Tactile After-Images from Static Contact �

U. Singh and R.S. Fearing Department of Electrical Engineering and Computer Science University of California Berkeley, CA 94720-1770

ABSTRACT

It is well known that human skin is a viscoelastic material, and the mechanical and electrophysiological responses to transient indentation have been studied and modelled. For tactile display system design, it is also important to determine the perceptual effects, if any, of skin viscoelasticity. The spatial characteristics and sinusoidal steady state response of the sense of touch have been comparatively well studied. This paper describes initial work in quantifying tactile “after-images” resulting from large loads applied over several seconds to the finger tip. We first measured finger tip relaxation responses. We then ran psychophysical experiments on human subjects to determine if viscoelastic memory affects tactile perception. To reduce sensitivity to fine surface detail and since most teletaction systems will include an elastic layer as an anti-aliasing filter, our tests were carried out with a layer of elastic material on the finger. We found a statistically significant correlation between mechanical memory and perception “after-images” from large loads presented to the subjects. We offer a possible explanation for the results based on simplified mechanical models of the skin.

INTRODUCTION

In the visual domain, video monitors are built to use the well known limitations of our visual system (e.g. interlaced scanning, minimum refresh rate of 70Hz for flicker free displays). This same principal could be applied to tactile displays. The properties of the slowly adapting (SAI) mechanoreceptor suggest that a relatively low temporal bandwidth tactile display might work for most quasi-static shape display applications. The shape memory alloy (SMA) actuated display designed by Kontarinis has a bandwidth with a −3dB point between 6 − 7Hz [11]. Cohn et al. [2] get 7Hz bandwidth with their pneumatically actuated display. Both of these displays are well below the 30Hz bandwidth of the SAI mechanoreceptor. Due to physical limitations, display bandwidths are limited (although 50Hz bandwidth was achieved using SMA with ice water cooling [26]). If we had more information about the transient response of the human tactile system, we could use it to build simpler displays (e.g.

�_{This work was funded in part by: NSF grant IRI-9531837. yU.}

Singh is currently at Hewlett Packard Laboratories.

use interlaced scanning of the pins across the finger by using the memory in the finger).

This paper tries to determine some limitations in human tactile perception by measuring perceptual interference between two contacts occurring within several seconds of each other, and explores if the viscoelasticity of the finger is responsible for a perceptible tactile after-image. We use a similar setup as Tan [22] and psychophysical experiments to quantify viscoelastic memory. We also present a model to explain how this memory affects static tactile perception.

Previous work It is well known from neurophysiological studies (e.g.

Phillips and Johnson [16], Johansson, Landstrom, and Lundstrum [9], LaMotte and Srinivasan [12]) that SAI mechanoreceptors are most important in fine-scale shape perception during static contact. The SAI’s have a field diameter of 3 − 4mm and a frequency range of DC − 30Hz.

Many researchers have examined the mechanical properties of skin. Fung showed that the finger pad has a nonlinear relationship between force and stiffness [4]. Pawluk and Howe [14] [15] used Fung’s [4] quasi-linear viscoelastic model of tissue to describe the response of the human finger pad to deformation. Serina, Mote and Rempel [19] studied finger pad displacement under repeated loading for ergonomic purposes and showed non-linear and viscoelastic effects. There is a large body of related work on the mechanical properties of skin such as Vogel [25].

The temporal response of the tactile system has mainly been explored through measuring the sinusoidal steady state response. Johansson, Landstrom and Lundstrom [8] measured mechanoreceptor response to sinusoidal stimuli in the range 0.5 Hz to 400 Hz. Greenspan and Bolanowski [6] survey studies of perceptual sensitivity in the range from 0.4 Hz to 600 Hz. VanDoren examined spatiotemporal sensitivity [24] at 8 and 128 Hz. This model treats the finger pad as a linear Voigt body and is valid for very low forces (0.1N).

There has been little work measuring the transient response of tactile perception at less than 1 Hz, particularly the effect of viscoelastic memory in the human finger on tactile perception.

Figure 1: A Kelvin body (a standard linear solid).

Since skin is not linear and time invariant, the sinusoidal steady state response can not be used to predict transient response — direct measurement is required. The relationship between the step response of tissue and slowly adapting mechanoreceptor output has been explored, e.g. Pubols [18] for cats, monkeys, and raccoons. Sladek and Fearing [20] examined the transient response of a viscoelastic tactile sensor.

