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Abstract

Three-dimensional facial scanning is an important tool in reconstructive surgery and burn
medicine for objective documentation, treatment planning, and fabrication of patient-
specific devices. While professional structured-light scanners provide high geometric accu-
racy, their cost limits routine implementation. Several low-cost consumer-grade alternatives
are available; however, their accuracy for clinically relevant facial applications remains
insufficiently validated. Thirty volunteers were initially recruited for facial scanning. Two
participants withdrew from further scanning for personal reasons, resulting in a main study
cohort of 28 participants. Complete datasets from all 28 participants were available for
Artec Eva, Revopoint MIRACO, and Creality CR-Scan 01, whereas 22 Kiri Engine datasets
met the predefined quality criteria for smartphone photogrammetry analysis. Facial scans
acquired using Revopoint MIRACO, Creality CR-Scan 01, and Kiri Engine were compared
with a professional structured-light scanner (Artec Eva) used as the reference system. Six
clinically relevant inter-landmark distances were analysed together with global surface
deviation relative to Artec Eva reference using Cloud-to-Mesh analysis. Agreement was
evaluated using mean signed differences, mean absolute error (MAE), intraclass correlation
coefficients (ICC), Bland—Altman analysis, and post-hoc statistical testing. Both MIRACO
and CR-Scan demonstrated favourable geometric agreement with the Artec Eva reference.
Global surface RMSE relative to Artec Eva reference was 0.72 £ 0.24 mm for MIRACO
and 0.57 £ 0.17 mm for CR-Scan, compared with 1.41 £ 0.58 mm for Kiri Engine. More
than 90% of facial surface points were within 1 mm of the reference model for MIRACO
(91 £ 8%) and CR-Scan (93 + 7%), whereas Kiri Engine achieved 68 & 16%. Pooled ICC
values ranged from 0.998 to 0.999 across the evaluated systems. Pairwise comparisons
showed no significant difference between MIRACO and CR-Scan (p = 0.42), while both sig-
nificantly outperformed Kiri Engine (p < 0.001). Consumer-grade structured-light scanners
demonstrated submillimeter global surface deviations, supporting further investigation for
facial surface documentation and monitoring applications. Smartphone photogrammetry
showed substantially larger deviations and may be less suitable for applications requir-
ing precise quantitative measurements. Low-cost structured-light systems demonstrated
promising geometric performance in healthy volunteers; however, further validation in
relevant clinical populations is required before their applicability to reconstructive surgery
and burn care workflows can be established.
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1. Introduction

Three-dimensional (3D) surface imaging has become increasingly important in recon-
structive surgery and burn medicine. Accurate digital representations of facial anatomy
enable objective documentation of deformities, longitudinal monitoring of treatment out-
comes, surgical planning, and fabrication of patient-specific devices such as compression
masks, facial splints, orthoses, and prosthetic components [1-3]. In addition, accurate
facial surface models constitute an essential component of computer-assisted surgical plan-
ning, digital patient documentation, and image-guided reconstructive workflows, where
reliable three-dimensional data are required for objective clinical decision-making and
treatment evaluation.

Traditional clinical documentation relies predominantly on two-dimensional photog-
raphy and manual anthropometric measurements. Although widely used, these methods
provide limited information regarding facial morphology and may fail to capture subtle
three-dimensional or volumetric changes. Three-dimensional surface scanning overcomes
many of these limitations by providing comprehensive geometric information in a non-
invasive and radiation-free manner [1,4,5].

Professional facial scanning systems, including structured-light scanners and stereopho-
togrammetric systems, have demonstrated high accuracy and reliability for clinical fa-
cial surface acquisition. These systems are frequently used for craniofacial anthropome-
try, treatment outcome assessment, orthognathic surgery planning, and soft-tissue facial
analysis [4-8]. However, their acquisition and maintenance costs, equipment size, and
dedicated workflow requirements may limit adoption in smaller hospitals, burn centres,
and outpatient facilities [5,9].

