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A B S T R A C T   

Three-dimensional (3D) body scanning technology has applications for obtaining anthropometric data in human- 
centered and product development fields. The reliability of 3D measurements gathered from 3D scans must be 
assessed to understand the degree to which this technology is appropriate for use in place of manual anthro
pometric methods. The intra- and inter-rater reliabilities of 3D facial measurements were assessed among four 
novice raters using 3D landmarking. Intraclass correlation coefficient (ICC) statistics were calculated for the 3D 
measurement data collected in three phases to assess baseline reliabilities and improvements in reliabilities as the 
result of additional training and experience. Based on the results of this study, the researchers found that the 
collection of 3D measurement data, by multiple raters and using 3D landmarking methods, yielded a high 
percentage of ICC statistics in the good to excellent (>0.75 ICC) reliability range. Rater training and experience 
were important considerations in improving intra- and inter-rater reliabilities.   

1. Introduction 

In an ergonomic product development process, anthropometric data 
of the head and face are used to help sizing and design of important 
headwear products such as spectacles (Kouchi and Mochimaru, 2004), 
bicycle helmets (Pang et al., 2018; Skals et al., 2016), medical headsets 
(Lacko et al., 2017), and personal protective equipment (Coblentz et al., 
1991; Lee et al., 2013). Three-dimensional (3D) body scanning allows 
for the rapid, contact-free collection of anthropometric measurement 
data. 3D scanning (i.e., 3D scan) creates a “virtual twin” (Kuehnapfel 
et al., 2016, p. 1) of the scanned person/object, which allows researchers 
to revisit the 3D scan as needed to collect detailed measurement infor
mation. Measurement data collected from 3D scans (i.e., 3D measure
ments) provide more contextual anthropometric information about 
facial surface dimensions than manually-collected measurement data, 
such as lengths along the surface of the face (Bailar et al., 2007; benA
zouz et al., 2006). Due to this higher level of anthropometric context, 
researchers (Ban and Jung, 2020; Coblentz et al., 1991; Goto et al., 
2019; Lacko et al., 2015; Lee et al., 2018; Park et al., 2021) have begun 
to rely on 3D body scanning tools to collect anthropometric data from 
the head. 

3D measurement research features a wide range of methods 
including different 3D tools, various forms of data collection methods, 

and several appropriate statistical analyses (Bragança et al., 2016). A 
systematic review of literature by Viviani et al. (2018) revealed that 
intra- and inter-rater reliabilities of anthropometric data are seldom 
reported in anthropometric research, despite these being the “most 
troublesome source of anthropometric error” (p. 7). Previous re
searchers have evaluated intra- and inter-rater reliability of 3D facial 
measurements using several combinations of these 3D tools, methods, 
and analyses (Aynechi et al., 2011; Coward et al., 1997; Düppe et al., 
2018; Franco de Sá Gomes et al., 2019; Kim et al., 2018; Kuehnapfel 
et al., 2016; Wong et al., 2008). Authors of a meta-analysis of 3D facial 
measurement reliability have suggested that researchers may be able to 
reliably analyze 3D facial anthropometry without manually land
marking the face prior to 3D scanning (Gibelli et al., 2020). However, 
Fagertun et al. (2014) noted that 3D landmarks around the jaw are often 
difficult to place due to a lack of bony definition around the jaw area. 
Furthermore, facial accessories such as facial hair and eyeglasses often 
occlude and make 3D landmark placement difficult in several areas of 
the face (Srinivasan and Balamurugan, 2014). Modabber et al. (2016) 
and Ayaz et al. (2020) found that a combination of manually land
marking the face prior to 3D scanning and 3D landmarking the scans 
helped improve data reliability and contributed to increased data 
collection accuracy in their studies. Despite these findings, there is in
terest in the 3D measurement research community to move away from 

* Corresponding author. 
E-mail address: Kayna.Hobbs-Murphy@colostate.edu (K. Hobbs-Murphy).  

Contents lists available at ScienceDirect 

Applied Ergonomics 

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

https://doi.org/10.1016/j.apergo.2023.104218 
Received 20 July 2023; Received in revised form 30 November 2023; Accepted 21 December 2023   

mailto:Kayna.Hobbs-Murphy@colostate.edu
www.sciencedirect.com/science/journal/00036870
https://www.elsevier.com/locate/apergo
https://doi.org/10.1016/j.apergo.2023.104218
https://doi.org/10.1016/j.apergo.2023.104218
https://doi.org/10.1016/j.apergo.2023.104218
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apergo.2023.104218&domain=pdf


Applied Ergonomics 116 (2024) 104218

2

manual landmarking in favor of time efficiency and reduced contact 
with human participants (Bragança et al., 2016; Franco de Sá Gomes 
et al., 2019; Gibelli et al., 2020). Furthermore, as 3D scanning tech
nology advances and diversifies, reliability assessments must be done to 
ensure the appropriateness of 3D scanning in facial anthropometric 
research (Aynechi et al., 2011; Bragança et al., 2016; Düppe et al., 2018; 
Franco de Sá Gomes et al., 2019; Kim et al., 2018; Kuehnapfel et al., 
2016; Modabber et al., 2016; Wong et al., 2008). 

