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Abstract— Haptic feedback can provide operators of hand-
held robots with active guidance during challenging tasks and
with critical information on environment interactions. Yet for
such haptic feedback to be effective, it must be lightweight,
capable of integration into a hand-held form factor, and capable
of displaying easily discernible cues. We present the design
and evaluation of HaPPArray — a haptic pneumatic pouch
array — where the pneumatic pouches can be actuated alone
or in sequence to provide information to the user. A 3x3 array
of pouches was integrated into a handle, representative of an
interface for a hand-held robot. When actuated individually,
users were able to correctly identify the pouch being actuated
with 86 % accuracy, and when actuated in sequence, users were
able to correctly identify the associated direction cue with 89%
accuracy. These results, along with a demonstration of how the
direction cues can be used for haptic guidance of a medical
robot, suggest that HaPPArray can be an effective approach
for providing haptic feedback for hand-held robots.

I. INTRODUCTION

Hand-held, or ungrounded, robots represent a promising
class of robotic devices. They have the potential to combine
the benefits of direct human operation for gross movements,
with the precision of robotic control for fine motions. Smaller
than their grounded counterparts, these robots can be manip-
ulated in a manner and workflow similar to using manual
tools or instruments [1].

To date there have been several examples of hand-held
robots, particularly for medical applications. For instance,
hand-held medical robots have been designed for tremor
suppression, which is especially important in microsurgical
applications that require high precision [2], [3]. In addition,
several hand-held, articulated devices with increased dexter-
ity have been developed for laparoscopic and orthopaedic
applications [4], [5]. And recently, there has been work
on the creation of hand-held continuum robots, which aim
to provide surgeons with added dexterity to improve the
maneuverability and ease of procedures [6], [7], [8].

The final main category of hand-held medical robots
consists of ones designed to provide haptic feedback to the
operator. This feedback is typically designed either to provide
active guidance to the surgeon in order to constrain motion
towards or away from some pre-defined area or trajectory, or
to provide information on robot-environment interactions [1].
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Fig. 1. HaPPArray is integrated into the handle of a hand-held medical
robot (top). Directional cues are conveyed by sequentially actuating sets of
three pneumatic pouches (bottom).

The ability to provide effective haptic feedback to surgeons
is widely viewed as important for minimizing injuries and
maximizing the success of surgical procedures [9]. Unlike
traditional teleoperated robotic systems, where the human
and the robot are physically decoupled, hand-held robots
maintain a degree of natural haptic feedback. Yet these re-
flected forces may be too small and the relevant information
could be masked or distorted by other interaction forces [10].
Recent work has therefore investigated methods for ac-
tively providing ungrounded haptic feedback — including
both kinesthetic and cutaneous feedback. Ungrounded, kines-
thetic feedback approaches have utilized the gyroscopic
effect [11] as well as weight shifting [12], and have been
investigated mainly for applications in virtual reality and
pedestrian navigation. However, it is challenging to provide
realistic feedback without mechanical grounding and in a
sufficiently portable form factor. An alternative to fully
ungrounded kinesthetic feedback is body-grounding, where
the device is braced to another part of the user’s body, such
that forces can be generated between the two body parts [13].
However, the resulting reaction forces can potentially lead to
confusing signals due to the required reaction forces [14].
The final approach to ungrounded haptic feedback is to
provide cutaneous, or tactile, feedback. The majority of
these devices use vibration to convey information. Although
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they are often monolithic, meaning that a single actuator is
used to vibrate the entire device [15], there has been some
investigation of integrating multiple actuators into a hand-
held device with the goal of presenting spatial or directional
information [16], [17]. However, it has been shown that users
can sometimes experience discomfort or desensitization to
vibrotactile feedback if used over an extended period [18].
Recent work has looked at using skin stretch [19] and pin
arrays [20], [21] as alternative methods, yet implementing
these approaches in compact, lightweight form factors re-
mains challenging.

