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Abstract: In human–robot interaction, transparency is essential to ensure that humans understand
and trust robots. Understanding is vital from an ethical perspective and benefits interaction, e.g.,
through appropriate trust. While there is research on explanations and their content, the methods
used to convey the explanations are underexplored. It remains unclear which approaches are used
to foster understanding. To this end, we contribute a systematic literature review exploring how
robot transparency is fostered in papers published in the ACM Digital Library and IEEE Xplore.
We found that researchers predominantly rely on monomodal visual or verbal explanations to
foster understanding. Commonly, these explanations are external, as opposed to being integrated
in the robot design. This paper provides an overview of how transparency is communicated in
human–robot interaction research and derives a classification with concrete recommendations for
communicating transparency. Our results establish a solid base for consistent, transparent human–
robot interaction designs.

Keywords: transparency; HRI; modality; understandability

1. Introduction

Robots that interact with humans should be understandable. Putting this into practice
by making robot behavior and intent transparent is one of the key challenges in human–
robot interaction (HRI) research today [1]. In this paper, we refer to transparency in the
context of ensuring understanding between interaction partners—human and robot—in
line with Wortham et al. [2].

It is important to focus on robots specifically when investigating the understand-
ing of technologies, as they are complex systems that physically interact with humans.
Transparency has an effect on interactions with and the perception of robots. An accurate
understanding of robot capabilities and goals improves the interactions, especially when it
comes to the decision of whether or not to trust the robot [3,4]. Further, the transparency of
systems follows user-centered design [3] and is ethical, as the knowledge on robot capa-
bilities, purpose and internal decision making gives users the choice of whether and how
they want to interact with the system [5]. Establishing the right amount of system trans-
parency for successful interactions, however, is a challenging min-maxing problem. While
high transparency is vital, simply providing an abundance of information can overwhelm
users [6]. In a recent paper, Cila [7] defined eleven design considerations for human–agent
collaboration. Among other aspects, Cila [7] highlighted the intelligibility of robot behavior
and intentions and transparent collaboration qualities. They argue that the explanation
form is vital for explanations to actually raise intelligibility and transparency. Based on
this, we theorize that intelligibility is impacted by how additional information on the robot
is provided.

Until now, the primary focus of transparency research has been the explanation content,
i.e., what to explain. However, as known from communication science, more aspects of
the conversation determine its perception and outcome success than just the content of
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an explanation. The techniques used for creating human–robot understanding are case
specific, so every designer or researcher interested in the effects of transparency is required
to implement transparency themselves [8]. This (a) makes it harder for designers of robotic
systems, as they do not have a reference for how to design understandable robots and
(b) makes it harder for researchers to study the effect of transparency on HRI due to the
different realizations of the same concept.

The first step in establishing such guidelines is to acquire an overview of prior work
in transparency in HRI. Furthermore, as the topic is hard to grasp due to inconsistent
terminology [3,9,10], identifying research gaps is not a trivial task. We thus conducted
a structured literature review following PRISMA [11] to obtain an overview of methods
currently used in the HRI community for making robots transparent, and to identify
relevant research gaps.

The primary aim of this research is to find out how explanations can be presented
to foster human–robot understanding in co-located interactions between a robot and a
human. We thus answer the research question: Which approaches have been used to create
transparency in HRI? As part of this, we explore which modalities are used to achieve
transparent robot design.

Contribution: To capture how transparency is ensured to foster understanding in HRI,
we conducted a systematic literature review of relevant papers on transparency in HRI.
The main contributions of this paper are as follows:

• We provide a structured overview of approaches commonly utilized in HRI research
to make robots transparent to the human interaction partner. To the best of our
knowledge, no such overview exists so far.

• We identify open challenges for further advancement of understandable HRI.
• We highlight the importance of explanation delivery as an extension of explanation

content and as a promising research area.
• We introduce a framework for HRI research that organizes the tools and approaches

available to researchers and designers looking to build transparency into their robotic
systems. Our framework is novel compared to previous work on transparent technol-
ogy because it explores the modalities and functionalities specific to embodied robot
technology.

2. Background
2.1. Definitions of Transparency

In this work, we are interested in the concept of robots that are made transparent to
the user to ensure understanding between the interaction partners. Works that focus on
transparency need to specify which concept they are investigating, as the word transparency
can have multiple meanings in the context of human–robot interaction. For example,
transparent materials can be used for robot design or robots need to be able to adequately
interpret translucency (e.g., [12]). The word transparency is also used to describe the
absence of interaction force, making the robot more invisible to the user (e.g., [13,14]).
In human–computer interaction (HCI), a system is considered to be transparent if it is
designed in a way to ensure that the user’s mental model of the system is correct (e.g., [15]).
A mental model is the representation of a system or process in the mind of a user [16].
While transparency refers to the system itself, understanding is the intended resulting
phenomenon in the user.