The aim of the current study was to assess the intra- and inter-rater 
reliability of 3D facial measurements gathered from 3D scan data by 
four novice anthropometric raters using 3D landmarking methods. In the 
present study, intra-rater reliability (intraRR) was defined as the degree 
of agreement among collections of a 3D measurement performed on the 
same subject by a single rater, and inter-rater reliability (interRR) as the 
degree of agreement across all raters who collect 3D measurements on 
the same subjects. The four research questions (RQ) for accomplishing 
the aim of this study included. 

RQ1: What percentage of good to excellent (>0.75 ICC statistic) 
intra-rater reliability (on average across four raters) is able to be 
achieved by the final phase of data collection? 
RQ2: What percentage of good to excellent (>0.75 ICC statistic) 
inter-rater reliability is able to be achieved by the final phase of data 
collection? 
RQ3: In percentage terms and averaging across four raters, how 
much does intra-rater reliability improve over two phases of data 
collection? 
RQ4: In percentage terms, how much does inter-rater reliability 
improve on average over three phases of data collection? 

Previously, researchers have used intraclass correlation coefficient 
(ICC) statistics (Koo and Li, 2016) to evaluate 3D measurement data 
reliability (Franco de Sá Gomes et al., 2019). Therefore, RQ1 and RQ2 
address intra- and inter-rater reliabilities respectively by observing ICC 
statistics calculated from 3D measurements. Further, previous re
searchers have suggested that providing anthropometric training to 
raters prior to data collection may improve reliability scores (Düppe 
et al., 2018). Additionally, Androutsos et al. (2020) and de Miguel-Etayo 
et al. (2014) observed improved interRR as the result of multiple group 
training sessions for raters. Therefore, the authors were interested in 
observing improvements in intra- and inter-rater reliabilities for RQ3 
and RQ4 by observing improvements in ICC statistics calculated from 3D 
measurements collected multiple times. 

2. Methods 

3D scan data for this study were purchased from Human Solutions of 
North America, Inc., an anthropometric data collection company with 
over 30 years of experience in 3D scanning and sizing surveys (Human 
Solutions, n.d.). The company collected 3D facial scans from partici
pants using a handheld Artec Eva 3D (Model Eva, Senningerberg, 
Luxembourg) structured-light scanner (Artec3D, n. d.). Human Solu
tions technicians collected scans from volunteer participants at their 
headquarters in Morrisville, North Carolina. Each scan participant was 
asked to wear a swim cap during the scan process so that the shape of 
their head may be accurately scanned. If a participant had long hair, 
they were asked to gather their hair to a bun style on the top of their 
head and pull the bun through a hole at the top of the swim cap. All 
participants were asked to remove glasses and jewelry for the scan 
process. After participants were scanned, the Human Solutions techni
cians processed each facial scan by removing stray artifacts and making 
the 3D models watertight and ready for analysis. The researchers pur
chased 2022 total 3D scans from Human Solutions, of which 30 (1.5%) 
scans were randomly selected for this intraRR and interRR study. 

There were two general stages to the research procedure: first, 
training the raters on 3D landmark placement, and second, 3D 

measurement collection. Within the 3D measurement collection stage, 
the procedure was to 1) use a software plug-in wizard to view the 3D 
measurements generated between 3D landmarks, 2) modify 3D land
mark location (if necessary), and 3) export final 3D measurements for 
intraRR and interRR analysis (detailed below). Data collection was 
completed over three phases to assess improvements in reliability over 
time. 

2.1. Rater training on 3D landmark placement 

Four raters (Rater A, B, C, and D) were involved in 3D measurement 
data collection for this research. At the time of data collection, two raters 
were undergraduate students and two were graduate students. Many 
research efforts rely on student research assistants; thus, the present 
research provides information about non-expert data collection reli
ability that is applicable to research efforts driven by student and expert 
staff alike. The two graduate student raters were recruited through the 
authors’ programs of study, and were compensated as part of their 
contractual research appointment. The two undergraduate students 
were recruited using a combination of institutional job posting sites and 
author recommendation. Post-interview and hire, the undergraduate 
students were compensated $20 per hour for their work as raters in this 
3D measurement data collection effort. 

Previous researchers have suggested that providing anthropometric 
training to raters prior to data collection may improve reliability scores 
(Bragança et al., 2016; Düppe et al., 2018). Therefore, before raters 
collected any 3D measurement data, they were provided with a guide to 
the 3D facial landmarks and measurements with which to familiarize 
themselves. The guide included 18 3D facial landmarks (illustrated in 
Fig. 1, described in Table 1), which served as the endpoints to the 27 3D 
facial measurements collected as data in this research study. 

