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A B S T R A C T   

Objective: Providing instruction for assembly tasks is essential in modern manufacturing industry, as well as in 
households for customers that buy products to be assembled at home. Recent technological developments might 
be able to assist in completing an assembly task faster and more accurately. The aim of this study was to evaluate 
whether performance and usability differs when instructions for an assembly task are presented on digital glasses 
versus paper. 
Methods: Participants (n = 63) completed one of three versions of an assembly task (between-subject-design) with 
LEGO® bricks: (1) with paper instruction (P), (2) with text instructions presented stepwise via digital glasses 
(GT), (3) with stepwise text and auditory instruction (in parallel) on digital glasses (GA). Outcome measures on 
performance were completion time and errors. Furthermore, usability was measured by the User Experience 
Questionnaire, the Standardized Usability Questionnaire, the Post-Study Usability Questionnaire, and cognitive 
processing skills were assessed by the Trail Making Test and different versions of the Eriksen Flanker Task. 
Analyses were adjusted for the confounding factors age, gender, experience with glasses and LEGO, and problems 
with instruction. 
Results: Findings indicate that task completion was faster with the paper instructions compared to both versions 
of instruction via digital glasses (GT, GA). We observed no difference in accuracy and usability between the 
instructions. “Novelty” was rated higher for instructions for both GT and GA, compared to P. 
Discussion: Results show that instructions on digital glasses may not always be more effective for assembly than 
the traditional paper-based instructions. Further studies are necessary to investigate whether effectiveness may 
depend on task complexity, target group, experience of the user with task and device, and how the information is 
presented.   

1. Introduction 

Assembly tasks are part of every-day life, but are mainly studied in 
work contexts with respect to motions, generation of assembly se-
quences, cognitive modelling, subjective difficulty, workplace setup, 
and assembly instructions (Lim and Hoffmann, 2015). So far, there is 
only little research on the cognitive processing involved. Cognitive re-
sources are limited (Richardson et al., 2006) and can be depleted easily 
depending on task demand and instruction format. Accordingly, the way 
the information in the assembly instruction is provided affects perfor-
mance because both instruction and task performance may call for the 
same limited cognitive resources. One critical skill required for assembly 

tasks is selective visual attention, which is important for (1) focusing on 
the relevant part of the instruction and (2) the visual search of all 
components relevant for the assembly task. (Stork and Schubö, 2010). 
Hence, it could help to make the performance in assembly tasks more 
efficient to present only the immediately relevant visual information of 
the instruction and thus avoid visual distractions. 

In the modern manufacturing industry, new technological de-
velopments are necessary to assist inexperienced or under-qualified 
workers in fulfilling their work tasks by providing them with real-time 
instructions (Vernim and Reinhart, 2016). It was shown that assis-
tance systems can help workers to deal with increasing demands in as-
sembly tasks (Büttner et al., 2016). However, to meet these expectations, 
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assistance systems must be adapted to the user and to the constraints of 
the task at hand (Stork and Schubö, 2010). They should facilitate the 
allocation of visual attention to the relevant aspects of the task and 
reduce, for instance, attentional shifts to monitors or displays (Stork and 
Schubö, 2010). 

This motivated the development of assistance technologies such as 
in-situ projections, head-mounted displays (HMD), and augmented- 
reality (AR) systems (Blattgerste et al., 2017). Each of these technolo-
gies, however, comes with a lot of constraints. A new development with 
considerably more freedom are digital glasses. On these glasses, there is 
a small virtual screen in the upper right visual field (Syberfeldt et al., 
2017). In this way, the user can clearly see the entire environment while 
at the same time receiving the necessary information to complete the 
task. Therefore, the user can focus on the task specific actions instead of 
focusing on the act of getting the relevant information from the in-
structions (Theis et al., 2015). 

The purpose of this study was to investigate whether providing 
assisting information by digital glasses leads to a better performance in 
completing a simple assembly task compared to providing this infor-
mation in a traditional paper form. The results may be interesting for 
end consumers as well as for potential use in industry. 

1.1. Head-mounted displays (HMD) 

HMDs have been developed to provide workers information directly 
in the work situation without having to shift attention to an external 
visual display. Several applications of HMDs have been tested. For 
instance, HMDs have been used to support maintenance for military 
vehicles (Henderson and Feiner, 2009) and in airplane cockpits (Gau-
glitz et al., 2012). HMD and digital glasses are also useful in work en-
vironments that are easily contaminated, deal with harmful agents, or 
require the use of protective garments (Scholl et al., 2015). Most of the 
studies, that collected evidence on the advantages and disadvantages of 
receiving instructions on HMD, used picking tasks. Funk et al. (2016) 
compared the circumstances of receiving instructions for a picking task 
either on paper, on tablet, on head-mounted displays, or via in-situ 
projection. Interestingly, their results indicated that paper instructions 
came with the fastest task completion times in picking and positioning a 
piece while locating a piece was fastest with in-situ projection (Funk 
et al., 2016). A study by Büttner et al. (2016) compared HMD, paper 
instruction and in-situ projections and also concluded that performance 
with HMD came with more errors and slower completion time. How-
ever, another study was conducted in a warehouse and compared in-
structions on HMD with cart-mounted display, pick-by-light, and on 
paper. They observed that the performance was fastest and had the least 
errors with the HMD display, which also had the lowest task load and 
was preferred by the participants (Guo et al., 2014). A challenge of HMD 
is that the display overlays the real world. Depending on type and de-
mand of the task, this might cause irritation during the task perfor-
mance. A study with mixed reality HMD using balance and memory 
tasks has observed no effects on balance, heart rate, and attention but 
participants reported difficulties perceiving time and reality (Cometti 
et al., 2018). Bækgaard et al. (2019) conducted a combined HMD and 
eye tracking study with a cognitive, emotion, and motor task measuring 
pupil dilation. The largest pupil dilation occurred for conditions that 
require the most physical and cognitive effort (Bækgaard et al., 2019). 
None of the studies discussed so far, however, investigated assembly 
tasks. 

