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Abstract—Human fingertip and its derivatives in robotics
possess an inhomogeneous structure with skin, tissue, boraad
nail; which causes troublesome for construction of a precis
model that can represent almost mechanical characteristi
especially during sliding motion. Commonly, models in a vitual
haptic environment are frictionless, thus attempts to dispay
tactile sensations are still remained unsolved. We have ppmsed
a Beam Bundle Model for modeling of a human fingertip
during pushing and sliding action with friction, especially stick-
to-slip transition, to overcome mentioned issues. In orderto
construct its three-dimensional non-homogeneous structa, we
took sequential series of magnetic resonant images, whichibg
consecutive cross-sectional layers of the human fingertip ith
distribution of skin, tissue, bone, and nail. Simulation results
show a twofold aspect. Firstly, it can generate not only norral
force distribution caused by pushing, but also response of
friction force during sliding. Secondly, and more interestngly,
the model dynamically produces localized displacement phe
nomenon on the contact area during stick-to-slip phase, wih
indicates how slippageerodes the contact area before the total
slippage of the fingertip occurs. This research helps to asse
the sliding process of the human fingertip, including how and
when the slippage occurs on the contact surface. This model
may also act as a platform for studying tactile perception of
the fingertip, as well as being a virtual environment for hapic
interfaces.

I. INTRODUCTION

Shinichi Hirai**

well as the stiffness of the other layers, in representatadn

a line load on the fingertip [3]. Although the model perfectly
fitted experimental data, calculation times were high. In
addition, this model ignored friction, as well as dynamic
responses during sliding motion. A more complicated model
of a human fingertip with accurate geometries has been
proposed [4]-[6] to study the deformation of a fingertip on a
flat plate. These models, however, were concerned only with
static models that predict stress-strain when making ctinta
neither could be used to evaluate dynamic changes in stress-
strain over time. During sliding actions, a fingertip must
feel surfaces and act correspondingly to prevent grasping
or manipulation. Although a closed form has been built for
modeling manipulation with sliding fingers, that model was
limited to assessing quasi-static simulation and homogene
fingertips, but could not assess details of slippage on the
contact area [7]. A friction display system was recentlyant
duced for a virtual environment, using a simplified model of
a virtual spring during transition from slip to stick, andtei
versa [1]. While this model can evaluate the charactesistic
of a human fingertip, such as switching between sticking and
slipping and oscillations in slip phase, it could not detieren

the mechanism by which partial slips occur on the contact
area during sticking phase, which is crucial in assessing

The development of smart electronic devices has enhancglib perception. A combination of Signorini’s contact law
interest in touching and sliding actions of human fingertipsand Coulomb’s friction law with algorithms for linearity fia
Moreover, interactions between human fingertips and mé&een proposed [8], as has haptic rendering of interacting
chines require a novel sensing system that detects diverdeformable objects. Although these findings provide real-
actions, such as pushing, squeezing, and especially glidiime haptic feedback, it is limited to homogeneous linear
In the virtual world of a haptic system, a successful tactilelastic objects.

exploration requires the creation of a significaahsatiorof
realness to the user through virtual objects [1].

Based on our previous work, [9] we propose usirigeam
Bundle Model BBM) to model a human fingertip. The new

Modeling bio-mimetically structured fingertips has beercontribution is detailed in Section IlI-A. Magnetic Resoha
an interesting issue in robotics for years. These modeinages (MRI) of a volunteer’s index fingertip were used to
started with a model of a homogeneous soft fingertip, witkonstruct a mathematical model of the fingertip’s structure

the fingertips being in simple geometrical shapes, such as/he first characterized the parameters of pre-sliding on a
cylinder or hemisphere. Using nonlinear finite elementwnal real human finger to determine its inherent characteristics
sis (FEA), the contact mechanics of a hemispherical fingert\We later constructed a simulated model, and we succeeded
were assessed, focusing primarily on normal contact that representing localized displacements (also referredsto
causes a pressure distribution profile over the contact zogskin local stretch) during the pre-sliding phase of a fingert

to verify power-law theory in material mechanics [2]. ThreeThis assessment is considered crucial for evaluating/stipk
dimensional FE models of human and monkey fingertipgvents on the contact pad. Our findings can be utilized not
with five layers of epidermis, dermis, and bone, have beewnly in haptic sensation, but also in developing sensors to
developed to investigate the roles of the epidermis layer, aetect slippage.
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II. HUMAN FINGERTIP FRICTIONAL CHARACTERISTIC

