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Abstract.
BACKGROUND: An artificial fingertip with mechanical features and appearance similar to the human fingertip could represent
a significant step forward towards the development of the next generation artificial hands. However, so far, a fingertip showing a
good trade-off among mechanical features, appearance and anthropomorphism, along with its 3D computational model, is still
missing.
OBJECTIVE: To explore and develop an artificial fingertip demonstrating a mechanical response similar to the human fingertip,
in order to improve the grasp stability of robotic hands.
METHODS: Taking inspiration from the multi-layered structure of the human finger, novel artificial fingertips, composed of
a rigid core and covered by layers of polymeric materials with different degrees of stiffness and topped by a hard nail were
developed. An accurate 3D finite element (FE) model was also developed in order to simulate and evaluate the internal mechanical
behavior of the prototypes under external indentations. The mechanical response of the prototypes was assessed and compared
with that of the human fingertip and the FE model results, under different experimental conditions. Finally, the artificial fingertips
were integrated into an anthropomorphic robotic hand and evaluated in grip tests, in order to compare the grasp stability with
respect to conventional stiff (metal) fingertips.
RESULTS: The developed prototypes demonstrated a response to compression tests similar to the human finger and the FE
model showed a discrete accuracy (mean error 7%). Finally, an increased ability (by 96%) in stably holding objects during
precision grips with respect to conventional stiff fingers was demonstrated.
CONCLUSION: Multi-layered biomimetic fingertips can improve grasp stability and cosmetic appearance of anthropomorphic
robot hands.
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1. Introduction

The ability to precisely manipulate objects through
fingers i.e. dexterity, is one of the most amazing fea-
tures of the human hand. This feature besides being
enabled by modality-specific mechanoreceptors which
are integrated into a sophisticated sensorimotor sys-
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tem, is also possible due to the mechanical properties
and physical structure of the fingers/fingertips [14]. For
this reason a fingertip with structure and mechanical
features similar to the biological model would repre-
sent a significant step forward towards the development
of the next generation artificial hands.

The human fingertip comprises two skin layers (the
epidermis and the dermis layers), subcutaneous fat tis-
sues, the bone and the nail. All of these present different
mechanical features [6, 14], and thus the whole struc-
ture shows a non-linear and time-dependent degree
of stiffness, if mechanically stimulated. In particular
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the stiffness of the finger pad increases non-linearly
with the force and speed of the stimulus. This peculiar
feature plays a fundamental role during manipulation,
precision grasping of objects and tactile perception
[23]. In fact, while grasping and manipulating objects
the softness of the fingertip enhances its conforma-
bility (by increasing the contact area) thus improving
grasp stability, reducing contact pressures and risks of
damaging fragile objects. When heavy objects are hand
held and high forces are engaged, the pulps are com-
pressed towards the nails which limit the deformation
of the pulps and provide the sufficient rigidity required
to accomplish the task. The stiffness of the finger pad is
a time-dependent characteristic; it can be modeled as a
function of the present and past speed of the mechan-
ical stimulus and shows high hysteresis when stressed
with loading and unloading indentation cycles. This
feature is actually important as it allows the finger
pad to absorb the energy from accidental impacts that
might be experienced during grasping and catching of
objects.

Several works investigated the mechanics and the
response to mechanical stimuli by the human finger
pad. Pawluk and Howe [22] and Wu et al. [32] studied
the in vivo dynamic response when the finger pad is
mechanically stimulated along the normal direction.
Nakazawa et al. [16] and Pataky et al. [21] examined
the impedance characteristics of the human finger pad
along the tangential direction. Serina et al. [25] and
Jindrich et al. [12] characterized the pulp response to
repeated compressive loads. All these works agreed on
the fact that the behavior of the pulp under indentation
is represented by a non-linear function.