Even though digital glasses come with the advantage that there is only 
a small frame in the upper right corner that displays information so that 
the rest of the visual field is undisturbed, studies with picking tasks do not 
confirm any benefit of it. One study compared the performance in a 
picking task when receiving instructions on digital glasses with the per-
formance when receiving paper instructions. The authors found that the 
performance with digital glasses was slower (Iben et al., 2009). Another 
study compared order picking instructed either from a monitor or digital 

glasses and found workload to be higher with the digital glasses (Friemert 
et al., 2019). According to the Rasmussen’s framework, workload can be 
increased by three types of behavior: skill-based, rule-based and 
knowledge-based (Murauer and Gehrlicher, 2019). An experimental 
study using order picking observed that digital glasses were best for 
rule-based processing (Murauer and Gehrlicher, 2019). A study that 
focused on cognitive tasks (flanker, task switching) instead of work 
process concluded that digital glasses may be more suitable for conveying 
information and not for complex tasks (Kreutzfeldt et al., 2018). The 
authors also observed that participants were less distraction-prone if they 
wore the glasses compared to headset (Kreutzfeldt et al., 2018). Berke-
meier et al. (2017) investigated digital glasses in a quality check task and 
have shown that glasses come with high usability and positive expecta-
tions, but they also observed problems with adjusting the glasses to the 
eyes. 

1.2. Augmented-reality (AR) 

In contrast to HMD technology, the effect of AR-based instruction on 
performance in assembly tasks has been studied more intensively. Syb-
erfeldt and colleagues (Syberfeldt et al., 2015), for example, asked 
participants to assemble a 3D puzzle. In comparison to the paper in-
structions, AR achieved similar levels of user acceptance while leading 
to faster completion time. Blattgerste and colleagues (Blattgerste et al., 
2017) gave participants a LEGO® bricks task and compared instructions 
via an AR with in-situ projection with tablet-based instruction and with 
paper instructions. They observed that participants were fastest with the 
paper instruction but showed an accuracy advantage with AR-based 
instruction. While the majority of studies find positive effects of AR 
instruction on performance speed and/or accuracy in assembly tasks (e. 
g., Loch et al., 2016; Wang et al., 2019; Kim et al., 2019), it is not clear 
whether these effects would be the same for digital glasses. Despite the 
possible advantages, however, AR is relatively expensive for companies 
to invest in. Moreover, AR displays have the problem that they overlap 
with the real world, which may confuse users when trying to complete 
the task. Digital glasses can avoid this problem by presenting the rele-
vant information only in only a small part of the visual field. 

1.3. Purpose of the present study 

Digital glasses might be suitable for assembly instructions in work 
contexts as well as for the use by end customers at home. Mass con-
sumption has led to an increased demand for individualized products 
(Zhu et al., 2008). Industry is trying to meet these demands with the 
result that part of the construction assembly is transferred to the cus-
tomers in the form of ready-to-assemble, flat pack, or self-assembly 
products (Sundarraj et al., 1997). 

So far, however, assembly instructions for end consumers are 
commonly given in paper form. In the future, customers might just 
simply login to any digital instruction task on the glasses making paper 
manuals unnecessary. The advantage of digital glasses is the access to 
any task instruction available online for download. Digital glasses could 
then be used for troubleshooting, which may be a win-win solution for 
both industry and end customers. 

Despite the fact that digital glasses are easy to wear compared to AR 
devices, there is a lack of research on their possible effect on perfor-
mance. We were able to identify one study that investigated smart 
glasses for assembly tasks. This study compared instructions on digital 
glasses to tablets and found no difference (Wille et al., 2014). However, 
the results of this study may not be considered representative for the 
total population, because only ten individuals participated in this study, 
and factors such as experience with digital glasses, age, gender and 
cognitive abilities were not controlled for. Moreover, the study by Wille 
et al. (2014) used a dual task paradigm, i.e., a complex task with high 
cognitive demands, while previous studies demonstrated that digital 
glasses have an advantage especially for simple tasks. Therefore, in the 
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present study, we investigated the usability and the performance of a 
larger sample in a simple assembly task when instruction is provided by 
digital glasses versus paper instruction, controlling for age, gender, and 
cognitive abilities of the participants. In contrast to Wille et al. (2014), 
who compared instructions on digital glasses versus tablets, we used a 
traditional paper instruction as control condition. Since paper in-
structions have been shown to be more efficient than digital instructions 
in studies using tasks other than assembly (Funk et al., 2016) and the 
fact that most instructions for assembly tasks are currently in paper 
format, we decided that comparing digital glasses versus paper was 
more appropriate than comparing two digital forms of presentation. 