Tan’s research to determine spatial sensitivity of the human finger [22] was affected by temporal properties of the finger. In his experiments, subjects reported that, after wearing the rubber gloves (anti-aliasing elastic layer) for some time, patterns became harder to discern. Some subjects claimed that they perceived grating patterns on two comparison surfaces, when in fact one was known to be smooth. Sensory adaptation was not a likely explanation since adaptation with several newtons of constant contact force takes several hundred seconds (Crook and Crook [3]). Tan [22] speculated that the viscoelastic memory of the finger might be confusing the SAI mechanoreceptors.

MODELS Viscoelastic model of skin tissue

Fung concludes [4] that biological tissues are not elastic. The history of strain affects the stress (viscoelastic memory ). There is a considerable difference in stress response to loading and unloading. This has lead to work in characterizing soft tissues using quasi-linear viscoelastic models [15, 14]. We describe and use a linear viscoelastic model for simplicity. We use the Kelvin model (figure 1) to explain the viscoelastic behavior of the human finger pulp. 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 [4], we obtain the relaxation function (force response k(t) for a unit-step deformation):

k(t) = [ER − ER(τϵ − τσ) τϵ e �t_{τϵ} ]u(t) (1)

where τϵ (called the relaxation time for constant strain), τσ (relaxation time for constant stress), and ER (relaxed elastic modulus) are all functions of R, k0, k1. The form of the relaxation function is shown on the left in figure 2.

The creep function (elongation produced by a application of a unit-step force F (t) = u(t)) for the Kelvin model is shown on

Figure 2: Relaxation and creep function for a Kelvin body.

Figure 3: Testing apparatus.

the right in figure 2 and is represented by:

c(t) = [ 1 ER − (τσ − τϵ) ERτσ e �t_{τσ} ]u(t) (2)

EXPERIMENTAL METHODS Apparatus

We developed a system (figure 3) to present patterns to test subjects in a controlled manner using the robot modules of the Robotworld system, a planar cartesian manipulator. A Lord 15/50 Force/Torque sensor directly attached to the robot module measured finger contact forces. Two momentary switches within easy reach of the apparatus were used to record subject responses. The apparatus was hidden from the view of the test subject by a screen. For each of the procedures outlined in the sections below, the subject had his or her right index finger resting on a ledge with the palm of the hand facing towards the module. The finger was immobilized by taping it securely to the ledge. The robot module moved a plate containing patterns into contact with a subject’s finger pulp.

Each pattern consisted of a machinable wax block which was either smooth or had a single ridge milled onto its surface. The heights of the ridge were 0.1, 0.15 (little ridge) and 1.0mm (big ridge). Each ridge had a width of 5mm (figure 3) and the length of the contact along the ridge was approximately 10mm (figure 10). We used a stair-step configuration on the plate to ensure that the blocks had normal contact with a subject’s finger and at the same time only the block being presented came in contact with the finger pulp.

To avoid effects from surface texture features (from machining operations), sharp ridge edges, or thermal cues from different contact areas, a 2.0mm thick rubber glove was fitted on the index finger of each subject. Without the rubber glove, the ridge heights would have to be much less than 0.1mm, making them very difficult to manufacture. (As noted by Johannson and Lamotte [7], edges less than 0.9μm are detectable by finger scanning). The gloves were manufactured with silicone rubber using the process described in [22].

Subjects

The experiments described below were run on six test subjects, 3 male and 3 female. All subjects were volunteers and no special criteria were used to select them. Two subjects were familiar with the experimental apparatus and procedure. All subjects were told that they would be feeling contact with smooth and ridged surfaces while wearing a 2.0 mm thick glove. The subjects’ ages ranged from 21 to 35 years.

Procedure

The experimental procedure consisted of two parts. First, the mechanical properties of each subject’s finger were determined by measuring the relaxation response. Next, we measured the perceptual response to pairs of contacts using a forced choice paradigm.

To measure the finger’s dynamic response, we applied a position step of a block with a ridge height of 1.0mm into the finger and measured the finger’s force response (this is defined to be the relaxation function). The robot module was commanded to a position that corresponded to a contact force of 2.5N (measured by the force/torque sensor). After fifteen seconds, a position step of 0.5mm towards the finger was applied by the robot for thirty seconds. Finally, the module was commanded to move back to its original position (i.e. a negative step of 0.5mm) and the sensor recorded the force for another fifteen seconds. Due to the limited velocity of the robot module, the position step was not instantaneous. It took on the order of 0.6 − 0.7seconds to move the 0.5mm. The above procedure gave us a relaxation curve for each subject.

