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Abstract— Slip, especially incipient slip, is a complicated motions, including pressing, rolling, and rubbing; thenfier
process for soft fingertips; and detection of this slip is im- studies have focused primarily on pure pushing and rolling
portant for stable manipulations by both human and robotic 4 ements, while ignoring slip or slide. The difficulties in
fingertips. Experimental research has attempted to explairthis deli th’ lidi fi f fi i f thei
phenomenon, but dynamic changes during this process could mo e_'ng e S! Ing mo lon of ingerups comes irom their
not be fully delineated. We propose here a dynamic model compliance, their partial movements on contact surfaced, a
to investigate the sliding motion of soft fingertips on a plae the force/moment of friction. Kao and Cutkosky [4] have
with friction. The fingertip is comprised of a finite number proposed a method that combines compliance and friction
of elastic, compressible and bendable cantilevers whose e on a limited surface to compute the relative sliding motion

ends act as infinitesimal contact points. The contact surfacis . . .
afterward meshed using a finite element method based on the between a grasped object and soft fingers. That article showe

coordinates of the contact points. By introducing Coulombs law ~ concrete results in modeling contact and in approximation o
and contact compliance into each contact point, we were abl® gross-motion planning. Fearing [5] introduced an algonith

assess the frictional characteristics of the in_ding motias of _the for automatic stable grasping of polygonal objects by two
fingertips. We also could successfully describe the dynamaity  fingars and a point contact with friction. Research has also

localized displacements on the contact surface during steslip dd d hi fi . ioulat Yashik
transition, displacements that represent the sliding motn of addressed pushing operations using manipulators. vosaika

a soft fingertip. This model can be applied to different shaps €t al. [6] proposed a pushing method to identify the center of
of robotic fingertip, including the cylindrical and hemispherical ~friction of an object with an unknown distribution of fricta.

models tested here. We also performed experiments to valitd |n a similar method [7], relevant friction parameters were
the proposed simulation, including force/moment and visio estimated by performing experimental pushes and observing
setups. . i
the resultant motion. Nevertheless, most previous rekdaas

dealt only with quasi-static analysis, including grosslisi,
not on stick-slip phases (i.e. how and when it occurs), diigdar

Recent research in robotics has focused on the dexterslis on the contact surface of a soft fingertip. In contrast,
manipulation of objects using soft fingered robotic hands, esome contact models have been used in simulation, such
pecially anthropomorphic hands. This type of research @n &s analytical ([8]) and conventional penalty methods ([9])
categorized into two main groups. The first consists of sidiAlthough the former methods result in a fast and accurate
that focus on analyzing the contact mechanics between siéiscription of contact, they limit penetration betweerecty;
fingers and objects [1]. In the second, tactile sensing Bystein contrast, the latter methods can identify the contact,dvat
imitating those of humans, along with many types of sensocsan only use penetrative contacts. At the same time, théeFini
have been developed to simulate human abilities in objdelement Analysis (FEA) model of a contacting soft fingertip
grasping and dexterous handling [2]. Whereas the formeas also developed. This method, however, is time-congymin
studies consisted primarily of analysis of stable grasming and usually solved in a static field ([10]). In contrast to the
object postures controlled by soft fingertips during a paghi above approaches, Barbagti al [11] attempted to determine
or rolling motion on the surface of objects; the latter stisdi the model that best fit the real rotational friction propestof
concentrated on the tactile texture perceptions of sensdmyman fingertips and then extended the object/proxy algarit
fingertips, to increase efficiency during object manipolati to simulate soft finger contact.
processes. Among the various movements of fingertips duringn this paper, we have attempted to determine the frictional
object handling is slide/slip, which often occurs duringiaet characteristics of a 3-D soft fingertip during unilateradlisig
and is considered important in dexterous manipulation [3otion relative to an object. We have proposed a method
For example, to assess the texture of an object’s surfate,model vertical and horizontal deformations of the soft
the fingertip needs to slide slightly on the surface to extrafingertip during sliding by introducing virtual cantilexger
information about its roughness or friction. The slidington  Moreover, we have modeled the contact surface by employing
of an object between fingertips during grasping, or incipiethe FEA method, along with Coulomb’s frictional law. This
slip, is a crucial factor in stable object manipulation. Hwer, can significantly reduce calculation time, while still assg
while the latter studies have addressed all types of fingerthe dynamic behavior of the system during stick-slip traoisi