All current robotic fingertips differ markedly from hu-
man fingertips in structure and function, since the latter
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Fig. 1. Experimental setup and force-related results .
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are composed of complex and inhomogeneous structures.
Thus, it is necessary to characterize the slipping action of
a human fingertip, both to assess the kinds of phenomena
that occur during contact/slide interactions and to inticel
these realistic issues into our proposed model. Fig. 2. Movements on the contact area during the stick phagsite
We designed an experiment to evaluate the mechamiats/bars indicated the slipped points on the contact pad

characteristics of human fingertips. Subjects were asked to

push and slide their index fingertips on a rigid, transparent

surface. The translational movement of the finger was tmck?

b | ith luti £01 hil o the nail of each fingertip to assure the correct reflection o
y a laser range sensor with a resolution of 0.1 mm, w "fhe laser beam from the displacement sensor (see the inset

the three components of force applied to the surface Weeb cture in Fig. 1(c)). We observedstickingphase prior to the

recorded by a 3?degree of freedom (dof) Ioadcgll. We US&toss slidingof the fingertip, during which the fingertip gives
a pressure distribution sensor to assess the distribution ay while the contact area still sticks, causing an increase

normal forces when pushing the finger. A high speed cameja ¢ tion [1].
was used to determindetailed deformations of the contact

area of the fingertip during sliding. As mentioned above iQ:
Section |, we focused on the pre-sliding activities of the

(b-4) S T (6-6)
(b) When the fingertip slides forward (indicated by the blue arrow)

. Localized Displacement during Stick Phase

human fingertip. Considerable experimental research has assessed partial
) movements of the contact area during the pre-sliding or
A. Relaxation of Normal Force sticking phase of soft robotic fingertips ([7]-[9]). This gh

Fig. 1 (a) shows the normal force distribution on theromenon is also thoughtto occur on human fingertips, thanks
contact area when a fingertip is pushed at a specific contdot their soft dermis and curved shape. In this experiment,
depth. In contrast to the force distribution of typical rtibo we attempted to verify this phenomenon by using a high
fingertips, such as cylindrical and hemispheric fingertipis, speed camera to assess the movements of dots marked on the
distribution is asymmetrical, and unpredictable if basely o skin of the contact area of human fingertips. After marking
on the boundary geometric shape. Moreover, the normblack dots onto subjects’ fingertips, the subjects werediske
force responses during the loading, holding, and releasitig slide their fingers gradually from zero along different
phases vary significantly as the rate (of loading/unloadinglirections, while attempting to maintain velocity and naim
changes (Fig. 1(b)). Moreover, relaxation occurs when #@rce. We employed an optical tracking method [12] to
fingertip maintains its position at a specific contact depthrack the contact points. Fig. 2 shows the tracking of the
Thus, it is not sufficient to introduce elasticity alone todots on the contact area, with the movements of the dots,
the model of a human fingertip [1]. Rather, a nonlineaas indicated by white bars over time, during the pre-slide
viscoelastic model may predict a the relationship betwegphase. We observédcalized displacements the contacting
force and displacement of the pulp of a fingertip [10]-[11].dots in the sticking phase. These displacements start from
the boundary areas of the contact pad and then propagate
to inner areas, with the slip phase occurring only when

Some friction models [16] are based onsaring-like these partial movements are dominant all over the contact
relationship between frictional force and the displacemempad. Moreover, the propagation of partial movement differe
of an object, especially soft objects, during the stickingiccording to the direction of the slide. To date, no anadytic
phase. We have investigated this characteristic of humamodel was able to tackle this issue in its closed form, since
fingertips by asking subjects to start to slide their fingerthe transition between the stick-slip states of each contac
slowly enough for fingertip movement to be captured by thpoint had an inherent discontinuity. Our findings allowed a
laser displacement sensor, while the loadcell measures ttm@del in which generalized displacements of contact points
friction force acting on it. A light-weight shield was atteed  could be derived with the introduction of stick-slip traa.

B. Spring-Like Behavior



Thus, to fully describe the inherent characteristics of man
fingertip in the model, the issues mentioned above must be
included, at least in part.