Several studies have reported clinically acceptable accuracy and reproducibility of
stereophotogrammetric and structured-light facial imaging systems, with many reported
deviations around or below 1 mm depending on the device, facial region, reference method,
and acquisition protocol [6-8,10]. Consequently, these technologies are increasingly used
in digital clinical workflows for craniofacial assessment, surgical planning, treatment
monitoring, and fabrication of patient-specific medical devices [1,3,4,9]. Despite their
demonstrated performance, widespread clinical adoption remains limited by equipment
costs, dedicated infrastructure requirements, and restricted portability. As a result, there
is growing interest in determining whether low-cost scanning technologies can provide
sufficient accuracy for quantitative clinical applications [5,9-12].

Recent advances in consumer-grade 3D scanning technologies have resulted in the
emergence of affordable structured-light scanners, RGB-D sensors, smartphone-based
scanning applications, and photogrammetric solutions. These systems offer substantially
lower costs and greater accessibility, potentially enabling broader implementation of 3D
facial assessment in routine clinical practice [9,11,12]. Nevertheless, evidence regarding
their geometric accuracy and suitability for reconstructive and burn-care applications
remains limited, particularly when quantitative surface deviation analysis is required.

The aim of this study was therefore to evaluate the geometric agreement of three
low-cost facial scanning systems—Revopoint MIRACO, Creality CR-Scan, and Kiri
Engine—using the professional structured-light scanner Artec Eva as a reference. Both
landmark-based anthropometric measurements and global surface deviation analyses were
performed to inform their potential suitability for quantitative facial assessment and for
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integration into computer-assisted reconstructive surgery, digital treatment planning, and
image-guided clinical workflows.

2. Materials and Methods
2.1. Study Design and Participants

This study was designed as an in vivo comparative validation study evaluating the
geometric agreement of three low-cost facial 3D scanning systems against a professional
structured-light reference scanner.

Thirty healthy adult volunteers were initially recruited for the study. Two participants
withdrew from further scanning for personal reasons, resulting in a main study cohort of
28 participants with complete datasets suitable for the primary comparative analysis. Com-
plete datasets from all 28 participants were available for Artec Eva, Revopoint MIRACO,
and Creality CR-Scan 01. In contrast, only 22 of the 28 Kiri Engine datasets met the prede-
fined quality criteria and were therefore included in the corresponding analyses. Six Kiri
Engine datasets were excluded due to reconstruction failure, incomplete facial coverage,
failed mesh generation, or severe geometric artefacts. The analysed cohort had a mean age
of 23.7 £ 4.1 years (range 19-43 years). Twenty participants (71%) were female and eight
(29%) were male. Fitzpatrick skin phototypes were distributed as follows: type II (n = 10),
type III (n = 14), and type IV (n = 4). Participants with active facial skin disease, significant
facial deformity, extensive facial hair interfering with scanning, or inability to maintain a
neutral facial expression during acquisition were excluded.

The study was conducted in accordance with the Declaration of Helsinki and approved
by the Ethics Committee of AGEL Hospital Kosice-Saca (Slovakia) (protocol code 17-2023
and 16 November 2023).

2.2. Scanning Systems

Four facial scanning systems were included in the study, of which Artec Eva served as
the reference scanner and the remaining three systems were evaluated against it.

