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1. Introduction 

Liquified natural gas (LNG) is used for transportation, due to the significantly 
higher density in the cryogenic state compared to normal natural gas. LNG can be 
transported to or from regions efficiently that cannot be connected to pipeline 
systems, e.g., Japan or South Korea (Mokhatab 2013). In the producing regions, 
natural gas is liquefied, i.e., cooled down to -162°C, transported on gas tankers, 
initially stored at the destination port and, if required, re-vaporized and fed into 
the regional gas supply network (Mokhatab et al. 2006). 

More complicated and not yet established is the small-scale supply of ships with 
LNG. Here, the cryogenic natural gas must be brought directly to the consumer 
in cryogenic pressure tanks by truck. This requires an adequate infrastructure and 
the ships must be equipped for this purpose (Mokhatab 2013). In the field of LNG 
transportation, special safety requirements must be observed, especially because of 
the risk of explosion and the extreme danger posed by cryogenic gases to living 
beings (freezing) (Mokhatab et al. 2006). There are currently 170 ships with LNG 
propulsion in service, 35 under construction, and 112 ships "LNG ready" (as of 
2019, Statista 2021). At the beginning of the development, mainly ferries and sup-
ply vessels were built with such propulsion systems, which were always bunkering 
at fixed locations. Today, however, ships are also in operation that rely on a global 
supply of LNG (e.g., cruise ships) (SZ 2018). Figure 1 shows a ship-to-ship LNG 
bunkering process. 
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Figure 1: Ship-to-ship LNG bunkering process (photo: © vladsv/Fotolia.com).   

To sum up, the use of LNG propulsion in ships has great environmental benefits 
but also creates challenges in handling the LNG. Due to the safety regulations, the 
maintenance of the LNG ship systems is very important and requires a high degree 
of reliability and accuracy. Therefore, the service technicians need a special train-
ing, which is oriented to the „IGF“-standard for the loading and unloading of 
liquefied gas tankers (International Maritime Organization 2017). Apart from the 
training, digital assistance systems, e.g., based on Augmented Reality (AR) tech-
nology, can be used to support the maintenance and service purposes of LNG ship 
systems. Here, assistance systems offer the possibility of virtually displaying addi-
tional information directly on the objects to be serviced. Simultaneously, the inter-
action with the user can be designed so that the information can be accessed ac-
cording to the user's needs. In this way, the work process can be facilitated and its 
performance improved (e.g., avoiding errors or increasing the speed of work). 
Nowadays, performant end-devices are available, which enable the creation of 
meaningful AR-based assistance systems but the user-centric development of the 
user-interfaces is still challenging and decides about the real value. 

Consequently, within the addressed use case of handling and transferring LNG on 
and between ships, reliability, and system safety can be increased due to an opti-
mized service and maintenance process. Thus, the goal of the funded project 
"LNG Armaturen" was the development and evaluation of a digital assistance sys-
tem using AR technology with focus on the valves. The development approach 
was based on the human-centered design process for interactive systems, accord-
ing to DIN 9241-210. Subsequently, an evaluation was carried out through a user 
study and an expert review. The developed assistance system based on an Android 
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smartphone enables users to access maintenance instructions and manuals, simpli-
fies spare parts' ordering, and supports the work process step by step through 
context-sensitive virtualizations. Its evaluation was conducted as a combined 
quantitative and qualitative user study in the laboratory, which included the pro-
cessing of a maintenance activity at an exemplary LNG valve (Figure 2). Here, 
various parameters were recorded, which enabled an evaluation of the developed 
assistance system. Besides, an expert review with service technicians from the field 
contributed important findings on the usability of the developed assistance system. 
Overall, the prototypical assistance system offers promising potentials for reducing 
workload and improving processes. 

 

Figure 2: A test person is using the developed AR-application while working on the LNG valve dur-
ing the user study.   

