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Figure 1. Data-driven 3D reconstruction of a male body from images taken with a smartphone app (2D3D)

Abstract
This paper presents partial results of a larger validation study of different Data-driven 3D
Reconstruction (D3DR) technologies developed by IBV to create watertight 3D human models from
measurements (1D3D), 2D images (2D3D) or raw scans (3D3D). This study quantifies the reliability
(Standard Error of Measurement, SEM; Mean Absolute Deviation, MAD; Intra-class Correlation
Coefficient, ICC; and Coefficient of Variation, CV) of body measurements taken on human subjects. Our
results are also compared to similar studies found in literature assessing the reliability of digital and
traditional anthropometry. Moreover, we assess the compatibility (bias and Mean Absolute Error, MAE)
of measurements between D3DR technologies. The results show that 2D3D can provide visually
accurate body shapes and, for the measurements assessed, 2D3D is as reliable as high resolution 3D
scanners. It is also more accurate than manual measurements taken by untrained users. Due to
accessibility, cost and portability (e.g. 2D3D built in a smartphone app) they could be more suitable than
other methods at locations where body scanners are not available such as homes, medical or physical
therapy offices, and small retail stores and gyms.
Keywords: Digital anthropometry, digital human models, body scanner, low-cost, data-driven, 3D
reconstruction, PCA, measurements, accuracy, reliability, compatibility, SEM, ICC, MAD, MAE, CV.

1

Introduction

Human body shape and dimensions are useful for ergonomic product design [1]–[3]. Body dimensions
are also used as biomarkers for the assessment of health conditions such as obesity and other
cardio-metabolic risks [4]–[7]. Both accuracy and reliability are indispensable for these purposes.
Measuring human subjects is challenging because our bodies are soft and articulated. Even
standardised body measuring procedures [8]–[10] contain an inherent variability due to respiration
phase and slight differences in pose and muscle contraction.
Historically, the standard method for measuring bodies for product design and health assessment has
been traditional anthropometry (TA). This technique requires a trained measurer and specialised
metrology instruments such as callipers for distances (heights, breadths, depths and widths) and
measuring tape for girths and lengths over the body [11]. Its accuracy and reliability depend on the
skills of the measurer. Usually there are systematic biases between measurers which result in larger
inter-observer errors [12]–[15]. In the context of size selection of apparel and orthotics products in
catalogue orders and online purchases, the most common method is to request the buyer to self-report
a few measurements taken following instructions that the brand or retailer provides to the buyer.
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Measurements reported by untrained buyers are more unreliable and inaccurate than those obtained
by trained experts [16].
The release of the first commercial 3D body scanners in the late nineties revolutionised the methods
for body measuring [17], [18]. They also made possible the use of the actual body shapes, and not just
measurements, in digital product design [19]–[23]. Body scanners can acquire the body surface of
minimally dressed human bodies and measure them digitally. The main sources of error of
measurements obtained by body scanning that affect reliability are: resolution and 3D accuracy of the
scanner, body sway during scanning, slight pose changes between repeated scans, the measurement
extraction software, and, for body scanning software that requires interactive inspection and landmark
editing, also the skills of the inspector [24]. Digital measuring of human bodies can be as reliable as
trained experts using TA [25], [26]. Body scanners are also more efficient, since they can take an
unlimited number of measurements in the same time that an expert takes 5-10 measurements [25].
However, the compatibility between measurements obtained by different body scanners and
measuring software is still an open issue being addressed by different standardization bodies such as
ISO and IEEE [27]–[29]. Despite their precision and efficiency, body scanners are too bulky and
expensive to be used at certain environments such as small retail stores, medical offices and homes.
Thanks to the large databases created using 3D body scanners [30]–[32], lower-cost technologies
based on data-driven 3D reconstructions (D3DR) have been developed to estimate human body
models from a few measurements (1D3D) or from 2D images (2D3D) [33]–[37]. D3DR solutions have
much lower hardware requirements than actual 3D scanners. These solutions are suitable for running
in small portable devices such as phones or tablets, making it possible to have a body scanner in your
pocket. D3DR has also been applied to enhance raw data (3D3D), namely by robustly completing
missing data and by correcting noise and artefacts of 3D scans from lower-cost scanners [38]–[41].
In this study, we quantified the reliability of body measurements of 3D models obtained using D3DR
technologies developed by IBV, i.e. from two images taken with a smartphone app (2D3D) and from
raw scans (3D3D). Secondly, we assessed the reliability of 2D3D by comparing it with 3D3D and with
well-established methods reported in literature, in particular with 3D body scanning (3DBS) and with
traditional anthropometry (TA). Thirdly, we assessed the compatibility of measurements between
D3DR technologies, i.e. 1D3D (using three different sets of user-reported measurements as input),
2D3D and 3D3D. Finally, we discuss the potential of the D3DR technologies assessed and their
suitability for different product design and health applications.

