
submitted to ASME Haptics Symposium 1998Tactile After-Images at Low Temporal Frequency �U. Singh, R.S. FearingDepartment of EE&CSUniversity of CaliforniaBerkeley, CA 94720-1770AbstractA stimulator display for the human tactile system needsto make use of both the spatial and temporal characteris-tics of the sense of touch. The temporal response of thehuman tactile system includes viscoelastic memory. Weran psychophysical experiments on human subjects to de-termine whether the �nger exhibits a signi�cant amount ofviscoelastic memory and how this a�ects the overall tactilesystem. Since most tactile stimulators include an elasticlayer as an anti-aliasing �lter, our tests were carried outwith a layer of elastic material on the �nger. There was asigni�cant amount of memory in the �nger which a�ectedthe perception of the inputs presented to the subjects. Weo�er a possible explanation for the results based on themechanics of the skin.1 IntroductionIn the visual world, terms such as refresh rates andframes/sec de�ne the bandwidth of a visual display sys-tem. TVs and monitors are built to use the well knownlimitations of our visual system (e.g. interlaced scanning,minimum refresh rate of 70Hz for icker free displays).This same principal can be applied to tactile display. Ifwe had more information about the human tactile system,we could use it to build better displays (e.g. use interlacedscanning of the pins across the �nger by using the memoryin the �nger). This paper tries to determine the limita-tions in dynamic human tactile perception that could beused to improve tactile display resolution.Neurophysiological studies by LaMotte and Srinivasan(1987) suggest that SAI mechanoreceptors are most impor-tant in small-scale shape perception. The SAI's have a �elddiameter of 3�4mm, a frequency range of DC�30Hz andsense local skin curvature [10]. This suggests that a rela-tively low bandwidth display might work for most applica-tions. The SMA actuated display designed by Kontarinishas a bandwidth with a �3dB point between 6�7Hz [10].Cohn et al. get a 7Hz frequency response out of their pneu-matically actuated display. Both of these displays are wellbelow the 30Hz bandwidth of the SAI mechanoreceptor.Since there are some physical limitations (such as hystere-sis in SMA), display bandwidths might not increase in thenear future (recently 50Hz bandwdith was achieved usingSMA with ice water cooling [7]). But performance im-provements can still be made by exploiting the perceptualproperties of the human �nger.This project attempts to determine if the viscoelasticityof the �nger creates a tactile after-image in human tactile�This work was funded in part by: NSF grant IRI-9531837.

perception. We use a similar setup as Tan [19] and conductpsychophysical experiments to determine if the viscoelasticmemory can be quantitatively observed in human subjects.We also present a model to explain how this memory a�ectsoverall tactile perception.1.1 Previous workMany researchers have examined the mechanical prop-erties of skin. Pawluk and Howe have used Fung's quasi-linear viscoelastic model of tissue to propose a viscoelas-tic model which describes the response of the human �n-ger pad to mechanical deformation [14], [13]. They alsoshowed that the �nger pad can be described by a non-linearrelationship between force and sti�ness. Much of this workhas also been done by Fung for soft tissues [6]. Serina,Mote and Rempel have done studies on �nger pad dis-placement for ergonomic purposes. They have shown thatthe bone, nail interface can be considered incompressiblecompared to the �nger pad [13].There has been very little work done with temporalresponse of the human tactile perception. We could not�nd any work that dealt with viscoelastic memory in thehuman �nger and how this a�ects the tactile perception.There has been some work done by VanDoren with spa-tiotemporal sensitivity [2]. This model treats the �ngerpad as a linear Voigt body. The model he presents is validfor very low forces (0:1N). Verrillo and Chamberlain, asdiscussed by VanDoren, have done some temporal stud-ies with the tactile system. But their work focuses oninputs with frequencies of 250Hz and higher [3]. Tan'sresearch to determine spatial sensitivity of the human �n-ger was a�ected by temporal properties of the �nger. Inhis experiments, subjects reported that, after wearing therubber gloves (anti-aliasing elastic layer) for some time,patterns became harder to discern. Some subjects claimedthat they perceived grating patterns on two comparisonsurfaces, when in fact one was known to be smooth. Al-though he did not draw any quantitative conclusions, hehypothesized that the viscoelastic memory of the �ngermight be confusing the SAI mechanoreceptors. He statesthat the amplitude resolution capabilities of the human �n-ger might be decreased by the viscoelastic memory causingerrors in perception [19].2 Experimental Methods2.1 ApparatusWe developed a system where patterns could be pre-sented to test subjects in a controlled manner using therobot modules of the Robotworld system. We used a Lord1
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Figure 1: Testing apparatus15/50 Force/Torque sensor directly attached to the robotmodule. There were also two momentary switches (as wellas accompanying real-time device drivers) placed withineasy reach of the apparatus to record the responses of thesubjects. The entire apparatus was hidden from the viewof the test subject. For each of the procedures outlined insection 2.2, the subject had his or her right index �ngeron a ledge with the palm of the hand facing towards themodule. The module moved a plate containing wax blockstowards the �nger. The robot module moved the plateuntil a block came in contact with a subject's �nger pulp.The plate, blocks, and the rubber �ngertip are describedin the sections below. Figure 2.1 shows the complete ap-paratus used during the experiment.2.1.1 PatternsThe patterns presented to the subject consisted of machin-able wax blocks with a ridge milled onto its surface. Theheights of the ridge varied from 0:1mm to 1:5mm. Eachridge on the di�erent blocks had a width of 5mm (�g-ure 2.1) and the blocks came in contact with the �ngerin such a way that the length of the contact along theridge was approximately 10mm (�gure 10). There werealso blocks that had no ridges (again the contact length onthe �nger was 10mm). Note, we used a stair-step con�g-uration on the plate to ensure that the blocks had normalcontact with a subject's �nger and at the same time onlythe block being presented came in contact with the �ngerpulp. During a test, the index �nger of the subject wasplaced on a ledge with the pulp facing out (so that thenail rested against the back of the ledge).