/

IIl. BEAM BUNDLE MODEL OF HUMAN FINGERTIP
A. Limit of the Previous Model

Previously [9], we proposed a model to simulate deforma-
tions of hemispherical soft fingertips. In this model, thé so f”'%eﬁlp sﬂfwﬂr?;a?hfd?;trft?l?us;flg}vsklﬁrogﬁafaeﬁgogﬁldl'ﬁgers duman
fingertip is necessarily elastic and homogeneous with a pre-
determined geometrical shape. Deformation of the flngertlgmmm St exraction
under normal and tangential loads were modeled througj
virtual elastic compressible and bendable cantilevers. Th _'th
contact area was meshed with a viscoelastic model according™_ 7™ Fingernail
to finite element theory. This model allowed a simulation of % Finger skin
sliding motion, during which the responses of normal and- \,wz "¥..Bone_up
frictional forces could be observed. Moreover, simulation \ ="
also produced stick/slip on the contact area, helping to
assess how and when the slippage occurred on the contact.,.........
surface. This mode| however is insufficient for mode“ng(a) Struz,turc extraction (b) Groups of virtual beams inside (c) Beams with generalized
non-homogeneous, non-elastic fingertips with irregular-ge the fingertip Voigt clement
metrical shapes. Also, we had ignored the dynamic response
of normal force during the load/unload phase.
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Fig. 4. Structure of human fingertip from MRI.

B. Construction of Human Fingertip Using MR Images

A 3Tesla MRI system was used to accurately measure tifeail) and lower (skin) boundary. Each virtual beam is
three-dimensional (3D) internal and external geometrfes éylindrical in shape with geometrical properties, such as
a human fingertip. Cross-sectional MR images of an indéxeight, predetermined based on known fitted curves of nail,
finger were obtained from a 25-year-old adult male voluntedrone, and skin. Since layers of MR images have a pitch of
with no history of finger disease. A total of 32 images1.2mm along the volume of the fingertip, and to fit beams
120x120mn? in size, with 1.2mm slice thickness andinto the volume of the fingertip, each beam had a cross-
512x512 matrices (pixel size 0.28.23x1.2mn?) were sectional diameter of 1.2mm. Thus, the distance between
acquired using a fast gradient echo (fgre) sequence witiasic axes of two neighboring beams was also 1.2mm.

9.8 ms repetition time (TR), 4.2ms echo time (TE) and 30 To reflect the relaxation mentioned in Section II-A, we
flip angle. These images of consecutive cross-sectionatday used ageneralized Voigtmodel that includes two Voigt
represented the volume of the fingertip. We were able telements to assign each beam. Each element had a viscoelas-
assess the distribution of layers, such as skin, tissueg,boiticity characterized by a spring and a damper connected
and nail position, for each image, as illustrated in Fig. 3. in parallel, similar to findings showing that fingertip pulp

It is necessary to assess the exact distribution of cofesponds as a viscoelastic material [10]. After filling irttwi
structed layers of the fingertip. We utilized image proaegsi Virtual beams (Fig. 4(b)), there were two main groups of
functions in OpenCV to extract boundaries of skin, bone, arldeams, those attached to the nail and skin (N-S) and those
nail. Since MR signals are mainly derived from protons ofttached to the nail through bone (N-B-S). Beams in the
water molecules in body tissues, we were not able to extral@dter group consisted of three separated beams connected i
the shape of the nail, which is dry; rather, we were ablgeries: N-B, B-B, and B-S (Fig. 4(c)). As a result, virtual
only to extract the boundary of the tissue on which the nalteams were not necessarily homogeneous as in [9]. Using
sits. Each boundary was formed by a group of points, whicthese types of non-homogeneous beams, we could @ihin
were afterward interpolated into a curve (see Fig. 4(a)usTh soft fingertip, regardless of how complicated its structure
for each image, we were able to collect four fitted curves, If afingertip was pushed vertically onto a rigid flat surface,
one each for the skin, lower bone, upper bone, and naihusing a set of contact boundary points on the skin, the,
(Fig. 4(a)). By repeating this process on all images, thesing finite element analysis, the contact area (or skinjdcou
three-dimensional geometrical shape of the fingertip coulde covered with a set of triangles (Fig. 5(a)), with the stres
be constructed. strain relationship of each triangle represented by a Moigh
element that included a spring and a damper connected in
parallel (Fig. 5(b)). Each triangle would have three nodes

