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AbstractOur aim is to provide effective interaction with
virtual objects, despite the lack of co-location of virtual and
real-world contacts, while taking advantage of relatively large
skin area and ease of mounting on the forearm. We performed
two human participant studies to determine the effects of
haptic feedback in the normal and shear directions during
virtual manipulation using haptic devices worn near the wrist.
In the rst study, participants performed signi cantly better
while discriminating stiffness values of virtual objects when
the feedback consisted of normal displacements compared to

shear displacements. Participants also commented that they could Fig. 1. Grasping tasks with different types of haptic feedback: (a) In the
detect normal cues much easier than shear, which motivated us real world, the ngers directly contact the object. (b) In a virtual environment
to perform a second study to nd the point of subjective equality with ngertip haptic devices, grasp forcesgjFare displayed on the ngertips.
(PSE) between normal and shear stimuli. Our results show that (c) In a virtual environment with a Wgarable haptic device, grasp forces are
shear stimuli require a larger actuator displacement but less displayed on the forearm near the wrist.

force than normal stimuli to achieve perceptual equality for our

haptic bracelets. We found that normal and shear stimuli cannot f to int t with phvsical obiect duri ted
be equalized through skin displacement nor the interaction forces ree 1o interact with physical objects, as during augmente

across all users. Rather, a calibration method is needed to nd the reality. In these situations, users cannot wear ngertip devices
point of equality for each user where normal and shear stimuli which would interfere with these physical objects.

create the same intensity on the user's skin. Here, we relocate the haptic stimulation from the ngertip to
the arm. In doing so, the mechanical properties of manipulated
virtual objects are rendered on the arm (Fig. 1(c)). In this con-
text, haptic feedback is computed through ngertip contact and

In the real world, mechanical properties of objects, sudhaterial properties of objects is rendered on the user's arm.
as mass, stiffness, and temperature, can be perceived W propose that haptic stimulation at or near the wrist that
touch (Fig. 1(a)). Haptic devices aim to recreate the sarfepresents the real properties of an object, even if not rendering
feeling for virtual interactions. Many multi-degree-of-freedonthem perfectly, might be suf cient to create interpretable or

ngertip devices have been developed to render the interactidi¢lievable interactions. Such relocation could qualitatively
forces during active exploration/manipulation tasks in a virtu&dd to (rather than detract from) the user experience without
environment, as shown in Fig. 1(b) [1], [2]. The combinatiofcreasing cognitive or attentional load.

of the shear and normal skin stimulation provided by theseWerarable bracelets and arm bands have been used to emu-
devices and the high density of mechanoreceptors in tlae the sensation of human touch in social interactions [4] [6],
ngerpad result in strong performance and perceived realismap haptic cues to navigational directions [7] [9] or communi-

of manipulation tasks in virtual environments [3]. cation [10] [12], render interaction forces during teleoperation

However, ngertip devices must be miniaturized to reductasks [13] or prosthesis control [14] [16], and improve the
encumbrance. Such a requirement complicates the design Eeining process for trainees in robotic surgical systems [17].
increases the cost of actuators, which must have relativdlgsbi [18], Bellowband [19], and HapWRAP [20] squeeze
large output force, small size and light weight. Furthermor#)e wrist area in a distributed manner using various actuation
there are certain applications where ngertips should be lghethods.

Although wrist-worn devices have been shown to improve
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I. INTRODUCTION
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feel less strange than shear when applied on the wrist. Despite
their inspirational ideas regarding wearable wrist devices and
perception, we found it dif cult to map the strangeness metric
toward practical design guidelines.

The effects of force direction on users’ perception, task
performance, and learning curve of virtual manipulation tasks
for wrist-worn devices are still unknown. Previously, we
developed haptic sketches by simulating interaction forces on
user’s arm manually [22]. We applied normal forces and shear
forces to user’s wrist at the dorsal side as users interact with
the virtual environment. Users reported that both normal and ) Tracker
shear forces felt natural, intuitive, and interactive.

