the physiological aspect of the difference, we
investigated the contact pressure distribution of a three different fingertip geometries with four load cases of 40kPa,
80kPa, 120kPa and 160kPa.

For the first load case, which was set to produce 40kPa with the fingertip 003, the results already show difference
between each fingertip (Figure 4). The highest contact pressure was obtained with the fingertip 001. This can be
explained by the contact pressure distribution, which shows, that with the fingertip 001 the contact pressure is
distributed over smaller area in comparison to the fingertips 002 and 003. The results show that the higher value of
contact pressure of the fingertip 001 is due to more concentrated contact pressure, while the contact pressure of the
fingertip 002 is more evenly distributed across the contact area. This is even more evident with the fingertip 003,
where the contact area is larger especially in the direction towards the end of the finger.

In next load case (80kPa with the fingertip 003) the difference in contact pressure distribution is even more evident
(Figure 5). From the maximum contact pressure for each fingertip and contact distribution it can be concluded that
the fingertip 001 produces higher maximum contact pressure due to the smaller contact area and strong non-uniform
distribution. The fingertip 003 shows completely different contact pressure distribution. This indicates, that higher
area of the fingertip is in contact in comparison to the fingertip 001, where contact is established only at the centre.
Despite the contact pressure distributions between fingertip 002 and 003 show significant difference, the peak
contact pressure is just slightly different. This can be explained by the very even contact distribution of the fingertip
002.

In load case, which was set to produce 120kPa with the fingertip 003, the difference in contact pressure distributions
by all fingertips continues the trend from the previous load cases. The maximum contact pressure of the fingertip
001 is 154kPa, which is 34kpa over the maximum contact pressure of the fingertip 003 (120kPa). The difference is
clearly visible from the contact pressure distribution (Figure 6). While the contact pressure distribution with the
fingertip 001 shows smaller contact area and higher differences, the fingertip 003 shows higher contact area and
more even contact pressure distribution. Despite the fingertips 002 and 003 produce almost the same contact
pressure (125kPa and 120kPa respectively), the contact pressure distributions differ to great extent. Fingertip 002
shows oval like contact area with even contact pressure distribution, while the fingertip 003 shows longer and
narrower contact area and contact pressure distribution with higher differences in contact pressure.

Finally we discuss the results from the load case, which was set to produce 160kPa with the fingertip 003. The peak
contact pressure was obtained with the fingertip 001 (203kPa), which is 43kPa over the value with the fingertip 003.
The peak contact pressure of the fingertip 002 is slightly over the contact pressure of the fingertip 003 (166kPa and
160kPa respectively). The final load case confirms the trend, which showed uneven contact pressure distribution by
the fingertip 001. Despite the similarity of the contact area shape of the fingertip 001 and 002, the difference in
contact pressure distribution is significant. In case of the fingertip 002, the contact pressure is more evenly
distributed. The fingertip 003 shows again significant difference in contact area and pressure distribution. All
fingertips have one peak contact area. In fingertip 001 and 002 the location of the peak contact pressure is similar,
however the fingertip 003 shows different location.

The differences in peak contact pressures, their locations and contact pressure distributions cannot be discussed
without the evaluation of each fingertip geometry and anatomy. Therefore we additionally observed a cut view of
each fingertip during contact of the tool-handle with the highest load case (Figure 10). Based on the cut views it is
evident that the geometry of the both bones have significant impact on the resulting contact peak pressure as well as
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the contact pressure distribution. The fingertip 001 distal phalange bone is in comparison to the bone of the fingertip
002 and 003 smaller and shorter. Based on the cut view it is also evident that the angle of the lower contour of the
bone in fingertip 001 is slightly tilted upwards in comparison to the fingertip 003. Concave like distal phalange bone
of fingertip 003 with almost no tilt produces uniform contact pressure distribution, which is distributed across the
whole length of the finger. This can be explained by the fact that the soft tissue is encapsulated by the bone due to its
shape. The shape of the distal phalange bone of fingertip 001 is similar to the shape of the bone of fingertip 002,
however it is smaller, which explains the higher peak contact pressure and less uniform contact pressure distribution.

Figure 10. Cut view of each fingertip anatomy during contact of the tool-handle at the highest load case.

Contact pressure — normalized finger force

We also investigated the continuous peak contact pressure versus normalized finger force (Figure 8). The peak
contact pressure point is determined for each fingertip at the highest load case. The results provide continuous
values of contact pressure for peak contact pressure point in comparison to the normalised finger force. From the
diagram it is evident, that the fingertip 001 shows significantly different curve. For the given normalised finger force
fingertip 001 produces higher contact pressure in comparison to the fingertip 002 and 003. Fingertip 002 and 003
show similar behaviour, however it can be observed, that the curves intersect at about normalised finger force of 0.1.
This can be explained by the fact that more than one fingertip parameter has influence on the results of peak contact
pressure in comparison to the normalised finger force. This suggests that the fingertip amount of soft tissue as well
as underlying geometry of anatomical structure of the bone has significant impact on the resulting contact pressure
in comparison to the normalised finger force. Based on the results of contact pressure distribution it can be
concluded that at lower contact pressure the amount of soft tissue has greater influence on the resulting contact
pressure and at higher contact pressures, when the soft tissue is already deformed, the fingertip anatomy and its
geometry has higher influence on the resulting contact pressure and distribution.

Contact pressure — vertical finger displacement

Additionally we also investigated the continuous peak contact pressure in comparison to the vertical deformation of
fingertip. All fingertips show the characteristic behavior typical for the hyper-elastic skin and subcutaneous tissue
(Figure 9). At the start of the grasping simulation the increase of contact pressure with fingertip vertical
displacement is relatively small. However due to the non-linear behavior of the soft tissue, the soft tissue shows
substantial increase in stiffness when the contact pressure is increased. Again, the fingertip 002 and 003 show
similar curve with similar amount of vertical fingertip displacement and peak contact pressure and fingertip 001
shows significantly different behavior. Since fingertip 001 can be considered as thick finger, it has significantly
more soft tissue compared to the fingertip 002 and 003. Therefore also the deformation and vertical displacement is
higher than with the fingertip 002 and 003.

CONCLUSIONS

We investigated the physiological aspect of the PDT and PPT difference between subjects and the influence of the
fingertip anthropometry and anatomy on the grasping and the resulting mechanical loads on the fingertip using finite
element analysis. Results have shown there is significant difference in peak contact pressure values as well as
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contact pressure distributions. It has been shown that based only on anthropometry the peak contact pressure values
and contact pressure distribution cannot be predicted. Therefore it is necessary to simulate the whole fingertip using
a 3D fingertip model based on medical imaging with correct anatomical structure and geometry. Results suggest that
underlying anatomical structure and geometry, especially of the bone, has significant influence on the peak contact
pressure as well as contact pressure distribution. Results have shown that the peak contact pressure varies over 20%
between different fingertips, which explains the physiological difference of PDT and PPT.

Future work should investigate more fingertip geometries in order to further investigate influence of fingertip
anthropometry and geometry of anatomical structure of the fingertip. Additionally subjective responses could be
also evaluated, which would allow the evaluation of the values and their influence on the PDT and PPT.
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