2
2.1

Materials and methods
Design of experiment

A total of 77 subjects participated in the study (39 females and 38 males). Subjects were selected to
cover a wide range of body height and weight (Table 1). This number of subjects enables us to analyse
reliability in our sample both as a whole and by gender, according to optimal experiment design
methods [42] for a test reliability hypothesis at 5% significance level with 80% power, a minimal
acceptable ICC of 0.8 and an expected ICC of 0.95, and two repetitions (min. no. of subjects =13 ).
Table 1. Descriptive statistics Mean±SD (range) of the sample of subjects by gender

Age (years)
Weight (Kg)
Height (cm)

Female N=39
33±10 (19-58)
61.2±9.1 (44.3-95.8)
165±6 (149-175)

Male N=38
35±8 (20-52)
78.9±15.2 (52.8-136)
175±8 (160-189)

Total N=77
34±9 (19-58)
69.9±15.3 (44.3-136)
170±9 (149-189)

All participants were measured with our 2D3D app running on a Motorola Nexus 6 and with Vitus XXL
body scanner from Human Solutions GmbH. Each subject was scanned and photographed twice with
repositioning, getting in and out of the scanning/photographing space at each repetition. Subjects wore
tight-fitting clothes when measured with both technologies and used a swimming cap in the scanner.
Subject’s body mass and height were also measured using a SECA weighing scale and a stadiometer.
A subset of 37 participants randomly selected (20 females and 17 males) were also requested to
report their body measurements taken at home prior to the scanning session following typical
instructions found in size guides from online stores. The self-reported measurements and parameters
were: age, weight, height, bust/chest girth, waist girth, hip girth, crotch height, underbust girth (only
females) and mid neck girth (only males).
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2.2

Data processing using Data-driven 3D Reconstruction (D3DR) methods

Gathered data (reported measurements, images and raw scans) was used to create watertight 3D
models using three different D3DR methods developed by IBV: 1D3D, 2D3D and 3D3D (Figure 2).
Table 2 summarises the inputs used for each method.
Table 2. Summary of D3DR inputs used
Method

Input data

1D3D(3)

Age, Height, Weight

1D3D(6)

Age, Height, Weight, Chest
girth, Waist girth, Hip girth

1D3D(7)

Age, Height, Weight, Chest
girth, Waist girth, Hip girth,
Crotch height

2D3D

Age, Height, Weight, front
image, side image

3D3D

Raw 3D scan

Figure 2. 3D body reconstructions of the same female body using
different technologies. (a) raw scan, (b) 3D3D reconstruction, (c)
2D3D reconstruction and (d) 1D3D reconstruction

All our methods rely on parametrised spaces of human body shape using Principal Component
Analyses (PCA) learnt from more than 9.000 body scans registered using template-fitting methods. Our
implementations are improvements on previously reported methods or alternatives to methods reported
in literature:
•

1D3D – Creation of a watertight 3D model from a set of parameters such as age or
measurements. This technology can be configured to use different sets of inputs. In this study, we
created three 1D3D models for each user using different sets of measurements (Table 2). Our
implementation consists of learning a linear mapping between body measurements and the PCA
weights. The user-reported measurements were used as inputs to 1D3D reconstruction [19].

