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Abstract

:

This study investigated the effects of wearing AR devices on users’ performance and comfort ratings while performing order-picking (OP) tasks. In addition to a picking-by-paper list, two AR devices combined with three order information display designs were examined. Thirty adult participants joined. They searched for and found the boxes in the order list, picked them up, and returned to the origin. The time to complete the task and the number of incorrect boxes picked up were analyzed to assess the performance of the tasks. The subjective ratings of the participants on the comfort rating scale (CRS) and the simulator sickness questionnaire (SSQ) were collected to assess the designs of both the AR devices and the order information displays. It was found that the participants could complete the OP tasks faster when adopting the order map (4.97 ± 1.57 min) or the 3D graph display (4.87 ± 1.50 min) using either one of the AR devices than when using a paper list (6.03 ± 1.28 min). However, they needed more time to complete the OP tasks when wearing both types of AR glasses when the Quick Response (QR) code option was adopted (10.16 ± 4.30 min) than when using a paper list. The QR code scanning and display design using either one of the AR devices guaranteed 100% accuracy but sacrificed efficiency in task completion. The AR device with a binocular display and hand gesture recognition functions had a significantly lower CRS score in the dimensions of attachment and movement (5.6 and 6.3, respectively) than the corresponding dimensions (8.0 and 8.3, respectively) of the other device with a monocular and hand touch input design. There were complaints of eye strain after using both AR devices examined in this study. This implies that these AR devices may not be suitable to wear for extended periods of time. Users should take off the AR device whenever they do not need to view the virtual image to avoid eye strain and other discomfort symptoms.
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1. Introduction


Augmented reality (AR) is a technology that enriches our physical environment by superimposing computer-generated information onto a real background [1]. It offers the ability to annotate objects and surroundings and possesses distinctive features that facilitate collaborative/remote maintenance [2,3,4,5]. The usage of AR devices is increasingly prevalent in both professional and everyday contexts. These devices enable the augmentation of real-world environments with visualized entities, either directly or indirectly [6,7]. Moreover, AR devices not only present 2D or 3D virtual elements in the real world but also allow real-time interactions between humans and the rendered objects [8,9,10]. AR can be implemented using either stationary or mobile devices, with the latter being notably more convenient. While mobile devices such as tablets and smartphones also offer AR functionalities, head-mounted displays (HMDs) and AR glasses provide a hands-free experience and deliver superior user satisfaction compared to handheld devices [11,12,13].



Order picking (OP) is typical in logistics and service industries and is commonly performed in warehousing and retail operations. It is a labor-intensive job that requires operators to go to storage areas to find and collect designated items and is the most expansive operation in warehouses [14,15]. The traditional method of OP involves operators finding listed items on paper or on a tablet and picking them up [16]. Using AR glasses is one alternative for performing such tasks. AR glasses have been adopted in OP tasks by providing visual guidance information when searching for items in a storage area [17,18]. They allow workers to access logistic information in a hands-free manner [6,14,19,20,21,22,23,24] and, thus, could improve task efficiency [16,25]. The benefits of AR devices in facilitating OP tasks, however, depend on the hardware and software designs of the device. Verifications are required to confirm the advantage of different AR designs [15].



The pick-by-vision system for an AR device, which uses arrows and attention tunnels to guide workers to find the locations of items, has been proposed [20,21,25,26]. However, such a system resulted in only a small percentage increase in picking speed compared to using a paper list and did not significantly improve picking accuracy. Baumann et al. [27] coordinated colors and symbols on picking charts and part bins in the display of an AR device and found that using such a system significantly improved their OP tasks. However, using colors to help workers to find ordered items in storage creates problems if workers have color deficiency problems. The design of guidance information presented on AR glasses in the literature varies. It is apparent that many more guidance information designs for AR glasses are required to meet the needs of specific warehousing environments. More studies are required to fulfill these requirements.