In the following, we first put a light on existing work regarding AR assistance sys-
tems for service and maintenance, focusing on LNG use cases and AR technology 
(Section 2). On this basis we continue by a detailed description of our human-
centered development approach with several iterations and the created AR assis-
tance system (Section 3). Further, as being of main interest in this research work, 
we describe the followed approach of evaluating the developed assistance system 
in terms of a description and an analysis of the conducted usability study and the 
performed expert review (Section 4). Finally, we finish our paper by a discussion 
of our results and an outlook on future research work (Section 5). 
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2. State of Research 

2.1 Industrial AR Assistance Systems 

AR offers the possibility of adding virtual objects to the real world allowing users 
to see an enhanced version of reality (Tönnis 2010). According to Azuma (1997), 
an AR application must have at least the following characteristics: A combination 
of reality and virtuality, a real-time interaction between users and the application, 
and a 3D reference of virtual and real objects. AR content can be displayed via 
data glasses, head-mounted displays (HMD), smartphones or tablet computers 
(Mayer 2016). The way and quality of integrating virtual representations into reality 
is described by the term immersion. Immersion is disturbed, for example, by jerky 
images, high latencies or unrealistic representations (Butz/Krüger 2017). 

Quandt et al. (2018) identified potential for AR use in industry primarily in the 
areas of education and training, assembly support, plant construction, predictive 
maintenance, quality assurance, product development, production logistics and re-
mote maintenance. Furthermore, indoor navigation and materials management are 
use cases for AR applications (Fraga-Lamas et al., 2018). In contrast to paper-
based information provision, AR can reduce the cognitive workload of users. This 
is done by virtually overlaying information depending on the context (Gattullo et 
al., 2020). In this way, complexity can be reduced and errors can be avoided. 

When using AR, the user-oriented design of the applications plays an essential role, 
as this forms the interface between the users and the technology (Mayer 2016). In 
that way, the usability of AR applications can be increased, which in turn results in 
higher user acceptance (Dey et al., 2018). Other factors that influence the usability 
of the AR application are the used hardware (Egger/Masood, 2020), the perceived 
efficiency of the application from the user's point of view (Syberfeldt et al., 2016) 
and the cognitive load resulting from the use of the application (Egger/ Masood, 
2020). 

2.2 AR for Service and Maintenance Support 

Several attempts to integrate AR in service and maintenance already exist. Yet, AR 
is not the only assisting tool in the industrial sector. Collaborative robots are also 
used and researched (Wolfartsberger 2019). Our interest, however, is in AR service 
and maintenance systems. In many cases, AR is used as a replacement for paper-
based instructions or 2D references (Natakuaithung 2020, Hynes 2019, Chu 2020, 
Kastner 2020). 2D references lack interactivity and depth, therefore, a 3D view 
(with AR features) is a more helpful assistance tool (Natakuaithung 2020). 

When handling complex constructions in 2D-paper-based representations, users 
face difficulties in understanding the drawing constructions (Chu 2020). To over-
come paper-based manuals, AR-based assistance system with instant interaction 
can be one solution (Chu 2020, Hynes 2019). An AR instruction is of practical use, 
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since it leads to a lower error rate compared to a paper-based instruction though 
it can have a higher time consumption (Chu 2020, Kästner et. al. 2020). Other 
studies could prove a better time efficiency when using an AR approach (Hynes 
2019, Kästner et. al. 2020). Another impact can be a lower stress level and success 
rate (Hynes 2019). For the creation of the AR version, the inefficiency of paper-
based instructions should be defined in beforehand (Chu 2020). As tool for imple-
mentation, Unity in combination with Vuforia is often used (Chicaiza et al. 2018, 
Chu 2020, Hynes 2019). 

Most related to our concept is the application and study by Chicaiza et al. (2018). 
An AR smartphone app for training and assistance in the handling of equipment 
and engineering was developed. In the implementation, physical manuals were 
transformed to a digital AR format. The AR overlay happens through graphical 
and text information of the scanned object. In addition, there are audio feedback, 
explanation videos, and the possibility to save screenshots or images. To prove the 
usability of their implementation, Chicaiza et al. (2018) conducted a user study 
using the system usability score (SUS). Their total SUS had the value of 78.43 %, 
which states high usability, and therefore, they could find their app suitable for 
training and correctly managing the use of equipment in the industrial field. 

The current state of research is comparing a paper-based manual with a digital 
version using an AR overlay. However, most research does not consider a com-
parison between different variations of AR and UI. Keeping this in mind, we de-
fined the goal of our study to compare a non-AR variation with an AR-variation 
of a similar UI and follow a more user-centered design approach. 