•

2D3D – Creation of a watertight 3D model from two images taken with a smartphone app
(figure 1, page 1). Our implementation consists of an Android app client that helps the user to take
the photographs and a cloud processing service via API. It is an improvement of previously
reported methods [43] which uses machine learning and artificial Intelligence (AI) at segmentation
and landmarks detection steps [44], [45] and an improved weighting of the body parts between
front and side silhouettes in shape optimization steps. Our new method makes the process much
more robust to the most common usability pitfalls, in particular: to hairstyles that increase
apparent height (Figure 3), to not correctly matching the guiding outline when taking the
photographs (Figure 4), to bad image contrast/lighting (Figure 5), and to not finding a location free
of objects (Figure 6), to slightly incorrect arms/legs’ pose (Figure 7).

•

3D3D – Creation of a watertight 3D model from a raw 3D scan (Figure 8). Our implementation
uses a shape and pose model alternative to the methods described by other authors [38], [40]. This
method is more robust to scanner artefacts than previously reported methods [19] making it
possible to automatically process raw body scans of different quality (incl. very noisy and highly
artefacted ones) in A-Pose without landmarks [39].

Figure 3. 2D3D reconstruction robust to hairstyles that increase apparent height
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Figure 4. Robust segmentation to poor guiding outline fit when taking photographs

Figure 5. Robust segmentation
to poor colour contrast

Figure 6. Robust segmentation
to scenes with objects

Figure 7. 2D3D reconstruction
robust to bad arm/leg pose

Figure 8. Examples of 3D3D reconstruction of a high resolution scan and a noisy scan

All 3D models were measured using our digital measuring tape, which was developed to be compatible
with most of the ISO 8995-1:2017 definitions [19]. Our digital measuring tape does not require visual
inspection or interactive correction of the measurements and landmarks. 100 measurements were
extracted, from which 17 were selected to be included in this paper due to its relevance.

2.3

Analytic procedures

Reliability: We estimated the Standard Error of Measurement (SEM) and Intra-class Correlation
Coefficient (ICC) for each measurement and each technology (i.e. 2D3D and 3D3D) using the methods
proposed by [46]. We also estimated the Mean Absolute Deviation (MAD) and the Coefficient of
Variation (CV).
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Compatibility: We estimated the signed mean difference (Bias) and the Mean Absolute Error (MAE) for
each measurement between pairs of methods. In this paper we report the compatibility between 3D3D
and the other four methods, i.e. 2D3D, 1D3D(3), 1D3D(6), 1D3D(7), and self-reported measurements,
using 3D3D as reference method.
Additionally, we analysed the methods and the errors reported by users during the manual measuring
session.

3

Results and discussion

3.1 Reliability
SEM and MAD of the solutions assessed are presented in Table 3. We also compare our results to
other reliability studies of measurements digitally extracted from raw body scans (3DBS) and
measurements taken by experts with traditional anthropometric methods (TA).
Table 3. Mean Absolute Difference (MAD) and Standard Error of Measurement (SEM) in centimeters of D3DR
solutions (2D3D, 3D3D) and of 3D Body scanners (3DBS) and Traditional Anthropometry (TA) reported in literature