After obtaining boundary curves of the structure of aattached to the corresponding free ends of three beams
human fingertip, we had to fill in the remaining volumebelonging to either the N-S or B-S group (see Fig. 5(c)). The
with virtual beams which is similar to an elastic cantilever beams of each triangle could make two types of contribution:
[9]. These beams have two ends constrained by an uppgaartly covering and superposition. The former occurs more

C. Construction of BBM for Human Fingertip



beam lies inside or outside the new contact area. Depending
on its position, its corresponding node will be marked as a
contact nodenJC (j =1 :Nc, whereN; is the total number

of contact nodes), or a non-contact nogf (j =1 : Ny,

Meshed contact area

(b) Voigt element where Ny is the total number of non-contact nodes, and

Beams

Nc + Npc = N). Thus, there are two groups of nodes on the

meshed areginf} and {n{°}. We supposed that non-contact

nodes werevirtual nodes, which only exist to assure that
““Underlapped case  Overlapped case the previously meshed area’s geometrical characteriaties

(a) Meshed contact area (c) Positions of beams unchanged but have no effect on the deformation of the entire

area or on the movements of contact nodes. To satisfy this

condition, if at least one of the three vertices of a triarajie

the meshed area is virtual, the triangle’s stress-straatioa

will be eliminated. In detail, the stress-strain relatioipsin

often than the latter, such that the coverage ratio of thgtriangle can be converted into a relationship between a set

entire contact area is always less than 100%. The coverag€forcesf applied to nodes and their displacememts his

would then vary, depending on how coarse or fine the contagét of forces of a \oigt element is calculated as:
area was meshed, with the maximum ratio reached with less

superposition being 96%. Thus, we can flexibly change the f = Jx (A3 + AVIS0) 4 3, (u®2u + V), (1)
coverage ratio by varying the geometrical shape of the beams

to adapt to specific simulations. Beams are constrained Yghereu andu are the displacement and velocity vectors of
the contact area on the skin, such that the movement of th&ipdal points, respectively, andJ,, are connection matrices
free-ends would be helpful in assessing stick/slip events ¢hat depend solely on the geometric coordinates of nodes,

the contact area during sliding motions. We have called thand A3V and u®2Vls are Lame's constants that can be
model the Beam Bundle Model (BBM). described by Young's modulug, Poisson’s ratioy, and

viscous modulusc. Thus, to eliminate the interaction of

D. Avoiding Re-meshing the Contact Area at Different Con{njq} to{n°}, we simply set Lame’s constants of a triangle
tact Depths that owns non-contact nodes to zero temporarily for this

When a fingertip slides on a surface or several fingertipsontact depth. If anyn{°} becomes[nf}, its corresponding
grasp an object, the contact depth may vary to adapt tdangle’s Lame’s constants will recover their originalues.
the outside environment. In this scenario, the contact arée a result, simulations always run on one meshed contact
meshed by finite elements must also be adjusted to hageea during change of contact depth, taking into accoumt onl
geometric characteristics that differ from those of théiahi real contact nodes and giving virtual nodes no stresgistrai
contact, significantly altering the number of virtual beamselations.
and their geometry. This would be inconvenient for pro-
gramming and control, since it produces discontinuitymgiri E. Derivation of Motion Equation
change Of conta_ict depth. We propose a method that perm|tsl) During Loading/Unloading:In this section, we derive
one meshing, with no remeshing during changes in contact . . .
depth. a general equation for the normal deformation of one in-

. h(%mogeneous beam constituted of a set of Voigt models
Since each node on the meshed contact area corresponds to ; : ) .
connected in series, referred to as a generalized Voigt mode

one beam located exactly on this node, two groups of beamsS ing that b ists roloiat el i
are present: contact beams positioned inside the contatt, a} upposing that one beam consisiSroloigt elements,

non-contact beams that are outside the contact area. Whgﬁn € would be the extensional strain of the beam while

contact depth varies, the following two conditions must bé Wou_ld be the extensional strains (_)f thah element.
satisfied: xtensionse and g through g,_1 are independent state

variables, andg, can be described dependently by other
1) Contact beams at different contact depths must be UDariables: " P y by
changed, leaving their corresponding nodes unchange(?. '

2) Non-contact beams that become contact beams at

the updated contact depth must be assigneprea Eh=€—&— ..~ &1 )

determinednode on the contact pad. . . .
P Let E; andc; be the elastic and viscous moduli of th¢h

We, thereforepnly meshed the contact area at the possiblyios element. Noting that stresses generated by individua
maximumcontact depth, saydmax At this contact depth, oaments are equal to each other, we have:

the contact area can be meshed with a setNohodes

{ni,i = 1: N}, and correspondindN beams{b;}. These 0 =E161+C16 = Ex& + Coép... = Engn+Cné,  (3)
nodes and beams are unchanged throughout different contact

depths. At a specific contact depth< dmax the position where g indicates the generated stress by the deformation
of each beam must be checked to determine whether tbh&the beam. Dividing the above equationsdythroughc,

Fig. 5. Meshed contact area.