2.3 Designing an Evaluating User Interfaces for AR assistance systems 

Adequate user interface design has a direct impact on its usability for users. Con-
sequently, some guidelines standardize the design of user interfaces (Shneiderman 
et al. 2018). Besides, step-by-step process models are available to structure the de-
sign process to avoid undesirable developments and support the development of 
a solution, e.g., the human-centered design process for interactive systems accord-
ing to DIN EN ISO 9241-210 (DIN 9241). 

Guidelines for the design of a user interface provide specific instructions, like the 
layout of images or text (e.g., Google 2020b) to achieve a desired final result. AR 
design requires to support users being immersed in the AR world and not being 
disturbed by a flood of information (Stern 2020). Consequently, push or full-
screen notifications or a constant display of 2D content for example should be 
avoided. Possible user inputs should be intuitive and straightforward. The conti-
nuity of the AR experience should be in the foreground, and the user's physical 
interaction should be reduced. If users are already familiar with certain types of 
interaction (e.g., direct manipulation by dragging), these should be implemented 
with priority to avoid unnecessary learning efforts (Google 2020a).  
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User interface design guidelines and principles provide essential guidance on de-
veloping a user interface but do not evaluate its usability. For this purpose, differ-
ent evaluation options are available. They aim to identify weak points of the design 
and to assess individual user satisfaction. For the evaluation of interactive systems, 
evaluation methods by experts or by users of the system are most common (Dix 
2004). Usually, different expert- and user-centered evaluation methods are com-
bined (Billinghurst 2014). 

A user-centered evaluation reduces the risk of developing systems that do not meet 
users' needs. This way, prototypes can both be tested at an early stage, and the 
fulfillment of user requirements can be promoted. Also, qualitative feedback can 
support problem identification and enable immediate improvement or considera-
tion for a later system version (Heinecke 2012). 

A standard method for evaluating interactive systems are experimental evaluation 
studies (Jacko 2012). They can be used to show whether there are causal relations 
between the design of a human-machine system and effects on the humans in-
volved, the system, or the overall system performance. Therefore, in an experi-
mental study, one or more variables are modified in order to induce observable 
effects (Jacko 2012, Wickens 2014). The gain of knowledge is mainly achieved 
through social scientific data acquisition techniques such as interviews or question-
naires (Badke-Schaub 2012) and can be used to facilitate design decisions (Stern 
2019).  

In production and logistics scenarios, we usually focus on the system's usability to 
improve the interaction between users and technology. Therefore, questionnaires 
for assessing the perceived usability of an interactive system such as the System 
Usability Scale (Brooke 1996) can be used. The goal of a subsequent statistical 
evaluation of the experiments is to answer whether the selected independent vari-
ables (factors) influence the dependent variables. 

3. Approach and Solution 

According to the challenges presented at the beginning of Section 1 dealing with 
the handling of LNG, an AR solution was developed that can be used for mainte-
nance and service purposes of LNG valves. In this context, AR offers the possi-
bility of virtually displaying additional information directly on the valves to be 
maintained. This way, the user is able to call up information as needed. Thus, we 
aim to improve the performance of the work process (e.g., number of errors, work 
perception) using AR support.  

We developed the AR solution according to the needs of the technicians. Here, 
the process for designing interactive systems according to DIN 9241-210 was used 
as a guideline. Its steps, such as understanding the context of use, specifying the 
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requirements for use, developing design solutions, and evaluating them from the 
user's perspective, were carried out. 

Based on user stories of the employees, we initially determined the requirements 
in order to increase the added value of the assistance system. The result is a con-
cept for AR-based support, which provides assistance for component replacement 
in the context of regular maintenance or critical malfunctions. For this purpose, 
we focused on the activities "retightening the valve" and "replacing the gasket". 
These activities are often carried out onboard the ships on which the valves are 
used. Consequently, it is often impossible to send a service technician, and the AR 
solution must be suitable for different user groups and usable without additional 
hardware. Therefore, an Android smartphone solution is used by providing a con-
text-sensitive AR-based work support application. 

