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Abstract. 10 years ago, Castellani et al. (Journal of Computer Supported Cooperative Work, vol. 18,
no. 2–3, 2009, pp. 199–227, 2009) showed that using just an audio channel for remote troubleshooting
can lead to a range of problems and already envisioned a future in which augmented reality (AR) could
solve many of these issues. In the meantime, AR technologies have found their way into our everyday
lives and using such technologies to support remote collaboration has been widely studied within the
fields of Human-Computer Interaction and Computer-Supported Cooperative Work. In this paper, we
contribute to this body of research by reporting on an extensive empirical study within a Fab Lab of
troubleshooting and expertise sharing and the potential relevance of articulation work to their realization.
Based on the findings of this study, we derived design challenges that led to an AR-based concept,
implemented as a HoloLens application, called shARe-it. This application is designed to support remote
troubleshooting and expertise sharing through different communication channels and AR-based inter-
action modalities. Early testing of the application revealed that novel interaction modalities such as AR-
based markers and drawings play only a minor role in remote collaboration due to various limiting
factors. Instead, the transmission of a shared view and especially arriving at a shared understanding of
the situation as a prerequisite for articulation work continue to be the decisive factors in remote
troubleshooting.

Keywords: Augmented reality, Remote troubleshooting, Expertise sharing, Fab lab, CSCW

1. Introduction

Problems arise in many situations in life. Sometimes we cannot solely
resolve these problems on our own, prompting us to ask for assistance from
people with a more comprehensive or technical expertise (Crabtree et al.
2006; O’Neill et al. 2005). Whether the problems pertain to bug tracking
within software support centres (McDonald and Ackerman 1998), customers’
troubleshooting issues with their office devices (Castellani et al. 2009),
medical diagnosis within hospitals (Cicourel 1990), or situation assessment
within crisis control rooms (Ley et al. 2014), we often encounter practical
troubles that simply exceed our own capacity.
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In the past, seeking technical assistance entailed an expert’s physical presence to
undertake the troubleshooting (Crabtree et al. 2006). For example, electrical service
engineers had to go to offices andworksites to repair broken printers (Orr 1996). This
type of practice is expensive (O’Neill et al. 2005). Bowers and Martin (2000)
highlight the concept of “new factories,” which roughly describes telephone call
centres for outsourcing engineering support. This concept refers to the differentiation
between classic industrial factories that focus on manufacturing goods for the
customer and new factories that provide a more sophisticated service for the cus-
tomer “through assembling an army of call-takers each at a terminal to the corporate
database” (Bowers and Martin 2000). Such a service might involve offering some
form of support without the need to visit the site, thus saving time and costs and
enabling experts to assist more help-seekers.

Although these new factories and remote troubleshooting have several advantages
in terms of time and cost efficiency for the help-giver and the help-seeker, they also
have considerable downsides. Referring to the case of network printing technology,
Castellani et al. (2009) revealed numerous dislocations during remote troubleshoot-
ing processes, which complicate cooperation and expertise sharing between a remote
troubleshooter and a help-seeker. The troubleshooter has to rely on the help-seeker to
clearly articulate the problem, while the expert in turn has to verbally describe the
actions that the help-seeker has to perform in a language she understands. This
approach requires a significant amount of articulation work and a degree of “recipient
design”, in a context characterized by inadequate mutual knowledge (Crabtree et al.
2006; Whalen and Vinkhuyzen 2000). Put simply, remote troubleshooting is not
merely technical (Orr 1996). When trying to support remote troubleshooting with
information and communications technology (ICT), functionality should therefore
utilize “computer-based mechanisms that support articulation work” (Crabtree et al.
2006).

More than 10 years ago, Castellani et al. (2009) concluded that, in the case of
remote troubleshooting, “many of the problems related to the audio channel.” In
addition to their approach of turning the device itself into a knowledge base, the
authors described various approaches to tackling the issue with augmented reality
(AR). Augmented reality enhances the features of the real world with multi-modal
virtual information. The concept has found its way into readily available consumer
products such as Google Glass and the Microsoft HoloLens. These technologies
have the potential to enhance verbal communication through a visual channel, which
could support conversational grounding (Bauer et al. 1999; Clark and Marshall
1981) and therefore collaboration (Lukosch et al. 2015).

We acknowledge that using concepts from ARwithin collaborative settings is not
new. Within this paper, however, we intend to build upon the existing discourse in
human–computer interaction (HCI) and especially its subarea of computer-supported
cooperative work (CSCW) regarding remote troubleshooting and expertise sharing
by exploring new AR technology such as smart glasses, to tackle several types of
dislocation (Castellani et al. 2009). The paper contributes both a design case study
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(Wulf et al. 2015), that was undertaken to explore the opportunities, and a discussion
of the limitations of current AR technologies for supporting remote troubleshooting.
In the next section, we analyse related approaches to (remote) troubleshooting as well
as expertise sharing and how to support troubleshooting with IT. We then report on a
qualitative empirical study that sought to explore the impact of expertise sharing and
troubleshooting within a complex, evolving, ICT-driven application domain (3D
printing). Our goal was to understand how troubleshooting works in practice and
what constitutes “good” troubleshooting or expertise sharing, without any depen-
dency on any particular modality. We therefore provide empirically-grounded de-
scriptions of expertise-sharing practices in a non-traditional and interdisciplinary
organization (a fabrication laboratory or Fab Lab). Based on these practices, we
derived an approach that allows for remote troubleshooting and guidance based on
AR. We used the empirical findings and existing findings in the literature to develop
a HoloLens-based prototype, shARe-it, which was designed to support remote
troubleshooting between experts and non-experts via AR. A basic implementation
of the prototype within a laboratory revealed that, although AR can support current
troubleshooting processes, it can only be viewed as a supplement to the verbal
negotiation present in interpersonal processes and that the immaturity of current
AR technology results in a set of ongoing challenges, including: a need for improved
interleaving between AR technology and other technical resources, such as sensors; a
need for improved accuracy in existing resources, such as markers; a continuing need
for improved deictic resources; a need for better ways of capturing a relevant and
variable visual field, without environmental interference; a continuing reliance upon
verbal description to make sense of what is being seen and what should actually be
done; and a continuing need to arrive, in situ, at a mutually comprehensible
terminology.

Our contribution to the CSCW community is threefold (Wobbrock and Kientz
2016): 1) An empirical contribution that gives us insights into troubleshooting
practices in a complex hardware-oriented application domain, with a focus on 3D
printing; 2) A report of the design and basic testing of an AR-based application for
smart glasses to support ad hoc and remote troubleshooting practices in order to
reduce the kinds of dislocation first described by Castellani et al. (2009); 3) Identi-
fication of the current hardware shortcomings of smart glasses with regard to
supporting these kinds of practices.

2. Related work

CSCW has always had a strong focus on the social practices involved in expertise and
knowledge sharing, as well as designing innovative ICT artefacts that could support
these types of activities (Ackerman et al. 2013). The key concern is that ICT artefacts
must combine the “information space (knowledge artefacts) with the communication
space (social interactions)” (Pipek et al. 2012), which is a key innovation for knowl-
edge management (Ackerman and Malone 1990; Huysman and Wulf 2005).
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Distinctions have emerged between knowledge and expertise sharing in the
CSCW discourse. The term “knowledge sharing” adopts a perspective in which
the “externalization of knowledge in the form of computational or information
technology artefacts or repositories play an important role. We use the term “exper-
tise sharing”when the capability to get the work done or to solve a problem is instead
based on discussions among knowledgeable actors and less significantly supported
by a priori externalizations” (Ackerman et al. 2013). Dengel (2016) explains the
distinction between knowledge and expertise sharing in this manner: “While knowl-
edge means to memorize the right things, expertise means to do the things right and
even anticipate what might be the right thing to do.” Kristoffersen et al. (1996) also
situate expertise in the associated social activities that are performed to accomplish a
related task. These perspectives can also be seen to relate to older discussions
regarding the distinction between “knowing how” and “knowing that” (Ryle 1945).

2.1. Remote expertise sharing and troubleshooting

There are different types of troubleshooting. In one type, the unavailability of a
(remote) expert prompts the help-seeker to proceed with the activity on her own. The
challenge in this case is providing the appropriate resources needed by the help-
seeker to detect and solve the problem at hand. Current approaches seek to enhance
machines by incorporating troubleshooting functionality (Castellani et al. 2009;
Crabtree et al. 2006; Hoffmann et al. 2019; Ludwig et al. 2017, 2019). Another type
of troubleshooting encompasses situations in which a remote expert is available. The
challenges in this case involve providing the help-giver with the appropriate infor-
mation about the ailing artefact to enable her to identify the problem and then
communicating the actions needed to solve the problem to the help-seeker
(Castellani et al. 2009). In this paper, we focus on the second case. Castellani et al.
(2009) describe the process of remote troubleshooting and its shortcomings as
follows:
1. The remote expert receives a problem description from the help-seeker, which

tends to be incomplete.
2. The expert and help-seeker seek to narrow down the problem through

collaborative interaction to enable the expert to derive possible solutions.
During this process, the help-seeker might need to conduct some tests to
provide the expert with additional information.

3. The actual troubleshooting process occurs when the expert gives instructions
and guidance to the help-seeker, who has to undertake them and report the
results back to the expert.

The first two steps indicate that troubleshooting increases in difficulty if a help-
seeker is unable to articulate the problem (Ludwig et al. 2014). The expert has to
transform the help-seeker’s description of the problem into “a more specific and
technical language” (Crabtree et al. 2006), before being able to search and identify
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possible solutions. The expert then has to translate a technical and specific solution to
a problem into a language that the help-seeker understands. These different factors
are grouped into the following three categories of dislocation (Castellani et al. 2009):

1. Physical dislocation solely occurs in remote troubleshooting situations. The
physical dislocation focuses on the physical distance between the place in which the
problem occurs and the location of the expert who is able to provide support. This
physical dislocation results in the expert not being able to diagnose and fix the
problem by herself and instead needing to collaborate with the help-seeker. The
expert has to rely on the verbal feedback of the help-seeker and the description of the
symptoms and reactions of the ailing artefact. The expert then has to describe the
actions that the help-seeker should perform.

2. Conceptual dislocation is based on the difference in the levels of knowledge
between the help-seeker and the expert. This form of dislocation creates problem
descriptions that may on the one hand include unnecessary detail and on the other
hand be lacking relevant information. As Castellani et al. (2009) underscore, “the
relevancies for the customer and the troubleshooter are distinct and they need to
arrive at a mutual understanding.” Establishing a “mutual understanding” is a major
part of troubleshooting. Repair work is a feature of misunderstandings or lack of
understanding in conversational exchanges in general and is arguably often gener-
ated by problems of “formulation” (Whalen et al. 1988; Whalen and Vinkhuyzen
2000).

3. Logical dislocation focuses on being able to consider the history and context of
an ailing device that needs troubleshooting. This might not be fully applicable in all
troubleshooting situations. Often help-seekers do not have all the historical and
contextual information available for the expert, thus hindering the troubleshooting
process.

2.2. ICT-supported remote troubleshooting and expertise sharing

Early systems for remote collaboration used 2D monitors or handheld devices in
combination with video cameras to share the view between two different workspaces
(Gao et al. 2016). These remote collaboration systems focused on adding visual
aspects such as annotations and hand gestures.

In a system geared towards remote guidance, Gao et al. (2016) provide an oriented
point-cloud view in a mixed reality setting to enhance the “spatial awareness for the
users of remote collaboration system[s].” The expert and worker must wear a virtual
reality (VR) headset with an attached depth sensor. On the worker’s side, the view is
captured and provided to the expert. On the expert’s side, both hands are captured
and provided as a point-cloud in both views. The worker has the guiding hand
gestures of the expert superimposed on her view of the workplace and, by using the
VR headset, the worker is able to receive the expert’s instructions. Tecchia et al.
(2012) present an approach that only needs the remote expert to wear a VR headset.
A 3D camera is positioned above the worker’s workspace that is equipped with a
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monitor offering a view of the physical objects, her own hands, and the superimposed
hands of the remote expert (Figure 1). Although this setup aims to provide a “shared
virtual interaction space” (Tecchia et al. 2012), it is limited in its scope to support
help-seekers in mobile settings.