Several types of artificial fingertips were developed
in order to mimic the non-linear mechanical behavior
of the human finger. This non-linearity, and in general,
the mechanical features of the human finger (e.g. resis-
tance to wear, resistance to load, size, etc) cannot be
replicated artificially by a single layer structure. In fact
this is the result of a combination of layers each with
different mechanical characteristics [1, 6]. Hence, fin-
ger pads comprising multiple layers were developed in
the past. In particular: fingertips with a rigid core and a
homogeneous compliant layer [15], with a rigid core,
a homogeneous layer and a hard nail [30] and with a
rigid core with multiple layers [1, 5, 7, 8, 26, 28, 29,
31]. Other studies compared the mechanical features of
artificial fingertips to the human model; Chorley et al.
[5] and Han and Kawamura [7] compared the stiff-
ness, Han et al. [8] and Shao et al. [26] compared the

friction. All these prototypes were developed but with-
out the anthropomorphism/shape of the fingertip, with
the result that they looked more like cylinders than like
human fingers. However, in order to accurately mimick
the non linear characteristic of the human fingertip the
morphology/shape do count: the shape of the finger
pad affects the mechanical response since it defines
the distribution of the loads within the structure and
across different materials (when present) [25] and thus
it is imperative to be considered in the design.

Another key aspect of this research area relates to
the development of computational models capable of
describing accurately the mechanical behavior of the
fingertip. Such a model is necessary for understand-
ing the mechanical phenomena internal to the fingertip
and to computationally evaluate the influence of the
different design parameters (such as the thickness of
the layers, the number of layers, the material proper-
ties, the bone shape, etc.) on the mechanical properties.
The finite element method (FEM) was exploited for
this purpose due to its ability to simulate complex non-
linear structures [1, 4, 6, 26, 33]. Dandekar et al. [6]
developed a 3D multi-layered FE model of the human
and of the monkey fingertips and demonstrated that
their model could predict the responses to indentations
of complex object shapes of the slowly adapting type
I (i.e. SA I) mechanoreceptors. Wu et al. [33] modeled
the dynamic response of the human fingertip with a
multi-layered two-dimensional FE model. Shao et al.
[26] developed a multi-layered 2D FE model in order to
simulate the mechanical behavior of an artificial finger-
tip. Berselli et al. [1] used a 2D FE model that provided
an estimate of hardness and friction influence on the
static compliance of the finger pad. Cabibihan et al. [4]
developed a 3D multi-layered FE model with the aim
of comparing the force-displacement characteristic of
an artificial finger with the experimental curves of the
human phalanges; the simulated models were used to
investigate the influence of the topology and materials
used on the mechanical properties.

However, although several advancements were pre-
sented in the area of artificial hand design [1, 5], a
fingertip showing a good trade-off among mechanical
characteristics, appearance and anthropomorphism,
along with its 3D computational model is still missing.

This work presents a novel bioinspired fingertip,
composed of a bone (i.e. a rigid plastic core) covered
by two polymeric layers with different degrees of stiff-
ness and topped by a hard nail. The polymeric materials
chosen were experimentally characterized in order to
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model their mechanical behaviors and to develop an
accurate FE model of the global structure of the artifi-
cial fingertip. Different fingertips were manufactured
and their mechanical response was evaluated and com-
pared to the human fingertip and to the FE model
results, under different conditions. The results showed
that the prototypes demonstrated a response to com-
pression tests similar to the human finger and that the
FE model was accurate (mean error 7%). Finally the
importance of having compliant, biomimetic fingers
was demonstrated by means of grasping tests using a
robotic hand equipped with the developed fingertips.
The ability to firmly hold objects in precision grips
when using the biomimetic fingertips was increased
by 96 % with respect to stiff fingertips. These results
open up promising possibilities for the development of
the next generation artificial hands.

2. Materials and methods

2.1. The human fingertip

The finger pad comprises of several layers of tis-
sues that cover the distal phalanx (hard bony structure)
and a nail (keratinized skin cells) (Fig. 1a). The outer
epidermal layer (epidermis) is thin (<1 mm), flexible
and hard. This layer provides a strong resistance to
tear, stretch and wear and protects/surrounds a softer
dermal layer (dermis) and a very soft inner core of
subcutaneous fat tissue matrix. The latter is, by vol-
ume, 60–72% water and is primarily composed of
elastic adipose cells enmeshed in a network of loose
fibrous tissue. Hence, forces normal to the epidermis
produce large deformations allowing the finger pad to
conform to surface edges with the smallest level of
detail. Dorsally to the bone the nail bed (i.e. a harder
skin structure) secures the nail and the skin to the bone.
The nail, which has evolved out of claws, is a relatively
flat curved carapace to protect the finger pad, which is
functional for fingertip precision prehension and for
suppressing excessive deformations of the soft tissues,
in the case of palmar prehension, thus increasing the
friction coefficient [15].

