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Among all healthcare sectors and working processes, the janitorial section is a prominent source of work-related injuries due to its labor-intensive nature and rising need for a hygienic environment, thus requiring extra attention for prevention strategies. Advancement in robotic technology has allowed autonomous cleaning robots to be a viable solution to ease the burden of janitors. To evaluate the application of commercial-grade cleaning robots, a video-based survey was developed and distributed to participants. Results from 117 participants revealed that: 1) participants were less tolerant when their personal space was invaded by humans compared with the cleaning robot, 2) it is better to inform the surrounding humans that the cleaning robot has been sanitized to make them feel safe and comfortable during the pandemic, and 3) to make the interaction more socially acceptable, the cleaning robot should respect human personal space, especially when there is ample space to maneuver. The findings of the present study provide insight into the usage and Proxemic behaviors design of future cleaning robots.
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INTRODUCTION
Workers in the janitorial industry (e.g., janitors and cleaners), whose main role is to keep buildings and facilities clean and organized, are ubiquitous among all business sectors. In 2020, the Bureau of Labor Statistics (BLS) reported a total of 2.2 million people employed as janitors and building cleaners, with employment expected to expand by 6% between 2020 and 2030 (Bureau of Labor Statistics U.S. Department of Labor, 2021). Most janitors and cleaners work indoors (37% in buildings and dwellings) and perform tasks including trash emptying, supplies stocking, sweeping, mopping, vacuuming, and others (Bureau of Labor Statistics U.S. Department of Labor, 2021). In healthcare fields, due to the high requirements for a hygienic environment (e.g., to control the spread of pathogens), the expectation for janitors is even higher, with floor cleaning being one of the most demanding cleaning duties (Rutala and Weber 2019; Andersen et al., 2009).
There are considerable occupational hazards associated with janitorial work. The demand for awkward postures and repetitive labor (i.e., physical workload) from the aforementioned tasks is a normal occupational hazard that results in injuries, especially musculoskeletal disorders, sprains, bruises, and even fractures (Green et al., 2019; Schwartz et al., 2019). High exposure to cleaning agents and wet surfaces is another hazard that may lead to certain respiratory diseases and dermatologic diseases (Charles et al., 2009). In addition, they might have the possibility to suffer from stress, even mental disorders, if they perceive relatively high physical and mental workloads on their jobs (Charles et al., 2009; Schwartz et al., 2020). Although janitors and cleaners have the highest workplace incident rates (Bureau of Labor Statistics U.S. Department of Labor, 2016) and the hazards they face are quite severe, limited attention has been paid to injuring/illness prevention.
To counteract these occupational hazards and the relevant injuries and illnesses they cause, a new generation of cleaning tools may be introduced, leveraging advances in technology. Specifically, autonomous cleaning robots could be designed and implemented to allow businesses to redeploy their cleaning crews, with repetitive and mundane tasks shifted to robots whereas tasks that are more value-added and customer-facing (e.g., environmental perception, delicate manipulation, and social communication) retained by human workers. There is already an observable trend of cleaning robots being used in both in consumer and professional settings (Liu et al., 2016). Cleaning robots have been developed and merchandised in varied scales spanning from the home environment (e.g., robot vacuum cleaner) to the retail environment (e.g., autonomous floor scrubber). However, the deployment of autonomous cleaning tools may raise new safety concerns, especially for commercial-grade cleaning robots (e.g., BrainOS-powered automated robots), which are bigger in size than household robot vacuum cleaners. The presence of such robots might unnerve surrounding humans who might not be exposed to robots in the first place Chen et al., 2020. To better design an autonomous cleaning robot that can harmoniously coexist or even interact with surrounding humans, several key aspects need to be properly considered and addressed.
