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Abstract—Recent advances in myoelectric prosthetic technology have enabled more complex movements and interactions with
objects, but the lack of natural haptic feedback makes object manipulation difficult to perform. Our research effort aims to develop
haptic feedback systems for improving user performance in object manipulation. Specifically, in this work we explore the effectiveness
of vibratory tactile feedback of slip information for grasping objects without slipping. A user interacts with a virtual environment to
complete a virtual grasp and hold task using a Sensable Phantom. Force feedback simulates contact with objects, and vibratory tactile
feedback alerts the user when a virtual object is slipping from the grasp. Using this task, we found that tactile feedback significantly
improved a user’s ability to detect and respond to slip and to recover the slipping object when visual feedback was not available. This
advantage of tactile feedback is especially important in conjunction with force feedback, which tends to reduce a subject’s grasping
forces and therefore encourage more slips. Our results demonstrate the potential of slip feedback to improve a prosthesis user’s ability
to interact with objects with less visual attention, aiding in performance of everyday manipulation tasks.

Index Terms—haptics, prosthetics, slip feedback, vibrotactile feedback

1 INTRODUCTION

ESPITE recent advances in prosthetic technology, upper

limb prostheses lack the touch feedback that is necessary
for dexterous manipulation of objects. Current prosthetic hands
have comparable motor function to natural limbs (for example,
the DEKA arm, recently approved by the FDA [1]), but users
are unable to adequately control them due to a lack of sensory
feedback. If sensory function could be restored as effectively
as motor function has been, the performance of upper limb
prostheses could approach that of natural limbs.

One major innovation in prosthetic technology has been
the incorporation of myoelectric control. Electromyographic
(EMG) sensors detect electrical activity of muscle tissue in the
residual limb. However, this approach eliminates the limited
touch feedback that was available in body-powered prosthetic
limbs, where cable tension gives users an indirect afferent
pathway for information from the endpoint of a prosthetic
gripper. In contemporary myoelectric devices, vision serves as
the main source of feedback. Users would prefer to rely less
on vision [2] because carefully watching a prosthetic gripper
is mentally taxing, inefficient, and insufficient for replacing
the information collected by natural touch sensations. Levels
of mental workload in human-machine interaction can be
quantified through brain imaging techniques (e.g., [3]) and
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questionnaires (e.g., [4]), and it has been shown that purely
visual control of a prosthesis requires more mental effort than
control with additional feedback cues [5].

Multi-function prosthetic hands have the potential to enable
dexterous manipulation, but it is critical to modulate force and
tactile feedback to the user to achieve such performance. The
benchmark task for investigating manipulation and dexterity is
the grasp-and-lift task, in which participants are asked to grip
an object with their fingers on either side of the object, lift
the object, and place the object back down on a surface. To
evaluate the potential of tactile feedback to improve dexterity,
we contend that it is logical to begin with this traditional task.

In an intact upper limb, receptors in the skin, joints, and
muscles can sense object weight or detect an object slipping
from the grasp, and this information is delivered to the central
nervous system via afferent neural pathways. Typically, an
individual maintains a grip force just slightly above what is
necessary to prevent slipping. Cutaneous sensations from the
fingertips enable a user to detect slip, gain information about
object friction, and update an internal model of the object [6].
An able-bodied individual naturally processes this information
and uses it to control motor commands to adjust their grasp, to
handle an object without breaking it or dropping it. An upper-
extremity amputee has no afferent or efferent pathways past
the farthest point of the residual limb, making this transfer of
information and intentions impossible.

Cutaneous sensations are considered to be more valuable to
performance than vision for tuning motor output to the object
properties [7]. Shear strain on the finger pads and vibrations
caused by minute slips signal unwanted movement to the user
[8]. Effective scaling of grip force relies predominantly on
sensory information from the fingertips. Individuals complet-
ing a grasp and lift task without fingertip sensory feedback
to collect slip information grip an object with a higher than
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necessary force before lifting it, often breaking the object [9],
[10]. Thus, when an individual adapts to changing load forces
or object properties, tactile information plays a major role in
grasp and lift performance [11], [12].

Several current advanced prosthetic hands employ automatic
control of grip force, in which grip is adjusted without user
input based on sensed interactions with the object being
grasped [13], [14]. This automatic control aids in preventing
the breaking and dropping of objects being grasped; however,
it will not facilitate general dexterous movements, which is
our ultimate goal. Including the user in the control loop by
providing touch feedback is necessary to improve an amputee’s
dexterity with a prosthesis. Although feedforward and feed-
back mechanisms play complementary roles in prostheses, the
feedforward system’s inevitable uncertainty can be corrected
by the user with the inclusion of feedback [15]. Performance in
manipulating objects with a prosthesis improves with more in-
teractive control, implying that some combination of automatic
control and user feedback may provide the most dexterity [16].

Given the importance of cutaneous feedback in slip and
the benefit of including the user in the loop, we believe re-
laying natural slip information will improve user performance.
Some techniques have been developed to electrically stimulate
afferent nerves within the residual limb [17], but surgical
risks and signal degradation make this method non-ideal.
Non-invasive alternatives for feeding back some components
of touch include sensory substitution via force, tactile, and
skin stretch actuators (e.g., [16], [18], [19], [20]). Some of
these methods aid in grasping with prosthetic hands; for
example, vibratory tactile feedback and force feedback have
been used to display grip force [21], [22], [23]. Texture
information has also been relayed as vibrotactile feedback
to users controlling a prosthetic gripper [24]. Additionally,
vibrating feedback has shown promise for relaying proprio-
ceptive feedback, improving performance operating a gripper
particularly when subjects were distracted by other tasks
[25]. Very little research has been done thus far on non-
invasively feeding back slip sensations. Damian et al. found
that electrotactile stimulation corresponding to object slip
speed produced comparable results to visual feedback alone
[26]. Promising results for the use of slip feedback have
been shown in a laparoscopic surgical grasping task [27].
However, the surgical grasping system is not practical for
prosthetics applications. In a study that delivered multimodal
feedback to amputees with targeted reinnervation, researchers
found that providing both force and shear feedback degraded
manipulation performance [28]; however, this study provided
all of the feedback through one multimodal haptic device.
We believe that this could be confusing to the user, and it
is beneficial to investigate performance when slip and force
feedback are provided through separate modalities.

We explore the efficacy of a slip feedback system that
would be practical for prosthesis use through a human subject
experiment performed within a virtual environment. Our study
investigates the use of tactile feedback via vibrating tactors
to impart information about object slippage to the user of
the system. Vibrotactile feedback was chosen to convey slip
information because of its verified value for conveying other

types of haptic information like force and proprioception, even
when individuals are distracted [21], [25], [29], [30]. Our
investigation centers on the grasp and lift task as a first step
toward more dexterous manipulation. A simplified grasp and
hold task was created in a virtual environment in which force
feedback was provided that correlated to gripping force, and
vibrational cues on the user’s upper arm signaled when the
object was slipping. Because we are focused on the effect of
vibrotactile feedback in this study, we selected this virtual task
to be an intuitive, easy-to-use alternative to a physical pros-
thesis system. Although this modified grasping task does not
perfectly recreate interactions between a prosthetic hand and
real-world objects the results are valuable for understanding
the role of haptic feedback in preventing object slip.

We previously presented preliminary results from this study
[31], demonstrating that the addition of tactile feedback re-
laying the occurrence of slip significantly improves a person’s
ability to recover an object that has begun to slip, particularly
when visual feedback is not available. Here, we present
an expanded analysis and discussion of additional factors,
including the user’s response after the onset of slip and the
effect of feedback condition after unanticipated changes in
object weight on performance. These results suggest that incor-
porating tactile feedback into advancing prosthetic technology
could allow prosthesis users to enjoy greater dexterity and an
increased ability to efficiently complete daily tasks.

