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Abstract advantages of this approach and showed how it could be
The goal of our study is development of a "tactile mirror”  ysed to create accurate and convincing displays of sliding
for displaying tactile perception information. A point of distinc-  friction, including pre-sliding displacement and stick-slip
tive difference between a tactile mirror and conventional tactile behaviors[6].
displays is that a tactile mirror possesses a feedback mechanism  However, these studies of developing tactile displays
for acquiring the contact state information on the finger pad con- yse open-loop control in driving actuators of the display
cerning not force but tactile perception sensation. The primary devicesi.e. without any feedback mechanism for acquir-
development concerns human static friction sensation. First, a ing tactile perception information at the contact surface be-
control method and the structure of a tactile mirror are described. tween a human finger pad and a display probe: While there
Second, simulation results using FEM for contact analysis and a are many studies using force gadtorque information as
ANN(Artificial Neural Network) for generating feedback signals in [7], there has been no study in which actual contact state
are shown. Finally, experiments demonstrating that providing a information concerning tactile perception was compared
feedback component accomplish accurate display of static fric- with the desired one so that it can be displayed by some
tion sensation with a conventional type of tactile displays. compensation control. In this study, we propose a novel
1 Introduction Factile deyice that. has a feedback mechanism of displa}y—
ing such information as to evoke accurate human tactile
Recently, it is expected that tactile media will serve as perception sensation by providing the device with such a
the third important human interface after visual and audi- feedback control mechanism as was mentioned above. We
tory media. Particularly, studies on VR(Virtual Reality) call this device a "tactile mirror”. The term 'mirror’ is used
are demanded for acquiring force @mdtactile display in-  in the sense that the tactile perception sensation is reflected
formation that can be fed back to human masters’ sides onto a human finger even if the contact state of the human
so that they can perceive physical constraints from their finger surface is locally changed by disturbance. A part
environment[1]. Several attempts have been made to dis-of a tactile which makes contact with a human fingertip
play tactile perception sensation, such as deformation ofis called a "pad”. A tactile mirror is associated with con-
human finger tips[2] in the shearing direction. ventional tactile displays, but there are critical points to be
There are many studies of displaying tactile perception made that describe theffirence between the two devices.
sensation. For example, Dimitri@t al. developed a set  The control structure of a tactile mirror is showrFilgure
of tactile shape sensing and display system for teleoper-1.

ated manipulation[3]. & 4 arrays of SMA(Shape Memory @ () update the model
Alloy)-driven pin elements cause human shape sensation in ® &)
. Select + Decide controll
their development. ) o tactile Model the sensation P (O—P-{parameter of the
Due to advancement of computers, studies of realizing |sensation using defined index * parts to be moved
advanced tactile perception sensation display have been ®F - °_°mr<l>l
signal
reported more recently. For example, Delaisal. pre- ®© | -y
sented the design and testing of a multi-channel vibro- Model the , output signal parts 0 be moved |
tactile display[5]. The device was tested in a manner of displaying sensation | <& sensor | pad |@
- X . . using defined index -
sensory substitution for conveying force information dur- sae (DA d‘SPiaY
. . . . . . tact
ing a teleoperated peg insertion. Their results showed that information N
the device wasféective in reducing maximum forces dur- | human finger
ing the insertion task. Richaret al. reported a state-of- Figure 1: Control block diagram of a tactile mirror

the-art haptic interface in friction estimation and presented
a method for rendering the friction based on a modified  The structure is composed of 7 blocks of phases to con-
Karnopp friction model. They pointed out some of the trol a tactile mirror. Firsta) a tactile perception sensa-



tion is determined which is desirably displayed. Néxt, slip has an important roll for the sensation. Later, sev-
modeling of the desired tactile perception sensation is per- eral studies revealed that a robot hand grasps an object us-
formed. We refer to the data to be modeled as "tactile ing such incipient slip information without dropping the
data”, which do not contain force afud torque informa- object[9][10][11]. In this section, we introduce a control
tion. In this phase, it is considered to béidult to display method for a tactile mirror paying our special attention to
complicated tactile perception sensation in the sense thatincipient slip.