First, it is necessary to understand humans’ acceptance level of cleaning robots when they are sharing the same environment. Recent studies have shown that robot applications are widespread in all kinds of domains, including but not limited to space exploration (Bogue, 2012), manufacturing (Pedersen et al., 2016), agriculture (Vasconez et al., 2019), and healthcare (Shibata and Wada, 2011). In general, people have relatively positive attitudes towards social robots, with considerable variation in the acceptance level of social robots between studies (Louie et al., 2014; Naneva et al., 2020). Whereas some people still hold prejudices towards new technologies, including robots, especially when the robot fails to follow basic social norms (Kuhnert et al., 2017; de Graaf et al., 2019). However, among most of these applications, robots only have remote physical interaction (i.e., Humans and robots are separated spatially), or social interaction (e.g., entertainment, teaching, and emotional support) with humans (Goodrich and Schultz, 2008; Sheridan, 2016). The lack of proximate physical interaction, i.e., humans and robots share the same space, making the acceptance level of humans not well understood. This is important as a positive acceptance level of robots can result in tolerance of and even interest in the robot, however humans with a negative acceptance level may feel uncomfortable with the presence of robots in their close proximity (Nomura et al., 2006). Given the fact that cleaning robots have to operate in close proximity of surrounding humans, it is essential to evaluate the acceptance level of humans under these circumstances.
Second, humans’ attitudes towards the hygiene condition of major public areas, such as healthcare sectors, have evolved over time, particularly during the coronavirus pandemic. These public areas have more hygiene concerns associated with them as they are often acknowledged as potential risk sources of uncontrollable spread of infections (Munster et al., 2018; Garzaro et al., 2020). In this regard, when designing autonomous cleaning robots working in healthcare sectors, approaches to relieve human hygiene concerns are worth investigating. Moreover, even if the health fears about the coronavirus pandemic abate, the importance of hygiene is unlikely to diminish.
Last, in addition to the acceptance level and the effect of COVID-19, robot proxemic behaviors design is also of great importance, as cleaning robots usually operate near humans. Unlike physical safety, which simply requires the robot not to physically injure humans (Asimov, 2004), human mental safety and comfort demands more from the robot, as it requires not just collision-free robot motions, but also consideration and respect for social norms observed in human-human interaction (Salvini et al., 2021). Proxemics, first defined by Edward T. Hall as the physical and psychological distancing from others (Hall, 1966), is one of the most well investigated social norms in robot proxemic behaviors design (Sisbot et al., 2007; Scandolo & Fraichard, 2011). Proxemics is the theory of human behavior in which people maintain appropriate distance from each other. In a large, open room, for example, individuals tend to stand farther apart than in a crowded elevator. The perceived crowding is the factor that relates personal space to one’s perceived capability to regulate social interactions (Evans and Wener, 2007). As a relation between the number of individuals and units of space, the perceived crowding of the workspace will be dependent on its layout and arrangement. With that being said, the relative physical distancing and the environment layout are both important to consider in the robot proximal behavior design to assure human mental safety and comfort in the workspace.
Therefore, the main objectives of the study were to answer the following research questions:
RQ1: Do people tolerate cleaning robots differently than they tolerate humans in terms of the physical social distancing aspect?
RQ2: Do different hygiene conditions affect people’s comfort in terms of their physical social distancing from the cleaning robot?
RQ3: Do people have different preferences for their physical social distancing from cleaning robots and humans, and how does the preference change between different environment layouts?
Results from the study not only provide a better understanding of people’s acceptance of the cleaning robots, but can also be used to guide both the usage and the design of the proxemic behavior of it.
MATERIALS AND METHODS
Participants and Apparatus
The data used in this study was collected via an online survey posted on Amazon Mechanical Turk, a platform that is commonly used for survey data gathering due to its large participant pool and simple participant recruitment process (Kim et al., 2020; Madathil & Greenstein, 2021). After data collection, incomplete or erratic responses were rejected and withdrawn. Results from a total of 117 participants (58 males and 59 females) were collected. The ages of participants ranged from 21 to 74, with the mean (SD) age of 42.79 (11.72). Among the 117 participants, 16 of them were Asians, 12 were Black or African Americans, and 89 were Whites. The study was approved by the University of Florida Institutional Review Board (IRB202100165). The participants were given $3 as compensation for participating in the study.