There are many options for presenting order information in an OP task using an AR device. One option is to provide a list in the image of an AR device, similar to a paper list. However, this provides few extra benefits in addition to hands-free advantages. Another option is to use the Quick Response (QR) code scanner on an AR device to view order information. QR codes have been used in warehousing and inventory management systems [19,28]. A QR code, attached to shelves or the stored item, may be used to store the item and logistic information of a product. When the user scans the QR code using the QR code scanner on the AR device, the content of the QR code appears in the display of the device. The content provides the logistic information and location of the item and may help workers to find the current and following ordered items. Alternatively, displaying highlighted ordered items on a 2D order map or a 3D graph, indicating the locations of the items to be picked, can also be considered. Scientific research is required to determine whether text-based QR codes and highlighted ordered item information displayed in an AR device are helpful in improving the efficiency of OP tasks. Theoretically, highlighted ordered-item hints provide better OP information than QR code information because the former is more intuitive and conspicuous, while the latter requires the matching of the code information and the shelf arrangement. However, this may also depend on the design of the AR device. Such issues have not been reported in the literature. This study was designed to fill this research gap.



Virtual components displayed in AR glasses enrich our visual information. However, safety and health concerns for people wearing AR glasses at work have been noticed [1,29,30,31,32]. Brusie et al. [33] indicated that the unbalanced weight distribution of AR glasses leads to user discomfort. Visual fatigue and eye strain have also been reported when wearing AR glasses [34,35,36,37,38]. Additionally, increased burden on the neck, resulting in poor head and neck posture, hindered mobility, motion sickness, headaches, and performance deterioration, when using AR glasses has been addressed [39,40,41,42]. Comfort/discomfort issues related to the usage of AR glasses in performing OP tasks were also our concerns when proposing the current study.



The findings in the literature [15,16,43,44] concerning the benefits of using AR devices are inconsistent. More studies are needed to confirm these benefits. HMD AR glasses predominantly comprise a unit of display and an input component. The visual display may be monocular or binocular. The input component may be a physical input device, such as a touch pad and buttons, or a more advanced hand gesture recognition device. The visual display and input design may affect the performance and comfort/discomfort of the user. It was our anticipation that the AR glasses with a binocular display would provide a better visual experience than the monocular ones, and that the AR glasses with a hand gesture recognition input design would allow faster hand input operations in performing OP tasks than those with a touch pad and buttons design.



Based on our review of the literature, the following hypotheses were proposed. The first hypothesis was that the efficiency and success of OP tasks using a pair of AR glasses are better than those using a paper list. The second hypothesis was that highlighted graphical order presentations in an AR device are more beneficial than QR code order information in terms of the efficiency and success of the OP tasks. The third hypothesis was that AR glasses with a binocular visual display and hand gesture recognition input design provide better efficiency and success in performing OP tasks than those with a monocular display and hand touch input design. The last hypothesis was that the subjective ratings of perceived comfort/discomfort are dependent on the design of both the AR devices and the order information display. The objectives of this study were to test these hypotheses.




2. Methodology


In order to test our hypotheses, a simulated OP experiment was conducted in a laboratory. The participants picked up 20 boxes in a storage area following different order information presentation conditions.



2.1. Participant


A total of 30 healthy adults (15 females and 15 males) were recruited in this study. Their mean (±SD) age and the median (range) of the corrected decimal visual acuity (both eyes) were 20.23 (±1.23) years and 1.0 (0.7–1.5), respectively. None of the participants had a color deficiency problem. The mean (±SD) statures of the males and females were 174.6 (±6.4) cm and 161.3 (±4.3) cm, respectively. The mean (±SD) head circumferences of the males and females were 54.1 (±0.7) cm and 53.5 (±1.4) cm, respectively. Over 50% of the participants wore framed glasses. All the participants read and signed an informed consent form before joining the experiment.




2.2. Order-Picking Devices


In addition to a paper list, two AR devices were adopted. They were the M400 (Vuzix®, Rochester, NY, USA) and the HoloLens 2 (Microsoft®, Redmond, WA, USA) (see Figure 1). The M400 can be mounted on a glasses frame and has a fixed-sized monocular visual display on the right. Users give commands by touching the touch pad or pushing the buttons on the frame. The HoloLens 2 is head-mounted and provides a binocular visual display on the glasses. The size of the binocular visual image may be adjusted and may be located anywhere in the visual field of the user. Users give commands by using hand gestures. The weights of the M400 and HoloLens 2 are 190 g and 566 g, respectively.