Adcock et al. (2013, 2014) use depth cameras to perform real-time 3D position
capture of workers and their environment. These data are streamed to an expert on a
multi-touch monitor where they can adjust their own view on the workspace. To
guide the remote worker, the expert can use finger gestures to draw on the scene.
These drawings are directly projected onto the workspace, utilizing a projector
placed above the scene. Beyond desktop workspaces, several approaches focus on
remote troubleshooting in mobile settings. Huang and Alem (2011) concentrate on
mobile workers and provide a near-eye display in combination with a camera that is
attached to a worker’s helmet. The expert uses a touchscreen-enabled monitor that
displays the video from the worker’s camera as a shared virtual space. Usability
evaluation of this system generated very positive results, suggesting that systems can
be improved by making cameras match a worker’s view.

Nowadays, augmented reality is often used for remote troubleshooting.
Augmented reality is a concept that is designed to enrich reality with the help
of artificial and virtual elements by overlaying virtual images within the real
world. Milgram and Kishino (1994) present the mixed reality continuum that
describes the different variations of combining virtual and real elements, with a
real environment sitting at one end of the spectrum and a virtual environment
sitting at the other, and various mixtures of augmented reality and augmented
virtuality in-between. Beyond the differentiation between reality and virtuality,
Azuma (1997) provides a definition for AR systems that includes two addi-
tional characteristics, namely “interactive in real time” and “registered in 3D.”
“Interactive in real time” sets AR apart from movies or similar forms of
presentation of content in which real elements are combined with virtual ones
in advance, thus preventing there being any type of interactive influence over
the content.

Early approaches focused on fostering mobile face-to-face collaboration
through AR (Henrysson et al. 2005). Gauglitz et al. (2014) developed a
prototype that is based on a tablet device and supports a remote user in
exploring the on-site scene independently of the local user’s current camera

Figure 1. Shared virtual interaction space (Tecchia et al. 2012) (left); selecting an object
(Adcock et al. 2014) (middle); moving an object (Adcock et al. 2014) (right)
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position. The remote user is also able to communicate with the local user via
spatial live annotations that are visible through augmented reality. This study
shows how remote collaboration can significantly benefit from bridging be-
tween classical video conferencing systems and remote world exploration.
Gavish et al. (2011) utilize a tablet PC equipped with a camera as a display
that is mounted on a movable stand to allow adjustment of the view while still
keeping the user’s hands free. The system provides training for assembly tasks
and enables the trainee to work on a real device while seeing the instructions
directly superimposed on the concerned parts. Adcock et al. (2014) have also
presented a spatial augmented reality (SAR) approach that projects instructions
from a remote expert with light on the workspace, thus enabling multiple users
to simultaneously observe them.

In later work, Adcock and Gunn (2015) developed a spatial hands-free AR-
based prototype to guide an on-site worker via a pico-projector on top of a
helmet coupled with a camera. The camera image is streamed to another laptop
where an expert can draw annotations that complement the voice communica-
tion. Other approaches have focused on camera-equipped tele-operated robotic
arms to monitor the hands of the help-seeker (Gurevich et al. 2012). Poelman
et al. (2012) use head-mounted displays for supporting remote collaboration
between experts in crime scene investigations. Oda et al. (2013), meanwhile,
focus on see-through, head-worn displays for experts and local users to navi-
gate through pre-recorded viewpoints of a local site. Wang et al. (2019)
developed a novel mixed reality-based collaborative platform for manufacturing
tasks, which projects remote expert’s gestures into the actual worksite to
improve performance and generate a sense of co-presence. Evaluation of this
platform confirmed improvements in performance during the tasks. However,
the system does not offer specific support for mobile settings.

When focusing on head-mounted displays for supporting remote collabora-
tion, Tait and Billinghurst (2015) have shown that full-view independence for
remote participants increases the speed and quality of collaborative tasks, but
does not improve task accuracy. Unfortunately, in the context of remote
troubleshooting, improved accuracy is urgently needed. Tait and Billinghurst
(2015) also noted that partial-view independence, for instance, remote users
being able to freeze their view, does not benefit remote collaboration. On the
other hand, Fakourfar et al. (2016) suggest that automatically freezing the video
while drawing annotations can be surprisingly effective in facilitating the
completion of remote assistance tasks.

As the literature shows, there is a variety of approaches to implementing AR for
remote collaboration. However, the notion of using AR alone does not specify the
kind of hardware that should be used. Even utilizing visual information is not
mandatory, with audio or haptic information being equally possible. Nonetheless,
mapping visual information into the user’s view is widely used and makes sense for
the majority of approaches.
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2.3. Techniques for remote collaboration

As we have seen, Adcock et al. (2014) and Wang et al. (2019) use projectors to
display the manual instructions given by an expert. Gao et al. (2016), meanwhile,
present the hands of the expert as a point-cloud to the worker in their shared virtual
space. Tecchia et al. (2012) fuse the captured hands of the expert together with the
video feed from the workspace and Huang and Alem (2011) capture the hands of the
expert from the workspace and send this back to the worker. Gauglitz et al. (2014)
use a tablet device to overlay virtual content from a remote expert on the physical
world and Tait and Billinghurst (2015), as well as Poelman et al. (2012), use head-
mounted displays to provide a mobile, hands-free approach. In all of these situations,
the expert and the help-seeker need to find a common ground for communication,
something that is fostered in situ by linguistic and physical co-presence (Clark and
Marshall 1981).

Fussell et al. (2004) noted that people use different types of gestures to
underpin their spoken words. They therefore introduced a pattern of conversa-
tional grounding during collaborative tasks, which focused on three types of
tasks, accompanied by a matching form of gesture. The first type of task was
object identification, in which “collaborators come to mutual agreement upon or
‘ground’ the objects to be manipulated using one or more referential expres-
sions” (Fussell et al. 2004). Pointing or deictic gestures are mostly likely to be
used for this kind of task. The second type involved providing procedural
statements, which offered “instructions for procedures to be performed on those
objects” (Fussell et al. 2004). Instructions are mostly likely to be accompanied
by representational gestures, as these gestures are used to represent the desired
outcome of an action or the action itself to be performed. The third type of task is
monitoring comprehension and/or task status. In this task, the expert and help-
seeker “check [the] task status to ensure that the actions have had the desired
effect” (Fussell et al. 2004). Henderson and Feiner (2011) conclude that directly
superimposing instructions on the objects themselves (Poelman et al. 2012; Tait
and Billinghurst 2015), or near them, is more efficient than presenting them on a
nearby display (Adcock et al. 2014; Gao et al. 2016; Huang and Alem 2011;
Tecchia et al. 2012).

By comparing the surrogates of pointing and drawing gestures, Fussell et al.
(2004) highlight that the collaborators’ ability to maximize the use of both pointing
and representational gestures is important for grounding their conversations. Fussell
et al.’s study indicates an efficient use of verbal communication in connection with
drawing-based interaction because of the wide use of deictic vocabulary such as
“this” and “that,” which the authors claim was “undistinguishable from the use of
deixis in the side-by-side conditions” (Fussell et al. 2004) they had observed in
previous studies (Fussell et al. 2000). This point strengthened their argument that the
“asymmetry between workers’ and helpers’ ability to point within the shared visual
field” is a critical aspect of performing a task. Thus, eliminating this asymmetry by
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enabling both sides to use gestures in shared spaces results in improvements in
performance.

Kirk and Fraser (2006) argue for a mixed ecologies approach “advocating the use
of unmediated representations of hands as the gesturing format and the presentation
of gestures projected into worker’s task spaces.” To evaluate their mixed ecologies
approach, the authors compared hands-only gestures with hands and sketching
gestures and digital sketches. The results suggest that the use of hands-only gestures
is the most efficient means of conveying actions. A combination of hands and
sketching gestures resulted in a poorer performance of their set task, and pure
sketches proved to be the least effective of all. One of the major constraints that
hampers efficiency is that the worker has a limited awareness of what the expert sees
(Kirk and Fraser 2006). Despite this finding, Kim et al. (2019) suggest that a
combination of sketches and hand gestures is the most efficient mode of conveying
actions when manual tasks are guided remotely. Thus, there is not a clear consensus
about the most appropriate deictic mechanisms to use to support remote
collaboration.

3. Research gap and approach

Supporting troubleshooting and expertise sharing within remote situations has been
heavily studied within the CSCW community. As the literature shows, articulation
work is an essential part of remote troubleshooting. However, how best to accom-
plish it remains unclear. Castellani et al. (2009), specifically emphasize that trouble-
shooting “still suffers frommany of the problems related to the audio channel”. Thus,
in addition to turning the device itself into a knowledge base (cp. (Ludwig et al.
2017)), the authors suggest there is scope to use AR approaches to tackle these
issues.

Today, AR has been used to develop many different approaches for remote
troubleshooting and expertise sharing. Most of the existing approaches entirely focus
on gestures and conveying intended interaction through visual guidance. However,
the sharing of resources and information, which is one of the key aspects involved in
reaching a mutual understanding between the expert and the help-seeker (Crabtree
et al. 2006), is not only limited to gestures. Giving background information in
addition to the “how-to-do-it” knowledge (Gavish et al. 2011) supports not only
remote troubleshooting but also expertise sharing andmay enable a help-seeker to act
more independently in the future.

Early studies in the field of AR-supported remote troubleshooting encompass the
installation of a camera combined with monitors, projectors, or VR headsets. Using
this setup means that establishing the environment for remote guidance is cumber-
some and places various constraints upon the physical position and environment
within which it can be realized (e.g., the positioning of the projector or the viewing
angle of the camera). Shortly afterwards, mobile-based approaches became available
(Tecchia et al. 2012). However, these did not superimpose information on the real
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environment and often still relied upon cumbersome equipment (Henderson and
Feiner 2011), hampering the scope for ad-hoc troubleshooting. Since then, AR
technologies have developed rapidly. Nowadays, modern smart glasses like Google
Glass or the Microsoft HoloLens allow off-the-shelf solutions for a hands-free use of
augmented information projected directly into a user’s field of view. Based on these
developments, there are already approaches that encompass AR to support remote
troubleshooting settings (Ens et al. 2019; Kim et al. 2018, 2019).

In this paper, we want to expand upon the current state-of-the-art regarding AR-
based remote troubleshooting by adding a practical perspective (Kuutti and Bannon
2014). Here, we focus on how current off-the-shelf technologies and their character-
istics affect the dislocations originally uncovered by Castellani et al. (2009). In so
doing, we contribute insights into the potential and challenges of modern AR
technologies for remote troubleshooting and expertise sharing. In particular, we
examine what the artefacts could look like and what type of interactions these
artefacts might allow (Crabtree et al. 2006). Thus, we not only contribute a compre-
hensive empirical study of expertise sharing and troubleshooting, but also
empirically-based design implications to inform the future development of AR
applications for remote expertise sharing and remote troubleshooting.

As Normark and Randall (2005) have previously stated, a system grounded on
analysis of current work practice tends to be considerably more useful because it
“[does] not ignore the social aspects of knowledge sharing” (Ackerman et al. 2013).
One of our challenges was therefore to first understand the field of practice in order to
understand the set of potentially relevant troubleshooting and expertise sharing
practices. Our study was therefore organized into three different steps, following
the well-established practice-based design case studies approach (Wulf et al. 2015).
This approach can be broadly broken down into: an empirical pre-study; a design
phase; and a subsequent evaluation of the implemented application. This approach is
broadly aligned with the European CSCW tradition of grounding systems design in
practice.