The Artec Eva (Artec 3D, Senningerberg, Luxembourg) was used as the reference
scanner for all comparisons in the present study. It is a professional handheld structured-
light scanner with a manufacturer-specified three-dimensional accuracy of up to 0.1 mm.
Professional optical and structured-light scanning systems are widely used for craniofacial,
dental, maxillofacial, and facial prosthetic surface acquisition and have also been employed
for the evaluation of portable and low-cost three-dimensional scanning technologies [13-16].
Artec Eva was selected as the reference system because of its professional-grade structured-
light technology, high nominal geometric accuracy, established use in biomedical surface
acquisition, non-contact acquisition principle, and suitability for in vivo scanning of human
facial surfaces. Its ability to generate high-resolution three-dimensional surface models
makes it an appropriate comparative reference for the evaluation of lower-cost scanning
systems. However, Artec Eva was used as a comparative reference and was not considered
an error-free representation of the true facial geometry. Therefore, all geometric deviation
metrics reported in this study should be interpreted as differences relative to the Artec
Eva reference surface rather than as absolute measurement errors of the investigated
scanning systems.

e  The Revopoint MIRACO (Revopoint 3D Technologies, Shenzhen, China) is a portable
standalone structured-light scanner equipped with integrated processing hardware
and a touchscreen interface. The scanner employs dual infrared structured-light pro-
jection and is intended for both close-range and medium-range scanning applications.

e  The Creality CR-Scan 01 (Shenzhen Creality 3D Technology Co., Ltd., Shenzhen, China)
is a consumer-grade structured-light scanner designed for reverse engineering and
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digital modelling applications. It combines infrared structured-light projection with
RGB image acquisition.

e Kiri Engine (Kiri Innovations Inc., Vancouver, BC, Canada) is a smartphone-based
photogrammetry application. In the present study, it was used in photogrammetry
mode on an Apple iPhone 16. Reconstruction was performed using cloud-based
processing algorithms.

2.3. Facial Landmarks and Fiducial Markers

To enable standardized anthropometric measurements, circular adhesive fiducial
markers were placed on predefined anatomical landmarks before scanning. The identified
landmarks included Trichion (Tr), Glabella (G), Pronasale (Prn), Subnasale (Sn), Gnathion
(Gn), Exocanthion (Ex), and Cheilion (Ch). Six clinically relevant inter-landmark distances
were subsequently analysed: Trichion-Glabella, Glabella-Gnathion, Glabella—Pronasale,
Subnasale-Gnathion, Biocular Width (Ex-Ex), and Mouth Width (Ch—Ch). These measure-
ments were selected because they represent anatomically important dimensions frequently
used in reconstructive surgery, craniofacial assessment, and facial outcome evaluation.

2.4. Scanning Procedure

All scans were acquired under standardized indoor conditions. Participants were
instructed to maintain a neutral facial expression, keep their eyes closed, and avoid head
movement throughout acquisition. Hair was secured away from the face whenever neces-
sary to prevent occlusion of anatomical landmarks.

Scanning procedures were performed by a single operator with previous practical
experience in three-dimensional surface scanning. Prior to data collection, the operator
was familiar with the operation of all scanning systems evaluated in the present study
and their respective acquisition procedures. The same operator performed all acqui-
sitions using a standardized scanning protocol to maintain consistency and minimize
operator-dependent variability.

Each participant was scanned sequentially using all four systems during a single
acquisition session. The scanning sequence was kept consistent for all participants and
was as follows: Artec Eva, Creality CR-Scan 01, Revopoint MIRACO, and Kiri Engine. The
Artec Eva scan was obtained first and subsequently served as the reference model for all
comparisons. Scanning procedures followed manufacturer recommendations regarding
acquisition distance, scanning trajectory, and environmental conditions.

For Kiri Engine, photogrammetry mode was used. For each participant, a 15-s video
was recorded while the operator moved around the seated subject to obtain overlapping
facial views. The video was subsequently uploaded to the Kiri Engine cloud service for
automated reconstruction using the highest quality setting available in the application. The
resulting textured mesh was exported in OB] format.

The scanning sequence was not randomized; however, all acquisitions were performed
consecutively during the same session under standardized conditions. Therefore, major
systematic changes in participant condition between acquisitions were not expected. Nev-
ertheless, a potential effect of the fixed scanning sequence cannot be completely excluded.