I. INTRODUCTION



comprised of an infinite number of vertical elastic virtual
Non-contact springs that could be used to investigate the deformation of
the fingertip during pushing or rolling motion on an object.
This model, however, was not sufficient to demonstratersiidi
motion with the appearance of frictional force. Therefore,
instead of virtual springs, we have proposed a model, in
which the soft fingertip is comprised of a finite number of
virtual elastic cantilevers that are compressible, tenshd
bendable (Fig. 1(b)). This model can represent the diverse
deformations of a soft fingertip during a sliding motion, in
which the fingertip is pushed and slid at the same time. These
cantilevers are fixed on the flat surface of the fingertip, with
their free ends on its outer surface. Each cantilever has a
uniform circular cross sectional area, whereas the lengths
Contact cantilevers the cantilevers differ depending on their coordinates with
Contact surface the fingertip. When the fingertip is pushed, some cantilevers
(b) Meshed contact surface will make contact with the object, causing the deformations
of these cantilevers. Based on geometrical distributioves,
Fig. 1. Model of a sliding soft fingertip with virtual cantlers and meshed Were able to calculate the deformation of each contacting
contact surface. cantilever, which have non-uniform distribution on the tzu
surface. Afterwards, we meshed the 2-D contact surfaceusin
the Voight model to describe the elastic and viscous pragsert
Results from simulation and experimental validation cag thof the contact surface ([12]) on the-XY coordinates. Each
oretically explain, for the first time, localized movements node was equivalent to the free end of a contacting cantileve
the contact surface during the stick-slip phase, as detedni Each element is a trianglg, with three nodes referred &
experimentally. P;j, andP in a counterclockwise direction. Fig. 1(c) illustrates
a possible mesh of the contact surface. For the sake of
simplicity, we made three assumptions:
1) When a cantilever is bent, its deformation is significant
Many shapes are used to form robotic soft fingertips. We only at the free end.
have categorized them into two main groups with respect) |nteractions between continuous cantilevers only occur
to grasped objects with rigid flat facets. The first generates = petween their free ends on the contact surface.
uniform distribution of normal stress, such as square and3) Only cantilevers whose free ends are acting on the

Contact cantilevers

cantilevers

Il. PROPOSEDHYBRID MODELING OF AHEMISPHERICAL
SOFT FINGERTIP

rectangular fingertips. The second is characterized by dhe n contact surface are considered (dark colored cantilevers
uniform diStribution Of contact force, inClUding Cy“ndal, in F|g 1(b)) Cant”evers Outside the contact Surface are
hemispherical, and human-like fingertips. Both groups are  geemed irrelevant to the sliding motion of the fingertip
distinguished by rigid fingertips in compliant contact, ttea (light colored cantilevers in Fig. 1(b)).

ing a pre-slide stage and characteristics of hysteresiseM
particularly with the second group, the pre-slide genara

localized displacements on the contact surface, which Hi&vers. Moreover, external forces acting on each nodehen t

l/rxr:tﬂo':;aen;g]pg];rlglnecnet (S)lflp;rs:it(?r?t:gnre(gzﬂ)e d’i(;j):gggfennziecontact surface can be assessed by calculating the cormgress
phenomena and characteristics of soft fingertips. We h and bending forces of the corresponding cantilever. Eapigci

) : P e Coulomb friction model can be introduced into each node,
developed a model, which, with some simplifications, ¢

b loved 1o i tiqate sl i £ Soft fi i a#model usually neglected in previous research. Conseguent
€ employed to Investigale Sip motions ot Soft Tingertips %ombining both discrete and FEA methods into a model of a
different shapes, especially during stick-slip transiti§ince