We first conducted an empirical-based pre-study to examine the complexity of
troubleshooting and expertise sharing. We selected 3D-printing as our research
domain because it exemplifies a modern, highly digitized approach to production
that is not yet well understood in its application and development potential. Hence,
many concerns, different use cases, and operative practices emerge, as well as
ensuing challenges for users, resulting in a significant requirement for expertise
sharing. We therefore chose a local Fabrication Laboratory (Fab Lab). Of course, it
is important to note that our pre-study is a co-located setting in which troubleshooting
and expertise sharing takes place locally. However, our goal in the pre-study was to
examine a setting in which experts and inexperienced users work closely together to
understand how expertise is shared and guidance provided under relatively ideal
conditions. This involved holding in abeyance studies of authentic remote settings
(e.g. call centres or support hotlines) to prioritize in situ expertise sharing. This, we
felt, would give us insights regarding what kinds of practice remote support would
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need to properly attend to. We therefore always had an eye on how the co-located
exchange of experiences and the local articulation of problems and possible solutions
could be transferred to possible remote troubleshooting settings. Some older work
(Orr 1996; Whalen et al. 1988; Yamauchi et al. 2003) focused on in situ guidance of
this order and this was, in turn, used in some subsequent studies, e.g. O’Neill et al.
(2005) to inform aspects of the solutions explored. However, modern complex and
technology rich domains, such as that exemplified by 3D printing, are at some
remove from these original settings, and some of the assumptions made about
technology and the practices adopted have inevitably evolved. This goes as much
for help-seekers as it does for experts.

The design case study within this paper is a follow-up to a study published in
Ludwig et al. (2014), in which we mainly reported on insights into people’s reasons
for engaging in 3D-printing and the types of challenges that can arise during this
process. In the previous paper (Ludwig et al. 2014), we uncovered a lot of different
problems and practices involved in coping with the challenge of end-users appro-
priating 3D printers when examining two semi-professional communities. The main
challenges relevant to the current paper and its interest in troubleshooting were that:
(a) identifying and locating problems is a problem itself because of the highly
context-dependent nature of problems when they arise; (b) inexperienced users have
difficulty in asking for help because there is often not enough contextual information
available; (c) knowledge, tips and hints in sharing communities are scattered here and
there, without any unifying structure, so they are not really searchable; and (d)
community-specific terminology hampers the appropriation of 3D-printing.

This paper builds upon the state-of-the-art in three specific ways. First, it reports
on a set of theoretical and empirical insights acquired by conducting an empirical
investigation of expertise sharing by and between humans within a complex, evolv-
ing application domain. Second, it reports on the conceptual foundation and devel-
opment of a prototype AR-based support system for such applications and domains
and testing of its basic functionality. Third, it outlines the challenges associated with
using new kinds of AR technologies when it comes to supporting remote trouble-
shooting and expertise sharing.

4. Empirical pre-study

We conducted our empirical pre-study within a Fab Lab (Figure 2). Fab Labs are a
global network of similarly equipped and connected tech workshops that are acces-
sible to anyone and utilized by a variety of users for everything from rapid
prototyping for business to teaching, research and hobbies. The open, interdisciplin-
ary, hierarchically flat, and not directly market-oriented structure of such a lab is
certainly not representative of average organizations. Nonetheless, local Fab Labs
can still provide a uniquely diverse mix of demography, application domains and
user motivations, albeit with less organizational constraints. This allows for an
examination of how different kinds of users actually make new, digitized production
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machines work for their specific purposes. The goal of our pre-study was to
understand what exactly constitutes troubleshooting in such complex settings, the
kinds of practices used, and if and how expertise sharing takes place. Various
ethnographic and participatory studies have been previously conducted in the local
Fab Lab. Constant “background” research activities are also undertaken, such as the
documentation of ongoing projects, recording of regular field notes, and extensive
documentation of photos. Although the findings and data from those activities
informed the research we report on in this contribution, the main data with which
we concern ourselves here emanates from a new pre-study, as reported below (see
4.1).

4.1. Methodology

First, we conducted an observational study within the Fab Lab by taking handwritten
field notes, followed by an interview study with two experts. The experts were the
coordinators of the Fab Lab and were always on site. Therefore, they had the best
overview of current conditions within the Fab Lab and how expertise sharing was
structured. Since there were only these two Fab Lab coordinators in total, they were
the only ones interviewed. The interviews lasted about 90 min each and were audio-
recorded and transcribed using a relatively pragmatic approach, where only imme-
diately obvious anomalies in speech or nonverbal patterns were annotated. Both the
transcriptions and field notes from the observational phase were originally docu-
mented in German. Data from all phases were then analysed using a thematic content
analysis approach.

For the first phase, we observed people within the Fab Lab undertaking various
activities during so-called Open Lab sessions. These sessions take place every Friday
when the lab is open to anybody who is interested (not only students, but also
companies or private individuals). During this time, the people present have free
access to the Fab Lab’s resources. The wide range of machines and users make
expertise sharing, troubleshooting, and other support activities in the Fab Lab highly
contextualized (see Ludwig et al. (2017) and Ludwig et al. (2014) for the contextual
factors of 3D printing). Hence, the entire Fab Lab community and especially the
Open Lab days are based around and constantly build upon knowledge and expertise

Figure 2. Fab Lab Siegen
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sharing between its members. This fits our interest in analysing the practices of
troubleshooting and expertise sharing.

In total, we attended six full Open Lab days, each lasting four hours (16 h in total).
We engaged with the community members in a friendly and open fashion, whichwas
consistent with the overall perceived culture during Open Labs. All the community
members who have undergone safety instruction (which is mandatory before using
the machines) have been informed about and consented to the Fab Lab’s general
position as a research infrastructure in the University and the attendance of re-
searchers who are interested in the lab, its users, and their projects on a general
level. In situations where certain individuals, groups, or projects are engaged with
using in-depth methods such as in-situ interviews, or where photos are taken of the
concerned individuals, they are individually informed about the study and their data
is only used if they have given their explicit consent. Such in-depth engagements
mostly transpire around the aforementioned safety instructions, or in situations where
problems, questions, or other opportunities for troubleshooting and expertise sharing
arise during Open Lab sessions. The latter instances typically became noticeable to
us when individuals or groups asked around for advice, or were given increased
attention by the supervising staff members (Fab Lab coordinators). We also had an
interest in ad-hoc workshops or experiments and instances of “over-the-shoulder
learning.”

We took field notes and photos during the observations themselves, focusing on
the existing tools, media, and their usage (Wulf et al. 2015). We made a conscious
decision not to record videos as the Fab Lab, with a total area of 300 m2 (approx. 359
yd2) and a variety of different machines, offers too many possibilities for interaction
that would not have been possible to capture effectively. Instead, we participated,
observed and took field notes every time communication took place between visitors,
explanations were offered, or there were any kinds of exchanges of experience.

During our observations, we still tried to note as many gestures as possible
because they had already been identified as an important part of the grounding
process during (co-located) conversations and collaboration (Fussell et al. 2004).
We also focused upon the types of information shared: descriptions of physical
actions, functionality of machines, processes at a higher level, accounts of previous
experience relating to individual projects, or concrete directions and step-by-step
instructions. The interactional setting and the media that were used were also
recorded. We did not, however, concern ourselves with personal or specific project
details beyond what was necessary to understand specific situations.

The purpose of the later, semi-structured interviews with experts was to improve
our understanding of the practices previously detected during our observations in the
Fab Lab.Within this study, we focused only on interviews with experts, as the results
of interviews with people seeking help had already been published in a previous
paper (Ludwig et al. 2014). Within the expert interviews we intended to obtain a
better understanding of the social context of the interactions that unfold in this
community. We interviewed two of the “Fab Lab coordinators” (I01, I02), who are
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University employees that are responsible for managing and running the Fab Lab as
an inter-disciplinary organization. Since our study, the group of coordinators has
been expanded. The interview questions were informed by the observations we had
made during our previous visits and focused on the following points:
1. A general background encompassing prior experience with related technologies

and communities;
2. How the interviewees got involved in the Fab Lab and digital fabrication and

their personal motivations;
3. The interviewees’ personal appropriation process regarding 3D printing, how

they obtained their current knowledge and expertise, and the people, media, or
tools that they found especially helpful;

4. The interviewees’ method of handling co-located support in the Fab Lab and the
particular tools and media they use;

5. How giving help is handled inside the Fab Lab community, again from the
perspective of the interviewees, with a focus on tools, media, or practices;

6. The (perceived) most important elements for help-giving that should be present
for remote support systems.

4.2. Results

In the following sections, we report on the aggregated results of the observational and
interview studies. Illustrative excerpts from the transcripts and observational notes
supplement the respective results and findings.

4.2.1. Terminology and conceptual barriers
As is likely the case with most communities, community-specific vocabulary and
certain shared concepts exist amongst Fab Lab participants, 3D printer users, and
other (sub-)groups. Both interviewees indicated that being physically co-located
within the Fab Lab and the resulting opportunities to visualize and directly
demonstrate things, were beneficial for overcoming unfamiliar terminology and
concepts with users. In the case of (primarily) online communities, these barriers
have been found to be potentially more difficult to overcome (cp. (Castellani
et al. 2009)). However, digital sharing and data, heavy use of non-professional
tutorials, and discussions on the internet and other remote activities were em-
phasized as crucial and even partly responsible for the existence of a global Fab
Lab network (cp. (Ludwig et al. 2014)). As the Fab Lab coordinators have many
things to do at the same time during Open Lab sessions and cannot always
support individuals with their problems, I02 recommended a visual troubleshoot-
ing guide to trace, for example failed 3D prints, or common sources of errors and
to help users to not only solve their current issue but to also point them towards
common vocabulary and concepts, as well as opportunities in the digital and co-
located realms to learn more.
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4.2.2. Constructionist “hands-on” didactics
Both interviewees highlighted the importance of starting to “just make things” and
become hands-on with the actual machines and materials as quickly as possible.
According to I01, “the only thing that helps [is to bring people] as soon as possible in
contact with the machines because the major part is not to teach them something. It is
rather to give them a push in the right direction and afterwards be there during the
appropriation process. Giving advice, answering questions, and showing some
techniques [are important]” (I01). So, constant support from experts whenever
something unforeseen happens or when an inexperienced user needs assistance
during use is important. Meanwhile, I02 framed his view in this manner: “Make.
Hack. Share. Learn. [...] The first step is just to make something. When you have
overcome the initial fear of the machine and you have had contact with it, especially
when you have been allowed to operate it, [...] then it is quite possible that something
gets started simply by doing something.”

Direct engagement is also actively promoted when experts themselves have to
perform a task for experience or safety reasons. We observed someone being shown
another way of calibrating a 3D printer. This procedure is usually done with a
thickness gauge that has to slide between an extruder nozzle and a print bed and
has to feel “just right”. So, an experienced user has to do it correctly at least once and
let new users “get a feel” for it, which the expert in our observation actively
promoted. The general “hands-on” approach in project- and community-oriented
settings (see 4.2.3) can be seen to be connected with broader constructionist ap-
proaches to learning and sharing expertise (Elliott and Littlefield 1995).

4.2.3. Expertise sharing within the community
I01 mentioned different approaches for finding experts or expertise inside the
community: “There are cases in which someone contacts people like the other
coordinator or me [remotely], as we are easily recognized as experts, and we connect
them with each other” (I01). There are also cases in which people merely come by
physically and ask, probably because they are already familiar with community-
oriented work. Simply walking in during Open Lab sessions is especially easy.Many
other possibilities arise, from calling out for help to looking around at what the others
are currently doing and seeing if they are available to be asked. Moreover, commu-
nication during the Open Lab can be proactively initiated by more experienced
members who are interested, by simply asking, “Hey, what are you doing?” or
“Can I help you somehow?” (I01). However, for some it is already a hurdle to ask
proactively face-to-face for help (I01).

Relatively experienced community members often recognize when someone
needs help and consequently offer guidance directly. The interviewees believe that
expertise sharing largely works within the Fab Lab in this manner. A defined process
is lacking, but when support is required, “someone in the group is quickly asked and
then both of them approach the problem together” (I02). This uncomplicated way of
requesting expert help and the ad hoc support beyond structured processes has a
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positive effect on the learning process (I02). Another approach to getting support
from the Fab Lab community is to join its online community boards such as a GitHub
repository, and, in particular, its Telegram group (a free, cloud-based instant mes-
saging service), which has a growing number of members (02/ 2020: 170): “What we
also have is a Telegram group for the Fab Lab in which you can ask questions, and
usually you get a clue or tips quickly [...]” (I02).

However, in some cases, no expert is available within the Fab Lab itself or
available for a quick call or chat to try to explain the process of operating the
machines or overcoming a problem. Help-seekers may then be obliged to conduct
their own investigations, as I02 explained with the following example of a special
printer: “I observed it with this Form Labs printer – a special machine with which
only a small group of people interacts. There is someone working here mostly on his
own because others [are unavailable] to ask for help” (I02).