This study

Other studies

TAb
Measurement
MAD (SEM)
MAD (SEM)
MAD (SEM)
MAD (SEM)
Height
0.1 (0.3)
-a
0.2-0.4 (0.4-0.5)
0.1-0.7 (0.5)
Cervical height
0.1 (0.2)
0.3 (0.5)
0.3-0.4 (0.3-0.5)
0.2-0.7 (-)
Crotch height
0.1 (0.3)
0.3 (0.6)
0.416 (0.4-1)
0.5-0.5 (-)
Mid neck girth
0.1 (0.3)
0.3 (0.5)
0.5-0.5 (0.7-1.3)
0.3-0.4 (-)
0.5 (1)
1.208 (0.8-1.2)
0.433 (-)
Shoulder width
0.5 (0.8)
Shoulder length
0.1 (0.2)
0.2 (0.3)
0.8-0.8 (-)
0.2-0.2 (-)
Shoulder breadth
0.3 (0.5)
0.3 (0.5)
0.6-1.4 (-)
0.2-0.9 (-)
Bust/chest girth
0.4 (0.7)
0.5 (1)
0.6-1.2 (0.8-2.6)
0.5-1.8 (8.2)
Underbust girth
0.4 (0.7)
0.5 (1)
1.444 (1.2-2)
0.592 (-)
Waist girth
0.4 (0.7)
0.6 (1)
0.5-0.9 (0.7-3.3)
0.5-1.6 (1.3-6.5)
Hip girth
0.2 (0.4)
0.5 (0.8)
0.2-0.5 (0.4-2.6)
0.4-1.4 (6.8)
0.5 (0.9)
0.5-1.2 (0.7-0.8)
0.3-0.8 (-)
Arm length
0.2 (0.4)
Upper arm girth
0.1 (0.2)
0.3 (0.5)
0.75 (0.4-0.9)
0.3-0.6 (-)
Wrist girth
0.1 (0.2)
0.2 (0.3)
0.3-0.3 (0.2-0.5)
0.1-0.3 (-)
Max thigh girth
0.1 (0.3)
0.3 (0.6)
0.47 (0.2-1.4)
0.3-0.9 (-)
Knee girth
0.1 (0.3)
0.2 (0.3)
0.3-0.3 (0.2-0.9)
0.26-0.33 (-)
Body Volume
0.01 (0.02)
0.05 (0.1)
0.024 (0.03-0.06)
a
Not applicable because the system uses body height to scale the solution
b
Range of values for 3D Body Scanners (3DBS) from literature [15], [26], [47]–[55]
c
Range of values for Traditional Anthropometry (TA) from literature [12]–[15], [24]–[26], [56]–[59]
3D3D

2D3D

3DBSa

The results show that the SEM of 3D3D modelling and measuring method is within 0.2-0.8 cm and that
MAD is within 0.1-0.5 cm. One part of the error found in 3D3D results is due to technology (3D accuracy,
resolution and measuring and modelling software) and another part is due to body sway during
scanning and to slight pose changes between repeated scans [24], [60]. An experiment with a variety of
rigid body shapes of real humans would be required in order to estimate the order of magnitude of each
error source. ICC is within 0.983-0.999 and CV is below 2%.
The SEM of 2D3D modelling and measuring method is within 0.3-1.0 cm and that MAD is within 0.2-0.6
cm. The small error increases with respect to 3D3D are due to using much less input information (2D vs.
3D) gathered with less reliable technology (smartphone camera vs. body scanner sensors). ICC is
within 0.938-0.997 and CV is below 2%.
SEM and MAD of measurements obtained from 3D raw body scans (3DBS) reported in bibliography by
different authors (and using different hardware and software) range respectively from 0.2-3.3 cm and
from 0.2-1.4 cm [15], [26], [47]–[55], [61]. SEM and MAD of measurements obtained by traditional
anthropometry (TA) reported in bibliography range respectively from 0.1-1.8 cm and from 0.5-8.2 cm
[12]–[15], [24]–[26], [56]–[59]. The reliability of the self-reported measurements by untrained users is
expected to be at best in the order of magnitude of the worst values for experts (e.g. SEMs in the range
of 5-8 cm for large girths).
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3D3D and 2D3D technologies provide SEM, MAD, ICC and CV values within the range of best results
reported by other studies using 3DBS or TA. 3D3D exhibited even slightly better reliability for some
measurements. ICCs of both technologies for all measurements are excellent (>0.9) [62]. MAD also lies
within the allowable error established for garment construction and ergonomic design [13], [61].

3.2 Compatibility
Six examples of the reconstructed bodies with 3D3D and 2D3D technologies are provided in Figure 9.
It can be observed that the body shapes of 2D3D reconstructed bodies are very similar those resulting
from actual scanning (3D3D).

Figure 9. 3D models of six subjects: 3D3D (golden, left) and 2D3D reconstructions (silver, right)