In this paper, we propose HaPPArray — a haptic pneu-
matic pouch array that easily integrates into the handle
of a hand-held robotic device. Pneumatic actuation offers
the potential for a lightweight and comfortable approach
for displaying haptic feedback, and has been shown to be
capable of providing salient haptic cues when leveraged
in wearable haptic devices [22], [23], [24]. The proposed
interface, shown in Fig. 1, is designed to provide direction
cues in a manner that is comfortable, intuitive, and safe. We
describe the design and fabrication of HaPPArray, along with
its integration into a hand-held device. We then illustrate
its effectiveness at conveying both information on single
points of contact, as well as direction cues, by conducting a
formal user study. Finally, we demonstrate the potential for
HaPPArray to be used to guide operators during navigation
of a hand-held medical robot.

II. DESIGN AND FABRICATION

For hand-held robots, it is critical that any haptic feedback
modality remain both lightweight and comfortable. Although
these are generally important parameters for any haptic
feedback system, they are particularly essential for hand-held
devices, which are not grounded and can therefore cause
significant fatigue. Pneumatic pouches are therefore well-
suited to such applications since they add minimal weight
and are comfortable due to their inherent compliance. The
following design and fabrication process can be used to
create pouch arrays specific for a desired hand-held robot,
and we illustrate it here in the context of integration into the
handle of a hand-held concentric tube robot [8].

A. Pneumatic Pouches

The pneumatic pouches are designed and fabricated as
individual units, which can then be integrated into any given
hand-held robotic device. The 2-D shape of the pouches is
first designed in CAD, and consists of two main features: the
inflatable surface of the pouch itself and the tube attachment
region. In order to ensure the pouches can be fabricated re-
peatably and efficiently, even at a small scale, a laser welding
method is used. This approach, which was previously used
to make soft actuators and branching vine robots [25], [26],
enables simultaneous cutting and sealing of two layers based
on a digital design. To fabricate the pouches, two layers of
37 pm thick thermoplastic polyurethane (TPU) (Stretchlon
200 High Stretch Bag Film) are first heat pressed together
for 30 seconds, which ensures that they are fully in contact
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Fig. 2. Fabrication process for the individual pouches consists of (a) heat
pressing two layers of TPU, (b) laser welding the 2-D shape, (c) cutting an
opening for the pneumatic tubing, (d) inserting and sealing the tubing in
place.

but not permanently bonded (Fig. 2a). The double layered
TPU is then laser welded using a laser cutter (Glowforge) at
30% power and at a speed of 400/500 (Fig. 2b). The resulting
pouches, which are both sealed and cut, are removed from the
laser cutter and manually cut along the bottom edge (Fig. 2c).
The final step is to insert and seal the tubing through the
opening in the bottom (Fig. 2d). A flexible silicone rubber
tubing with an outer diameter of 2 mm and an inner diameter
of 1 mm is used. A small amount of silicone glue is applied
to the outside of the tubing prior to insertion, and a layer
of Teflon tape is wrapped around the region to secure the
tubing in place.

B. Device Integration and Control

The pneumatic pouches can then be integrated into any
given hand-held device. In this work we design and integrate
an array into a simple handle that represents a potential user
interface for our hand-held concentric tube robot [8]. The
handle is designed to keep the thumb and index finger free, in
order for them to be used to operate a trackball/joystick and
trigger/button, respectively. The handle is therefore designed
to be comfortably held with the remaining three fingers and
rest of the hand.

There are two key features designed for pouch integration.
First, there is an inset created for each pouch that is designed
to allow the pouch to sit relatively flush when deflated, while
ensuring that users can easily feel the sensation when the
pouch is inflated without causing movement of the hand or
fingers. Second, at the edge of each inset, there is a cutout
that allows the pneumatic tubing to be routed through the
inside of the handle. This feature ensures that the user does
not feel the tubing and that their hand and fingers instead
interact solely with the pouches themselves. A 3x3 array of
pouches is integrated into the handle as described above.
They are arranged such that one column of pouches runs
along the fingers, one runs along the length of the palm, and
one runs along the length of the bottom of the hand (Fig. 4).