The application was developed using Vuforia software and Unity game engine.  We 
provided assistance through visualizations in the form of displaying the process 
steps that need to be carried out. The identification of the components of the LNG 
fitting is image-based using markers.  The markers are collected in an image library, 
with each marker having a link to one certain valve. This provides an clear identi-
fication between them and additional markers can be added easily. In the first step, 
features of the markers are identified, such as edges and corners. To search for the 
marker in the image stream, geometric patterns that could correspond to the 
marker are searched and compared with those of the marker being searched for. 
If there is a match, size and deformation of the pattern can be used to infer the 
distance and viewing direction to the marker. Due to its widespread use in the AR 
segment, Vuforia was chosen as the framework for development (for more details 
on the design process, see Section 3.2). Early in the design process, mock-ups of 
the planned application were created and assessed, and qualitatively evaluated in 
collaboration with the users of the application. Improvements resulting from this 
were directly incorporated into the further design process (Section 3.1). 

After the development of the application, an evaluation study consisting of a user 
test in the laboratory and an expert review in practice was conducted (Section 4). 

3.1 Development of Mock-Ups 

Before the actual assistance system was implemented, we developed several inter-
active mock-ups and iterated them for the design and its functionality. In the fol-
lowing, the development of the mock-up is described in detail. The tool Adobe 
XD was used to specify the UI based on the user requirements since it allows to 
share the developed UI with others.  

Another important point was the consideration of valve detection. We came up 
with two possibilities. The first was of a simple image/tag recognition by adding 
tags next to the valves. The second was the valve serving as a model for detecting 
itself (object recognition). Here, tag detection was found to be the better solution, 
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due to two reasons. One consideration was the problem with the detection of the 
valve itself, as there are too many very similar models, with an almost impossible 
differentiation between them. The other consideration was its installation aboard 
a ship, where most valves and armatures are covered due to isolation, which also 
makes object recognition almost impossible. 

A paper-based instruction served as the model for the creation of the mock-up. 
The instruction consisted of information like a sectional drawing, information 
about the usage of the valve (e.g., the temperature ranges the valve can be used in) 
and step-by-step instructions for several service and maintenance tasks. For the 
processes of replacing and tightening we used the already existing picture instruc-
tions divided into several mounting steps. Figure 3 shows the instruction for the 
first mounting step for replacing the gasket. 

 

Figure 3: Screenshot from the mock-up with the first assembly step of the task “replacing the gasket” 
as an example. It displays information on the detected valve (left), on the current step of the task 

(center), and on the navigation within the app (right). 

With relation to the paper manual, we designed the interface for the application. 
After the valve was detected, we thought about the possibility to define the casing 
of the object, which can cause a change in the torque of some screws. This step is 
followed by the main menu. Here and for all following pages, we added a back, 
rescan, notes, valve, and home button. When coming to the actual maintenance 
and service tasks, we thought about two ways leading to the instruction steps. On 
one hand, we designed a navigation when only the problem is known, but not its 
remedy. On the other hand, we offer a navigation directly to the remedy. It leads 
the user directly to the instructions, in our case “tighten” and “replace the gasket”. 
After the remedy was chosen, the instruction steps are displayed with internal nav-
igation of going forward and backward only affecting the maintenance steps. In 
addition, we decided on an extra button in the maintenance steps for the needed 
tools to complete the task. 
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By linking the created pages within Adobe XD, the mock-up became interactive 
with the buttons leading to the page of its purpose. One example of navigation is 
shown in Figure 4.  

 

Figure 4: Example of the interactions between different pages (curved grey lines) in the mock-up 

when interacting with a button. 

A finished first interactive mock-up was discussed with two expert users. The main 
discussion points were the position of the tag, a need for a direct help button, the 
side of main menu buttons, an overview about spare parts, the torque value, and 
another maintenance step. 

The tag was thought to fit best on the handwheel of a valve, as it would be too 
small and hard to replace. However, a final solution for the placement was not 
found. Whereas the main menu could be arranged anew, by switching the side, 
following the reading direction. A direct help button was also added, for a better 
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communication to the service as well as the possibility to save and send an order 
request of spare parts.  

An important point for replacing the gasket maintenance steps, is to inform the 
user about depressurizing and rendering inert the installation as mandatory, before 
disassembling the valve. Additionally, a button for the required tools was found to 
be useful. Bearing all this feedback in mind, we continued to the implementation 
of the application. Now, the mock-up served as a guideline in the final develop-
ment phase. 