In this paper, we rst present the results of a study th[f:. 3 Set up for Experiment 1 A user sits in fror_1t ofamonitpr and wears a

. : aptic bracelet, a ngertip tracking sensor, and noise cancellation headphones.
compares the user performance and perception while Qifiers are asked to interact with objects in the virtual environment while the
criminating virtual stiffness values of objects and receivinigaptic device renders the interaction forces at the wrist.
haptic feedback in the normal and shear directions acting on
the wrist. The stiffness discrimination study was previousli§e worn on the user’s forearm near the wrist to minimize the
designed and presented as an extended abstract [23]; herdm@act of wrist movements and facilitate consistent physical
fully describe the study and results. Then we investigate thentact. The grounding is designed with a curvature to t the
difference between the perceived intensity of normal and shéarearm, a silicone pad between the plastic and the skin, and
stimuli in terms of actuator displacements and applied forcegide Velcro straps to keep the grounding stable.

Finally, we propose a perceptual model of shear displacement
intensity with respect to normal.

Virtual
Environment

Haptic
Bracelet

Noise Cancellation
Headphones

———

IIl. EXPERIMENT 1:
STIFFNESSDISCRIMINATION

II. HAPTIC BRACELETS To identify the direction in which interaction forces should
To study the effect of force direction (normal versus shea:rze apphed.to the arm to improve the pgrcepuoq and P erfor—
. i . . . .mance of virtual tasks, we performed a stiffness discrimination
on perception during virtual interaction, we used Actuom)éx eriment using the haptic bracelets, a virtual environment
PQ12-P linear actuators due to their weight (15 g), maximufi” 9 P ' '

stroke (20 mm), high output force (18 N), and easy controllzﬁ‘-nd tracking system as shown in Fig. 3.

bility via an integrated position sensor. The haptic bracelet j 12 participants (age 24-31, 6 females and 6 males) joined

composed of two actuator sets on the dorsal and ventral sigies stgdy. Al parumpap ts. were right-handed and had previous
. experience with haptic interfaces. The Stanford University
of the forearm, and weighs less than 40 g.

We selected groundingforienting of linear actuators to eH]stltutlonal Review Board approved the experimental protocol

able investigation of both direction and location of force‘rémOI all participants gave informed consent.
acting around the wrist. The direction of forces is adjuste
by designing different grounding parts as shown in Fig. 2. } i ]
Grounding the linear actuator vertically on the wrist applies e créated a virtual environment using the CHAI3D frame-
normal forces as the displacement is controlled (Fig. 2(a)yOK [24] as shown in Fig. 4. During the experiments, the
Grounding the actuator horizontally creates shear forces wiltudl environment is displayed on a regular monitor and
double-sided tape used to prevent the end-effector from sifedated at 144 Hz. User's nger movements are tracked at

ping on the skin (Fig. 2(b)). The bracelets are designed gpproximately 200 Hz using a trakSTAR tracking system and
an Ascension Model 800 sensor attached on user's nger

through 3D printed grounding.

The overall experiment is composed of two parts, one for
each direction of force (normal vs. shear). For each part, there
is a training block with 24 trials and 3 testing blocks with
16 trials each. Once the rst part is completed, the participant
wears the bracelet with the other force direction and repeats the
entire procedure. Between each block and part, the participant
was given a break time to rest as needed. Each participant
performed the task in a different order.