Bias and MAE between 3D3D and lower-cost alternatives (self-reported measurements, 2D3D and the
3 configurations 1D3D) are presented in Table 4. Regarding the self-reported measurements taken at
home, 12 of the 37 subjects (32%) required help from a second person to help them to take body girth
measurements, and 17 (46%) needed help to take crotch height measurement. Five of the 37 subjects
(13%) took the girth measurements incorrectly: one subject read the measuring tape on the wrong
direction and the rest took half of the body contour instead of the full girths. Self-reported data from
these five subjects was excluded from the analyses and not used as input for 1D3D reconstruction.
Compared to the body scans processed with 3D3D, when users reported their measurements, they
overestimated their body height (-1.4 cm), mid neck girth (-0.8 cm) and crotch height (-4.8 cm) and
underestimated their chest (2.4 cm), waist (2 cm) and hip (4.1 cm). These differences are largely
beyond the bias threshold established by ISO 20865:2010 [63]. MAE of self-reported measurements is
within 1.5-5.0 cm, which is largely beyond MAE thresholds established by ANSUR [13], except for body
height which is closer to it.
Biases of 1D3D(3) are within ±1.4 cm except for bust girth, which is underestimated by 4.2 cm. Since
biases of input measurements (crotch height, bust/chest and hips) are significant, biases of 1D3D(6)
and 1D3D(7) are increased, except for bust/chest girth which improves slightly. MAE of the three
configurations of 1D3D is similar, even worsening when measurement inputs are highly inaccurate like
crotch height (5 cm) and hip girth (4.6 cm). Examples of the visual comparisons of the 1D3D
reconstructions to 3D3D models are provided in Figure 10. In some of these examples, the addition of
measurements just slightly improves the 1D3D reconstructions. Examples of severe errors in input
measurements are illustrated in Figure 11 (error in chest girth) and Figure 12 (error in crotch height). In
these two examples, the addition of measurements leads to more inaccurate 1D3D reconstructions.
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Table 4. Signed Mean Difference (Bias) and Mean Absolute Error (MAE) in centimeters between
measurements obtained using 3D3D and lower-cost alternatives (self-reported, 2D3D and 1D3D)

Measurement
Height
Cervical height
Crotch height
Mid neck girth
Shoulder width
Shoulder length
Shoulder breadth
Bust/chest girth
Underbust girth
Waist girth
Hip girth
Arm length
Upper arm girth
Wrist girth
Max thigh girth
Knee girth
Full body volume (l)
a

3D3D –
2D3D

3D3D –
self-repa

0.03 (0.8)
0.2 (1)
-0.1 (1.1)
-0.6 (1.1)
-1.8 (2.2)
0.1 (0.4)
0.5 (1.0)
1.1 (1.7)
-0.7 (1.4)
0.5 (1.6)
-0.4 (1.5)
0.3 (1.3)
0.4 (1.2)
-0.6 (0.8)
-0.9 (1.3)
-0.8 (1.2)
-0.1 (0.2)

-1.4 (1.6)
-4.8 (5.0)
-0.8 (1.5)
2.4 (2.9)
0.4 (2.7)
2 (3)
4.1 (4.6)
-

Bias (MAE)

Bias (MAE)

3D3D –
1D3D(3)a
Bias (MAE)

-1.3 (1.9) b
-1.4 (1.8)
-1.4 (1.7)
-0.8 (1.2)
0.4 (1.9)
0.3 (0.4)
0 (1.1)
4.2 (4.3)
1.6 (1.9)
0.6 (3.4)
1.4 (3.1)
-1.1 (1.6)
0.9 (1.4)
-0.2 (0.7)
0.8 (2.2)
-0.2 (1.4)
0.1 (0.2)

3D3D –
1D3D(6)a
Bias (MAE)

-1.4 (1.9) b
-1.3 (1.7)
-1.3 (1.6)
-0.7 (1.1)
0.4 (1.9)
0.2 (0.4)
-0.1 (1.2)
3.5 (3.6) b
2.4 (2.6)
2 (3.1) b
1.7 (3.2) b
-1 (1.6)
0.8 (1.4)
-0.2 (0.7)
0.8 (2.0)
-0.1 (1.4)
0.1 (0.3)

3D3D –
1D3D(7)a
Bias (MAE)

-1.5 (2) b
-1.9 (2.2)
-4.4 (4.6) b
-0.5 (1)
0.6 (1.9)
0.4 (0.5)
0.3 (1.2)
3.5 (3.6) b
2.3 (2.5)
1.8 (3) b
2.2 (3.7) b
-2.1 (2.3)
0.9 (1.4)
-0.1 (0.7)
0.6 (2.0)
-0.2 (1.4)
0.2 (0.3)