2.1.2 Rubber gloveA 2:0mm thick rubber glove was �tted on the index �n-ger of each subject. The gloves were manufactured withsilicone rubber using the process described in [19].The wax blocks that were presented as inputs to a sub-ject's �nger had varying textures and di�erent thermal sig-natures. Without a rubber glove, one could obtain addi-tional information from these surface texture and temper-ature cues.In one set of experiments, one of the inputs was a waxblock with ridge heights of 0:1mm or 0:15mm (called littleridge input). We wanted the little ridge input to be am-biguous (i.e. at a 50% threshold level) to perceive for ourexperiments. Without the rubber glove, the ridge heightswould have to be much lower than 0:1mm (making themvery di�cult to manufacture) for the little ridge inputs tobe perceived as ambiguous.2.2 ProcedureWe measured the �nger's dynamic response. We ap-plied a position step to the �nger and measured the �n-ger's force response (this is de�ned to be the relaxationfunction). The robot module was commanded to a posi-tion that corresponded to a force of 2:5N (measured bythe force/torque sensor) exerted on the �nger by the blockcontaining the biggest ridge (this corresponded to blockswith ridge heights of 0:7mm or 1:0mm). After �fteen sec-onds, during which the force response of the �nger wasrecorded by the sensor, a position step of 0:05cm towardsthe �nger was applied by the robot. The force/torque sen-sor recorded the force for thirty seconds. Finally, the mod-ule was commanded to move back to its original position(i.e. a negative step of 0:05cm) and the sensor recordedthe force for another �fteen seconds. Due to the limitedvelocity of the robot module, the position step was not in-stantaneous. It took on the order of 0:6 � 0:7seconds tomove the 0:05cm. The above procedure gave us a relax-ation curve for each subject. The results and analysis arediscussed in section 3.2.2.1 E�ect on Tactile PerceptionIn the second part of the experiment, we determined if theviscoelasticity of the �nger pulp had a statistically signi�-cant e�ect on the perception of ridges on the wax blocks.The plate was set up with three blocks. The leftmost block(in �gure 2.1) was smooth (SM) block (had no ridge). Themiddle groove contained a block with a little ridge (LR)whose height was either 0:1mm or 0:15mm. The height ofthe LR for each subject was determined before the experi-ment started. It corresponded to the ridge height that wasjust at threshold through the 2:0mm glove. The thresh-old point was de�ned to be the ridge height at which thesubjects were guessing whether they had felt a ridged pat-tern (i.e. there was equal chance of a subject guessing thathe/she had felt a smooth pattern). The third groove onthe plate in �gure 2.1 had the block containing a big ridge(BR). The BR block was the same as the block used in theviscoelastic test ( 2.2) to measure the relaxation functionof a subject. The robot module was commanded to movethe plate to the �nger until the block being presented asstimulus applied a force of 5:5N on the �nger (as measuredby the force/torque sensor). The ordering and the timing2