multidimensional and sophisticated tactile image patterns  Figure 2 is an overview of a pad for use of displaying
cannot be easily converted to a tactile model of compressedstatic friction sensation. In this figure, a human fingertip
data in lower dimensions. A surface condition that is con- contacts a pad with ridges in which vibrotactile sensory
taminated by e.g. human sweating or changed by a me-elements are embedded. The pad is fixed yeaais stage
chanical displacement between a human pad and a displayfor generating relative displacements in theirection.

device probe can also be a serious problem. We consider,

however, that the above problems can be solved by applica-z'l Hardware structure of a pad

tion of phasey. Next, c) control signals are computed us- . PVDF film

ing the modeled tactile data. Probes are actuated using the Ef)—y ridge g g : \“Qzloo
signals to display tactile perception sensation on a human 2 oy Vs 5 T
finger. d) Sensors embedde_d in tr_le pad detect_the contact ‘q/mq//”/ L S — ;

state on the surface of the fingertip) Actual tactile data = ot /10[mm] 20[“‘“‘]

are collected through the sensdisTactile data in phase Hrmmn] serlic plate 2:5{?12}

and phase are compared and an error of signals between (a) structure of pad (b) section of a ridge

the two channels is calculated. The error is fed back for the
purpose of displaying tactile perception sensation more ac-
curately.g) The tactile data obtained in phasés used to
update the model of tactile perception sensation atthe same The structure of a pad is shown Figure 3(a). In
time. The difficult problem of displaying tactile perception this figure, a pad is composed of six ridges and the ma-
sensation which can be modeled in the form of a multidi- terial for the ridges is silicone rubber(Shinetsu Silicone:
mensional pattern converted to compressed tactile data in &E12). There are 1mm distance between the two neigh-
lower dimension. If the conversion process does not oper- boring ridges. The bottom of the ridges are adhered to an
ate appropriately, phaggupdates the conversion process acrylic plate. The reason of 1mm distance between the two
for a better mapping. The originality of this study is repre- s to prevent vibration occurred at one ridge from transmit-
sented by the existence of phasethroughg. There has  ting to the neighboring ones[12]. We label 1 through 6 to
been no report that had such a feedback mechanism abouthese ridges, which are shown in the figure. The pad is
tactile perception sensation. In this paper, we stress that adesigned as having a macroscopically flat surface so that

tactile mirror which typically has phases fraio f is use- sufficient contact can be obtained between a human finger
ful to display such a sophisticated tactile perception sen- and the pad.

sation in contrast to conventional display devices without Details of one ridge are shown fRigure 3(b). The
any feedback control of contact state information. curvature radius of the top surface is designed to be 100

; Py mm: A local slip is spread slowly if the surface has smaller
2 Structure of a pad for static fric but nonzero curvature. Two strips of PVDF films(Kureha

located at an end

Figure 3: Structure of a pad

tion sensation Chemical Industry Co.: KF Piezofilm @én) which are cut
human finger 7 in the shape of 210 mm, and are embedded in one ridge
:‘y as shown in this figure.
X load lo 7500k
50k
y-axis stage 3 ) >_
; - . . = 50k N f‘]out ?uout
Figure 2: Schemetic of the human-pad(tactile mirror) sys- PVDF OP amp
tem for static friction sensation 7500k (AD847JN) i
4 7

As was described irsection 1 we set our target of  giq1e 4: Circuit diagram of a PVDF circuit(PVDF trans-
tactile perception sensation as static friction sensation for ducer+ amplifier + signal processing circuit)

the purpose of demonstrating theetiveness of a tactile
mirror. Johanssomet al[8] examined human static fric- A circuit system that converts the applied |dado the
tion sensation. According to their suggestion, incipient voltage signals/oy: anduey; is shown inFigure 4. Elec-



Table 1: Parameters of FEM analysis

Young’'s modulus 4.96 MPa
Poison’s ratio 0.495
Mass density 1230 kgm?3
Mechanical materia isotropic
FE Program MARC(MSC.MARC2001)

tric charge is produced when PVDF film is givem and
the current is converted g, through an OP amp circuit,
andug is further produced by flierentiatingvy,.. We call
the overall signal processing circuit system a PVDF cir-
cuit. We definite the quantit@ain of eithervgy: Or Ugy: in

the following manner.