2.5. Surface Processing and Registration

All three-dimensional models were exported in OBJ format and processed using
CloudCompare software v2.13.2 (CloudCompare, Grenoble, France). Prior to analysis,
all meshes were cropped to the same facial region, bounded superiorly by the hairline,
inferiorly by the lower border of the mandible, and laterally by the pre-auricular skin
crease; hair, ears, and the neck were excluded.
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An initial point-pair alignment was performed using stable anatomical landmarks,
including the glabella, bilateral exocanthions, and pronasale. Landmarks located in more
deformable facial regions, particularly around the mouth, were excluded from the initial
alignment to minimize potential alignment bias.

Fine registration was subsequently performed using the Iterative Closest Point (ICP)
algorithm, with each test scan registered to the corresponding Artec Eva reference model.
The same ICP parameters were applied to all datasets. The algorithm was configured to
use a fixed maximum of 200 iterations and a final overlap of 70%, with normals ignored.
No additional explicit outlier-rejection procedure was applied beyond the specified overlap
setting. Registration was restricted to rigid transformations (translation and rotation),
and scaling was explicitly disabled to preserve true dimensional differences between the
scanning systems. Following registration, the resulting transformation was applied to the
entire cropped facial surface.

Geometric agreement between each test scanner and the Artec Eva reference model
was subsequently quantified using Cloud-to-Mesh (C2M) distance analysis. Outcome
measures included root mean square error (RMSE), mean and median signed deviation,
within-scan standard deviation, 95th percentile deviation, maximum positive and nega-
tive deviations, and the proportion of surface points located within predefined tolerance
thresholds of 0.5 mm and +1.0 mm.

2.6. Landmark-Based Agreement Analysis

Anthropometric measurements were obtained from all reconstructed facial models.
Inter-landmark distances acquired from each test scanner were compared with correspond-
ing measurements derived from the Artec Eva reference scan. Agreement with the Artec
Eva reference was assessed using the mean signed difference (bias), mean absolute error
(MAE), and 95% confidence intervals (95% CI).

2.7. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics, version 31.0.0 (IBM
Corp., Armonk, NY, USA). Agreement between scanning systems and the reference scanner
was evaluated using Bland—Altman analysis, intraclass correlation coefficients (ICC; two-
way mixed-effects model, absolute agreement), and Wilcoxon signed-rank tests. Normality
of the data distribution was assessed using the Shapiro-Wilk test. Because normality
assumptions were violated for several outcome measures, differences between scanners
were analysed using the Friedman test followed by Bonferroni-corrected pairwise post-hoc
comparisons. Statistical significance was defined as p < 0.05. Scanner-specific descriptive
analyses and comparisons with the Artec Eva reference were performed using all available
datasets (1 = 28 for MIRACO and CR-Scan and n = 22 for Kiri Engine). Comparisons among
all three test scanners using the Friedman test were restricted to the 22 participants with
complete datasets for all three test systems.

The primary outcome measure was global geometric agreement with the Artec Eva
reference surface, assessed using Cloud-to-Mesh deviation metrics. Secondary outcomes
included inter-landmark measurement agreement and clinically relevant tolerance-band
analysis. The overall processing and validation workflow is summarized in Figure 1.

https:/ /doi.org/10.3390/bioengineering13080941


https://doi.org/10.3390/bioengineering13080941

Bioengineering 2026, 13, 941

60of 13

@ Data Acquisition 9 Registration

Four scanning systems
Artec Eva Revopoint Creality Kiri Engine

(Reference) MIRACO CR-Scan (Smartphone

Pre-processing

Scale verification
(no rescaling)

* Landmark-based
coarse alignment

Participants recruited: Photogrammetry) Y )
n=30 T Facial cropping « ICP fine registration
L | (head region) %
Main analysis cohort: (no scaling)
n=28 3D mesh export
STL| and import into
Kiri Englne analys-s 7 R AL

e Global Surface Deviation Analysis

* Cloud-to-Mesh (C2M) distances + Extract anatomical landmarks:

15mm between test scan and reference Trichion (Tr), Glabella (Gl), Pronasale (Prn),
Y . i~ Subnasale (Sn), Gnathion (Gn),
°;"’:;‘E° SUCiScEietTics: Exocanthion (ExL Exk), Chelion (ChL ChR)
0mm — Mean signed deviation (bias) + Compute six inter-landmark distances:
-~ Median deviation 1Tr-G. 4.5n-G
~ 95th percentile 2. Gl-Gn 5. Ex. - Ex (biocular width)
o ~ Max. positive / negative deviation 3.G.-Pm 6. Ch - Ch (mouth width)
mm N A gl
(X PO IR0 S L0y + Calculate mean signed difference (bias)
and Mean Absolute Error (MAE)
L s g P
L J

e Statistical Analysis

Agreement Reliability Hypothesis Testing
(Bland-Altman Analysis) (Icc) (Wilcoxon Signed-Rank Test)

MIRACO
CR-Scan
Kiri

Two-way mixed-effects, 3
s ot Test against zero
o (bias = 0)

Pairwise Comparisons
(Post-hoc Analysis)

g

Geometric agreement
of low-cost facial scanners
relative to the Artec Eva

Bonferroni correction o

Difference (mm)

Figure 1. Overview of the study workflow and validation pipeline.

3. Results
3.1. Participant Characteristics

Thirty volunteers were recruited for the study. Complete reference scans suitable for
analysis were obtained from 28 participants. For Kiri Engine, 22 of 28 acquired datasets met
the predefined quality criteria, corresponding to a reconstruction success rate of 78.6%. Six
datasets (21.4%) were excluded due to reconstruction failure, incomplete facial coverage,
failed mesh generation, or severe geometric artefacts.

Participant demographic characteristics are summarized in Table 1. The mean par-
ticipant age was 23.7 £ 4.1 years (range 1943 years). Twenty participants (71%) were
female and eight (29%) were male. The majority of participants exhibited Fitzpatrick skin
phototypes II and IIL

Table 1. Demographic characteristics of the study cohort.

Characteristic Value
Initially recruited participants 30
Participants who withdrew 2
Main study cohort 28
Artec Eva datasets analyzed 28
MIRACO datasets analyzed 28
CR-Scan datasets analyzed 28
Kiri Engine analyzable datasets 22
Kiri Engine datasets excluded due to insufficient quality 6
Age (years) 237 £4.1
Age range 1943
Female 20 (71%)
Male 8 (29%)
Fitzpatrick II 10
Fitzpatrick II 14
Fitzpatrick IV 4
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3.2. Landmark-Based Measurement Agreement

Results of the inter-landmark distance analysis are summarized in Table 2. Agreement
between each test scanner and the Artec Eva reference was assessed using six clinically
relevant inter-landmark distances. MIRACO demonstrated small positive biases across all
evaluated measurements, ranging from +0.38 mm to +1.16 mm, with mean absolute errors
between 1.05 mm and 1.50 mm. CR-Scan exhibited the lowest systematic bias, with mean
signed differences generally remaining within +0.5 mm and MAE values ranging from
0.73 mm to 2.17 mm. Kiri Engine showed greater variability and wider confidence intervals,
particularly for trichion—glabella and biocular width measurements, where the largest
absolute errors were observed (2.75 mm and 2.14 mm, respectively). Despite differences in
individual measurements, all systems demonstrated submillimeter mean biases for most
inter-landmark distances. Across all scanners, the smallest deviations were observed for
the glabella—pronasale distance.

Table 2. Results of the inter-landmark distance analysis.