TABLE |

and summing up all equations yields:
g up q y PHYSICAL PARAMETER FOR THEHUMAN FINGERTIP([5])

Ex Ena E p
(0_181 Tt En-1) + C (E—&1—..&n1)+¢ 4) | [[ Tissue Skin Bone Nail ]
1,1, 1 E[Pa] || 3.4x1d 1.36x16 1.5x10F 4.3x10
C C: G
1= n c[Pa.s] 0.1 10 1 Not used
Note that using the above equation, stressan be computed Y 0.48 0.48 0.48  Not useq

from state variables; througheg,_; and €. State variables
satisfy the following differential equations:
E, 1 1 the same bending strais, which can be calculated as [13]:
fl=——&+—0,.,6 1=— &n-1+—0 (5) 3UF. 2 v

C1 C1 Cn—1 Ch—1 ds— SHMe— Ve )23 6

s= T g (1-(1-9)3, (6)

ered® = R/ /uF, is the tangential force coefficienR is
e radius of the fingertipgy is the coefficient of frictiony
g Poisson’s ratio, an is the modulus of shear elasticity.
inhomogeneous soft objects other than fingertips. ue to assumption 1, above,_ bending of one ||jhomogeneous

g ) gerp beam (such as the beams in group N-B-S) is regarded as

2) Sliding Motlpn: Ut|I|Z|_ng the equatu_)n_s propqsed M the bending of the B-S beam. Thus its bending stiffness is
[9], we could derive equations for the sliding motion of a

; - ; - %’gllculated based only on the geometric quantities of the B-S
fingertip’s meshed contact area. If a fingertip was IOUSheoeam Equations for estimating normal and bending forces
vertically onto a flat surface, then slid horizontally at stamt - =4 g g

. . have been reported [14].
speed, then virtual beams would deform correspondingly, In an FE-based meshed contact area. there is a Visco-

including normal and bending deformations. Several assum8Iastic force at each contact node, which can be calculated

tions may simplify this calculation: . i :
y _p y ) ) based on that node’s geometric characteristics, as shown in

1) Interactions between neighboring beams only occur &g, (1). We also introduced the law of friction onto the
their free endon the contact pad. contact surface of each node. Its value changes based on its

2) Only beams with free ends acting on the contact pagbntact state, stick or slip, and calculated corresporigting
are considered. Beams outside the contact surface are

irrelevant to the sliding motion of a fingertip.

En-1

Consequently, we can construct a dynamic equation to
calculate deformations of elements in an inhomogeneo

beam. This process was repeated for all virtual beamsl}h
a fingertip. This derivation can also be utilized to model an

3) The nail is completely rigid and experiences no defor- ¢ _ et fy if fue+fy < ufy = Stick = A'=A;
mation during the sliding motion of a fingertip. ' ufy if fie+f, > uf,,=Slip =A' =A; ’
4) The area of the nail is always larger than the contact _ (7)
area. whereA, , be a matrix to describe the constraint of ikt
The first and the second assumptions are important f&ode.

Finally, by utilizing Lagrangian formula and Constraint

drastically reducing costs of calculation, since the tissu N : ;
Stabilization Method (CSM) with a set of Lagrangian con-

volume of a fingertip deforms uniformly, while the skin on="** .
the contact area stretches differently at different lageti SU@intsA and a pre-determined angular frequeroy we
Since the superposition of beams is small and unrelateato t€re able to construct motion equations of all contacting
precision of the model, beams deformed by pushing actigiPdes on the contact pad as follows [9]:

do not affect beams positioned outside the boundaries of/| 0 0 Un VN

the contact area, making the second assumption sufficienf o M —A | | Uy | = [ —Keiaun — Kvisvn +F | |
for modeling deformations of an entire fingertip. Young’'s \g —AT 0 A AT (20 + w?uy)
moduli of bone and nail are much larger than those of tissue (8)