The Fab Lab was founded around 2013, after both of its current coordinators had
first come into contact with 3D-printing and other digital fabrication technologies.
Hence, the coordinators’ learning experiences were potentially different from the
community-based learning inside the Fab Lab. As a result, we inquired into their
personal expertise-gathering processes. Each interviewee had followed a slightly
different appropriation process. One had learned more about 3D-printing by himself,
with the help of online platforms, such as forums: “[...] to look up things in a forum if
a problem arises, I think I’ve still not read the manual. Basically, it’s really forum-
knowledge.” The other interviewee had gained his knowledge more through making
and trying out things within a small group of interested individuals: “Honestly, I have
just tried out everything.” However, in both cases, a community – online and offline
– was an essential part of the learning process and its relevance was repeatedly
emphasized.

4.2.4. Interplay of organizational and communal expertise sharing
Community-based expertise sharing and exchange with other people has been
reported as important in co-located settings such as the Fab Lab. However, fixed,
organizational points of expertise sharing were also found to exist, namely the safety
introductions. These safety introductions are mandatory for users on an annual basis,
offered regularly, and shaped by legal requirements such as the need for an actual
staff member to deliver them and to have signature-based documentation. The safety
introductions focus on the safe operation of the respective tools or machines as well
as on rules and regulations. The idea is to “really just show the basics” (I02) and
merely offer a brief glimpse into the actual operation and the actual expertise needed
to successfully use the machine and the lab in general to their full potential.

Help, co-supervision, and “over-the-shoulder learning” (I01) for this open-ended
phase of gaining operational knowledge and expertise are mainly managed through
the community. Having encounters with different people with various skill sets and
levels of expertise and using the Fab Lab as a space for the community provide the
basis for this type of learning environment. Appropriation occurs by “[...] looking at
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other’s work, then you help each other, then you ask what the others are doing and
how it works and that’s how it is built up, [...] [this is] the major part of learning
inside the Fab Lab” (I01). Emphasis is placed on the role and importance of (non-
employed) community members stepping up and adopting the role of experts,
allowing over-the-shoulder learning to take place after the initial introduction is
completed. With regard to 3D printing, I02 stated that “[...] there are three or four
people who are doing this. They have accepted their role as experts and support
others with pleasure; they are always ready to help [...].”

Observation: During the slicing process (i.e., the conversion of a 3D model to
machine instructions for a 3D printer) of a previously constructed model, one person
was unsure about how to read and understand the options and preview the outputs of
the software. To find out, he sought help from the other members who were present.
He explicitly asked one available person. Then, someone else came and stood beside
him and gave recommendations from time to time. The help-seeker operated the
computer with the slicing software. Overall, the Fab Lab community seems to have a
fluid understanding of expertise ownership and the contextual nature of expertise.
Outside of the mandatory safety instructions, in which roles are prescribed, the actual
guidance given can change rather quickly, according to need.

Observation: One community member, whom the other members had previously
indicated was an expert in printing, was unable to use a specific printer for one of his
projects because the printer had a defect. He therefore wanted to use another printer
that was currently available. However, this printer was from a different manufacturer
and he had never used it before. As the setup of the printer was different from the one
that he was used to, he searched for help by asking the other members who were
present. He was answered and helped by another community member, who had
previously said that the help-seeker was “the” expert for 3D printing.

4.2.5. Potential for remote support
Lab coordinators and other community members had already discussed remote
connections to the community and other experts, especially to support inexperienced
users. One idea was the concept of “a big red help-buzzer next to each machine in the
lab that calls a group of voluntary remote experts for that machine who are not
currently physically around but who can usually help with operational questions”
(field notes). I01 mentioned the benefit of establishing ad-hoc communication with
experts to get help or answers, which otherwise would need intensive research and
domain-specific knowledge. He provided this example: “The CNC guys (a group of
community members who work with professional CNC mills during their day jobs)
know which end mill to use for which material, at which velocity. [However,] we
have to look into some complicated books of tables every time [...]” (I01).

He also suggested (without this topic being previously mentioned by us) that AR
might allow some form of co-presence and perhaps something similar to “over-the-
shoulder learning.” He also suggested that AR would allow “media richness” during
the process. Additionally, however, I01 stated that “over-the-shoulder learning and
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getting to make something pretty soon are important parts of the process. I don’t
think that this can easily be made completely digital and [it] requires a lot of
communication” (I01).

Observation: All the interactions transpire around a physical object serving as a
shared point of reference. This physical object may be the computer screen during the
early stages of construction and slicing, the printer or machine itself, or the finished
or failed product of the process. During all of these phases of the production process,
the collaborators gather around this object and refer to it, point at it, touch it, and
move it during their discussions and explanations. Whether the object was a screen,
the extruder of a printer that was being calibrated, or the failed printed artefact, which
was used to analyse errors that had occurred during the construction or configuration
phase, there was always some physical object around which people gathered.

I02 also highlighted the importance of having multiple perspectives on a problem
to effectively solve it, citing as an example the printing bed and the printed geometry,
combined with access to information about printer models and settings and some
form of face-to-face communication for 3D printing support. He also considered AR
as a potential solution and suggested pointing functionality to be able to reference
parts of the printer, its output, and the process (see also the visual guides mentioned
in 4.2.1).

5. Design challenges and implications from the literature and the empirical
study

In this section, we summarize the requirements and design challenges regarding
remote troubleshooting and expertise sharing from both the literature (section 2) and
the empirical study (section 4) and derive design implications for the support of
remote troubleshooting practices. These were used to inform the initial development
of a very basic prototype, shARe-it (which is described in section 6). The literature
already provided a number of interesting insights regarding remote expertise sharing
and ways of supporting it (Table 1). Where relevant, we have also indicated how
these insights were reinforced by our own empirical observations.

Design Implication 1: As the literature demonstrates, problems with remote
troubleshooting are primarily due to incomplete problem descriptions that are not
understood by the expert because they are chiefly based on verbal communication
(Castellani et al. 2009; Crabtree et al. 2006; Ludwig et al. 2014). The remote experts
must therefore be provided with additional channels to obtain better access to the
help-seeker’s site and how the problem is presenting itself. The literature suggests
focusing on designing a visual communication channel, supported by virtual anno-
tation overlays to enhance the verbal communication (Adcock and Gunn 2015;
Fussell et al. 2004; Gauglitz et al. 2012, 2014; Huang and Alem 2011; Oda et al.
2013).

Design Implication 2: Within remote troubleshooting settings, a physical, con-
ceptual, and logical dislocation occurs between the expert and the person seeking
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help, which increases the difficulty of articulation work (Castellani et al. 2009;
Crabtree et al. 2006). A key challenge is how to allow experts and help-seekers to
collaboratively use different types of media to support the various forms of articu-
lation work. This suggests a need for shared spaces and ways of providing access to
the same underlying resources to foster articulation work (Castellani et al. 2009;
Tecchia et al. 2012; Whalen et al. 1988; Whalen and Vinkhuyzen 2000) .

Design Implication 3: Gestures play an important role in supporting the conver-
sational grounding process (Clark and Marshall 1981). Deictic gestures are more
efficient for object identification (Bauer et al. 1999) and iconic gestures a more
effective for procedural statements (Fussell et al. 2004). Remote troubleshooting and
the shared spaces must therefore support gestures. Gestures were also seen to play an
important role during the empirical study, where they were used to emphasize co-
located physical interactions and clearly indicate a referenced object. During the
study, the experts used iconic and deictic gestures to support the verbal description of
physical tasks.

We can extend upon the three design implications taken from the literature by
adding some important design challenges that were derived from the empirical study.
Here, the difficult part is to derive implications based on the challenges of co-located
expertise sharing that are also relevant for the support of remote expertise sharing.
Designing for remote expertise sharing makes a number of the positive aspects of co-
location unavailable, such as over-the-shoulder learning, spontaneously noticing

Table 1. Design challenges and implications from the literature

No. Findings from Literature Design Challenges Design Implications

DI1 Troubleshooting often simply
relies on an audio channel,
and experts have no way of
knowing whether their
instruct ions have been
executed.

How to enhance the verbal
communication through
additional channels and
p rov ide expe r t s w i t h
feedback about a help-
seeker’s actions?

P r o v i d e a v i s u a l
communication channel to
e n h a n c e v e r b a l
communication and monitor
help-seekers.

DI2 The physical, conceptual, and
logical dislocation between
the expert and help-seeker
interferes with remote
troubleshooting.

How to enable the expert
and the help-seeker to col-
laboratively use different
types of media, so both have
access to the same underly-
ing resources?

Provide functionality for
sharing spaces and media
and using them together
collaboratively.

DI3 Ge s t u r e s s uppo r t t h e
conversational grounding
process. Deictic gestures are
e ffi c i e n t f o r o b j e c t
identification, whereas iconic
gestures are useful for
procedural statements.

How to ensure that different
types of gestures can support
the grounding process?

Provide different types of
gestural affordances and
implement functionality to
enable both the expert and
the help-seeker to use ges-
tures within their shared
space.
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what others are currently doing, and ad hoc questions to other on-site users. Never-
theless, certain design implications for remote settings can still be derived (Table 2).

Design Implication 4: The Fab Lab is a heterogeneous setting with its 300 m2 and
multitude of different machines (CNC milling, 3D printers, soldering stations, etc.)
and workstations (manual workstations, semi-automated stations). There are there-
fore no existing instructions for individual work steps or manuals on how to carry out
something. For this reason, expertise sharing often takes place spontaneously and in
an ad hoc fashion, with finding experts being heavily based upon community work
and simply asking for help. This turns upon being based in the same environment,
being able to recognize others who need help, and being able to ask either a specific
person known to be an expert or the entire community for help. A challenge within
remote troubleshooting settings is to allow these forms of ad-hoc communication and
to foster help-giving and demonstration. This implies the provision of a tool that can
feed problems to a group of experts, so that an expert can decide if they can and will
help. Due to the heterogeneous field and because the occurrence of problems cannot
be predicted exactly, the tool will need to take the form of a mobile AR application
that allows for hands-free operation of the hardware (e.g. smart glass).

Design Implication 5: As the Fab Lab community is already a field of application
in a co-located community inhabiting a complex setting, it already uses tools such as
Telegram to communicate, exchange expertise, and provide help outside the phys-
ically co-located Fab Lab environment. Within Telegram, the community already
posts photos or short videos that support the description of a problem (cp. (Bobrow
and Whalen 2002)). As the empirical study revealed, even when people are co-
located, it is not always clear in advance who the expert is and which problems

Table 2. Design challenges and implications from the empirical study

No. Results Design Challenges Design Implications

DI4 Finding expertise is achieved
through ad-hoc communica-
tion and spontaneously ask-
ing someone for help.

How to enable ad-hoc com-
munication with experts in
remote locations?

Be able to ongoingly feed
problems to a group of
experts, so that an expert
can decide if they can and
will help.

DI5 The community maintains a
me s s a g i ng g r o up f o r
o r g a n i z a t i o n a l
announcements and chat-
b a s e d r e m o t e
troubleshooting.

How to give access to a pool
of experts via already
established communication
channels, such as Telegram?

Integrate resources such as
Telegram to let experts
obse rve the work by
offering contextualized
information.

DI6 Over-the-shoulder learning is
an important expertise-
sharing practice.

How to support ad-hoc and
visual over-the-shoulder
learning from remote loca-
tions, where different angles
are necessary?

Use a video-feed that is
quick and easy to set up
and capable of sharing dif-
ferent views.
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someone else might be able to provide support for. So, applications like Telegram
provide a pool of potential experts that can be drawn upon. Thus, it would seem
reasonable to integrate Telegram-like applications in any provision of remote support
to act as a communication channel for finding experts. It would also seem sensible to
make use of pre-existing applications with which people are familiar, rather than
obliging people to learn to use something new.

Design Implication 6:Within primarily hardware-focused co-located settings such
as the Fab Lab, experts typically facilitate an over-the-shoulder learning process, in
which they examine the machine and things like the printed object together with the
help-seeker from different angles and with a shared view. The challenge in this case
is how to provide for the ad-hoc and visual nature of over-the-shoulder learning in a
remote situation (C6). This would seem to imply a need for a video-feed that is easy
to set up and capable of sharing a view from different angles.