As shifting attention between paper instructions and task requires 
effort, we hypothesized (H1) that task performance with the paper in-
structions (P) will be worse compared to the instruction by digital 
glasses, i.e., participants need longer to complete the task and make 
more errors. Another aspect to consider is that the amount of visual 
information could affect the results. Hence, we used two versions of 
instruction for the digital glasses, one in which the instructions were 
presented as text next to the pictures (GT) and one in which the in-
structions were presented auditory together with the pictures (GA). The 
amount of visual information in the instruction can affect the assembly 
time as longer visual instructions tend to increase the cognitive work-
load (Matsushita et al., 2016). We therefore hypothesized (H2) that 
participants make fewer errors and complete the task faster in the con-
dition with the auditory instructions (GA) compared to the condition 
with the written instructions on the glasses (GT). Following the same 
line of thought, we hypothesized (H3) that the perceived usability of the 
GA condition was higher than that of the GT or P condition, respectively. 

2. Methods 

2.1. Participants 

A total of 63 students from the University of Kaiserslautern (n = 38 
male), between 18 and 40 years old, with normal vision and proficient in 
the language of instruction participated in the study. Participants were 
allocated to three experimental conditions, with 21 participants in each. 
There was no difference in age and gender between these groups. Par-
ticipants received course credit as compensation for participating in the 
experiment. 

2.2. Design and procedure 

The study was approved by the ethics committee of the University of 
Kaiserslautern and took place in sound proof laboratory room at the 
Center for Cognitive Science of the University of Kaiserslautern. The 
study used a between-subject design to avoid learning effects. Thus, each 
participant completed only one of the three versions: paper instructions 
(P), digital glasses with text instructions (GT), or digital glasses with text 
and equivalent audio instructions (GA), with the instructions being 
identical in all three versions. Instructions on the glasses were presented 
step-by-step, each step in a single frame. Audio information in the GA 
condition, a reading of the text, was presented in parallel to the text 
along with each step using the speakers of the glasses. 

Participants were informed about the purpose of the study and that 
they may end the experiment whenever they want to. After participants 
signed an informed consent, they were instructed to perform the as-
sembly task for the condition that they were allocated to, i.e. the P, GT or 
GA version. After completion of the assembly task participants were 
asked to provide information in written form about (1) gender (m/f), (2) 
age (in four categories: < 18; 18–25; 26–40; >40, (3) prior experience 
with digital glasses and with LEGO ® (novice, intermediate, advanced), 
and (4) problems they experienced during the assembly task with the 
glasses or paper instruction (yes/no), with the opportunity to specify 
these in an open comment box. Answers to these questions were used as 
control variables in the analyses. After responding, they were given 

questionnaires about the perceived usability of the glasses or the paper 
instructions. Lastly, participants completed two cognitive tests. 

2.3. Assembly task 

A simple assembly task was chosen to avoid biases due to task dif-
ficulty. Participants were asked to complete a figure made out of 14 
LEGO® bricks in 9 steps. LEGO® bricks have been used for assembly 
tasks in studies before (Blattgerste et al., 2017; Funk et al., 2016; Goto 
et al., 2010). A total of 32 Lego bricks of different colors and sizes, 
determined randomly in advance (colors: 9 yellow, 7 dark blue, 5 white, 
3 black, 2 orange, 2 light blue, 1 pink, 1 light green, 1 dark green, and 1 
Gy; sizes: nine 2x2, six 2x3, twelve 2x4, and three 6x2), were placed on a 
table (size 55 × 70 cm) in front of the participant. Then, the participants, 
based on their allocations, received either the paper instructions (see 
Supplementary File 1) or the digital glasses. In accordance with the 
recommendations by Agrawala et al. (2003), the instructions described 
the assembly in a step-by-step manner with a hierarchy of actions and 
clearly showed the 3D objects with all parts visible (Agrawala et al., 
2003). For every participant, a timer was started when he/she started 
the LEGO® task and ended when they finished the task. Performance 
was measured by completion time in seconds as well as by the number of 
errors the participants made. 

2.4. Digital glasses 

We used the Google Glass Enterprise Edition, a popular brand of 
smart glasses. On the right-side arm of the glasses, there is a small visual 
screen for optical color display, an integrated camera, microphones, 
speakers, and a touchpad (see Fig. 1). The digital glasses were connected 
via Wi-Fi to Ubimax Frontline Solutions. Ubimax is a German software 
company that has programmed an interface for implementing visual 
displays and tasks for this particular type of glasses. The LEGO® as-
sembly task was created using Ubimax Frontline and was installed on the 
digital glasses before the experiment. Participants wore the digital 
glasses in the same way they would wear normal glasses. They 
controlled the glasses using either voice commands or the touchpad on 
the right-side arm. They moved to the next step of the instructions by 
tapping on the touchpad or by giving the audio command “Continue”, as 
they wished. To go back to a previous step, they either swiped backward 
on the touchpad or clicked the return button in the visual field by 
navigating on the touchpad. 

Fig. 1. Digital glasses used in this experiment.  
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2.5. Questionnaires and cognitive measures 

Three questionnaires, the User Experience Questionnaire, the Stan-
dardized Usability Questionnaire, and the Post-Study Usability Ques-
tionnaire were used to assess the usability. Two cognitive tests, the Trail 
Making Test and a flanker task, were used to assess the cognitive pro-
cessing abilities of the participants. In the following paragraphs, the 
questionnaires and the tests are described in more detail. 

