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Figure 1: a shrinkable arm (shrunk when lower down and expanded when raised up) attached to an autonomous delivery vehicle
(aka delivery robot) to express its crossing request to a car driver, and the simulator used in evaluation (Study one/Scenario 1).

ABSTRACT
When employing autonomous driving technology in logistics, small
autonomous delivery vehicles (aka delivery robots) encounter chal-
lenges different from passenger vehicles when interacting with
other road users. We conducted an online video survey as a pre-
study and found that autonomous delivery vehicles need external
human-machine interfaces (eHMIs) to ask for help due to their
small size and functional limitations. Inspired by everyday human
communication, we chose arms as eHMI to show their request
through limb motion and gesture. We held an in-house workshop
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to identify the arm’s requirements for designing a specific arm with
shrink-ability (conspicuous when delivering messages but not affect
traffic at other times). We prototyped a small delivery robot with a
shrinkable arm and filmed the experiment videos. We conducted
two studies (a video-based and a 360-degree-photo VR-based) with
18 participants. We demonstrated that arm-on-delivery robots can
increase interaction efficiency by drawing more attention and com-
municating specific information.

CCS CONCEPTS
• Human-centered computing→ Empirical studies in inter-
action design.

KEYWORDS
arm-based eHMI, transformation design, autonomous delivery ve-
hicles, delivery robot
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1 INTRODUCTION
Researchers in AutomotiveUI explored a broad range of exter-
nal human-machine interface (eHMI), attached outside of the au-
tonomous vehicle in different forms (text display, light, eye, etc.)
[45] to convey various information (intent, perception, status, etc.)
[17, 20] to other road users (pedestrians, cyclists, car drivers, etc.)
[2, 58]. During the transition period of mixed traffic (associating
various levels of autonomous vehicles with traditional vehicles),
the eHMI design research direction has emerged with the devel-
opment of autonomous driving technology. However, even with
the researchers’ significant efforts, we could not cover the entire
communication space between road users and autonomous vehicles,
such as autonomous delivery vehicles.

Other than the normal vehicle, autonomous driving systems
draw attention to the service industry [36], such as transportation,
entertainment, and logistics. Among these, we found our particular
interest in logistics: unlike other applications, autonomous deliv-
ery vehicles can have various forms or sizes from passenger cars
while utilizing the self-driving algorithm and possibly manipulating
real-world objects. The industry has already noticed its usefulness
and deployed autonomous delivery vehicles such as Starship, Uber
Eat, and Tier 4 Kawasaki. These are categorized as autonomous
delivery vehicles [22, 69] since vehicles often carry people, whereas
delivery robots often carry goods. In the industry, people called
them "delivery robots," and we use this term throughout the paper
to distinguish them from the traditional vehicles used in evaluation
(Figure 1).

Delivery robots move mainly on the sidewalk and do not occupy
the traffic road [29]. They are designed to divert traffic during peak
hours and address labor shortages [12]. As such, while delivery
robots can vary in size, most are designed to be less than half the
height of an average adult and narrow enough to move among peo-
ple [1]. The different forms and sizes lead to different challenges
in designing feasible eHMIs when they need to communicate with
people. To understand the nature of delivery robots, we gathered
and analyzed 50 video clips of delivery robots, including vlogs, mar-
keting videos, and so on (see Appendix A: The Video Clip List). We
found the delivery robot to be an outlier in the field of autonomous
driving. They perform as autonomous vehicles, but at the same time
act as pedestrians. Even so, they are more vulnerable than pedestri-
ans due to their limited capabilities. For example, a delivery robot
cannot press a button for a button-activated crosswalk. As such,
delivery robots’ eHMI needs to show different types of information
from the current eHMI, which focuses on accident reduction and
pedestrian safety by showing "stop" or "please go." That is, delivery
robots need to show their request information, such as "help me."

Inspired by everyday human communication, we see that an arm
is a good candidate for the delivery robots’ eHMI. As a common

sense, people raise or wave their hands to draw their communica-
tion partner first, using their body language to express their request
if they are far away from each other [8]. Through an in-house work-
shop, we determined our arm shape. For the delivery robot, an arm
is not necessary for navigation, but it is useful for asking for help,
notifying car drivers, etc. If the delivery robot has a long arm, it is
disturbing its navigation or causing discomfort to pedestrians. Thus,
we determined to design a shrinkable arm. Then, we manufactured
a physically shrinkable arm with a hand out of polypropylene and
3D printed it. We prototyped a delivery robot with a paper box and
a controllable toy car and attached the arm to the box. The proto-
type delivery robot can be operated remotely using a controller,
and the arm can be operated via Bluetooth.