6. shARe-it: A prototypical AR-based remote troubleshooting application

Having reviewed the literature to examine how remote expertise sharing is
already supported (section 2) and having conducted an empirical study (section
4) that added insights regarding expertise sharing and troubleshooting in co-
located, hardware-focused settings, we wanted to build an initial, very rough
prototype that could help us to undertake an initial exploration of some of the
design implications presented in section 5. Our idea, here, was to engage in
some very preliminary low-cost and easy design that could inform the con-
struction of a more concrete prototype once we had established what might or
might not work. This initial implementation of the HoloLens-based application,
shARe-it, is described below.

6.1. Hardware and implementation

The Microsoft HoloLens’ recognition of a physical environment is an important
functionality that allows for the spatially aware and consistent placement of
digital objects in the real world in combination with HoloLens’ projections on a
see-through surface. We felt that this capability might extend upon other
existing approaches to remote troubleshooting, because other approaches either
scan the environment of the help-seeker with 3D-cameras, taking the focus
away from the real world (Gao et al. 2016; Tecchia et al. 2012), or scan the
environment to provide project guidance Adcock et al. 2013, 2014). The latter
is limited in its reach by the fixed position of the projectors. Mobile solutions,
such as those proposed by Huang and Alem (2011) or Adcock and Gunn
(2015), require additional hardware on the expert’s side for capturing their
hands or their spatially-projected guides are not consistent. Our initial focus,
then, was upon developing as an off-the-shelf solution for a hands-free AR
application that could support remote troubleshooting and expertise sharing.
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Although we wanted to kick off the design process with a relatively quick
and dirty prototype that would be good enough for some preliminary testing,
we also wanted to provide the prototype with a solid enough technological
foundation to reflect the above motivation. We therefore implemented our
application, shARe-it, by using Unity (https://unity.com/) and C#. Unity is a
cross-platform game engine that can be used to create 3D models and therefore
virtual reality as well as augmented reality games. As a 3D game engine, Unity
is responsible for rendering the holograms, providing a physics engine and
adding to the 3D objects. The behaviour is described by Unity-Scripts, which
we programmed in C#. As C# is used by the code provided by Microsoft for
the HoloLens, it was used for the entire implementation. We used the Microsoft
Visual Studio IDE, which allowed us to deploy the code to the HoloLens itself
via USB or WLAN and to use an emulator. We used four main toolkits for
implementing the application:
& Microsoft’s Mixed Reality Design Lab1 provides sample app projects that

demonstrate how to use various types of common controls and patterns in
Mixed Reality. The prefabs and scripts offered by this repository ease the
creation of GUIs and establish a consistent visual impression with the rest of
the OS, as well as the behaviours.

& Microsoft’s HoloToolkit-Unity2 offers scripts and components intended to
accelerate the development of holographic applications targeting the Windows
Holographic specifically for use in Unity. Among other things it includes
prefabs for setting up input methods, offers interfaces for Air taps, clicks,
voice commands or a cursor, as well as a HoloLens camera and assets for
adding spatial mapping to a project.

& Microsoft’s HoloToolkit3 adds additional tools for the development of mixed
reality applications which are not specifically for use in Unity. Apart from
providing the code used in the Holotoolkit-Unity for spatial understanding and
to identify surfaces, it contains the server application for sharing data between
different mixed reality devices.

& Microsoft’s MixedReality Companion Kit4 contains helpful tools and
resources for the development of mixed reality applications. However, these
are not intended to run on the HoloLens itself. The majority of the provided
tools revolve around sharing the HoloLens’ augmented view with someone
else using another device.

1 Mixed reality design labs. Retrieved from https://github.com/Microsoft/MRDesignLabs_Unity
2 Holotoolkit-unity. Retrieved from https://github.com/Microsoft/HoloToolkit-Unity
3 Holotoolkit. Retrieved from https://github.com/Microsoft/HoloToolkit
4 MixedRealityCompanionKit. Retrieved from https://github.com/Microsoft/HoloLensCompanionKit
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6.2. Functionality of shARe-it

Within this section, we describe the functionality of the version of shARe-it we
deployed. The application was divided into two parts. The first part focused on
finding a remote expert, while the second part dealt with the actual remote trouble-
shooting process (Figure 3). As it was central to realising this first basic deployment,
we will focus here upon the role played by the HoloLens.

For our initial design, we conceived of the process as follows: Upon encountering
a problem and not knowing how to proceed, a user could start looking for an expert
by opening the HoloLens-basedAR application, shARe-it. During the initial start-up,
shARe-it would initiate an expert finding process by placing a button for finding
support directly in the field of view (Figure 4, left). For usability reasons, we enabled
an option to move all the elements to the bottom of the view. We also designed the
application so that voice commands such as “Find expert,” “Can anybody help me?”
“I need help,” or simply “Help” could trigger the process. Although this functionality
was implemented from the outset, to make things straightforward, our initial basic
exploration of the viability of the system did not look at any of the expert finding
elements and focused only on the synchronous expertise sharing.

In brief, prior to any actual synchronized troubleshooting involving direct collab-
oration between the user and a remote expert, the functionality was designed to work
as follows:

As a preliminary, the HoloLens supported the recording of the scene through its
built-in cameras and audio recorders, with it being possible to use photos and short
video clips to describe the problem at hand (see Section 5, DI1). So, if a help-seeker
decided to underpin their problem articulation with visual material, they could
initiate this through gestures or voice commands in combination with head move-
ments (Figure 4, middle).

After recording a video or taking a picture (or just capturing an audio file), the
current situation could be shared with the community or a specific expert (see
Section 5, DI4). In view of its existing use in the community we were working with,
Telegramwas integrated to make this possible. The user could select the specific type
of chat they wanted to use and shARe-it would then offer it to local group, other
group chats, or private chats (Figure 5, left). A Telegram bot, BotFather (https://t.me/
botfather), was implemented to direct and forward the transmitted audio, pictures, or
video files, which could handle the communication between the HoloLens

Figure 3. Underlying shARe-it concept
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application and the Telegram groups (see Section 5, DI5). After recording the scene,
the captured representation could be shared with the selected group, accompanied by
a link throughwhich experts could join the troubleshooting session. The link allowed
an inline preview of the content to give the experts an initial sense of what might be
going on (Figure 5, right).

Once at least one expert had joined the session, the actual synchronized trouble-
shooting process could start. However, the invitation link remained available to
enable other experts to join as well.

As the first step in a troubleshooting session usually involves the help-seeker
giving a description to the remote expert (Castellani et al. 2009), the shared inline
preview of the content in the Telegram group already encompassed a first partial
description. However, we knew that this would not be enough if the problem was
more complex or difficult to identify, making it hard for the help-seeker to capture
(Lukosch et al. 2015). Prior work has shown that, in these kinds of situations, the
users work with the experts to collaboratively narrow down the problem (Castellani
et al. 2009). To support this, we therefore implemented a video stream that would
enable the expert to observe the situation on their own, in something approaching
what might happen in a physically co-located situation (such as the Fab Lab). Our
hope was that this would reduce the sense of physical dislocation. Additionally, the
HoloLens’ cameras was able to provide a shared view that could give the expert the
same perspective as the help-seeker, thus potentially easing the communication and
reference to objects (Clark and Marshall 1981; Susan R. Fussell et al. 2004).

Figure 4. Initial start-up of shARe-it (left); recording a problem (middle); accepting/declining
recording (right)

Figure 5. Selecting the target group (left); sharing of the recorded content through Telegram
(right)

Ludwig Thomas et al.142



Even though full view independence for a remote participant can enhance the
quality of a collaborative task (Tait and Billinghurst 2015), we decided to always
transfer the “field of view” (camera) of the on-site user, as we wanted to provide an
off-the-shelf solution that would support a measure of mobility (see Section 5, DI6).
Enabling a full view independence would have demanded setting up a lot more
(specialized) kit and we assumed that, through the various channels available, the
dislocation could be managed well enough to get the job done. We saw this as a
trade-off between practicality, expense and deployability.

During collaboration, a shared understanding of the situation can be strengthened
not only by vocal communication, but also by gestures (Fussell et al. 2004). Two of
the three tasks in a conversational grounding process are supported by both deictic
gestures and representational gestures, which can be either iconic or spatial (Fussell
et al. 2004). To allow representational gestures and a feeling of co-presence, we
designed shARe-it to not only provide a video from the help-seeker to the remote
expert, but to also feature video the other way around. This is already commonplace
in remote troubleshooting systems, but we recognised the value of having a repre-
sentation of the remote expert somewhere within the environment. At the same time,
we set things up so that the help-seeker could place the image of the expert where it
was most convenient (Figure 6, left). The facial representation of the expert could
also be hidden, adjusted, or simply removed. However, we used the hologram to
represent an active connection with the remote expert, so, if it was removed, this
closed the connection. We made sure this did not close the entire session, as there
was a possibility that multiple experts might be in the session or that another expert
might join the open session later. When multiple experts were in a session simulta-
neously, they were each represented by their own hologram with the same respective
functionality.

Apart from representational gestures, other gestures can also reference phys-
ical objects in a help-seeker’s space (see Section 5, DI3). As both drawing
gestures (Fussell et al. 2004) and hand gestures (Kirk and Fraser 2006) have
been shown to improve task performance, we focused on supporting both of
these (Figure 6, middle). However, we did not implement capturing real hand
gestures on the expert’s side to overlay onto the help-seeker’s view. This would
have required additional hardware and hampered the ad-hoc communication
that we had already found to be essential in the empirical study (see also,

Figure 6. Troubleshooting session with gestures (left), drawings and visualizations (middle),
and video integration (right)
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Tecchia et al. 2012). We set it so that the gestures would automatically
disappear after a brief period so that neither the expert nor the help-seeker
would have to remove them manually (Fussell et al. 2004). Given the potential
presence of multiple experts, individual gesture markers were distinguished by
different colours.

To ensure a mutual understanding of the situation, we also built the proto-
type so that different types of media could be shared (see Section 5, DI2)
(Crabtree et al. 2006). The experts had the option to select various types of
media to share with the help-seeker, such as images, documents, websites, and
videos. [“There is so much on YouTube, which can really support things on a
visual basis.” (I02)]. At the same time, because everything on the side of the
help-seeker using the HoloLens was potentially going to be displayed directly
inside the expert’s view (Figure 6, right), we felt that the help-seeker had to be
able to control the amount of information they wanted to be displayed. We also
anticipated that providing all the information simultaneously could obscure
some part of the real environment.

7. Initial testing

Our main interest in this study was to examine whether new technologies, such
as AR-based smart glasses, coupled with new possibilities for shared views and
annotations, could offer new possibilities for the support of remote trouble-
shooting and expertise sharing within hardware-focused settings. Having drawn
upon the existing literature and our own situated empirical study to arrive at the
initial design outlined above, we wanted to undertake a basic assessment of the
viability of the HoloLens-based aspects of the design. The goal here was simply
to explore whether our current understanding of what appropriate support might
look like and our expectations regarding what the HoloLens could actually
provide were sufficient for a fully-developed prototype to be implemented. So,
at this point, we were only interested in uncovering evident problems with the
technology, before moving towards real-world testing (which is a more expen-
sive exercise in a number of ways).

To make things as simple as possible and to keep costs to a minimum, we
concentrated solely upon the functionality designed to support actual synchro-
nous interaction between a user and a remote expert. We therefore developed
some simple tests that would include certain kinds of tasks relevant to at least
some aspects of a remote troubleshooting scenario. We were also explicit about
the proposed scenario for future use with our participants and sought to use the
rudimentary tests provided as a prompt to their imaginations by giving them
some sense of what modern AR technology could do and what it might be used
for. Beyond the tests themselves, then, we cultivated their feedback regarding
the system’s possible future use. In this sense, the initial implementation had
the flavour of a co-design workshop framed around practical tasks.
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7.1. Method

The tests involved an initial, pre-interview, a set of group-based tasks using certain
aspects of the shARe-it application, and a post-interview. The pre-interview was
designed to gain insights into the participants’ qualifications and their experience
with AR and remote collaboration. The post-interview focused on problems with the
use of the application, technical constraints and task difficulties, and suggested
features in view of its anticipated future use.

