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ARm Haptics: 3D-Printed Wearable Haptics for Mobile Augmented Reality

ANONYMOUS AUTHOR(S)

Fig. 1. We present the ARm Haptics system, which builds upon 3D-printed wearable input modules to provide haptics for Augmented
Reality experiences. Left: 3D-printed mount for input modules. Center: ARm Haptics system with two mounted input modules.
Right: Button in Augmented Reality linked to worn input module (full blue bar indicates successful linking).

Augmented Reality (AR) technology enables users to superpose virtual content onto their environments. However, interacting with
virtual content while mobile often requires users to perform interactions in mid-air, resulting in a lack of haptic feedback. Hence, in
this work, we present the ARm Haptics system, which is worn on the user’s forearm and provides 3D-printed input modules, each
representing well-known interaction components such as buttons, sliders, and rotary knobs. These modules can be changed quickly,
thus allowing users to adapt them to their current use case. After an iterative development of our system, which involved a focus group
with HCI researchers, we conducted a user study to compare the ARm Haptics system to hand-tracking-based interaction in mid-air
(baseline). Our findings show that using our system results in significantly lower error rates for slider and rotary input. Moreover,
use of the ARm Haptics system results in significantly higher pragmatic quality and lower effort, frustration, and physical demand.

Following our findings, we discuss opportunities for haptics worn on the forearm.
CCS Concepts: « Human-centered computing — Mixed / augmented reality; Haptic devices.
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1 INTRODUCTION

With Augmented Reality (AR) technology, users can enrich their perception of reality with superposed virtual con-
tent [4]. From simple visual guidance [16] to spatially distributed interaction [35], AR content can manifest in different
forms. In recent decades, researchers have demonstrated the potential of AR applications in various contexts, such as
education [26], traffic [45], and assembly [24]. When AR is experienced in a head-mounted device (HMD), users are
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free to move around and use their hands to interact with the physical environment. Interaction with entirely virtual AR
content not present in the physical environment, however, remains challenging [50].

One central element that can significantly enhance virtual environments is haptic feedback through “haptic devices”
or “haptic props” [25]. Haptic feedback that is emitted by a device or prop can either be of “active” or “passive” nature [29].
Lindeman et al. define passive haptic devices as “physical objects which provide feedback to the user simply by their
shape, texture or other inherent properties” [29]. They stand in contrast to “active-haptic feedback systems” which are
controlled by a computer instead [29]. Passive haptic devices are in general associated with a number of benefits such
as being “familiar” to manipulate and “obvious to use” [22], yet they are rarely deployed in realistic settings nowadays.

The current trend towards hand-tracking input in AR headsets (cf. Microsoft Hololens 2 or Magic Leap) amplifies
the problem of missing haptic sensations because there is no haptic feedback when interacting in mid-air. This lack of
haptics leads to reduced immersion and degraded interaction [13]. In addition, it has been shown that the presence of
haptic feedback can have a positive effect on task completion time, error rate, and learning curve [7]. Without additional
hardware, hand-tracking input can only provide haptic feedback when using one’s own body [33] or additional objects
in the environment [20, 21, 41]. Nevertheless, the physical properties that can be “simulated” by these approaches are
limited by the properties of the available objects.

Hence, previous work has suggested various approaches to providing haptic feedback in AR using additional hardware.
These approaches include, for example, controller-based [47], pen-based [46], and fingertip-based systems [44], which to
some extent hinder interaction with real-world objects. Furthermore, the aim of these systems is to provide a universal
solution that can communicate the haptic properties of many different objects. As a consequence, specific physical
objects are not as well represented because their physical properties are only approximated. A different approach is to
represent specific but frequently used objects as haptic props (for example, interface components such as sliders and
rotary knobs [11]). So far, previous work investigated haptic props present in the environment, however, making them
wearable is an approach towards providing haptic feedback while mobile and leaving users’ hands free.