There are two objects in the virtual environment. The
stiffness value of one object is kept at 300 N/m. and the
other object is pseudo-randomized among 100, 200, 400, and
Fio. 2. Hantic bracelet . the wrist orovide skin def t_500 N/m. Their initial locations are randomized.
as (a) normal stimulus and (b) shear stimulus, Double-sided tape between UMY the experiment, the participant sees two identical
end-effector and the skin prevents slip during shear stimulus. The force ser@gxes which have different simulated stiffness values. Partici-
is used only for Experiment 2. pants move their index nger so that their avatar in the virtual

. Experiment Procedures

(a) (b
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Fig. 4. Experiment 1 task: (a) Each trial has a starting zone, target zone, and two visually identical objects with different stiffness values. (b) The participant
presses on each object, chooses the stiffer object based on the haptic feedback, and drags it to the purple zone. During training, the zone turns (c) red if the
answer is wrong, and (d) green If the answer is correct. () During testing, the zone turns purple and opaque regardless the answer.

environment interacts with these virtual objects. Speci cally, Normal displacements Shear displacements
they press on each object to evaluate its stiffness and drag —_
the stiffer object to the target zone. While interacting with + L -

the virtual objects, the participants were not constrained in
terms of their interaction strategies or nger movements. The

experiment has two modes: training and testing. The training !

mode aims to guide the user towards interpreting the haptic .

cues correctly while assessing the stiffness values of the virtual + [ + T - T +
boxes. Therefore, the target zone changes color based onthe | — — T L
participant’s answer. If the answer is correct, the zone turns [ e S

green, and if the answer is wrong, the zone turns red (Figure 4
(c) and (d)). During the testing mode, the target zone becomes
opaque to indicate task completion.

As the participant interacts with \{Irtual boxes, rendere ig. 5. Task accuracy and the time spent on trials for Experiment 1. The main
forces are computed based on the stiffness values. The lingfit of the feedback direction was signi cant in terms of task accuracy, but
actuators are position controlled, so desired forces are @xttime spent.
pressed in the form of desired displacements using a xed

force-to-displacement ratio 0.03 N/mm [25]. Even thougtF(1;88) = 0:721;p= 0:398, hgamal = 0:008) or for interac-
hairy skin was previously reported with stiffness of 0.03 N/mrjon F(3;88) = 0:883;p= 0:219, hgartial = 0:007).

for normal and 0.04 N/mm for shear direCtionS, whether skin In addition' we collected Subjective comments from partici_

stiffness is different for the dorsal and ventral sides of the Wfiﬁbnts. When asked the direction of displacement they liked the
is unknown. Thus, in order to provide consistent stimuli, wgost, four users chose shear and eight chose normal. However,
kept the level of displacements (as opposed to force) the sajjigen asked which feedback direction was easiest to notice, all
for the different conditions. Biggs et al. showed that hairgarticipants answered normal. These subjective comments are
skin is three times more sensitive to shear diSplacementS tmerent with the ana|yses performed above' so we conclude
normal [26], so we foresee that stiffness discrimination woulfiat normal forces are more effective than shear for stiffness

be better with shear feedback. recognition in this Setup_
_ _ Our results contradicted those of Biggs et al. [26] regarding
B. Results and Discussion sensitivity of normal versus shear force on the skin. This

We investigated the task accuracy and time spent acrosscalhtradiction and the verbal comments from the participants
participant as shown in Fig. 5. We compared participants’ aled us to believe that equalizing displacements using wrist-
curacy using a two-way repeated-measure analysis of variamegn devices created a bias in perception, especially while
(ANOVA) with factors of direction of force feedback (normalcomparing normal and shear feedback directions. One possible
or shear) and stiffness value. Mauchly’s test(5) = 5:75;p=  solution is to use force measurements to control the interaction
0:33) did not indicate a violation of sphericity. The main effeciorces rather than the displacements. However, when we mea-
of feedback direction was signi cant (&;88) = 5:831;p= sured the interaction forces while actuators provided controlled
0:018, hgamal = 0:062), indicating that participants performedlisplacement levels, we realized that the wrist movements and
better using normal feedback than shear. In addition, thereiscle activity affected the force measurements in multiple
was an inuence of compared stiffness pairs(8E88) = degrees of freedom. Since the actuators have only one degree
4:596;p= 0:005,h2 = 0:135). The interaction effect wasof freedom, these interaction forces cannot be fully controlled.