We used the prototype to take the video and photo for our eval-
uation. Based on situations in real life (particularly clip 03 and clip
20 in Appendix), we designed two scenarios and corresponding
user study environments: (1) delivery robot crosses the road (partic-
ipant as a car driver in a car simulation) and (2) delivery robot asks
for button pressing (participant as a pedestrian in a VR environ-
ment). We have two conditions: (1) baseline: the delivery robot with
a static flag (the common appearance used in the industry [62])
and (2) proposed: the delivery robot with a shrinkable arm. We
recruited 18 participants and conducted the user study with these
two conditions and two scenarios. Our result proved the benefit of
an arm-type eHMI for a delivery robot to communicate with other
road users effectively. In summary, our research has three main
contributions:

• a video survey to identify the potential challenges in deliv-
ery robot interaction with other road users and design two
testbed scenarios.

• a design of shrinkable arm, allowing the delivery robot
to show request information when expanding and can be
shrunk in other time to avoid affecting other road users.

• a formal user study with two scenarios where scenario 1
showed that the arm can help the delivery robot cross the
road effectively and scenario 2 showed that the arm can help
the delivery robot express their request.

2 RELATEDWORK
2.1 Delivery robot in environment
The current research on how delivery robots work in the environ-
ment is divided into two components. The first component is a
sensing, detecting, and reacting module that allows delivery robots
to complete tasks autonomously [35, 49]. The second is the moment
of handover [40, 67]. This includes the design of an phone app in-
terface and the distribution network system to efficiently manage
multiple robots. This technical research is well-developed, as seen
by many companies’ delivery robots that have passed testing and
are already in operation in the real world. However, we discovered
that the system that operates flawlessly during their tests encoun-
ters a variety of unanticipated issues in real life (as described in
Section 3).

We hypothesized that this situation occurred for two reasons.
The first is because the "human factor" was not included during
the testing procedure. Human behavior is difficult to pre-define in
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an experiment as we cannot predict every possible human behav-
ior, and environmental changes are unpredictable (e.g., potholes in
the road, icy roads, piles of snow) [52]. The second is because the
delivery robot is somehow too weak to achieve their goals indepen-
dently (e.g., small formfactors or collision-safe materials) [48]. In
such situations, robots need to ask for people’s help. For example,
the sociable trash box robot [66], an automatic moving car with a
trashcan, is primarily used to clean the streets. However, due to its
minimalistic design and limited capability, it verbally asks passersby
to grab garbage for it. Therefore, bidirectional communication is
required. Not only should it receive information from the environ-
ment, but when the delivery robot is incapable of completing its
task, it should also be able to send messages for specific requests.

Previous research supported a similar view based on an obser-
vational study [11, 57, 68]. These findings emphasize the need to
investigate robots’ interactional work throughout their deployment.
For example, nonverbal help-seeking tactics for urban robots and
bystander factors shape assistive behaviors. Other than the visual
eHMI, audio interaction is feasible with the example that a delivery
robot asks people to press the elevator button [28]. The speech-
based method could be a good choice at the moment of handover
(when the customer and robot are close and ready to interact with
each other). However, when the robot is on delivery, most people
are not paying attention to the robot (in many cases, they are using
ear pods) or they are far away from the communication partners.
In addition, the noise in the outdoor environment interrupted the
robot’s speech interaction toward road users. In such a situation,
audio does not work and we proposed that the design of a visual-
based eHMI to show request information about the delivery robot
is necessary.

2.2 The design space of eHMI
There is a body of research work in visual eHMI comparing var-
ious modalities [7, 10, 19]. Although multiple studies [4, 9] have
confirmed that "text is one of the most effective eHMI methods," we
cannot directly apply these findings to delivery robots. We explain
the reasons in three dimensions.

The first is the implementation method. The same modality, but
various implementation methods yield different results. For exam-
ple, distinct user feedback was obtained for the same modality, text,
when projection and display were implemented [9]. The modality
of eyes, implemented by the 3D model displayed by video or physi-
cal robotics prototypes, provides users with a different experience
[31, 65]. The second parameter is the message type [61]. Faa. et al.
[24] previously compared three types of information that eHMI can
convey: perception, intent, and status. Dey et al. [18] expanded to
six types (intention, instruction, situational, awareness, warming,
and advising) in "taming the eHMI." There are various historical
examples that demonstrate that, even if the information content is
identical, different types of information will produce distinct con-
sequences [27]. The third aspect is the scene setting. "Pedestrians
crossing the road" is a popular research scenario with the important
research goal of maintaining pedestrians’ safety using eHMI. In this
setting, researchers conduct research from multiple perspectives,
including pedestrians, cyclists, and drivers [3, 5, 6, 15]. The results

reveal that pedestrians are eager to search for detailed informa-
tion from eHMI to know autonomous vehicles’ explicit intentions
[17, 21, 24] (for example, "after you."). However, when autonomous
driving technology enters the service industry, pedestrians may
require different information communicated via eHMI [34, 56].