User Experience Questionnaire. The User Experience Questionnaire 
(UEQ) was developed as a fast and reliable questionnaire to give a 
comprehensive impression of user experience (Hinderks et al., 2019; 
Schrepp, Hinderks, & Thomaschewski, 2017a, 2017b). It contains a list 
of 26 items of opposite pairs (e.g., attractive/unattractive). Between the 
two opposites was a seven-point Likert scale and the participants were 
asked to judge to what extent they favored one over the other. The re-
sponses to the 26 items were summarized in six scales: 1) attractiveness 
(e.g., “Do users like or dislike the product?“), 2) perspicuity (e.g., “Is it 
easy to learn how to use the product?“), 3) efficiency (e.g., “Can users 
solve their tasks without unnecessary effort?“), 4) dependability (e.g., 
“Does the user feel in control of the interaction?“), 5) stimulation (e.g., “Is 
it exciting and motivating to use the product?“), and 6) novelty (e.g., “Is 
the product innovative and creative?“). The score is the average of all 
the items in each scale. 

Standardized Usability Questionnaire. The Standardized Usability 
Questionnaire (SUS) was originally developed to be a quick subjective 
assessment of usability (Assila and Ezzedine, 2016; Lewis et al., 2015) 
and is composed of ten questions that the participants answer on a 1 
(strongly disagree) to 5 (strongly agree) Likert scale. We adapted the 
questionnaire to our experiment, specifically the assembly task with the 
LEGO® bricks and the digital glasses. Hence, we changed the wording to 
include digital glasses/paper instruction and LEGO® task and we 
deleted the sentence “I found the various functions in this system were 
well integrated.” as it was not applicable to our experiment. The score 
was obtained, according to the test manual, by subtracting one from the 
scale position on all of the originally odd numbered items and by sub-
tracting the scale position from 5 from all of the originally even 
numbered items. Then, we multiplied the sum of all items by 2.5 and 
obtained an overall SUS score that ranged from 0 to 90. 

Post-Study Usability Questionnaire. The Post-Study Usability Ques-
tionnaire (PSSUQ) was designed to measure usability for certain sce-
narios (Fruhling and Lee, 2005; Lewis, 1992). We selected four questions 
from the 16 original questions that were suitable for our experimental 
setup and rewrote them slightly (“Overall, I am satisfied with the ease of 
completing the tasks in this scenario.“, “The organization of information 
on glasses screen was clear.“, “The information was effective in helping 
me complete the tasks.“, “Overall, I am satisfied with the guidance in 
completing the task.“). Furthermore, based on the other PSSUQ ques-
tions, we wrote five of our own questions to evaluate scenario-based 
usability: “I was able to complete task effectively using this system.“, 
“I think that I would like to use the glasses in the future in my daily 
routine tasks.“, “I can use it without written instructions.“, “It was fun to 
solve the Lego.“, “Overall, I am satisfied with the amount of time it took 
to complete the tasks in this scenario.“. Participants answered them on a 
1 (strongly disagree) to 5 (strongly agree) Likert scale. 

Trail Making Test. The trail-making test (TMT) was developed as an 
alternative to traditional reasoning tests for assessing general intelli-
gence under the assumption that speed of visual information processing 
is a better indicator (Oswald and Roth, 1987). Today, the TMT is mainly 
believed to measure visual search and motor speed (Crowe, 1998). In the 
present study the German version of the TMT, the Zahlenverbindungstest 
(ZVT; Oswald and Roth, 1987), was used. It contains 90 numbers that 
were systematically ordered in horizontal and vertical lines (9 x 10 grid). 
The task is to connect the 90 numbers as fast as possible in ascending 
order. The next number to be connected is always one of the eight 
adjacent numbers. If a participant made an error, he was asked to return 
to the last correctly connected number. The score is the time (in seconds) 

that it takes to complete the test. 
Flanker Task. The Flanker Task (FT; known as Eriksen Flanker Task; 

Eriksen & Eriksen, 1974) has been used extensively in experimental 
psychology (e.g., Stoffels and van der Molen, 1988; van Leeuwen and 
Lachmann, 2004; see van Leeuwen et al., 2018, for review) and is pre-
sumed to measure executive control (Kopp et al., 1996) and attentional 
switching (Li and Dupuis, 2008). In the original flanker task (Eriksen 
and Eriksen, 1974), participants were instructed to identify a central 
target letter in a string of seven letters. The non-target letters, sur-
rounding the target, were all the same but could match the target letter 
(congruent, invoking the same response, e.g., S S S S S S S) or differ from 
the target letter (incongruent, invoking a different response, e.g., H H H S 
H H H). Better performance for congruent compared to incongruent 
conditions were found in this original experiment and in a great number 
of variations using different types of flanker stimuli (e.g., Boenke et al., 
2009; Lachmann and van Leeuwen, 2004; 2008) for different pop-
ulations (Jincho et al., 2008; Schmitt et al., 2019). In the present study, a 
modified version of the original flanker task from the PsyToolkit Exper-
iment Library (psytoolkit.org/experiment-library/) was used. We adjusted 
the original version so that the participant was able to respond using the 
touchscreen of the tablet instead of a keyboard. Further, we added an 
easy version comprising the symbols > and <, which the participants 
completed before the difficult version comprising letters. The task was to 
press either on the right or the left side of the tablet screen depending on 
the central target stimulus. Participants were always presented with five 
stimuli in a sequence with a central response-defining target and four 
irrelevant non-target flankers. Two versions with increasing levels of 
difficulty were used. In the first version, participants were presented 
with either a “<” or a “>” arrowhead (cf., Kopp et al., 1994), indicating 
to press either the left or the right side of the screen, respectively, when 
presented as the central target stimulus. In the second version, the letter 
stimuli V, B, X, and C were used, with V or B indicating to press the left 
side of the screen if presented as the central target, and X or C indicating 
to press the right side of the screen if presented as the central target. In 
both versions, the surrounding flanking stimuli could be either 
congruent (i.e., matching; Task 1: ««<, Task 2: XXXXX) to the central 
target stimulus, or incongruent (i.e., not matching; Task 1: »<», Task 2: 
XXVXX) to the central target stimulus. In the second, more difficult, 
version trials were included, in which the flanking stimuli could be 
congruent, i.e., call for the same response, even without being identical 
to the central target stimulus (congruent: BBVBB, BBBBB). In each 
version, trials were presented in random order. For each trial, the time 
from stimuli onset to response (Reaction Time, RT) was measured as the 
dependent variable, with RTs for incorrect responses being excluded 
from analyses. 