partial —

not signi cant (F(3;88) = 0:733;p= 0;537,hr2)artial = 0:009). Therefore, we performed a second experiment to investigate

We also compared the average time spent to complete the triffategies for equalization.
using a two-way repeated-measure ANOVA with the same

factors. The main effect of the stiffness pair was signi cant

(F(3:;88) = 2:717;p= 0:049, hsamal = 0:085). However, we

found no signi cance for the main effect of feedback direction
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IV. EXPERIMENT 2:
POINT OF SUBJECTIVE EQUALITY

In this experiment, we investigate and quantify differences
between the perceived intensity of normal and shear stimuli
on the wrist applied by a wearable haptic bracelet. Participants
perceive normal and shear stimuli on separate wrists and tune
the intensities until both feel the same, as shown in Figure
6. We determined the relative intensity of normal and shear
stimuli based on actuator displacements, how the perceived

; ; ; ; ; . 7. Example data from one participant, demonstrating convergence
Intensity of normal and shear stimuli are affected by appllé\jtlfg the method of adjustments. The staircase algorithm calculates actuator

force, whether the point of subjective equality varies acroggplacements based on the participant's responses. The data was collected
people, and how perception of shear displacement can doeng the main study of Experiment 2 with 3 mm shear reference.
modeled with respect to normal displacements. _ . .

d shear stimuli, but not the interaction forces.

For this experiment, the haptic bracelets are equipped with -
6-degree-of-freedom (6-DoF) force sensors to measure inter—F our participants (age 25-32, 1 female and 3 males) and

action forces and equalize the tightness of the Velcro strap Ilqht participants (age 25-32, 3 females and 5 males) joined

each bracelet. The custom capacitive force sensors are sim 1 prel!m!nary ok stud|g§, respectively. Pgrtlmpants of
to [27], have a compact form (2 cm in diameter, 3.2 m e preliminary study also participated to the main study. All

: . articipants were right-handed and had previous experience
- <
thickness), and are low-cost (<$10) and high performant?e.g] haptic interfaces. The Stanford University Institutional

compared to commercial sensors. The RMS errors between :

data collected from the custom force sensor and a commerdial. oo Board approved the experimental protocol and all
ATl Gamma force sensor were 0.0752 N and 0.0617 N Whgrqrtlmpants gave informed consent.

calibrated in the range 6f 5 N and< 6 N in the shear and

normal directions, respectively. Our measurements con rméd Experiment Procedures

that the two bracelets generated the same amount of force iypon the participant's arrival, the experimenter spent 5

their respective directions of actuation, and the reaction forggnutes adjusting the setup and explaining the experiment
on the other side of the wrist was undetectable via the forﬁ?ocedures. Participants were seated on a chair with their
sensor due to the distribution of the reaction force over thghows supported by the chair and their hands by a desk, so
large contact area of the belt. that their wrists were suspended and contacted only the haptic
In addition to the experiment described in Section Ill, tW@racelets. Participants were asked to maintain this posture
prior works provided motivation for the design of this studythroughout the experiment to avoid muscular activity on the
Diller et al. [25] performed a study using a grounded, atforearm; when the experimenter visually observed a change,
ended probe on the skin. Their results showed that Sh@ﬁlé participants were asked to re_adjust their posture.
forces were less than normal forces for the same actuatorrhe experimenter secured the bracelets to the forearm using
displacements, but how participants perceived these stimuliyigo Velcro straps, following a procedure to match the tightness
not reported. As described earlier, Biggs et al. [26] compareg the two arms. The experimenter rst xed the Velcro of one
normal and shear stimuli at the forearm in terms of perceivegiacelet at a tightness suf cient to secure the bracelet, but not
intensity, and found that shear displacement should be 3 timgstight as to cause discomfort. After the rst bracelet was
less than normal displacement in order to create a simil&cured, the experimenter checked the marks on the Velcro
intensity. We hypothesize that differences in experimentgfraps (at 0.5 mm increments), and initially xed the second
setup (wearability, contact area, reference stimulus valugacelet at the same marks. After both Velcro straps were xed
might change the relative actuator displacements for norms{ the second bracelet, the force measurements were checked
and the Velcro of the second bracelet was adjusted if they
differed of more than 0.1 N.