When we took these three dimensions together, we discovered
that in different instances, road users require different communica-
tion formats. A certain modality may have a significant advantage
in delivering a specific message type, but it could be ambiguous
and ineffective in transmitting other information [16, 30]. We need
a more comprehensive design framework. Colley et al. [13, 14] cre-
ated a two-dimensional design space by combining the three-type
concept dimension and the six-type scenario dimension. Based on
this design space and the three dimensions discussed above, we
built our eHMI prototype for the delivery robot. When we apply
the scene setting to the delivery robot [47, 54], "text display" may
not be a plausible modality since the text may be too small to read.
We required a visible eHMI that could provide information to road
users in multiple directions (for example, a pedestrian behind a
delivery robot or a driver sitting inside a car). Thus, we decided to
"build a physical prototype of our eHMI." Based on our pre-study,
we examined and determined that the delivery robot’s eHMI needed
to show "request"-type information. In our daily lives, when we ask
someone a question or seek assistance, we typically raise a hand.
To sum up, we chose to create a physical arm-based eHMI for a
delivery robot to communicate their request to other road users
effectively.

2.3 Arm as a communication modality
There is research proposed for arm-based eHMI design for vehi-
cles [50]. However, because it is not mainstream, there is a few
research that may serve as a foundation for this discussion. To initi-
ate our discussion, we first broaden our scope to human-computer
interaction (HCI) and human-robot interaction (HRI) [59, 64]. We
found that, unlike in the vehicle eHMI design, arms are widely used
by robots as mostly task-completing tools rather than interactive
communication tools. While many robotic arms are developed to
manipulate real-world objects (e.g., grab, press) – that is, the arm
acts as a body extension [23, 60, 63] – they can also be a commu-
nication tool to convey ideas with arm gestures or limb motions.
We extend the theme of using an arm as a communication tool to
autonomous vehicles by leveraging it to ask for people’s help and
convey its intention to other road users.

We have two categories of the robot’s arm behavior types to
communicate information with other road users. One is arm limb
movement, which includes lifting and waving [32], and another is a
hand gesture (such as the palm facing up or down) [51] or a finger
change (such as pointing) [37]. Combining these two categories
leads to research akin to employing robotic arms to transmit sign
language [44]. When conducting arm-based eHMI for vehicles, we
discovered that previous studies primarily used the second category
[26, 46, 53]. However, given the small size of the delivery robot, we
believe that an eHMI that combines arms and hands would be more
appropriate and effective, as it can "raise” its arm to draw people’s
attention and subsequently the hand gesture to transmit its request.
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We found that if a humanoid robot is being developed, they often
have two arms, and much research converts commonly used human
body language into robotic motion and applies it to the robot to
evaluate if it can deliver the same information [25, 55]. However, if
the arm-based eHMI is intended for vehicles, it cannot be directly
replicated. Because of its distinctive appearance (the delivery robot
resembles a little box rather than a human-like or anthropomorphic
shape), experts are unsure whether it can be utilized by attaching an
arm and performing similar behaviors [42]. As a result, even some
typical sensing actions necessitate a thorough study to ensure their
feasibility. Our work is an initial step in ensuring the feasibility of
the arm-based eHMI on delivery robots.

3 PRE-STUDY: ONLINE VIDEO SURVEY
To analyze the real industry challenges, we conducted an online
video survey with the 50 delivery-robot-related clips (Appendix A:
The Video Clip List, later referred to as clip #). Several autonomous
delivery companies have tested their delivery robots in specific
locations, including Snack-E in Los Angeles (clip 01), Refraction
AI in Austin (clip 23), Starship in Leeds (clip 16), and Uber Eats in
Tokyo (clip 21).We obtain a wide range of information online. These
videos highlight the convenience that technical improvements bring
to people. However, several vlogs demonstrate the limitations of
delivery robots in erroneous situations. We categorized them into
three types.

The first involves the interaction of car drivers and delivery
robots. The driver’s on-road experience contradicts the appearance
of the delivery robot. When pedestrians need to cross the street,
they typically continue to gaze at the vehicles; in some nations,
the pedestrian nods or bows to the driver. After waiting a while or
receiving a similar answer from the driver, the pedestrian will cross
the street. However, this does not happen on the delivery robot
(clip 08, clip 16). For example, in the video (clip 03), a delivery robot
hesitates to move forward or backward on the road’s edge, leaving
the driver clueless and hesitating to halt or drive. The two parties
reached an impasse. Some delivery robots use the light to show
their crossing intention, and while it seems to work well at night
(clip 19).

The second concerns the interaction between pedestrians and
delivery robots. Most of the time, delivery robots walk alongside
pedestrians on the pavement (clip 15, clip 35). Other autonomous
cars’ interactions with pedestrians are limited to road crossings.
However, the delivery robots are moving with pedestrians all over
the sidewalk (clip 11, clip 18). The video shows that conflicts be-
tween delivery robots and pedestrians occur on occasion (clip 05,
clip 06, clip 13).

The third is the limitation of delivery robots. For example, on
Google Maps, we understand that driving routes for automobile
navigation differ from walking routes for pedestrian navigation.
The majority of driving routes consist of flat roads. The walking
route will travel through various locations, including stairs, grass,
and uneven terrain (clip 34, clip 36). Humans can walk those uneven
terrains; however, delivery robots frequently get stuck in various
locations (clip 10, clip 24, clip 32, clip 33) due to their small size and
inflexible wheels. In addition, as delivery robots occasionally need
to use an elevator to get upstairs or to cross the street with the

button-activated pedestrian traffic light (clip 20), they frequently
cannot reach their destination on their own.