The architecture of the pneumatic control system is shown
in Fig. 3. It is designed to enable independent control over
the actuation of each pouch. An airsource is set at 15 psi
and connected to a pneumatic manifold. This pressure level
was determined based on preliminary tests, where pouches
were inflated to pressures between 5 psi and 20 psi to test for
comfort and noticeability. The pneumatic manifold connects
the flexible silicone tubing of each pouch to a solenoid
valve (NITRA solenoid valve) that controls airflow into the
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Fig. 3. The pneumatic control system enables each pouch to be indepen-
dently actuated. The architecture is shown for just four pouches here, but
is repeated for all nine pouches.

associated pouch. It should be noted that the pouches are
not actively deflated, but rather naturally deflate when the
pressure is turned off. The opening and closing of each
solenoid valve is controlled using a MOSFET, whose signal
is controlled via an Arduino Mega. As shown in Fig. 3, a
four-channel MOSFET switch, powered by a 12 V DC power
supply, is used here. The same architecture is repeated for
all nine pouches.

In addition to simply a single inflation of a pouch,
which leads to a normal force being applied to the hand,
an individual pouch can also be inflated repeatedly and a
sequence of pouches can be inflated in rapid succession.
The rate of actuation of each pouch can be controlled, and
here we propose to use frequencies between 10-20 Hz. These
signals are at a much lower frequency than those typically
produced by vibration actuators, such as eccentric rotating
mass motors and linear resonant actuators, which are usually
above 100 Hz [27]. As a result, unlike standard vibration
actuators that primarily activate the Pacinian corpuscles,
whose large receptive fields make it challenging to distin-
guish between actuators placed close together, the signals
from HaPPArray should be sensed by the mechanoreceptors
known as Meissner corpuscles [28], whose smaller receptive
fields should help to better localize signals [29].

III. POUCH IDENTIFICATION AND DIRECTION CUE USER
STUDIES

Ten right-handed users (4 male and 6 female, 18 to 33
years old) participated in the following set of user studies.
In the first study, participants identified which pouch was
being actuated, and in the second study, they identified the
direction cue displayed via a sequence of pouch actuations.
The experimental protocol was approved by the University
of California San Diego Institutional Review Board, and all
participants gave informed consent prior to the study.

A. Experimental Methods

Users held the device in their right hand, placing their
middle, ring, and pinky fingers across the top, middle, and
lower rows, respectively. In the first part of the study, users
were asked to identify which of the nine pouches (Fig. 4a)
was providing the haptic cue. Individual pouches were actu-
ated by inflating 10 times at a rate of 10 Hz. For the second

part of the study, users were asked to identify six different
direction cues: tilt right, tilt left, tilt backwards, tilt forward,
twist clockwise, and twist counterclockwise. For each cue,
a set of three pouches was sequentially inflated at a rate of
20 Hz, as shown in Fig. 4b. Each pattern was displayed three
times in a row, with one second in between. This sequential
actuation of sets of pouches induces a sensation of motion
in a given direction. The particular sequences and mappings
to directional cues were selected based on feedback during
pilot studies.

All users performed the pouch identification task, followed
by the direction cue identification task, with training sessions
prior to both. During training blocks (which took around
10 minutes each), users provided their response aloud and
were immediately provided feedback indicating the pouch
or direction that had been displayed and if they had been
correct. During experimental blocks, participants used their
left hand to input their response on a computer keyboard and
received no feedback on the correctness of their response.
Participants wore noise canceling headphones playing white
noise to mask the sound of the solenoid valves. A cloth was
also used to block sight of the device in order to ensure no
visual indicators could be used.

For the pouch identification task, users completed 30
practice trials, followed by 90 experimental trials. During
the practice trials, the pouches were first actuated in nu-
merical order for the first 20 trials, and they were then
pseudorandomly actuated for the subsequent 10 trials. Users
then completed the 90 experimental trials, consisting of
10 instances per pouch, where each participant received a
unique, pseudorandom set.

For the direction cue identification task, users completed
18 practice trials, followed by 60 experimental trials. During
the practice trials, the directions were first actuated in a
predefined order for 12 trials to help familiarize the partici-
pants with the mappings, and they were then pseudorandomly
actuated for the subsequent 6 trials. Users then received
a unique, pseudorandom set of 60 direction cues for the
experiment itself, consisting of 10 instances of each cue.

counter-
clockwise

(a) (b)

Fig. 4. Mappings used for (a) the individual pouch identification study
and (b) for the direction cue study. A given direction was conveyed by
actuating a specific sequence of three pouches in a row. Each colored arrow
represents a direction cue, where the pouches are actuated in the order as
signified by the direction of the arrow shown.
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TABLE I
CONFUSION TABLE FOR POUCH IDENTIFICATION

TABLE I
CONFUSION TABLE FOR DIRECTION CUES

Actuated Pouch Displayed Direction
Response 2 3 4 5 6 7 8 9 Response Right Left Cw CCW Back Forw.

