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Fig. 10. (a) Virtual environment as seen through the HMD. A trial timer
was shown along with lights indicating press counts. (b) A vibrotactile
stimulus is rendered when the finger and button collide. (c) Tasbi begins
to squeeze proportionally as the button is displaced, with stiffer buttons
displaying higher squeeze rates. (d) The hidden control represents the user’s
actual position, while the display is projected back on to the button surface.
Stiffer buttons exhibit a greater discrepancy between the control and display.
A second vibrotactile stimulus is rendered when the button bottoms out.

A. Experiment Design

To understand how squeeze haptics and C/D ratios con-

tributed to the button-press, we conducted a method of

constants type experiment where users were required to

select the “stiffer” of two buttons each trial. Stiffness was

parameterized by the combination of Kh, the stiffness

depicted through haptic squeeze in units of squeeze per

virtual displacement, and Kv , the stiffness depicted through

the visual C/D ratio in units of physical displacement per

virtual displacement. Thus, higher Kh increased the rate

of squeeze as the button was pressed, while higher Kv

increased the distance users had to reach their physical hand

to achieve a particular button displacement. For both Kh

and Kv , seven values were chosen: a Standard value, three

Comparison values below the Standard (-Easy, -Medium,

-Hard), and three Comparison values above the Standard

(+Easy, +Medium, +Hard). Values were determined during

a pilot such that users differentiated buttons displaying Easy

Kh and Kv values from the Standard with 100% accuracy,

Medium values with 75% accuracy, and Hard values slightly

above 50% accuracy.

The Standard button always displayed Standard Kh and

Kv , while the other button was in one of three conditions:

Haptics A random Comparison Kh and Standard Kv

Visuals Standard Kh and a random Comparison Kv

Congruent Congruent Comparison Kh and Kv values

Thus each condition provided both squeeze and C/D stimuli,

but in the Haptics condition only squeeze varied the stiffness

across trials, while in the Visuals condition only C/D ratio

stimuli varied the stiffness. In the Congruent condition both
squeeze and C/D ratio stimuli varied across trials, matching

in difficulty level. Variations of all three conditions were

randomly interleaved across 108 trials such that each possible

combination was represented six times. The placement of

the Standard button was also randomized to either the left

or right side. All conditions provided the same vibrotactile

stimulus for button contact and bottoming (25 ms, 175 Hz

square wave on each tactor). Subjects were given seven

seconds and two presses per button to make their decision,

which they were encouraged to make as soon as they were

confident. A total of 12 subjects participated (6 males, ages

25 to 44, mean 30) in accordance with WIRB #20182617.

B. Results and Discussion

To analyze the results, we assessed the percentage of

correct responses overall, the Point of Subjective Equality

(PSE), and the Just Noticeable Difference (JND). The accu-

racy of participant responses was assessed by counting the

number of times that they correctly chose the stiffer button

for the Easy, Medium, and Hard comparison levels (Fig.

11-a). A two-way ANOVA with repeated measures revealed

main effects for both difficulty (F (2, 22) = 11.7, p < .001)

and condition (F (1.3, 14.4) = 25.11, p < .001). Contrasts

with a Bonferroni correction showed the Congruent condition

produced significantly more accurate responses than the other

conditions (t(11) = 8.7, p < .001 for Easy, t(11) = 4.8, p =
.001 for Medium, and t(11) = 4.7, p = .001 for Hard).

Furthermore, the Congruent condition showed considerably

less variance, suggesting more consistent responses overall.

To obtain the JND and PSE values for each condition,

we plotted the proportion of correct responses between the

Standard and each comparison at the group-level. We then

fit this data to three psychometric curves (Fig. 11-bc) using

a Generalized Linear Model (GLM) regression. Even though
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Fig. 11. (a) The percent of correctly identified button stiffnesses across all conditions and difficulties. The Congruent condition produced the significantly
more accurate responses overall. (b-c) Psychometric curves fitted to the group-level data. The Congruent condition displays a higher slope than either of
the other conditions. Note that (b) and (c) have different x-axes. All error bars represent the standard error of the group-level mean.
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