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Abstract: Previous e:>..J)erimental observations indicated that the contact interactions between finger 
and tool handle interfere with the grasp stability, affecting the comfort and manipulations of hand­
held tools. From a biomechanical point of view, the curvature of the contact surface should affect the 
contact pressure and contact area, and thereby the comfort and manipulations of hand tools. The 
current authors analysed, via a finite element model, the contact interactions between fingertips and 
objects with different curvatures. The effects of the curvature on the contact stiffness, fingertip defor­
mations, contact pressure distributions, and stress/strain distributions within the soft tissues were 
analysed. The simulation results indicated that the curvature of the contact interface influences the 
contact characteristics significantly. For a given contact force, the contact area and the contact stiffness 
increase but the contact pressure and the fingertip deformation decrease with the decrease of the 
contact surface curvature. The present simulation results will be useful for ergonomic designers in 
their aim to improve the design of tool handles. 
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I INTRODUCTION 

Nearly one million American workers each year re­
port taking time away from work to treat and recover 
from musculoskeletal disorders [I]. Hand discom­
fort, especially carpal tunnel syndrome, tendinitis, 
and hand-wrist arthritis, accounts for a great portion 
of the total number of the musculoskeletal disorders. 
Approximately 1.87 million workers reported having 
carpal tunnel syndrome [2, 3], approximately 588 000 
reported having tendinitis or related syndromes [3], 
and almost n,vo million active or recent workers were 
estimated to have han.d-wrist arthritis [3]. Almost all 
of these hand discomforts were among the workers 
using some kind of hand or power tools. For any tools 
from office equipment to heavy-duty construction 
power tools, handles serve as an interface ben.veen 
operators and machines. The contact interactions 
ben.veen hands and handles may interfere with 
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manipulations and musculoskeletal loading during 
operations. 

A tool handle designed to reduce fatigue and to 
improve comfort will lead to a reduction of musculo­
skeletal disorders in the hand. Grant et al. [4] and 
Kong and Freivalds [5] found that the grip strength 
depends strongly on the handle diameter, and the 
grip effort and the injury potential can be reduced 
by using handles of suitable diameter. Wu [6] and 
Chan [7] studied the effects of the handle diameter 
of chopsticks on the food-serving performance and 
found that the diameter of the chopsticks signifi­
cantly influenced the food-pinching efficiency; the 
efforts of food-serving could be minimized using 
chopsticks witl1 an optimized diameter (approxi­
mately 4-6 mm). The size of handles of power tools 
has been a major consideration for ergonomic 
designers in their aim to minimize the operation 
efforts and to maximize the gripping force and 
torque strength (e.g. see references [8-11]). 

The contact interactions ben.veen finger and 
objects may interfere with grasp stability, thereby 
affecting the manipulations of hand-held tools. 
Jenmalm et al. [12] examined the influence of surface 
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were considered to be linearly elastic (Young's modu­
lus= 200 GPa, Poisson's ratio= 0.3). 

2.2 Numerical tests 

In the simulations, the bone within the fingertip was 
considered to be fixed, while the contact object was 
subjected to a displacement towards the fingertip. 
The time history of the prescribed displacement was 
assumed to have a sinusoidal form with a changing 
speed, simulating the grasp task of the human hand 
[21]. The contact between the skin and curved con­
tact surface was considered to be frictionless. The 
effects of material inertia and friction on contact 
pressure distributions were neglected. The force 
responses, the fingertip deformations, the contact 
pressure distributions, and the distributions of the 
stress/strain within the soft tissues, as a function of 
deformations, were calculated in the simulations. 

A total of nine numerical tests of the contact inter­
actions between a fingertip and contact surfaces 

I , 

with different curvatures were performed. In these 
tests, the dimensions of the fingertip were kept 
unchanged, while the curvature of the contact sur­
faces was varied in these nine simulation cases, i.e. 
convex with a radius of R = 12, 25, 50, and 100 mm; 
flat (i.e. R-. w ); and concave with a radius of 
R = -12, - 25, - 50, and -100 mm, as shown in 
Fig. 2. By defining the concave contact surfaces and 
the convex contact surfaces using negative and posi­
tive radius respectively, the curvatures (h'. = 1 / r) of 
the contact surfaces simulated in the study are in a 
range from - 0.083 to + 0.083 mm - 1

• 

3 RESULTS 

In order to validate the proposed FE finger model, 
the numerical simulations on the contact inter­
actions between a fingertip and a flat surface are 
compared with the published experimental data 
[16]. The normalized force response of the fingertip 

;.. .... ~ 

A: R =12 nun. k=0.083 nu11"1 B: R =25 mm. k=0.040 mnr1 C: R =50 mm. k=0.020 mnr 1 