2.6. Statistical analyses 

All statistical analyses employed an alpha level for statistical sig-
nificance of 0.05 (two-tailed) and were performed using Stata (Version 
15). Differences in assembly task completion time between experimental 
conditions were analyzed via Analyses of Variance (ANOVAs). Differ-
ences in errors between experimental conditions were analyzed via Chi- 
squared test. The impact of control variables (gender, age, experience, 
problems) were, first, analyzed via ANOVA and, second, analyzed via 
linear regression analyses, taking into account the three different 
experimental conditions. We double-checked the results by repeating 
the linear regression analysis on completion time but with nested effects 
of the control variables in the experimental condition. 

The impact of cognitive abilities on completion time over the 
experimental conditions was analyzed in separate linear regression an-
alyses for each cognitive test measure. For significant associations, the 
regression analysis was repeated and adjusted for the four control var-
iables. Differences in subjectively perceived usability, as measured via 
the UEQ and SUS across the experimental conditions, were analyzed via 
ANOVA. Differences in the PSSUQ questions across the experimental 
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conditions were analyzed via Chi-squared test. To rule out possible trend 
effects, we ran an ordinal logistic regression of the impact of the 
experimental conditions on subjectively perceived usability for each 
usability measure separately. 

3. Results 

3.1. Assembly task performance 

The mean completion time of the assembly task with the LEGO® 
bricks was 181.78 s, SD = 72.25 (see Fig. 2). In the digital glasses with 
text (GT) condition, the mean completion time was 212.48 s, SD =
77.38, in the digital glasses with audio (GA) condition, the mean 
completion time was 196.81 s, SD = 66.20, and with the paper in-
struction (P), the mean completion time was 136.05 s, SD = 48.89. An 
Analysis of Variance (ANOVA) revealed that completion time in the P 
condition was significantly faster than in the GT and the GA condition, 
while GT and GT did not differ, F(2,62) = 8.05, p = .0008, Bonferroni 
corrected post-hoc analyses GT/P 76.43 s, p = .001, GA/P 60.76 s, p =
.011. Accordingly, participants were able to complete the task about 1 
min faster using the paper instructions than using the digital glasses. 

The mean number of errors in the assembly tasks was 0.55, SD = 0.75 
(see Fig. 2), with n = 38 participants (60.32%) that made no mistake, n 
= 15 (23.81%) that made only one mistake, and n = 10 (15.87%) that 
made two mistakes. In the GT condition, n = 15 made no mistakes, n = 3 
made one, and n = 3 made two. In the GA condition, n = 11 made no 
mistakes, n = 5 made one, and n = 5 made two, and in the P condition, n 
= 12 made no mistakes, n = 7 made one, and n = 2 made two. These 
differences were not significant, Х2 (4, 62) = 3.684, p = .450. Accord-
ingly, we could not confirm the hypothesis (H1) that performance is 
better with the digital glasses. On the contrary, participants were even 
significantly faster with the paper instructions without making more 
mistakes. Likewise, we could not confirm the hypothesis (H2) that 
performance with the audio instructions would be faster than perfor-
mance with the text instructions when using the digital glasses. 

3.2. Control variables and cognitive tests 

An ANOVA on overall performance revealed that male participants 
completed the task about 40 s faster than females, F(1,62) = 4.33, p =
.042 (see Table 1). None of the other control variables, (age, experi-
ences, problems), were significantly associated with completion time 
(see Table 1). As these differences were estimated without taking into 
account the three different experimental conditions (P, GT, GA), we ran 
a regression analysis including the factors Experimental condition, 
Gender, Age, Experience, and Problems. Results confirmed that perfor-
mance was significantly faster with the paper instructions, but none of 
the other factors did contribute significantly to the explanation of 
variance (see Table 2). Repeating the regression analysis with the 

constraint that all factors are nested in the experimental condition led to 
very similar results. 

The analysis of the results from the two cognitive tests revealed only 
one significant result: A greater number of errors in the trail-making test 
(TMT) was significantly associated with a longer completion time, b =
22.99, p = .030 (see Table 3). This association was less significant when 
the regression was additionally adjusted for the four control variables 
(Gender, Age, Experience, and Problems with the glasses/paper), b =
20.69, p = .058 (see Table 4). From the 42 individuals that performed 
the GT or GA version of the assembly task, n = 7 (16.67%) considered 
themselves novices regarding technology, n = 29 (69.05%) 

Fig. 2. Mean completion time (in seconds; A) and number of errors (B) in the task. Error bars represent standard deviations.  

Table 1 
Means in task completion time by control variables.    