Next, the raters were asked to watch a video tutorial on how to place 
3D landmarks in Anthroscan, Human Solutions’ proprietary 3D scan 
software, Anthroscan (Version 3.6.1, Kaiserslautern, Germany). In the 
video tutorial, the primary investigator explained how to use the mouse 
to zoom in, move the 3D scan, place a 3D landmark, and visually check 
each 3D measurement for accuracy. In this way, landmarking was done 
solely in 3D (3D landmarking) without manual landmarking done on the 
face prior to 3D scanning. 

In the case where 3D landmarks were occluded by hair (facial or 
head) and/or glasses, raters were trained to discern if the 3D landmark 
could be carefully placed, or if to omit landmark placement in the 
occluded area(s). When raters felt confident in their understanding of 
the 3D facial landmarks, they were asked to take a quiz testing their 
ability to recognize the 3D landmarks. The 18-question, multiple-choice 
quiz consisted of pictures of isolated facial landmarks from Fig. 1 and 
one correct 3D landmark name among four choices for each question. If 
raters did not select all 18 correct answers on the 3D landmark quiz, they 
reviewed the aforementioned 3D landmark and measurement guide and 
video tutorial, and re-attempted the quiz until full credit was received. 
Once raters received full credit on the 3D landmark quiz, they were 
prompted to begin 3D landmarking facial scans for training and then for 
3D measurement data collection. Lastly, raters met with the senior 
researcher (first author) prior to starting the data collection process, to 
address questions. Throughout the research process, the raters were 
asked about the difficulty of placing 3D landmarks via an email ques
tionnaire, with questions including “What did you find difficult about 
placing the landmarks?” and “What landmarks were the hardest to 
place?“. These qualitative data were used to give context to interRR and 
intraRR scores for specific 3D measurements (i.e., if landmarks around 
the jaw were difficult to place, 3D measurements around the jaw may 
have lower reliability). 

2.2. 3D measurement collection 

After the raters were trained in Anthroscan (Version 3.6.1, 
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Kaiserslautern, Germany) on how to manually place the 3D landmarks 
on the 3D face scans, the raters extracted 3D measurement data from 
each 3D scan using a measurement extraction program, referred to as the 
‘wizard’. The wizard, a custom-made measurement software plug-in 
program for Anthroscan (Bonin et al., 2019; Traumann et al., 2019), 
was developed in collaboration with Human Solutions. The wizard was 
developed specifically for this project because at the time of data 
collection, Anthroscan software did not yet allow for collection of 3D 
anthropometric data from 3D face scans. The wizard was programmed to 
automatically generate linear (direct from point to point) and contour 
(over the surface of the face) lengths between all 27 landmarks which 
were exported to a data sheet in Microsoft Excel. For most measure
ments, the wizard operated by gathering the shortest distance between 
two identified landmarks. In rare cases where the shortest distance be
tween two landmarks did not provide an accurate measurement (such as 
Tragion to Tragion Contour or TrTr_C), the measurement was collected 
through a specified middle s landmark (such as the Sellion landmark for 
TrTr_C) or collected along a specific axis (X, Y, or Z). The 27 3D facial 

measurements collected using the Anthroscan wizard are illustrated in 
Fig. 2 and were used to assess intraRR and interRR ICC. The name of 
each measurement, whether the measurement was collected in a linear 
and/or contour fashion, and the abbreviated measurement name are 
described in Table 2. The present research study collected 27 3D mea
surements, compared to 11 3D measurements collected by Franco de Sá 
Gomes et al. (2019). The researchers chose these 27 facial measurements 
based on past large-scale studies on facial anthropometrics (Clauser 
et al., 1988; Gordon et al., 1989, 2014; Zhuang et al., 2005, 2007, 2008, 
2010; Zhuang and Bradtmiller, 2005). 

The raters operated the Anthroscan wizard by clicking through every 
3D face landmark to extract each 3D measurement. At each 3D land
mark, the rater assessed the measurement and used the measurement to 
check the landmark location. Meaning, once the measurement was 
known and able to be visualized, the rater was able to use the mea
surement to determine if the location of the 3D landmark was placed 
accurately. The measurements provided context for the raters to un
derstand if the 3D landmark was accurate, or if the location of the 

Fig. 1. Illustration of 3D facial landmarks placed on each 3D scan, used to collect 3D measurements seen in Fig. 2.  

Fig. 2. Illustration of 3D facial measurements collected from each 3D scan.  
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landmark needed to be slightly moved. If a landmark was not able to be 
confidently identified and placed due to occlusion (facial or head hair, 
glasses, etc.), the corresponding 3D measurement(s) were not obtained 
from that 3D scan. When the rater was satisfied with the final landmark 
placement, the rater re-ran the Anthroscan wizard to get the final 3D 
measurements. These final 3D measurements were used to calculate the 
ICC statistics and analyze the agreement within (intraRR) and between 
(interRR) raters for each 3D facial measurement. 