D: R =!00 mm. k=0.010 nu11"1 E: Flat (R -t oo). k=O nun-1 F: R =-100 mm. k=-0.010 mm· 1 

G: R =-50 nun. k=-0.020 mnr 1 H : R =-25 nun. k=-0.040 nu11" 1 I: R =-12 nun. k=-0.083 mm·1 

Fig. 2 Finite element models of the contact interactions between the fingertip and the contact 
surfaces of different curvatures. The contact between the fingertip and the contact surface 
was considered to be frictionless. The contact surface was assumed to be of steel (Young's 
modulus= 200 GPa, Poisson's ratio= 0.3). Numerical simulations were performed using 
nine different curvatures (1,) for the contact surface, as shown in the figure from (a) to (i) 
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Fig. 4 Comparison of the contact pressure distributions at three force levels predicted using the 
current FE model with those obtained experimentally (16) for the contact between a 
fingertip and a flat surface. (a) Characteristic finger width, w, is defined as the contact 
pressure width at half of the maximum pressure values, Pm, for a contact force of 1 N. 
(b) Comparison of the predicted contact pressure distributions at three contact force 
levels (0.54, 1.1, and 2.3 N) with the experimental data (16). The distance from the centre 
is normalized using the characteristic finger width, w, as defined in (a). A section thickness 
of 12 mm was used in the two-dimensional FE model to calculate the contact force 

For all cases, the central contact pressure increases 
almost linearly with increasing contact force, as 
shown in Fig. lO(a). The slope of these curves 
decreases when the curvature of the contact plate 
varied from convex to concave. The central contact 
pressure is plotted as a function of the displacement 
of the contact plate for all simulated cases, as in 
Fig. lO(b) . It is interesting to see that the relationship 
between the central contact pressure and the dis­
placement is independent of the curvature of the 
contact surface. 

The distributions of the horizontal (£11 ) and verti­
cal (£22 ) strains within the soft tissues of the fingertip, 
which is in contact with a flat surface under three 
different loadings of 0.02, 0.04, and 0.08 N/mm, are 
shown in Figs ll(a), (b), and (c) respectively. It is seen 
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that the strains within the soft tissues of the fingertip 
increase with the increased loading; the soft tissues 
undergo tensile straining in the horizontal directions 
(£11 ) and compressive straining in the vertical direc­
tions (£22 ). 

The effects of the curvature of the contact plate on 
the distributions of the strains within the soft tissues 
of the fingertip are analysed by comparing the distri­
butions of the horizontal (£11 ) and vertical (£22 ) 

strains within the soft tissues of the fingertip, which 
is in contact with contact surface of three different 
curvatures (convex with a radius of 25 mm, and flat 
and concave with a radius of - 25 mm) while under 
the same loading (0.04 N /mm), as in Fig. 12. It is seen 
that the strains within the soft tissues of the fingertip 
depend on the curvature of the contact plate and 

Proc. IMechE. Vol. 219 Part H: J. Engineering in Medicine 



Analysis of the contact interactions between fingertips and objects 

0.20 

0.15 

E 
E 
~ 0.10 
Cl) 
u ... 
0 
u. 

0.05 

0.00 

0.0 

-+- concave, r-12 (mm) 

...... concave, r-25 

---- concave, r-50 

--- concave, r-100 

-flat 

-o- convex, r-100 

-o-- convex, r-50 

...,..... convex, r-25 

--- convex, r-12 

0.5 

F1 

1.0 
Displacement (mm) 

1.5 2.0 

Fig. 6 The stiffness of the contact interactions between the fingertip and the contact surface of 
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tact surface. For the same loading (e.g. F1, F2 , and F3 ) , the displacement for the contact 
interaction with a concave surface is smaller than that with a convex surface 
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Fig. 7 The vertical fingertip deformation as a function of the contact force for the contact 
interactions with contact surfaces of different curvatures. The fingertip deformation 
decreases with decreasing curvature of the contact surface. For the same loading (e.g. F 11 

F2 , and F3 ), the fingertip deformation for the contact interaction with a concave surface 
is smaller than that with a convex surface. The vertical fingertip deformation is calculated 
by the difference in the displacements between the centre of the contact surface and the 
centre of the nail surface 
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white finger has been related to the high contact 
pressures at the fingertips [22-24). The concentrated 
contact pressure at the fingertips under tool vibra­
tion is believed to affect the haemodynarnic forces 
in the arterial walls and produces alteration of the 
arterial blood flow, thereby inducing degenerations 
of neural and vascular system in the fingers. There­
fore, reducing the concentrations of contact pressure 
in the tool handle will not only help improve the 