Gain(xoyy) = 2010919 (* = v,U)

1)

*out
lo

the simulation experiment. The schematic of displacement
of the rigid plate is shown ifrigure 5(b). For the first 0.5
seconds, the rigid plate is moved downward at -0.06/snm
speed in the-axis direction. Second, the plate is moved
horizontally at 0.2 mrifs speed in thg-axis direction until

a slip occurs. It occurs at the poirt Other experiments
are conducted where the motion of the plate is stopped at
the pointsA or B.

The result of a FEM analysis is shown Kigure 6
where the rigid plate is moved in such a way as is de-
scribed inFigure 5(b), i.e. the plate stops neither &t
nor B. The curves irFigure 6 are the simulated results of
the stress rate and the 2nd-order stress rate of the value
of o, — o.r. Let them be denoted d@sr andAd, respec-
tively. In the figure, the arrow pointing downward indicates
the timing when a slip occurs at the contact surface. The
result revealed the following two interesting points: First,

The experimental result shows that the frequency charac-the magnitude oA¢ increases gradually from 1.1 sto 1.4

teristic ofGain(voy) has a gradient of 18.5 d&ec and that
of Gain(uoy) is 38.5 dBdec[12]. Howeet al. called this
characteristic of PVDF stress rate[13]. We cal; the
stress rate and furtheg,; the 2nd-order stress rate, respec-
tively.

3 Simulation results

In order to demonstrate the feasibility of a tactile mir-
ror for static friction sensation, a contact analysis is con-
ducted. Monitoring the stress distribution in the pad, sig-
nals generated from PVDF films which are embedded in

the pad are estimated. The signals are used as inputs to an 0

ANN(Artificial Neural Network) and the output signal is
also analyzed.

3.1 Contact analysis result
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Figure 5: Model of contact analysis
Using the model shown ifrigure 3(b), we analyzed

s. Second, it decreases sharply and the magnituderof
oscillates when the slip occurs. We see that the slip can be
detected by monitoring botho andAg
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Figure 6: 1st and 2nd-order stress rate signals
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Figure 7: 1st and 2nd-order stress rate signals with stop
control at pointA in Figure 5(b)

Next, the result of a FEM analysis is shownFRigure

the stress distribution when the pad made contact with a7 where the rigid plate moves as is described-igure
rigid plate and was moved until an incipient slip occurred. 5(b)i.e. the plate stops only &. In Figure 7 as well, the

The analysis model is shown Figure 5(a). Points to be
analyzed are marked ag, R in the figure and the stress
exerted at the points are definedas, o.r, respectively.

arrow indicates the timing when a slip occurs at the contact
surface. The rigid plate stops moving frogilt0 s to 1.05
s, and starts moving at 1.05 s, again. In this case,s

Material parameters in the model used are similar to those 0 while the plate is stopped, and a small impulse signal

of a silicone rubber as specified Table 1.
Under the condition that the bottom of the ridgeHig-
ure 5(a)is fixed, the rigid plate is slid in the direction in

appears iM¢ when the plate stops and restarts moving.
There is little diference between the results kigure 6
andFigure 7.