M SD F p 

Gender female 204.53 88.69 4.33 .042  
male 166.82 55.38   

Age 18–25 years 173.00 74.08 1.24 .269  
26–40 years 193.48 69.36   

Lego 
experience 

novice 208.71 82.46 1.28 .285  

intermediaries 173.47 69.01    
advanced 181.00 64.33   

Problems 
with 
glasses 

No 206.56 61.20 7.68 .001 (Bonferroni 
comparison No/ 
Yes: p = 1.000)  

Yes 203.21 79.72    
Paper version 136.05 48.89   

Notes: M = Mean, SD = Standard Deviation, F, F-value with F(1,62) and F(2,62) 
respectively as indicated by analysis of variance (ANOVA); p, p-value of signif-
icance as indicated by analysis of variance (ANOVA). 

Table 2 
Estimates of linear regression analysis of the association of experimental con-
dition, gender, age, experience with lego, and problems with glasses on task 
completion time.  

Predictor  b CI 95% p 

Experimental condition GT Ref    
GA − 30.59 − 74.07; 12.89 .164  
PI − 88.96 − 142.51; − 35.41 .002 

Gender female Ref.    
male − 32.84 − 67.45; 1.77 .062 

Age 18–25 Ref.    
26–49 14.08 − 19.36; 47.52 .402 

Lego experience novice Ref.    
intermediaries − 21.17 − 61.27; 18.92 .295  
advanced − 67.19 − 144.72; 10.33 .088 

Problems with glasses no Ref.    
yes − 16.95 − 60.46; 26.56 .438 

Notes: with F(7,55) = 3.43; b, coefficient; CI 95%, 95% confidence interval of the 
coefficient; GA, digital glasses with audio; GT, digital glasses with text; p, p-value 
of significance; PI, paper instructions; Ref., reference category. 
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intermediate, and n = 6 (14.29%) advanced. With respect to using 
LEGO®, n = 14 (22.22%) individuals considered themselves novices, n 
= 45 (71.43%) intermediate, and n = 4 (6.35%) advanced. Some par-
ticipants reported problems with the glasses, n = 6 of the GT condition 
(28.57%), and n = 12 of the GA condition (57.14%). In a commentary 
field they mentioned, for instance, that it took time for their eyes to 
adjust to the glasses, that the glasses felt uncomfortable to wear, and that 
they got a headache after some time. 

3.3. Subjectively perceived usability 

Assessment via the User Experience Questionnaire (UEQ) indicated 
that the participants had similar opinions regarding attractiveness, 
perspicuity, efficiency, dependability, stimulation, and novelty of the 
digital glasses. On a scale from − 3 to 3, the means varied between − 0.23 
and 2.01 (see Table 5). The lowest rating was obtained for novelty in the 
P condition (− 0.23). The highest ratings were obtained for perspicuity 
in the P (2.01) and GT (1.93) condition, followed by attractiveness in the 
GT (1.76) condition (see also Table 5). Comparison of usability between 
experimental conditions indicated only one significant effect: Partici-
pants who used the digital glasses reported more novelty than the par-
ticipants who used the paper instructions, F(2,61) = 17.73, p < .001, see 
also Table 5). We ran ordinal logistic regression on the associations 
between perceived usability and the experimental condition to verify 
that there is no trend effect. The results (not shown) confirm the 
findings. 

Assessment of usability via the SUS indicated a higher usability for 
the paper instructions (M = 68.45, SD = 12.93) than for the instructions 
on the digital glasses (GT M = 58.69, SD = 10.59; GA M = 62.86, SD =
17.33). However, this difference was not statistically significant, F 

(2,62) = 2.61, p = .082). 
Answers to the PSSUQ questions were very similar across the 

experimental conditions (see Table 5). The participants gave slightly 
higher scores to the items “I think that I would like to use it in future in 
my daily routine tasks.” and “The organization of information was 
clear.” when they used the paper instructions than when they used the 
digital glasses. Scores to the item “Overall, I am satisfied with the 
amount of time it took to complete the tasks in this scenario.” were 
higher for the GA condition than for the GT or P condition. However, 
none of these observations were statistically significant. Accordingly, we 
could not confirm the hypothesis (H3) that perceived usability was 
higher when using the digital glasses than when using the paper 

Table 3 
Estimates of linear regression analysis of the association of cognitive test mea-
sure and experimental condition on task completion time, separate regression 
models for each cognitive test measure.  

Predictor b CI 95% p 

Tmt time 0.56 − 0.13; 1.26 .110 
Tmt error 22.99 2.33; 43.65 .030 
Flanker, easy – congruent trials (ms) 0.07 − 0.04; 0.17 .197 
Flanker, difficult L1 – congruent trials (ms) 0.01 − 0.11; 0.13 .849 
Flanker, difficult L2 – congruent trials (ms) − 0.04 − 0.15; 0.06 .424 
Flanker, easy – incongruent trials (ms) − 0.02 − 0.08; 0.12 .738 
Flanker, difficult – incongruent trials (ms) − 0.07 − 0.19; 0.06 .272 

Notes: with F(3, 59) = 6; b, coefficient; CI 95%, 95% confidence interval of the 
coefficient; p, p-value of significance. 

Table 4 
Estimates of linear regression analysis of the association of experimental con-
dition, errors in the TMT, gender, age, experience with lego, and problems with 
glasses on task completion time.  