2.2. Morphological design of the artificial
fingertips

Two fingertip morphologies were adopted and
designed (named prototype � and � in Fig. 1b, c),

both based on the human fingertip. Both morpholo-
gies comprised of a multi-layer structure with a rigid
core (that mimicked the geometry of the bone), two
soft layers (that mimicked the epidermis and subcuta-
neous fat tissue, respectively) and a rigid nail on the
dorsum. In both cases, all the layers had ellipsoid-like
sections with different radius based on the work by
Shao and colleagues [26]. The distal bone was placed
approximately 2 mm towards the dorsal part of the fin-
gertip (towards the nail) with respect to the center of the
sections of the surrounding layers. The fingertip was
bent by 20◦ deg in order to mimic the typical distal-
interphalangeal (DIP) joint angle during activities of
daily living [9]. The finger pad of the � prototype (pad
�) was designed with a large flat surface in order to
present a large contact area from the onset of the con-
tact. The angle of the plane of the flat surface was 20◦
deg with respect to the principal axis of the fingertip
in the sagittal plane. Prototype � (pad �) had the same
geometry of � except for the pulp of the tip that was
rounded so mimicking the human curvature. The latter
was experimentally measured from 40 index fingers
of 20 human subjects and the average curvature (cal-
culated using the major and minor semi-axes of the
elliptic sections in the sagittal and transversal planes)
was scaled to the dimensions of the artificial fingertip.

2.3. Selection of the materials

Measurements of the mechanical response of human
finger pads (ex-vivo and in-vivo experiments) are the
major source of reference in the literature [6, 13] (elas-
tic modulus of bone, dermis and epidermis around 104,
10−1 and 10−2 MPa, respectively) and were used for
guiding our work. For each layer we chose materi-
als from those commercially available with an elastic
modulus comparable to that of the biological layer.
Our objective indeed was to develop a prototype using
solid (rather than fluid) materials, in order to integrate
therein tactile sensors, in future works. We manu-
factured the bone using polyurethane resin (Axson
PX2017, Young’s Modulus of 1650 MPa) by means
of vacuum casting molding technique. The multilayer
soft structure of the fingertip was developed using
custom molds and cold casting techniques (process
is graphically described in Fig. 2a). Soft layers were
manufactured using different kinds of silicone rub-
ber: the outer layer, which reproduced the epidermis
and dermis layers, was a commercial hyper-elastic
silicone rubber (DragonSkin® Shore Hardness A-10,
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Fig. 1. Structures of the human finger pad and of two artificial finger pads developed. (a) Transversal (Sec. A-A) and partial sagittal sections of
the human finger pad. (b) Three sections of one of the artificial finger pads (i.e. pad �). The distal interphalangeal joint is missing but the finger
is bent (160◦ angle between the axis). (c) Two sections of a second finger pad (pad �).

Table 1
Materials properties

Material Shore hardness Elastic modulus (MPa) Ultimate strength (MPa) Breaking elongation (%)

At −10% At −20% At +100%

DragonSkin-10 A-10 0.356 ± 0.002 0.421 ± 0.005 0.137 ± 0.005 0.812 ± 0.072 1623.7 ± 93.9
EcoFlex 00-10 00-10 0.05 ± 0.000 0.06 ± 0.001 0.0382 ± 0.001 0.730 ± 0.116 1237.6 ± 106.1
EcoFlex 00-30 00-30 0.0928 ± 0.004 0.109 ± 0.008 0.0477 ± 0.001 2.370 ± 0.211 1448.9 ± 113.6

SmoothOn Inc.); for the inner layer, which repro-
duced the fat subcutaneous tissue, the two softest
silicone rubbers commercially available were inves-
tigated: EcoFlex® Shore Hardness 00-10 (pads � 1010
and � 1010) and EcoFlex® Shore Hardness 00-30 (pads
� 3010 and � 3010). Unfortunately it was not possi-
ble to find rubbers having a lower Shore Hardness.
The characteristics of these materials, were measured
by means of uniaxial compression and tensile tests,
according to the ISO (International Organization for
Standardization) procedures [10, 11]. The results are
shown in Table 1 and were used to implement the FEM.