Type First Stimulus Second Stimulus1 SM BR2 SM SM3 BR SM4 LR BR5 BR LRTable 1: Trial types and corresponding patterns presented(SM=Smooth, LR=Little Ridge, BR=Big Ridge).Choice/Button Condition(s)1 Neither input had ridges,Only one input had ridge,Input(s) had negative ridges (grooves)2 Both inputs in the trial had positive ridgesTable 2: Choices and condition(s) for each choiceof stimulus was controlled very carefully and is describedbelow.The experiment consisted of 150 trials broken up into�ve sessions (thirty trials per session). Each trial consistedof two blocks being presented to the subject. Each trial wasone of �ve types outlined in the table 1. Note, with threedi�erent blocks, each trial could have been one of nine (32)di�erent types (since two blocks were being presented ineach trial). But we only used the combination of blocksthat were important (to cut down on the number of trials)in showing whether or not the viscoelasticity of the �ngerhad an e�ect on touch. The set of 150 trials was generatedrandomly prior to the experiment. They were generated insuch a way that there was a set of thirty trials of each typein the experiment. Thirty trials were picked because thenormal approximation (using the central limit theorem)is a good approximation regardless of the shape of thepopulation if the sample size is greater than or equal tothirty [20]. Furthermore, since the experiment was carriedout over �ve sessions (a session consisted of thirty trials),each session had six trials of each type.In each trial, the robot module presented the �rst stim-ulus with a force of 5:5N for exactly 3 seconds at whichpoint the module moved away from the �nger and waitedfor exactly 1:8 seconds (1:8 was picked because it was de-termined from the �rst experiment that the average relax-ation time constant for the subjects was approximately 2seconds). Following the wait, the second stimulus was pre-sented (also at 5:5N) for exactly 2 seconds. The subjectswere asked to push the appropriate button (momentaryswitch) based on whether or not they felt two ridges in thetrial (i.e., felt ridges on both the stimuli). The conditionsfor when the subjects were supposed to push each buttonis outlined in table 2. The subjects had 10 seconds withinwhich to make a choice. In other words, the time betweeneach trial was held constant at 10 seconds. The resultswere compiled and are analyzed in section 3.3 ResultsThe experiments were run on six test subjects, 3 maleand 3 female. All subjects were volunteers and no spe-
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)Figure 3: Relaxation function for one of the subjects (sub-ject 2).cial criteria were used to select them. Two subjects werefamiliar with the experimental apparatus and procedure,while the other four subjects had no prior knowledge. Theages of the subjects varied from 21 to 35 years of age. Thefollowing is the performance and analysis of each of the sixsubjects.3.1 ViscoelasticityWe showed in section 4.1 the �nger mechanical modelconsisting of springs and dashpots. After running the �rstexperiment, a relaxation function was obtained for eachof the six subjects. Figure 2 shows a relaxation function(to a position step) for a rubber layer. Note, one can seea very small viscoelastic e�ect here. Figure 3 shows arelaxation function for one of the subjects (subject 2). Theviscoelastic e�ect is very apparent up to approximately 15seconds (just before the 0:05cm position step). The othersubjects exhibited similar relaxation functions.The relaxation function for the Kelvin, equation 6, can berewritten more generally ask(t) = A+Be�tc (1)where A = ER, B = �ER(����� )�� , and c = 1�� . We usedMATLAB (using a nonlinear curve �tting algorithm basedon the simplex algorithm) to �t an exponential function ofthe form given in equation 1 to the force response takenin the �rst 15 seconds for each subject. Figure 4 shows an3
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Figure 4: Exponential �t for relaxation function.Subject A B c �� ��1 2.29 1.15 0.70 1.42 2.142 1.95 1.10 0.26 3.90 6.113 2.20 0.89 0.58 2.71 3.824 2.24 0.67 0.35 2.81 3.655 2.04 0.85 0.30 3.38 4.786 2.59 0.34 0.26 3.88 4.39Table 3: Parameter values of the viscoelastic model of the�ngerexample of the curve �tting for the relaxation curve of thesubject shown in �gure 3 which corresponds to subject 2.The data for the other subjects is shown in table 3. Note,the value �� can be found by substituting the known valuesinto the equation for B in equation 1.According to equation 7, and �gure 8, after the con-stant force input is removed, the �nger pulp (because ofthe viscoelastic creep) exponentially deforms back to itsoriginal location, with time-constant equal to �� (we willignore all other constants for this analysis). When a BRpattern is pressed against the �nger with a force of 5:5Nfor 3 seconds, then the deformation is equal to one (ar-bitrarily normalized units-zero corresponds to the �ngerpulp in its original location). 1:8 seconds after the patternis removed, the �nger will be at some position depend-ing on the value of �� for each subject. Table 4 showsthe deformation (in the above normalized units where zerocorresponds to the �nger in its original location, and onecorresponds to the location of the �nger after a BR pat-tern has been pressed on it for 3 seconds) for each subject1:8 seconds after the BR pattern is removed. A smallernumber means that the �nger is closer to its original loca-tion. In other words, subject 1's �nger pulp is only 43%away from its starting location, whereas subject 2's �ngerpulp is 74% from its original location. Equivalently, we canthink of this as the �nger pulp retaining some memory ofthe input even after 1:8 seconds. The �rst subject's �ngerremembers 43% of the input while the �nger on the secondsubject remembers 74% of the input.3.2 E�ect on perceptionThe second experiment was run on all six subjects. Asmentioned earlier, the responses of the second experiment