Distance 1\/1{191;%%?]/3 MIRACO MAE C[Ig{sﬁ/:E]A Cl;i“gn [glgf,/ii él] Kiri MAE
Trichion-Glabella o, 53'321.78] 150 [_1.;50,’331.29] 217 " 31505 " 275
Glabella-Gnathion [+o.1+ g i711 6] 124 i 0.;001'2%'55] 1.20 [7 0.'5*2;?1.71] 171
Glabella-Pronasale L 0'32;34?0'8 " 1.05 L o.zg;lfo. o] 0.73 L o.ggfogo] 0.85
Subnasale-Gnathion [+0.;20,'i91.15] 1.12 [—0.2%?0.87] 1.43 [+0.(-)FC)E),.151 46] 1.20
?Elif‘élx?r i [+o.;41,'161.57] 141 [fo.gg,'izo.zzx] 0.90 [foﬁ 1+82.48] 2.14
?éﬁl-lglh‘)/ﬁdth [—0;8,'4:)0.90] 1.20 [—1.;;','?0.37] 144 [—0.5&?1.71] 1.72

3.3. Bland—Altman Agreement Analysis

Results of the Bland-Altman analysis and intraclass correlation assessment are summa-
rized in Table 3, while the agreement patterns and distribution of measurement differences
are illustrated in Figure 2. Bland—Altman analysis demonstrated small pooled mean biases
but notable differences in the width of the limits of agreement between the evaluated
systems. Revopoint MIRACO showed a mean bias of +0.70 mm with limits of agreement
ranging from —2.16 mm to +3.54 mm, whereas Creality CR-Scan 01 exhibited the smallest
systematic bias (+0.04 mm) among all evaluated systems. In contrast, Kiri Engine demon-
strated wider limits of agreement (—4.43 mm to +5.53 mm), indicating greater variability
and reduced measurement consistency. Pooled intraclass correlation coefficients across
the six inter-landmark distances were high for all scanners (ICC = 0.998-0.999). However,
these pooled ICC values reflect relative consistency across measurements and are influ-
enced by the between-subject variability in facial dimensions; therefore, they should not be
interpreted as evidence of small absolute measurement differences.

Table 3. Bland-Altman agreement and ICC.

Scanner Bias (mm) 95% LoA (mm) ICC (95% CI)

MIRACO +0.70 —2.16 to +3.54 0.999 [0.999, 1.000]

CR-Scan +0.04 —3.36 to +3.43 0.999 [0.998, 1.000]
Kiri Engine +0.55 —4.43 to +5.53 0.998 [0.997, 0.999]
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Figure 2. Bland-Altman plots for all test scanners compared with the Artec Eva reference, pooled
across six inter-landmark distances.
3.4. Global Surface Agreement with the Reference

Cloud-to-Mesh analysis revealed substantial differences between scanning technolo-
gies. Representative facial reconstructions generated by each evaluated scanner are shown
in Figure 3A-D.

A. Artec Eva (Reference) B. Revopoint MIRACO C. Creality CR-Scan D. Kiri Engine

Figure 3. Representative facial reconstructions generated by the evaluated scanning systems:
(A) Artec Eva reference scan; (B) Revopoint MIRACO; (C) Creality CR-Scan 01; and (D) Kiri Engine
smartphone photogrammetry reconstruction. All models are shown in frontal view under identical

visualization settings.

Global Cloud-to-Mesh deviation metrics relative to the Artec Eva reference are sum-
marized in Table 4. CR-Scan demonstrated the lowest RMSE relative to the Artec Eva
reference (0.57 £ 0.17 mm), followed by MIRACO (0.72 &£ 0.24 mm). Kiri Engine showed
considerably larger relative deviations, with an RMSE of 1.41 £ 0.58 mm.

Table 4. Global Cloud-to-Mesh deviation metrics relative to the Artec Eva reference.