To summarize, we hypothesize that, due to their size and func-
tional limitations, delivery robots are often trapped in transit and
need to maintain communication with their surroundings to re-
solve their issues. Delivery robots require an evident eHMI to com-
municate a help request with detailed content. According to the
difficulties we found, we selected and adapted two scenarios for
our research evaluation (clip 03, clip 20). The two scenarios (Figure
2) are about road crossing with different road conditions and inter-
acting partners. In scenario 1, the delivery robot asked a car driver
to let it cross the road on the pedestrian’s first cross-situation (i.e.,
a crosswalk without a traffic light). In scenario 2, the delivery robot
requested assistance from a walking pedestrian to press a button
for a crosswalk traffic light.

4 PROTOTYPING THE DELIVERY ROBOT
WITH A SHRINKABLE ARM

4.1 The delivery robot
While conducting the video survey, we looked into the size of
delivery robots that have appeared on the market. The height of
delivery robots manufactured by various companies varies. Large
robots, such as 7-Eleven Snack-E, stand approximately 1.2 meters
tall. Smaller robots, such as Starship, Kiwibot, and Uber Eats, stand
between 0.5 and 0.6 meters tall. We chose to build a smaller one
because they are more likely to experience problems and need an
eHMI to draw people’s attention and request their assistance. First,
we chose a 45-cm-tall paper box, coated it with white paper, and
mounted it on a four-wheel-drive toy car (Figure 3 (a)(b)). Our
delivery robot’s total height is around 50 cm.

4.2 The arm and hand
We held an iterative in-house workshop to design the arm shape.
We started with a regular digital model and 3D printed it (Figure
4, Type 1). On our first iteration, we realized an issue with our
arm prototype: as the delivery robot is operating outside, having a
long arm (i.e., in the state of “spread arms”) on the body is not safe
for other pedestrians or vehicles. As such, we set the default arm
position to "lower down" and near the body. If the arm is excessively
long and longer than the delivery robot, it would be unable to "lower
down" entirely around the delivery robot when it is not active. If
we shorten the arm’s length, the arm would not be visible to other
road users even if it were raised. As a result, we abandoned the
traditional shape and experimented with the shrinkable/collapsable
structure.

We took the origami idea that the arm can shrink in its default
state and expand to show its request. Computational origami is
a popular field for focusing on cylindrical structures to dynami-
cally manipulate their volume. Researchers [39, 43] explored vari-
ous origami mechanisms and assessed their advantages and disad-
vantages in terms of ease of use, fabrication time, and usefulness.
Among them, the twisted tower structure attracts our attention
because of its stability, pressure resistance, elasticity, and durability.
We found other research that proved its usefulness in semi-soft
robotics design [38, 41]. Based on these, we created a telescopic
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(a) Scenario 1: Request for road crossing (b) Scenario 2: Request for button pressing

Figure 2: the two testbed scenarios for evaluation. Scenario 1 is the interaction between delivery robot and car driver. Scenario
2 is the interaction between delivery robot and pedestrian.

(a) place box on toy car (b) fix box on toy car (c) stabilize the toy car (d) make twisted tower origami

(e) arm and controller (f) attach arm on box (g) shrunk arm (h) expanded arm

Figure 3: The procedure of making the overall prototype

arm (Figure 4, Type 2). Our improved prototype encountered an-
other challenge. When the arm is 20 cm or longer, it starts to bend.
That is, even though the structure is stable, there is not enough
strength to lift the entire length due to the material limitations. In
addition, with this arm prototype, we could not have fine control
over bending a specific point of the arm.

To address this challenge, we created a new design in which the
limbs are composed of polypropylene with an origami structure
(Figure 3 (d)), and the shoulder and elbow joints are 3D printed from
a stronger material (Figure 4, Type 3). The total length of the arm
with the hand is 42 cm when fully shrunk, making it suitable for
use on any existing delivery robot (Figure 3 (g)). On the other hand,
when the arm is fully expanded, it measures 60 cm long, reaching
the average of a woman’s arm length ranges (Figure 3 (h)). That is,
our shrinkable robotic arm is suitable for delivery robots and our
goal of communicating with other road users.

4.3 Assembly and control
Finally, we attached the shrinkable arm to the delivery robot proto-
type we built (Figure 3 (f)). We finalize our prototype by fine-tuning
its center of gravity distribution and adding sponge to the box’s
bottom to lessen inertial impact (Figure 3 (c)). The robot’s move-
ment is driven by a remote controller, while the microcontroller’s
(Arduino Nano 33 BLE) Bluetooth controls the stretching and lifting
of the arms (Figure 3 (e)). The shrink-ability function is achieved by
the thread-driven method. There is a motor inside the joint, and a
translucent thread is placed inside the origami cylinder. While the
motor is activated, it curls up the thread to compress the origami
cylinder. When it rotates in the opposite direction, it releases the
thread, and the origami cylinder returns to its expanded state due
to its own elastic (Figure 4 (e)). We tested the prototype indoors,
simulating the state of a delivery robot transporting goods.