2 METHODS

To test the effect of vibrotactile slipping cues in grasp and
lift tasks, we developed a simplified “grasp and hold” task in
a virtual environment. The user must grip the object firmly
enough so it does not slip from his or her grasp, but gently
enough so it does not break (similar to a plastic cup that can
be dropped or crushed). We asked participants to complete the
task using a Sensable Phantom as an input to press a virtual
object against a wall. The goal was to modulate the force
against the object to prevent it from slipping down the wall
while pressing lightly enough so as not to break it.

This task differs from a traditional grasp and lift task
because users press against an object from only one side,
holding it in place rather than lifting it up. Additionally, they
interact with the virtual object through a tool (the stylus
of the Phantom Desktop), which is different from object
manipulation in the physical world with a prosthetic hand.
This simplified task required coordinating grip force and load
force with object weight, as in a physical grasp and lift task.
Therefore, we expect users to benefit from the same types
of force and tactile information, and we use this scenario to
evaluate different combinations of force, tactile, and visual
feedback. When holding a real object, modulating force to
stay between these two thresholds is natural and easy for
individuals with intact sensory feedback. For prosthesis users,
the lack of force and slip information makes breaking or
dropping objects common. Our virtual task mirrored this
object-force modulation situation, requiring users to control
the force against the virtual object with all combinations of
force feedback, vibrotactile slip feedback, and visual feedback.
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Fig. 1: (a) Experimental set-up. The user controls the cursor with
the Phantom using his or her dominant hand to interact with the
virtual environment displayed on the screen. The Phantom also
provides force feedback. Slip feedback is provided via the C2
tactor worn on the dominant arm. Headphones play pink noise to
mask auditory cues. (b) Virtual environment at the start of each
trial. The participant controls the cursor position. The floor falls
after three seconds, so the participant must press the cursor
against the object to keep it from falling as well.

2.1

The experimental set-up, shown in Figure 1, consisted of a
Sensable Phantom Desktop for control and force feedback, a
virtual environment displayed on a computer screen, and a
vibrating C2 tactor (Engineering Acoustics, Inc., Casselberry,
FL) strapped to the participant’s upper arm relaying tactile
information on the occurrence of slip. Users interacted with
the virtual environment on the computer screen by controlling
a cursor with the Phantom’s stylus. They pressed the cursor
against a virtual object to hold it against a virtual wall. The
plots in Figure 2 show the object’s vertical position, force
applied to the object, and the signal sent to the C2 tactor
during an example trial. In this example, when the object began
to slip, the participant increased the force applied until the
slipping stopped and the object was recovered.

The C2 tactor was placed on the outer arm, in contact
with hairy skin. For a transradial amputee, the upper arm is a
logical choice of location for haptic feedback because of its
proximity to the hand. The tactor was secured with a Velcro
sports band for an mp3 player. The amplitude of the vibrations
was proportional to the acceleration with which the object was
slipping down the wall. The amplitude was adjusted to be both
noticeable and comfortable to the user through the sports band.
To mask sounds made by the vibrating tactor, pink noise was
played to participants through headphones.

Experimental Set-Up

2.1.1 Simulation

The virtual environment and feedback were controlled with
MatLab and a Simulink model employing the Sensable Phan-
tom and Quarc Visualization Toolkits. The virtual environment
consisted of a two dimensional square room with a floor
positioned halfway up the room, as shown in Figure 1(b).
A rectangular object was positioned on that floor against
the left wall of the room. A circular cursor corresponded to
the Phantom’s stylus position, which was the user controlled
input to the environment. Because the virtual environment
was limited to 2-D, horizontal and vertical movements of
the Phantom’s stylus were mapped to cursor location, while
movements into and out of the screen were not portrayed. Each
trial began with this initial set-up.
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Fig. 2: Example trial. (a) The floor is fixed, so the object does
not fall. During this time, the participant can set up the cursor
in preparation. (b) The floor falls away. The participant is not
applying enough force to hold the object, so the object is slipping
and the C2 tactor is vibrating. (c) The participant has increased
the force against the object above the required force to prevent
slipping, so the object has been recovered. (d) When the force
is above the breaking threshold, the object turns red.

After three seconds, the floor holding up the object fell
to the bottom of the screen, as shown in the progression
of screenshots in Figure 2(a)-(c). Without the support of the
floor, the object would begin to fall unless the participant had
used the Phantom stylus to press the cursor into the side of
the object, pushing it against the wall and preventing it from
slipping. Over the course of the first three seconds, before the
floor dropped, the cursor changed from red to yellow to green,
signaling to the user when the floor would fall. Each trial lasted
a maximum of seven seconds, after which the environment
reset and the next trial began automatically. In cases in which a
participant failed to keep the object from falling to the ground,
the trial stopped early and was reset for the next trial as soon
as the object touched the ground.

The normal force f(z) on the object was calculated using
the position and velocity of the cursor when in contact with
the right face of the object, and is given by

f(t):Kp(x(t)_xubj)"‘de(t)a (1)

where x represents the position of the Phantom, x,;,; represents
the location of the right face of the object, the proportional
gain K, =400 N/m, and the derivative gain K; =4 N-s/m.
The resulting force to the user was only applied normal to
the object’s surface, resisting further penetration by the stylus.
The proportional and derivative gains were selected to make
the object’s stiffness feel realistic.
The acceleration of the object a(z) was calculated by
LOM=meif g > f(1)p
alt) = 2

0 otherwise

where g is the acceleration due to gravity set to 9.81 m/s,
and u is a friction constant set to 0.3, similar to the coefficient
of friction between a human finger and a piece of paper [32],
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[33] or the lacquered aluminum used in some jar lids [34]. The
value for the virtual friction constant y was selected so that
the rate of slipping was not too fast for participants to adjust
the applied force and recover the object once it began to slip.
The normal force f(z) applied to the object was calculated by
Equation 1. The mass m of the object was set to either 0.2 kg or
0.5 kg depending on the trial. If the force due to static friction
wasn’t high enough to overcome the force due to gravity, the
object experienced a positive acceleration toward the floor. The
participant had to adjust to this slip by increasing the normal
force against the object. There was no visual indication of the
object weight, so participants had to adjust the applied force
appropriately to account for weight differences. With these
selected values, the force required to prevent slip was 0.654
N for the lighter object and 1.64 N for the heavier object. 1 cm
of movement of the Phantom was displayed as approximately
1.25 cm of movement on the computer screen.

When holding objects with prosthetic hands, a common
strategy is to grip with much higher force than necessary
to prevent dropping the object, often resulting in damage to
the object [35]. To prevent study participants from using the
same strategy, the virtual object was made to be breakable.
During a trial, if the calculated force was above 1.5 times the
force necessary to hold the object, the object turned red to
signal to the participant that he or she was “breaking” it. The
heavy object broke when the applied force exceeded 2.45 N,
and the light object broke with a force greater than 0.981 N.
Figure 2(d) shows the object being broken during the time
before the floor fell. When a participant broke the object, the
color changed while breaking was occurring but participants
continued for the full duration of the trial.

2.1.2 Visual Feedback

Visual feedback consisted of the object position and the cursor
position. Movement of the object indicated slip, and color of
the object indicated when the object was breaking (red while
breaking, black otherwise). The visual feedback condition was
turned on and off through the virtual environment to mimic
the use of a prosthesis while watching or not watching the
gripper. For no vision trials, the participant was able to see
the object during the three-second set-up period, but as soon
as the floor dropped, the object disappeared. The participant
had to attempt to hold it against the wall without being able
to see where it was, if it was slipping from their grasp, or
if it was breaking. The cursor was still visible to the user in
the non-visual feedback condition. In the event that the object
slipped out of the user’s grasp, the reaction force against the
cursor became zero and the cursor moved through the space
the object had vacated to hit the left wall. In trials when there
was no visual, force, or tactile feedback, this movement of
the cursor was the only indication to the user that they had
dropped the object.