Predictor  b CI 95% p 

Experimental condition GT Ref    
GA − 29.60 − 72.06; 12.86 .168  
PI − 82.07 − 134.83; − 29.31 .003 

TMT errors  20.69 − 0.71; 42.08 .058 
Gender Female Ref.    

male − 32.65 − 66.44; 1.13 .058 
Age 18–25 Ref.    

26–49 7.05 − 26.39; 40.49 .674 
Lego experience novice Ref.    

intermediare − 21.15 − 60.29; 17.99 .295  
advanced − 63.31 − 139.10; 12.47 .100 

Problems with glasses no Ref.    
yes − 8.05 − 51.51; 35.41 .712 

Notes: with F(8,54) = 3.62; b, coefficient; CI 95%, 95% confidence interval of the 
coefficient; GA, digital glasses with audio; GT, digital glasses with text; p, p-value 
of significance; PI, paper instructions; Ref., reference category. 

Table 5 
Means in subjectively perceived usability across the three experimental 
conditions.   

Digital 
glasses 
with text 
M (SD) 

Digital 
glasses 
with 
audio 
M (SD) 

Paper 
instructions 
M (SD) 

F P 

UEQ attractiveness 1.76 
(1.12) 

1.30 
(1.05) 

1.63 (1.00) 1.02 .365 

UEQ efficiency 1.43 
(1.07) 

1.36 
(1.04) 

1.39 (1.18) 0.02 .981 

UEQ perspicuity 1.93 
(1.01) 

1.43 
(1.19) 

2.01 (1.04) 1.75 .182 

UEQ dependability 1.35 
(0.86) 

0.99 
(0.94) 

1.05 (1.12) 0.80 .456 

UEQ stimulation 1.66 
(0.89) 

1.15 
(1.21) 

0.98 (0.99) 2.40 .099 

UEQ novelty 1.36 
(0.72) 

1.19 
(0.99) 

− 0.23 
(1.07) 

17.73 <.001 

SUS 58.69 
(10.59) 

62.86 
(17.33) 

68.45 
(12.93) 

2.61 .082     

Chi 2  

I was able to 
complete task 
effectively using 
this system. 

4.33 
(0.91) 

4.4 
(0.82) 

4.38 (0.86) 0.013 .994 

The information was 
effective in helping 
me complete the 
tasks. 

4.48 
(0.75) 

4.5 
(0.61) 

4.24 (0.89) 0.817 .665 

I think that I would 
like to use it in 
future in my daily 
routine tasks. 

3.29 
(1.27) 

3.15 
(0.93) 

3.67 (0.91) 2.362 .307 

I can use it without 
written 
instructions. 

3.43 
(0.98) 

3.45 
(1.28) 

4.05 (0.97) 4.026 .134 

It was fun to solve the 
Lego. 

4.48 
(1.08) 

4.6 
(0.75) 

4.52 (0.60) 0.677 .713 

The organization of 
information was 
clear. 

4.0 
(1.00) 

4.05 
(0.99) 

4.38 (0.99) 0.950 .622 

Overall, I am satisfied 
with the ease of 
completing the 
tasks in this 
scenario. 

4.14 
(0.91) 

4.45 
(0.60) 

4.38 (0.59) 0.887 .642 

Overall, I am satisfied 
with the amount of 
time it took to 
complete the tasks 
in this scenario. 

3.95 
(0.97) 

4.35 
(0.75) 

3.86 (0.96) 2.851 .240 

Overall, I am satisfied 
with the glasses 
guidance in 
completing the 
task. 

4.14 
(0.79) 

4.2 
(1.06) 

4.14 (0.85) 0.456 .796 

Notes: Chi 2, Pearson’s chi square obtained in chi square test; F, F-Value obtained 
in analysis of variance (ANOVA); M, mean; p, p-value of significance; SD, stan-
dard deviation; SUS, Standardized Usability Questionnaire range 0–100; UEQ, 
User Experience Questionnaire range-3 to 3. 
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instructions. 

4. Discussion 

The present study compared the performance in an assembly task 
when instruction was presented via digital glasses versus when it was 
printed on paper. The results do not confirm our hypothesis that per-
formance, in terms of completion time and accuracy, is worse for paper 
instructions compared to providing information via digital glasses. Thus, 
H1 cannot be confirmed. On the contrary, results indicate an even better 
performance when instruction is provided in paper form. H2 cannot be 
confirmed either; having auditory instructions on the digital glasses did 
not improve performance compared to written instructions on the 
glasses. Participants rated the digital glasses higher in “novelty” than the 
paper instructions, but besides that there was no indication of a benefit. 
Hence, the results do not confirm H3 either which expected perceived 
usability of the digital glasses to be rated higher than that of the paper 
instructions. 

The three hypotheses were based on the assumption that the selec-
tive search for relevant information on paper instructions, which in-
cludes all information at once, may cost additional limited resources and 
thus negatively affect the performance compared to digital glasses for 
which relevant information is pre-selected and presented stepwise. The 
present results do not support this assumption. 

An explanation for this finding could be that the cognitive load 
caused by the task was relatively low, i.e., far from being at the limit. 
The available attentional capacities might have been used to have a look 
at the subsequent steps on the paper instruction. Repeating this exper-
iment with a more difficult task would allow us to draw conclusions on 
this assumption. 

Another rather explanation is that operating the digital glasses, e.g., 
pressing the button to move to the next instruction, takes additional time 
and cognitive resources as well, may be more than we expected. 