3.2 Development of the AR-Assistance System 

The application was finally implemented in Unity. According to the feedback for 
the mock-ups, the menu was switched to the left side and a direct help button with 
links to the partner website, a service mail address, a phone number as well as the 
pre-step (step 0) were considered. 

The AR function was added with the help of the add-on Vuforia. Vuforia provided 
a program in which 3D models can be imported and used to train a machine learn-
ing algorithm for object recogition. This model can be imported into Unity and 
used together with the Vuforia add-on. Since the object recognition happens di-
rectly at the valve, the UI had to be re-thought. Now, the screen should have more 
space for the camera and the information had to be placed in a smaller text field. 
With several layout attempts, the right proportions were found. Figure 5 shows an 
example for the AR interaction with an example step (remove top part and gasket). 

 

Figure 5: Screenshot of the AR version of the application with the third step an example of the digital 
instruction. 

After all previously defined functions and navigations were implemented, we con-
sidered a second version of the application with less AR features and tag detection. 
Therefore, we duplicated the Unity project and replaced the object recognition 
with image recognition. For this feature, we added the add-ons AR Foundation 
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and AR Core. The AR Foundation provides methods for image recognition. Only 
the image, which should be scanned, had to be added to a predefined image library. 
Also, we had to define what happens after the image was successfully scanned. In 
addition, AR Core was required to build the application for Android, otherwise, 
the AR functions cannot be used. As the simple instruction images have no depth, 
we decided to use the 3D model of the valve and added some explaining anima-
tions, showing what has to be done. An example of the implementation is shown 
in Figure 6. 

 

Figure 6: Screenshot from the normal version of the application with the third step as an example of 
the digital instruction. 

For both applications, we added a script to track the time (for each step, step time 

in total and overall application usage time), taps (for each step, step taps in total, 

and taps for the entire usage of the application), and button presses for additional 

comparison factors for the evaluation of both versions. 

4. Evaluation 

After completing the development phase of the AR application and the altered 
version without using AR technology, we carried out a comprehensive evaluation. 
As described in Section 2, we followed an approach that combines a user study in 
the laboratory with an expert review (Billinghurst 2014). The underlying idea was 
that test users perform a specific maintenance and service task on a real LNG valve 
(replacement of a gasket). The test users were supported either by means of the 
AR app or the non-AR app. In some cases, the test users were experts who work 
professionally in maintenance and servicing of LNG valves. In these cases, we 
focused on a qualitative evaluation of the usability of the AR application in prac-
tice. During and after the execution of the task, we were able to collect information 
on work performance and work perception by tracking qualitative parameters and 
by means of a questionnaire. For this purpose, the System Usability Scale (SUS) 
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(Brooke 1996) and the NASA-TLX methodology (Xiao 2005) were used in the 
questionnaire. A combination of these two commonly used techniques (Sauro 
2011, Xiao 2015) was used in our study in order to both address the usability of 
the applications and the cognitive and physical workload which is caused by its 
usage. In this section, we will go into detail about the setup and implementation 
of the user study and the expert review, as well as describe and evaluate the results 
acquired. 

4.1 User Study – Laboratory Test 

4.1.1 Setup 

The setup of the laboratory test consisted of an assembly workstation, the LNG 
valve, the necessary tools, a replacement gasket and the smartphone with the ap-
plication for support (Figure 7). The test sequence followed a consistent procedure 
in each case: First, the test administrators gave a short introduction; during the 
entire experiment, the test users were allowed to ask questions. Before starting the 
task, the test users were instructed about the specific task (replacement of the gas-
ket). After completing the task, all test users filled out the questionnaire and were 
then able to give further comments on the application and the experiment in a 
short interview. In beforehand of the actual user study, a test run was performed. 

 

Figure 7: The setup for the laboratory user study. 

We could acquire in total ten participants. Unfortunately, one participant could 
not speak German, which lead to a much longer finishing time and comprehension 
problems. For another participant, the log was not recorded correctly. Due to this, 
we decided not to consider them in our evaluation and results. All other partici-
pants have been male, are employed, and are between 28 and 51 years old 

283 



Human-Centered Development and Evaluation of an AR-Assistance System to          285 
Support Maintenance and Service Operations at LNG Ship Valves 

 

(mean=34.6). They stated that no one has prior experience in professional mainte-
nance, whereas almost everyone, except for one participant, has prior experience 
with AR, with no especially familiarity with AR (mean=2.429, with a rating be-
tween 0 and 5). 