2.1.3 Vibrotactile Feedback

Vibrotactile feedback was applied through the vibrating tactor
in the armband on the participant’s upper arm. The current
sent to the tactor was computed as

i(t) =A(f(r) —mg)s(t)sin(2m +200¢) 3)

where s(t) is a 10 Hz sawtooth wave, resulting in a vibrational
pulse with a maximum amplitude proportional to the accelera-
tion with which the object was slipping. Sawtooth waveforms
are more easily detectable by humans than smooth sinusoidal
waveforms [36]. The magnifying constant A =2 was selected
to produce an appropriately prominent vibration. Pacinian
Corpuscles have peak sensitivity for frequencies from 200-
300Hz, and for this tactor applying this waveform, a frequency
of 200Hz was found to be both comfortable and noticeable. If
the user held the object against the wall without any slipping,
no vibrations would be felt. However, once the force was
below the necessary level to prevent slip, the object accelerated
downward and the tactor began to vibrate, signaling to the
participant to press harder. The amount of force necessary
to stop a slipping object was directly proportional to the
amplitude of the vibrations felt by the user.

2.1.4 Force Feedback

The force applied to the object was reflected to the participant
through the Phantom’s stylus, simulating the feeling that there
was a real object resisting the participant’s motion. It gave
the participant an understanding of how hard he or she was
pressing on the object. When the force feedback condition was
turned off, the force applied to the object was calculated to
determine the object’s acceleration but no force was applied
back to the Phantom’s stylus. In this case, the participants
had no physical sense of how hard they were pressing against
the object. In trials with the visual feedback condition on, the
object turned red if the participant was pressing hard enough
to break it, relaying some force information visually.

2.2 Experimental Protocol

Twenty-three (n = 23) able-bodied individuals (17 male, 6
female, ages 18 to 30) participated in this experiment. Before
the experiment, subjects listened to a scripted description of
the methods and provided informed consent. Subjects used
their self-reported dominant hand to complete the task.

2.2.1 Training

Before beginning the trials, each participant was given 20
seconds to interact with an orientation environment: a square
room similar to the trial environment, but with no virtual
object. It allowed participants to become familiar with the
Phantom and the force feedback. When pressing the cursor
against the room’s walls, force was applied to the stylus and a
visual display indicated the force’s magnitude. No vibrational
feedback was applied during the orientation session.

After this orientation session ended, participants completed
three practice trials in the actual study environment. During
these practice trials, force feedback, vibrotactile slip feedback,
and visual feedback were all provided. The headphones were
left off during the practice trials so that the experimenter and
participant could speak to each other. After the third practice
trial, there was a ten second pause during which the participant
was instructed to put on headphones playing pink noise.
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Fig. 3: Experiment design. Participants completed four blocks of
trials, shown above as rows of colored rectangles. Each block of
48 trials contained 8 sets of 6 trials each. Each colored rectangle
represents a set. Each set had a constant feedback condition for
all six trials, depicted by the color, and consisted of three con-
secutive trials with heavy objects (filled boxes) and then three
consecutive trials with light objects (white boxes), or vice versa.
Within each block (each row above), participants completed two
sets of each of the four haptic feedback combinations. The four
blocks differed by the vision condition being on or off, and each
had a different balanced order of the haptic feedback sets.

222 Testing

The participant then completed the experimental trials. Figure
3 shows the experiment design and the organization of feed-
back conditions. Each participant completed 192 trials, divided
into four blocks by the visual feedback condition. For two of
the blocks, visual feedback was provided (V), and for the other
two blocks it was not (v). The visual feedback condition was
constant for the duration of the 48 trials in a block. For all of
the participants, the first block provided visual feedback. This
allowed them to familiarize themselves with the experiment.
Of the second and third blocks, one was with vision and one
was without, in either order. The number of participants who
had vision for block two was balanced with the number of
participants who had vision for block three. The fourth block
was without visual feedback for all participants.

Within each block of 48 trials, four different combinations
of haptic feedback were tested: force feedback only (Ft), tactile
feedback only (fT), both force and tactile feedback (FT),
and no feedback (ft). Blocks were organized into eight sets
of six trials each. In each set, the six trials had a constant
feedback condition. The four force/tactile combinations were
each provided for two of the eight sets in a block. The
first group of four sets and second group of four sets were
sequences of the four possible force/tactile combinations. Six
different possible sequences were used to arrange the order
of the feedback conditions in a balanced way. This design
resulted in each participant completing a total of 24 trials under
each feedback combination.

Each set had three consecutive trials with heavy objects and
three consecutive trials with light objects. The first trial after
a weight change (heavy-to-light or light-to-heavy) within a set
represents an unanticipated change in object weight. We call
this a transition trial. The order of heavy and light objects was
balanced among the occurrences of the feedback conditions in
the six different possible sequences. Participants encountered a
light-to-heavy transition and a heavy-to-light transition either
two or three times for each feedback condition over the course
of the experiment. The two objects had no visible differences,
but the force thresholds for dropping and for breaking the

object were different. This ordering allows us to explore users’
abilities to adjust to unexpected weight changes with each of
the feedback combinations.

2.3 Analysis

The task performance metrics are % recovery, % time slipping,
% response to slip, mean force, and % broken, defined as
follows. Any trial in which the object’s vertical position at
the end was lower than the initial position was counted as a
slip. If a participant successfully increased the force on the
object after the onset of slip and stopped the object from
slipping to the bottom of the screen, the trial was also counted
as a recovery. % recovery is then defined as the number of
recoveries divided by the number of slips. % time slipping is
defined as the amount of time the object was slipping during
a trial divided by the total trial length. If the object slipped
to the bottom of the screen before the full seven seconds had
passed, the trial ended early, resulting in a shorter total trial
length. % response to slip is defined as the percentage of slip
trials in which the subject responded with an increase in force
before the end of the trial, regardless of whether the object was
actually recovered. To classify an intentional response to slip, a
force increase threshold of 0.4167 N/s (chosen based on visual
classification of reactions in randomly selected trials) was used
to distinguish between small involuntary force changes and a
voluntary reaction. Mean force is defined as the mean force
over the course of a trial. % broken is the percentage of
trials in which the object was broken at some point during
the trial. We considered both % broken over all trials and %
broken over trials in which the object was recovered from
slip. % recovery and % time slipping were also examined
for effects of feedback after weight transitions. There are two
categorizations regarding responses to weight transitions: (1)
light-to-heavy (LH) object transition and (2) heavy-to-light
(HL) object transition.

For all analyses, the assumptions of the repeated measures
Analysis of Variance (ANOVA) were inspected and addressed,
and feedback condition was a fixed effect, within-subjects in-
dependent variable. The Geisser-Greenhouse (G-G) adjustment
was used to correct for violations of the sphericity assumption.
Post-hoc comparisons used a Tukey-Kramer test with a sig-
nificance criterion of 0.05. Cohen’s d effect size indices were
calculated and included to assess the practical significance of
the findings. In addition, three specific complex comparisons
were assessed for the dependent measures. (1) The average
of vision scores (VFT, VFt, VIT, Vft) was compared to the
average of no vision scores (VFT, vFt, vfT, vft). (2) In the no
vision conditions, the average of tactile feedback scores (VFT,
vfT) were compared to the no tactile feedback (vFt, vft). (3)
Force feedback (VFT, vFt) was compared to no force feedback
(VfT, vft) in the no vision conditions.

The effect of feedback condition after weight transitions on
performance was assessed on % recovery and % time slipping
in the transition trials. Transition trials include the first trial
after an object weight change within a set of trials with the
same feedback condition. Two separate one-way repeated mea-
sures ANOVAs were performed for light-to-heavy and heavy-
to-light transition trials. One complex comparison assessed
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the influence of tactile feedback during weight transitions
in the no vision condition. One paired comparison assessed
the importance of tactile feedback when no other feedback
is available by comparing tactile feedback only (vfT) to no
feedback (vft). A second paired comparison assessed the
relative importance of force feedback and tactile feedback
in the absence of vision by comparing force feedback only
(vFt) to tactile feedback only (vfT). The complex comparison
assessed the influence of any tactile feedback by comparing
the average of tactile feedback cases in the no vision condition
(vfT, vFT) to the no feedback case (vft). For the transition
conditions, multiple imputation methods were used to replace
missing % recovery values with the mean value within each
feedback condition [37].