2.3. Performance and Subjective Ratings


The dependent variables include performance and subjective ratings. The performance of the OP tasks was measured using the time to accomplish the tasks. The subjective ratings included the comfort rating scale (CRS), and the simulator sickness questionnaire (SSQ). The CRS was utilized to assess the comfort/discomfort of users when wearing wearable devices. A total of five dimensions and 13 questions with a 20-point Likert scale (1 = extremely low to 20 = extremely high) were adopted (see Table 1) [38].



The SSQ was used to assess the level of sickness symptoms [45,46,47]. There are 16 symptoms in the original SSQ. Four of them were excluded because our participant did not experience any of these symptoms in a pilot study. The remaining 12 symptoms (e.g., general discomfort, fatigue, headache, eye strain, difficulty focusing, increased salivation, sweating, nausea, difficulty concentrating, blurred vision, dizziness with eyes open, and dizziness with eyes closed) were included to evaluate the sickness symptoms after using an AR device. A 4-point scale (0 = none, 1 = slight, 2 = moderate, and 3 = severe) was adopted for each of these ratings [46]. The abbreviations for the 12 symptoms in the SSQ are shown in Appendix A.




2.4. Shelf Arrangement and OP Tasks


The laboratory setup for the OP tasks included the installation of eight shelves measuring 1.85 × 1.22 × 0.5 m, with five levels on each shelf (see Figure 2). The eight shelves comprised a total of eight stocking areas: AA, AB, AC, AD, BA, BB, BC, and BD. The first four constituted zone A and the other four constituted zone B. The AA and BA areas were positioned near the origin, approximately 2 m from the edge of the shelves. The distance between the AC-AD and BA-BB shelves was approximately 1 m. A total of 199 boxes, varying in size, were allocated to these storage areas. In the AA and AC areas, 15 large boxes measuring 25 cm × 25 cm × 25 cm were stored. The AB and AD areas housed 36 small boxes measuring 12.5 cm × 23 cm × 15.5 cm, while the BA and BC areas contained 25 medium-sized boxes measuring 15 cm × 26 cm × 18 cm. The BB and BD areas accommodated boxes of all three dimensions. The boxes to be picked by each participant were randomly arranged on the eight shelves.



QR codes were designed for each box on the shelves. The QR code and text-based code number were attached to the bottom of each box (see Figure 3). When the participant scanned the code, the code information of the current box and the code and location information of the next box to be picked appeared. For example, when the participant scanned the QR code in Figure 3, the code and location information of the next item to be picked (pick => A-AA-041; row: 4; column: 1) appeared in addition to the current code number (A-AA-023). An error message occurred if the participant scanned the incorrect current box. For the order map and 3D graph picking, an activation QR code was attached to the side of shelf AA near the origin. Participants could scan this code to activate the order map (see Figure 4) and the 3D graph (see Figure 5) and access the box location information for picking. Arrows were provided only for the order map picking to show the sequence of the item-picking tasks. Participants were instructed to accomplish the picking task following the task instructions on the AR device. All the QR codes, order maps, and 3D graphs were designed and pre-arranged by the second author (SK).




2.5. Procedure


The participant joined trials for both picking by paper and picking using one of the two AR devices. A total of 20 boxes were picked up in each trial, with or without an AR device. This included 3 large, 7 medium-sized, and 10 small boxes. For the picking-by-paper trials, the participant received a paper list (see Table 2) and a trolley at the origin. They read the list and proceeded to the storage areas. The participant confirmed the text-based code numbers on the boxes, picked them up, and placed them on the trolley. They then continued to find the next box. Once all the listed boxes were collected and were on the trolley, the participant pulled the trolley back to the origin. An experimenter checked the boxes on the trolley and recorded the number of incorrect boxes collected. The time to accomplish the task, from leaving the origin with the empty trolley to returning to the origin with the fully loaded trolley, was measured using a stopwatch.



For order picking using an AR device, all the participants received brief training on the use of each of the AR glasses before their first trials using an AR device. The participants learned to read virtual images on the glasses and to activate a QR code reader for all the AR glasses.