As at this point we simply wanted to examine how AR-based remote trouble-
shooting and expertise sharing might be best realized, we recruited pairs of test
participants, where one would adopt the role of a remote expert and the other the role
of a help-seeker. The remote expert used a notebook or smartphone and the help-
seeker used the HoloLens. In total, we undertook 7 sets of tests with 14 participants
(P01-P14) grouped into seven groups (G01–G07). The participants were recruited at
our university and within the Fab Lab. Most of the participants were students or
research assistants and a few already had experience with AR and the HoloLens (see
Table 3).

The tasks we set the participants sought to simulate certain aspects of remote
troubleshooting, with a help-giver (the ‘expert’) and a help-seeker attempting to
identify a problem and then to try to solve it (collaboratively) using shARe-it. The
expert therefore had to guide the help-seeker through different physical activities. To
keep the implementation as simple as possible, we placed both the expert and the
help-seeker in one room, but kept them separated by placing a wall of cardboard
boxes in the middle of a table and sitting them at opposite ends of the table (see
Figure 7). The boxes were sufficiently high that the participants could not see over
them to the other side and thus had to rely on the shared view provided by shARe-it.
At the same time, they could still see and talk to each other, as would be the case with
the face representation and audio channel in shARe-it. We therefore initially
switched off the face representation for the tests, but it turned out later that this
functionality was switched back on by one group and used for media sharing (see
section 8).

We focused on two different tasks. The first was a LEGO assembly task (cp. (Gao
et al. 2016; Huang and Alem 2011; Kirk and Fraser 2006; Tecchia et al. 2012)).
Using a LEGO assembly task (Figure 8) demanded little in the way of set-up of other
equipment outside of shARe-it. In addition, the task required various kinds of
physical manipulation that had some relationship to the tasks encountered when
troubleshooting. Of course, the help-seekers had some understanding of the artefact
that would not necessarily be the case with a complex machine, but it still gave us an
opportunity to understand what resources were called upon for guided manipulation
and whether these resources were being readily found in the shARe-it application.

We gave the experts instructions regarding the building of LEGO artefacts and the
help-seekers had to build them. The expert had to guide the help-seeker through the
process of systematically building the artefacts by using the various features

shARe-IT: Ad hoc Remote Troubleshooting through Augmented... 145



available in shARe-it. Although this might seem to have an experimental motivation,
our interest was less in measuring performance than in trying to unpick how the
interaction between the ‘expert’ and ‘help-seeker’ proceeded as an interactional,
collaborative and negotiated exercise, given the support of the technology. To

Table 3. Test participants

No. Role / Job E d u c a t i o n a l
Background

Experience of using HoloLens

P 0 1
(G01)

Professor P hD i n f o rm a t i o n
systems

Supervised student work about AR
supported hardware tutorials

P 0 2
(G01)

Research associate M a s t e r ’ s d e g r e e
information systems

Exploring VR possibilities in a
research project

P 0 3
(G02)

Research associate Master’s degree media
business

Worked with the HoloLens during a
project

P 0 4
(G02)

Research associate M a s t e r ’ s d e g r e e
mechanical engineering

AR and HoloLens use in research
project, externally developed

P 0 5
(G03)

Master’s student HCI B a c h e l o r d e g r e e
electrical engineering

No previous use of AR, use of VR
for 360° pictures and videos

P 0 6
(G03)

Master’s student HCI Bachelor psychology Expe r i e n c ed w i t h VR /AR ,
managing a VR lab. Mostly
focused on VR

P 0 7
(G04)

Bach e l o r s t u den t
information systems

High school No previous use of AR or VR

P 0 8
(G04)

Bach e l o r s t u den t
information systems

High school No previous use of AR or VR

P 0 9
(G05)

Electrician Vocational training No previous use of AR or VR

P 1 0
(G05)

Nutritionist B a c h e l o r d e g r e e
nutrition science

No previous use of AR or VR

P 1 1
(G06)

Industrial management
assistant

Vocational training No previous use of AR or VR

P 1 2
(G06)

Bank clerk Vocational training No previous use of AR or VR

P 1 3
(G07)

Apprentice in metal
industry

High school No previous use of AR or VR

P 1 4
(G07)

Machine Operator Secondary school No previous use of AR or VR

Figure 7. Test setting
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identify the benefits of the application, we used two slightly different variations of the
task. In the first session, the participants only had the shared view as a supporting
technology; in the second session, the gesture and drawing functionalities were
enabled.

Without going into detail at this point, it should be noted that the setup of the first
test had some limitations because the physical LEGO objects were small and the
participants encountered difficulties with the precise identification of the physical
surroundings caused by the HoloLens spatial mapping (see section 9). The second
test therefore focused on larger physical Lego-based objects that would fit better with
the HoloLens’s mapping (Figure 9). Here, the objects had to be placed in a specific
position and rotated (cp. (Adcock et al. 2013; Adcock andGunn 2015)). To provide a
basis for the communication of the positions of the objects, they were situated on a 5
× 5 grid.We used five different objects, each one unique in terms of colour and shape
(Figure 9). Two of the objects had a similar shape, whereas two had the same colour,
such that no object could be solely identified on the basis of a single attribute.

The first test indicated that the shared view was more beneficial than the marker
and drawing options. Therefore, we differentiated between three types of options: (1)
without the HoloLens and just using audio; (2) with the HoloLens and shared view
enabled; and (3) with the HoloLens, shared view, andmarkers and drawings enabled.
All participants undertook all tasks across both tests.

Prior to the actual tests, we introduced the overall handling of the HoloLens, the
application itself, and the different types of tasks. In order to learn the general
handling of the HoloLens and to calibrate the tool for the respective participants,
the participants were asked to enact the first phase, “finding an expert”, even though
the backend to support this was not enabled. For this purpose, the participants were
asked to record a video in which they explained the current situation by using
gestures or voice commands and then sent it via Telegram to an account predefined
by us using the air tap gesture. This gave us some basic insights regarding the current
“finding an expert” process and gave the participants some training in the use of the
application. None of the participants had problems with handling the technology at
this point, so we will focus here on the collaboration results and subsequent
suggestions.

In view of our overall interest in understanding the viability of new AR technol-
ogies for supporting troubleshooting, a key focus of the tests was the part played by
the usability of the technology. During the tests, the participants were therefore asked

Figure 8. LEGO assembly task
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to “think aloud” (Nielsen 1993) and were audio-recorded. The tasks themselves were
recorded using screencast software, which recorded the screen of the remote expert
and the shared view of the help-seeker wearing the HoloLens. In addition, the
webcam on the laptop or the front camera of the smartphone recorded the expert to
capture any gestures they performed via the face representation channel.

7.2. Results

The tests were conducted in German. All of the excerpts in the following were
therefore translated fromGerman into English. We have tried to capture as closely as
possible the sense of what was originally said.

7.2.1. Establishing a common ground
To successfully communicate the type of object a help-seeker should use (object
identification) and the form of activity to undertake with the object (procedural
statement), the remote expert and the help-seeker had to find a common ground of
understanding. The shared view of shARe-it made arriving at a common understand-
ing easier. After using shARe-it with the sharing enabled, an expert (P05) said about
the first type of task, where it had only been supported through audio: “If I had seen it
before, the step until the other person understood what I meant would have gone
much faster. Then, P06 could have placed the brick there and I could have said ‘No,
that is wrong. Turn that a little bit further,’ or something like that” (P05). The benefit
of grounding the process through the shared view was more obvious in the groups
with the object placement task, which included an additional step without the shared
view. This resulted in multiple situations in which both participants had to find a
shared understanding of different parts of the object and hence communicate its
alignment, as illustrated in the following vignette:

P05: The pike points to the top right.

P06: I’m not quite sure about the “pike to the top right.”

P05: You have something like an “L,” and the pike of that is on the top right.

Figure 9. Positioning and rotating task
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(P05 draws an L shape in the air, stopping at the point that he refers to as “pike.”)

P06: But what do you mean by “pike,” this part?

(P06 holds the object up, so that P05 can see it over the cardboard boxes, and
points at one end.)

P05: No.

P06: That one?

P05: No. The other one.

P06: That one?

P05: Yes.

P06: The corner?

P05: Yes. Ok, then we will call it the “corner.”

In this situation, an equivalent of the face representation channel was used to
overcome the misunderstanding between the participants. As a purely verbal de-
scription of the problem was not sufficient, the participants in this group simply
violated the setting and showed themselves Lego bricks over the “wall”. On the one
hand, this shows that the setting was not as well-constructed as wemight have hoped.
On the other hand, however, it shows the urgent need for visual support, since purely
verbal descriptions quickly reach their limits. [“If you can see and hear the other
person, you can be substantially compensated by using other ways of communicat-
ing.” (P02)] The face representation channel therefore supports the process offinding
a common ground by adding the scope for things like visual clarifications (which
turn in their own right, upon various forms of deixis, e.g. ‘That one?’, ‘No. The other
one’) as can be seen in the way this group used it to show the object to each other to
make sure they both meant the same feature (Figure 10).

7.2.2. Communicating object identification
One aspect of establishing a common ground was the identification of the object or
the LEGO brick. During the tasks without digital markers, the identification was only
communicated verbally. To identify the different objects, the participants opted to
use either previously established descriptions as a reference, make up a new one
when it was needed, or use common knowledge, such as the shapes of different
letters (T or L), colours, or a combination of the above. As the two excerpts from
different groups below show:
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P01: Next is the “L” which is on the top-left for you.

P03: Then you’ve got a red brick, similar to a” T.”

P05: The “Tetris” thing is in the first row from the top, in the middle.

P05: Take that brick and push it there.

P05: I’ve marked one brick and that is the target.

On the one hand, the shared view did not change the verbal identification process.
The observable benefits of the shared view included the improved capacity to support
the procedural statements and its use as a feedback channel. On the other hand, the
digital markers, augmenting the shared view, did alter the communication between
the participants without the interference of the constraints of shARe-it and the
HoloLens hardware: “Then you have to communicate which brick you’ve meant.
So, you can either say ‘Brick xy,’ or you can do it like I did it in the last step, clicking
on the brick and placing a marker on it” (P05).

The group that was the most experienced with AR maximized the use of the
digital markers. However, most groups encountered difficulties with the markers’
accuracy during their session (this prompted us to change the tasks from the LEGO
assembly to the object placement task). G01 used the feedback provided by the
shared view to support the identification process. The expert started to describe the
LEGO brick needed for the next step, while the help-seeker searched for it and
pointed at the brick he thought matched the description.

Where the selection was correct, the expert confirmed it. Another reason for the
less frequent use of digital markers during the object identification might have been
that the identification of the different objects was not so much of an issue as it was
with their assembly during the first task. Often, if small uncertainties occurred, they
were solved beforehand.

P01: Next is the thing that lays on the top-left on your side; exactly this.

Figure 10. Help-seeker showing object to expert (left); expert showing what he means with
“row” and “column” (right)
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(P02 points with his index finger at a LEGO brick.)

P01: Some turquoise-colored, big, exactly that one.

(P02 grabs a brick during the description.)

7.2.3. Communicating procedural statements
The next important part to guide the help-seeker through her task is to specify the
action to be taken with a previously identified object. In terms of the LEGO assembly
task, the action involved defining where the next brick had to be placed to complete
the construction of the LEGO model. For the object placement task, the pertinent
position of the object was inside the grid and its alignment. As with the object
identification phase, this task was mostly performed verbally without using digital
markers.

During the object placement task, the position of the object was communicated
through the grid system. One participant suggested using a chessboard-like system to
uniquely identify the different fields [“The rows are letters and the columns are
numbers” (P06)], which amounts to explicitly creating a shared frame of reference.
Most groups adopted a similar approach that used the number of a row and a column
in combination with an origin from which to count. During the LEGO assembly task,
the group had the shared view at the outset and therefore used this shared view as a
feedback channel to help them to narrow down the instructions.

P03: That should go to the left in the uppermost row.

P05: In the first row, in the second column, counted from left.

P05: The” Tetris” thing is in the first row in the middle.

P09: Each of them has to be on the outside edges, exactly.