Subject Position of �nger1 0.432 0.743 0.624 0.615 0.696 0.66Table 4: Position of �nger 1:8 seconds after a BR patternis applied (in normalized units where zero corresponds to�nger in starting location, and one corresponds to locationof �nger after a BR pattern has been pressed on it for 3seconds
0 2 4 6

0

0.5

1

subject 1
0 2 4 6

0

0.5

1

subject 2

0 2 4 6
0

0.5

1

subject 3
0 2 4 6

0

0.5

1

subject 4

0 2 4 6
0

0.5

1

subject 5
0 2 4 6

0

0.5

1

subject 6
input types

%
 g

ue
ss

ed
 c

ho
ic

e 
2Figure 5: Fraction of trials of all types (1=(SM,BR),2=(SM,SM), 3=(BR,SM), 4=(LR,BR), 5=(BR,LR)) forwhich 'felt two ridges' (choice 2) was picked as a response.were either choice1 (if a subject did not feel a ridge oneach of the two inputs of the trial) or choice2 which cor-responded to a subject feeling two ridges in the trial (seetable 2). The performance, as indicated by fraction of tri-als that a subject picked choice2 for each type of trial,is shown in �gure 5. Refer to table 1 to see what inputpatterns were presented for each type.Looking at �gure 6, we see that for trials of types 4 and5, the fraction of trials for which subjects picked choice2,seems to be di�erent. What we needed to determine iswhether or not the di�erence in the the two fractions wasstatistically signi�cant. In other words, what was the con-�dence level with which we could say that the means (frac-tions) of the response of choice2 were di�erent for eachof the trial types. To accomplish this, we used a modi-�ed pooled t-test (sometimes called the two sample t-test).The pooled t-test is often used when comparing two meanswhose variances are unknown but equal. In our case, wewanted to compare the mean response of choice2 for trialsof type 4 (p1) and type 5 (p2) for each subject. The vari-ance of choice2 responses for type 4 was not equal to thevariance of the responses for type 5. Thus, we had to use amodi�ed pooled t-test which is described in section 3.2.1.3.2.1 Statistical Comparison of MeansWe want to show that p1, which is equal to the mean fortype 4 inputs (in other words, it is the fraction of trials of4