; . soft fingertip may allow a description of the dynamic behavio
this model focuses omvhat happenson the entirecontact gertip may P y

surface we have combined discrete and FEA methods gatttzi fingertip during sliding motions, especially in stskp

model a general 3-D soft fingertip. By so doing, the calcafati
times will be reduced considerably, while still assuring th 1. M ATHEMATICAL MODELS
correctness of the model. _

Assume that a three dimensional (3-D) soft fingertip wit- Cantilever Model
an arbitrary but continuous outer surface is pushed vdlstica We ascribe the analysis of one arbitrary cantilever, ithe
with a specific contact penetration by a normal foFgeon a th cantilever, with coordinates in-©XY as ;,yi), a natural
rigid flat plane, and slides horizontally with an externaici length I}, and natural cross-sectional raditjs After being
R (Fig. 1(a)). Inoue ([1]) proposed a soft fingertip modegbushed with contact depttf,, the normal forcef! acting on

As a result, when the fingertip is pushed and slid, its deferma
tfi\on will be represented by deformations of all contactiag-c
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Fig. 2. Bending strain during stick phase. Fig. 3. Analysis of acting force on a arbitrary beam .

the free end of this cantilever can be computed as [1]:

i2 .
fi — Kl — g0 g L Fue = Ketaln + KvisUN. (6)

lo
whereE is Young’s modulus. Thus, the sum of normal force
acting on all cantilevers is equal

In addition to the visco-elastic fordg, calculated implicitly
by Eq. (6), each node has a friction forie, a normal force
_ fin, and a bending forcdiO (Fig. 3). Friction forces conform
Fn= z fa. (2) to Coulomb’s law as they oppose the motion of the contact;

When the external tangential fordg is first activated, the thus, if there is no motion at the contact, the friction force
fingertip has not been slid yet. The contact surface stitksti €0 act in any direction with any magnitude less than or
to the plane, causing the fingertip to deform. At this timé, afdual to the product_of thg frlctpn coefficient and the ndrma
contacting cantilevers are bent at their free ends with dinees 07C€. TO assess stick/slip motion at each contact node, a

bending strainds, as illustrated in Fig. 2. This bending strairplP condition is proposed based on Coulomb condition, and
is calculated as originated in [15]: the Constraint Stabilization Method (CSM), which allows th

numerical computation of a system of differential equation
ds = 3“F”ﬂ{1_ (1_q>)2/3}’ (3) under geometric constraints ([17]). When applied to a node,
1R G CSM assures the fixation of that node, if it keeps stickindo t
where ® = R /uF, is tangential force coefficien®R is the contact facet. Le, , be a matrix describing the constraint of
radius of the fingertipy is friction coefficient,v is Poisson’s thei-th node. IfA' =05, :Aio then this node is unconstrained:;
ratio, andG is the shear elasticity’s modulus. By assessing thgnile if Al = lpp= Ail then this node is fixed. As a result, the

bending strain in Eq. (3), the bending forég acting on the stick/slip condition of a contacting node can be descrited a
free end of the cantilever, with length and cross-sectional

area’s radius’, can be calculated in the following equation: i {f{,e_+fib if fle+fh, < pfy = Stick = A' = A} @
o )4 T uft if flo+fl>ufl =Slp =A =A] °
fl —bos— %552 Lﬁ(g) 5s. 4) " ve b =Hn 0
(" (" For each iteration, the state of stick or slip of each coimgct
node can be determined based on the magnitude of the
B. 2-D FEA Modeling of the Contact Surface frictional force, allowing the value of the constraint niatr

There are many ways to solve FEA simulations of slidin to be determined. The constraint matéxof all nodes can

contact using commercial softwares such as ANS¥Sor De determined by combining partial constraint matrices:
MARC™ . These programs, however, cannot determine the

. ; L . . 0
exact dynamic behavior of frictional force or of micro slips A 01 -0
during stickslip transition. We therefore propose a metted AT 0 A .. 0 8
dynamically calculate the output of frictional force, asliwe | : oo ’ 8)
as micro sticks/slips on the contact surface during stligk-s N