In the context of understandable HRI, there is no one true definition for transparency [9],
but definitions overlap depending on the aspect of the robot that is supposed to be made
transparent. Upon analyzing different existing definitions, Theodorou et al. [9] pointed
out that transparency is a way for the robot to offer information revealing its decision
making process in a way that is understandable for the user. According to Wallkötter
and Tulli et al. [10], explainability describes “the ability of a robot to provide information
about its inner workings, such that an observer (target user) can infer how/why a robot
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behaves the way it does”. Transparency thus facilitates “understanding of what the system
is doing, why, and what it will do next” [3].

2.2. Terminology

There is no uniform terminology for the concept of transparent technology. Gross
and Boehme [17], for example, aimed for understandable HRI without ever utilizing the
word transparent. For general intelligent systems, Eiband et al. [18] compiled different
terms used in literature and explained the nuanced differences between them, ranging
from explainability to scrutability. For human–robot interaction specifically, the different
terms that are in use to describe similar concepts have not been analyzed. We thus use the
synonyms specified by Eiband et al. [18] for the literature search.

2.3. Explanation Content

The decision of what to explain to achieve transparent HRI has been thoroughly re-
searched. Robots are (usually) designed for a specific task or purpose [6]; robots can make
human users aware of the intentions that follow from this inherent purpose [6,19]. To execute
these tasks, robots are designed with certain capabilities and execute distinct behaviors.
Wagner et al. [20] argued that overtrust, which happens when a user overestimates a
system’s capabilities, could be reduced if people have a more complete understanding of
technology behavior. In particular, anthropomorphic robots should be avoided, as humans
transfer their understanding of human capabilities to these human-like robots. The mental
model users have of a robot is generally derived from its physical attributes [21], e.g.,
Powers and Kiesler [21] investigated how robot head shape and voice pitch determine
the mental model, i.e., whether the robot is perceived as sociable and knowledgeable
based on gender stereotypes. The inherent design of the robot can thus change the users’
understanding of the robot. To this end, HRI researchers have used explainable artificial
intelligence (XAI) methods, which aim to explain black box algorithms involved in machine
learning [22]. In a systematic literature review, Anjomshoae et al. investigated the explana-
tions on AI decision making provided by XAI to generate understandable explanations on
robotic agents [23].

2.4. Previous Literature Reviews

Literature reviews are a well-established method to compile, analyze and uncover
research gaps from existing knowledge. In HRI, literature reviews have been used to, for
example, investigate trust and its influence factors [24] or robot personality [25]. To the
best of our knowledge, there are no existing structured literature reviews on how to convey
transparency in human–robot interaction.

Alonso and de la Puente provided a review on transparency in shared autonomy
frameworks [3]. They focused on categorizing different perspectives of system transparency.
In contrast, our main focus is on the actual realization of system transparency.

Further reviews adjacent to transparency in HRI focus on the control of robots [26]
and teleoperation strategies [27]. Here, human operators need to receive feedback from
the remote robot via UIs since no inherent information from face-to-face interaction is
available [28]. The robot needs to communicate information on its perception of the
environment to the human in order to inform them of possible changes or obstacles that
could inhibit the otherwise given robot capabilities [6,19,29]. As teleoperation within
transparent HRI has already been thoroughly covered, we exclude this area from our study.

Probably closest to our work is the comprehensive review by Wallkötter and Tulli
et al. [10], who reviewed social cues of embodied agents, which are used to make the
agents explainable. They found that existing papers primarily use speech, text, movement,
and imagery to make agents explainable and further analyze the used terminology for
transparent HRI. With the same questions in mind, we were curious to see if their results
could be reproduced with a systematic review following PRISMA. We validate their insights
and present a number of additional dimensions.
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3. Method

To work toward a comprehensive overview of how transparency is conveyed in
human–robot interaction, we conducted a systematic literature review following PRISMA [30].
One researcher conducted the identification and abstract screening. This author and an
additional second researcher both conducted the eligibility and analysis phase. The process
is shown in Figure 1.

Figure 1. PRISMA flow diagram of the selection process.

3.1. Phase I: Identification

We queried two libraries: the ACM Digital Library and IEEE Xplore. These libraries
contain the majority of HRI publications and the most cited venues on human–computer
interaction and robotics (https://scholar.google.com/citations?view_op=top_venues&hl=
de&vq=eng_humancomputerinteraction (last accessed on 15 September 2022)), such as
computer–human interaction, the International Conference on Human–Robot Interaction,
or the International Conference on Robotics and Automation. The search query used was
(“HRI” OR “human-robot interaction” OR robot*) AND (transparen* OR explaina* OR “under-
standable robot” OR “understandable interaction” OR intelligib* OR interpretab* OR scrutab*).
This query contains synonyms for transparency like explainability and intelligibility, in-
spired by the overview of system qualities that foster understanding in intelligent systems
by Eiband et al. [18]. The concept of understanding was not queried using wildcards to
avoid the retrieval of papers that aim to understand a different concept in HRI. Similarly, we
queried the abstract and title instead of the full text to avoid papers where transparent HRI
is not central to the publication.