The experimental design was that half of the test users would use the application 
in the AR version and the other half in the non-AR version. The allocation was 
randomized. As already shown in Section 3, the two applications differ in whether 
they use AR technology or 3D animations to illustrate the work steps. This proce-
dure allowed us to compare the effects on work performance and work perception 
triggered by the AR application with those of a similar application. Thus, distor-
tions of the results based on confounding variables (Jacko 2012), such as hardware 
used when comparing a paper version with an AR application, can be avoided. 

The questionnaire was divided into four sections. The first section contained gen-
eral demographic questions. In the second part, we asked for the system usability, 
using the established system usability scale (SUS) questions and the corresponding 
5-point Likert scale. The SUS contains questions about the usage of the applica-
tion, its complexity, and its functionality. The third section was about the task load 
divided into mental demand, physical demand, temporal demand, performance, 
effort, and frustration, following the NASA-TLX. To not confuse the participants 
with different point scales, we decided to choose a 5-point scale, as we used for 
the SUS. In the last part, we asked about the general impression of the experiment 
and the application with a last free to fill in a text field. 

4.1.2 Results 

The results can be divided into the system usability, task load, time and tap meas-
urements, and the interview, which are described in the following. 

As Figure 8 shows, the AR application has slightly lower usability. The normal 
application has a total mean scale of 83.75 % (SD = 4,1), while the AR version has 
a total mean scale of 83,125 % (SD = 9,6) which is a little below the total average 
of 83,4375 % (SD = 7,39). The worst achievable score is 25% and the highest is 
100%. 
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Figure 8: The system usability score means for both versions and the total average. 

With a mean scale of 11.25 (SD = 1.79) points, the participants stated, that they 
had a little higher task load with the AR application (mean = 10.78, SD = 1.48) 
and the total average (mean = 11, SD = 1.66). The lowest task load possible is 6 
points and the highest is 30 points, which can be seen in Figure 9. 

 

Figure 9: The NASA-TLX mean scores for both versions and the total average. 
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Concerning the log files, the results show that participants, using the AR applica-

tion, needed almost three minutes more than compared to the normal version. 

With the normal version, the participants needed 04:20 minutes (SD = 00:01) and 

with the AR version, the participants needed 07:30 minutes (SD = 00:05). The 

time differences are shown in Figure 10. 

 

Figure 10: The means of the time needed to complete all instruction steps for both versions and the 
total average. 

Furthermore, the participants also tapped more often on the phone screen, using 

the AR application, than using the normal application. With a total mean of 23 

taps in AR (SD = 5.34) and 12.75 taps using the normal version (SD = 0.83), the 

difference is more than 10 taps, which is shown in Figure 11. 
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Figure 11: The mean of the taps needed to complete all instruction steps for both versions and the 
total average. 

Besides the time and tap measurements, the logs reveal, that one participant tog-
gled between step 1 to step 0 for five times, before continuing to step 2. Another 
participant first opened the steps to tighten the screws. The same participants also 
toggled two times between step 1 and step 2, before continuing with step 3. 

During the study, we observed the participants whether all steps were followed 
correctly. With these observations we could figure out three types of errors. The 
first type was not replacing the gasket correctly. Only one participant did not re-
place the gasket, but adding the new one on top. The second type of error was not 
following the instruction at step 0 to loose the handwheel, which was not followed 
by six participants.  The last error is not tightening the screws crosswise, not fol-
lowed also by six participants. When comparing both application versions, the par-
ticipants using AR (mean = 1, SD = 0.71) made half an error less than using the 
normal version (mean = 1.5, SD = 0.5). 

After the experiment, we gave the participants the possibility to tell us about their 
impression of the application. The statements of the interview, combined with our 
observations during the task are summarized in the following. 