This work presents ARm Haptics, an approach to providing passive haptic feedback via a wearable system worn on
the user’s forearm using 3D printed input modules. We developed ARm Haptics based on findings from a focus group
with HCI researchers and following an iterative development process. Furthermore, we motivate the selection of an
initial set of interface components, namely buttons, sliders, and rotary knobs from our focus group findings as well.
The ARm Haptics system consists of 3D printed input modules that can be worn on the forearm and synced with an
Augmented Reality interface. For configuring the system, users can freely choose a set of input modules that fits their
needs. Here, the idea behind these modules is not to provide haptic feedback for all interactions but only those that
gain a clear benefit (e.g., higher input precision). Changing modules mid-usage is possible; however, not the focus of
our explorations. We validated ARm Haptics with a user study (# = 12) in which we compared it to hand-tracking
based interaction mid-air without haptic feedback (as supported by current AR headsets such as the Microsoft Hololens
2). We used quantitative methods to evaluate user performance and conducted semi-structured interviews with all
participants. While our findings show that hand-tracking input is faster for button input, we found that participants
made fewer errors with sliders and rotary knobs when using our system. Furthermore, participants gave our ARm
Haptics system a higher rating for user experience and a lower rating for perceived task load. We conclude our work
with application opportunities for haptics worn on the user’s forearm.

Contribution Statement. We contribute a system for mobile AR that is worn on the forearm and provides haptics
for frequently used interaction components such as buttons, sliders, and rotary knobs. The system and its components

are 3D-printed, which allows users to quickly produce and change components as needed. We publish the system and
2
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its artifacts, including detailed instructions for replicating it and creating new modules, under an open source license.
Moreover, we contribute empirical results from a comparative user study that highlights the benefits and drawbacks of

our ARm Haptics system.

2 RELATED WORK

In the following, we discuss the related work for our ARm Haptics system, provide reasons for our taken technical

approach, and present the design decisions derived from previous findings.

Haptics in Virtual Reality. Creating believable haptic experiences is a relevant problem beyond Augmented Reality
technology. Virtual Reality (VR) in particular has received significant attention because it lacks the presence of physical
objects. Here, researchers have proposed various approaches for integrating haptics in VR. One approach is to use
turkers (i.e., bystanders that help create the haptic experiences) to generate motion [9], rearrange larger objects such as
walls and doors [10], or reconfigure and actuate otherwise passive haptic props [8]. Another approach is to use robots
to create haptic experiences (for example, with stationary robot arms [1] or actuated mobile robots [19]). In more recent
work, researchers also investigated the use of drones flying around the user to provide haptics [2, 23]. An example of
this is Flyables, which uses 3D-printed user interface components mounted to quadcopters that fly to specific locations
to offer haptics for their virtual counterparts [2]. However, it remains a challenge to use these approaches in AR as, in
this case, users still perceive their physical environment (i.e., users would see the humans and robots used to create the
haptics). While previous work explored how haptic devices can be hidden from AR users [12], the suggested approaches
create a visual mismatch between perceived and real space, resulting in users colliding with these devices. Hence, in the

following, we focus on approaches that are more readily applicable to AR.

Tangibles and Haptic Props. Enriching existing physical objects with AR content allows us to introduce the versatility
of AR technology to tangible objects [17]. For example, AR technology can be used to introduce more detail to 3D-printed
objects [34]. Moreover, interactions with tangible objects can enhance task performance (e.g., via more precise input
[11]), increase learning [39], and feel more natural [37]. However, AR interfaces are not often shaped around existing
physical objects, but instead rely on additional virtual objects that lack a physical manifestation. As it is impractical to
3D print every virtual object, researchers have explored alternative approaches. One proposed approach is to leverage
available physical objects in the environment to provide natural affordances [20] or substitute physical objects with
virtual counterparts [21, 41]. While this approach is promising, the physical properties that can be presented to a user
are largely determined by the user’s environment. Another approach is to (re)use physical objects to represent (different)
virtual ones [3, 22]. An example is Embodied Axes, which provides users with sliders and rotary knobs that can be used
to control a 3D data space in AR [11]. Using physical interaction components was found to be more accurate overall
than conventional tracked controllers. Still, the haptic devices are placed in the environment and therefore limit users’
mobility. In contrast, the ARm Haptics system makes use of a wearable form factor which leverages input accuracy

while allowing for mobility at the same time. Thus, we look into portable and wearable haptics in the next paragraph.