As shown in Figure 1, this query resulted in 1126 publications. Then we removed
duplicates via DOI matching, leaving 1106 unique entries. An additional 12 papers were
included in the list of eligible papers, which did not result from the keyword search. These
papers were cited as vital sources by extracted, relevant papers.

3.2. Phase II: Screening

We screened the paper abstracts manually using the following exclusion criteria:
We excluded workshop publications and books as these are not strictly peer-reviewed.
Moreover, we removed papers where HRI is not the focus, e.g., robots only appear as

https://scholar.google.com/citations?view_op=top_venues&hl=de&vq=eng_humancomputerinteraction
https://scholar.google.com/citations?view_op=top_venues&hl=de&vq=eng_humancomputerinteraction
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examples or an outlook. Similarly, we excluded works in which transparency is not
relevant, e.g., only mentioned in passing as part of the motivation or discussion.

We only included papers that discuss the same concept of transparency, i.e., providing
information so that a human interacting with a robot has an improved understanding
of the robot. Thus, we excluded papers where the word transparency appears in the
context of translucent materials, e.g., [31]; intelligibility is used in the context of auditory
understanding in noisy environments, e.g., [32]. Transparency appears in the context of
transparency in teleoperated systems, which is defined as the human operator feeling
interactions of the remotely located robot [28]. As there are existing reviews that are
adjacent to transparency in HRI and focus on the control of robots [26] and teleoperation
strategies [27], we specifically excluded these from our study.

We further excluded papers that do not focus on interactions between humans and
robots. This exclusion criterion matches papers that concern transparent robot–robot
interaction, papers that focus on the process of developing robots, e.g., by making human
behavior transparent to the robot, papers that focus on the development of transparent
(XAI) algorithms, and papers in which transparency refers to architectural transparency for
robot development.

Based on the keywords used, only papers written in English were included. The broad
exclusion criteria were defined before abstract screening and iteratively refined during the
screening process. After viewing all papers, we re-screened 128 edge cases, which were
marked as such in the first pass, to obtain a uniform application of the eligibility criteria.
During the screening process, only the title and abstract were visible; author names and
publication details were hidden. The screening process resulted in 163 references.

3.3. Phase III: Eligibility

We manually revised the 163 eligible papers during the full-text screening according to
the same exclusion criteria. The screening process was performed independently according
to the same previously established exclusion criteria by two of the authors. Differences in
exclusion and inclusion were reconciled in a dialogue before the analysis. The interrater-
reliability was 88.1%, which can be considered very solid [33]. At the end of the literature
search, 71 core relevant papers were identified to be included in the analysis.

3.4. Phase IV: Analysis

After completing the screening process, we established a strategy for reviewing the
papers in a standardized manner by defining different kinds of themes to be analyzed.
In multiple iterations, we established sub-topics to be investigated, based on the aim
of the paper. The code book used can be found in the Supplementary Material. The
code book was first pilot tested on five papers and then refined. Two authors coded all
eligible papers according to the refined data extraction sheet. They were encouraged to
note down additional interesting information from the papers that the code book failed
to capture. The interrater-reliability across variables was 87.4%. One-dimensional codes
have a higher interrater-reliability (up to 97.1%), while there was more need for discussing
multidimensional variables (lowest 75.0%). The coding conflicts were resolved in a dialogue
after finishing the coding process. We divided the analysis into two main areas: Firstly, we
gathered a high-level overview to analyze the status quo of existing studies on the topic.
Secondly, we classified methods that make robots transparent.

4. Results

We conducted a structured literature review following PRISMA to capture how trans-
parency is ensured in human–robot interaction. Although we did not limit the search by
year, 91.5% of eligible papers were published in the last decade. The analyzed papers on
transparency in HRI were predominantly (73.2%) published in conference proceedings, as
opposed to scientific journals.
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4.1. Terminology and Definitions

Based on the literature analysis, we can confirm the findings from prior research
(e.g., [9,10]) that there is no universal terminology for the concept of transparency. As
shown in Table 1, the word transparency is the most commonly used, despite only 36
(50.6%) of the analyzed papers using it. While coding the used terminology, we docu-
mented additional terms used to describe the concept of transparency, despite not being
included in our coding sheet. Authors used the following additional terms: legibility [34–36],
explicability [37,38] comprehensibility [39] and awareness [40–42].

Table 1. Terminology used to describe the concept of transparent HRI.

Terminology Nr. Refs.