To control for Type I error rates throughout the experiment,
false detection rates (FDR) were applied to the multiple
comparisons across the dependent measures [38]. Number
Cruncher Statistical Software 2009 (www.ncss.com) was used
for the statistical tests.

3 RESULTS

We analyzed the effect of feedback condition on (1) a subject’s
ability to recover the virtual object upon the onset of slip, (2)
the percentage of time that the object was slipping during
a trial, (3) the percentage of slip trials in which a subject
responded before the end of the trial (regardless of whether
the object was recovered), (4) the average force over the course
of a trial, (5) the percentage of trials in which the object was
broken, and (6) the percentage of recovery trials in which the
object was broken. We also analyzed the effect of feedback
condition after object weight changes on a subject’s ability
to recover the virtual object upon the onset of slip and the
percentage of time that the object was slipping during a trial.

The results for % recovery, % time slipping, and % response
to slip are reported with n = 23, as there were no outliers. The
results for mean force, % broken overall, and % broken within
recovery trials are reported with n = 22, since one subject
had outliers for two of the no vision (VfT and vft) conditions
ranging from greater than 2 to 325 times the variance of
the next highest and lowest groups. We re-ran the analyses
with this subject removed and compared the results to the
output from the full sample size. All of the measures yielded
comparable output (i.e., the main effects and contrasts were
significant and there was a similar directional change).

Table 1 provides means and standard deviations for the
various metrics, and significant pairwise comparisons are
shown in Table 2. Effect sizes are given in the Appendix.

3.1

In our preliminary analysis [31], we considered the number of
slips that occurred under each feedback condition to ensure
that a sufficient number of slips occurred for % recovery
calculations and analysis. All subjects experienced slip under
all feedback conditions, allowing calculation of a % recovery
for each subject under each feedback condition. Although
some subjects experienced relatively few slips under some
feedback conditions, most subjects experienced slips in at least
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Fig. 4: % recovery from slip for each feedback condition across
subjects (n = 23). Error bars represent standard error across
subjects within each feedback condition. (a) The no vision
conditions highlight the importance of tactile feedback when
the subject is not visually monitoring the object: tactile feed-
back improves % recovery with or without force feedback. (b)
After light-to-heavy object transitions, % recovery is lower in
no vision conditions. Without visual feedback, tactile feedback
help subjects recover from slip, whereas force feedback makes
subjects less likely to recover a slipping object. (c) After heavy-
to-light transitions, % recovery is lower in no vision conditions,
but tactile feedback helps users recover with a frequency close
to the vision condition. Without vision, force feedback improves
% recovery in conjunction with tactile feedback.

25% of the trials under most feedback conditions, and the large
sample size (n = 23 subjects) allows for reliable analysis of
% recovery over all subjects. % recovery from slips by all
subjects under each feedback condition is shown in Figure
4(a). The one-way repeated measures ANOVA for feedback
condition was significant (F(7,154) =48.76, p < 0.001 (G-G),
nﬁama, =0.69). Significant pairwise comparisons are shown in
Table 2 (see x). The large effect sizes (d >= 0.80 standard
deviation units, see Appendix) illustrate the increase in %
recovery with visual feedback.

The three complex comparisons were significant. The vi-
sion conditions had greater % recovery than the no vision
conditions (#(154) = 15.52, p < 0.001). Under the no vision
conditions, tactile feedback conditions had greater % recovery
than no tactile feedback conditions ((154) =9.49,p < 0.001)
and force feedback conditions had less % recovery than no
force feedback conditions (¢(154) = 2.59, p = 0.010). Of the
no vision conditions, the tactile feedback condition (vfT) had
the highest % recovery and the lowest variability (see Table
1). Importantly, the tactile feedback condition without vision
had a very large effect (d = 1.752) when compared to the no
feedback condition (vft).

Figure 4(a) shows the overall patterns in the % recovery
statistics, separating vision and no vision conditions. With
visual feedback, effects of force and tactile feedback are
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% Recovery % Recovery % Recovery % Time Slipping % Time Slipping % Response to % Broken within
Overall (%) after LH (o) after HL (©) Overall (A) after LH (4) Slip (f) Recovery (¥)
VFT 0.949 + 0.080 0.857 + 0.309 1+0 0.295 + 0.167 0.413 + 0.261 0.946 + 0.072 0.204 + 0.116
VFt 0.916 &+ 0.115 0.765 + 0.368 1+0 0.304 + 0.174 0.510 + 0.309 0.976 + 0.035 0.273 £ 0.170
VIT 0.956 &+ 0.057 0.904 + 0.232 1+0 0.171 + 0.078 0.196 £ 0.166 0.938 + 0.092 0.759 £ 0.129
Vit 0.941 + 0.081 0.927 + 0.165 0.932 + 0.179 0.214 + 0.072 0.281 + 0.145 0.953 + 0.081 0.741 £ 0.172
vFT 0.656 + 0.264 0.341 + 0.400 0.786 + 0.327 0.349 + 0.245 0.636 + 0.363 0.833 + 0.188 0.209 + 0.222
vFt 0.392 + 0.253 0.143 + 0.307 0.706 + 0.371 0.466 + 0.281 0.701 + 0.367 0.644 + 0.278 0.239 + 0.235
viT 0.802 + 0.208 0.833 + 0.284 0.877 &+ 0.288 0.166 + 0.105 0.200 + 0.247 0.853 + 0.199 0.474 £ 0.278
vit 0.422 £+ 0.253 0.500 + 0.399 0.467 £+ 0.383 0.279 + 0.145 0.343 + 0.382 0.625 + 0.291 0.468 + 0.363
TABLE 1
Descriptive statistics (mean =+ standard deviation).
VFt VIT Vit vFT vFt viT vt
VFT AN I by * ® * 0o A+ 7 AN I * 0O T f
VFt A+ i + ¥ *® i AN ANE * O T
VIT ~eo A+ i *oo AN+ 1 * i * @O T
Vit o A4+ i *o A4 Ti i * @O T
vFET * T AN+ E *x o + 1
vFt o At oo A\ i
viT *x O T
TABLE 2

Significant pairwise comparisons. Symbols indicate significance at a family-wise « level of 0.05 for the following: x % recovery
overall, ¢ % recovery after LH transition, o % recovery after HL transition, /\ % time slipping overall, + % time slipping after LH
transition, 1 % response to slip, + % broken within recovery trials.

negligible with an apparent ceiling effect on performance.
Without vision, tactile feedback has a much stronger effect
on recovery from slip, with improvements in % recovery
ranging from moderately strong effects with force feedback
(d = —0.614) to very large effects without force feedback
(d=-1.770).

3.2 Percent Recovery after Weight Transitions

In addition to the effects of feedback conditions, effects of
object transitions also impacted performance on percentage of
slips recovered. We explored the effects of feedback conditions
within light-to-heavy and heavy-to-light object transitions to
determine how feedback conditions affected a subject’s ability
to interact with the object after weight changes, when slips
and breaks were more likely. These scenarios are applicable
to real-life situations in which a person picks up an object that
is lighter or heavier than expected.

3.2.1 Light-to-Heavy Virtual Object Transitions

% recovery from slips after light-to-heavy transitions by all
subjects under each feedback condition is shown in Figure
4(b). There was a significant effect of feedback condition
(F(7,154) = 21.88, p < 0.001 (G-G), 1,y = 0.50). Sig-
nificant FDR adjusted pairwise comparisons are reported in
Table 2 (see o). To assess the influence of tactile feedback
under the no vision condition, comparisons were tested. The
comparison of the no vision tactile feedback only condition
(vfT) to the no feedback condition (vft) resulted in a sig-
nificant comparison and a large effect (d = 0.96) favoring
the tactile feedback. The comparison of the no vision, force
feedback only condition (vFt) compared to the no vision,
tactile feedback only condition (vfT) was also significant, with
a very large effect (d = 2.33) favoring the tactile feedback. The
complex comparison between no vision with tactile feedback
(vfT, vFT) and no feedback (vft) was not significant.

