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Abstract

Background: Three-dimensional (3D) printed orthoses are being
investigated as potential replacements for conventional casts for fracture
treatment. 3D-printed casts could improve patient comfort and outcomes,
as well as reduce complications like neuropraxia or cutaneous disease.
Dimensions necessary to create such casts could be obtained in an easy, quick
and non-invasive way with 3D surface scanner. The objective was to validate
the Structure Sensor 3D scanner for forearm measurements.

Methods: The Structure Sensor 3D scanner was used to take scans of
both forearms in 24 healthy volunteers. The measurements deducted from
these scans were compared with the golden standard; direct circumference
measurements with a measuring tape and volume measurements using
water displacement volumetry. The interrater reliability and accuracy were
calculated.

Results: The interrater reliability was 0.992 (p < 0.001) and 0.952 (p < 0.001)
for circumference and volume measurements respectively. The dimensions
obtained from with the 3D scanner were strongly correlated with their direct
counterparts r = 0.977 (p < 0.001) and r = 0.893 (p < 0.001).

Conclusion: Based on the results from this study, the Structure Sensor
3D scanner has shown to be a reliable method for reproducible data on the
forearm dimensions. Further research is necessary to investigate the use of
these 3D scans in the process of creating 3D printed patient-specific orthoses
in the treatment of DRF.

Introduction

The distal radius fracture (DRF) is one of the most common type
of fracture, accounting for around 25% of fractures and up to 18%
of all fractures in the elderly!. Non-displaced or stable fractures are
commonly treated conservatively, which consists of a mineral splint
to allow for trauma-related swelling. After one or two weeks, the
swelling has reduced and the splint is replaced by a circular cast
made of plaster which provides better support?3. These traditional
casts can be experienced as uncomfortable due to poor ventilation,
weight and improper fit. Complications may occur depending on the
experience of the individual applying the cast, such as cutaneous
diseases, tendinopathies and arthralgia, or mal-union*®. Excessive
pressure from the cast could even result in neuropraxia’. A solution
for these problems can be a patient-specific cast with appropriate
fit and a ventilated structure. The design of these orthoses can be
created using 3D printing, an innovative technique which is rapidly
evolving in health care. Some entrepreneurs® and explorative
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studies®!! are already developing orthoses produced with
3D printing. These 3D printed orthoses could result in a
uniform quality for every patient, with expected lower
complication rates. However, in order to design 3D-printed
casts, reliable measurements of the patient’s arm are
necessary. A quick, easy and non-invasive method to obtain
these data is a stereophotogrammetry'>'* and infra-red
imaging!*'® based 3D scan. The arm of the patient will be
scanned using this technology without radiation exposure.
The scan will result in a 3D model of the arm, which is used
to design 3D printed orthoses!*!l. However, it is important
to validate such techniques before clinical implementation.
Therefore the aim of this study is to validate the use of a
non-invasive portable 3D-scanner in obtaining forearm
dimensions, by comparing the dimensions obtained
from the 3D scan with forearm circumference using tape
measurements, and volume using water displacement
volumetry.

Materials and Methods

Procedure

The study was approved by the local attainability
committee. The participants were employees or students
of our institution. Informed consent was obtained from the
participant before inclusion in this study.

All participants remained indoors in a room
temperature-controlled environment. They did not engage
any strenuous activity between or before measurements.
The measurements were performed consecutively by three
different observers. The direct circumference measurements
were measured with a measuring tape and consisted of four
circumferences along the forearm (Figure 1a):

1) 2 cm below the third metacarpal tuberosity
2)  the wrist at ulnar styloid process

3) 10 cm proximal of the ulnar styloid process
4) 20 cm proximal of the ulnar styloid process

The fourth measurement point was marked on the
participant’s arm, the participant was instructed to slowly
immerse their forearm with the wrist in a neutral position
(Figure 1b) until that mark into a basin filled with water
at room temperature. This position was held in place until
the water drops from the overflow spout were more than
1 second apart estimated visually. Water expelled from
the vessel was caught in a plain plastic measuring jug,
the weight was determined as quickly as possible (to the
nearest 0.1 gram) using electronic balance scales (Model
i2000, Gason). The weight of the dry measuring jug was
subtracted from the combined weight of the jug with
the water and the result was recorded as the volume of
displaced water.