Transparency 36 [2,4,6,7,9,19,29,34,36,37,39,43–78]
Understanding 17 [2,7,17,37,44,48,58,64,69,72,74,76–86]
Explainability 13 [37,49,52,54,56,61,75,79,80,83,86–92]
Interpretability 12 [38,49,70,72,73,79,84,86,88,90,92–94]
Intelligibility 6 [7,55,81,94–96]

As there is not one terminology and definition for transparent HRI, we further as-
sessed whether papers provided a definition for the studied concept, either by defining
transparency themselves or referencing related work. In total, 22 of the 71 papers provide a
definition for the concept of transparency. These definitions cover a range of aspects e.g.,
Kim and Hinds [57] “define transparency as the robot offering explanations of its actions”.
Wortham et al. [2] on the other side focus on the consequence and not the process by stating
that “robots should be designed [so that humans] can understand them”.

4.2. Measuring Transparency

We documented the role that transparency plays in the eligible papers and found that
transparency was an independent variable in 18 studies. These studies usually have a
transparent condition and a control condition and investigate the effect of transparent robot
design on, for example, trust. Another nine papers ensured transparency and discussed it
but did not list it as an independent variable in their study design. Twenty eligible papers
were either high-level surveys or interaction concepts that did not include a user study.

Transparency was a dependent variable in 21 studies, and understanding was mea-
sured in 24 studies (33.8%). Measuring understanding can be as simple as asking the
participant whether they understood the robot better in the transparent condition. A major-
ity of questions posed start with “I understand” or synonyms thereof. More details on exact
questions and measures can be found in Table 2. We calculated the Pearson correlation
coefficient between the used modality and the measurement of understanding to determine
if a specific approach was validated as a tool for transparency more than others. We found
that researchers using textual explanations are the least interested in measuring the effect
on understanding, yet are not noteworthy (−0.35). As there were few papers investigating
haptics and they measured the effect on understanding, these are positively correlated
(0.70).
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Table 2. Measurements used to assess transparency of a system and understanding thereof in current
research. The list does not include papers that do not provide concrete wording (e.g., [48,57]).

Subjective Measures Type Refs.

Shared Mental Model survey by [97] 7-point Likert [82]
User Experience Questionnaire by [98] 7-point Likert [74]
Explanation Goodness by [99] 7-point Likert [70]

Intelligible - unintelligible/unclear Semantic
differential

[81,
95]

“I understand the behavior of the robot.” 7-point Likert [69]
“I understand the robot’s decision making process" 7-point Likert [76]
“I understood the robot well.” “I understood the
information the robot presented to me.” 3-point Likert [29]

“The expression of the robot was perceivable” “The
expression of the robot was easy to understand” 5-point Likert [96]

“It was easy to tell [goal]” “Confused about what the robot
was trying to do” “Understood [goal] but did not
understand [cause]” “It was clear that the robot failed
because of [cause]”

5-point Likert [58]

“Questionable” Yes-No Selection [37]
“How much did the trajectory match the one you
expected?” 7-point Likert [35]

“[...] it was clear to me which words the robot knew
already and which ones it still had to learn.” 5-point Likert [53]

“The movements of the robot become more predictable
through the projection of a projector.” 5-point Likert [77]

Objective Measures Refs.

Reaction time [29,
74]

Number of times participants ask for clarifications [29]
Observation of user behavior [47]

Co-Variables in Studies on Transparency

Transparency influences and is influenced by other variables. Table 3 lists variables
whose relation to transparency in HRI was investigated in eligible papers. The list does not
include outliers or topics that only one paper investigates. A total of 18 studies investigated
the influence of transparency on trust in robots. The predominance of trust research in
connection to transparency was also found in Wallkötter and Tulli et al. [10].
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Table 3. Summary of variables measured or manipulated in user studies in the application area of
transparent HRI. The top lists human-related variables while the bottom focuses on robot-related
variables.

Related Variable Nr. Refs.

Trust 18 [4,6,29,43,44,46–48,50,55,64,66–68,70,75–77,79,90,91]
Performance 17 [19,34,40–43,47,52,65,69,70,72,78–80,86,92]
Perception of robot 13 [2,19,41,42,50,52,52,58,66,68,72,80,91]
Decision making 6 [4,49,70,76,83,87]
Compliance 4 [56,58,70,76]
Workload 4 [43,67,86,92]
Human emotions 3 [2,19,96]
Stress 3 [29,55,70]

Robot reliability 9 [6,49,53,61,66,68,73,75,76]
Safety 9 [47,50,66,73,75,77,90,93,95]
Robot motion/shape 6 [36,39,47,74,81,95]
Explanation content 5 [48,49,55,75,88]
Robot autonomy 4 [29,39,57,78]

Communicative Purpose

Different aspects of the interaction can be made transparent to facilitate transparent
human–robot interactions. As can be seen in Table 4, robot behavior is explained in 32
papers (45.1%). To find out if some modalities are predominantly used to make specific
aspects of the robot transparent, we calculated Pearson correlations between the used
modalities and the communicative purpose. We did not find any interesting correlations
(min −0.32, max 0.33).

Table 4. Overview of the communicative purpose, i.e., the item of explanation that is aimed to be
made transparent.

Explanation Object Nr. Refs.