Figure 4(b) illustrates the effects of different feedback types
on % recovery in light-to-heavy object transitions. Without

visual feedback, subjects are less likely to recover a slipping
object; however, tactile feedback can help subjects recover the
slipping object in a no vision situation. In this experiment,
subjects were more likely to recover a slipping object without
force feedback than with force feedback.

3.2.2 Heavy-to-Light Virtual Object Transitions

The % recovery from slips after heavy-to-light transitions by
all subjects under each feedback condition is shown in Figure
4(c). There was a significant effect of feedback condition
(F(7,154) =12.72, p < 0.001 (G-G), nﬁam.al =0.37). Signifi-
cant FDR adjusted pairwise comparisons are reported in Table
2 (see ©). The comparison between tactile feedback only (vfT)
and no feedback (vft) was significant, yielding a large effect
(d = 1.22). This difference illustrates an advantage of tactile
feedback (vfT) over no feedback (vft) when recovering from
slips after a heavy-to-light object transition. The complex con-
trast indicated that the average % recovery of tactile feedback
cases in the no vision condition (vfT, vFT) was significantly
greater than % recovery in the no feedback condition (vft)
(t(154) = 5.66, p < 0.001). The final paired comparison of
the no vision force feedback (vFt) and the no vision tactile
feedback (vfT) also showed the advantage for tactile feedback
with a moderate effect (d = 0.52) favoring tactile feedback in
recovering from slips.

Figure 4(c) shows the tendencies in % recovery after heavy-
to-light object transitions. When visual feedback is available,
% recovery is very high. Without visual feedback, % recovery
is lower, but tactile feedback can improve % recovery to a rate
close to that with visual feedback only. When neither tactile
feedback nor visual feedback is available, force feedback
improves % recovery.

3.3 Percent Time Slipping by Feedback

% time slipping for all subjects under each feedback condition
is shown in Figure 5(a). In the analysis of % time slipping,
there was a significant main effect of feedback condition
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Fig. 5: % time slipping for each feedback condition across
subjects (n = 23). Error bars represent standard error across
subjects within each feedback condition. Subjects experienced
more time slipping without visual feedback. (a) Overall, in no
vision conditions, tactile feedback reduced % time slipping,
whereas force feedback increased the % time slipping. (b)
After light-to-heavy object transitions, visual feedback and tactile
feedback tend to reduce % time slipping, whereas force feed-
back tends to increase % time slipping.

(F(7,154) =13.18, p < 0.001, ngamal =0.38). Table 2 shows
the significant differences found in the multiple comparisons
(see A). The results of the complex contrasts show a signifi-
cant difference between the vision and no vision conditions
(t(154) = 3.56, p = 0.001). There was also a significant
difference between the tactile and no tactile feedback in the
no vision condition (¢(154) = 4.18, p < 0.001) and between
the force and no force feedback conditions for the no vision
condition (¢(154) = 6.76, p < 0.001).

Figure 5(a) shows the overall patterns in % time slipping
across feedback conditions. Subjects experienced more time
with the object slipping in three different conditions: (1) when
visual feedback was not available, (2) when tactile feedback
was not available in no vision conditions, and (3) when force
feedback was available.

3.4 Percent Time Slipping after Weight Transitions

We also considered how feedback conditions affected % time
slipping after weight transitions, when slips and breaks were
more likely to occur. % time slipping after light-to-heavy tran-
sitions by all subjects under each feedback condition is shown
in Figure 5(b). There was a significant effect of feedback con-
dition (F(7,154) = 13.32, p < 0.001 (G-G), nfmrtial =0.38).
Significant FDR adjusted pairwise comparisons are reported in
Table 2 (see +). Of the complex comparisons, the comparison
of force feedback alone (VFt) to tactile feedback alone (vfT)
was significant (#(154) = 6.75, p < 0.001) Figure 5(b) illus-
trates the effects of different feedback types on % time slipping
in light-to-heavy object transitions. Visual feedback and tactile
feedback tend to reduce % time slipping, and force feedback
tends to increase % time slipping. No significant results were
found for heavy-to-light virtual object transitions.

3.5 Percent Response to Slip

Figure 6 shows the percentage of trials with slip in which
subjects responded to the slip before the end of the trial.
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condition. In the no vision conditions, subjects were more likely
to respond to slip when tactile feedback was available.
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Fig. 7: % broken within each feedback condition across sub-
jects (n = 22, outlier removed) within recovery trials. Error bars
represent standard error across subjects within each feedback
condition. Force feedback reduces the percentage of trials in
which subjects break the object. Tactile feedback has no effect
on subjects’ likelihood of breaking the object, even in recovery
trials.

There was a significant main effect of feedback condition
(F(7,154) = 18.49, p < 0.0001 (G-G), N}, = 0-46), with
Table 2 showing significant pairwise comparisons (see T). Two
complex contrasts were also significant. The comparison of
vision feedback conditions to no vision feedback conditions
was significant (#(154) = 9.34, p < 0.001), indicating that
subjects were more likely to respond to slip with visual
feedback than without it. The comparison of tactile feedback
to no tactile feedback within the no vision condition was also
significant (z(154) = 6.42, p < 0.001), indicating that subjects
were more likely to respond to slip in the absence of visual
cues when tactile feedback was provided. The effect of force
feedback in the no vision condition was not significant. These
effects are illustrated in Figure 6.

3.6 Mean Force

There was a significant main effect of feedback condition on
the mean force applied by the user to the object (F(7,147) =
19.11, p < 0.029 (G-G), nﬁamal =0.474). A figure of the mean
forces within each feedback condition, and table of means,
standard deviations, and effect sizes are given in the Appendix.
The pairwise comparisons show that subjects applied lower
forces on average when force feedback was available. Tactile
feedback had no noticeable effect on subjects’ applied forces.
The complex contrasts show a significant difference between
the force and no-force feedback for the no vision conditions
(#(147) = 9.939, p < 0.001), where the force feedback (VF)
yielded lower force than the no-force (vf) conditions.

3.7 Percent Broken

Figure 7 considers only those trials in which the object slipped
and was recovered, showing the percentage of such trials in
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which the object was broken, with Table 2 showing significant
pairwise comparisons (see i). There was a significant main
effect of feedback condition (F(7,147) = 29.19, p < 0.001
(G-G), ngam’al = 0.582). Force feedback reduced the % bro-
ken, and tactile feedback had no effect, suggesting that the
improvements in % recovery due to tactile feedback did not
result in a corresponding increase in object breaking. The
complex contrasts showed that the vision conditions had a
larger % broken than the no vision conditions (#(147) = 4.887,
p < 0.001) and the no vision force (VF) conditions had a
significantly smaller % broken than the no vision no force
(vf) conditions (¢(147) = 5.828, p < 0.001).

Similar to the within-recovery results, overall force feedback
reduces the percentage of trials in which subjects break the
object. Tactile feedback has no effect on subjects’ likelihood
of breaking the object. In the complex contrasts, the vision
conditions had a significantly larger % broken than the no
vision conditions (¢(147) = 4.374, p < 0.001), and the no
vision force (VF) conditions had a significantly smaller %
broken than the no vision no force (vf) conditions (#(147) =
9.993, p < 0.001). Given in the Appendix is a figure and
table showing means, standard deviations, and effect sizes of
the percentage of all trials in which the object was broken.
There was a significant main effect of feedback condition
(F(7,147) = 54.37, p < 0.001 (G-G), Tlﬁamz =0.721).

3.8 Summary

As expected, we found an overall strong influence of vision on
performance. We found that in the absence of vision, tactile
feedback improves performance especially under the transition
conditions. In the presence of vision, the only performance
metric improved by tactile feedback is % time slipping. The
presentation of force feedback resulted in equivocal results: 1)
beneficial effects in % recovery in the heavy-light transition
over the no feedback condition and 2) deleterious effects
overall with an increase in the number of slips and more time
spent slipping. Force feedback reduced subjects’ applied force
and likelihood of breaking the object. Tactile feedback had
no effect on applied force or subjects’ likelihood to break
the object (both overall and within only trials in which the
object slipped and was recovered). Taken together, we found
that sensory feedback modalities of vision, vibratory tactile
and force feedback had different influences on performance.
If vision is available, most users will use visual information
to guide task performance. However, if there is no vision
information available, then vibratory tactile information is a
useful alternative sensory feedback modality to enhance per-
formance in responding to object slippage. See the Appendix
for a summary table of the results.

