
–

’ 

’ 

’

journal homepage: www.elsevier.com/locate/aei 

mailto:yiminq92@vt.edu
www.sciencedirect.com/science/journal/14740346
https://www.elsevier.com/locate/aei
https://doi.org/10.1016/j.aei.2021.101423
https://doi.org/10.1016/j.aei.2021.101423
https://doi.org/10.1016/j.aei.2021.101423
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aei.2021.101423&domain=pdf


’ 

’

’ 

’ 

’

’

–



’

’

’



’

′ ′′
′
′ ′′
′′
′ ′′
′ ′′

′ ′′
′ ′′
′ ′′
′ ′′
′ ′′
′ ′′
′ ′′
′

′ ′′
′ ′′
′ ′′
′ ′′





’ 

= = =



χ ( ) χ ( )

−
−
−
−
−

−

−
−
−
−
−
−
−

−
−
−
−
−

−
−
−
−
−
−
−
−
−
−
−
−



Advanced Engineering Informatics 50 (2021) 101423

8

5.2. Framing error analysis 

5.2.1. Friedman test 
Since the error evaluation consists of count data, which was not 

normally distributed, Friedman Test, a nonparametric method was used 
to compare the difference in the mean ranks of each factor. Table 5 

shows the results from Friedman Test for the effects of two factors: frame 
size and information display on each error type. According to the results 
from the frame size group, there were statistically significant differences 
in wrong pieces and missing pieces errors, where χ2(2) = 6.3, p = 0.043 
and χ2(2) = 26.000,p = 0. 

In the group of information display, we saw no significant difference 
for all error types. Hence, pairwise analysis was required to figure out 
whether there was a mean difference between each two conditions. 

5.2.2. Pairwise comparison 
As a post-hoc test of Friedman Test, we evaluated the relationship 

between the conditions under each factor (frame size and information 
display) associated with all error types, using Wilcoxon Signed-Rank 
Test. To avoid Type I error, the Bonferroni adjustment was conducted, 
which had a new significant level of 0.05/3 = 0.017. Tables 6 and 7 
show a further pairwise analysis for each paired group. We found sig
nificant differences in the large-medium (Z = -3.235, p = 0.001) and 
large-small (Z = -3.235, p = 0.001) comparisons for the missing pieces 
error, while medium-small groups have similar results (Z = 0, p = 1). 
Since there was no other statistically significant results for other groups, 
an individual analysis on each condition was conducted to compare 
further details (see Table 8). 

5.2.3. Individual analysis 
Further data analysis was conducted to visualize the distribution of 

error types in each condition, which helps to explore possible patterns 
from a more intuitive perspective. In order to get a better understanding 
of worker performance, all six error types were categorized into three 
groups based on what caused the error: measuring problem, frame 
problem and nailing problem. The wrong stud space error usually was 
caused by a calculation mistake or misuse of tape measure, which was 
classified into the measuring problem. The framing problem included 
the wrong pieces and missing pieces errors, which were most likely caused 
by misunderstanding of the frame design. The other three error types 
were all about nailing problems, which is directly coordinated with a 
participant’s proficiency nail gun use and nailing skills. Since partici
pants’ construction experience varied from each other, their perfor
mance in nailing tasks could be biased. Consequently, we compared 
measuring problem with framing problems, and nailing problems was 
evaluated separately. 

The stacked bar graph in Fig. 6 shows the distribution of measuring 
and framing problems in all conditions. According to this plot, the tag- 
along display had the lowest number of errors during small and me
dium assembly, while the conformal display performed the best in large 
framing conditions. There is also an obvious pattern that as the frame 
size increased, the percentage of framing problems increased and the 
percentage of measuring problems decreased. This can also be observed 
in the left part of Fig. 7. In the comparison among different information 
displays, the tag-along display had the least measuring problems and the 
most framing problems. On the other hand, the conformal display had 
the least framing problems, and the paper display had the most 
measuring problems. 