Robot behavior 32 [6,7,9,19,29,37–39,46,48,50–52,57,59,66,69,73,77–
79,81,84,86–92,94,95]

Robot intentions/purpose 17 [6,7,9,35–37,41,42,45–47,51,58,59,65,69,88]
Robot decision making 16 [4,6,44,54,59,61,64,65,75,76,79,83,84,86,87,90,92–94]
Robot tasks 13 [2,7,29,34,39,55,65–67,71,80,84,86,89,91]
Robot capabilities 12 [6,7,45,53,62,68,72,73,83,84,87,88,96]
Robot beliefs (e.g., of environment) 8 [29,40,46,67,70,76,78,80]
Cause of failure 6 [43,49,58,83,89,91]

4.3. Making Robots Transparent

A central aim of this paper is to investigate how transparency is ensured. We now
provide a structured overview of approaches commonly utilized in HRI research to make
robots transparent to the human interaction partner. In order to deduce this, we focus
on the modalities used to create transparent human–robot interactions. Eleven of the
eligible papers are not included in this analysis, as they do not present specific modality
suggestions.

Table 5 depicts an overview of the used modalities. Unsurprisingly, we found that
research focuses on visual, auditory, and haptic senses. The table does not include modali-
ties that were not used by any paper, such as olfactory sensing. Forty-nine of the eligible
papers use visual components to make their robot transparent to the user. Twenty papers
use speech, i.e., verbal explanations. Six papers use haptics to communicate information on
the robot. These findings are in line with Wallkötter and Tulli et al. [10], who derived the
visual groups text, movement and imagery, and the auditory group speech from existing
literature, and categorized papers that did not fit these as “other”.
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Table 5. Overview of modalities used by papers to convey information with the goal of transparency.

Modality Nr. Refs.

Visual - text 24 [2,6,29,39,48,51,52,54–56,61,65–67,69,73–76,78–80,83,87,89,93]
Visual - color 15 [19,44,52,69,70,77–79,81,83,86,89,92,94,95]
Visual - motion 12 [6,19,34–36,50,53,58,59,67,71,74,96]
Visual - form 5 [17,45,60,73,81]

Auditory—speech 20 [4,6,17,29,43,46,50,53,57,61,65,67,68,71,73,74,86,87,91,92]

Haptic—vibrotact. 5 [40–42,47,96]
Haptic—pressure 2 [72,96]
Haptic—thermal 1 [96]

Focus on Monomodal Explanations

Please note that multimodal explanations were used in some papers which qualifies
them for more than one category. Fourteen papers (19.7%) used multimodal cues, thirteen
of which were using visual methods and audio. The study of Yonezawa et al. [96] is the
only outlier, as they used the robot gaze as a visual stimulus while applying different haptic
sensations in multiple conditions.

Integration of Transparency in Robot Design

We documented whether the manipulation to make the robot transparent is integrated
through the design of the robot, added to the robot, or ensured through external explana-
tions specifically for the study. We can observe two main approaches to explain a robot
across related work: transparency through the robot and transparency on the robot. These
extremes, as well as their increments between, are visualized in Figure 2. Several papers
use the robot itself to increase transparency in the interaction. In these papers, the robot
movement, gaze, and facial expression are utilized to increase the user’s understanding of
the robot’s next actions.The integration of explanations is intertwined with modalities, e.g.,
the robot gaze cannot exist independently of the robot. We found that 31 studies (43.7%)
added external explanations that are not part of the robot design. Seventeen studies (23.9%)
used integrated robot functionalities for the transparent condition. Thirteen studies (18.3%)
integrated transparent explanations into their robot, i.e., the robot was able to make itself
intelligible through, for example, an added interface on the robot.

Figure 2. Classification of robot transparency by integration. On the top, transparency is realized
through the robot itself, while on the bottom, the transparency is realized from the outside on top of
the robot.
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4.3.1. Themes across Visual Explanations

Visual means are commonly used in HCI to communicate information. The results
indicate that HRI utilizes prior knowledge from HCI when it comes to making robots
transparent by using interfaces or visual overlays. Screens can be a useful means to
present information on the robot, even if they remain external due to their prevalence in
HCI [29,67,79,84].

Information can be presented on the integrated display in some robots, such as Pepper
or Baxter [19,53,65]. Hirschmanner et al. [53], for example, displayed the state of the
robot’s learning progress on this tablet with images and labels. This condition was tested
in contrast to verbal utterances, such as “I take the box”, or pointing at relevant objects.
Some researchers who work with a robot that does not have an integrated screen opt
to add a screen to an existing robot. For example, Dietlehelm et al. [50] added 2D eyes
on a screen to investigate robot gaze (and speech) as a vessel for transparency. Olatunji
et al. [29] designed a GUI displayed on a monitor next to the robot to communicate
with the robot in visual form, supplemented with reasoning to action, e.g., “I’m bringing
the plate as you asked”. Researchers who are interested in robot explainability, such
as [52,69,80,83,89], tend to use interfaces containing images of the robot, sensor information,
colorful highlights, and text, e.g., “using this gripper: left” [83]. Sanders et al. [67] used the
opportunity of external screens to explore different levels of information on their effect on
trust. The information displayed ranged from static images to video clips, some of which
employed text and audio as well. Murphy et al. [62] and Wortham et al. [2] used videos
as well; Zakershahrak et al. [92] even used 3D GIFs. In contrast, Liu et al. [94], similar
to [44,66,70], made use of AR interfaces to display the information in place, using colorful
dots that overlay the robot to visualize sensory information and robot decision making.
Yigitbas et al. [78] used a VR interface to plan the robot action before execution.