4 DISCUSSION

We explored the value of providing slip information via
vibrotactile feedback to the upper arm in a virtual grasp and
hold task. When grasping an object, a healthy individual senses
object slip with cutaneous information from the fingertips.
Both skin stretch and tactile vibrations alert an individual to
slip, and he or she instinctively adjusts the force on the object

[8]. However, an amputee using a conventional myoelectric
prosthetic hand has no way to sense slip or pass this informa-
tion to the central nervous system. Therefore, prosthesis users
tend to rely heavily on vision when manipulating objects. By
carefully watching a grasped object, they can see slip occurring
and adjust grip force in response. We believe that substituting
that cutaneous slip sensation with a vibrotactile cue to the
residual limb will improve the ease with which a prosthesis
user could adjust grasp to avoid slip, improving dexterity.

Vibrotactile cues are commonly used to provide haptic
information to users non-invasively. Others have used these
cues to encode grip force in a similar grasping task [21], [22].
In contrast, we applied vibration corresponding to object slip,
exploring the hypothesis that this additional information could
improve a participant’s ability to adjust grip force and prevent
an object from slipping out of grasp. The virtual task was a
simplified way to explore grasping and response to slip. By
changing feedback conditions, and by changing the weight and
breaking-threshold of the object within feedback conditions,
we were able to explore how tactile feedback affects grasping
in changing force and vision situations and with constant or
unpredictable object properties.

Information on the feedback conditions, object’s position,
the force applied against the object was analyzed from the
virtual task under different feedback conditions. We investi-
gated trends in slip response for each combination of visual,
tactile, and force feedback. The percentage of slips recovered,
the amount of time that the object spent slipping, and the
percentage of slips to which users responded varied across
feedback conditions and after object weight changes.

4.1

Our primary interest is the value of tactile feedback for
conveying slip information and enabling subjects to respond
in a manner that would be useful in a real task, i.e., stopping a
slipping object before it is dropped, illustrated by % recovery.

Percentage of Slips Recovered

4.1.1 Percent Recovery Overall

First, we consider the overall effect of feedback on % recovery,
regardless of object weight. When visual feedback was avail-
able, subjects were able to recover almost all slipping objects,
illustrated by the high recovery rates over 90%. This situation
is analogous to a prosthesis user visually monitoring his or her
gripper while interacting with an object. In this case, we saw
no significant improvements due to haptic feedback. However,
we are interested in enabling users to interact with objects
without needing to carefully watch the gripper. With currently
available prosthetic limbs, this scenario would correspond to
the no feedback case (vft) in our experiment, where we see
a fairly low recovery rate of 42%. The potential of haptic
feedback to improve interaction with objects is illustrated by
the significant increase in % recovery with tactile feedback
with a very large effect size (vfT vs. vft in Table 3, see
Appendix). Tactile feedback clearly improves subjects’ ability
to recover a slipping object, with an increase in % recovery to
80%. A similar improvement due to tactile feedback is seen
when force feedback is available in the no vision conditions:
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% recovery significantly increases with a large effect size,
from 39% to 66%. These findings clearly demonstrate the
potential for tactile feedback of slip information to improve
users’ ability to grasp objects without dropping them.

We are also interested in how the availability of force
feedback impacts users’ ability to recover a slipping object
and whether force feedback changes the effectiveness of tactile
feedback. We saw in our preliminary analysis that more slips
occurred when force feedback was available in the no vision
conditions [31]. Without force feedback, subjects had more
difficulty regulating their forces precisely and tended to apply
excessive force to the object, as has been similarly observed
in physical grasping tasks [39]. This results in more breaking
of the object and less slipping. This tendency can also account
for the lower % recovery observed with force feedback. When
force feedback is not available, subjects are more likely to
overcompensate for slip with excessive force. In contrast, with
force feedback, subjects can respond with a more carefully
controlled force; in this case, subjects often tried to stop slip
with the smallest amount of force possible, which sometimes
resulted in a failure to recover the slipping object. Such errors
may be corrected with more practice and extended use of the
system, and we plan to explore this possibility in future work.

Another consideration in the effect of force feedback is
the application method. Force feedback is applied via the
Phantom, which is also used for the control input. Thus,
when force feedback is available, the subject encounters some
resistance in increasing the applied forces on the object and
must therefore make more effort to generate the same amount
of force in a force feedback condition than in a no force
feedback condition. This interference between force feedback
and the control input would also tend to reduce the forces
applied by the user and result in more difficulty recovering a
slipping object. The degree of interference in a real prosthesis
system will clearly depend on the feedback method used. If
force feedback is applied via a joint torque (e.g., [21]) and
control is implemented via EMG, then some interference is
likely. However, if force feedback is applied via a vibrotactile
system instead, then interference is less likely. Using the
Phantom and a virtual environment enabled easy changes to
the experiment design and precise data collection. Because
this virtual experiment indicates that vibrotactile slip feedback
would improve recovery of slips in object manipulation, we
now plan to explore this in a physical system with alternate
methods to relay force feedback, which would more closely
align with a real prosthesis.

4.1.2 Percent Recovery After Weight Changes

Often when interacting with objects in our environment, we
pick up objects that are heavier or lighter than we expect or
have unexpected mechanical properties. In such cases, haptic
feedback allows able-bodied individuals to adjust their applied
forces to compensate for unexpected differences in the object’s
weight or material properties. We explored the importance of
tactile and force feedback in such conditions by changing the
weight and breaking force threshold of the virtual object.
Light-to-heavy transitions were used to induce slip due
to the unexpected increase in required grip force. These

10

trials showed the same trends in effects of vision and tactile
feedback as were seen in the overall analysis of % recovery:
haptic feedback has strong effects when visual feedback is
not available, and tactile feedback significantly improves %
recovery without visual feedback regardless of the availability
of force feedback. The effect of force feedback is more
pronounced in these transition trials with a larger decrease in
% recovery when force feedback is available. This effect again
highlights the manner in which subjects use force feedback to
interact with the virtual object. When force feedback is not
available, subjects are likely to overcompensate for slip when
the object weight has not changed; this tendency would make
them more likely to recover the object when it is heavier than
expected because they are applying higher forces than they
would be expected to need. When force feedback is available,
subjects are able to regulate their forces more precisely, so
they would need more time to notice that the force increase
is insufficient for the new object weight and to compensate
appropriately. Subjects must also overcome a larger feedback
force in order to command the necessary increase in the force
on the object, slowing down their response.

Heavy-to-light transitions serve to change the breaking
threshold of the object unexpectedly, again causing subjects
to change the applied force during the trial. These trials also
showed the same overall trends in effects of vision and tactile
feedback, but different trends in the effect of force feedback
under no vision conditions. In the no vision, no tactile cases,
force feedback actually improved % recovery after the heavy-
to-light transitions. In this case, it is possible that subjects
were applying force levels learned from the heavy object,
which would easily recover the light object from slipping. We
also note that % recovery was slightly higher in heavy-to-
light transitions than in the light-to-heavy transitions for all
feedback conditions, likely due to the smaller forces required
to stop the object from slipping.

4.2 Percentage of Time Slipping

For another perspective on subjects’ ability to grasp objects,
we consider the percentage of time that the object was
slipping. A larger % time slipping corresponds to more slips,
fewer recoveries, or a longer time needed to recover the
slipping object. This metric is practically relevant because a
slipping object requires more attention than one that is securely
grasped, so we would like users to experience fewer slips and
recover from slips more often and more quickly.