1 1 Right 4 1 1

2 Left 6 2 1 2

3 Ccw 8 19 1

4 CcCw 21 9 1 2

5 Back 1 1

6 Forw. 1

7

8 haptic feedback. Users could correctly identify the majority

2 of the individual pouches with high accuracy. Although
one pouch was difficult to identify compared to the oth-

B. Results

1) Pouch Identification: As shown in Table I, users were
able to identify the majority of the actuated pouches cor-
rectly. Over a total of 900 trials, users identified the correct
pouch with 86% accuracy. It should be noted that users had
the most difficulty with identifying the actuation of pouch 2,
often mistaking it for pouch 5, which is located right below it.
Interestingly, when pouch 5 was actuated, the most common
mistake was to identify it as pouch 8, which is again located
one spot below. Despite some challenges with identifying
pouch 2, the overall accuracy still remained high.

2) Direction Cue: As shown in Table II, users were able
to identify the direction cues with high accuracy, particularly
for the right, left, backward, and forward directions. The
overall accuracy across the 600 trials was 89%. Despite
the lower accuracy shown for identifying the clockwise and
counterclockwise cues, we note that the majority of these
errors came from one participant consistently mixing up the
two cues. With additional training, the overall accuracy could
be significantly increased. The time taken for participants to
identify the direction cues was also recorded and is shown
in Fig. 5. The response times were consistent across all
direction cues. It should be noted that this time was computed
based on the difference between the time when the cues
started to display and the time when the user keyed in their
response via the keyboard, which required pressing two keys
(the key associated with their response, and the ‘enter’ key).

C. Post-study Survey

In a post-study survey, participants were asked to rate
both the comfort of the device and the noticeability of the
sensation. On a five-point Likert scale, where 1 corresponded
to “not comfortable” or “not noticeable” and 5 corresponded
to “very comfortable” or ‘“very noticeable”, the average
user ratings were 4 and 4.25, for comfort and noticeability,
respectively. Based on qualitative feedback on the size and
shape of the device, it seems that having handles that are
better fit to different sized hands could help to improve the
overall experience and performance with the device.

D. Discussion

We demonstrated the ability of HaPPArray to be integrated
into a hand-held form factor and used to effectively convey

ers, additional training could likely improve this accuracy.
Beyond identifying individual pouches, the high accuracy of
users in identifying direction cues demonstrates the potential
of HaPPArray for delivering effective haptic guidance. In
particular, the ability of users to correctly identify the right,
left, forward, and backward direction cues even with very
little training, suggests that they are intuitive for users.
The fact that the clockwise and counterclockwise cues were
sometimes mistaken for one another, particularly by a single
participant, indicates that perhaps these signals are less easily
interpreted and require more training time. It is also possible
that for different direction cues, different rates of actuation
are easier to interpret than others, and this parameter should
be further investigated.

IV. TARGET REACHING DEMONSTRATION

This section demonstrates the potential of HaPPArray to
provide haptic guidance during operation of a hand-held
medical robot.

A. Setup and Procedure

The hand-held medical robot used for this demonstration
is a concentric tube robot (CTR). CTRs are a class of
continuum robot that consist of a set of nested, precurved,
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Fig. 6. Setup used for the target reaching demonstration. HaPPArray is
integrated into a hand-held CTR and guides users to eight different targets.

elastic tubes [30], [31]. The shape of the robot depends
on the mechanical interaction between the tubes, however,
for this demonstration, the tubes themselves are not actively
modified. The robot maintains a constant, but curved shape
in 3-D, which makes the task even more challenging than if
a straight device were used. We replace the handle originally
presented in [8] with the HaPPArray.