slip occurSU, "a slip occurs on the ridge”. Canep al. studied that
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Moreover, the result of another FEM analysis is shown 5% >
in Figure 8 where the rigid plate moves as is described in o
Figure 5(b) i.e. the plate stops only & In the figure, ex- 1 1 i
perimental data are represented when the plate stops mov- < i
ing from t=1.4 s to 1.45 s, and starts moving from 1.45 s, & S5 ]
again. TheAo curve shows that the magnitude of the dif- ’\l.,
ferential stress rate increases gradually from 1.1 sto 1.4 s, L —— 0 15 20 R —— 10 15 20
and the magnitude becomes 0 when the plate stops mov- ot time [S]f ‘ . time [lS]f A
ing. An impulse Signal with Iarge amplitude appears in the (a)result of using signal of Figure 6 (b)result of using signal of Figure 8

case ofAG- when the plate stops. Botk- andA¢ hit their Figure 10: ANN result using FEM analysis signal of Fig-
peaked values when a slip occurs. It is important to dis- ure 6 and Figure 8

tinguish the two signals, because the contact processes are The ANN is trained with the signals obtained from the
entirely diferent from each other. Next section discusses a FgM analyses described Bubsection 3.1 Results of a
method for distinguishing the signals. slip judgment are shown iRigure 10. The figures irFig-

ure 10(a) and (b) show judged results corresponding to the
inputs inFigure 6 andFigure 8, respectively. The top fig-
ures inFigure 10 show the diferential stress rat&o and

3.2 Method for judging slip occurrence

—— slip judgment 2nd-order stress ratks at «L and =R, the middle figures
output: y,. show the slip sign&ysip, and the bottom figures show the
— non-slip judgment slip prediction signay,req, respectively. We did not show

the signal of judging there was no slig,o,, because the
result simply satisfies the relationshipwn = 1 — Ysiip.
> indication judgment These results show that a correct judgment is made: When
Y e a slip occurs, the output signgli, grows over the_ thresh-
old of 0.8. On the other hand, when the motion of the
rigid plate is stoppedysiip dose not overpasses the thresh-
Due to a potential necessity of increasing the number 0ld. The results show that the ANN can judge only the
of sensor elements and a promise of expanding the pro-case where a slip occurs. The output signali can make
posed tactile mirror concept to other kinds of tactile per- @ judgment of slip prediction. Thus, whgpreq is given a
ception sensation, ANN is used in the framework of our Certain magnitude and eventualy;, does not overpasses
study, which can change the number of inputs and outputsthe threshold, the contact state is judged "a slip is likely
with comparative ease. The architecture of the ANN for 0 occur, but it dose not actually occur”. Next, practical
judging whether slip occurs is shownfigure 9[12]. The experiments using a set up with an actually _developed. tac-
ANN has five input and three output elements, and one hid- file mirror are conducted by use of the previous described
den layer. The output neurons of ANN argj, for judging simulation results.
slip occurs,ynon for judging no slip occurs, angyeq for .
a prediction of slip occurrence. The input neuFr)ons to the 4 EXpe”mentS

output: y, .

Figure 9: ANN architecture for slip judgment

ANN are Vout, Uoyt andypreq Whereypreq is a feedback ele- Based on the simulation results section 3which af-
ment. The signalg;., andv:?, are stress rates at and+R ford a technical prospect of monitoring the contact state
in Figure 5(a), respectively, and the signalswaf;, andu;R, transition from sticking to slipping through detection of an
are 2nd-order stress rates+at and =R, respectively. Nu- incipient slip, a tactile display is constructed to verify the

merically, if the value ofyg, is larger than 0.8, we judge effectiveness of a tactile mirror.



4.1 Experimental setup and method

2.

axis stage

pad
force sensor

Figure 11: Experimental setup of a tactile mirror

A photograph of our experimental hardware setup is
shown inFigure 11. A three axis force sensor(KISTLER:
9251A) is mounted on g-axis stage(NIPPON THOMP-
SON CO.,LTD: CTS 12825AE342), and a pad is fixed
on the sensor. The force sensor is used to detegtdnez
axis components of the force applied from a human finger
through the pad.