For the QR code picking, the participant wore a set of AR glasses and stood at the origin with an empty trolley. They scanned the activation QR code attached on the side of shelf AA to read the information of the first box to be picked (see Figure 6). The box location information, including the zone, shelf, row, column, and codes, similar to the code information in Table 3, was displayed in the AR glasses. The participant walked to the first shelf to find this box and scanned the QR code on the box to confirm the codes of both this box and the code of the next box to collect (see Figure 7). The participant picked up the current box and put it on the trolley and then walked to find the next box. Upon picking up the last box, a “picking task has completed” message appeared in the AR display. The participant then pulled the trolley and returned to the origin. An experimenter checked the boxes on the trolley and recorded the number of incorrect boxes picked up. Each participant performed the QR code picking task using each of the AR glasses. The boxes to be picked for the two AR glasses were different and their locations on the shelves were randomly arranged.



For the order map and 3D graph order-picking tasks, the participants wore a set of AR glasses and stood at the origin with an empty trolley. They walked to shelf AA and activated the order map or the 3D graph by scanning the initial QR code. Once the order map or the 3D graph was activated and displayed on the AR glasses (see Figure 4 and Figure 5), the participants could see the highlighted boxes and then walked to the shelves to find them. They could manipulate the order map and rotate the 3D graph by touching the touchpad on the M400 device or using hand gestures when wearing the HoloLens 2, in order to have the best view in different areas. They picked up the boxes one by one following the appearance of the highlighted boxes and then pulled the trolley back to the origin after collecting all the ordered boxes. Both AR glasses were tested. The boxes to be picked up differed for the two AR glasses and the three order information displays, and their locations on the shelves were randomly arranged. The time to accomplish the task, starting when the participant left the origin and ending when they returned to the origin, was measured. The participants also reported their subjective ratings for the CRS and SSQ upon completing each trial.




2.6. Experimental Design and Statistical Analysis


Each participant performed seven tasks, including a paper list picking task and six AR device picking tasks (2 devices × 3 order information displays). The sequence of the trials was randomly arranged for each participant so that the effects of learning and fatigue could be evenly distributed into each experimental condition. The experiment then shifted to a completely randomized block design experiment. Each participant was regarded as a block. Means and standard deviations were calculated for all the dependent variables. The time to accomplish the task and the number of incorrect boxes picked were used as indicators of task performance. An analysis of variance (ANOVA) was performed to analyze the effects of gender, the device adopted, and the order information display on the time to accomplish the task. The dependent variable may be described using the model in Equation (1) if the effects of the participant were ignored:


yijk = μ + αi + βj + γk + (αβ)ij + (αγ)ik + (βγ)jk + (αβγ)ijk + εijk



(1)




where yijk and εijk are the dependent variable and random error in ith gender, jth AR device, and kth order information display conditions, respectively, and εijk is normally distributed with a mean value of 0 and a standard deviation of ε; αi, βj, and γk are the effects of ith gender, jth device, and kth order information display, respectively; (αβ)ij, (αγ)ik, and (βγ)jk are the two-way interaction effects of gender × device, gender × order information display, and device × order information display; and (αβγ)ijk is the three-way interaction effect of gender × device × order information display.



Student–Newman–Keuls (SNK) tests were performed for posterior comparisons if the main effect of a factor was significant. Non-parametric statistical methods, including the Wilcoxon rank-sum test and Kruskal–Wallis test, were adopted to compare the number of incorrect boxes picked and the ratings of the SSQ and CRS. Paper and paper list were included as one of the levels when analyzing the factors of device adopted and order information display, respectively. The statistical analyses were performed using the SPSS 20.0 software (IBM®, Armonk, NY, USA).





3. Results


3.1. Time to Accomplish the Tasks


Figure 8 shows the descriptive statistics for the time to accomplish the task. The ANOVA results testing the effects of device, order information display, and gender on the time to accomplish the task showed that the effects of device (F = 19.19, p < 0.0001) and order information display (F = 108.16, p < 0.0001) were both significant, while the effects of gender were insignificant (F = 1.35, p = 0.246). The interaction effects of the device and order information display were significant (F = 21.43, p < 0.0001) (see Figure 9). All other interaction effects were not statistically significant. The SNK test results showed that the time to accomplish the task for the HoloLens 2 (7.68 ± 2.53 min) condition was statistically significantly (p < 0.05) higher than that of paper (6.03 ± 1.24 min) and M400 (5.65 ± 1.73 min) conditions. However, the difference in the time to accomplish the task between the paper list and M400 AR glasses was not statistically significant.