The participants wore headphones with white noise to
reduce the environmental noise and experimenter’s instruc-
tions. This experiment was conducted during the COVID-19
pandemic with safety precautions such as social distancing,
disinfecting the setup between each uses, and face masks.

1) Task: The experiment consisted of a number of trials
where the participant verbally reported whether one of the
stimuli felt more, less, or equally intense to the reference
despite the difference in the actuation direction. Participants
were indicated on a monitor which wrist received the xed

Fig. 6. Setup for Experiment 2: A participant wears two bracelets with normg?feren_ce Stlmums and which stimulus .W0u.|d be adju_Sted
and shear stimuli. A monitor gives a visual instruction of which arm receive¥ccording to their response. After experiencing each stimu-
the reference and adjusted stimuli. lus pair, participants reported whether the adjusted stimulus
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should be increased (response ‘more’), if it should be de-
creased (response ‘less’) or if it felt the same as the reference
(response ‘same’). Based on the participant’s response, the
actuator displacement for the adjusted stimulus was computed
for the next trial using the staircase method and two-up one-
down paradigm [28]. Fig. 7 shows an example trial with
participant responses and actuator displacement of the adjusted
stimulus. For iterationn, if the participant's response was
‘more’, the actuator displacement was computed as:

X(n)= X(n 1) (10)-9P=20) ()

where X(n) and X(n 1) are the current and previous dis-

placements and.bd = 4=(2) is the stimulus intensityi is

how many times the participant gave the ‘less’ response,

such that with each ‘less’ response, the actuator displacement TABLE |

returned to the previous value () = X(n 2)) andi was PROTOCOL AND FLOW OFEXPERIMENT 2 FOR EACH USER

increased by 1. When participants gave the response ‘same’ ] ] ] ]

the algorithm computed the next iteration using the previousé) Main Study: Comparing Different Stimulfable | shows

response in the sequence. Thus, participants can expresf'fo€xperiment ow with two main phases: in Phase 1, the

have perceived equal stimuli, while allowing the staircag¥rticipant wore the bracelets as designated and performed

algorithm to overshoot the levels where both stimuli fed\V0 training and two testing blocks. In Phase 2, the location

equally intense. The staircase was terminated if for the last 2bthe bracelets were switched and the participant performed

trials the average displacement change was less than 0.5 r{Wﬁ’ more testlng.blocks. Pa}rt_|C|pants famlllarlzed.themselves
After each response, both the reference and the adjus‘f@H‘ the task dgrlng two training blocks. Each training blogk

stimuli return to their neutral states (0 mm actuator strokejicluded one trial with a 3 mm normal reference and one trial

To minimize the impact of actuation velocity or duratiofVith @ 3 mm shear reference. During the training blocks, the

differences in duration, reference and adjusted stimuli wek@rticipants were encouraged to ask questions about the task.

applied in sequence, as rst the reference and the adjustdfier the training blocks were performed, the experimenter

stimuli with 2-second pause in between. The experiment@tade sure thgt all participants were con dent with the task.

verbally announced the reference and adjusted stimuli befdf@en. the testing blocks started.

actuation. The shear displacement reference less than 3 mihilot tests revealed that the shear reference cannot be less

was not used in the experiments because volunteers for than 3 mm to be noticed easily. Consequently, the participants

pilot testing reported that they did not feel condent t¢ompared normal and shear stimuli with () 1, 2, and 3

compare the intensities between normal and shear stimuli eVBft normal reference and (i) 3 mm shear reference. The

though they perceived the signals rendered on their skin. Barticipants repeated each reference vglue 3 times. The o_rder

the other hand, normal stimuli of more than 3 mm causél the reference values were randomized for each testing

discomfort. Therefore. 3 mm was found to be an effectiy/ock with normal reference. Participants received a 1-minute
reference value for both stimuli. break after each set of 6 testing trials. Between Phase 1