and skin I. Thus the third assumption above is also acceptawthereM is the inertia matrix of the 2-D FEA contact pad,
for calculations without degrading the precision of the glod F is the vector of external forces such as bending force and
The fourth assumption represents reality, since most huméiction force. This equation is linear and solvable singe t
fingertips possess a nail that covers almost the entire uppaatrix is regular, implying that we can compuitg, andvy,

part of the fingertip. This eliminates beams on the contagthich are displacements and velocities of contacting nodes
area that make no contact with the bone and nail, includinQetails of this derivation can be seen in [9].

only those contacting the skin.

Using these assumptions, we were able to implement force
calculation and motion equations. For a normal force, each In this simulation, the fingertip was pushed vertically at
beam that makes contact with a flat surface possesses gare-determined contact depth, and with a tangential move-
deformationd!,. As the external tangential forde starts to ment at constant velocity. Parameters used for simulation
activate, the fingertip has not yet slid. The contact surfacgre summarized in Tables I. To validate this model, we
still sticks to the plane, causing the fingertip to deform. Aperformed an experiment similar to that in Section Il for an
this time, the free ends of all contacting beams are bent witlrtificial fingertip. We created an artificial inhomogeneous

IV. SIMULATION AND VERIFICATION
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(b) Dynamic response of normal force duriﬁl‘c:rn:h[;]ulated and experimental load/unload test the relaxation of the normal force when the flngertlp was
held at a given contact depth showed complete agreement

Fig. 7. Comparison of normal force distribution from sintida (upper with those described in Section II-A.

row) and experiment at different contact an_gle. The gramgiwsh dynamic . | h h  friction f duri

response of the total normal force during simulated loddAdhtest. Fig. 8(a) plots shows the response of friction force during
the transition from stick to slip phase at constant speed- Si
ilar to findings in Section 1I-B, two phases featuring chasge

o ) ) ~infriction forces were easily observestick phaseepresents
human-like fingertip based on MRI data, with surfaces intery pre-sliding phase, when a fingertip begins to move but

polated and smoothed by a computer-aided design progrgfy contact area still sticks to the surface, the fingertip
(see Fig. 6). The bone structure and nail were made withi 3 ot moved sufficiently to markedly increase the force of
3-D printer, while the soft tissue, with softness similathat  friction, making it almost linearSlide phasendicates the
of human tissue, obtained after curing a polyurethane nubbgyia| movement of the contact area, with the friction force
gel ina de5|gned mold. Utilizing this finger, we were able t‘?emaining unchanged at a given speed. Fig. 8(a) also shows
precisely validate the proposed model. To create movemenfs, agreement between simulation and experimental results
for the fingertip, we attached it onto a 2-D linear motorizeqith only the error being significantly different at the iait
stage that can provide{#m-in-resolution step. time, declining to less than 10% during the transition. The
deflection observed at simulation results were caused by an
A. Force-Related Results artifact of numerical simulation. Plots in Fig. 8(a) indiea
Fig. 7(a) shows the normal force distribution when thehat, when the contact angle of inclination varies at theesam
fingertip was pushed at a contact depth of 2mm and abntact depth and sliding velocity, the duration of thekstic
different angles of contact. We found that the maximum forcphase will also change correspondingly, with a smallerang|
area was around the tip close to the nail, while smaller waluassociated with a larger duration of the stick phase. Simila
of normal forces were distributed mostly at the boundary dindings were observed experimentally. At a small contact
the contact surface. When inclination contact increases, tangle the contact area becomes wider, resulting in more
maxima shift from right to left. Similar results were obsedv time for localized displacement to occur. Moreover, focti
experimentally. Thus, although the outer shape of a humavould be greater at the same contact depth and sliding speed.
fingertip is likely symmetrical and even, the force disttibn ~ We also investigate changes in friction response when a
is not identical to that of hemispheric homogeneous fingerti fingertip was moved in four different directions. We found
The inner distribution of distal phalanxes causes remdykabthat can observe in Fig. 8(c), during both simulations and
different geometric shapes, as well as non-uniform defermaxperiments, friction did not vary significantly over thaufo
tions of beams over the contact area. Fig. 7(b) illustrates o directions Fig. 8(c). Friction along thé+ direction is always
simulated dynamic load/unload test of normal force responsslightly greater than friction along the remaining direas,
Exponential growth and decay of the normal force occurreaghaking it difficult to assess directions of slide based solel
during the loading and unloading phases, respectivelyo Alon frictional responses.