The mobile robot used in the study was the Fetch Freight Base (Fetch Robotics, Inc, San Jose, CA). The Freight Base is 359 mm tall, 508 mm wide, and 559 mm diameter, with a payload of up to 100 kg. For real-time safety precaution, the robot was equipped with an emergency stop button. To better simulate the dimension of the cleaning robot, modifications were made on the Freight Base to make the whole system approximately 1,690 mm tall (a comparable size of normal commercial-grade cleaning robots). During the video recording, the robot was tele-operated by the researcher at around 0.4 m/s. The travel speed of the robot was determined based on our pilot test, in which we measured the worker, acted by a researcher, moving at about 0.4 m/s while pushing the cart.
Materials
As a compromise during the pandemic, an online survey containing video-based materials was provided to the participants for data collection. There were 16 video clips in the survey, with durations ranging from 10 to 30 seconds. Each video clip consists of two components: a real-world recording and a 2D simulation animation (Figure 1A,B). The real-world recordings were collected in a lab space that mimicked the environment of the medical supply storage room. The worker in the green shirt was acted by a researcher, who was searching and picking an item off the shelf without moving from his place, while the other agent, either a cleaning robot (Figure 1A) or worker in blue pushing the cart (Figure 1A), passed the customer in green in order to travel to the target position and accomplish a certain task. Before watching each video, participants were informed that the task for the cleaning robot was to clean up spills and/or contaminants on the floor, and the customer in blue was to pick the item at the target location. The animations were generated using MATLAB R2019B (MathWorks, Inc, Natick, MA). As shown in Figure 1A,B, black blocks represented the shelves, the green block represented the worker in green in the real-world recording, the blue block represented the cleaning robot or the worker in blue, and their trajectory along with the start and target positions were also provided. The real-world recording and the 2D simulation animation were placed side by side and synced such that the moving speed of the blue agent was roughly the same. Each of the videos could be played as many times as possible.
[image: Figure 1]FIGURE 1 | (A) A screenshot of the video clip in which the cleaning robot passed the worker in the green shirt (B) A screenshot of the video clip in which the worker in the green shirt was passed by another worker pushing a cart.
Independent Variables
In order to answer the three research questions given above, the following independent variables were included:
Agent type (Agent) - Agent type refers to the type of agent with whom the worker in green was sharing space with. Two types of agents were tested in the study. As shown in Figure 1A,B, the worker in green was passed by either a cleaning robot or another worker pusher a cart. The task for the cleaning robot was to clean up spills and/or contaminants on the floor, and the worker in blue was to pick the item at the target location.
Hygiene condition (Hygiene) - For every type of agent, two levels of hygiene conditions were tested. For the cleaning robot, the two levels were: with and without a “sanitized” sign (Figure 2A). For the customer in blue, the two levels were: with and without a mask on (Figure 2B). The hygiene condition was included to test the potential effect of COVID-19.
[image: Figure 2]FIGURE 2 | (A) The sign that the cleaning robot had or not (B) The mask that the customer in blue had or not. The same pictures were shown to the participants to reinforce their awareness of the hygiene condition before each video.
Environment layout (Layout) - Two levels of the healthcare sector layouts were tested: narrow aisle and wide aisle (Figure 3). The narrow aisle represented the environment where only two people may pass at a time, while the wide aisle represented an environment with plenty of room.
[image: Figure 3]FIGURE 3 | Screenshots of the 2D simulation scenarios.
Physical distancing (Distancing) - At the moment the worker in green was passed by the other agent, the distance between them was the physical distancing. This was tested at two levels for each environment layout: close and far. As shown in Figure 3, while close physical distancing refers to the cleaning robot or the worker in blue passed right behind the worker in green in both layouts, far physical distancing refers to the cleaning robot or the worker in blue passed the worker in green by taking a detour in the narrow aisle layout or maintaining a distance around 2 m in the wide aisle layout.