2) Preliminary Study: Comparing the Same Stim@gfore and Pha;e 2, pgrticipants SV\_/apped the locations of br.acellets
conducting the main study to compare normal and shear stiff¥changing which arm received normal and shear stimuli),
uli, the proposed experiment and the method of adjustmefft§s they received a longer break time of approximately 5
were validated with a preliminary experiment, where particlinutes including the preparation time.
pants wore haptic bracelets rendering the same type of stimuli
on both wrists (normal-normal or shear-shear) and comparf@d Results
the intensity of the same stimuli. Half of the participants 1) Preliminary Study: Comparing the Same Stimuli:
compared the normal stimuli rst and the shear stimuli seconHig. 8(a,1) shows the average PSEs in terms of actuator dis-
while the other half compared the shear stimuli rst and thplacements when the participants compared the same stimuli
normal stimuli second. (normal-normal and shear-shear). One-tailed t-tests indicate

For each participant, 1 training trial and 4 testing trials werdat the mean PSEs are not statistically different for the normal
performed with the rst set of bracelets: the reference wagimulus adjusted to match the normal referentdX) =
given on the right arm during 2 testing trials and on the left arm0:6884d = 1:7216;p= 0:517) and for the shear stimulus
during 2 testing trials. The order of the trials with referencadjusted to match the shear referengdg) = 1:0121d=
stimulus on the right or left arm were changed for each usei0:2531;p= 0:327). These results indicate the validity of the
as well. Once the participant completed 4 testing trials, thexperiment and the ability of participants to compare stimuli
same procedure was repeated with the second set of bracelatensities acting on the wrists.
normal bracelets were replaced with shear, and shear bracele®®) Main Study: Comparing Different StimuliActuator
were replaced with normal. During all trials, the referencBisplacements:PSEs were analyzed in terms of actuator dis-
actuator displacement was set as 3 mm. placements (mm), as shown in Fig. 8(a,2). Each bar represents
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Fig. 8. Results of Experiment 2, for point of subjective equality: (a) PSE of actuator displacements with (1) preliminary and (2) main studies. Red dashed
lines show the reference values, blue boxes indicate normal PSEs, red boxes indicate shear PSEs with 3 mm reference, green box indicates shear PSEs wit
2 mm reference, and orange box indicates shear PSEs with 1 mm reference. ‘r’ represents the actuator displacement for the reference stimulus. (b) A t line
model between actuator displacements of shear PSE and normal reference for each user. Labels are ordered based on the line slope. The results indicate th
a larger displacement in the shear direction is needed by all participants to equalize its intensity with respect to the normal direction.

the average PSE, and the horizontal dashed lines show thénteraction Forces: While participants were asked to per-

reference value corresponding to each bar. The rst (bluegptually match the sensation produced by the two types of
bar shows the average normal PSE (1.9 mm) for 3 mm shelsplacement, it is possible to analyse the stimuli also in terms
reference. The second (red) bar shows the average shear BSke interactiorforces. The recordings indicate that the forces

(3.7 mm) for 3 mm normal reference. The third (green) bamn the non-actuated directions do not vary across trials, so
shows the average shear PSE (2.7 mm) for 2 mm nornuaily the forces in the actuated direction are discussed here.
reference. Finally, the forth (orange) bar shows the averafig. 9 shows the interaction forces recorded at the end of each
shear PSE (1.7 mm) for 1 mm normal reference. trial during different references and averaged for all trials and