In the second experiment, we examined the influence of contact order on detection of ridges. If the perceptual response is affected by viscoelasticity of the finger pulp, then a prior contact

Type First Stimulus Second Stimulus 1 SM BR 2 SM SM 3 BR SM 4 LR BR 5 BR LR

TABLE 1: Trial types and corresponding patterns presented (SM=Smooth, LR=Little Ridge, BR=Big Ridge).

with a large stimulus would affect perception of the subsequent contact. The large stimulus, a block with a big ridge (BR), was the same as the block used in the viscoelastic test to measure the relaxation function of a subject. We used an ambiguous contact stimuli, a wax block with ridge heights of 0.1mm or 0.15mm (little ridge or LR) to increase chances of detecting effects of any tactile after image. A preliminary experiment was performed on each subject to choose the appropriate little ridge height (0.1mm or 0.15mm) which could be detected as non-smooth with 50% probability through the 2.0mm glove. As a control, we included a smooth block so that subjects would not be biased towards always guessing two ridges. The plate in figure 3 was set up with three blocks: smooth (SM) little ridge (LR), and big ridge (BR).

The experiment consisted of 150 randomly generated trials broken up into five sessions (thirty trials per session). Each trial consisted of two blocks being presented to the subject. In a forced-choice paradigm, the subject was instructed to indicate whether he or she had felt two ridges. Each trial was one of five types outlined in table 1. To cut down on the number of trials, we only used the combination of blocks that could show whether or not the viscoelasticity of the finger had an effect on touch perception after contact with a large stimulus. Thirty trials were picked because the normal approximation (using the central limit theorem) is a good approximation regardless of the shape of the population if the sample size is greater than or equal to thirty [23].

In each trial, the robot module presented the first stimulus with a force of 5.5N for exactly 3 seconds, then the module moved away from the finger and waited for exactly 1.8 seconds (1.8sec was picked because it was determined from the first experiment that the average relaxation time constant for the subjects was approximately 2 seconds. In addition, any masking effect between the two stimuli should be quite small after 1.5 second [5].) Following the wait, the second stimulus was presented (also at 5.5N) for exactly 2 seconds, then removed. The subjects were asked to push the appropriate button (momentary switch) based on whether or not they felt two ridges in the trial (i.e., felt ridges on both the stimuli) (see table 2). If there is no after-image or other interference between contacts, subjects would be expected to pick choice 2 for LR-BR and BR-LR with the same frequency. Non-detection and interference were lumped together under choice 1. Subjects had 10 seconds within which to make a choice, otherwise the response was discarded.

Choice Condition(s) 1 Neither input had ridges, Only one input had ridge, Input(s) had negative ridges (grooves) 2 Both inputs had positive ridges

TABLE 2: Choices and condition(s) for each choice.

Figure 4: Relaxation function for a rubber layer.

RESULTS Viscoelasticity Measurements

We showed in the section on modeling, the finger mechanical model consisting of springs and dashpots. In the first experiment, a relaxation function was obtained for each subject. Figure 4 shows a relaxation function (to a position step) for a rubber layer. Note, one can see a relatively small viscoelastic effect here. Figure 5 shows a relaxation function for one of the subjects (subject 2). Note that the finger and glove viscoelastic properties are combined in the measured relaxation function. The viscoelastic effect is very apparent up to approximately 15 seconds (just before the 0.5mm position step). After 15 seconds, further relaxation is not apparent above the noise of the force sensor. The other subjects exhibited similar relaxation functions. This result has also been reported by Fung [4], and Pawluk and Howe [15].

The Kelvin relaxation function eq. 1, can be rewritten as:

k(t) = A + Be�^{tc} (3)

where A = ER, B = �^{ER (τϵ}�^{τσ )}_{τϵ} , and c =^1_{τϵ} . We used MAT- LAB (using a nonlinear curve fitting algorithm based on the simplex algorithm) to fit an exponential function to the force response taken in the first 15 seconds for each subject. Figure 6 shows an example of the curve fitting for the relaxation curve in figure 5. The data for the other subjects is shown in table 3. Perhaps due to higher pressure with the big ridge contact, our time constant is approximately twice Pawluk [15] who found a slow time constant of 1.4 seconds using a load of 3 N.