2.3. Three-phase data collection 

3D measurement data were collected from a total of 30 3D scans (i.e., 
30 scan subjects) in a three-phase data collection process. 3D mea
surement data were collected by the same set of raters throughout the 
study on the same scans, allowing for analysis of the rate of 

improvement in intraRR and interRR over time as the result of addi
tional training and experience. IntraRR and interRR were both assessed 
in Phase 1 of the study by asking all four raters to collect 3D measure
ments from 10 scans (subjects #1–10), three times each. InterRR (but 
not intraRR) was assessed in Phase 2 of the study by asking all four raters 
to collect 3D measurements from 10 new scans (subjects #11–20), only 
one time each. Lastly, intraRR and interRR were again both assessed in 
Phase 3 of the study by asking all four raters to collect 3D measurements 
from 10 new scans (subjects #21–30), three times each. The outline of 
the three phases of data collection is provided in Table 3. 

2.4. Statistical analysis 

Intraclass correlation coefficient (ICC) statistics were calculated to 
analyze the agreement within (intraRR) and between (interRR) raters 
for each 3D facial measurement. Intraclass correlation coefficients are 
preferred (over interclass) when variables being measured are of a 
common class (McGraw and Wong, 1996), which was true in the present 
study. ICC statistics were calculated for all 27 3D measurements within 
raters (intraRR) and between raters (interRR), as applicable to the three 
phases (Table 3). In the case of a missing measurement value for one or 
more raters, the data point was assigned as 0 (millimeters) to allow for 
the assessment of agreement in landmark placement (or lack thereof) for 
all measurements. Based on published ICC statistic guidelines (Koo and 
Li, 2016), a two-way mixed effects model with “mean of the k raters” 
type (concerning mean value as basis for assessment) and “absolute 
agreement” data definition (concerning the same “score” or finding) was 
chosen (pp. 157–159). Analyses were conducted using RStudio (R Core 
Team, 2022) with packages tidyverse, irr, lpSolve (Berkelaar, 2022; 
Gamer et al., 2019; Wickham et al., 2019). The irr package was chosen 
over other available packages that analyze ICC statistics as it allowed the 
researchers to denote ICC characteristics in coding, such as the “two-
way” model and the “agreement” definition. 

3. Results 

At the start of Phase 1, each rater required approximately 10 min to 
gather the 3D measurements from each 3D scan. By the end of Phase 3, 
each rater required about 5 min to gather the 3D measurements from 

Table 1 
3D landmark names (corresponding to Fig. 1) and an indication of single (center) 
or left and right (L&R) marking status.  

Number in Fig. 1 Landmark Name Single or L&R 

1 Alare L&R 
2 Cheilion L&R 
3 Cheilion Center Single 
4 Nasal Root L&R 
5 Back of Head Single 
6 Top of Head Single 
7 Zygomatic L&R 
8 Otobasion L&R 
9 Tragion L&R 
10 Earlobe juncture L&R 
11 Gonion L&R 
12 Submandibular Single 
13 Menton Single 
14 Subnasale Single 
15 Pronasale Single 
16 Dorsal Hump Single 
17 Sellion Single 
18 Glabella Single  

Table 2 
Measurement name (corresponding to Fig. 2), measurement type (linear, con
tour, or both), and abbreviated measurement name.  

Number in  
Fig. 2 

Measurement Name Measurement 
Type 

Abbreviated Name 

1 Alare to Alare Contour AA_C 
2 Back of Head to 

Glabella 
Contour BGl_C 

3, 4 Bizygomatic Width Both BiW_L & BiW_C 
5 Cheilion to Cheilion Contour ChCh_C 
6 Gonion to 

Submandibular 
Contour GoSub_C 

7 Nasal Root Breadth Linear NRB_L 
8, 9 Pronasale to Alare Both ProA_L & ProA_C 
10, 11 Pronasale to Subnasale Both ProS_L & ProS_C 
12, 13 Sellion to Pronasale Both SelP_L & SelP_C 
14 Sellion to Dorsal Hump Contour SelDH_C 
15 Sellion to Menton Linear SelM_L 
16, 17 Subnasale to Menton Both SnasM_L & 

SnasM_C 
18, 19 Submandibular to 

Menton 
Both SmanM_L & 

SmanM_C 
20 Top of Head to 

Otobasion 
Contour TrHO_C 

21 Tragion to Earlobe 
Juncture 

Contour TrEJ_C 

22 Tragion to Gonion Contour TrGo_C 
23 Tragion to Sellion Contour TrSel_C 
24 Tragion to 

Submandibular 
Contour TrSman_C 

25 Tragion to Subnasale Contour TrSnas_C 
26, 27 Tragion to Tragion Both TrTr_C & TrTr_L  

Table 3 
Outline of three-phase 3D measurement data collection used to assess intraRR 
(Phase 1 and Phase 3), and interRR (Phase 1, Phase 2, and Phase 3).   