A method used increasingly with the introduction of the shared view was the use
of other objects as points of reference. This mode helped the participants to com-
municate the positions of the objects more rapidly and easily. Most groups
performing the object placement task started to use a sequential approach at some
point to order the instructions for the different objects. They would either go from the
top row to the bottom or the other way around, adding the information about which
object and which column or the lack of an object in that row.

P01: Where the dark-blue one was, there you put the white ones.
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P03: The red one, in the second field from the left, in the same row the yellow one
is in.

P03: Next the yellow ‘L’ in the field diagonally below the red one.

P03: Let’s start with the uppermost row, there we have the yellow ‘L’.

P13: Now we will go from the bottom to the top.

Within the object placement task, the digital markers were used more than during
the assembly task as the task setup was more customized to the constraints of the
prototype and hardware: “You simply don’t have to say so much anymore, you can
simply place a marker there and the other person knows, that’s the target” (P05).
However, some groups had issues with using the markers for visualizing the
placements due to the constant movement of the other person’s hands and they
therefore used them less and went back to plain verbal descriptions. During the use of
the digital markers, the verbal communication was largely reduced to expressions
such as “there,” “in this field,” and “where the marker is.”

Aside from the position, the expert also communicated the alignment of the
objects to the help-seeker. Given the lack of a grid system for the positioning, the
participants had to rely on their shared understanding of the objects’ parts to
convey their rotation. Reaching that shared understanding and creating a com-
mon ground for the communication could take some time and back-and-forth
interactions between the group members. Further referential expressions such as
“horizontal” and “vertical” were used. At this point, additional descriptions were
necessary regarding the part of the object that should be aligned in a given way.
The intensified complexity of the information to be transferred increased the
emergence of questions to seek confirmation that the information had been
understood correctly.

During the LEGO assembly task, the face representation channel was used not
only for the alignment but also for the transfer of other information. P05 also came up
with the idea of using the face representation channel for sharing media with the
help-seeker in the form of the instructions’ paper. This was an intended possibility, as
media-sharing capabilities would increase the usability of the process by providing a
channel dedicated to the sharing of information in the form of media. P03 attempted
to demonstrate the alignment of the object via this option and encountered some
problems. [“As I showed it, I had to keep in mind that it was mirror-inverted.” (P03)]
Meanwhile, P05 used the channel to point in the direction he was currently men-
tioning, only to also encounter problems with the mirror inversion. The introduction
of the shared view eased this process. As P03 put it: “If you see it through his eyes, it
makes it a lot easier. You can simply say ‘rotate it 90 to the left.’” This behaviour
could also be observed by using the shared view as a feedback channel and allowing
the experts to give procedural statements iteratively instead of trying to describe the

Ludwig Thomas et al.152



full action at once, which reduced the effort of verbally expressing the instructions
(e.g. P03: “now take the other piece” and “now put that next to the previous one”).

7.2.4. Communicating task status
Monitoring the task status is one of the most important aspects during remote
troubleshooting (Fussell et al. 2004). However, without a shared view, the expert
lacked visual feedback and had to rely on the verbal feedback from the help-
seeker. As one expert noted: “During the first step, I had no feedback at all. I had
to trust that you had done it correct, but I never really knew if you had done it
right” (P11). Conversely, the help-seeker stated: “I hope I’ve done it right”
(P012). The expert had to rely on the help-seeker’s understanding of the verbal
descriptions and that the help-seeker would perform it without error. As the
expert had no feedback, she could not locate the mistakes the help-seeker had
made and therefore could not correct them. As one group had previously come
up with the idea of using the face representation channel for media sharing, they
also used it as a feedback channel by showing the instructions to the help-seeker
after they thought they had completed the task to check if they had made any
mistakes.

The participants used the shared view to iteratively give instructions. The shared
view also allowed for monitoring the task status, intervention, and correction when
mistakes were noticed or a mistake was made in following the instructions
(Figure 11):

P01: The little one has to go right there on the top, there on top of the blue one.

P02: On top of this one?

(P02 points at brick.)

P01: Yes. Listen.

(P02 places brick at the position.)

P01: No, just a little bit higher. That’s right.

Although the digital markers were also shared and could therefore be used for
communication, they were seldom used for feedback. As discussed in the section
about procedural statements, the markers were used for giving instructions based on
the shared view. The fact that the markers were also visible to the expert gave them
feedback about the success of their actions. This was especially helpful in the case of
uncertainty, as the participants could sort out inaccuracies by providing feedback.
Sometimes the help-seekers also placed markers to confirm the position they had
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understood, which was sometimes needed because of problems with spatial mapping
(see 7.2.5).

7.2.5. Prototype and hardware constraints
One issue was that the field of view provided by the HoloLens cameras was not
exactly the same as that of the help-seeker. This resulted in the experts having to
guide help-seekers to steer the view toward objects they wanted to see:

P01: You are a little bit out of the viewport, could you… ah thanks… that’s better.

P06: Can you see that when I look at it like that, or is it outside the viewport?

P05: No, I cannot see it. Yes, that is better.

P05: Could you please look up a bit.

The field of view was limited not only by the viewing angle but also by the near
clipping range, which is the minimum distance objects have to be away from the
HoloLens to be rendered. This aspect caused confusion, with markers disappearing
without any obvious reason, because the HoloLens provides no feedback for this
phenomenon. [“There is no feedback that the distance is too low at all.” (P03)]
Within the assembly task, the groups struggled the most with these limitations
because the task demanded that the help-seeker build a LEGO artefact, so they often
had to hold it in their hands. The groups often countered the problem by trying to
hold the artefact as far away as possible, but an arm’s reach was not always enough
(Figure 12).

The biggest problem of all was the unreliability of the HoloLens spatial
mapping, which is the basis of the spatially-aware placement of the digital
markers. During the LEGO assembly task, the precision of the markers was so
poor that the group barely used the markers at all and more or less resorted to
using just verbal communication, completely negating the purpose of the exer-
cise: “From my perspective, it seemed [...] that the surface of the table was not

Figure 11. Help-seeker pointing at a brick he thought the expert was referring to (left);
monitoring the execution (right)
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recognized correctly. It was all about 10 centimeters below the surface; therefore,
the markers all pointed to nothing” (P02).

P03: Oh, that is really shifted away from its intended position.

P04: I would put it here now.

P03: I should go on field to the left.

P11: Where did the marker go now?

After initial completion of the task, one group tried a similar task again, but this
time placing the grid on the floor instead of the table. This approach eliminated the
surface problems and allowed the communication to be reduced to a minimum, as the
markers could be successfully used to identify objects and their destination, only
needing verbal descriptions of their alignment.

Although the markers were helpful, at least for the communication of information
describing an object’s position, the participants still mentioned that the shared view
was much better than the markers: “For me, the improvement was not the pointing at
all. Instead, it was having the view that P02 has” (P01). One issue pertained to the
alignment of the marker and drawings itself. The implementation guarantees that the
marker always faces the user at the time of the creation but only on the Y-axis. As the
tests revealed, this is insufficient for real use scenarios because the help-seeker may
move around, upsetting the visibility and coherence of a marker’s direction (cp.
(O’Neill et al. 2005)).

7.2.6. Conceptual improvements
Aside from critiques of the usability of the HoloLens and shARe-it, the participants
had also suggestions for additional functionality. A functionality they missed was the
option to pause or freeze the video to better mark a point, as the head movement of
the help-seeker could cause difficulty in precisely specifying a point: “For me, the use
of themarkers was hard when P06moved her head a lot. I think Skype has something

Figure 12. Holding the artefact at arm’s reach to avoid the near clipping range (left); marker
cut by the near clipping range (right)
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where you can freeze the image and then draw or place a marker or something else.
That [feature] would be helpful” (P05). This statement came from one of the notional
remote experts. Whether freezing the video would actually have a positive effect on
collaboration remains an open research question (cp. (Fakourfar et al. 2016; Tait and
Billinghurst 2015)).

Another suggestion was to increase the discernibility of the sequence of instruc-
tions. When the experts had to give instructions in a specific order (as in the LEGO
assembly task) or had to first identify an object and then define its position (object
placement task), a means of clearly distinguishing the steps could be helpful. This
distinction could be expanded by introducing different symbols to further specify the
tasks (e.g. rotating by a specific degree).

The participants also suggested the use of a touch-based approach that could
digitally remodel the physical objects and allow the remote expert to place them
correctly within the help-seeker’s view. This functionality combines the position and
rotation into a simple drag-and-drop interaction. However, such functionality re-
quires the scanning of the environment to be sufficiently precise to identify the
objects and their properties and render them as manipulable objects for the expert,
which is not (yet) possible with the current version of HoloLens. This is particularly
the case when dealing with objects or machines that are not necessarily known in
advance and therefore cannot be prepared in advance (unlike the situation with
Castellani et al. (2009), for instance).

8. Discussion

In 2009, Castellani et al. (2009) implemented a screen on a printer that captured the
exact state of a printer and which was then shared between both parties, the
troubleshooter and the help-seeker. Here, the expert could then manipulate features
of the shared representation and draw arrows or annotations on it. Based on their
technology, they already envisioned AR technologies for supporting remote trou-
bleshooting to counteract the various dislocations that arise due to remote settings.

Nowadays, many AR-based approaches promise to support remote troubleshoot-
ing and remote expertise sharing (Adcock et al. 2013, 2014; Fakourfar et al. 2016;
Gao et al. 2016; Gauglitz et al. 2012, 2014; Gurevich et al. 2012; Huang and Alem
2011; Poelman et al. 2012; Tait and Billinghurst 2015; Tecchia et al. 2012). Our
initial assessment of the potential of the shARe-it seems to suggest that modern AR
technologies, such as smart glasses can further improve the remote troubleshooting
process. In contrast to existing approaches, our starting point in this study was to
examine co-located settings of expertise sharing and troubleshooting to identify the
relevant practices and then to reflect upon what aspects of these practices might be
effectively realized in remote troubleshooting settings. Most studies tend to look
directly at remote troubleshooting settings and consider how to support existing
remote practices. In our case, we tried to set aside any pre-existing assumptions about
remote practices.
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One of the big differences between situated co-located assistance and remote
troubleshooting and expertise sharing is that the participants no longer have all of the
grounds necessary for intersubjective interaction available to them (cp. the concept of
‘fractured ecologies’ first discussed in CSCW by Luff et al. (2003)). Most existing
AR approaches try to support remote troubleshooting through new types of interac-
tion such as markers or drawings. However, as even our relatively basic tests
revealed, it is not necessarily the AR-specific functionalities of such smart glasses
(e.g. marker) that provide the decisive factor in supporting troubleshooting. The
major benefit of these technologies is the shared view and especially its resemblance
to the help-seeker’s view – even if the visualization is not completely accurate.

The shared view tries to provide a common ground and a necessary feedback
channel. Being able to monitor the task status allows the expert to instantly comment
on the actions of the help-seeker and correct them if necessary. The digital markers
then become, in best case scenarios, helpful as an adjunct to this, assuming that they
can be placed accurately enough. However, this could not always be assured and
even if it worked, it did not cover all expectations. The right position could only be
established iteratively. During the pre-study, the experts did not have to engage in
iterative verbal communication to guide the help-seeker to the point of reference.
During the tests, however, iterative deixis was a commonplace strategy used by the
non-co-located actors to overcome fractured ecologies where a mutually available
intersubjectivity could no longer be taken for granted. Right now, then, AR-based
technologies do not do enough to repair the loss of intersubjectivity.

This emphasizes an ongoing weakness of AR-based approaches. Verbal descrip-
tions are often more precise within such collaborative negotiation processes than
simply pointing to individual physical things. The digital markers serve only to focus
the view on a specific area, but the decisive factor remains the language that describes
the respective object. Even though many approaches focus primarily on supporting
visual input options such as freezing videos (Kim et al. 2018) or stabilizing the digital
markers (Fakourfar et al. 2016; Gauglitz et al. 2014), the participants in the tests were
vocal in their requests for features that might better describe and communicate an
objects’ alignment. Approaches should therefore explore further support of the actual
communication process. Examples could include physical objects being recognized
via machine learning methods and computer vision (Gauglitz et al. 2012) and, when
focused upon, given a label in order to establish a shared terminology between those
seeking help and remote experts. Another possibility is that, when thinking about
complex machines with a multitude of parameters, the additional visualization of
sensor values or machine states could support a remote expert.