We devised two arm movements for the two testbed scenarios
based on the arm’s typical daily use. In scenario 1, the arm is raised
when the delivery robot asks to cross metaphoring the request "may
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(a) Type 1: normal arm (b) Type 2: all in origami (c) Type 3: limb in origami (d) Type 3: partly shrunk (e) Type 3: thread-driven

Figure 4: The in-house design workshop for our arm development. In type 3, forearm is collapsed / upper arm is expanded (the
right)

I cross the street now?" and lowers down the arm when there is
no such intent. In scenario 2, we present a text display that reads
"could you help me to press the button" while raising the arm and
pointing to the position of the traffic light’s press-activated button.

4.4 Participants and general procedure
We invited 18 people (all university students, 6 women, and 12 men)
to participate in our user study with a $7 honorarium. The evalua-
tion contains two studies and five steps: (1) the verbal explanation
for Study One; (2) the trial and formal test for Study One; (3) a short
break and verbal instruction for Study Two; and (4) the formal test
for Study Two. (5) the post-study interview. The entire evaluation
takes approximately 30 to 40 minutes.

5 STUDY ONE
5.1 Scenario one: delivery robot interacts with

car driver
In scenario 1, we informed participants that they are a car driver
driving a car forward (note that it is left-hand traffic). In this sce-
nario, we explained that there are multiple vehicles lined up behind
the participant’s car, and there is a delivery robot at one end of the
zebra crossing (Figure 1, middle). The delivery robot may decide to
wait for the car driver (and all the other vehicles) to go first, or it
may request the driver to allow it to cross the road first. We took
the video that followed the story in four types from the driver’s
perspective (Figure 5). There are two options. Case 1: The delivery
robot intends to cross. Case 2: The delivery robot intends to wait
(and will not cross for the time being).

There are two conditions. 1) Baseline: A delivery robot with a flag:
there is no difference between the two cases, as we observed from
some videos [62]. 2) Proposed: A delivery robot with a shrinkable
arm; for case 1, the arm is raised at the start of the video, whereas for
case 2, the arm remains down. To avoid bias in the user’s judgment,
in all videos, we drove the car at a constant speed. In the study, we
chose a static flag as a baseline, as this is how the delivery robot
appears in industry. The flag is intended to make the delivery robot
more visible in congested places. That is, the flag is not designed

to communicate its intention. In this "crossing road" scenario, the
baseline represents a no-eHMI state.

We built a simple in-car simulator using a monitor, a wheel,
and a pedal. Participants watch the video on the 28-inch monitor
(figure 1, right). Participants could see the delivery robot as 5 cm
when it first appeared, then getting bigger as the car got closer.
The participant’s task is to carefully observe the delivery robot
and determine whether it intends to cross the road now or not. We
instructed the participants to step on the brakes to stop the car if
they believed the delivery robot was asking them to let it cross. If
they believe the delivery robot intends to wait, they do not need
to take any action. As experienced drivers would instinctively step
on the brake to slow down when they noticed an object in front
of them, we asked the participant to step on the pedal only if they
believed the delivery robot wanted to cross the road right now for
an accurate measure. We performed a within-subject test for Study
One. We repeated each type of video 12 times in a random-mixed
order. In each task, we edited the video until the car was three
meters away from the crossroad (before the delivery robot crossed).
Each task is 6-second long. A green progress bar and a countdown
at the top of the video indicate the amount of time remaining, and
participants can only make their decision while the video is playing.
Each participant was given a trial period to practice. There is no
data recorded during the practice time. They then completed 48
tasks (12 for each type and 4 perspective types) in the formal study.
When the user steps on the pedal, the system records their decisions
and calculates the accurate decision rate.

5.2 Result: correct decision rate
In scenario 1, we first calculated the correct decision rate of whether
the car driver (participant) chooses to stop the car or not after
observing the delivery robot’s request intention. The paired t-test
revealed statistically significant differences (p<0.001) between the
flag (M = 0.5116, SD = 0.069) and the shrinkable arm eHMI (M =
0.8102, SD = 0.21; Figure 6, left). The results showed that participants
understood the delivery robot’s cross request more accurately with
the raised arm compared to the flag.

We separated the scenarios according to the delivery robots’
two options (request to cross or wait till cars pass by). The paired
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Figure 5: Four types (two conditions * two cases) of videos we took for our study one. Note that yellow circle highlights the
robot on the scene and we placed close-up picture of the robot on the right-top of each scene.

t-test revealed statistically significant differences (p<0.001) in case
1, where the delivery robot requests to cross the road using the
flag (M=0.3056, SD=0.31) or using the shrinkable arm-based eHMI
(M=0.8611, SD=0.24; Figure 6, right). However, we did not find any
statistically significant differences in case 2, where the delivery
robot waits for the cars to pass by with the flag (M=0.7176, SD=0.34)
or the shrinkable arm-based eHMI (M=0.7593, SD=0.36; Figure 6).
The data indicates that our proposed arm-based eHMI helps the
"delivery robot intends to cross the road."