Overall, both applications were well received, thought to be useful, especially for 
inexperienced people, and self-explaining. The UI was found to be good. How-
ever, some participants stated that some instruction steps are trivial and therefore, 
should be combined with others. 
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The task itself was mostly well apprehended, but some wished for an explanation 
video as an introduction. Only a few participants were confused when coming to 
the spare parts question. They could either not find the spare gasket or were ex-
pecting more than one gummy gasket, reasoned by too much information in spare 
part dialogue. Also, for one participant, the ending of the experiment was a little 
unclear. In general, that the task was found to be too simple, especially for the AR 
version.  

The participants used the phone differently. Three participants, all using the nor-
mal version, were holding the phone in their hands only for scanning the tag and 
afterward placing it beneath the jaw vise. Three participants, one of them using the 
normal version, operated similarly but picked up the phone from time to time. The 
other two participants (AR) hold the phone almost permanently in their hands. 

During the experiment, some participants struggled with the valve itself. In some 
cases, the top part was hard to remove, in others, the screws were stuck to the 
casing and were hard to loosen. Also, in some cases, the gasket got stuck at the top 
part of the casing. 

The participants, using the normal application, stated that they were confused 
about the tag and wished for a QR code. In addition, two participants wanted 
different feedback after the tag was detected and wanted the tag to stay detected 
when using the back buttons until reaching the main menu. 

On the other side, the participants using the AR version were looking for a tag 
instead of scanning the object itself for detection. Yet, the AR features were well 
received, though not all animations were found to be useful. Furthermore, when 
the top part was dismounted, the participants tried to scan the top part and for 
this, the animation was rotated for 90°. The participants also wished for a hint, 
when AR is really necessary, for knowing when to pick up the phone or a mix of 
AR and instruction videos were liked. 

Other improvements were proposed by the participants, containing a highlight or 
confirmation (checklist) of the most important steps and lighter animations, a 
voice control, a bigger information field, a preview of the next step, documentation 
tools (take a picture, adding own text to the notes) and an English version. 

Lastly, some participants mentioned, they have tightened the screws crosswise, due 
to previous knowledge and one participant explained that the orientation of the 
valve’s top part was not clear when remounting it. 

4.2 User Study - Expert Review 

In contrast to the user study in the laboratory, we modified the procedure for the 
expert review due to the professional background of the two participants. Here, 
we chose not to provide an explicit task, but rather to support a free testing of the 
app. Participants were first asked to familiarize themselves with the app and then 

288 



290         Hendrik Stern, Rieke Leder, Michael Lütjen, Michael Freitag 

 

perform the same task as in the lab test (replacing the gasket). After completion of 
the task, the questionnaire was used to evaluate the usability of the application as 
well, and the impressions of the test users were queried in a subsequent interview. 
Due to the different focus of the study, only the AR version of the application was 
used in the expert review. 

During the review, we could figure out some problems regarding the application. 
Like in the user study, the navigation was a bit unclear at the beginning, as one 
expert tried to press the valve-button in order to open the disturbances. Besides, 
we had to point one of the experts to make use of the AR functions, which then 
were well received. After the troubles in the beginning were overcome, the appli-
cation was used as intended, though from time to time the animation froze. 

In the interview, the experts could give more information about the assembly 
steps. The experts mentioned there should be more emphasis on the step for loos-
ening the handwheel. Furthermore, it was stated that the replacement or greasing 
of the screws with a premium stell valve should be added and highlighted and 
before reassembling the top part of the valve, the sealing surface should be 
checked for dirt and damages. 

Overall, the application was well received. Especially for the maintenance on 
board, the experts stated a high potential of the application. It was thought to 
improve the service with professional instructions always available on every 
smartphone. However, it was also thought about the bad conditions on board 
(light, isolation), suggesting a combination of AR and video tutorials or even the 
usage of AR glasses. 

5 Discussion 

With both applications having a usability of more than 80 %, each version is of a 
high usability.  This result is based on eight, non-specialist participants, which need 
to be taken into consideration here. Nonetheless, the participants with the normal 
application were faster in solving the task, but have done more mistakes and had 
a slightly higher task load. With relation to the use case and the sensitive safety 
regulations this is an important aspect. On the one hand, the time difference was 
caused by two participants (AR), who swapped between some steps several times. 
But, when calculating anew the completion times, leaving out the for and back 
taps, the AR version still is in average more than two minutes (mean = 06:49 in-
stead of 07:30) slower than the normal version (mean = 04:20). On the other hand, 
when using the AR version, the participants have to pick up the phone more often 
and re-scan the objects. This will also cause a rise in time. A possible solution for 
this is using a tripod, so the phone stays in place and the user must not always pick 
up the phone and rescan the object, so the user has the hands free for the task. 
Alternatively, an AR-HMD can be used. 
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The second proposal for the task completion can also explain the difference in the 

phone usage. As the participants always have to pick up the phone to rescan the 

object for showing the animations, when using the AR version. In contrast, in the 

normal version, the participants could access the animation at all time and just had 

to tap forward or backward. With this background, the normal application was 

more likely for hands-free tasks. 