Reliability 
assessed 

Data Collection Procedure 

1st Collection 2nd Collection 
(repeated?) 

3rd Collection 
(repeated?) 

Phase 
1 

intraRR 
and 
interRR 

Collected 3D 
measurement 
data from 
random scans 
#1–10 (1st 
time) 

Yes, the 
collection of 3D 
measurement 
data from 
random scans 
#1–10 was 
repeated a 2nd 
time 

Yes, the 
collection of 3D 
measurement 
data from 
random scans 
#1–10 was 
repeated a 3rd 
time 

Phase 
2 

interRR Collected 3D 
measurement 
data from 
random scans 
#11-20 

No, the 
collection of 
measurement 
data from 
random scans 
#11–20 was not 
repeated 

No, the 
collection of 
measurement 
data from 
random scans 
#11–20 was not 
repeated 

Phase 
3 

intraRR 
and 
interRR 

Collected 3D 
measurement 
data from 
random scans 
#21–30 (1st 
time) 

Yes, the 
collection of 3D 
measurement 
data from 
random scans 
#21–30 was 
repeated a 2nd 
time 

Yes, the 
collection of 3D 
measurement 
data from 
random scans 
#21–30 was 
repeated a 3rd 
time  
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each 3D scan. When data collection was complete, ICC statistics were 
calculated using 3D measurement data collected in metric units. The 
guidelines used for evaluating reliability, as related to ICC statistics, 
followed Koo and Li (2016). Negative ICC statistics indicate poor reli
ability and are often common when the number of data points analyzed 
is small (Liljequist et al., 2019; Taylor, 2009), which was true in the 
present study. Therefore, ICC statistics below 0.50 (including negative 
values) indicated poor reliability. ICC statistics between 0.50 and 0.75 
indicated moderate reliability. ICC statistics between 0.75 and 0.90 
indicated good reliability. ICC statistics greater than 0.90 indicated 
excellent reliability. The 95% confidence interval (CI) for ICC statistics 
are presented throughout the results, allowing for reliability to be 
assessed on a range of reliability categories, if applicable (Koo and Li, 
2016). Negative ICC statistics were only observed in the 95% confidence 
intervals of the ICC statistics. The ICC statistical ranges and the corre
sponding reliability demonstrated in this study are quantified in Table 4. 
The results of this study are reported chronologically, starting with 
Phase 1, then Phase 2, and finally Phase 3. 

3.1. Phase 1 

3.1.1. IntraRR 
In Phase 1, the range of intraRR ICC statistics was − 0.28 to 0.99. 

Each rater’s Phase 1 intraRR ICC statistic and 95% CI by abbreviated 
measurement location are presented in Fig. 3, with dashed lines indi
cating ICC statistical range limits for reliability categories presented in 
Table 4. In Fig. 3 and all subsequent figures, negative ICC values 
(observed only within the 95% CI) are illustrated by the solid 95% CI 
line passing over the y-oriented grid-line corresponding with 0.00 ICC. 
Each rater had at least one ICC statistic indicating poor intraRR. 3D 
measurements with poor intraRR were primarily unique to each rater, 
with Bizygomatic Linear Width (BiW_L) being the only 3D measurement 
for which two raters scored in the poor intraRR range. 

3.1.2. InterRR 
In Phase 1, the range of interRR ICC statistics was − 0.20 to 0.98. 

Phase 1 interRR ICC statistics and 95% CI by abbreviated measurement 
location are illustrated in Fig. 4, with dashed lines indicating ICC sta
tistical range limits for reliability categories. ICC statistics indicated 
poor interRR for 18.52%, moderate interRR for 14.81%, good interRR 
for 51.85%, and excellent interRR for 14.81% of the 27 3D 
measurements. 

3.2. Phase 2 

3.2.1. InterRR 
In Phase 2, the range of interRR ICC statistics was 0.37–0.99. Phase 2 

interRR ICC statistics and 95% CI by abbreviated measurement location 
are illustrated in Fig. 5, with dashed lines indicating ICC statistical range 
limits for reliability categories. ICC statistics indicated poor interRR for 
14.81% of the 27 3D measurement locations, but not the same locations 
with poor interRR in Phase 1. ICC statistics indicated moderate interRR 
for 22.22%, good interRR for 18.51%, and excellent interRR for 44.44% 
of the 27 3D measurements. 

3.3. Phase 3 

3.3.1. IntraRR 
In Phase 3, the range of intraRR ICC statistics was 0.38–0.99. Each 

rater’s Phase 3 intraRR ICC statistic and 95% CI by abbreviated mea
surement location are illustrated in Fig. 6, with dashed lines indicating 
ICC statistical range limits for reliability categories. Two raters each had 
one ICC statistic indicating poor intraRR, while the two other raters had 
no ICC statistics indicating poor intraRR. 3D measurement locations 
with poor intraRR were unique to each rater and unique to Phase 3 in 
that they were not the same 3D measurement locations with poor 
intraRR in Phase 1. 