The four independent variables, with two different levels of each, produced a total of 16 (2x2x2x2) video clips for every participant.
Dependent Variable
The study only looked at one dependent variable: the participants’ level of comfort in terms of their physical distancing from the other agent, which will be referred to as the spatial comfort, or rating, interchangeably. After each of the videos, participants were asked to rate their spatial comfort on a Likert scale ranging from very uncomfortable (i.e., 0) to very comfortable (i.e., 10). According to anthropologists’ observations, most people value their personal space and feel discomfort, anger, or anxiety when their personal space is invaded (Hall, 1966). Allowing someone to enter personal space or not could be seen as an indicator of perception of their relationship.
Procedure
The survey consisted of four parts: 1) a description of the study’s purpose, 2) an informed consent, 3) a demographic questionnaire, and 4) a series of videos followed by video-related questions. Participants were first given an introduction regarding the purpose of the study and the experimental task (i.e., watching videos and answering questions related to them). Next, every participant was asked to read and sign the informed consent to indicate their voluntary participation in the study. The participants then completed a demographic questionnaire, including questions about their age, gender, race, and ethnicity, followed by experimental tasks. The main task for participants was to watch videos, imagine themselves as the worker in green searching and picking an item from the shelf, and rate their spatial comfort at the time the other agent (could be either the cleaning robot or another worker in blue pushing a cart) passed them on a Likert scale ranging from very uncomfortable (i.e., 0) to very comfortable (i.e., 10). A CAPTCHA was utilized at the end of the survey to ensure bots were not used to complete the tasks.
Statistical Analysis
According to the Central Limit Theorem, and the fact that the sample size was substantially larger than 30, the assumption of normality could be relaxed (Pek et al., 2018; Islam, 2018). Therefore, four-way repeated measures analyses of variance (ANOVA) were performed with “participant” being the blocking variable. Interaction effects were included in our model. In the case of significant interactions, paired t-tests were conducted to evaluate follow up paired comparisons (Dixon et al., 2018). The test statistics from ANOVA, F-statistic, was used to reflect the ratio of variances per between-group and within-group variance (Kim, 2017). The corresponding significance probability value, p-value, was then used to measure the evidence against the null hypothesis (Hoijtink et al., 2019). All analyses were conducted using SPSS v26 (IBM Corporation, Armonk, NY) with statistical significance achieved when p < 0.05. Partial Eta squared ηp2 was used to determine the effect size.
RESULTS
Main Effects
Table 1 summarizes the statistical analysis results of the main effects of agent, hygiene, layout, and distancing amount. A significant effect of agent type on participants’ spatial comfort was observed (F (1,1740) = 72.810, p < 0.001, ηp2 = 0.040), more specifically, participants’ subjective rating when passed by the cleaning robot (7.1) was significantly higher than passed by the human customer (6.4). Hygiene condition was also found to have a significant effect on participants’ spatial comfort (F (1,1740) = 145.435, p < 0.001, ηp2 = 0.077), i.e., a “sanitized” sign or a mask significantly increased participants’ spatial comfort when they were passed by the other agent (from 6.2 to 7.3). In addition, the spatial comfort of participants in different environment layouts was revealed to be significantly varied (F (1,1740) = 217.100, p < 0.001, ηp2 = 0.111): when participants were passed by the other agent, their spatial comfort in the narrow aisle (7.4) was significantly greater than in the wide aisle (6.1). Furthermore, participants’ spatial comfort was observed to be significantly affected by physical distancing (F (1,1740) = 1,552.204, p < 0.001, ηp2 = 0.471). Specifically, participants’ spatial comfort was significantly higher when the distance between them and the other agent was greater (compared 8.5 to 5.0).
TABLE 1 | ANOVA results (main effects). Significant p-values are bolded.