Figure 5: Relaxation function for one of the subjects (subject 2) with 2.0mm rubber glove.

Figure 6: Exponential fit for relaxation function.

Subject A B c τϵ τσ 1 2.29 1.15 0.70 1.42 2.14 2 1.95 1.10 0.26 3.90 6.11 3 2.20 0.89 0.58 2.71 3.82 4 2.24 0.67 0.35 2.81 3.65 5 2.04 0.85 0.30 3.38 4.78 6 2.59 0.34 0.26 3.88 4.39

TABLE 3: Parameter values of the viscoelastic model of the finger.

Subject Position of finger 1 0.43 2 0.74 3 0.62 4 0.61 5 0.69 6 0.66

TABLE 4: Predicted deformation of finger 1.8 seconds after a BR pattern is removed, using eq. 3 and parameter values from table 3. (Normalized units: 0 = undeformed, 1 = deformation after BR applied for 3 sec.)

Figure 7: Fraction of trials of all types (1=(SM,BR), 2=(SM,SM), 3=(BR,SM), 4=(LR,BR), 5=(BR,LR)) for which ’felt two ridges’ (choice 2) was picked as a response.

According to eq. 2 and figure 2, after the constant force input is removed, the finger pulp (because of the viscoelastic creep) exponentially deforms back to its original location, with time-constant equal to τσ (we will ignore all other constants for this analysis). To compare subjects’ viscoelastic responses, we used the parameter values from table 3 to predict deformation. The predicted deformation at 3 seconds was normalized to 1.0 for each subject, where 0 corresponds to the finger pulp in its original location. Since in the experiment, contact is removed for 1.8 seconds to bring the next pattern in contact, the finger deformation will depend on τσ for each subject. Table 4 shows the predicted normalized deformation for each subject 1.8 seconds after the BR pattern is removed. A smaller number means that the finger deformation relaxes more quickly. Equivalently, the finger pulp retains less memory of the input 1.8 seconds after contact is removed. For example, the first subject’s finger remembers 43% of the input while the finger on the second subject remembers 74% of the input.

Figure 8: Fraction of trials of types 4 (LR,BR) and 5 (BR,LR) for which ’felt two ridges’ (choice 2) was picked as a response.

# Type 1 Type 3 χ^2 Type 4 Type 5 χ^2 SM-BR BR-SM LR-BR BR-LR 1 0.33 0.20 1.36 0.50 0.50 0.0 2 0.13 0.23 1.00 0.83 0.33 15.43 3 0.07 0.03 0.35 0.50 0.20 5.93 4 0.37 0.10 5.96 0.83 0.63 3.07 5 0.40 0.23 1.93 0.70 0.43 4.35 6 0.20 0.03 4.05 0.73 0.40 6.77

TABLE 5: Proportion for feeling two ridges in contact for types 1,3 and types 4,5 and χ^2 values for each subject. (N=30)

Effect on perception

The ridge detection experiment was run on all six subjects. The fraction of trials for which a subject picked choice 2 is shown in figure 7. The most consistent effect observed is the greater detection of two ridges in (LR,BR) than (BR,LR) as shown in figure 8.

We used a chi-square test to test for a statistically significant difference in proportions between trials of types 1 and 3 and types 4 and 5 for each subject. The frequencies and χ^2-values for each subject are shown in table 5. For a level of significance of 0.05 (i.e. 95% confidence level), with 1 d.o.f., χ^2 > 3.84. From the table we can see that subjects 4 and 6 were well within the 95% confidence level of the means not being equal for trials of types 1 and 3. We can also safely conclude that the the means for trials of types 4 and 5 were not equal for subjects 2, 3, 5, and 6. Subject 4 fell within the 0.10 level of significance for types 4 and 5. Subject 1 did not show any significant difference in detecting ridges.

Figure 9: Difference in mean detection of 2 ridges in (LR,BR) and (BR,LR) versus percent residual deformation 1.8 seconds after BR input.

DISCUSSION Skin Viscoelasticity and Perception

We expected that we would see an after-image effect in the (BR,SM) trial, however, the subjective after-image during the smooth contact felt more like a negative ridge. We assume that subjects quickly learned that the negative ridge feeling corresponded to a smooth contact, and thus we could not reliably measure the after-image effect. The (LR,BR) and (BR,LR) trials are inherently more ambiguous, and show a clearer effect. If there were no perceptual “after image”, there should be no effect of presentation order on detecting two ridges. However, all of our subjects but subject #1 showed a statistically significant difference in means between the (LR,BR) and (BR,LR) presentation order. Feeling the big ridge first reduced the probability of feeling the little ridge.