Metric MIRACO CR-Scan Kiri
RMSE (mm) 0.72 +£0.24 0.57 £0.17 1.41 4+ 0.58
Mean bias (mm) +0.07 &+ 0.07 0.00 £ 0.09 +0.21 +0.42
% points < 1 mm 91.00 + 8.00 93.00 £+ 7.00 68.00 + 16.00
% points < 0.5 mm 74.00 + 12.00 78.00 + 13.00 45.00 + 15.00

Mean signed surface bias remained below 0.25 mm for all scanners. The percentage of
facial surface points located within 1 mm of the reference model exceeded 90% for both
structured-light scanners, whereas Kiri Engine achieved only 68%.
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3.5. Pairwise Comparisons Between Scanners

Pairwise, post-hoc testing results are presented in Table 5. Pairwise post-hoc testing
demonstrated no statistically significant difference between MIRACO and CR-Scan in
overall surface deviation relative to the reference (p = 0.42). Both structured-light scanners
significantly outperformed Kiri Engine (both p < 0.001).

Table 5. Pairwise post-hoc comparisons of global median absolute Cloud-to-Mesh deviation relative
to the Artec Eva reference.

Comparison p-Value
MIRACO vs. CR-Scan 0.42
MIRACO vs. Kiri <0.001
CR-Scan vs. Kiri <0.001

3.6. Representative Surface Deviation Maps

Representative colour-coded deviation maps for a single participant (Subject 25) are
presented in Figure 4. All maps were visualized using an identical colour scale saturated at
£1.5 mm to facilitate direct visual comparison between scanners. Subject 25 was selected
as a representative example because its global RMSE was closest to the cohort median.

A. MIRACO B. Creality CR-SCAN 01 C. KIRI engine

Figure 4. Representative Cloud-to-Mesh deviation maps relative to the Artec Eva reference model:
(A) Revopoint MIRACO; (B) Creality CR-Scan 01; and (C) Kiri Engine.

The Revopoint MIRACO reconstruction demonstrated predominantly uniform agree-
ment with the reference model across the central facial region, with only small localized
negative deviations observed at the philtrum, alar margins, and chin. A similar pattern
was observed for the Creality CR-Scan 01, which exhibited comparable localized deviations
around the perioral region and chin, together with a slight positive deviation along the
nasal dorsum.

In contrast, the Kiri Engine reconstruction displayed substantially larger and more
heterogeneous deviations. Extensive regions of positive deviation exceeding +1.5 mm were
observed in the temporal, lateral forehead, and periorbital regions, whereas agreement
with the reference surface remained highest around the central nasal and perioral areas.

4. Discussion

The present study evaluated the geometric agreement of three low-cost facial scanning
systems with the professional structured-light scanner Artec Eva used as a comparative
reference. Overall, the two consumer-grade structured-light systems demonstrated better
geometric agreement with the reference than smartphone-based photogrammetry, support-
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ing further investigation of affordable structured-light technologies for quantitative facial
surface acquisition.

These findings are consistent with previous studies reporting favourable performance
of portable structured-light scanners. Pellitteri et al. demonstrated that portable structured-
light systems may represent viable alternatives to established stereophotogrammetric
systems [17]. In a subsequent study comparing the EinScan H2 with the Vectra M3 refer-
ence system, high reproducibility and accuracy were also demonstrated [18]. In contrast,
smartphone-based facial scanning has generally shown greater geometric deviations. Van
Lint et al. reported deviations of approximately 2-4 mm for smartphone-generated facial
models compared with a stereophotogrammetric reference system [19]. The performance
of smartphone-based solutions may also depend considerably on the acquisition protocol,
reconstruction algorithm, and device hardware [20,21].

The clinical relevance of the observed geometric agreement should be interpreted in
relation to the intended application rather than according to a universal accuracy thresh-
old. Although MIRACO and CR-Scan showed favourable global surface agreement with
the Artec Eva reference, larger deviations occurred for some individual inter-landmark
measurements. These systems may therefore be promising for overall facial surface docu-
mentation and monitoring of larger morphological changes, whereas applications requiring
precise landmark localization or high local dimensional accuracy, such as detailed surgical
planning or fabrication of closely fitting patient-specific devices, require further application-
specific validation [12,19].