6 STUDY TWO
6.1 Scenario two: delivery robot interacts with

pedestrian
In scenario two, we chose an area in front of a train station. At
this intersection, some pedestrians exit the train station and turn
right rather than crossing. A delivery robot is waiting next to the
intersection (to avoid blocking the road), hoping for assistance in
pressing the button for the crosswalk traffic light to cross the road.
The robot uses the eHMI to initially capture people’s attention
and then request help. We captured two 360-degree photos at the
pedestrian position (Figure 7, middle, display in equirectangular
projection format). In the "baseline" condition, when the display
above the robot’s head states, "Please help me to press the button,"
it stands with the flag. In the "proposed" condition, it raised its
arm and pointed to the traffic light’s button location while the
screen displayed the same text. In this study two, our main goal is
to compare our shrinkable arm to the widely used baseline flag. We

believe that our shrinkable arm is more understandable than the
flag.

In the study, we only inform the participant that they are a casual
pedestrian walking along the street. Then, we asked them to wear
a VR headset (Figure 7, right). After the participant initially saw
the 360-degree photo, we asked them to speak freely about their
next actions, behaviors, or thoughts. If they are puzzled or wish to
continue walking forward without taking any action, we ask them
to tell us to stop the study. This is an observational experiment.
Unlike scenario 1, where the car would do a certain movement
(i.e., fixed video flow), scenario 2 has highly flexible pedestrian
movement. That is, if the video starts with a certain movement, the
participants can guess the next event, which impacts their thought
process. Hence, we would like to increase their freedom in thinking
about their next behaviors by providing a static 360-degree image
instead of video.

Consider that once the participants understand the delivery ro-
bot’s request, there is no need for multiple tasks in this study. Since
we would like to avoid a learning effect by changing the order of
presenting the scenarios, we used a between-subjects design. That
is, each participant completed only one task for one condition. The
experimenter noted down everything that the participants said after
putting on the VR headset until they decided to stop. Following the
experiment, the experimenter studied the recorded utterances to
determine whether the participant understood the delivery robot’s
request to take action or reasons if they refused to assist. Follow-
ing the two studies, participants were invited to a semi-structured
interview to explain their decisions and thoughts.
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Figure 6: the overall correct decision rate for two conditions on the left, and the correct decision rate divided into two cases.

Figure 7: Left is the overall view of the scenario from the third-person perspective. The 360 degrees participant view is taken
from the person next to the robot in this photograph. Middle is two photos for two conditions. Right shows that the participant
is wearing a VR headset and conducting the study two.

6.2 Result: the participants’ action in three
categories.

The on-site researcher noted down participants’ words and cate-
gorized them into three types. In type 1 (the blue area on the pie
chart in Figure 8), participants did not see the delivery robot and
responded to walk directly. In type 2 (the orange area on the pie
chart), the participant discovered the delivery robot, either the flag
(baseline) or the shrinkable arm with the pointing gesture hand
(proposed), but they were unable to understand the request. In type
3 (green area on the pie chart), the participant saw the delivery
robot, comprehended the request, and replied to press the button
on the traffic light to help the delivery robot cross the street.

Each type represents to what extent each participant understands
the request of the robot. Type 1 is zero understandability, type 2 is
minimum understandability, and type 3 is full understandability. We

analyzed using a repeated measures ANOVA to compare the effect
of people’s understandability of the robot’s intent for each condition
(flag and shrinkable arm) with the planned contrast (shrinkable arm
is much more understandable than flag). We found a large-sized
main effect of people’s understandability of the robot’s intent (F
= (1, 8) = 16, P = 0.00395, 𝜂2 = 0.17 ) with the planned contrast of a
shrinkable arm (M = 1.3333) being more understandable than a flag
(M = 0.6667 ).

In type 1, four participants did not notice the delivery robot
with the flag, and two did not notice the robot with the shrinkable
arm. The results showed that our arm-based eHMI can draw more
pedestrians’ attention while they are walking. In types 2 and 3,
from the pool of people who noticed the robot, one out of five
(20%) participants with the baseline (the robot with the flag) and
five out of seven (71.4%) with the proposed method (the robot with
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Figure 8: participants’ action in three categories in pie chart

the shrinkable arm) understood the delivery robot’s request and
expressed a desire a desire to help them.