Figure 1a: Measurement points for direct circumferences of the
forearm

Figure 1b: Immersion of the forearm in water for direct volume
measurement of the forearm

3D scans of the forearm were made using a hand-held
scanning device; the Structure Sensor (Occipital Inc., San
Francisco, CA, USA), which is an iPad accessory based on
infra-red structured light (Structure Sensor, 2016). The
manufacturer-given scan accuracy of the Structure Sensor
is 4 mm and the resolution 0.5 mm'. The participants
were instructed to hold their arm stretched out in front of
them, with fingers closed and thumb out, with the wrist in
neutral position. Their other arm could be used for support
with the hand placed proximal of the elbow to leave enough
room for the scanner to fully scan every surface. The scan
was made using the 3DSizeME app (TechMed3D, Quebec,
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Table 1: Dimensions derived from 3D scans

Measurement point 1 (mm) Measurement point 2 (mm) Measurement point 3 (mm)| Measurement point 4 (mm) Volume (ml)

Rater 1 193+11 156 + 10
Rater 2 192+11 156 + 10
Rater 3 194 +12 160 + 10

205+18 258 +£23 998 + 163
205 +18 258 +23 974 +158
211+16 261 +18 1031+ 143

Table 2: Direct measurements

Measurement point 1 (mm) Measurement point 2 (mm)| Measurement point 3 (mm) | Measurement point 4 (mm) Volume (ml)

Rater 1 193 +12 156 + 10
Rater 2 193+11 156 +£9
Rater 3 190+ 10 155+9

Canada) in combination with the Structure Sensor. The
data of the measurements were extracted using the MSoft
3.0 software (TechMed3D, Quebec, Canada).

Statistical analysis

The reliability of the Structure Sensor is defined by
the interrater reliability in the digital measurements
measured with the intra-class correlation coefficient
(ICC). Pearson r correlations between the average
direct and the digital measurements were calculated.
The accuracy of the Structure Sensor is determined by
the difference between the 3D-scanner and the average
direct circumference measurements and average water
displacement volumetry. Accuracy was evaluated with
Bland - Altman plots!® as well as by calculating bias.
Statistical tests were performed with IBM SPSS Statistics
25 and considered significant if p < 0.05.

Results

In total 24 healthy adults were included; 4 men and 20
women, aged 21-59 years (mean 34 * 13 years).

The average measurements derived from the 3D
scanner and the average direct measurements with
standard deviation per observer are shown in Tables 1
and 2. The intra-class correlation coefficient (ICC) for
all measurements with three different observers for the
direct and scanner circumferences were 0.993 (p < 0.001)
and 0.992 (p < 0.001), for the direct and scanner volumes
the ICC were 0.997 (p < 0.001) and 0.952 (p < 0.001)
respectively. Figures 2 and 3 display Pearson r correlations
plots of the direct and digital circumference and volumetric
measurements. Correlations of the direct measurements
to their 3D scanner counterparts yielded Pearson r
correlations of 0.977 (p < 0.001) for the circumference
and 0.893 (p < 0.001) for the volumetric measurements.
The maximum error for the circumference measurements
was 17% and 19% for the volume measurements. The
circumference measurements were on average larger than
the direct measurements on all measure points.

Discussion

This study evaluated the use of a portable and non-
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Figure 2: Pearson r correlation plot of direct and digital
circumference measurements
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Figure 3: Pearson r correlation plot of direct and digital volumetric
measurements

invasive 3D-scanner to obtain forearm dimensions, by
comparing circumferences of the forearm and volume-
based measurements to data obtained from the 3D scan.
Measurements obtained by 3D scans are highly correlated
with circumference as measured with a measuring tape.
Volume measurements using the 3D scanner show a very
good inter-rater reliability. Circumference measurements
using the 3D-scanner show excellent inter-rater reliability
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with a difference in ICC of 0.001, which suggests that
the scanner performs independently of the skill of the
operator. This makes it a useful tool in everyday practice,
as the scanner does not require special training of the staff.