2.4. Finite elements model

A multi-body three dimensional computational
model was implemented in order to compute the
mechanical response of the fingertips under the inden-
tation of a flat rigid surface (indenter) in the normal
direction (Fig. 3). The angle between the plane of the
indenter and the distal bone axis was 20◦ deg in the
sagittal plane (Fig. 3a, c). Materials were character-
ized using the 1st order Ogden model [18, 19] using
the experimental data collected by means of uniaxial

tests (parameters in Table 1). Geometries of the finger-
tips were imported in the Ansys® 14.0 Workbench™

FEM environment (Ansys Inc., USA) directly from the
CAD software (Creo® 2.0, PTC®, USA). Several sim-
plifications and hypotheses, reported hereafter, were
made in order to reduce the computational cost and
reach the convergence of the simulations.

• Only half of the CAD model (cut across the sagit-
tal plane) was imported in the FEM environment
and thus the geometrical symmetry was exploited
(this was possible since only indentations along
the normal direction were simulated).

• Since we could hypothesize that the strain would
be localized on the finger pad, we chose not to
include the proximal part of the fingertip in the
model.

• In the interfaces between polymeric layers and
rigid parts (bone and nail) the nodes of the poly-
meric materials were constrained to ground. This
simplification was possible since the stiffness
of the rigid parts was several order of magni-
tude higher than the polymeric materials and thus
allowed the rigid part to be excluded from the
simulation.
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a)

b) c)

Fig. 2. Manufacturing process of the artificial fingertips. a) Schematic sequence of the cold molding, the process is subdivided into two-steps: i)
the first mold is used for the fabrication of the inner layer on the artificial bone; (ii) the outer layer is realized using a second mold on the inner
part of the finger. The nail is inserted at the final stage of the process. b) Pad � prototype. c) Pad � compared with a human fingertip.

• Bonded-type contact behavior was chosen at
the interface between the two soft layers since
these were supposed to be polymerized and
hence penetration, separation and sliding was not
possible.

• The nodes at the interface between the pad and
the indenter were considered in contact (and so
included in the computation) only when they were
closer than 0.2 mm (pinball region).

• The augmented Lagrange formulation was
employed and the Normal Stiffness Factor (FKN)
was chosen manually in order to achieve the

optimal trade-off between convergence of the sim-
ulation and accuracy of the solution.

• The CAD model was meshed in two different
steps. First the automatic mesh with fine size of
the element was used for all the bodies; then, a
spherical refinement centered on the nodes at the
interfaces was manually added. As a result a total
of ∼170000 nodes and ∼8900 elements was used
in the FE models.

• Progressive displacements of the indenter were
simulated in multiple steps allowing the software
to add sub-steps in an iterative fashion in the case
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Fig. 3. Finite element models for pads � (a, b) and � (c, d). Mesh discretization (sub-figures a, c) and predicted distributions of the displacements
within the fingertips indented using a flat surface (sub-figures b, d) at the maximum indentation height.

the convergence failed. The simulations were con-
ducted in static conditions.

The pictures in Fig. 3a, c show the mesh discretiza-
tion for the FE models developed for pad-� and � and
the predicted distributions of the displacements within
the fingertip indented using a flat surface Fig. 3b, d.
The latter demonstrate that in pad-� the deformation is
concentrated on the tip of the round pad; in pad-� the
deformation spreads out all over its flat part.

2.5. Experimental indentation tests of the
fingertips

2.5.1. Measurement of the stress-strain curves
Following the manufacturing process described

above (cf. Fig. 2) we developed several samples of

the prototypes � and � in order to characterize their
mechanical behavior under normal loads and to evalu-
ate the accuracy of the FE model. The tests consisted
in pressing a flat aluminum plate (indenter) on the
finger pads with controlled displacement (cf. Fig. 4)
and in recording the generated reaction forces using a
specific 2 degrees of freedom tactile stimulator [17].
To assess the similarity of the mechanical behavior
of our fingertips to the human model, we performed
identical experiments on the index fingers of human
subjects [N = 8, 6 males, age 30 ± 3 (mean ± standard
deviation) years, thickness and width of the fingertips
13 ± 2 mm and 16 ± 2 mm, respectively].