Considering the order information display, the SNK test results showed that the time to accomplish the task using the QR code information (10.16 ± 4.30 min) was significantly (p < 0.05) higher than that of the paper list (6.03 ± 1.28 min), order map (4.97 ± 1.57 min), and 3D graph (4.87 ± 1.50 min) conditions. Additionally, the time to accomplish the task for the paper list condition was significantly (p < 0.05) higher than both the order map and 3D graph conditions. The difference between the latter two conditions was insignificant.




3.2. The Accuracy of Order Picking


Table 3 presents the means, standard deviations, and range for the number of incorrect boxes picked up for all the participants. There was no incorrect picking when the participants were wearing the HoloLens 2. The Wilcoxon rank-sum test results showed that the difference in the rank of the number of incorrect boxes picked between the two genders was insignificant. The Kruskal–Wallis test results showed that the device used had a significant effect (χ2 = 12.81, p = 0.0017) on the rank of the number of incorrect boxes picked. The Wilcoxon rank-sum test results showed that the ranks of the number of incorrect boxes picked for the paper list condition were significantly higher than those of the HoloLens 2 (χ2 = 15.5, p < 0.0001) conditions. The difference between the paper list and M400 conditions was insignificant.



The Kruskal–Wallis test results showed that the order information display had a significant effect (χ2 = 10.9, p = 0.0012) on the rank of the number of incorrect boxes picked. There was no incorrect picking when a QR code display was adopted in using either of the AR devices tested. The ranks of the number of incorrect boxes picked using the QR code display were significantly lower than those of the paper list (χ2 = 10.5, p = 0.0012) and order map (χ2 = 7.4, p = 0.0066) but were not significantly different from the 3D graph displays (χ2 = 3.05, p = 0.081). The ranks of the number of incorrect boxes picked using the paper list were not significantly different from that of the 3D graph (χ2 = 3.28, p = 0.069) and the order map display (χ2 = 0.16, p = 0.690). The difference between the ranks of the number of incorrect boxes picked up using the order map and 3D graphic displays was also insignificant.




3.3. Results of the Comfort Rating Scale


Figure 10 displays the means and standard deviations of the ratings for the five dimensions of the CRS. The Wilcoxon rank-sum test results showed that gender was a significant factor affecting the ranks of all five dimensions of the CRS: emotion (χ2 = 6.74, p = 0.0094), attachment (χ2 = 5.87, p = 0.015), perceived change (χ2 = 7.73, p = 0.0054), movement (χ2 = 10.99, p = 0.0009), and anxiety (χ2 = 9.57, p = 0.002). The mean scores of all these dimensions for females were significantly higher than those for males. Females exhibited ratings that were 16.6%, 13.4%, 14.7%, 19.8%, and 28.3% higher than their male counterparts in the dimensions of emotion, attachment, perceived change, movement, and anxiety, respectively.



The results of the Kruskal–Wallis test showed that the AR device also had a significant impact on the ranks of the ratings of attachment (χ2 = 10.02, p = 0.0016) and movement (χ2 = 7.35, p = 0.0067). The significance of the AR device on the ranks of the ratings of anxiety were marginal (χ2 = 3.58, p = 0.058). The effects of the AR device on the ranks of the other two dimensions were all insignificant. The mean rating for the HoloLens 2 was lower than that of the M400 AR glasses in the dimensions of attachment and movement. Specifically, the HoloLens 2 had ratings 12.2% lower in attachment and 8.8% lower in movement compared to the M400 device. The effects of the order information display on any of the CRS dimensions were insignificant.