It is worthwhile to consider the relation between the measured viscoelastic properties and these perceptual results. Table 4 quantifies the non-elastic component of each subject’s finger response, i.e. the exponential term in eq. 2. The effect on perception is “measured” as the difference between the mean number of times two positive ridges were felt for type 4 trials (LR,BR) and type 5 trials (BR,LR). This can be thought of as a measure of memory in tactile perception. Figure 9 shows the strong correlation (correlation coefficient ρ = 0.92) between slow skin relaxation and perceptual interference.

Subject 1 retains the least amount of finger deformation (only 43%) and also shows no problem with detecting both ridges with this experiment’s time scale. It is interesting to speculate that the relatively small amounts of viscoelasticity seen in subject 1 were compensated at the perceptual level. Other than subject 1, subject 4 showed the least “effect on perception” (as measured above). But looking at table 5, we see that subject 4 showed the highest “measured effect” when looking at trials of types 1 and 3. One possible explanation for this might be

Figure 10: Finger and pattern geometry for plane stress assumption

that the little ridge input for subject 4 was not quite ambiguous enough. This is also supported by the high means that are evident in table 5 for trials of types 4 and 5.

Skin Mechanics and Tactile Memory Although we do not have a very realistic model for the actual contact stresses and subsurface strains in the LR and BR cases, we can speculate as to why the LR is more difficult to feel after the BR contact. Our zeroth order model is that the tactile afterimage is simply a scaled remanent of the previous contact, and finger strain is:

ϵ(x) = ϵ_{lr}(x) + α(t)ϵ_{br}(x), (4)

where ϵlr and ϵbr are subsurface strain for LR and BR contacts respectively, and α(t) represents the amount of influence that the previous BR pattern has on the strain profile of the LR pattern. As an estimate for α(t = 1.8), we chose to average the values of table 4.

As we have a large variation in subject finger size, shape and stiffness, as well as manufacturing variations in ridge edges, one needs to make some simplifying assumptions to provide rough comparisons of what strain the finger mechanoreceptors could be measuring for the smooth (SM), little ridge (LR) and big ridge (BR) contacts. We use the plane stress model for convenience (Figure 10) and reasonable fit to mechanoreceptor response [17]. The stresses due to contact with a raised ridge are modeled as normal line loads. They are constant in the y-axis (between 0 and 10mm in y-contact length). While this model is grossly simplified, it is qualitatively useful as a starting point for analysis. Better models of finger mechanics such as Srinivasan and Dandekar [21] are available, but the low-pass nature of the 2mm glove hides model details.

For a line load P , the normal component of strain is [10]:

ϵz = −2P z Eπr^4 (z^2 − νx^2) (5)

where P is the force per unit length (N/m), x is position along finger, r^2 = x^2 + z^2, ν is Poisson’s ratio (0.5 for incompress-

Figure 11: Approximate surface stress and sub-surface strain for big ridge (BR) and little ridge (LR).

ible materials such as rubber), and E is 4 × 10^5N/m^2 for our rubber layer. The pattern is pressed against the finger with a force of 5.5N over a contact length of 10mm, thus P = 550N/m. z is taken to be 2.7mm (which corresponds to the 2.0mm rubber layer thickness and an assumed 0.7mm depth of the SAI mechanoreceptors in the skin). The actual depth of mechanoreceptors in humans is unknown and is probably quite variable.

For a smooth contact (SM), we assume [10]:

σz = 2P πa^2 p_{a2 − x2 (6)}

where a is the half width of the contact. A rectangular pattern has stress [10]:

σz = æ_{Pπ√a2�x2 for |x| < a,} 0 otherwise (7) The BR pattern had its edges slightly smoothed, therefore we assumed a slight smoothing function applied to eq. 7. The LR pattern had a central region where contact is with the little ridge, and an outer region where contact was with the base of the wax block. As a crude approximation, we assumed superposition applied, and combined a rectangular response over the 5 mm ridge width with a smooth response over the 10 mm block. All contact stresses were scaled to ensure that the total load was 5.5 N. The assumed stress and strain profiles for the BR and LR patterns are shown in figure 11.