The very high pooled ICC values should also be interpreted together with the Bland-
Altman and surface deviation results. ICC reflects relative agreement and is influenced
by the variability of the measurements included in the analysis; therefore, a high ICC
does not necessarily indicate small absolute differences between methods. Accordingly,
Bland—Altman limits of agreement and absolute deviation metrics provide complementary
information that is more directly relevant to the magnitude of measurement differences.
This explains why Kiri Engine showed a high pooled ICC despite wider limits of agreement
and greater surface deviations relative to the reference.

Reconstruction success represents an additional aspect of practical performance. For
Kiri Engine, 22 of 28 acquired datasets met the predefined quality criteria, corresponding to
a reconstruction success rate of 78.6%. Because quantitative analysis was restricted to suc-
cessfully reconstructed models, exclusion of unsuccessful or poor-quality reconstructions
may have resulted in an overestimation of its practical geometric performance. Neverthe-
less, cost and accessibility remain important considerations for clinical implementation,
particularly because professional facial imaging systems may require substantially greater
financial investment. The approximate costs of the evaluated systems are summarized in
Table 6, highlighting the substantial price differences between professional, low-cost, and
smartphone-based solutions [12].

Table 6. Approximate acquisition costs of evaluated systems.

System Technology Approximate Cost (€)
Artec Eva Structured light 10,000-15,000
Revopoint MIRACO Structured light 1400-1700
Creality CR-Scan 01 Structured light 600-900
Kiri Engine Smartphone photogrammetry <100/year *

* Excluding smartphone hardware.

The present findings are also consistent with previous work by our research group
comparing low-cost three-dimensional scanning technologies for biomedical applications.
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Structured-light scanning showed greater surface agreement with the reference model than
smartphone-based approaches [22,23]. Although that investigation was performed on a
torso phantom rather than human facial anatomy, it similarly indicated superior geometric
fidelity of structured-light acquisition.

Several limitations should be considered. All acquisitions were performed by a single
experienced operator, which reduced operator-related variability but prevented assess-
ment of inter-operator reproducibility; intra-device repeatability was also not evaluated.
Furthermore, the scanning sequence was fixed, with Artec Eva acquired first, followed by
CR-Scan, MIRACO, and Kiri Engine. Although participants were instructed to maintain
a neutral facial expression and stable head position, small changes in lip or mandibular
position, eyelid configuration, or facial muscle tone may have occurred between consecu-
tive acquisitions. Such physiological variability cannot be quantitatively separated from
scanner-related differences in the present study and may be particularly relevant when
interpreting submillimetre deviations.

The study population consisted exclusively of healthy adults with intact facial anatomy.
The findings therefore cannot be directly generalized to patients with post-burn facial
deformities, hypertrophic scars, contractures, edema, or tissue loss, which may alter both
surface geometry and optical characteristics. Validation in relevant clinical populations
is therefore required before applicability to reconstructive surgery, burn care, or other
pathology-specific workflows can be established [24,25].

Finally, Artec Eva was used as a professional comparative reference rather than as an
error-free representation of true facial geometry. Although its professional-grade structured-
light technology and manufacturer-specified three-dimensional accuracy of up to 0.1 mm
supported its selection as the reference system, its measurements are themselves subject
to uncertainty. Accordingly, the reported RMSE, Cloud-to-Mesh, and landmark-based
deviation values represent geometric differences relative to Artec Eva rather than absolute
measurement errors of the investigated scanners.

Overall, affordable structured-light scanners demonstrated favourable geometric
agreement with the Artec Eva reference when scanning healthy facial anatomy under
controlled conditions. Their portability, accessibility, and geometric performance support
further investigation for facial surface documentation and monitoring. However, valida-
tion in relevant clinical populations and assessment of repeatability and inter-operator
reproducibility are required before broader clinical applicability can be established.
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