[image: Table 1]Interaction Effects
All interaction effects are summarized in Table 2. Results revealed a significant interaction between agent type and hygiene condition (F (1,1740) = 43.143, p < 0.001, ηp2 = 0.024). Follow-up paired t-tests (Figure 4A) showed that participants’ spatial comfort of the human customer was significantly lower than the cleaning robot in the “w/o” hygiene condition (change of 1.4, p < 0.001), while a non-significant difference was found in the “w/” condition (change of 0.2, p = 0.092). A significant agent * layout interaction was also observed (F (1,1740) = 4.096, p = 0.043, ηp2 = 0.002). Follow-up paired t-tests (Figure 4B) revealed that participants’ spatial comfort of the human customer was significantly lower than the cleaning robot in either the narrow aisle (p < 0.001) or the wide aisle (p < 0.001), moreover, the difference was greater in the narrow aisle (change of 0.9) compared to the wide aisle (change of 0.6). Additionally, the interaction between agent type and physical distancing was also found to be significant (F (1,1740) = 4.000, p = 0.046, ηp2 = 0.002). Follow-up paired t-tests (Figure 4C) showed that participants’ spatial comfort of the human customer was significantly lower than the cleaning robot in both the “close” (p < 0.001) and “far” (p < 0.001) conditions and the difference was greater in the “close” condition (change of 1.0) than the “far” condition (change of 0.6). Furthermore, layout * distancing was also shown to be a significant interaction (F (1,1740) = 131.513, p < 0.001, ηp2 = 0.070). As shown in Figure 4D, paired t-tests revealed that participants’ spatial comfort was significantly higher when the distance between them and the other agent was greater, regardless of the environment layout (p < 0.001 for both pairs), and the difference was greater in the “wide” condition (change of 4.6) than the “narrow” condition (change of 2.5). Interactions other than the aforementioned four were all non-significant according to our statistical analysis.
TABLE 2 | ANOVA results (interaction effects). Significant p-values are bolded.
[image: Table 2][image: Figure 4]FIGURE 4 | Summary of interaction effects between agent * hygiene (A), agent * layout (B), agent * distancing (C), and layout * distancing (D). The star symbol indicates a significant difference between pairs. Mean values of the subjective rating are represented by the bars and the numbers on it. The error bars show the confidence intervals.
DISCUSSION
To begin with, our statistical analysis revealed that, in general, participants had significantly higher tolerances for the cleaning robot than the human worker in terms of their spatial comfort (p < 0.001). More specifically, a significant interaction between agent and hygiene was observed (p < 0.001). Follow-up paired t-tests showed that when passed by another agent in the same space, participants’ tolerances for a cleaning robot without a “sanitized” sign was significantly higher than a customer without a mask (Figure 4A, p < 0.001). Consistent with the finding in Cartaud et al., 2020, we argue that due to the COVID-19 pandemic, which is currently ongoing at the time of this study, the public has come to expect most people they interact with to wear masks. Violating this norm may result in a reduction in their spatial comfort. On the contrary, robots may not be treated as a common medium of COVID transmission, this might explain why participants’ spatial comfort dropped more significantly when they passed by the unmasked human customer over a cleaning robot without a “sanitized” sign on it. A similar trend was found in the paired t-test shown in Figure 4B, showing that participants were significantly less tolerant of the human customer than the cleaning robot in both environment layouts. These findings could serve as evidence that introducing cleaning robots into healthcare sectors will not increase public concern about COVID. However, we still observed a decrease in participants’ spatial comfort when they passed by a robot without a “sanitized'' sign compared to a robot with the sign (Figure 4A), hence, it is necessary to not only sanitize the cleaning robot on a regular basis, but also to inform the customers that the robot has been sanitized. According to the study results, one effective approach to delivering such information could be putting a “sanitized'' sign on the cleaning robot.