3.3.2. InterRR 
In Phase 3, the range of interRR ICC statistics was 0.04–0.99. Phase 3 

interRR ICC statistics and 95% CI by abbreviated measurement location 
are illustrated in Fig. 7, with dashed lines indicating ICC statistical range 
limits for reliability categories. ICC statistics indicated poor interRR for 
14.81% of the 27 3D measurement locations, (one of the same locations 
with poor interRR as Phase 2 and two of the same locations as Phase 1). 
ICC statistics indicated moderate interRR of 11.11%, good interRR for 
29.63%, and excellent interRR of 44.44% of the 27 3D measurements. 

4. Discussion 

Intra- and inter-rater reliability were evaluated based on 3D facial 
measurements collected by the 3D landmarking of 3D facial scans by 
four raters using Human Solutions’ Anthroscan software. The digital 
identification of 3D facial landmarks (Fig. 1, Table 1) resulted in the 
collection of 27 3D facial anthropometric measurements per scan, per 
phase (Fig. 2, Table 2). In response to RQ1, 90.74% good to excellent 
(>0.75 ICC) intra-rater reliability was achieved by Phase 3 on average 
across all four raters. In response to RQ2, 74.07% good to excellent 
(>0.75 ICC) inter-rater reliability was achieved by Phase 3. 

In the only comparable reliability research using 3D facial scans 
collected by the Artec Eva 3D scanner, Franco de Sá Gomes et al. (2019) 
collected 11 3D measurements using 3D landmarking. Using an ICC 
statistic cutoff of >0.75 as excellent, researchers reported that 72.73% of 
their measures had excellent intraRR (only one rater collected 3D 
measurement data, averaging over multiple raters was not required) and 
54.55% of their measures had excellent interRR over a single phase of 
data collection (Franco de Sá Gomes et al., 2019). In the present study, 
the four raters achieved an average of 90.74% intraRR above 0.75 by the 
third phase of data collection and achieved 74.07% interRR above 0.75 
by the third phase of data collection. The raters in the present study 
collected over double the number of 3D measurements collected by 
Franco de Sá Gomes et al. (2019) (27 vs. 11). Therefore, in comparing 
the present study to Franco de Sá Gomes et al. (2019), the ICC statistics 
in the present study indicate a high percentage of intraRR and interRR. 

4.1. Improvements in IntraRR 

Each rater’s Phase 1 and Phase 3 ICC statistics and intraRR respec
tively compared are shown in Figs. 8–15 (Rater A: Figs. 8 and 9, Rater B: 
Figs. 10 and 11, Rater C: Figs. 12 and 13, Rater D: Figs. 14 and 15). Each 
figure caption describes the percent of improved, constant, and/or 
decreased intraRR values for each rater. In response to RQ3, ICC scores 
for intraRR improved by 58.34% (averaged across four raters) over the 
two phases in which intraRR was assessed (Phase 1 and Phase 3). There 
was a higher proportion of excellent intraRR for all 3D measurements in 
Phase 3 than in Phase 1. Furthermore, fewer ICC statistics in the poor 
intraRR range for all raters were found in Phase 3. These findings 
indicate that additional training and experience with the 3D land
marking and 3D measurement collection process may have improved 
each rater’s intraRR over time. In different terms, training to improve, 
and/or experience with, the data collection process may have improved 

Table 4 
ICC statistic range and corresponding reliability, following 
guidelines from Koo and Li (2016).  

ICC statistic range intraRR and interRR 

<0.50 Poor 
0.50–0.75 Moderate 
0.75–0.90 Good 
>0.90 Excellent  

K. Hobbs-Murphy et al.                                                                                                                                                                                                                        



Applied Ergonomics 116 (2024) 104218

6

each rater’s ability to collect sets of consistent measurement data. 
Similarly, previous anthropometric researchers have attributed 
improved intraRR to multiple training sessions for raters (Androutsos 
et al., 2020; de Miguel-Etayo et al., 2014). 