A further explanation for our findings could be that fatigue and 
workload increase throughout the use of smart eyewear devices (Pfen-
dler and Widdel, 2008). A study that compared digital glasses to tablets 
observed that participants with digital glasses had difficulties to see 
clearly over time and that participants experienced mental fatigue to-
wards the end of the experiment (Wille et al., 2014). Similarly, partic-
ipants wearing head-mounted displays have frequently complained that 
they could not see well enough (Büttner et al., 2016), even though the 
digital glasses are considered easier to use due to better ergonomic 
design compared to traditional head-mounted displays (Theis et al., 
2015). On the other hand, near eye displays were reported to cause 
incorrect depth perception (Howarth and Costello, 1997) and induced 
myopia (Peli, 1998); a disadvantage that digital glasses seem to have 
after all. Berkemeier and colleagues made suggestions to improve 
comfort while wearing the device, by making it easier to adjust the 
display to the right angle and thus improve the readability of the in-
formation on the display (Berkemeier et al., 2017). Accordingly, further 
improvements in the design of the digital glasses should be made. 

The results on usability of a device always depend on the type of 
comparison used. Comparing the digital glasses to a tablet, a monitor, 
AR, or to video instructions can lead to substantial differences in per-
formance that we are not yet aware of. Optics and information display 
influence the information processing (Behringer et al., 2007). The in-
struction device influences necessary attentional processes differently; 
this could enhance or hinder the performance. The optimal method of 
the presentation of the content should be carefully selected in order to 
reduce the cognitive load and thus to improve efficiency and usability. 

Another aspect that affects performance is comfort of wearing. In our 
study, participants reported problems such as difficulties for the eyes to 
adjust and headaches after some time. We therefore suggest that further 
studies assess possible health consequences of wearables. 

Moreover, the environment in which the technology is used also 
influences usability and performance. In situations in which the 

surrounding physical world is relevant, people need devices that overlay 
their visual field only to a very small extent. A noisy environment will 
make it impossible to focus on audio instructions. The results from an 
experimental lab might therefore not be the same as in a factory and 
might differ from industry to industry. 

This study is not without limitations. Firstly, the findings of the study 
depend on the nature of the task that we used. A more difficult task with 
a higher workload or a task that involves more complex visual stimuli 
could have led to different results. Secondly, the way the instructions are 
presented can affect the results. If others use a different kind of wording 
or alter how the information is displayed in the pictures, the results 
might differ because these factors determine how the participant un-
derstands the instructions and, therefore, either makes it easier or more 
difficult to complete the task. Thirdly, the participants’ experience with 
glasses in general might influence the findings. Those participants that 
are accustomed to wearing glasses might find it easier to adjust to the 
digital glasses. Fourthly, with n = 63, our sample is considerable larger 
than the one in Wille et al. (2014), but may still not be representative for 
all customers and industrial workers and specific subsamples. Moreover, 
the participants in the present study were relatively young with a small 
age range, and were all well-educated (university students). Findings 
should be replicated for a larger sample including participants with a 
greater variety of cognitive abilities and resources, for instance, people 
with lower education, with lower reading skills, or older age (addressing 
aging effects). Fifth, the chosen between-subject design is appropriate in 
order to avoid training effects between conditions, but may, at the same 
time, underestimate differences between groups that we did not control 
for. For instance, fine motor skills, spatial processing skills, and other 
factors could have differentially affected the performance in the as-
sembly task. 

5. Summary and conclusion 

From Lego® blocks and IKEA® furniture at home to specialized 
factory processes, assembly tasks are a part of almost everyone’s life. 
Technological advances promise to make the assembly processes easier 
by providing virtual instructions. The potential benefits of such appli-
cations are still to be realized in many industries as well as in home 
settings. As the present results show, however, they may not always be 
more effective than the traditional paper-based instructions as we even 
found a time advantage for paper instruction, but at least without 
deterioration in accuracy and usability. Effectiveness depends on the 
difficulty of the tasks as well as the target group, the experience of the 
user with the task and the device, and how the information is presented. 
For instance, it is difficult to show three-dimensional objects on paper, 
and it is impossible to move or rotate them. In this case, a digital 
alternative might be more appropriate, especially when the task 
complexity is high. Further, there are still large population groups that 
have little contact with modern technologies. For those groups, paper is 
still more convenient to use than technological devices. In such situa-
tions, the ease of application is a critical factor. With these types of 
challenges ahead, the technologies providing the instructions are not 
better or worse per se. However, individual cognitive performance 
levels, attitudes toward technology, the difficulty of the task, and the 
context in which the tasks are performed are always relevant factors that 
make one or the other assistance solution more appropriate. In some 
instances, a fusion of analog and digital assistance may be useful to make 
the best of both approaches available. More research is necessary to 
create effective systems as well as effective models guiding the devel-
opment of new systems. 

Even though the present study did not reveal advantages of 
providing instructions for assembly tasks via digital glasses instead to 
paper instructions, digital glasses could be considered an alternative, in 
particular for complex tasks or tasks requiring both hands. For which 
kinds of tasks and in exactly which situations digital glasses provide an 
advantage needs to be examined systematically. 
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Importantly, in our study, some participants reported difficulties in 
adjusting the glasses to their eyes or that they felt uncomfortable 
wearing them. Improvements in the design of the digital glasses, for 
instance flexible adjustments of the visual angle and the field of view, 
are necessary to enhance the overall usability. Future developments on 
digital glasses that adapt instructions to the user’s cognitive capacities 
might be able to improve the performance in assembly tasks. 
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