Portable and Wearable Haptics. Controllers for interacting with virtual content in AR as well as VR have been around
for quite some time. Hence, it makes sense to not only use them to track users’ hands, but also to provide haptic feedback.
Researchers have proposed various ways to extend the functionality of controllers towards improved haptic feedback
(for example, to feel different surfaces [6], textures [43, 47], shapes [15], or weights [49] of objects). Moreover, others
have investigated controllers that resemble physical tools well known to users, such as pens [46]. Nevertheless, as these

3
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Fig. 2. Two sketches from two di erent participants of the focus grouge : showing an apparatus that extends over the finger tips
and which can be used for haptic inpuRight: haptic input elements are strapped to the back of the hand and the lower arm.

are hand-worn controllers, they make it harder for users to continue interacting with their real-world environment.
Additionally, we can observe a trend towards hand-tracking input for AR headsets (cf. Microsoft HolofeasNagic
Leaf?), which enables users to interact more naturally by using their ngers and hands. As an alternative approach to
controllers, researchers have also proposed various haptic devices that attach to the user's ngdfigg 44, 49,

with some requiring a stationary or mobile device as a counterpa, (. Recently, Teng et al. suggested a device
that can fold away to keep users' ngertips free in order to ensure unhindered interaction with real-world objebfs [
Another approach to provide haptics is to let users use their own body to see [33] and feel AR content [14]. However,
most presented approaches aim to be universal solutions that communicate the haptic properties of many di erent
objects while, to some degree, neglecting the realistic representation of speci ¢ ones. Hence, in our work, we focus on
representing speci ¢ objects that are frequently used (i.e., interaction components such as buttons or sliders), similar to
previous work (e.g.,11]). In addition, we make them wearable on the user's arm so that they do not hinder interaction
with the physical environment but still stay with the user as they move around. Furthermore, we ensure that the objects
are 3D-printable and quickly changeable, so that the resulting system remains exible.

3 DESIGNING WEARABLE MODULAR HAPTICS

Striking a balance between accurate input with haptic feedback, exibility in interface design and user mobility requires a
wearable solution. Thus, we aimed for a modular wearable solution that embodies frequently used interface components
as conveniently interchangeable props for haptic feedback. First, to identify which interface components should be
initially provided and to come up with early ideas of how the modular haptic system could look, we conducted a focus
group. After that, we continued on the early ideas with an iterative design process that at its end resulted in our nal
ARmM Hapticsystem.

3.1 Focus Group

The focus group was conducted over the internet using an online whiteboard tool and synchronous audio and video
communication. We invited a total of 5 participants (2f, 3m, 0d) with an average age of 30 years (SD=2 years). All
participants were employed as researchers in di erent groups focusing on Human-Computer Interaction (HCI), all
participants were PhD students with backgrounds in haptics and user experience. All participants stated that they had
between two and four years of experience in their elds.

In the beginning of the focus group, we introduced them to the topic and presented them with an o cial demonstration
video of the hand-tracking-based interaction of the Microsoft Hololeds|2 the video, the presenter demonstrates how
to interact with interface components such as buttons or sliders. As these interactions take place in mid-air, no haptic
Weﬁl—iololens 2. https://www.microsoft.com/en-us/hololens, last retrieved May 18, 2022.

2Magic Leap. https://www.magicleap.com, last retrieved May 18, 2022.
3Demonstration of the Hololens 2. https://www.youtube.com/watch?v=ulHPPtPBgHKk, last retrieved May 18, 2022.
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feedback is present. Following the video, we communicated that the goal of the focus group was to o er wearable
haptics for interface components that provide an alternative to mid-air interactions in Augmented Reality. Thereafter,
we started the rst discussion among participants, which was on the topic of user interface components. Participants
were asked to consider on their own which user interface components would bene t from haptics. They were given
three minutes to do this, during which time they created notes for their ideas in the digital whiteboard tool. As a result,
we obtained a ranking of the user interface components that would bene t the most from haptics. Here, our participants
listed the following three components as most relevant (in descending order): rotary knobs, buttons/checkboxes, and
sliders (participants grouped buttons and checkboxes).

The second and last discussion among participants was on the topic of designing a wearable system to enable haptics
in AR. We asked participants to think of a solution and to draw a sketch of their wearable prototype that is attached
to the human lower arm and hand. We provided a corresponding template to the participants to draw upon. Selected
sketches from the focus group are provided in raw (see Figure 2) and simpli ed form (see Figure 3). Most sketches
located the haptics device on the user's forearm using a exible, strap-based mounting system (cf., Figure 2), more
speci cally on the wrist (similar to wearing a watch). Furthermore, participants envisioned di erent approaches for
presenting the various interface components. Some imagined an automatic mechanism that would switch between
the di erent interface components (cf., Figure 2 left), while one participant suggested that users could simply rotate
their arm to access the di erent components (see Figure 3 bottom left). In the following discussion, the need for
interchangeability of the di erent user interface components was speci cally mentioned, as it was considered that
embedding too many components into one design might clutter it. Two designs re ected this in using exchangeable
plates that embed the user interface component (cf., Figure 2), while the designs by three participants in total were
using straps to attach the prototype to the arm. The discussion within the focus group yielded the result that straps
provided the necessary exibility and adaptability of mounting a prototype on the human arm; particularly if the arms
can be individual in terms of size and extent.