comfort in tool manipulations but also reduce the 
risk of the hand-arm vibration syndrome. 
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The current simulation results indicated that the 
curvature of the contact interface significantly influ­
ences the contact characteristics. The stiffness of 
contact increased gradually when the contact surface 
curvature varied from 0.01 to -0.04 mm - i (Figs 5 to 
7). A further reduction of the contact surface curva­
ture resulted in a rapid increase in the contact 
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Fig. 9 Contact pressure distributions as a function of contact surface curvature for three different 
loading levels: (a) F1 = 0.02 N Imm; (b) F2 = 0.04 N Imm; (c) F3 = 0.08 N Imm. The contact 
pressure and contact surface increase with increasing contact surface curvature 
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Fig. 11 Deformation and strain distributions within the soft tissues of the fingertip in con­
tact with a flat surface under three different loading levels: (a) F1 = 0.02 Nlmm; 
(b) F2 = 0.04 N/mm; (c) F3 = 0.08 Nlmm. The figures in the left column are the strain 
distributions in the horizontal direction (£11 ), while those in the right column are the 
strain distributions in the vertical direction (£22 ) 

the thickness and properties of the covering 
materials. 

The numerical simulations conducted in the 
present studies were based on a two-dimensional FE 
model that is different from real, three-dimensional 
cases where many tool handles have a curvature that 
is not constant but varies as a function of length. 
Therefore, the absolute values of the contact stiff­
ness, contact pressures, and stresses in the soft 
tissues may be different from the real cases. How­
ever, the trends of the effects of the curvature of 
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the contact surfaces predicted here using the two­
dimensional model should be reasonable. 

In summary, the contact interactions between the 
fingertips and objects with different curvatures have 
been analysed via a finite element model in the pre­
sent study. The curvature of the contact surface has 
been found to affect the contact stiffness, fingertip 
deformations, contact pressure distributions, and 
stress/strain distributions within the soft tissues. The 
present simulation results will be useful to ergo­
nomic designers in improving the design of tool 
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APPENDIX I 

Notation 

c 
e 

p 

right Cauchy-Green 
deformation tensor 
void ratio at the deformed 
state 
void ratio at the undeformed 
state 
horizontal and vertical strains 
respectively 
constant forces applied on 
finger 
deformation gradient tensor 
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the solid and fluid phases, Gs and Gr respectively 

at= af +as 

as= a()- <JJSpl 

(5) 

where <Ps and <Pr, with <Ps+<Pr=l, are the instan­
taneous volume fractions of the solid and fluid 
phases respectively; p is the fluid pressure; the 
superscripts s and f imply the solid and fluid phases 
respectively. The stress in solid, Gs, is determined 
using equations (3) and (4). 

The equation of motion of the tissue is governed by 

V · as+ifs = 0, (6) 

where ifr and ifs are the momentum exchanges, 
given by 

jff =-ifs = <J>SVp+K(iis- v f) (7) 

where i/ and ii' are the speed of the fluid and solid 
phases respectively, K is the diffusive drag constant, 
which measures the frictional resistance of the fluid 
flowing through the solid matrix and is related to 
the hydraulic permeability, k, by K = (<Pr) 2 ! k. The 
hydraulic permeability is considered to be defor­
mation-dependent [28, 29) 

k= k0 (:J 11

exp{ ~[ (/ ::J2 

-1 ]} (8) 

where e and e0 are the void ratios at the deformed 
and undeformed states respectively, k and k0 are 
the hydraulic permeabilities at the deformed and 
undeformed state respectively, and M and n are the 
material parameters. 

APPENDIX3 

The Young's moduli of the bone and nail were 
assumed, according to the published experimental 
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data [30), to be 17.0 GPa and 170.0 MPa respectively, 
while Poisson's ratio was assumed to be 0.30 for 
both. The material parameters of the skin and sub­
cutaneous tissues used in the present simulations 
were determined based on published experimental 
data [31-33) (see Tables 1 to 3) . The hydraulic per­
meability of the soft tissue has not been measured 
experimentally to date. It has been assumed that the 
permeability of the soft tissue is similar to that of 
articular cartilage [28), as suggested by Zhang et al. 
(34). 

Table 1 Material parameters characterizing hyper­
elasticity and viscoelasticity for the skin 
(1• = 0.40) 

l 2 3 

Cl.; 4.941 6.425 4.712 
11; (MPa) - 7.594 X 10 - 2 1.138 X 10 - 2 6.572 X 10 - 2 

g; 0.148 0.252 
r; (S) 2.123 9.371 

Table 2 Material parameters characterizing the 
hyperelasticity for the subcutaneous tissue 
(v = 0.40) 

2 3 

rt.; 5.511 6.571 5.262 
JI; (MPa) -4.895 X 10 - 2 9.889 X 10 - 3 3.964 X 10 - 2 

Table 3 Material parameters of hydraulic permeability 
for the subcutaneous tissue 

M 1l ko(m''IN s) 

4.638 0.0848 1.0 X 10 - 15 1.5 
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