3.4. Results of the Simulator Sickness Questionnaire


The Wilcoxon rank-sum test results showed that gender had significant effects on all 12 SSQ ratings (see Figure 11). Female participants reported significantly (p < 0.0001) higher ratings in all 12 symptoms compared to their male counterparts. The χ2 of these effects ranged from 10.89 (increased salivation) to 32.60 (blurred vision). The Kruskal–Wallis test results revealed that the effects of the AR device on the symptoms of blurred vision (χ2 = 9.16, p = 0.0025), difficulty concentrating (χ2 = 4.23, p = 0.039), and difficulty focusing (χ2 = 8.52 p = 0.035) were significant and those on all other dimensions were insignificant. The ratings of these three significant symptoms for the HoloLens 2 were significantly lower than those for the M400.



When wearing the HoloLens 2, eye strain was the highest rated sickness symptom for both females (1.1 ± 1.1) and males (0.3 ± 0.3), followed by fatigue, which was the second highest rated symptom for females (1.05 ± 1.1) and males (0.2 ± 0.4). For the M400 device, eye strain and blurred vision were both the highest rated sickness symptoms for females (1.2 ± 1.1), with difficulty focusing as the second highest rated symptom (1.1 ± 1.0). For males, eye strain, blurred vision, and difficulty focusing were the highest rated symptoms (0.5 ± 0.7), with difficulty concentrating as the next highest rated symptom (0.4 ± 0.6).



The Kruskal–Wallis test results revealed that the effects of the order information display on all the sickness symptoms were not statistically significant.





4. Discussions


4.1. Efficiency of the OP Tasks


The performance of the tasks was assessed using the time to complete the task and the number of incorrect boxes collected. Our first hypothesis was that using an AR device would lead to better performance than that using a paper list. This hypothesis was partially supported considering the time to complete the task. Figure 9 shows that the time to accomplish the task using both the HoloLens 2 and the M400 glasses was shorter than using a paper list when an order map and 3D graph were used in the AR glasses. For both AR glasses, using them was more time-consuming than using a paper list when the QR code option was used. Our results were partially consistent with the findings in Lin et al.’s study [16], where they found that only one of the three types of AR devices tested showed superior performance than the standard paper list picking in terms of the picking time. Reading order information on a paper list requires hand movement and hand–eye coordination when reading and checking the order information on the paper. The participants needed to read the item code on the paper and then visually search for the item on the shelf. They potentially had to repeat the read-and-search process several times before they could find an ordered item, even though the number of read-and-search motions that occurred in finding each ordered item was counted. Hand movements were also required when using the AR devices to read the QR code for every item picked when activating the QR code reader, but they were required less frequently when using the order map and 3D graph.



In addition to the hand movement issues, the participants spent a significantly longer time to accomplish the task when they adopted the QR code option using an AR device than the other two visual display designs because they needed to check the code on the boxes to confirm the item was the correct one. The succeeding item to pick did not appear if the participant had picked the wrong item. This order confirmation step was time-consuming and was not required in the order map and 3D graph designs. This was the other reason that the QR code option was less efficient than the other two order information designs. The participants could accomplish the task significantly (p < 0.05) faster when using the order map and 3D graph designs than when using a paper list and the QR code design in an AR device. The implication of this finding is that both the order map and 3D graph with highlighted order information designs were advantageous considering the efficiency of the task and the QR code-scanning design was less advantageous. The efficiency of using an AR device in performing the OP tasks was, therefore, dependent upon the order information display adopted in the device. Our second hypothesis, which highlighted that graphical order presentations in an AR device are more beneficial than QR code order information, was supported considering the efficiency of the OP tasks.




4.2. Accuracy of the OP Tasks


The results of the incorrect boxes picked indicated that the participants made significantly more mistakes in picking the orders when using a paper list than when wearing a HoloLens 2. This was consistent with the findings in Dorloh et al.’s study [48], where they found that reading a paper menu involved significantly more mistakes in assembling a computer than when reading job instructions presented via a set of AR glasses. Lin et al. [16] also found that the Microsoft HoloLens performed significantly better than a paper in terms of accuracy in their OP tasks. For the M400, the number of incorrect boxes picked depended on the order information displayed. The 3D graph was associated with fewer incorrect boxes than the order map presentations and the paper list.