4.2. Improvements in InterRR 

The interRR ICC statistics across all three phases at each 3D mea
surement location are compared in Figs. 16 and 17. In response to RQ4, 
ICC scores for inter-rater reliability improved by 42.59% averaging over 

the three phases of data collection. Between Phases 1 and 2, interRR was 
improved for 15 (55.56%), remained constant for 7 (25.93%), and 
decreased for 5 (18.52%) of the 27 3D measurement locations. Between 
Phases 2 and 3, interRR was improved for 8 (29.62%), remained con
stant for 14 (50.00%), and decreased for 5 (18.52%) of the 27 3D 
measurement locations. More improvements in interRR were seen be
tween Phases 1 and 2 than between Phases 2 and 3. Between Phase 2 and 
Phase 3, there was a) no increase in the overall proportion of ICC sta
tistics indicating excellent interRR, b) an increase in the overall pro
portion of ICC statistics indicating good interRR, and c) no increase or 

Fig. 3. Phase 1 intraRR ICC statistics and 95% confidence interval, for each individual rater (Rater A, Rater B, Rater C, and Rater D). Dashed lines represent ICC 
statistic limits as related to reliability class (poor <0.50, moderate 0.50–0.75, good 0.75–0.90, and excellent >0.90). 

Fig. 4. Phase 1 interRR ICC statistics and 95% confidence interval, for across 
all raters. Dashed lines represent ICC statistic limits as related to reliability class 
(poor <0.50, moderate 0.50–0.75, good 0.75–0.90, and excellent >0.90). 

Fig. 5. Phase 2 interRR ICC statistics and 95% confidence interval, across all 
raters. Dashed lines represent ICC statistic limits as related to reliability class 
(poor <0.50, moderate 0.50–0.75, good 0.75–0.90, and excellent >0.90). 
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decrease in the overall proportion of ICC statistics indicating poor 
interRR. 

4.3. Training and experience 

Rater training is a key factor affecting error in anthropometric 
studies (Bragança et al., 2016; Viviani et al., 2018). In this research, 
improved ICC statistics over each phase suggest that additional rater 
experience positively impacted intraRR and interRR. As ICC statistics 
indicated more dramatic improvements in intraRR between phases than 

interRR, it is possible that raters gained skill in placing 3D facial land
marks in the same place multiple times, while perhaps not fully 
matching other raters’ landmark placement locations. Stagnant pro
portions of excellent and poor interRR between Phases 2 and 3 may 
suggest that additional group training, specifically regarding how to 
place landmarks in the same way as other raters, was needed to increase 
interRR in the case of 3D measurement data collection. Previous 
anthropometric researchers have attributed improved interRR to mul
tiple group training sessions for raters (Androutsos et al., 2020; Bra
gança et al., 2016; de Miguel-Etayo et al., 2014). Overall, based on the 
results of this study, the authors suggest that additional rater training 
and experience with the placement of 3D landmarks resulted in a higher 
proportion of ICC statistics indicating good to excellent intraRR and 
interRR for 3D measurement data collection. 

4.4. 3D landmark placement 

In the post-data collection questionnaire regarding landmark place
ment difficulty, raters mentioned three specific facial landmarks as 
difficult to digitally place: the gonion, the zygomatic arches, and the 
submandibular. The gonion and submandibular points are prominent on 
the jaw and neck, and raters mentioned that some 3D scan subjects in the 
sample had body fat occluding the shapes of the jaw and neck. 
Regarding the reliability and variation of 3D landmark placement, re
searchers found that jaw landmarks resulted in the lowest reliability and 
highest variation in placement, due to lack of bony definition around the 
jaw area for some 3D scan subjects with higher amounts of flesh in that 
area (Fagertun et al., 2014). The landmarks on the zygomatic arches 
were also noted as being difficult to place due to lack of bony definition 
in zygomatic (cheekbone) definition. 

Previous researchers have suggested that manually landmarking the 
participant’s face with visual dots (using marker, eyeliner, or small 
stickers) prior to the 3D scan process allows for increased reliability in 
3D gathered measurements, given that data collectors are able to palpate 
bony landmarks (Aynechi et al., 2011; Bragança et al., 2016; Franco de 
Sá Gomes et al., 2019; Gibelli et al., 2020; Modabber et al., 2016). 
Manually-placed landmarks will be visible on the 3D scan, allowing 

Fig. 6. Phase 3 intraRR ICC statistics and 95% confidence interval, for each individual rater (Rater A, Rater B, Rater C, and Rater D). Dashed lines represent ICC 
statistic limits as related to reliability class (poor <0.50, moderate 0.5–0.75, good 0.75–0.90, and excellent >0.90). 

Fig. 7. Phase 3 interRR ICC statistics and 95% confidence interval, across all 
raters. Dashed lines represent ICC statistic limits as related to reliability class 
(poor <0.50, moderate 0.50–0.75, good 0.75–0.90, and excellent >0.90). 
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collectors of landmark-based 3D measurement data to simply place 3D 
landmarks on top of the visible manually-indicated landmarks. Mod
abber et al. (2016) and Ayaz et al. (2020) used manual landmarking in 
their reliability studies of 3D facial measurements, which they posit 
contributed to the increased accuracy at the end of their studies. 