0 1 2 3 4 5 6
Subject

0.0

0.2

0.4

0.6

0.8
%

 o
f t

im
es

 g
ue

ss
ed

 c
ho

ic
e2

Type4
Type5

Figure 6: Fraction of trials of types 4 (LR,BR) and 5(BR,LR) for which 'felt two ridges' (choice 2) was pickedas a responsetype 4 for which the response was choice2), is not equalto mean for type 5 inputs (p2). We also wanted to see ifwe could state this with 95% con�dence interval for eachof the subjects.We begin by formulating the null hypothesis (H0) andthe alternative hypothesis (H1). We know that a �rm con-clusion can only be made if a hypothesis is rejected. Wewould like to say that p1 6= p2, or in other words, we wouldlike to reject the hypothesis that p1 = p2. Therefore, inour case we form the null hypothesis and alternative hy-pothesis as outlined in equation 2.H0 : p1 � p2 = 0H1 : p1 � p2 6= 0 (2)The two-sample t-test may be used when we can as-sume that both distributions are normal (which is a validassumption in this case because the number of samplesequals thirty which implies we can use the central limittheorem). In our case, we have two means, but we donot have the variances. Furthermore, we can safely as-sume that the variances of each of the distributions arenot equal. Therefore, we use the modi�ed two-sample t-test which uses sample variances. The sample variance canbe calculated for the distribution of responses for type 4and type 5 trials as outlined in equation (3).�2 = Pni=1(xi � �x)2n � 1 (3)The value of the test statistic is given by equation 4t0 = �x1 � �x2p�1n1 + �2n2 and � = ( �1n1 + �2n2 )2(�1=n1)2n1�1 + (�2=n2)2n2�1 (4)The means, sample-variances, and t-values for each subjectare shown in table 5.The critical region for the test is de�ned by equation (5)where � is the probability of a type I error (i.e. rejectionof the null hypothesis when it is true). It is also referredto as the level of signi�cance.t0 < �t�=2t0 > t�=2 (5)