The measured circumference in the 3D scans tends
to be higher than the direct measurements (Figure 4).
This is consistent with other literature evaluating the
Structure Sensor!>¢, Volume measurements are averaged
around zero (Figure 5), suggesting that other dimensions
are underestimated to compensate for the overestimated
measure point circumferences. The discrepancy can be
explained by 3D scanning the fingers. As these parts are
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Figure 4a: Differences in direct and digital circumference
measurements for measurement point 1
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Figure 4b: Differences in direct and digital circumference
measurements for measurement point 2
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Figure 4c: Differences in direct and digital circumference

measurements for measurement point 3
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Figure 4d: Differences in direct and digital circumference
measurements for measurement point 4
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Figure 5: Differences in direct and digital volume measurements

difficult to scan. However, this study is technically not
enforceable without measuring the complete forearm and
hand. In the end, the fingers are not relevant for the final
3D-printed orthoses in DRE since the orthoses stop just
proximal of the metacarpophalangeal joints.

A remarkable finding is the mean difference of
-14.4 mm at measurement point 4 of the circumferences.
This difference is much larger than -1.4 mm, -2.5 mm and
-6.2 mm difference as found for the other measurement
points (Figure 4). In Tables 1 and 2 this difference is
seen between the mean circumferences from the 3D scan
and direct measurements at point 4. Since the standard
deviations are similar, this indicates that there may be
a problem which causes an offset inaccuracy without
influencing the precision. The cause of this error is most
likely the angle at which the elbow was bent during
measurement. When the elbow is flexed, the shape of
the proximal part of the forearm changes due to muscle
tension. During measurements, the angle of the elbow was
not properly regulated, which could very well explain the
large differences. When ignoring measurement point 4,
the differences are close to the 4 mm accuracy given by the
manufacturer'’.

Clinical relevance

Capabilities of 3D-printed orthoses are widely
evaluated in literature®!1%2°, These orthoses can eliminate
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the problems with the traditional circular casts, such as
improper fit and poor ventilation. It is not desirable to
subjectapatientwith a DRF to extensive measurements with
a measuring tape. Another way to obtain measurements
from the patient’s arm is through CT or MRI, however
in case of CT the patient is exposed to radiation?*? and
both cases are expensive and time-consuming?®. The use
of a portable and non-invasive 3D-scanner is a perfect
way to gain the correct data. 3D scans can quickly and
easily be made during regular outpatient visits thus
improving patient convenience?!. This study showed that
the Structure Sensor is a reliable, easy to use and non-
invasive method to obtain forearm measurements. We do
not anticipate problems from the slightly overestimated
circumference measurements, since some padding of the
3D printed orthoses is required. Because we proved that
the overestimation is consistent in all measurements, a
standard correction of the 4 mm overestimation can be
made in the final model of the 3D print model. However,
further research is required to investigate the actual
differences when 3D printing the orthoses.

Limitations

An important note is that this study only includes
healthy adults. Patient compliance is required to minimize
motion artifacts, this could be challenging for patients with
a DRF and especially in pediatric patients. However, we do
not anticipate large problems, since the position of the arm
and wrist for making a 3D scan is similar to the position
required to apply the cast.

In this study the acquisition and measurement software
(respectively 3DSizeME and MSoft) of TechMed3D was
used for all scans and measurements. Other literature
on the Structure Sensor using different acquisition and
measurement software show similar results'>!¢, therefore
we do not expect that usage of different software might
result in different findings.

Conclusion

Obtaining forearm dimensions using the Structure
Sensor 3D-scanner provides reproducible data of the
circumference and volume. Results show a strong
correlation between direct and scan measurements, and
a high inter-rater reliability. This means that the scanner
measures consistently independent of the operator
Further study is required to evaluate the fit of the orthoses
after 3D printing.
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