7 DISCUSSION
Based on the quantitative data and post-interview responses, we
found that our participants typically do not choose to stop the car
unless specifically requested to do so. We hypothesized that it was
because of the participants’ differing attitudes about pedestrians
and delivery robots: "If a pedestrian is waiting here, I will always
stop. However, if it’s a small box, I would sooner pass than stop." [P3].
At the same time, the participants mentioned other reasons for
their unstopping choice: "If it’s a pedestrian, when I make gestures
or make eye contact in the car, they will respond to me, but I’m not
sure if the car can detect it or if they have no reaction." [P14]. These
interview results validated the importance of employing eHMI for
delivery robots to let drivers know of the delivery robot’s request
or that the delivery robot has detected their behavior and under-
stood their intention. Based on the interview results, several people
demonstrate how the arm is advantageous in our test scenarios. We
conclude with four reasons:

First, using the arm can encourage participants to think based on
common sense. An arm can induce people to unconsciously think
of their daily life behaviors since it resembles a real human arm,
even if the whole delivery robot is not human-shaped. During the
interview, seven participants stated that it was common sense for
them that "seeing a little box reminded them of a child crossing the
street with its hand outstretched." [P12]

Second, using the arm, even though people have different inter-
pretations, they make the correct decision. Positive findings were
obtained from our tests with scenario 1. However, part of the rea-
son is that "children crossing the road with their hands raised"
is a widespread practice in Japan [33]. Since the road crossing
situation and the evaluation were taken in Japan, we chose the
arm-lowering/raising gesture instead of other common gestures
(e.g., waving) in Study 1. In addition, waving can have a different
meaning, such as "Please come here!" when facing a taxi. We no-
ticed that people from diverse backgrounds have varied driving
habits and experiences; the outcomes of this experiment may vary.
For example, in scenario 1, "raising hands" can mean a request to
cross the road, a strategy to protect oneself, or a call to others. All
these interpretations lead the driver to believe that they must stop.

We hypothesized that the reason is that “raising hands” is global
common sense to draw people’s attention. However, to receive a
generalized result, it is worthy to conduct a demography investi-
gation of how people from different cultures apply the gesture in
their daily on-road lives and carry out a comparison study with
various gestures.

Third, when using the arm, it is more visible. In scenario 1,
participants indicated that the flag makes them feel as if there is
something here. However, most of the time, the flag is indistinguish-
able from the surrounding landscape. "The flag is too small; when it
does not have any behavior, I will pass it because it just merges into
the environment." [P15]. This is also evident in scenario 2, where
four out of nine participants who tested with baseline photo did
not find the robot. If using the LED board, which is more noticeable,
the result may differ. However, handwritten texts would not impact
our comparison as both cases are the same for the display. If we had
LED displays for both, it would not be much different since we are
comparing the flag and the shrinkable arm. In addition, we cannot
say that our shrinkable arm has no impact on the LED display, as
we did not compare.

Fourth, using the arm, the request shown can be more specific.
We analyzed comments from participants who noticed the robot but
did not understand the robot’s request. Some participants ignored
the robot and stated, "I do not believe it is asking for my assistance."
[P7] and some could not understand where the button is: "I am
attempting to locate the button on the box itself or around the box."
[P15] That is, we identified the arm’s special feature. Unlike other
eHMIs, which primarily draw attention to the delivery robot itself,
the arm can direct people’s attention to a specific location by point-
ing ("look at that"). As "help me press the button" is ambiguous
(i.e., which button and where), the delivery robot needs to direct
pedestrians’ attention to the traffic light (rather than itself, the de-
livery robot) to specify which button to press. The arm becomes
dominant in scenario 2.

8 LIMITATIONS AND FUTUREWORK
This study is the first stage in determining the possibility of using
arms to display the request on a delivery robot. In our pre-video
survey, we identified three sorts of limitations and found various
examples of scenarios. We simply chose two scenarios. However,
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according to our findings, we need to explore more potential difficul-
ties and develop various types of testbed scenarios for fine-tuning
user studies.

Our prototype is currently too fragile to hold multiple electronics
(e.g., a heavy battery, a monitor) along with the robotic arm. To
trade off, we used cardboard to display the message in Study 2. In
addition, in the evaluation, we used the 360-degree photo (not video)
in Study 2. That is, the robot and the eHMI are all static, which
has limitations in indicating intentions. In the future, it will be
worthwhile to conduct the study in a natural setting where people
interact with the delivery robot continuously. Since real robots
can hold batteries and LED displays on them, we can show text
messages on the LED screen. In addition, we can modify the color or
brightness of the text so that it expresses the message emotionally
and visibly. Meanwhile, field study can enable the participant to
meet the robot without prior knowledge, where we can receive a
more authentic result. That is, we can observe how the participant
perceives and reacts to this delivery robot in the real world toward
the continuous arm movement and LED display with animations.

Our prototype is well-suited for delivery robots up to 50–60 cm
tall, but may not be suitable for robots taller than 1 m. However, our
approach and evaluation demonstrate that the arm can be useful
as an eHMI. Meanwhile, the current arm prototype is built using
3D printing and handmade origami. To increase its robustness and
durability in the future, it is worthwhile to improve the arm to
meet industrial standard by analyzing existing robots in the service
industry to identify an appropriate range of the arm’s length and
feasible materials. In this study, we only applied one limb motion
(raising up) and one hand gesture (pointing). The arm’s flexibility
distinguishes it from other anthropomorphic modalities (such as
eyes). Because the upper and lower limbs can move with six degrees
of freedom and the hand has five fingers, combining them allows
for significantly more forms of information to be expressed than
other modalities. More comprehensive research on the arm and
hand should be undertaken in the future.