Shared views and visual support are not only feasible using AR. Instead, any setup
with a camera and suitable streaming components could support the troubleshooting
process. Even the ego perspective is not unique to the HoloLens; a head-mounted
camera can achieve the same effect. However, the HoloLens offers these capabilities
in a ready-to-use single package, requiring little or no additional effort and it does not
hinder the help-seeker’s mobility. Nevertheless, the HoloLens currently still has a
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number of challenges to overcome. Even if we could have achieved similar results
with a non-AR device, a visual communication channel’s capacity to significantly
enhance expertise sharing would still need to be confirmed. The shared view
functions as a shared virtual space that all of the participants can use and refer to,
reducing the physical and conceptual dislocation and enhancing the scope for
unambiguous communication (Castellani et al. 2009). The help-seeker’s view sup-
ports not only the visual aspect of over-the-shoulder learning but also a feedback
channel for the expert to monitor the help-seeker’s execution of an activity. The
literature, the empirical study, and the initial tests of our HoloLens-based design
generally agree that the shared view is the most important aspect of enabling efficient
remote troubleshooting through AR.

Our application, shARe-it, combined the advantages of the ego perspective of the
help-seeker with an accessible and user-friendly hardware setup. In comparison to
other projects (Adcock et al. 2013, 2014; Gao et al. 2016; Tecchia et al. 2012), the
HoloLens reduces the effort needed for the help-seeker to share their view. The
HoloLens provides a shared view and a capacity to observe a problem from different
angles; furthermore, it has the requisite built-in sensors for scanning the environ-
ment. The capability to scan the environment is essential for allowing remote experts
to reference objects in the help-seeker’s environment. Coupling this capability with
the functionality of being able to bring several experts into the interaction spontane-
ously fosters the ad-hoc expertise sharing that we observed during our co-located
empirical study.

Gestures were used to identify objects, enrich verbal descriptions of actions,
demonstrate movements, and/or show distances or positions (Bauer et al. 1999;
Fussell et al. 2004). Fussell et al. (2004) identified drawing gestures to be the most
efficient, Kirk and Fraser (2006) favoured natural hand gestures, and Kim et al.
(2019) suggested a combination of sketches and hand gestures. The initial shARe-it
design focused on both drawing and pointing gestures to make “full use of both
pointing and representational gestures to ground [the collaborators’] conversations”
(Fussell et al. 2004). Although augmentation through digital markers to provide
pointing gestures exhibited potential for simple tasks such as the ones used during the
tests, however, the usefulness of these markers suffered considerably from techno-
logical constraints, affecting the accuracy of the markers and therefore reducing their
use.

Although these results could demonstrate the usefulness of digital markers, they
also clarified that digital markers are only beneficial for object identification and
simple procedural statements. For the most part, object identification was at least as
simple using only verbal communication. This result might be explained by the
simple and uniquely identifiable nature of the objects used in the tests. In the case of
objects that are more difficult to distinguish from each other, the markers might be
more helpful. However, the procedural statements already showed the limitations of
this approach, as it does not offer adequate support for describing complex tasks that
require substantial articulation work.
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Nonetheless, when the accuracy is sufficiently high, the markers may significantly
reduce the amount of verbal communication needed to perform tasks. In this case, the
description of the desired position could be reduced to a simple phrase such as
“there.” Some of the technical problems occurred because of the HoloLens’ hard-
ware constraints and the prototype’s implementation could be tackled in a different
manner (e.g., via Skype for HoloLens). Skype for HoloLens uses standard video
transmission. Additionally, it allows for setting markers, drawing and the sending of
images. Setting markers and drawing inside the spatial surroundings of the HoloLens
wearer can be handled by freezing the view, taking a photo of the moment, adding
the augmentations, and then returning to the live view. This is possible because every
photo taken by the HoloLens contains information about the virtual camera object
and its relation to the physical surroundings, therefore allowing the calculation of the
3D coordinates of specific points in the photo. This aspect solves the problem of the
HoloLens wearer having to keep her head steady while the remote user adds the
augmentations. However, the concept used in the initial design aimed to offer a live
view of the help-seeker, not only to enable constant feedback, but also to mimic the
co-located process as closely as possible. Having undertaken the tests, it is clear that
this approach has to be reconsidered and an optional function to freeze the view
might combine the advantages of both approaches. As this research indicates, a
viable approachmight well involve automatic freezing instead of themanual freezing
of the frame (Kim et al. 2018).

Sharing media was an important part of the concept. Althoughwe did not focus on
media sharing during the tests, one group used the face representation channel and
attempted to share the instruction paper given to the expert. This example illustrates
that sharing media simplifies some aspects of remote troubleshooting, as the sharing
of instructions would ease the entire articulation work. Instead, the expert would only
have to share information with the help-seeker that she did not have or could not find
on her own. Referring to documents and using them to provide the information
needed is a role that an expert normally performs (Yamauchi et al. 2003). Here, it is
important to ensure that the information should match the knowledge of the help-
seeker. As Castellani et al. (2009) showed during their re-design of the Xerox
knowledge-base, which aimed to support remote discussions with help-seekers, the
rather technical language used in typical knowledge bases can often be virtually
unintelligible to help-seekers. The information an expert is using tends to be formu-
lated upon an assumption of a certain degree of help-seeker knowledge. AR tech-
nologies make it possible to show instructions in a simple way that can mediate
between expert knowledge and help-seeker understanding (cp. Hoffmann et al.
(2019)).

For an optimal wearing position, the HoloLens needs to get most of the expert’s
screen inside the user’s view. This is not always easy or comfortable. The holographs
are limited, as they can never fully cover the background and treat black as opacity or
an alpha channel, which can often preclude against the use of black. As a result,
reading can be difficult if the environmental settings are not perfect, which is usually
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the case in everyday situations. The constraints added by the see-through aspect of
the HoloLens display did not occur in a setting using a traditional monitor (Gao et al.
2016; Tecchia et al. 2012), but they forced the help-seeker to look away from the
work she was doing. In addition, when not using a controlled environment (Adcock
et al. 2013, 2014), these kinds of systems can suffer from environmental lighting
conditions, or other contextual factors that occur during practical everyday use. To
sum up, then, despite its potential for remote troubleshooting, the tests revealed that
existing off-the-shelf AR-technology such as the HoloLens has some way to go
before it can provide for forms of interaction anywhere near as seamless as the
interaction visible in co-present help-giving situations.

9. Conclusion

During remote troubleshooting, numerous dislocations complicate expertise sharing
between a remote troubleshooter and a help-seeker (Castellani et al. 2009).
Supporting remote troubleshooting therefore requires the establishment of a shared
understanding and the presence of shared objects that the collaborators can relate to
and use to focus their interactions around, as they would in a co-located situation
(Crabtree et al. 2006). Augmented reality enhances the features of the real world with
multi-modal virtual information (Azuma 1997). AR also has the potential to address
different types of dislocation and foster a shared understanding by enriching verbal
communication through a visual channel (Castellani et al. 2009), which encompasses
gestures and new ways of identifying objects, and thus supports conversational
grounding (Bauer et al. 1999; Clark and Marshall 1981). Many approaches already
try to support troubleshooting and expertise sharing in remote situations.

Based on the state of the art, we have illustrated the current challenges that occur
when supporting remote troubleshooting with AR. The video functionality, in
particular, tries to support the essential aspects of troubleshooting. However, as the
preliminary testing of our AR-based application, shARe-it, has shown, functionali-
ties such as markers and drawings only offer limited further support. If current AR
technologies demonstrate certain weaknesses even under the simple conditions
established for our tests, these weaknesses are likely to be intensified in more
complex settings with more complicated processes, such as those in a Fab Lab.
Lukosch et al. (2015) argue that solving these types of problems will “still require a
team of experts to physically meet and interact with each other.” This case is
especially true when identifying the problem itself is perceived to be an issue
(Ludwig et al. 2014; Piirainen et al. 2012).

Drawing upon an empirical pre-study in a Fab Lab, we revealed how co-located
troubleshooting and expertise sharing is accomplished and the factors that play an
important role. Based on this pre-study and extant findings in the literature, we
derived design challenges and implications for remote settings, which led to our
initial design of the HoloLens application, shARe-it. shARe-it comprises the ad-hoc
finding of experts from an expert pool, based on chat technologies, and a subsequent,

Ludwig Thomas et al.160



AR-supported process of problem identification and solution. However, when we
undertook some basic testing of some of the synchronous aspects of shARe-it, we
uncovered a number of challenges that will need to be overcome to support remote
troubleshooting through AR. These challenges primarily relate to the capacities of
the current hardware (with the Microsoft HoloLens being one of the most advanced
AR technologies available), as well as the appropriate troubleshooting process
support. Overall, this design case study has served to underscore the current obstacles
confronting AR technology and the need for further research to address the com-
plexity of the communication support, beyond simple tasks in simple settings and
into real world practice. With this paper, we contribute not only to CSCW by
providing an empirical study regarding how co-located expertise sharing takes place,
but also to an understanding of the current challenges and remaining false assump-
tions that can be seen to be associated with usingmodern AR technologies to support
remote troubleshooting. In particular, we have highlighted the need for designers and
developers to primarily focus on supporting both verbal communication and, beyond
this, the provision of effective resources for intersubjective reasoning in order to
mitigate dislocations within remote troubleshooting.

Our study has some limitations. First of all, in the empirical pre-study we only
interviewed a small number of experts, which makes our dataset seem small. However,
the empirical study in this paper complements the expert view regarding the challenges
faced by end users in dealingwith complex technologies that has already been published
in Ludwig et al. (2014). As there were only two Fab Lab coordinators at the time of the
empirical study, we could not call upon any other experts with such extensive knowl-
edge. Secondly, we only conducted some basic, very constrained testing of our appli-
cation and have yet to properly evaluate all of its functionality in proper troubleshooting
settings. The findings are therefore limited to the issues confronting the use of AR to
mediate practical collaborative tasks involving guidance and instruction. However, we
are currently planning to roll out a revised and developed version of shARe-it that draws
upon these initial findings. Evaluation of this new version should deliver far more
detailed feedback about the use of the application in actual troubleshooting practice.
We are also currently working with rescue workers to explore possible use cases for
shARe-it in the support of in the field first aid provision and to establish new commu-
nication channels between first responders and control centres. A third limitation is that,
as the participants in the tests were co-located, we were not able to fully assess the
effectiveness of the face representation channel, though we could already see that the
face representation channel would be used in other ways thanwe had originally intended
(Orlikowski and Hofman 1996).

Apart from rolling-out shARe-it within the FabLab, our next steps include combining
it with sensor data gathered from machines (Ludwig et al. 2017) or from 3D models
(Jasche and Ludwig 2020) and providing experts with this environmental and contextual
data to help with the identification of problems (Billinghurst 2013). We will also be
trying to integrate computer vision functionality to identify and classify physical objects
so as to overcome terminology issues. In addition, we will ensure in our next version of
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shARe-it that experts are able to directly share their experiences through shARe-it with
the community via Telegram (without a prior help request). In this way, other members
can observe their practices and learn from them, as is currently the case in co-located
settings through over-the-shoulder learning.

One further, open research question that emerged from our empirical pre-study
was how the co-located noticing of people seeking help and the proactive addressing
of problems (“Can I help you somehow?” (I01)) by the experts can be transferred to
remote settings. What this implies is the remote noticing of troubles and a capacity to
step in prior to formal requests for help. Possible approaches could be the integration
of novel hardware sensors in complex machines to detect potential problems at an
early stage or the use of visual computing to identify prospective help-seekers. In this
regard, it is worth noting that security personnel already use CCTV to identify
potential threats. However, such an approach would present other challenges such
as data protection, privacy and ethical issues that would need to be overcome.

With our design case study, we have explored some of the ways in which modern
AR technologies might be applicable in remote troubleshooting and expertise-
sharing settings. We hope our results will inform further future work within CSCW
that is focused upon supporting remote collaboration and, especially, that they will
inspire hardware manufactures to deal with the current shortcomings of AR technol-
ogies for the support of distributed guidance and help.
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