Table 9 shows the evaluation for nailing problems. According to the 
stacked bar graph (Fig. 8), missing nails was the most common error in all 
conditions and toenailing error only occurred in the large-conformal 
condition. Fig. 9 shows the average number of errors for single fac
tors. The missing nails error had significantly more occurrence in the 
large frame condition, however, there was a slight difference in the error 
occurrence for all information displays. For the nail blow-out error, the 
small frame condition and the paper display condition had the highest 
error number. According to the raw data, Participant 6 and 13 had 
significantly more nailing problems than others, which can be consid
ered as a bias due to their nailing skills. Besides, the video recording the 
task process shows that the framing sequence in the large frame condi
tion directly led to the toenailing errors. Hence, the difference in 

Table 8 
Measuring and Framing Problem for each condition.  

Frame 
Size 

Info. 
Display 

Measuring 
Problem 

Framing Problem Sum 

Wrong stud 
space 

Wrong 
pieces 

Missing 
pieces 

Small Conformal – 1 – 1 
2 – – 2 
2 – – 2 
3 – – 3 
1 – – 1 
– – – 0 

Cumulative total 8 1 0 9 
Small Paper 1 – – 1 

2 – – 2 
– – – 0 
– – – 0 
3 – – 3 
1 – – 1 

Cumulative total 7 0 0 7 
Small Tag 2 – – 2 

– – – 0 
– – – 0 
– – – 0 
– – – 0 
– – – 0 

Cumulative total 2 0 0 2 
Medium Conformal 2 2 – 4 

– – – 0 
– – – 0 
3 3 – 6 
– – – 0 
– – – 0 

Cumulative total 5 5 0 10 
Medium Paper 4 2 – 6 

– – – 0 
– – – 0 
– – – 0 
– – – 0 
– – – 0 

Cumulative total 4 2 0 6 
Medium Tag – – – 0 

– – – 0 
– 1 – 1 
– – – 0 
– – – 0 
2 2 – 4 

Cumulative total 2 3 0 5 
Large Conformal – 2 – 2 

– – – 0 
– – – 0 
– – – 0 
– – 1 1 
– 1 – 1 

Cumulative total 0 3 1 4 
Large Paper 3 – 2 5 

– – 2 2 
– – 1 1 
– – 1 1 
– – 3 3 
– – 2 2 

Cumulative total 3 0 11 14 
Large Tag – – 2 2 

3 – 1 4 
– – 2 2 
– – 1 1 
– – 5 5 
– – 1 1 

Cumulative total 3 0 12 15  

Y. Qin et al.                                                                                                                                                                                                                                      



’

’ 

’ 



Advanced Engineering Informatics 50 (2021) 101423

10

for completion for large scale framing tasks. However, the tag-along 
display, which avoids the limitation of FOV by presenting the virtual 
2D image of the blueprints within the HoloLen’s FOV, was shown to 
decrease task time. This result could be due to the tag-along display 
improving workers’ efficiency by reducing efforts associated with 
workers switching attention between paper instructions and on-hand 
work during the task. This result echoes those from Tang et al. [27] 

that suggest a reduction in attention switching and head movements due 
to using AR improves the time efficiency for the task. Overall, the 
findings suggest that HMD helps to obtain information more efficiently 
than paper documentation in medium and large assemblies, and the 
strategy of selecting a proper information display strongly depends on 
the physical scale of the assembled object. 

The framing accuracy is another important quality control metric 
when evaluating the performance. This research analyzes the framing 
error in three classes: measuring, framing and nailing problems. The 
measuring and framing problems are usually caused by misunder
standing blueprints or incorrect calculations, while the nailing problems 
are related to the framing sequence and nail gun proficiency. The find
ings showed reduced measuring and framing problems while using the 
HMD. The conformal display enables users to check the layout of lumber 
with the overlaid 3D blueprint model, which reduced errors in the large 
assembly. This was most clearly observed in the large-conformal con
dition having the least number of errors. Even though the FOV limitation 
of AR HMDs restricted users’ view of the conformal display, the ability to 
view the overlaid 3D blueprint model helped users check the layout of 
their work in the large frame and detect any incorrections, which may 
have reduced the frequency of measuring and framing problems. How
ever, tag-along display works better in medium and small assemblies. 
Additionally, there is no evidence for information display having a sig
nificant impact on the nailing problems. The nailing performance is 
more likely related to the physical scale and the worker’s proficiency. 