Moving away from using screens, transparency can be created through the robot itself.
The facial expressions of a robot can be utilized to represent internal states or simulate
emotions, e.g., through eyebrows [6,45,71]. Troniak et al. used robot gaze to communicate
shared attention to the user by changing the robot’s head movements to “gaze” at the
human during a handover [34] to add this information that is present in interpersonal
human collaboration to the robot space. Facial expressions, as well as movements of
robots, can be used to signal uncertainty [59]. Similarly, Rossi et al. [19] used gestures
and a face displayed on the tablet of a Pepper robot to express different emotions with
the aim of making the internal states of the robot transparent. Dragan et al. [35], and
similarly [36,58], compared the legibility of different motion profiles. The approaches
by Matsumaru et al. [81,95] and Wengefeld et al.[77] can be considered edge cases since
they enhanced their robot, enabling the robot to increase transparency on certain behavioral
aspects itself. The robot uses laser projections on the ground to indicate its intended
movement and speed, which makes it more understandable.

4.3.2. Transparency through Text and Speech

We found that the most common approach is to present information as intelligible
sentences, either verbally or textually. Twenty-four papers (35.3%) used text to achieve
transparent human–robot interactions; twenty (28.4%) used verbal explanations. Textual
explanations are especially relevant for XAI researchers who want to communicate infor-
mation on the robot but do not aim to investigate the conveyance itself [51,54,75,76]. Here,
the internal decision making of the robot is presented in natural language as opposed to
opaque algorithms, e.g., “I will stop if the nearest obstacle is in the critical zone.” [54]. Text
can also be used in other scenarios, e.g., to record robot behavior in medical contexts [93], in
interfaces to communicate information playfully to children [56], or even to communicate
what the robot does next [55,80].

Virgolin et al. [73] used a conversational interface to allow the robot to explain its
actions and respond to further inquiries. These are supplemented with emotional communi-
cation via facial expressions. Aroyo et al. [43], similarly to [4,57], used a robot that presents
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short, first-person verbal explanations after unexpected behavior occur, e.g., “I have some
trouble moving”. Short, first-person speech has further been used to express internal states,
e.g., “I’m ready to hear you” [71]. Mota and Sridharan [61] and Arnold et al. [87] presented
a robot that can respond to queries, for example, about actions: “What did you do?” is
followed by a verbal response “I picked up the glass.” [87]. In a study by Tabrez et al. [91],
the verbal explanations do not focus on robot actions and capabilities but on the interaction.
Here, the robot interrupts the user who is performing a puzzle task to establish a shared
mental model of the task. Straten et al. [68] applied a completely external approach during
which the experimenter verbally explained the robot (in the third person), e.g., “The story
Nao just told you has been put into Nao’s computer beforehand”.

Papers that primarily focus on the communicative purpose or only use verbal expla-
nations as a fallback for visualizations tend to not specify the exact wording of their verbal
or textual explanations [17,46,86,92].

4.3.3. Haptic Stimuli for Transparency

Only six papers use haptics to increase the robot transparency, which is why no gener-
alizable statements can be made. Che et al. [47] and Grushko et al. [41,42] communicated
robot intent explicitly via vibration feedback. Similarly, Casalino et al. [40] use vibrotactile
feedback to communicate the robot’s beliefs of the interaction. In comparison, Valdivia
et al. [72] utilized a soft haptic display wrapped around a robot arm that can inflate to
indicate the certainty the robot has of the decision. Yonezawa et al. [96] tested all kinds of
haptic stimuli to communicate behavior and found that they benefit understanding.

5. Classification of Approaches to Convey Transparency in HRI

We summarize the scope of current work on transparency in the HRI context in
Figure 3, our model for HRI transparency conveyance. The results of our literature survey
revealed different approaches to increasing robot transparency, which we classify by their
degree of integration in the robot. We refer to the classification of integrated transparency
again, which is visualized in Figure 2. The classification of integrated transparency presents
the observation that the transparency of robots can be realized through the robot itself or on
top of the robot. We define the space between the extremes as transparency using the robot.

Figure 3. The classification presents the observed best practices of how to present information to
make a robot transparent. We map the approaches based on their integration into the robot design.
The robot property made transparent is linked to technical prerequisites.