The tactile stimulator consisted of a linear electro-
magnetic voice coil actuator that allowed the indenter
to press on the finger pad. The position of the voice
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Fig. 4. Scheme for the indentation test: from the starting condition (indenter in zo) the indenter was moved in the contact direction (z); the
indenter position (zi) and the force (with a particular interest on the normal component Fz) generated by the deformation of the pad were recorded
during the movement.

coil was measured by an optic sensor (Tonic T1011-
15A, Renishaw plc., UK, micro-meter resolution).
The contact force was measured by means of a six-
axis force/torque transducer (nano43, ATI Ltd., USA,
milli-Newton resolution) placed above the voice coil
actuator and topped by the indenter. Position control
algorithms ran on a dedicated electronic board (DE2,
Altera, USA) which communicated with an external
PC over a serial bus. The data sampling frequency
was 100 Hz. A graphical user interface allowed the
experimenter to run the experiment and to record data
for offline analysis. The tactile stimulator was rigidly
secured to ground and, during the experiments, the fin-
ger nails were glued onto a plastic support hinged to
the platform (Fig. 5).

The maximum indentation level was set to 1.5 mm.
In the case of pad � the tests were mainly aimed to
compare the experimental results to the FE model.
Hence the contact angle was 20◦ deg (as in the FE
model) and the indentation speed was 0.1 mm/s, i.e.
quasi-static. In the case of pad � and of the human
fingers two different contact angles (20◦ and 30◦
deg) and three different indentation speeds (0.1, 0.5
and 2.0 mm/s) were evaluated in order to perform a

Table 2
Experimental conditions for the indentation test

Finger pad # of samples Contact angles Indentation
[◦ deg] speeds (mm/s)

� 3010 1 20 0.1
� 1010 1 20 0.1
� 3010 3 20, 30 0.1, 0.5, 2.0
� 1010 3 20, 30 0.1, 0.5, 2.0
Human 8 20, 30 0.1, 0.5, 2.0

comprehensive comparison between the artificial and
the human finger pads. Each pad (artificial and human)
was tested three times for each velocity/contact angle
combination, for a total of 78 trials/recordings. Table 2
summarizes the conditions of the performed tests.

2.5.2. Measurement of the contact area
The contact area effectively established between

the finger pad and a flat surface (angle 30◦ deg) was
measured for pads � 1010, � 3010 and the human
index fingers (N = 8). To this aim the finger pads were
dipped in ink and indented at different displacement
heights (from 500 to 2500 �m with 250 �m incre-
ments) using the tactile platform topped by graph paper
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Fig. 5. Experimental assessment of the biomimetic fingertips on the robot hand. The plastic objects were pulled off the hand along the direction
of the arrows. a) Tri-digital (thumb, index, middle) grip. b) Bi-digital grip (thumb, index). c) Lateral grip.

sheets. The speed of the indenter was to 0.1 mm/s. The
fingerprints stamped on the graph paper sheets were
digitized and the images were processed in MATLAB®

(The MathWorks® Inc, USA) using a specific tool-
box (Image Processing Toolbox™) in order to extract
contact areas [20].

2.6. Grip ability test with robotic hand

The softness of the fingertip improves grasp stabil-
ity in precision and lateral grips, i.e. in those grasps
where the fingertip plays an essential role [27]. For
this reason we evaluated the ability to firmly hold
objects in precision and lateral grips using the new
bioinspired fingertips (� 1010) integrated into a robot
hand (IH2 Azzurra – Prensilia Srl, Italy). The maxi-
mum load force that the hand could hold in precision
and lateral grasps was measured using the following
setup. Plastic objects (Delrin®, DuPont™, USA) with
different size were grasped by the hand using automatic
force-controlled grasps memorized within the hand.
Once the grasp was achieved the hand was switched-
off and the object was pulled off at constant low speed
(0.1 mm/s) using a uniaxial testing machine (Instron®,
USA) so that the principal axis of the object was along
the pulling direction of the testing machine and the
object could slip through the hand (cf. Fig. 5). The

hand was switched-off in order to measure only the
effects of the fingertips (rather than those due to the
controller of the hand). The minimum force required
to pull off the object (pulling force) was measured by
a data acquisition board. The procedure was repeated
three times for each grip. The result were compared to
those achieved when using stiff fingers under the same
experimental conditions. Notably, the stiff fingers were
covered by silicon tubes (thickness: 1 mm) which had
essentially the same friction coefficient with the envi-
ronment of our fingertips (2.2 ± 0.2 and 2.1 ± 0.3 for
silicon tubes and DragonSkin®, respectively). In this
way we could compare fingertips with similar friction
but different conformability.