4.5. Limitations 

In the present study, scan subjects did not have landmarks placed 
manually prior to 3D scanning, thus the researchers do not have infor
mation regarding the increase or decrease of reliability as the result of 
3D vs. manual landmarking. However, researchers have acknowledged 
that additional research is needed to assess 3D landmarking-based 
measurement reliability, as manual landmarking on the face requires 

Fig. 8. Phases 1 and 3 ICC statistics and 95% confidence interval for Rater A. Dashed lines represent ICC statistic limits as related to reliability class (poor <0.50, 
moderate 0.5–0.75, good 0.75–0.90, and excellent >0.90). 

Fig. 9. Comparison of intraRR at Phase 1 and Phase 3 for Rater A. IntraRR was improved for 10 (37.04%), remained constant for 16 (59.26%), and decreased for 1 
(3.70%) of 27 3D measurement locations. 
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more time and closer contact with scan participants than 3D land
marking (Bragança et al., 2016; Franco de Sá Gomes et al., 2019; Gibelli 
et al., 2020). 

It is possible that the reliability assessments of 3D landmark place
ment (in X, Y, Z axis coordinate measurements) may provide a better 
understanding of overall 3D measurement reliability. The researchers of 
the present study used a custom-made measurement wizard in Anthro
scan, developed by Human Solutions specifically for this research, which 

inherently limits the generalizability of the researchers’ findings. 
However, measurement wizards such as the one used in the present 
study may be necessary for future work that uses 3D landmark place
ment in place of manual landmarking. Therefore, future research should 
continually assess the reliability of 3D landmark placement on 3D scans 
using custom 3D measurement wizards. 

Although the 3D measurement data were collected for this research 
and are therefore original and empirical data, the 3D scans (from which 

Fig. 10. Phases 1 and 3 ICC statistics and 95% confidence interval for Rater B. Dashed lines represent ICC statistic limits as related to reliability class (poor <0.50, 
moderate 0.5–0.75, good 0.75–0.90, and excellent >0.90). 

Fig. 11. Comparison of intraRR at Phase 1 and Phase 3 for Rater B. IntraRR was improved for 16 (59.26%), remained constant for 10 (37.04%), and decreased for 1 
(3.70%) of 27 3D measurement locations. 
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3D measurement data were collected) were themselves collected by and 
purchased from Human Solutions. Therefore, the researchers did not 
have any activity in assuring the quality of each scan. For example, re
searchers could not be sure that 3D landmark and/or 3D measurement 
locations were not occluded, that the scan was oriented properly, and/or 
that the scan participant had a neutral facial expression. Future re
searchers should consider collecting 3D scans using staff that they have 
trained, to allow for better scan quality control. 

An additional limitation in the current study was the use of inexpe
rienced raters in placing 3D landmarks on the 3D scans. This limitation 
was addressed by training the raters and evaluating their performance in 
each phase of the study. It is recommended that future research incor
porate individual and group rater training to improve the accuracy of, 
and quantify, rater performance. 

Fig. 12. Phases 1 and 3 ICC statistics and 95% confidence interval for Rater C. Dashed lines represent ICC statistic limits as related to reliability class (poor <0.50, 
moderate 0.5–0.75, good 0.75–0.90, and excellent >0.90). 

Fig. 13. Comparison of intraRR at Phase 1 and Phase 3 for Rater C. IntraRR was improved for 16 (59.26%), remained constant for 8 (29.63%), and decreased for 3 
(11.11%) of 27 3D measurement locations. 
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5. Conclusions 

3D scanning has become popular for use in anthropometric research 
and industry. Reliable anthropometric data is essential for the ergo
nomic design of wearable products. As designers, researchers, and 
practitioners implement 3D scanning in their anthropometric data 
collection, assessments of reliability allow for a better understanding of 
the strengths and limitations of 3D scanning tools prior to 

implementation. In addressing the aim of this study, the researchers 
assessed intra-rater and inter-rater reliabilities in a three-phase data 
collection process, where 3D scans were 3D landmarked to collect 27 3D 
measurements. To date, no other researchers have assessed the re
liabilities of multiple raters of 3D measurement data by using 3D land
marking only. Based on the results of this study, the researchers found 
that the collection of 3D measurement data, by multiple raters and using 
3D landmarking methods, yielded a high percentage of ICC statistics in 

Fig. 14. Phases 1 and 3 ICC statistics and 95% confidence interval for Rater D. Dashed lines represent ICC statistic limits as related to reliability class (poor <0.50, 
moderate 0.5–0.75, good 0.75–0.90, and excellent >0.90). 

Fig. 15. Comparison of intraRR at Phase 1 and Phase 3 for Rater D. IntraRR was improved for 21 (77.78%), remained constant for 4 (14.81%), and decreased for 2 
(7.41%) of 27 3D measurement locations. 
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the good to excellent (>0.75 ICC) reliability range. Rater training and 
experience were important considerations in improving intra- and inter- 
rater reliabilities. Future research is needed to continually assess the 
reliability of 3D landmarking, 3D measurement data collection, and 3D 
scanning tools for anthropometric surveying. 
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