The hand-held CTR is placed through an entry point, or
port, in a surgical training system (3-D Med), which serves
as the experimental setup (Fig. 6). The CTR is constrained
to rotational movements within the port, and users are
tasked with navigating the robot tip to eight different target
locations. In order to track the position of the tip of the CTR
in real time, an electromagnetic (EM) sensor is attached to
the CTR tip and tracked using the Aurora system (NDI).
Users cannot visually see the targets and instead navigate
via the haptic guidance cues alone.

Based on the difference between the measured tip posi-
tion and the desired target, the necessary direction cue is
generated. Based on pilot testing, these cues are given as
motions that the hand should take relative to the entry point
as a pivot point. Therefore, if the CTR tip must move up or
down, the “tilt backwards” or “tilt forwards” cues are used,
respectively. And if the CTR tip need to move left or right,
the “twist counter-clockwise” or “twist clockwise” cues are
used, respectively. For movements of the CTR tip along a
diagonal direction, a series of two directional cues are used.
For example, if the CTR tip needs to move in a northeast
direction, the “tilt right” cue and the “tilt backwards” cue are
given consecutively. Users are told that for these compound
cues, which all start with either “tilt right” or “tilt left”,
they should aim for 45° rotation of the handle in the proper
direction. The feedback is adjusted based on the movements
of the user, and the trial is considered successful when the
CTR tip reaches within 1 cm of the target. Three users
familiarized themselves with the cues and the corresponding
movements through three training rounds (approximately 15
minutes) and were then asked to navigate to all eight targets.

B. Results and Discussion

All three users were able to successfully navigate to the
eight target locations, and an example set of paths taken by

Fig. 7. Paths taken by one user based on haptic cues received during the
target reaching demonstration. Paths are shown in the color corresponding
to the desired target. Targets were considered to be successfully reached if
the CTR tip position was within 1 cm, as designated by the black circles.

one of the users is shown in Fig. 7. Users were generally
able to easily identify the direction cues corresponding to
up, down, left, and right motion of the CTR tip, making
navigation to the corresponding targets relatively straightfor-
ward. With the exception of one user along one of these
directions, the paths taken were therefore quite direct. The
diagonal movements, however, proved more challenging for
users to interpret, which makes sense given that they were
conveyed via a compound set of two directional cues. Paths
taken to reach the targets along the diagonal were generally
longer and required more time to complete as users made
adjustments based on the updated cues along the way. It is
interesting to note that the user who seemed to complete the
task the fastest, appears to have used a different strategy,
which included more movements along the cardinal direc-
tions, rather than always moving along the diagonal directly.
Despite some challenges with interpreting the diagonal cues,
users were still able to successfully navigate the tip of the
CTR, illustrating HaPPArray’s potential for haptic guidance.

V. CONCLUSIONS AND FUTURE WORK

In this paper, we presented the design, fabrication, and
evaluation of HaPPArray, designed to provide haptic feed-
back during operation of a hand-held robotic device. This
approach enables a comfortable, lightweight system capable
of conveying intuitive haptic cues. Compared to traditional
vibration actuators, HaPPArray produces lower-frequency
signals that activate mechanoreceptors with smaller receptive
fields. When actuated individually, users were able to cor-
rectly identify the pouch being actuated with 86% accuracy,
and when actuated in sequence, users were able to correctly
identify the associated direction cue with 89% accuracy. We
also demonstrated the ability of HaPPArray to effectively
guide users to various target locations during the navigation
of a hand-held medical robot.
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There are several directions for future work, along with
many potential applications for HaPPArray. For instance, ad-
ditional sequences of pouch actuations should be investigated
to determine whether there are any that are more intuitive for
users. In particular, different mappings from pouch actuations
to directional cues, along with new approaches to directly
convey movement along a diagonal should be explored. In
addition, the effects of various pouch parameters, including
size, number, and placement, can be evaluated, along with
the size and shape of the handle itself. HaPPArray can
also be evaluated in more clinically-relevant tasks, including,
for example, ones that involve interaction with tissues in
the surrounding environment. In these scenarios, HaPPArray
could also potentially be used to notify users if they are
approaching sensitive areas and even help guide them back
towards safer operating regions. Finally, the applications of
HaPPArray could be expanded beyond use in hand-held
medical robots to include other hand-held devices, such as
controllers for virtual and augmented reality.
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