Max. Allowable
Error [13], [63]
Bias (MAE)

0.5 (1.1)
0.5 (0.7)
0.5 (1.0)
0.4 (0.6)
0.4 (-)
0.5 (0.3)
0.4 (0.8)
0.9 (1.5)
0.9 (1.6)
0.9 (1.1)
0.9 (1.2)
0.5 (-)
0.5 (0.6)
0.5 (0.5)
0.5 (0.6)
0.5 (0.4)
-

Results with the 32 subjects retained (5 subjects’ discarded because they were unable to properly take measurements)

Figure 10. 3D models of four subjects: 3D3D (golden, left) and 1D3D with 3, 6 and 7 parameters (silver, right)

Figure 11. Example of 1D3D(3) that worsens in
1D3D(6) by adding inaccurate chest girth

Figure 12. Example of 1D3D(3) reconstruction that
worsens in 1D3D(7) by adding inaccurate crotch height
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Biases of 2D3D with respect to 3D3D are within ±1.1 cm except for Shoulder width (-1.8 cm). For most
measurements, bias is within the threshold established by ISO 20685:2010 or close to it, except for
thigh and knee girths. MAE of 2D3D is within 0.4-1.7 cm, except for Shoulder width (2.2 cm). For most
measurements, MAE is within the threshold established by ANSUR or close to it, except for upper arm,
thigh and knee girths, which are below 1 cm. MAE is lower than the six self-reported measurements and
lower than all measurements resulting from the three configurations of 1D3D, except for Shoulder width.
In particular, for critical measurements such as bust/chest, waist and hip girths, MAE is around 1.5 cm
compared to 3-4 cm for the self-reported and 1D3D. The slightly larger biases and MAE of shoulder
width will be further studied and improved in future versions.

4

Conclusions and further work

D3DR methods can provide benefits to the processing of raw scans (3D3D) and to reconstruct 3D
shapes from sparse information such as images (2D3D) or parameters (1D3D). Single-surface
watertight 3D models obtained with the three methods are high-resolution meshes ready to interface
other CAD and simulation applications.
Our fully automatic and unsupervised 3D3D modelling and measuring methods proved to be as reliable
as the best expert measurers, achieving a SEM below 0.7 cm for critical body girths at mid-neck,
bust/chest, waist and hip, and below 0.4 at critical lengths and heights (i.e. cervical height, crotch height
and arm length). A prototype of this technology has been implemented in a cloud server accessible via
API and it is ready to be tested by different scanning vendors and 3D scanner users.
Our 2D3D reconstruction from two images can be implemented in a regular smartphone thus making it
accessible to millions of people without the need of specific hardware or skills. 2D3D provides visually
accurate 3D models and the reliability of measurements obtained from these models is comparable to
body scanners (CV below 2%, MAD below 0.5 cm and SEM below 1cm). Its accuracy for most
measurements (MAE below 1.7 cm) is much higher than self-reported measurements by users (MAE
within 1.5-5.0 cm). All these features make it more suitable than self-reported measurements for any
application or context where body scanning cannot be available, such as medical offices, homes and
small retail stores. A prototype for Android OS has been developed and it is ready to be tested in real
contexts. Moreover, we are exploring variants of the method to enable a single person to take the
pictures with the front camera (selfie point of view from the floor level) and the 3D reconstruction of
people dressed with street clothes (Figure 13).

Figure 13. Initial results of ongoing research on 2D3D reconstruction people dressed with street clothes

Our 1D3D reconstruction from parameters can be easily integrated into web-based software (e.g. online
stores) and can be configured to use different body measurements. These methods are, however,
highly dependent on the accuracy of the inputs provided by users. Parameters such as age, height and
weight can be quite reliably reported by users but the use of additional measurements is risky and,
according to our testing, it did not provided significant improvements, except for bust girth. Among other
factors, self-reported measuring errors are due to a poor understanding of the measuring instructions
(lack of skills). In case of using additional measurements, instructions (or user training) should be
carefully addressed (e.g. using video instructions [64]) and biases between the manual method and
digital method should be specifically quantified and corrected. A prototype of this technology has been
implemented in a cloud server accessible via API and it is ready to be tested by companies.
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