Fig. 9. Comparison in term of local displacement distribngi over time when the fingertip slides aloviglirections. Upper row is results from simulation.

N

Fig. 10. Comparison in term of local displacement distiimg over time when the fingertip slides aloxgdirections. Upper row is results from
simulation.

B. Localized Displacement Phenomenon (LDP) during Preboth simulations and experimentally shows obvious similar
Slide Phase ities. Moreover, we found that the propagation of localized
slippage varies significantly when the fingertip slides glon
One noticeable result was the success of representationsygferent directions, similar to the conclusion mentioriad
localized displacements on the contact area during pde-slisection IV-B. As a result, even responses of friction over th
phase during simulation. Flg 9 illustrates the distribnti direction of the slides did not vary Significanﬂy (F|g 8([;)-
and localized movements of nodes contacting the contagfcating that the localized displacements act differerfthyis
area over time during the pre-slide phase. Bright and h@henomenon, while complicated for robotics applications,
color zones indicated greater movement than cold and dagk easily sensed by the high density of mechanoreceptors
color zones. These distribution were calculated from thgnderneath the skin in our model of human fingertips. This
simulation of a sliding trial with a sliding speed of 2mm/s, 3ability may explain why humans act so comfortably during
coefficient of friction of 07, and a contact depth of 2mm. the incipient Shpping of a grasped Object when it tends to
found that displacement occurred initially near the bouyda sjip out of hand. Mechanoreceptors are unable to change the
of the contact area, followed by the gradual displacemefictional force that predicts incipient slippage. Theseap-
along the direction of flow. Moreover, other propagationsors are stimulated by local displacement or stretchindnef t
are those of movements spreading from outer to inner areagin. Tactile signals are sent to the brain for processing; a
Thus, propagation of displacement relies on a normal forgg&mmands are transmitted to motor systems to apply more
distribution, with smaller forces distributed mainly nehe force to prevent the Siippage in a real-time scenario [15]
boundary than in the middle part of Teaneck (see Fig. 7(a)Modeling and assessing localized displacement phenomena
Gross sliding occurs only when partial slippage is presemyakes it easier to understand the underlying mechanism of
throughout the contact pad, a result totally coincidental ttactile perception of human fingertips during sliding matio
the results of the investigation, as shown in Section II-C.  Consequently, we have verified the BBM in an artificial
Fig. 9 and 10 illustrate partial movements of contactindghuman-like fingertip using a fine experimental setup. Most of
areas on a contact pad during the pre-slide phase, withechanical characteristics of artificial fingertips wergihg
movements obtained from both simulations and experimenity matching those of simulated model, such as the friction
along two directions. While the movements of contactingnd the localized displacement phenomenon.
points in an experiment are indicated by white bars obtained
from optical tracking [12]; a hot color during simulation
may represent larger displacement areas on the contact gdSignificance of the LDP in Tactile Sensing
(note that the color scale is different over images). We fobun We found that our proposed BBM may be able to model
that the propagation of slippage on the contact pad duringhomogeneous soft fingertips, thus determinimgy and

V. DISCUSSION



whenslippage occurs during the stick phase through propa- VI. CONCLUSION
gation oflocalized displacementsn the contact area. These \\e have investigated the theoretical sliding motion of a

that dominate the characteristics of sliding contacts. BN ijlizing our proposed BBM and MR images. Simulation

never feel the exact friction force that acts on the contagbsyits help us to assess the change of force, and especially
area to judge tactile feelings. Instead, mechanorecepters |ocajized displacement phenomena on the contact areagdurin

derneath the skin are stimulated 8kin deformation/stretch he pre-slide phase. Knowledge about this phenomenon will
through stress or vibration, then transferred to the btains 5gsist us in understanding the role of the skin in the recog-

along axonal processes (see [15]), allowing tactile sersat pition of slippage, as well as to develop a sensing system

to be interpreted. This supports our idea of utilizing thenat getects incipient slippage of human fingertips, as well
LDP to detect incipient slip in a tactile sensing system. ls peing crucial for stable manipulation.
states that if a sensing system can detect the propagation
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