3. Results

3.1. Finite elements model

The results from the FE model and the experi-
mental indentation tests are shown for comparison
in Fig. 6. As expected the computed curves showed
a non-linear degree of stiffness with respect to the
indentation (a larger indentation gave rise to larger
degree of stiffness). Although we had incomplete
information concerning the constitutive equations of
the materials and we simplified the FE model the
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simulations showed results close to the experimental
ones. In particular for pad � 3010 the model predicted
the experimental curves with an error of 11 ± 8%
(mean ± standard deviation) and a maximum error of
25%. The error is slightly lower for pad � 1010 (mean
7 ± 13%, maximum error 23%). With regards to pad
� 3010, the model predicted the experimental curves
with a mean error of 3 ± 9% and a maximum error of
29%. For pad � 1010 the mean error was 8 ± 5% and
the maximum error was 15%. Considering the � finger
pad, the error between the FE model and the exper-
imental curves was limited for displacements of the
indenter up to ∼1000 �m, whereas above this value,
it progressively increased; in fact the simple uniaxial
modeling of the material poorly managed higher strain
within the pad. For the same reason since the thickness
of the internal layer was smaller in the � pads than the
� pads, the � prototypes were subjected early to larger
strain and the FE model was more prone to errors for
displacements lower than in the � pads.

For sake of comparison, the stress-strain curves from
the human fingers (indentation speed 0.1 mm/s) were
also included in Fig. 7. The forces exerted were larger
for pads � than for pads � and importantly the forces
engaged with pads � were farther from the human
curves than pads � (pad � was more similar to the
human pad). Also for this reason, we chose to focus
our analysis on pads �.

3.2. Experimental indentation tests of the fingertips

3.2.1. Measurement of the stress-strain curves
The force-displacement curves as measured by the

tactile stimulator on human and artificial pads (� 1010
and � 3010) with different indentation speeds and
angles are shown in Fig. 7. The indentation tests at
different speeds demonstrated similar viscous trends
between the two artificial pads and the human curves:
the mechanical response was stiffer at higher inden-
tation speed, as previously reported [7, 22]. Overall,
the average relative difference between the stiffness of
the artificial and human pads at maximum indentation
(1.5 mm) and speed (2.0 mm/s) were 90 ± 30% for pad
� 1010 and 170 ± 50% for pad � 3010 with a inden-
tation angle of 20◦. These differences were smaller
with an indentation angle of 30◦: 50 ± 20% for pad
� 1010 and 100 ± 30% for pad � 3010. The observa-
tion of these results yields to the claim that a pad with
an inner layer of a silicone rubber with a Shore Hard-
ness below 00-10 would have mimicked the human

behavior more closely than the developed pads. How-
ever (as recalled in the methods paragraph) the silicone
rubber with Shore Hardness 00-10 was the softest com-
mercially available. The average difference between
curves at different angles was 12 ± 1% for pad � 1010,
11 ± 1% for pad � 3010 and 25 ± 8% for the human
pad. Overall, the pad showing the mechanical response
closer to the human finger was � 1010.

3.2.2. Measurement of the contact area
A representative fingerprint stamp series at different

indentations is showed in Fig. 8a, whereas the graph in
Fig. 8b shows the experimental data at different inden-
tations and linear interpolations. The contact area gen-
erated by the artificial pads was similar (average dif-
ferences 13 ± 3% for pad � 1010 and 24 ± 4% for pad
� 3010) to the human data for indentations below 1000
�m. For larger indentations the difference was larger
but still below 25% (20 ± 3% for pad � 1010 and 24 ±
3% for pad � 3010). In fact the linear coefficient of the
linear fitting was larger for the human finger pad (0.082
mm2/ � m vs. 0.063 mm2/ � m and 0.060 mm2/ � m
for pads � 1010 and � 3010, respectively), similarly to
previous literature [7]. Also for this test the finger pad
� 1010 showed to be the most biomimetic.