Each participant performed 3 repetitions for each conditioRarticipants.
and the PSEs were averaged and submitted to a two-wayA two-way ANOVA on the in uence of two independent
repeated-measure ANOVA with factors reference stimulus (dariables (stimuli type and reference) was conducted on
2, and 3 mm normal and 3 mm shear) and which arm w#®e measured interaction forces. All effects were statistically
the reference applied to (dominant or non-dominant sidejgni cant at the 0.05 signi cance level. The main effect
Mauchly’s test ¢2(5) = 1:991;p = 0:852) did not indicate a for stimuli type (normal vs. shear) yielded &n ratio of
violation of sphericity. There was an in uence of the referencé(1;56) = 271798;p < 0:001;h§alrtial = 0:829, indicating that
stimulus and type of reference on PSH356) = 42:994;p<  when participants thought that normal and shear stimuli inten-
0:001, hgartia| = 0:697). Most notably, single-sample t-testsities were equal, the interaction forces were statistically sig-
indicate a difference between PSE and the reference displagiesantly different from each other. Similarly, the main effect
ment for all four conditions |f < 0:01). A post-hoc Tukey for reference type gave dh ratio of F(3;56) = 42:389;p <
test showed that there was no difference in PSE betweerO:(DOl;hSartial = 0:694. The interaction effect was found as
mm normal and 3 mm shear references stimuli, while all th&(3;56) = 3:033;p< 0:037;h Sartial = 0:140. Interaction forces
other paired comparisons were signi cant, see Fig. 8(rightyith normal and shear stimuli were statistically signi cantly
The main effect of the arm dominance was not signi cardifferent for all reference displacements.

. - 1. e~ — . 2 — . H H H
(F(1;56) = 1:197;p = 0:279, h,ig = 0:021), indicating N0 o o5t hoc Tukey test showed that the PSE of interaction

consistent change in PSI_E whether the r_eferenc_e is app”eqﬁﬂ:es collected with the 2 mm normal reference and 3 mm
the dominant or non-dominant arm. The mteractlo? effect WaRear reference were not statistically signi cantly different
also not_ signi cant (K3;56) = 0:733;p = 0:537, hpartial = from each other, while all the other comparisons were statis-
0:038), implying that the reference has the same effect py signi cantly different. For 2 mm normal reference and
both arms. 3 mm shear reference, the PSE of actuator displacements on
Fig. 8(b) shows the relationship between shear PSEs o@erage were calculated as 2.76 mm and 1.9 mm, respectively.
normal reference. Data for each participant and on averagthile the ANOVA results indicate that the PSEs of actuator
were modeled with a linear t. We calculated a Pearson coalisplacements are statistically signi cantly different from each
cient to observe the correlation between the data collectedher, their average is somewhat similar. It is possible that
for each reference stimulus. We have found no correlatiench difference is caused by the fact that the PSEs of actuator
between participants for all reference stimulus, implying thaisplacements vary across people. So, even though on average
all participants perceived the stimuli differently. the participants reached the same interaction forces with
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Fig. 9. Measured interaction forces for Experiment 2 when the normal reference is given as 1, 2, 3 mm and shear reference is given as 3 mm. ‘r' represents
the actuator displacement for the reference stimulus. The results indicate that normal stimuli create larger interaction forces than shear stimuli when their
intensities are equalized.

similar actuator displacements, how they individually perceial users would be erroneous. Instead, the relationship between
the applied forces can vary. normal and shear stimuli should be obtained for each user with
a calibration process before using the wearable haptic devices
to perform virtual or telemanipulated tasks where the relative
. ) o perception of normal and shear stimuli are important.