" 0 0 .. A%/ .y
transition. )

If A€2andp®? are elastic Lame's constans!® andu*®as \here N is the number of contacting nodes. As a result,

viscous Lame’s constants, then the connection matlig@d the geometric constraint can be described in the following
Ju can be obtained by synthesizing partial connection matricgquation:

set of triangles{T,}. Detailed derivations of those matrices
can be refereed in [16]. Using connection matrices, we can
describe a geometric relationship among all nodal poirits. \\e applied the CSM to incorporate this constraint into dy-

Fve is a visco-elastic force vector on contact nodes, then it cagmic equations. Let us define a critical damping of the
be calculated as: constraint:

Fre= (A®33) + u®33, )un + (AVS3) + 1S3 )vn,  (5) R+ 2wR + w’R =0, (10)

R2ATuy=0. ()]
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Fig. 6. Responses of friction force of simulation trials.

where w denotes a predetermined angular frequency. This

equation turns into the following differential equation: IV. SIMULATIONS

The simulation was conducted by implementing the model
Consequently, Lagrangian under a set of geometric conggrail the C++ programming environment, thus optimizing cal-

ATiiy+AT (2wiy + w?uy) = 0. (11)

R is formulated as: culation time. To solve_Eq. (14), we e_mployed a sixth order
Runge-Kutta method with a sampling time of 1.0x£8. The
L=T-U+W+ATATu. (12) simulation runs on a normal PC with a 1.8 GHz processor.
Therefore, a set of motion equations of all nodal points ||£l th|s. paper, we co_nducted S|n_1ula_t|ons. of tV.VO typical soft
) ingertips, hemispherical and cylindrical fingertips.
formulated as:
_ My — Kgjalin — Kuistin -+ F+ AA =0, (13) A. Hemispherical Soft Fingertip

. o ) In this simulation, the soft fingertip has a diameter of
whereM is the inertia matrix of the 2-D FEA contact surface g o mm, similar to the tip of an adult’s thumb. The fingertip

([16]), F =F, +Fp being external force vector on the contacig pushed with contact depit, and moved with a constant

surface, and being a set of Lagrange multipliers. Recallinge|ocity v. The contact surface is circular with diameter a,
the Eq. (11), and introducing the relatiog = Un, equation \yhich can be calculated as:

motions of all nodes can be described as follows:

VN = Un a=4/R2—(R—dy)2. (16)

MUy —ATA = —Kgjaun — Kvisvn +F . (14) Because the fingertip can slide in any direction, the mesh
—ATvy = AT (2wvy + w?uy) of the contact surface must be symmetrical to the center of
the contact surface. The numbers of contacting nodes and

Namely: contacting cantilevers were botth. The normal force acting
| 0 0 Un VN on a node on the contact surface can be estimated using a
0 M —A|[uw]|=[-Keaun—Kuyisvn+F | . modified form of Eq. (1):
0 -AT 0 A AT (2w + w?uy) o i 2
(15) fo=Kdy=E |i° {(YR-0¢+y)—(r—dn)}. (17
This equation is linear and solvable since the matrix is lagu 0

indicating that we can compuigy, andvy. Consequently, by Other parameters are summarized in Table I. Young’s modulus
combining equations for virtual cantilevers and equatiohs (E) and Poisson’s ratiol) have obtained based on lineariza-
motion for the contact surface, we can determine the dynantion of 60% stress-strain relation of a polyurethane rupber
frictional force acting on each node during its stick/slipput the viscous paramete€) of this type of rubber is not
motion, as well as the total frictional force on the contaétlentified. Therefore, we used 100Pa.s as an approximate
surface. Moreover, we can determine dynamic changes at #tadue for viscous modulus in this simulation. Simulation is
contact surface during stick-to-slip phase. focused was stick-to-slip transition, or the transient ggha
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—{&E—v increases as the velocity increases. One of the chardid®ris
Ad icti