3.3. Grip ability test with robotic hand

Based on the results obtained in the different tests
we chose to integrate pad � 1010 in the robotic hand
available (Fig. 5). Table 3 summarizes the pulling force
(the static external disturbance that the hand can sus-
tain before the grasp fails due to slippage) for precision
and lateral grasps when using the hand with compliant
or stiff fingers. As expected the pulling force was larger
with the developed finger pads. The prehensile forms
which most benefitted from the compliant fingers were
the bi-digital (pulling force increased by 75.1% vs. the
stiff fingers) and the tri-digital (+177.1 %). A reduced
increment was seen for the lateral grasp (+35.6 %)
probably due to the fact that only one finger pad was
involved.

4. Discussion

The choice of a three layers structure was steered
by the morphology of the biological human model,
which presents a compliant behavior during grasps,
resistance to wear and to external loads. In simple
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Fig. 6. Stiffness curves for pad � and �. Experimental results at low indentation speed (0.1 mm/s), FEM results in static conditions for pad � (a)
and pad � (b) and curves obtained from human measurements (filled areas include all subjects tested at 0.1 mm/s; solid line is the mean value).
It is worth noting the different force scales in the two graphs.

Fig. 7. Experimental stiffness curves at different velocities (0.1, 0.5, 2 mm/sec) and contact angles (20◦ and 30◦). Error bars represent the
standard deviation.



M. Controzzi et al. / Bioinspired fingertip for anthropomorphic robotic hands 35

Fig. 8. Contact areas during touch. a) Fingerprints stamped on graph paper by one representative human pad and by pads � 1010 and � 3010 at
different indentations. b) Contact areas at different indentations.

words, supported by the experience gained through this
work, we can state that in an artificial pad the compli-
ance is mainly due to the softness of the inner layer,
the resistance to wear is due to the hard skin, while
the bone prevents excessive torsions under external
loads. However, as shown by our results (Fig. 7), even
if we successfully replicated the human fingertip size,
general structure and appearance, this was not enough
to achieve a comparable stiffness. Our pads were stiffer

than the human fingers. As mentioned above one could
use softer materials for the inner layer, however, we
could not find a commercial polymeric rubber with a
Shore Hardness lower than the one used (00-10) [5].
The use of soft gel, foam or liquids exhibiting a lower
Shore Hardness would probably increase the compli-
ance of the finger pad. Nevertheless, artificial fingers
that integrate these materials, present other practical
problems; for example they would have to be hermet-
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Table 3
Grasping capabilities evaluation – force expressed in Newtona

Diameter cylinder Tri-digital Bi-digital Lateral

S C S C S C

2 mm thin plate – – – – 4.5 ± 1.5 6.1 ± 1.1
Cylinder Ø 12 mm – – 1.2 ± 0.8 5.0 ± 0.7 – –
Cylinder Ø 41 mm 3.4 ± 0.8 7.2 ± 0.8 3.2 ± 1.5 7.2 ± 1.0 – –
Cylinder Ø 51 mm 4.2 ± 1.2 8.7 ± 0.5 3.9 ± 1.3 7.4 ± 0.8 – –
Cylinder Ø 71 mm 6.9 ± 0.6 10.6 ± 1.5 – – – –
Cylinder Ø 102 mm 10.1 ± 1.3 12.5 ± 2.0 – – – –
aData based on three measurements. S is for artificial hand equipped with stiff fingertips. C is for artificial hand equipped with compliant
fingertips.

ically sealed and might need systems for monitoring
the internal state (e.g. pressure, to avoid leakages)
[1, 31, 34]. As a side effect these solutions would
increase the complexity and hence the manufacturing
costs. In our case the soft rubber will allow to integrate
commercially available tactile sensors inside the finger
pad (e.g. Force Sensing Resistors or strain gauges).

The different experimental and simulated results
obtained with pads � confirmed the importance of the
shape of the fingertip in the mechanical response to
indentation. The lower degree of stiffness exhibited by
pad � is due to both the larger thickness of the inner
layer (compared to pad �) and to the rounded tip which
gradually conforms during the indentation, as shown
by the contact area analysis (Fig. 8).

Although the artificial fingertips were stiffer than
the biological ones, since the curvature of pad � was
properly geometrically scaled, we were able to find
comparable results in the measurements of the contact
areas vs. the indentation displacement.