Following the group's designs and discussions and in addition to the earlier derived list of relevant user interface
components, we derive three design requirements from the focus group for the construction of the prototype: i) a
exible mounting systemnshould be provided on the arm, e. g., by using straps, to enable exibility and adaptability of
such a prototype to the human arm; iiterchangeabilityof the user interface components should be provided so that
multiple elements can be tted on one base unit; iii) a modular design (im@dularity) of two or more units can enable
interchangeability of the components and reduce clutter.

To follow up on our focus group, we decided to iteratively implement a wearable haptics system that initially provides
buttons, sliders, and rotary knobs to users without any automatic mechanism, relying instead on users to rotate their
arm to access the di erent components. Participants grouped buttons and checkboxes into one category as they provide
very similar functionality. Nonetheless, we will focus on buttons, not making any assumption about checkboxes here.

3.2 Iterative Development

After obtaining the insights from the focus group, we iteratively developed a prototype of ARm Hapticsystem
(inspired by the iterative enhancement methofl). Since the experts from our focus group had a diverse range of
opinions, including which user interface components to represent, we decided thad@dular desigmvould be useful.
Designing the prototype in a modular way enables the exchange of parts, which in turn enalblastivity to di erent

usage scenarios. Due to the iterative development approach, we further opted for low-cost hardware components

that can be exchanged, such as a NodeMCU-microcontroller that connects to Augmented Reality devices through the
5
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Fig. 3. Artifacts of the design process for td&km Hapticsystem.Le : Simplified sketches from the focus group suggesting potential
designs for haptics worn on the forearnCenter: Earlier prototype of our system (bo om: individual rails to mount 3D-printed
components; top: NodeMCU, mounted separately, for controlling the interface componeRight: Final prototype of ourARm
Hapticssystem (bo om: rail mechanism with clip to mount modules; top: inside of a haptic module with ba ery and NodeMCU).

MQT T-protocof. To create the actual components, we made use of 3D printing, as it allows rapid prototyping at a low
operational cost (more details on how to create new modules at the end of the section).

In the rst iteration, we created a prototype that consists of two parts: a mounting that can be worn on the user's
arm (using soft velcro wrap easily adjustable in length) and a foundation for extension modules on top. The latter could
be used for interface components, but also to provide housing for the microcontroller (see Figure 3 center). The base
module is attached with exible straps to the arm and includes rails on which the extension module can be attached.
This module can then be strapped to the arm as shown in Figure 3. The modular design of the mounting base unit and
the extension module re ects the focus group's design requirements of interchangeability and modularity, while the
strap-based mounting solution was directly suggested. Our design here added railings to facilitate the interchangeability
so that the extension module can easily be exchanged. In this iteration, our prototype had the microcontroller and
interface components in di erent extension modules, which were connected via cables. Furthermore, we created an
extension module for each interface component (button, slider, and rotary knob) and gave them the same appearances
as the mid-air interface components used for the Hololens 2. Here, we used the Mixed Reality Yasikhe reference
for the visual appearance.

In the second and nal iteration, we re ned our rst prototype. Here, three authors of the paper tested the rst
prototype and looked for opportunities to improve it. First, we added a clip-based mechanism that would make the
mounting of the extension modules more robust (see Figure 3 right). Moreover, we integrated the microcontroller
and an additional battery with the di erent interface components in one extension module, meaning each interface
component, such as the button or slider (see Figure 4), became one stand-alone extension module, increasing the
interchangeability requirement of the focus group even further as reattaching the cable connections from the rst
iteration is not necessary anymore. After that, we added image markers to allow tracking of our haptic modules with
the cameras of the AR headset (see Figure 1 right). Finally, we used Unfty8@l extended the MRTK library to

4MQT T-prototcol. https://mqtt.org, last retrieved May 18, 2022,
SMixed Reality Toolkit. https://github.com/microsoft/MixedRealityToolkit-Unity, last retrieved May 18, 2022.
SUnity3D. https://unity.com, last retrieved May 18, 2022.
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