As shown in Figure 12, the smooth (SM) and little ridge (LR) contacts give quite similar strain profiles, while the big ridge (BR) contact is quite different from the SM contact. Thus subjects had no trouble perceiving the big ridge. As the LR contact is only perceived as a ridge 50% of the time, any residual strain from a previous BR contact will have a significant effect on perception of the LR. Figure 13 shows the sub-surface strain for trials of type 5 (i.e. LR pattern applied 1.8 seconds after the BR pattern). In the figure, α(1.8) = 0.6. The figure also shows the strain at z = 2.7mm for the LR pattern and a BR pattern. Looking at the strain profiles, it seems that the BR,LR

Figure 12: Sub-surface strain for ridged and smooth patterns

Figure 13: Sub-surface strain for LR, BR and after the second input for type5 (BR,LR) trial at t=1.8 seconds

profile would not feel like the LR or the BR profiles, which agrees with subjective impressions. Of course, the residual strain from the BR contact will be decreasing, while the strain from the LR contact will be increasing during the contact interval.

Sources of Error

There were weaknesses in the experimental apparatus which lead to errors or inconsistencies in the data. The Lord Sensor, with no forces or load on it, had errors up to 0.4N while measuring force. In fact, for one subject the standard deviation of the forces applied during the second experiment was 1.5N. Inadvertent finger motion, giving high-frequency information from slip, was a potentially significant problem. The fingers were immobilized without compromising the subject’s comfort. This could have lead to some slipping during contact. If there is slipping during contact, then the FAI and FAII mechanoreceptors are stimulated. Finger slippage could also affect the repeatibility of the measurements since small changes in position (particularly at high force levels) can produce large variation in forces. We do not have any data on the repeatibility of the measurements.

There were several limitations in the models we used. Fung [4], and Pawluk [15] have shown that the finger pulp behavior has a better match with a quasi-linear viscoelastic model. Further, with forces of 5.5N, it is very possible that there were non-linear effects in the finger that were not modeled. In our model of skin mechanics, we assumed that the rubber and skin form one continuous layer with identical modulus of elasticity. It is known that this is not true. There is actually a discontinuity between the skin and the rubber which our model does not take into account, however, slip is unlikely as the glove is custom fit to each subject.

Conclusion

We have shown that tactile perception has a memory effect which is highly correlated with a finger’s measured viscoelastic response. The viscoelastic mechanical and perceptual effects vary by almost a factor of two over our subjects. Improved apparatus is needed to measure the memory perceptual effects for dynamic patterns, particularly to handle different time constants for different subjects. Because of the finger’s viscoelastic response, tactile displays may not require large dynamic range for displaying quasi-static contacts which last several seconds.

ACKNOWLEDGEMENTS

We thank the anonymous reviewers for their constructive suggestions and pointers to literature. * REFERENCES

[1] R.W. Cholewiak and A.A. Collins, “Sensory and Physiological Bases of Touch”, in The Psychology of Touch, edited by M.A. Heller and W. Schiff, Hillsdale, NJ: Lawrence Erlbaum Assoc. 1991.

[2] M. Cohn, M. Lam, and R.S. Fearing, “Tactile feedback for teleoperation”, Telemanipulator Technology-SPIE Proc. 1833, 1992.

[3] M.N. Crook and H. Crook, “Adaptation to Cutaneous Pressure”,

Amer. Jnl. of Psychology, vol. 47, no. 2, pp. 301-308, April 1935.

[4] Y.C. Fung. Biomechanics: Mechanical Properties of Living

Tissues. Springer-Verlag, second edition, 1993.

[5] G.A. Gescheider, S.J. Bolanowski, Jr. and R.T. Verrillo, “Vibrotactile Masking: Effects of Stimulus Onset Asynchrony and Stimulus Frequency”, Jnl. Acoust. Soc. Am.,, vol. 85, no. 5, pp.2059-2064, 1989.

[6] J.D. Greenspan and S.J. Bolanowski, “The Psychophysics of Tactile Perception and its Peripheral Physiological Basis”, Pain and

Touch, p. 25-104, edited by L. Kruger, San Diego,CA: Academic

Press, 1996.

[7] R.S. Johansson and R.H. Lamotte, “Tactile Detection thresholds for a single asperity on an otherwise smooth surface”, So-

matosensory Research, vol. 1, no 1, pp. 21-31, 1983.