The Classification of HRI Transparency Conveyance focuses on the tools and kinds of
robots researchers have at their disposal and the options the robot provides as a baseline.
Based on these prerequisites, researchers use different approaches to make the robot
transparent. We found that these methods to convey information are linked to certain
communicative purposes, i.e., certain features can increase understanding of certain aspects
of the human-robot interaction.

The transparency through the robot layer comprises approaches to make robots transpar-
ent that can be realized with the robot itself and no further tools. Thus, these approaches
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can only be used if we alter the general way the robot looks or behaves. Transparency
through robots is primarily suitable to enrich the interaction with additional information,
similar to nonverbal communication in interpersonal communication. The approaches for
transparency conveyance through robots include movement, gaze, and facial expressions, all
of which are perceived visually. Projected onto human–human interaction, these are nonver-
bal behaviors. Focusing on robot movement, a robot should use natural trajectories instead
of the most direct trajectory so that users recognize the robot’s intended action [35,36,58].
If a robot is equipped with eyes, these can be used to foster shared awareness of a task
by making it transparent where the robot is directing its attention [34]. Further, the facial
expressions of a humanoid robot can be utilized to communicate nuances in the interaction,
e.g., to inform the user of the robot’s internal state [6,45,71]. Accordingly, the transparency
through the robot layer does not offer in-depth explanations yet also does not interfere with
the interaction itself.

The transparency using the robot layer presents approaches where additional technolo-
gies are applied to the robot to facilitate explanations. These tools are either inherent to the
robot design, e.g., Pepper and Baxter have integrated screens on their bodies [19,53,65], or
are added by the researcher to facilitate robot transparency. The aforementioned integrated
screens can depict information that clarifies the robot’s intent and capabilities. As these
screens are moving with the robot, information that can be perceived easily, such as facial
expressions or single words describing the robot’s task, are more appropriate than long text.
If more information density is required, researchers can use speakers that are integrated
into the robot. Existing research uses audio to present natural language explanations in
first person by the robot, e.g., [43,87].

The transparency on the robot layer focuses on external explanations which are presented
on top of the existing robot. This layer is not constrained by the robot and can make use of
the entire HCI space. However, this freedom comes at the expense of seeming disjointed
from the robot and adding external information to the interaction between human and
robot. For example, screens can depict detailed information on the robot, including text
and visuals, without the need to interact with the robot [29,67,79]. Similarly, if the robot
does not have audio capabilities, the researcher can provide verbal explanations in its place,
e.g., [68].

6. Discussion and Future Work

In this paper, we systematically reviewed existing work on transparent HRI to assess
how robots are made transparent. We presented an overview of approaches used to ensure
transparent HRI in prior research. From this overview, we derived a classification of HRI
transparency conveyance, a framework of the modalities and functionalities used.

6.1. Approaches for Conveying Transparency in Human-Robot Interaction

Below, we will first discuss our findings—regarding the question, which approaches
have been used to create transparency in HRI?—with the aim of establishing a basis of explored
approaches and to identify gaps for future work.

6.1.1. Existing Research Focuses on Verbal and Textual Explanations

The first theme we identified is that existing research primarily conveys information on
the robot via natural language explanations using speech or text (e.g., [43,73]). Presenting
information on the robot in natural language has the highest information density. Text and
speech are prevalent for analog interpersonal communication and digital communication
via technologies, usually enhanced by additional nonverbal information [100]. Thus,
natural language is an easy choice to convey large amounts of information. Aside from
this, existing research utilizes visual approaches to make their robots transparent. HRI
researchers utilize methods from HCI to present information on screens (e.g., [29]), as
well as try to replicate nonverbal human–human communication, i.e., gestures and facial
expressions (e.g., [45]).
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The analyzed papers cannot tell us about the suitability of other modalities for trans-
parent HRI. The potential of haptics for nonverbal communication using physically present
robots that the user can touch is underexplored. In line with Wallkötter and Tulli et al. [10],
no research focused on conveying information to make the robot’s behavior transparent via
sound. Future studies could explore different methods, such as sounds, in a comparative
experiment to assess their effect on the understanding between human and robot.

We summarize our high-level observations in a classification of existing approaches in
HRI literature. This helps researchers to select a general approach to make their robots more
transparent, depending on the available tools. Categorizing the approaches on another
dimension, e.g., whether they were playful, could offer valuable insights. However, we
recognized during the analysis that many papers do not describe the approach to convey
the relevant information in detail, as their main focus is the information content. Thus, an
analysis pool of relevant data for a meta-analysis does not exist. More studies are needed
to explore different building blocks for transparent robot design.