of friction of soft material, hysteresis of friction befoskding,
can also be perceived in this simulation. The fingertip is eaov
Fig. 8. Simplified model of a sliding cylindrical soft finggrt until the moment right before slide begins, and is then stopp
and moved back to its original state. When friction is pldtte
with regard to displacement of the fingertip (Fig. 6(b)), the
forward and backward frictional forces during the stick gha
before the stable sliding of the fingertip. By solving Eq.)}15create a hysteresis. The gap of the hysteresis also depands o
the transient period of stick-slip of the moving hemispbalri sliding velocity.
fingertip can be determined. Moreover, by illustrating partial trajectories of contacdes
Fig. 5 , shows a plot of frictional force acting on theduring the stick-to-slip transition Fig. 7, we can closetpk
contact surface during the stick-to-slip phase. This fax@e at micro changes of strain on the contact surface. Thatés, th
be calculated by summing all the frictional forces acting operipheral areas of the contact surface slip first (Fig.)7éad
the nodes of the contact surface. Two different stages thi slipped areas propagate to the center of the contaetcsurf
friction force can be easily realized during this phase. Thgg. 7(b) to (c). This incipient slip of a hemispherical soft
friction force keeps increasing during the stick phase,lavhifingertip has been described in ([2],[10]). Moreover, dgrin
remaining unchanged in the slide phase. There is no suddperimental stick-to-slip transition the center of thentemt
change between the two stages; rather, it occurs smootlsiyrface was the last to give way right before gross slippdge o
This phenomenon occurs only with ductile material like thdhe moved fingertip on the plane of the object [20].
of soft fingertip; but is unrealistic for solid objects wheret o ] )
body accelerates, even if the external forces on the boBy CYlindrical Soft Fingertip
are below the threshold of the frictional force ([19]). When When a cylindrical fingertip makes contact with a plane,
the sliding velocity varies, the friction responses alsargfe the distribution of normal force is uniform along the latera
correspondingly (Fig. 6(a)), such that the moment of slid#imension (Fig. 8(a)). Therefore, it is not necessary tohmes

(b) Linkage element on the contact surface
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the entire contact surface precisely. Rather, the prop8ded z: e et 22 -
model in Section Il can be simplified to a 2.5-D model by’ e 20
choosing cantilevers with rectangular cross-sectioredsrAt £ - .- %%Eﬁ% JZ e
this time, the contact surface includes ofilykage elements ", - , N, *Backwarg
(Fig. 8(b)), corresponding to triangular elements in the 3-1 . . . -.'-1-‘--'2‘ TR S S
D model. This can reduce the time required for simulation (a) Velocity changes (b) Hysioicenenfopierfiml © o

compared with that needed for hemispherical fingertips; but _ o o N
still assure the correctness of the simulation. Some pamme Fig. 13. Experimental friction force during stick-to-slinsition.
used for simulation can be found in [13].

Fig. 9(a)-(c) shows that the responses of friction forcéedif
significantly when some conditions of slide change, such as V. EXPERIMENTAL VALIDATION
sliding velocity, contact angle, and contact depth, simita A. Hemispherical Soft Fingertip

responses occurring for hemispherical fingertips. In paldr, 1o verify the simulated model, we conducted an experiment
we are able to observe the hysteresis of frictional forcgs which one polyurethane rubber soft fingertip was moved
upon periodic changes in velocity (Fig. 9(d)). In addititne o, 5 rigid surface by a 2-DOF stage. A 3-DOF loadcell was
hysteresis curves became narrower when the rate of velogifyached to the fingertip to measure external forces acting
changes increased ([19]). We could also assess the lodaligg it Moreover, the outer surface of the fingertip contains
displacements of nodes on the contact surface during skiigk- gots representing contact nodes. These dots have coslinat
transition. Fig. 10 illustrates the displacements of coil@ sjmjlar to those of contacting nodes in simulation. To azeat
nodes numberedN to N, from left to right along the direction these dots, we utilized a thin steel panel with drilled halés
of slide. The localized slip also propagates from outward {95 mm radius distributed similarly to those of nodes on the
inward, and the zone gives way before gross slip is adjacgpbshed contact surface. This plate was pushed vertically on
to the center zone. the top of the soft fingertip with the same contact deghttas