Further, we set the following experimental procedure as
follows: After placing the finger on the pad without any
shearing force applied, a subject moves the finger irythe
direction as defined ifigure 11 while keeping it in con-
tact with the pad. For displaying the contact information
without any slippage, the pad is necessary to be controlled
to move in the direction with feedback information con-
cerning where the finger is about to shift. And itis expected
thatyyreq, Which is generated in advance of a slip and pre-
dicts its occurrence, plays the very role of such feedback
information.

To demonstrate the usefulnessypfeq, we conducted
the following two experiments. The first experiment em-
ploys open-loop control of thg-axis stage without feed-
back signal of/,req and the second witiyyq feedback sig-
nal.

4.2 Experimental result

4.2.1 The experimental result of control without feed-
back element

An experimental result controlling theaxis stage with-
out anyypred feedback signal is shown fRigure 12. The
top two curves are input signals of the ANM,; andug,
the third and fourth curves are contact force components
in they andz directions, and bottom two curves are output
signals from ANN;ysjip for judgment of slip occurrence
andypred for the indication of slip occurrence. Again we
do not showy,on because it always satisfies the relation-
ShiDYnon =1- Yslip-

As is shown by the third and fourth curves, contact force
is applied from the finger in thgandz directions, andsip
reaches a peak value and overpasses a thresheid.dtg
meaning a slip occurs. Indeeyghq increases a little ear-
lier thanyg), overpasses the threshold. We stress that the
ANN system can detect the slip state of the contact sur-
face, while the force sensor can not clearly capture that the
slip occurs. The result shows that a local and small rela-
tive displacement of the finger on the contact surface can-

not be detected by the force sensor. And we can conclude
that controlling an actuator of a tactile display without any
feedback information from the contact surface cannot ap-
propriately display the desired contact state information of
sticking.
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Figure 12: Experimental result without feedback control

4.2.2 Experimental result of control with feedback el-

ement
Experimental result of controlling theaxis stage without

anyypred feedback signal is shown iigure 13. The up-
per curves are defined the same aBigure 12 except for
the bottom curve which shows displacement of yrexis
stage. Ther-axis stage is controlled in such a way that the
displacement is set in proportion to the amplitude/tq
when it overpasses the threshold.

The experimental result shows that th@xis stage is
actually driven wherypeq increases and eventually slip
does not occur, which is obvious from the fact tlyaf,
stays nearly zero. As is observed from the curve of the
y-axis force component, the subject moves the finger ran-
domly in they direction in the experiment. However, the
y-axis stage can track the finger movement. The result
shows that the control mechanism with feedback of contact
state information concerning tactile perception sensation
performs &ectively, and demonstrates that our proposal of
a tactile mirror is useful.

This mechanism is considered to workeztively when
a contact surface is subject to variation due for example to
human sweating, or a loose mounting of a display device.

5 Conclusions

In this study, we stressed that there has been no study
where contact state information concerning tactile percep-
tion sensation on a human finger pad side was fed back
and compared with the desired information. From this
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Figure 13: Experimental result with feedback control

viewpoint, we proposed a tactile perception sensation dis-
play with a feedback mechanism of monitoring the contact
state information concerning tactile perception sensation
of a human finger pad, and called it a tactile mirror in the
study. We set our target of tactile perception sensation as
static friction sensation for the purpose of demonstrating
And we introduced
a control method for the tactile mirror paying our special
attention detection of incipient slippage. For displaying in-
cipient slips, we designed and manufactured a pad with 6

the dfectiveness of a tactile mirror.

ridges, each having a pair of PVDF strips as sensors.

In order to demonstrate the feasibility of a tactile mir-
ror for static friction sensation, a contact analysis was con-
ducted. Monitoring the stress distribution in the pad, sig-
nals generated from PVDF films which were embedded

helpful advice throughout this study. This study was sup-
ported by the Ministry of Education, Culture, Sports, Sci-
ence and Technology under Grant-in-Aid for Scientific Re-
search (B) N0.10450161 and (B) N0.15360139.
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