6.1.2. Transparency is an Afterthought when Designing the Interaction

Should a robot be made transparent for a study or should the robot be designed to
be inherently transparent? According to our analysis, the perspective on transparency in
HRI has been one-sided, focusing on generating explanations on existing robots. Papers
predominantly focus on explaining the behavior of a robot in hindsight. We categorize this
as transparency on the robot (e.g., [44,78,94]) and transparency using the robot (e.g., [29,57]).
This approach makes sense for HRI researchers who do not design robots themselves and
thus do not determine the robot design. We envision a future in which the transparency of
the interaction is considered when designing a robot. Not only does this integration result
in more transparent robots, but it also allows us to move away from external interfaces
and explore colors, robot shapes, and materials to convey information on the robot. HRI
researchers have the opportunity to shape what this integrated transparency looks like on
the basis of user studies.

Not every robot is the same, and the goal is not to limit the design of robots for the sake
of transparency. However, recommendations for transparency are needed to create external
consistency. Due to the vast differences between robot designs for different purposes, a one-
size-fits-all solution does not seem realistic. Instead, we envision guidelines for transparent
HRI for different types of robots, e.g., humanoid social robots vs. industrial robotic limbs.
Consistency in the interaction with robots of the same type is needed to guarantee that
users recognize how to interact with a specific robot and transfer their understanding from
one robot to the next. Thus, we believe that giving recommendations to designers on how
to design transparent robots is needed for usable HRI.

6.2. Comparability between Studies on Transparent HRI

Previously, we highlighted that there is a research gap in providing recommendations
on how to design transparent robots. The literature review also revealed that transparency
research in HRI is missing an overview of best practices of (a) how to report on transparency
and (b) to actually verify understanding. This leads to low comparability between different
studies.

6.2.1. Towards a Uniform Terminology

One aspect we explored in this literature review is the terminology used to describe
the concept of making a robot transparent to a human user. In line with [9,10], our analysis
confirms that there is no uniform terminology across HRI. The lack of clear terminology is
confusing for readers and impedes research on the subject, as it is harder to find papers
on the same concept. While different terms exist because they describe different nuances
of similar concepts, existing research does not uniformly use the terms according to their
definitions. This paper provides insights into the terms that are most commonly used.
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Our results cannot tell us which terms are the most appropriate, but we can recommend
terminology based on informed observations of the analyzed papers.

Due to the popularity of the word, we recommend that future work uses the word
transparency to describe interactions between humans and robots. Explainability is predomi-
nantly used when describing the implementation of algorithms or automatic generation
of explanations and should be used in this context. Researchers should avoid the word
understanding when discussing transparent interactions. Despite its accuracy in capturing
the concept and its importance for the interaction, it has low searchability.

6.2.2. Comparison of Transparency Approaches for Understanding

Kim and Hinds [57] controlled whether their participants understood the used robots
more when it explained itself. In their study, the relationship was negative. Results such
as these emphasize how important it is to measure understanding, which only 32.4% of
the analyzed papers did. This matters because we cannot compare the actual effect that
different methods have on making a robot transparent if there is no easy and standardized
method to verify the understandability of the robot. In contrast to the review by Wallkötter
and Tulli et al. [10], the main pattern we found was self-reported understanding.

6.3. Limitations

As discussed in the methodology section, we made the deliberate choice to search the
ACM and IEEE digital libraries due to their relevance to the research topic. Furthermore, we
only searched the abstract and title due to the ambiguous terminology. Limiting ourselves
in the identification process was necessary, as our initial library-independent free-text
search resulted in an excessive amount of entries. Thus, we cannot guarantee that we did
not miss a relevant publication in the identification process.

The presented review provides an overview of existing work on transparency con-
veyance in HRI. However, our observations are based on literature that predominantly
did not aim to explore transparency conveyance. Thus, they often did not measure the
effect of their approach on understanding. Consequently, the effectiveness of the discussed
approaches for increasing understanding is not guaranteed. Making claims on the real
effect goes beyond the contribution of this paper. Experiments are needed to test different
approaches in a comparative study, using a uniform scale to measure understanding.

7. Conclusions

We conducted a systematic literature review following the PRISMA method and ana-
lyzed the resulting 71 eligible publications on their perspective and approach to making
the interaction with a robot transparent. We present a high-level overview of transparency
research in HRI that can be used as a basis for anyone who aims to enter this field. Addi-
tionally, we analyzed published papers on how they make their robots transparent. We
found that most existing research focuses on generating explanation content or on the effect
of transparency on other aspects of the interaction—not understanding. The majority of
publications on transparency in HRI present this information as either plain text or speech.
Other than this, studies use visual modalities to foster transparency. Different approaches
of presenting the information, like haptic stimuli or sounds, are underrepresented in the
analyzed literature. Future work is needed to investigate the effectiveness of multiple
explanation modalities on understanding. Further, future research could test the impact
of understandability on usability using the proposed transparency conveyance model.
Overall, this paper highlights the importance of exploring how to make robots transparent,
which to date has gone largely unexplored. Thinking about ways to convey information to
make robots transparent is a natural next step from generating explanation content.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mti7030025/s1, References [101–105] are cited in the supplementary
materials.
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