9 CONCLUSION
In this study, we present an arm-based eHMI to address issues by
leveraging people’s common sense in gestures and body motion.
We build a delivery robot prototype with a shrinkable robotic arm
through an iterative in-house workshop. The evaluation results
show that the arm can draw more attention and convey detailed
information. This is an initial study in which we demonstrate the
benefits of using an arm as an eHMI on a delivery robot in two
scenarios. We believe that our work would shed light on other arm-
based eHMI studies in autonomous vehicles by incorporating more
complicated arm motions and gestures or applying arms to various
types of autonomous driving vehicles.
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A APPENDIX A: THE VIDEO CLIP LIST
Here is the video list containing 50 clips with their titles:

A.0.1 Clip 1. Food delivery robots under attack from vandals,
thieves

A.0.2 Clip 2. A food delivery robot was seen driving through a
taped off crime scene in LA

A.0.3 Clip 3. hard life of a robot trying to cross the street

A.0.4 Clip 4. robot survival: can food delivery robot survive in LA

A.0.5 Clip 5. Robot delivery: Isaish food delivery robot picks up
and order

A.0.6 Clip 6. Man picks fight with food delivery robot in Holly-
wood

A.0.7 Clip 7. Are Police spying on you with delivery robots?

A.0.8 Clip 8. Delivery robots zip around the streets of Cambridge

A.0.9 Clip 9. I got my first robot food delivery

A.0.10 Clip 10. AI FAILURE: Delivery Robot Knocks Itself Out
w/The Aid of Artificial Intelligence

A.0.11 Clip 11. The first wave of urban robots is here | Challengers

A.0.12 Clip 12. Self Driving Robots: The SOLUTION to Last-Mile
Delivery?

A.0.13 Clip 13. Robot cause tension

A.0.14 Clip 14. Japan’s best robot restaurant

A.0.15 Clip 15. robot tours walk of fame

A.0.16 Clip 16. Coop shopping delivery robot invading cross gates
street in Leeds

A.0.17 Clip 17. robot scam

A.0.18 Clip 18. Found a food delivery robot

A.0.19 Clip 19. delivery robot using green cross code

A.0.20 Clip 20. Helping a delivery cab cross the road

A.0.21 Clip 21. ‘Kawaii’ food delivery robot service launches in
Tokyo

A.0.22 Clip 22. Robots are delivering food to your door

A.0.23 Clip 23. How Austin’s new food-delivery robots work and
why some are speaking out

A.0.24 Clip 24. Pleasanton becomes second U.S. city to use robots
to deliver groceries

A.0.25 Clip 25. Robot food delivery at George Mason could be-
come the future

A.0.26 Clip 26. Self-driving robots making food deliveries

A.0.27 Clip 27. Domino’s Droid Robot Delivers Pizza Right To
Your Doorstep

A.0.28 Clip 28. A Day in the Life of a Starship Robot

A.0.29 Clip 29. Starship Campus Delivery Service with Robots

A.0.30 Clip 30. Starship Robot Delivery in Sunnyvale, CA

A.0.31 Clip 31. Meals on wheels: testing a pizza delivery robot

A.0.32 Clip 32. Angry delivery robot try to kill itself

A.0.33 Clip 33. Security Robot falls into a pot hole

A.0.34 Clip 34. delivery robots get stuck in snow

A.0.35 Clip 35. Starship Robots and other pavement users (With
Audio Description and ASL overlay)

A.0.36 Clip 36. The Robot That’s Roaming San Francisco’s Streets
to Deliver Food | WIRED

A.0.37 Clip 37. Are Robotic Rovers the Future of Food Delivery?

A.0.38 Clip 38. Watch Robot Food Delivery Debut on the Univer-
sity of Kentucky Campus

A.0.39 Clip 39. Ford’s Delivery Robot Walks On Two Legs Like A
Human

A.0.40 Clip 40. Robots roam the University of Wisconsin campus
delivering food to hungry students

A.0.41 Clip 41. Kiwi’s robots deliver food to hungry Berkeley
students

A.0.42 Clip 42. Robots at your service: Automated food delivery
on Wayne State University campus

A.0.43 Clip 43. Watch How These Robots are Revolutionizing
Grocery Delivery in Manchester!

A.0.44 Clip 44. Deligo Food Delivery Robot- The New Trend in
food distribution in restaurants.

A.0.45 Clip 45. Robots Are Delivering Food on This College Cam-
pus

A.0.46 Clip 46. Autonomous pizza delivery robot hits the road

A.0.47 Clip 47. China’s Alibaba unveils autonomous logistics ro-
bot

A.0.48 Clip 48. Self-driving delivery robots hit Japanese streets |
Tech It Out

A.0.49 Clip 49. Rude robot

A.0.50 Clip 50. Starship Robots blocked by DHL Van | Robots
deliver food in Milton Keynes
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