Although the restriction of FOV is a technical limitation for current 
AR HMD, this research still shows advantages in time efficiency, and 
reducing measuring and framing problems in medium and large as
semblies. Specifically, the strategy of selecting an appropriate display 
method according to the physical scale would help to avoid the FOV 
limitation and produce the biggest benefit of using AR HMD. Another 
concern from the users is that the HMD is too cumbersome to wear when 
conducting such a time-consuming and labor-intensive task as sweating 
and head movements to view presented information are adding extra 
burden to the task. Even though the devices are designed to be more 
wearable and minimalistic, a less weight product can help to reduce the 
burden on workers during a labor-intensive and time-consuming task. 

Besides the limitations above, the attention switch problem is 
another interesting finding. By placing the graphical information inside 
of user’s FOV, AR HMD saves time for attention switch between the 
paper documentation and on-hand work. However, there is research 
suggesting the inattentional blindness may be caused by using an 
inappropriate display method in HMD [23]. Consequently, further 
studies examining users’ attention and situation awareness is a necessity 
considering the feasibility of using AR HMD in a real-world construction 
task. 

This work contributes to previously published literature exploring 
the use of AR HMDs for industrial assembly tasks specifically by inves
tigating the usability of AR HMDs across varying scales of wood frame 
assembly tasks. Additionally, this research effort attempts to move the 
use of AR HMDs from the lab into the real-world by examining assembly 
tasks frequently performed on real-world construction sites. By evalu
ating how information displays impact workers’ performance, these 
findings can be used to inform the development of best practices for 
designing AR HMD technologies for large scale assembly tasks and other 
related on-site construction tasks. The outcome of this work can also 
inform efforts to develop guidelines for the construction industry in the 
AR HMD technology adoption. Another contribution of this study is 
introducing physical scale as a parameter for evaluating the usability of 
AR HMD. Even though this work only focused on assembly tasks, similar 
research can be designed for other construction tasks such as in
spections, excavations and others. 
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Table 9 
Nailing problem for each condition.  

Frame Size Info. Display Nailing Problem Sum 

Toenailing Nail blow- 
out 

Missing 
nails 

Small Conformal – – – 0 
– 1 – 1 
– – – 0 
– – – 0 
– – 4 4 
– – 3 3 

Cumulative total 0 1 7 8 
Small Paper – – – 0 

– – – 0 
– – – 0 
– – – 0 
– 3 – 3 
– – – 0 

Cumulative total 0 3 0 3 
Small Tag – – – 0 

– – – 0 
– – – 0 
– – – 0 
– – – 0 
– – – 0 

Cumulative total 0 0 0 0 
Medium Conformal – – – 0 

– – – 0 
– – – 0 
– – – 0 
– – – 0 
– – – 0 

Cumulative total 0 0 0 0 
Medium Paper – – – 0 

– 1 3 4 
– – – 0 
– – – 0 
– – 1 1 
– – – 0 

Cumulative total 0 1 4 5 
Medium Tag – – – 0 

– 1 – 1 
– – – 0 
– 1 – 1 
– – – 0 
– – – 0 

Cumulative total 0 2 0 2 
Large Conformal 1 – 1 2 

1 2 1 4 
– – 1 1 
– – 1 1 
– – – 0 
– – – 0 

Cumulative total 2 2 4 8 
Large Paper – 1 1 2 

– – 1 1 
– – 1 1 
– – – – 
– – 1 1 
– – 2 2 

Cumulative total 0 1 6 7 
Large Tag – – 1 1 

– – 5 5 
– – 1 1 
– – – – 
– – 1 1 
– – – – 

Cumulative total 0 0 8 8  
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