The trade-off that existed between the efficiency and success of the task being performed was apparent. As previously mentioned, the check-and-confirmation process when using the QR code option was time-consuming but could guarantee the accuracy of the order picking. The order map and 3D graph designs apparently allowed for better efficiency in the OP tasks at the cost of possible incorrect picking. It should be noted that using a paper list to pick up ordered boxes also involved checking and confirming the QR codes on the boxes. However, the checking and confirmation associated with paper list picking did not guarantee the accuracy of the picking. This was why there were incorrect boxes picked in the paper list picking trials. The participants could proceed to search for the next item even when a wrong item was collected. There was a difference in the checking and confirmation between using a paper list and using the QR code reader on an AR device. The former involved utilizing the working memory of the participants’ human information processing system, while the latter did not because the QR code was always presented in their field of vision. This is one of the advantages of using an AR device compared to using a paper list. There was no incorrect order picking when the participants used the HoloLens 2, even when the order map and 3D graph were adopted. This is one of the advantages of the HoloLens 2 over the M400. Our second hypothesis, which highlighted that graphical order presentations in an AR device are more beneficial than QR code order information, was not supported considering the success of the OP tasks performed. The third hypothesis, that AR glasses with a binocular visual display and hand gesture recognition input design provide better efficiency and success in performing OP tasks than those with a monocular display and hand touch input design, was also partially supported. The HoloLens 2 did not provide better efficiency than that of the M400. It, however, was associated with significantly fewer incorrect boxes picked up than that of the latter.




4.3. Comfort/Discomfort and Sickness Ratings


The CRS results indicated that female participants gave significantly higher ratings in all dimensions of the CRS than their male counterparts. This could be due to multiple reasons, such as females caring more about their appearance when wearing AR glasses, as the glasses could potentially affect their long hair and hairstyle, resulting in emotional, attachment, perceived change, and anxiety responses. Regarding the AR device, the average CRS ratings for the M400 (6.87) were significantly higher than that of the HoloLens 2 (5.75). The M400 had issues with unbalanced weight and the monocular visual display. The glasses could slip off due to the unbalanced weight, which was disturbing. Although the HoloLens 2 was heavier than the M400, its head-mounted design made it more secure on the head. It was evident that the ratings for attachment and movement dimensions of the HoloLens 2 were both lower than those of the M400 glasses.



The SSQ results indicated that the HoloLens 2 led to significantly lower ratings in both blurred vision and difficulty focusing symptoms than the M400. This might be attributed to the binocular display and relatively large image design of this device. Eye strain was the leading undesirable symptom for both AR devices tested, which is consistent with findings in the literature [34,35,36]. In addition to eye strain, blurred vision was also a leading symptom for the M400 device. The images on the monocular displays of the M400 were tiny. Participants had to hold the frame and focus their right eye on the order information in the tiny display, which could lead to discomfort and was disadvantageous. Our last hypothesis that the subjective ratings of perceived comfort/discomfort are dependent on the design of the AR devices was supported. However, the claim that subjective ratings of perceived comfort/discomfort are dependent on the order information display design was not supported.




4.4. Implications


An implication of this study is that wearing the AR devices tested in the current study for a longer period of time at work may not be desirable. It is suggested that workers using an AR device to perform OP tasks should take the device off whenever it is not needed in order to avoid eye strain and other discomfort symptoms. Users of the HoloLens 2 may flip the glasses up when they do not need to view the virtual image. The M400 glasses, on the other hand, do not allow for the temporary removal of the glasses and are not easy to take off. These shortcomings should be addressed in the future redesign of these devices.




4.5. Limitations


There are limitations to the current study. Our storage areas are much smaller than real warehouses in industry. OP tasks in industry are much more complicated than those in our study. Therefore, the results of our study may not be generalizable to general warehousing environments. The next limitation is that our participants were young individuals (18~22 years old). It is possible that there may be a discrepancy in job performance and comfort/discomfort perception among people in different age groups when wearing an AR device. Future research may be conducted to investigate the effects of age on performance and the rating of comfort/discomfort when wearing AR glasses. Finally, only three order information display designs and two AR devices were tested in this study. Other designs may be explored and tested in the future to improve the performance of OP tasks with minimal worker discomfort.