With regard to the FE model, in order to fully
mechanically characterize a hyper-elastic material,
several tests are required: i) uniaxial test, ii) biaxial
test iii) shear test, and iv) volumetric test. We only used
data from a uniaxial characterization (compression and
tensile tests). Although this was a partial characteriza-
tion, it yielded to limited errors (experimental data vs.
simulations), in a small range of indentation. How-
ever, it is noteworthy that manipulation and precision
grips usually involve small ranges of force and indenta-
tion [22]. Another limitation of the model is that it can
describe only static loading conditions, however this
information can be enough to provide rough estimates
of force/deformation values when evaluating different
materials and/or morphologies. Finally, it is worth to
note that the FE simulations were made considering
the nail fixed to ground and with an external pressure
applied on the pad, in order to replicate the experi-

mental conditions. This explains the absence of nail
bed deformation in the FE results, which is instead
found in response to pressure on human finger pads.
The effect is easily visible in the change in color of the
nail bed due to redistribution of blood in the capillar-
ies of the nail bed, and was shown to be important for
force encoding [3].

The objective of our 3D model was significantly
different compared to the other one found in the liter-
ature [6]. In fact, Dandekar and colleagues developed
a model of the human finger pad by merging available
and newly measured experimental data from human
and monkey finger pads [6]. Apart from this, in their
model they assumed linear elasticity (linear stress-
strain mechanical behavior), while in our work we
considered the non-linear elastic behavior of the mate-
rials by means of a hyper-elastic model. Our work
was more similar to that of Cabibihan et al. [4] which
employed a 3D virtual model, in order to simulate the
behavior of artificial pads to a mechanical stimulus.
However, the goodness of their virtual 3D model was
not compared with experimental measurements and
they tested a quite limited set of materials / morpholo-
gies [i.e. one kind of silicone (Shore Hardness A 11)
ad one kind of polyurethane (Shore Hardness A 40)].

In the human fingertip the nail is anchored to a
specific structure, the nail-bed. This structure holds
stably the nail. In our prototypes the nail was embed-
ded between the skin and the soft inner layer, on top
of the bone, in order to mimic the human morphology.
However, this did not turn to be effectively anchored as
its stability depended only on the strength of the con-
nection between the two silicone rubber layers and the
nail. This imperfect stability, although it did not influ-
ence our outcomes, could make the finger not robust
enough for integration into a robotic hand. However
this issue can be fixed, by attaching the nail to the rigid
bone thus making it a unique rigid structure.
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Finally, it is noteworthy that with respect to the
choice of a fixed angle of 20◦ deg for the distal joint,
while this angle is less disadvantageous than others [9],
loss of the ability to flex this joint could lead to prob-
lems in humans during reaching and grasping [24] or
to unstable grasps with stiff robotic hands [2]. How-
ever, this lack should be mitigated by the presence of a
multi-layered soft structure which improves conforma-
bility, as described in the literature [27] and shown in
our tests with the robotic hand.

The design presented here offers a demonstration of
how biologically inspired fingertips for robotic hands
could gain some of the qualities that the human fingers
have in terms of conformability and compliance.

5. Conclusion

The aim of this work was to develop an artificial
fingertip inspired by the human fingertip that could
be integrated in anthropomorphic robotic hands. Tak-
ing inspiration from the morphology of the human
finger, we developed several artificial prototypes com-
posed by a rigid inner bone, a thin rigid nail and
two soft polymeric layers. For the latter we evaluated
several materials and shapes in order to converge to
the human mechanical response. The chosen morphol-
ogy was inspired by the dimensions, proportions and
structure of the human fingertip (i.e. the multi-layer
structure). The prototypes were easy to manufacture
(using relatively low cost techniques) and showed a
mechanical behavior similar to the human one, as
demonstrated by the experimental measures. In addi-
tion a 3D FE computational model was developed. The
key outcome of the FE model is the opportunity to
predict the behavior of the inner parts of the finger
pads under external loads. The artificial fingertips were
finally integrated onto a robotic hand and tested in grip
tests, demonstrating their ability to conform on objects
while grasping. We experimentally showed that artifi-
cial hands equipped with compliant fingers like the
ones presented here could be more efficient in grasp-
ing. Future works will regard the integration of sensing
elements in the bulk of the pad; the FE model will
be crucial for understanding where to fix the sensors
within the structure.
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