[8] R.S. Johansson, U. Landstrom and R. Lundstrom, “Responses of Mechanoreceptive Afferent Units in the Glabrous Skin of the Human Hand to Sinusoidal Displacements”, Brain Research, vol. 244, p. 17-25, 1982.

[9] R.S. Johansson, U. Landstrom and R. Lundstrom, “Sensitivity to Edges of Mechanoreceptive Afferent Units Innervating the Glabrous Skin of the Human Hand”, Brain Research, vol. 244, p. 27-32, 1982.

[10] K.L. Johnson, Contact Mechanics, Cambridge University Press, 1985.

[11] D.A. Kontarinis, J.S. Son, W. Peine, and R.D. Howe, “A Tactile Shape Sensing and Display System for Teleoperated Manipulation”, IEEE Int. Conf. on Robotics and Automation, Nagoya Japan, May 1995.

[12] R.H. Lamotte and M.A. Srinivasan, “Tactile Discrimination of Shape: Responses of Slowly Adapting Mechanoreceptive afferents to a step stroked across the monkey fingerpad”, Jnl. of Neuro-

science, vol. 7, no. 6, pp. 1655-1671, June 1987.

[13] R.H. Lamotte and J. Whitehouse, “Tactile detection of a dot on a smooth surface: peripheral neural events”, Jnl. of Neurophys-

iology,, vol. 56, no. 4, pp. 1109-1128, Oct. 1986.

[14] D.T.V. Pawluk and R.D. Howe, “Dynamic Contact Mechanics of the Human Fingerpad: Distributed Response,” Submitted to J.

of Biomechanical Engineering, August 1997.

[15] D.T.V. Pawluk and Robert D. Howe, “Dynamic Lumped Element Response of the Human Fingerpad” Accepted for J. of Biome-

chanical Engineering 1997.

[16] J.R. Phillips and K.O. Johnson, “Tactile Spatial Resolution II.

Neural representation of bars, edges, and gratings in monkey primary afferents”, J. of Neurophysiology, vol. 46, no. 6, pp. 1192- 1203, 1981.

[17] J.R. Phillips and K.O. Johnson. “Tactile spatial resolution III. a continuum mechanics model of skin predicting mechanoreceptor responses to bars, edges, and gratings”, J. of Neurophysiology, 46(6):1204–1225, 1981.

[18] B.H. Pubols, Jr., “Spread of skin deformation and Mechanoreceptor Discharge”, Progress in Brain Research, vol. 74, pp. 263-270, edited by W. Haman and A. Iggo, Elsevier Science Publishers 1988.

[19] E.R. Serina, C.D. Mote Jr., and D.M. Rempel. “Force response of the fingertip pulp to repeated compression-effects of loading rate, loading angle and anthropometry”, Jnl. of Biomechanics, vol.30, no.10, pp.1035-1040, Oct. 1997.

[20] E.M. Sladek and R.S. Fearing, “The Dynamic Response of a Tactile Sensor”, IEEE Int. Conf. on Robotics and Automation, Cincinnati, OH May 1990.

[21] M.A. Srinivasan and K. Dandekar, “An Investigation of the Mechanics of Tactile Sense Using Two Dimensional Models of the Primate Fingertip” Jnl. of Biomechanical Engineering (trans.

of the ASME), vol. 118, pp. 48-55, 1996.

[22] E. Tan, “Estimating Human Tactile Resolution Limits for Stimulator Design” M.S. Report, UC Berkeley, Dept. of EECS, May 1995.

[23] R. Walpole and R. Myers. Probability and Statistics for Engi-

neers and Scientists. Macmillan, fifth edition, 1993.

[24] C.L. Van Doren. “A model of spatiotemporal tactile sensitivity linking psychophysics to tissue mechanics”, J. of Acoustical So-

ciety of America, 85(5):2065–2080, 1989.

[25] H.G. Vogel, “Mechanical Properties of Rat Skin with Aging”, in

Aging and the Skin, edited by A.K. Balin and A.M. Kligman,

pp. 227-275, New York: Raven Press 1989.

[26] P.S. Wellman, W.J. Peine, G. Favalora, and R.D. Howe, “Mechanical Design and Control of a High-Bandwidth Shape Memory Alloy Tactile Display”, Int. Symp. on Experimental Robotics, Barcelona, Spain June 1997.