% TworidgesSub Type felt �2 t-val �4 (LR-BR) 0.50 0.261 5 (BR-LR) 0.50 0.26 0 584 (LR-BR) 0.83 0.142 5 (BR-LR) 0.33 0.23 4.48 55.14 (LR-BR) 0.50 0.263 5 (BR-LR) 0.20 0.17 2.52 55.34 (LR-BR) 0.83 0.144 5 (BR-LR) 0.63 0.24 1.77 54.54 (LR-BR) 0.70 0.225 5 (BR-LR) 0.43 0.25 2.13 57.64 (LR-BR) 0.73 0.206 5 (BR-LR) 0.40 0.25 2.72 57.4Table 5: Raw data and t-values for each subjectAt a level of signi�cance of 0:05 (i.e. 95% con�dence level),we can determine the critical values of the t-distribution.For our values of � and � equal to 0:05, it was determinedthat the critical value t�=2 was equal to approximately2:000. At a signi�cance level of 0:10, the critical value wasequal to 1:671. From this we can safely conclude that thethe means for trials of types 4 and 5 were not equal forsubjects 2, 3, 5, and 6. Subject 4 fell within the 0:10 levelof signi�cance. Subject 1's means were equal. This datais explained in section 5.4 Models4.1 Viscoelastic model of skin tissueFung concludes [6] that biological tissues are not elas-tic. The history of strain a�ects the stress (viscoelasticmemory ). There is a considerable di�erence in stress re-sponse to loading and unloading. This has lead to work incharacterizing soft tissues using linear viscoelastic models.Most of the research has concentrated on relating stressand strain in the soft tissue using Voigt, Maxwell, andKelvin models [6].The Kelvin model (also known as the standard linearmodel) is the most general relationship that includes theload, the deection, and their �rst derivatives. We decidedto use the Kelvin model to explain the viscoelastic behaviorof the human �nger pulp. The Kelvin model is shown inthe �gure 7. It consists of a series connection of a dashpot(with viscosity R) and a spring (with spring constant k1)in parallel with another spring (with spring constant k0).Using the analysis in [6], we obtain the relaxation function(force response k(t) for a unit-step deformation)k(t) = [ER � ER(�� � ��)�� e�t�� ]1(t) (6)where �� (called the relaxation time for constant strain ),�� (relaxation time for constant stress ), and ER (relaxedelastic modulus ) are all functions of R, k0, k1.The form of the relaxation function is shown on the leftin �gure 8. The creep function (elongation produced by aapplication of a unit-step force F (t) = 1(t)) for the Kelvinmodel is shown on the right in �gure 8 and is represented5
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Relaxation CreepFigure 8: Relaxation and creep function for a Kelvin body.by equation 7.c(t) = [ 1ER � (�� � ��)ER�� e�t�� ]1(t) (7)5 Discussion5.1 Skin Viscoelasticity and PerceptionIf there were no perceptual \after image", there shouldbe no e�ect of presentation order on detecting two ridges.However, all of our subjects but subject #1 showed astatistically signi�cant di�erence in means between the(LR,BR) and (BR,LR) presentation order. Feeling the bigridge �rst reduced the probability of feeling the little ridge.It is worthwhile to consider the relation between themeasured viscoelastic properties and these perceptual re-sults. Table 4 quanti�es the non-elastic component of eachsubject's �nger response, i.e. the exponential term in eq. 7.The e�ect on perception is \measured" as the di�erence be-tween the mean number of times two positive ridges werefelt for type 4 trials (LR,BR) and type 5 trials (BR,LR).This can be thought of as a measure of memory in tactileperception. Figure 9 shows the strong correlation (correla-tion coe�cient � = 0:92) between slow skin relaxation andperceptual interference.Subject 1 retains the least amount of �nger deformation(only 43%) and also shows no problem with detecting bothridges with this experiment's time scale. It is interesting tospeculate that the relatively small amounts of viscoelastic-ity seen in subject 1 were compensated at the perceptuallevel.5.2 Skin Mechanics and Tactile MemoryAlthough we do not have a very realistic model for theactual contact stresses and subsurface strains in the LRand BR cases, we can speculate as to why the LR is moredi�cult to feel after the BR contact. Our zeroth ordermodel is that the tactile after-image is simply a scaledremanent of the previous contact, and �nger strain is:�(x) = �lr(x) + �(t)�br(x); (8)
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the residual strain from the BR contact will be decreasing,while the strain from the LR contact will be increasingduring the contact interval.5.3 Sources of ErrorThere were weaknesses in the experimental apparatuswhich lead to errors or inconsistencies in the data. TheLord Sensor, with no forces or load on it, had errors up to0:4N while measuring force. In fact, for one subject thestandard deviation of the forces applied during the sec-ond experiment was 1:5N . Inadvertent �nger motion, giv-ing high-frequency information from slip, was a potentiallysigni�cant problem. In the interest of subject comfort, �n-gers were not completely immobilized. (If there is slippingduring contact, then the FAI and FAII mechanoreceptorsare stimulated.)There were several limitations in the models we used.Fung [?], and Pawluk [?] have shown that the �nger pulpbehavior has a better match with a quasi-linear viscoelas-tic model. Further, at the forces we were working at 5:5N ,it is very possible that there were non-linear e�ects on the�nger that were not modeled. In our model of skin me-chanics, we assumed that the rubber and skin form onecontinuous layer with identical modulus of elasticity. It isknown that this is not true. There is actually a disconti-nuity between the skin and the rubber which our modeldoes not take into account.6 ConclusionWe have shown that tactile perception has a memorye�ect which is highly correlated with a �nger's measuredviscoelastic response. We assumed that the �nger behavedlinearly, but a better model might be Fung's quasi-linearviscoelastic model. The viscoelastic mechanical and per-ceptual e�ects vary by almost a factor of two over oursubjects. Improved apparatus is needed to measure thememory perceptual e�ects for dynamic patterns.References[1] M. Cohn, M. Lam, and R.S. Fearing. Tac-tile feedback for teleoperation. TelemanipulatorTechnology-SPIE Proceedings 1833, 1992.[2] C.L. Van Doren. A model of spatiotemporal tac-tile sensitivity linking psychophysics to tissue me-chanics. Journal of Acoustical Society of Amer-ica, 85(5):2065{2080, 1989.[3] C.L. Van Doren. The e�ects of a surround on vi-brotactile thresholds: Evidence for spatial andtemporal independence in the non-Pacinian I(NPI) channel. Journal of Acoustical Society ofAmerica, 87(6):2655{2661, 1990.[4] R.S. Fearing. Tactile sensing mechanisms.The International Journal of Robotics Research,9(3):3{23, 1990.[5] R.S. Fearing and John M. Hollerbach. Basic solidmechanics for tactile sensing. The InternationalJournal of Robotics Research, 4(3):40{54, 1985.[6] Y.C. Fung. Biomechanics: Mechanical Proper-ties of Living Tissues. Springer-Verlag, secondedition, 1993.
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