4.2.1 Percent Time Slipping Overall

Subjects experienced more time slipping when visual feed-
back was not available, again highlighting the importance of
alternate forms of feedback. Tactile feedback significantly de-
creased % time slipping when vision was not available, almost
to the levels that subjects were able to achieve with vision
under equivalent force feedback conditions. Force feedback
increased the % time slipping, consistent with our observation
that subjects were less likely to recover a slipping object with
force feedback. Again, this effect is likely due to a combination
of the ability to control forces more precisely with force
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feedback and the tendency of force feedback to slow down
a user’s control input response.

4.2.2 Percent Time Slipping after Weight Changes

After light-to-heavy object transitions, there were clearer ef-
fects of feedback on % time slipping. Visual feedback tended
to reduce % time slipping, as did tactile feedback. In contrast,
force feedback tended to increase % time slipping. These
results are mostly consistent with the effects of feedback on %
recovery. Visual feedback and tactile feedback allow users to
detect and respond to slip, decreasing the amount of time the
object is slipping. Force feedback slows down the response
to slip, increasing in the amount of time slipping. Notably, in
this metric there is an improvement due to tactile feedback
even when visual feedback is available, indicating that when
a grasped object is heavier than expected, the extra cue due to
tactile feedback might help a prosthesis user reduce slip even
when the user is watching the gripper.

After heavy-to-light object transitions, no significant effects
on % time slipping were found due to feedback conditions.
This lack of effect may be due to an overall reduced tendency
towards slip, since subjects were more likely to overestimate
the necessary force to grasp the object.

4.3 Response to Slip

The % response to slip gives an indication of how easily
subjects were able to detect and respond to slip, regardless
of whether they were actually able to stop slip in time to
recover the object. Subjects were extremely likely to respond
to slip when visual feedback was available, but less likely
without visual feedback. Without vision, tactile feedback made
subjects much more likely to respond to slip before the end
of the trial, though slightly less likely than with vision. There
was not a significant difference in % response to slip when the
weight of the object changed. Force feedback had no effect
on whether subjects responded to slip or not. These results
indicate a clear benefit of tactile feedback in helping a user to
detect object slip non-visually.

The finding that force feedback has no effect on subjects’
likelihood to respond to slip is also significant. Though force
feedback is useful in reducing grasp forces and preventing
damage to a grasped object [21], it is not effective at reducing
slips or communicating the occurrence of a slip to a user.
When force feedback is incorporated into a device, users are
more likely to exert smaller forces close to the slip threshold.
Thus, the role of tactile feedback is even more important when
force feedback is in use, to mitigate the effect of increased slip.

4.4 Applied Force and Object Breaking

This grasp and hold study focused mainly on the adjustment
of grasp forces to respond to object slip; however, maintaining
a grasp force low enough to prevent breaking the object was
a major component of this task and of object manipulation
with real prostheses. Previous studies [39] have shown that
grip force feedback for prosthetic hands significantly reduces
the frequency of object damage. We saw the same trend in
this study. When the participant was provided force feedback,
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the mean force on the object was lower than without force
feedback (1.24 N compared to 1.68 N), and the percentage of
objects broken was lower (25% compared to 70%). There was
no significant change in % breaks with and without tactile
feedback. Within the trials where objects were recovered,
tactile feedback did not affect the percentage of objects broken.
It improves users’ abilities to recover slipping objects without
negatively affecting the forces users applied to the object.

In the no vision case, when force feedback was applied,
although there were fewer breaks, there were also more
slips. Because users were more aware of the force they were
applying, they applied lower force, and therefore were more
likely to drop below the minimum force required to keep the
object from slipping. For this reason, it is especially valuable
to have tactile slip feedback when force feedback is applied.
Slip feedback alerts the subject when the force is too low and
the object might be dropped. In this way, one can modulate
the force to be in a safe range between breaking and dropping
thresholds. Force feedback helps prevent too-high forces, and
tactile feedback can help prevent too-low forces.

5 CONCLUSION

In this study, we examined the importance of vibratory tactile
feedback of slip information in combinations with visual
and/or force feedback in a virtual grasp and hold task. Our
primary interest in this study was to determine the extent
to which vibratory tactile feedback of slip information can
aid users in this grasp and hold task in the absence of
visual feedback, with the overall goal of enabling prosthesis
users to interact with objects without needing to pay careful
visual attention to the gripper interactions. Results showed that
tactile feedback improved users’ ability to detect and respond
to slip without visual feedback, as well as their ability to
recover a slipping object before dropping it, indicating that
this feedback method may aid users of advanced prostheses
in grasping tasks. Tactile feedback is especially important
in conjunction with force feedback; because force feedback
encourages the use of lower grasping forces, users are more
likely to experience slip, and therefore more likely to make
use of the tactile feedback in recovery from slip.

In the future, we plan to incorporate this feedback into a
physical system to test grasping of real objects. This system
will include EMG control to test the practicality of the
feedback in conjunction with a realistic control method and
ensure that the feedback does not interfere with the control.
We will also explore the importance of incipient slip feedback
in reducing the occurrence of slip and users’ ability to learn
the proper grip forces to apply to different objects. We are also
currently exploring the level of mental effort associated with
the different feedback methods. Studying these factors will
provide further insight into how to best integrate slip feedback
with other forms of feedback for advanced prosthesis systems.
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APPENDIX

DESCRIPTIVE STATISTICS AND EFFECT SIZES

The following tables provide effect sizes for all pairwise comparisons described in Section 3. Effect sizes were calculated
using the row condition minus the column condition, so a negative effect size indicates that the feedback condition listed in
the row heading has a smaller mean. (For example, in Table 6, the negative effect size of -0.053 in the first cell indicates that
the mean in the VFT condition is smaller than the mean in the VFt condition.)

Descriptive statistics and Cohen’s d effect sizes for all paired comparisons for % recovery. * indicates a significant pairwise

TABLE 3

comparison at a family-wise o level of 0.05.

Descriptive statistics and Cohen’s d effect sizes for all paired comparisons for % recovery after light-to-heavy object transitions. *

TABLE 4

indicates a significant pairwise comparison at a family-wise « level of 0.05.

Descriptive statistics and Cohen’s d effect sizes for all paired comparisons for % recovery after heavy-to-light object transitions. *

TABLE 5

indicates a significant pairwise comparison at a family-wise « level of 0.05.

TABLE 6

Feedback Group | Mean SD Effect Size \

VFt VIT Vit vET vEt
VFT 0949 | 0.080 | 0333 -0.101  -0.099
VFt 0916 | 0.115 -0.441  -0.251
VIT 0.956 | 0.057 0.214
Vit 0.941 0.081 trivial effect 0.00 - 0.15
VvFT 0.656 | 0.264 small effect 0.16 - 0.49
vFt 0.392 0.253 moderate effect 0.50 - 0.79
viT 0.802 0.208 large effect 0.80 - 1.49
vt 0.422 0.253 very large effect > 1.50

Feedback Group | Mean SD Effect Size \

VFt VIT Vit vET
VFT 0.857 | 0309 | 0271  -0.173  -0.288
VFt 0.765 0.368 -0.452
VIT 0.904 | 0.232
Vit 0.927 0.165 trivial effect 0.00 - 0.15
vFT 0.341 0.400 small effect 0.16 - 0.49
vFt 0.143 0.307 moderate effect 0.50 - 0.79
viT 0.833 0.284 large effect 0.80 - 1.49
vit 0.500 0.399 very large effect > 1.50

Feedback Group | Mean SD Effect Size

VFt VIT Vit VvET vFt
VFT 1.000 | 0.000 | 0.000  0.000
VFt 1.000 | 0.000 0.000
VIT 1.000 | 0.000
Vit 0.932 | 0.179 0.236 trivial effect 0.00 - 0.15
VFT 0.786 | 0.327 0.229 -0.296 small effect 0.16 - 0.49
vFt 0.706 0.371 moderate effect 0.50 - 0.79
viT 0.877 0.288 large effect 0.80 - 1.49
vt 0.467 0.383 very large effect > 1.50