As described above, simulation trials were implemented in the simulation. Spray paint was used to create black dots
a C++ environment, using a common PC. We were able tiorough the drilled holes (Fig. 11). A high speed camera was
conduct simulations of the sliding cylindrical fingertip ded employed to track the movements of these dots. The white
in real time. Using our model of a hemispherical fingertidars in Fig. 11 illustrate localized displacements of teatk
each trial took 4 to 10 minutes, depending on initial coldis dots on the contact surface during stick phase. We also found
such as sliding velocity and contact depth. We are attemptithat localized slips on the contact surface occurred first at
to accelerate simulation trials by utilizing power of péehl the outward border, later propagating into the center zone.
computations, using CUDA in GPU-equipped computers. Thi@onsequently, this experimental result validates our gsed
seems very promising for future implementations of simatat model and its simulation result.
in real time. Compared with solid FEA simulations imple- Fig. 12(a) compares simulated and experimental frictional
mented in commercial software ([14]), the simulation timesw forces during stick-to-slip transition at = 5.0 mm/s. We
markedly reduced. The solid FEA simulation apparently irebserved very good agreement between the two results. The
cludes detailed stress-strain information at any noderedse relative error was large at the very beginning of the slide,
our model can describe stick-slip transitions dynamicadth but quickly vanishes (Fig. 12(b)). When we assessed changes
promising application in real time. in frictional force as a function of the velocity of the slide
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Fig. 13(a), we found that, as velocity increases, the ovgrt s 9

occurs sooner and the coefficient of friction increases. The
latter is due to the viscosity characteristics of frictibfoaces,
in that the coefficient of friction depends on sliding vetgci model can be used to simulate other types of soft fingertips,
([12]). This was also observed in the simulation results, &¢en those with complicated surfaces. Unless the disiibut
mentioned in Section IV. Hysteresis of friction force ralatto  0f normal forces on the contact surface is impossible to
fingertip displacement is plotted in Fig. 13(b), showingeyeh perceive, stick-slip transitions and localized displaeata can
agreement with simulation results (Fig. 6(b)). be assessed using our model. This model can also be used
to explain the sliding of human fingertips. This conclusion
is supported in part by previous experiments on the sliding
Experimental apparatuses similar to those for hemisphlerienotion of human fingertips with epidermal ridges ([21], or
fingertip were also employed for validation of cylindrica[22]) especially on how the contact surfaces of human fin-
fingertips. In the visual setup, the outer surface of the fiffge gertips change during sliding motion from stick to slip esat
has a distribution of continuous ridges, which were markeg. 6 in Ref. [22] is similar to our simulation results; inath
for ease of tracking (Fig. 14). We observed movements hicalized displacements occur first at the border zonesatad |
the center points of contacting ridges on the contact serfapropagate inward. As a result, our model promises a platform
These center points represent contacting nodes in the modet can dynamically represent the sliding motion of marfy so
The trajectories of the contacting nodes are illustrateBign fingertips, ranging from robotic to human.
15, showing agreement with that of simulation result in Fig. For a complex model with various materials, such as a
10. The force validation shown in Fig. 16 is also in agreemehtiman finger, our group has used magnetic resonance imaging
with the simulation results in Fig. 9. Consequently, ourexp and the Snake algorithm to specify the exact shape, as well
imental results totally support our proposed simulatiordeio as the locations of bone and other tissues. Based on this
information, the stiffness of each cantilever correspngdb
VI. DISCUSSION bone_, soft tissue., and other mate_rials can bg identifie_d. The
) ) N physical connection between cantilevers of differenfreti$s
A. Stick-Slip Transition assures the flawlessness of the model. The contact surface
In this paper, we employed two typical shapes of robotis meshed with corresponding characteristics of human. skin
soft fingertips, hemispherical and cylindrical, to invgate Thus, by extending our proposed model, we can simulate the
sliding motions using our proposed model. We believe that osliding motion of human fingers.

B. Cylindrical Soft Fingertip
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