In addition to the agent type and hygiene condition, physical distancing showed a significant effect on participants’ spatial comfort as well (p < 0.001). Our results indicated that participants strongly prefer the other agent to pass them while maintaining a greater distance. According to Proxemics theory (Hall, 1966), personal space surrounding each person could be divided into four different zones: 1) intimate zone (0–0.45 m), 2) personal zone (0.45–1.2 m), 3) social zone (1.2–3.6 m), and 4) public zone (>3.6 m). Given that the distances between the two agents in videos were controlled to less than 1 m (intimate zone or personal zone) in the “close” condition and around 2 m (social zone) in the “far” condition, our finding supported that individuals are discomforted when their personal space is invaded even in virtual settings (Chandra et al., 2020). Furthermore, the significant agent * distancing interaction (p = 0.046) indicated that participants’ tolerance for the cleaning robot were even higher than the human customer in the “close” condition (Figure 4C). This was contradictory to the finding in Joosse et al., 2013, in which the authors found that participants’ reactions were stronger when their personal space was invaded by a robot compared with a person. We argue that the inconsistent results may be due to the difference in context, but more importantly, in our study, the role of the robot (i.e., cleaning robot) and its intention (i.e., clean up spills and/or contaminants on the floor) were well delivered to the participants, whereas in Joosse et al., 2013, such information was not specified. In line with our prior works (Chen et al., 2021; Smith et al., 2021), the findings suggest that for the design of the proxemic behavior of cleaning robots, it is necessary to take human personal space into account to make the robot motions more socially acceptable.
Participants’ spatial comfort was also found to be significantly affected by the environment layout (p < 0.001). Our results indicated that participants’ tolerances for spatial comfort are significantly higher in the narrow aisle, where only two individuals may pass at a time, than in the wide aisle. Although the physical collision chance could be lower in a large and open space, participants’ expectation of respect for their personal space was higher. This finding was aligned with our expectation, i.e., people have stronger expectations of others to respect their personal space when there is plenty of space. Therefore, participants would be less tolerant of personal space invasions in the wide aisle setting. This point of view could be supported by the significant interaction between environment layout and physical distancing (p < 0.001). As shown in Figures 4A,D significantly lower rating was observed when the distance between the two agents changed from “far” to “close” in both narrow and wide settings (p < 0.001 for layout conditions). Moreover, the decrease in participants’ spatial comfort was more substantial for the “wide” condition, further proving our claim. In summary, for robot proxemic behaviors design, the robots must respect human personal space when interacting with people to increase their spatial comfort, especially when there is plenty of room to maneuver.
Several limitations have to be mentioned for this study. First, although the video-based survey approaches further improved the engagement compared to traditional text and image based surveys, participants’ perceptions could still be different from physically conducting the experiment by themselves. Second, the commercial-grade cleaning robot in the study was simulated with a customized general purpose mobile robot platform. Although they are similar in dimensions, differences in appearance, sounds made, and other factors may influence participants’ perception of safety and comfort.
CONCLUSION
Cleaning robots, being a new generation of cleaning tools, are now capable of being deployed in close proximity to humans. In this study, a video-based survey was developed to test participants’ acceptance of the commercial-grade cleaning robot and their spatial comfort when interacting with cleaning robots in multiple conditions. Results showed that when passed by another agent in the shared retail environment, participants had a significantly higher tolerance for the cleaning robot than for another customer in terms of their spatial comfort. The presence of other people had a stronger effect on participant proxemics and participants were less tolerant when their personal space was violated by the customer compared with the cleaning robot. In addition, when sharing the space with another customer, participants’ spatial comfort was higher if the customer was masked. Similarly, it is also necessary to inform people that the cleaning robot has been sanitized during the pandemic. Furthermore, results from the study revealed that participants preferred to be passed with a distance of roughly 2 m between them and the other agent over a shorter distance (<1 m). The preference is stronger in a large and open environment. Indicating the importance of considering and respecting human personal space in robot proxemic behaviors design, especially when there is ample space to maneuver.
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