5. Conclusions


Whether an AR device leads to better performance in OP tasks compared to using a paper list depends on the design of the order information display. The ideas of QR code, order map, and 3D graph picking in the current study are novel. The 3D graph display was the most superior design, resulting in the shortest time to accomplish the OP tasks with less incorrect order picking compared to order map and paper list picking. On the other hand, the QR code scanning and display design guaranteed 100% accuracy in order picking but sacrificed the efficiency of task completion. The results of this study help in understanding the pros and cons of the design of both the order information and the AR devices tested in this study. Shop engineers or job designers may decide which type of order-picking design using an AR device they should adopt considering their priority of efficiency or accuracy in the tasks being performed. This is one of the major contributions of this study. The results of the CRS and SSQ ratings indicate that the tested binocular HMD (HoloLens 2) led to significantly lower discomfort ratings than the tested monocular AR device (M400). There were complaints of eye strain for both AR devices tested. This implies that both AR devices examined in the current study may not be suitable to wear for an extended period of time. Users should remove the AR device whenever they do not need to view the virtual image to avoid eye strain and other discomfort symptoms.
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Appendix A. Abbreviations of Sickness and Discomfort Symptoms




	Sickness and Discomfort Symptoms
	Abbreviation



	Blurred vision
	BV



	Difficulty concentrating
	DT



	Difficulty focusing
	DF



	Dizziness with eyes closed
	DC



	Dizziness with eyes open
	DO



	Eye strain
	ES



	Fatigue
	FG



	General discomfort
	GD



	Headache
	HA



	Nausea
	NS



	Salivation increasing
	SI



	Sweating
	ST
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Figure 1. AR devices tested in the order-picking tasks. 
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Figure 2. The layout of the experiment: (a) top view; (b) view from the origin. 
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Figure 3. A QR code attached on a box. 
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Figure 4. An example of an order map showing the locations of the boxes to be picked and picking sequence. 
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Figure 5. An example of a 3D graph showing the locations of the boxes to be picked. 
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Figure 6. A participant scanned the starting QR code using the HoloLens 2. 
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Figure 7. QR code information displayed in the M400 device. 
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Figure 8. Time to accomplish the tasks under experimental conditions. 
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Figure 9. Interaction effects of AR device. 
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Figure 10. CSR measurement of the two AR glasses. 
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Figure 11. Rating of the simulator sickness questionnaire for the two AR devices. 
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Table 1. Dimensions and questions of the comfort rating scales.
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Dimension

	
Questions






	
Emotion

	
I am worried about how I look when I wear this device.




	
I am tense when I wear the device.




	
I feel uncomfortable when I wear the device.




	
I feel a headache when I wear the device.




	
Attachment

	
I feel the device was heavy.




	
I feel difficult to wear the device.




	
I can feel the device moving.




	
Perceived change

	
I feel my physical look different.




	
I am awkward when I wear this device.




	
I feel strange wearing the device.




	
Movement

	
The device affects the way I move.




	
The device restricts my movement.




	
Anxiety

	
I do not feel secure wearing the device.








Source: Knight et al. [38].













 





Table 2. An example of a paper list.
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	Shelf
	Locations
	Codes
	Mark





	BB
	R1-C5
	B-BB-015
	



	AB
	R3-C2
	A-AB-032
	



	AC
	R2-C3
	A-AC-023
	



	BC
	R3-C4
	B-BC-034
	



	BB
	R4-C1
	B-BB-041
	



	AA
	R4-C3
	A-AA-043
	



	BD
	R1-C2
	B-BD-012
	



	AD
	R3-C5
	A-AD-035
	



	AA
	R2-C1
	A-AA-021
	



	BA
	R2-C5
	B-BA-025
	







Note: Each list included 20 boxes and only 10 of them are shown in this table. R and C are the row and column on the shelves, respectively. Box codes indicate the shelf number and box positions. A ✓ should be marked in the last column when the box is picked up.













 





Table 3. Number of incorrect boxes picked up.
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	Device
	Order Information Display
	Mean
	STD
	Range





	Paper list
	Paper list
	0.27
	0.64
	2



	
	QR code
	0
	0
	0



	M400
	Order map
	0.90
	1.67
	4



	
	3D graph
	0.17
	0.53
	2







Note: There was no incorrect box picking when the participants were wearing the HoloLens 2. All the medians for the order information displays were 0.
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