A solution for the tracking problems in AR, when the top part of the valve is 

dismounted can be training an own model for the single parts. At the moment, 

only the entire valve exists as a model reference. Together with the predefined 

tracking settings, it is limited and the animation might appear rotated, as the last 

position of the object was saved in the memory. Another option is the possibility 

to overlay the AR version with instruction videos or animations or to combine the 

previous step with the one when the gasket is replaced, like the participants wished 

for. 

In the expert review, the experts mentioned that the animation froze a few times, 

which might be due to the different phone, which was used. The object recognition 

and its animation are complex and as the phone used in the user study was a high-

end model, the complexity was not of a problem, but on other phones, with a 

different processor, the performance can drop. In order to the impossibility of 

using the normal app, a different kind of base of an image recognition, which does 

not require AR Core, can be used. Then it should also be possible to install the 

applications on both, Android and Apple smartphones. 

Finally, the task itself should be considered. Most participants stated it to be too 

simple, which was due to the paper-based instructions we received from the man-

ufacturing company of the valve. At the expert review, the experts stated that the 

functionality would also fit for harder tasks, but for the usage on ships and several 

different valves, also the task we chose, was found to be reasonable. Considering 

the learning curve, simple task can be usefully supported with AR overlay instruc-

tions, but with some experience, a simpler instruction would probably do it. On 

the contrast, when the task itself is more complex, AR might reveal its full potential 

since it was found to be very beneficial at lowering the mental workload at complex 

and varying tasks, i.e. we expect a more significant difference in error rates here.  
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6. Summary and Conclusion 

6.1 Summary 

In this paper, we proposed an assistance system using AR and image recognition 
to support the maintenance on board of an LNG driven vessel. In order to transfer 
paper-based instructions for service and maintenance into an AR Assistance Sys-
tem, we first did a requirements analysis and translated the results into a mock-up. 
After professional feedback, where we received improvement suggestions for the 
application, we developed two different versions of the application, an AR version 
and a more basic approach with image recognition (tag). For their implementation, 
the mock-up served as model. 

With the two versions of the application, we conducted a between-subjects user 
study. Its main goal was to compare both versions to find out which is performing 
better in terms of usability, task load, task completion and the error rate. Both 
versions showed a high usability, with the normal version having a lower task com-
pletion time, but the AR version having a lower task load and a lower error rate. 
Keeping in mind the difficult surrounding conditions on a ship, with mostly iso-
lated valves, other components, and difficult lighting conditions, we conclude that 
a mixture of both versions and the possibility to switch off AR would fit the pur-
pose of this application best. 

6.2 Future Work 

As future research work, we consider several starting points and actions. First, 
some changes and improvements of the AR-based assistance systems could be 
implemented, which are both hardware- and software-related. Here, an AR-HMD 
(head mounted device, e.g., Microsoft HoloLens 2) could be used instead of an 
AR-Handheld to improve the systems ergonomics (hands-free use). Besides, we 
expect a particular UI-design focusing on AR to increase the usability and perfor-
mance of an AR-based assistance system. Further, as highlighted by the study par-
ticipants, a mixed version of the AR-application and the normal application could 
combine the advantages of both systems. Here, e.g., allowing users to toggle be-
tween AR-virtualizations at complex process steps and a basic, non-AR-process 
guide could be helpful. 

With regard to the evaluation of the AR assistance system, further user studies 
would be useful. Here, a larger number of test users as well as a better fit of the 
test users to the intended system users (e.g., with regard to prior knowledge, tech-
nology affinity) would be helpful to increase the validity of the study results. Fur-
thermore, other, more complex tasks or components could increase the generali-
zability of the results. 
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