Relative mtgnsﬂy of normal and shear stimuli based How perception of shear displacement intensity can

on actuator displacements.The PSEs showed that normalOe modeled with respect to normal displacementsOur

and shear stimuli can create the same intensity when shgaq, 15 showed that PSE of actuator displacements with normal
stimuli had a Iarg(.ar. displacement thaq normal (Fig. 8(a'2)52timuli is much lower than shear stimuli, while interaction
re_gardles; of partmpanp refe_rence §t|mulus type, refere%gces with normal stimuli is much greater than shear stimuli.
stimulus intensity, or which wrist received the reference. s means that equalizing normal and shear stimuli in terms
These results support the subjective comments receigd, .v,ator displacements or interaction forces would create a
from the study in Section IIl, but contradict the ndingsecentyal bias if, for example, normal and shear stimuli were
previously presented by Biggs et al. [26]. Since the malioy a5 sensory substitution for the same stimulus. In this
purpose of this experiment has been to support the SUbJeC%\fﬁdy, we implemented a linear model (Fig. 8(b)) using three
comments received from our wearable haptic bracelet, g, oints collected with different values of normal reference;
main reasons for this contradiction has not been investigalgtl e jata points could be collected to obtain a more accurate
deeply. Nevertheless, we believe that these reasons can be iigionship. We found that an offset displacement is needed
differences between the actuator base or the probe diametgy; shear stimulus to create the same intensity when the normal
How the perceived |nten5|ty of normal and shear stimuli - gi 15 is in the rest state (0 actuator displacement). This
are affected by applied force. The force _mea_surementsoﬁset might be caused by how we secure the bracelets on
(Fig. 9) showed that normal and shear stimuli can cregig, st Both normal and shear bracelets are attached to the
similar intensities with different forces. For each participanty it through straps, which squeeze the wrist. Even though
normal stimuli resulted in statistically signi cantly greatenty o normal stimuli applied on the wrist is perceived at a single

forces than shear stimulus needed to create a similar perceiﬁgqﬂ rather than the whole wrist, it is possible that the strap
intensity at the wrist. In other words, participants were mor

> "$dds to the actuated normal stimulus given during the trials.
sensitive to shear forces compared to normal forces. Unlike
the actuator displacements, interaction forces measured in this
study show a similar trend to the ndings of Bigegs al. [26].
(They estimated forces using the actuator displacements theyn this work, we analyzed the effects of haptic feed-
collected from the participants and skin stiffness measuremeh&gk directions rendered on user’s forearm based on virtual
reported by Dilleret al. [25].) This indicates that participantsinteractions. Our results showed that normal displacements
can perceive force stimuli similarly, regardless of how thenabled participants to differentiate different stiffness levels
haptic device is grounded. signi cantly better than shear especially when the difference
Does the point of subjective equality vary across people? between virtual object stiffness values are large. Even though
ANOVA results with the main effect of participants indicateall participants reported that haptic cues are easier to notice
that the PSEs of actuator displacements are statistically signifth normal displacements, some reported that they enjoyed
icantly different for each participant. Even though some pashear more because it was more subtle and calm compared to
ticipants performed fairly similar to each other (see Fig. 8(b)jhe normal forces. We hypothesize that participants favor shear
claiming a constant ratio between normal and shear stimuli fdisplacements because shear skin stimulation is more closely

C. Discussion

V. CONCLUSIONS
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related to pleasant stroking sensations [29].The second sty Y. zheng and J. B. Morrell, Haptic actuator design parameters that
measured point of subjective equality and investigated how to
equalize normal and shear stimuli applied by a wearable haptig
bracelet.

Our ndings show that normal and shear stimuli should

be
of

equalized with a calibration for each participant in termsy,
stimuli intensity. In future work, we will compare task

performance of virtual manipulation while users perceive
normal and/or shear haptic feedback. Such a comparison is
possible only after we implement a calibration process basgd]

on

the experimental procedure we presented in this work.

We will continue exploring the design and perception of
wearable haptic devices. Beyond the wrist, mounting a haptie]
device at different body locations may have advantages, but

presents challenges for secure attachment to the body and

distribution of reaction forces [30]. In addition, it is important17]

in the design process to understand how mechanoreceptors

diff

er on different parts of the body [31] and how movemen g,

of the body (e.g., walking) can affect perception [32].
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