Feedback Group | Mean SD Effect Size

VFt Vit VvFT vEt
VFT 0.295 0.167 | -0.053
VFt 0.304 | 0.174
VIT 0.171 0.078
Vit 0.214 | 0.072 trivial effect 0.00 - 0.15
VvFT 0.349 | 0.245 small effect 0.16 - 0.49
vFt 0.466 0.281 moderate effect 0.50 - 0.79
viT 0.166 0.105 large effect 0.80 - 1.49
vit 0.279 0.145 very large effect > 1.50

Descriptive statistics and Cohen’s d effect sizes for all paired comparisons for % time slipping under each feedback condition. *
indicates a significant pairwise comparison at a family-wise a level of 0.05.
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TABLE 7

Feedback Group | Mean SD Effect Size

VFt Vit vFt
VFT 0.413 | 0.261 | -0.338
VFt 0.510 | 0.309
VIT 0.196 | 0.166
Vit 0.281 0.145 trivial effect 0.00 - 0.15
vFT 0.636 | 0.363 small effect 0.16 - 0.49
vFt 0.701 0.367 moderate effect 0.50 - 0.79
viT 0.200 0.247 large effect 0.80 - 1.49
vit 0.343 0.382 very large effect > 1.50

Descriptive statistics and Cohen'’s d effect sizes for all paired comparisons for % time slipping after light-to-heavy object
transitions. * indicates a significant pairwise comparison at a family-wise « level of 0.05.

Descriptive statistics and Cohen’s d effect sizes for % time slipping after heavy-to-light object transitions. Since the one-way

Feedback Group | Mean SD Effect Size

VFt VIT Vit vFT vFt viT vit
VFT 0.224 | 0236 | 0417  0.493 0.017 0.322 -0.211 0.036  -0.098
VFt 0.139 | 0.168 0.035 -0.049 -0.394  -0.439
VIT 0.134 | 0.106 -0.081 -0.474  -0.490
Vit 0.221 0.149 0368  -0.246 0.026  -0.123 trivial effect 0.00 - 0.15
VvFT 0.149 | 0.233 -0.464  -0.296  -0.366 small effect 0.16 - 0.49
vFt 0.287 0.351 0.243 0.105 moderate effect 0.50 - 0.79
viT 0.216 | 0.220 -0.129 large effect 0.80 - 1.49
vit 0.252 0.322 very large effect > 1.50

TABLE 8

repeated measures ANOVA found no significant difference, pairwise comparisons were not conducted.

Feedback Group | Mean SD Effect Size

Vit vEFT vEt
VFT 0.946 | 0.072 0.097  -0.091
VFt 0.976 | 0.035 0.369
VIT 0.938 | 0.092 -0.173
Vit 0.953 | 0.081 trivial effect 0.00 - 0.15
vFT 0.833 | 0.188 small effect 0.16 - 0.49
vFt 0.644 0.278 moderate effect 0.50 - 0.79
viT 0.853 0.199 large effect 0.80 - 1.49
vit 0.625 | 0.291 very large effect > 1.50

TABLE 9
Descriptive statistics and Cohen’s d effect sizes for all paired comparisons for % response to slip under each feedback condition. *
indicates a significant pairwise comparison at a family-wise « level of 0.05.

Vision No Vision

N
n

N

-

0

v
Xy

-

Mean Force (N)

°
[

— Tactile
- = -No Tactile| |

No Force

I— Tactile I
- = =No Tactile|
e,

No Force

0

Force Force

Fig. 8: Mean force within each feedback condition across subjects (n = 22, outlier removed). Error bars represent standard error
across subjects within each feedback condition. Subjects applied lower forces on average when force feedback was available.
Tactile feedback had no noticeable effect on subjects’ applied forces.

TABLE 10

Feedback Group | Mean SD Effect Size

VFt
VFT 1.188 | 0.155 | 0.117
VFt 1.168 | 0.186
VIT 1.571 0.141
Vit 1.615 | 0.250 trivial effect 0.00 - 0.15
vFT 1.147 | 0313 small effect 0.16 - 0.49
vFt 0.986 0.420 moderate effect 0.50 - 0.79
viT 1.892 | 0.640 large effect 0.80 - 1.49
vit 1.755 | 0.676 | very large effect > 1.50

Descriptive statistics for mean force within each feedback condition (n = 22, outlier removed). * indicates a significant pairwise
comparison at a family-wise o level of 0.05.
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Vision No Vision
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Fig. 9: Percent of trials in which the object was broken within each feedback condition across subjects (n = 22, outlier removed)
over all trials. Error bars represent standard error across subjects within each feedback condition. Force feedback reduces the
percentage of trials in which subjects break the object. Tactile feedback has no effect on subjects’ likelihood of breaking the object.

Descriptive statistics for % broken within each feedback condition across all trials (n = 22, outlier removed). * indicates a significant

TABLE 11

pairwise comparison at a family-wise o level of 0.05.

TABLE 12
Descriptive statistics for % broken in recovery trials within each feedback condition (n = 22, outlier removed). * indicates a
significant pairwise comparison at a family-wise o level of 0.05.

Feedback Group | Mean SD Effect Size |

VFt Vit vFT vEt
VFT 0.208 | 0.121 -0.336 -0.119 -0.150
VFt 0.252 | 0.141 0.177 0.128
VIT 0.669 | 0.159
Vit 0.686 | 0.208 trivial effect 0.00 - 0.15
vFT 0.225 0.164 small effect 0.16 - 0.49
vFt 0.231 0.186 moderate effect 0.50 - 0.79
viT 0.540 0.228 large effect 0.80 - 1.49
vit 0.473 0.233 | very large effect > 1.50

Feedback Group Mean SD Effect Size ]

VFt Vit VFT vFt
VFT 0.204 | 0.116 | -0.483 -0.030 -0.199
VFt 0.273 0.170 0.327 0.168
VIT 0.759 | 0.129
Vit 0.741 0.172 trivial effect 0.00 - 0.15
vFT 0.209 | 0.222 small effect 0.16 - 0.49
vFt 0.239 0.235 moderate effect 0.50 - 0.79
viT 0.474 0.278 large effect 0.80 - 1.49
vit 0.468 | 0.363 ] very large effect > 1.50

[ Performance Metric [ Condition [ Effects of Vision [ Effects of Force Feedback [ Effects of Tactile Feedback
Number of Slips [31] Overall More slips with visual feedback More slips with force feedback No effect
% Recovery Overall Fewer recoveries without visual feed- In no-vision condition, fewer recov- In no-vision condition, more recov-
back eries with force feedback eries with tactile feedback
% Recovery After light-to- Fewer recoveries without visual feed- In no-vision condition, fewer recov- In no-vision condition, more recov-

heavy transition

back, in most haptic feedback cases

eries with force feedback

eries with tactile feedback than with
no feedback

% Recovery

After heavy-to-
light transition

Fewer recoveries without visual feed-
back, when tactile feedback is not
available

In no-vision condition, more recover-
ies with force feedback than with no
feedback

In no-vision condition, more recov-
eries with tactile feedback than with
no feedback

heavy transition

feedback

back

% Time Slipping Overall More time slipping without visual In no-vision condition, more time In no-vision condition, more time
feedback, except compared to no | slipping with force feedback slipping without tactile feedback
feedback

% Time Slipping After light-to- | More time slipping without visual | More time slipping with force feed- | More time slipping without tactile

feedback

feedback

% Time Slipping After heavy-to- | No effect No effect No effect
light transition
% Response to Slip Overall More response to slip with visual | No effect In no-vision condition, more re-

sponse to slip with tactile feedback

trials

back in no-force condition

Mean Force Overall No effect Lower mean force with force feed- | No effect
back
% Broken Overall Larger % broken with visual feed- | Lower % broken with force feedback | No effect
back in no-force condition
% Broken Within recovery | Larger % broken with visual feed- | Lower % broken with force feedback | No effect

TABLE 13

Summary of performance metrics and significant effects of feedback conditions.

1939-1412 (c) 2015 |EEE. Personal useis permitted, but republication/redistribution requires | EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



