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prosthetic devices. New tools for capturing the external shape of human body parts are
rapidly emerging. This study conducted a comparative analysis to assess the accuracy and
precision of two handheld 3D scanners, including the Peel 3 3D scanner and a smartphone
application, in scanning the residual limb of a transtibial participant. The residual limb was
manually measured, and six scans were taken with each scanning system, compared to the
reference computed tomography (CT) model. A repetition test was performed to determine
the mean value and standard deviation of the scanned models in VVXelements software for
comparison purposes. The results showed a standard deviation difference between the Peel
3 and CT scans ranging from £ 0.828 to 0.907mm, and from £ 0.823 to £ 0.877mm for the
smartphone scans. The repetition test indicated standard deviations ranging from + 0.531
to 0.599 mm for the Peel 3 and + 0.458 to 0.690 mm for the smartphone. This analysis
evaluated the accuracy of the 3D scanners and identified the essential specifications for

their effective use in prosthetics.
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1. Introduction

In prosthetics, the integration of cutting-edge technologies has
revolutionized the way prosthetic devices are designed and
customized to meet the unique needs of individuals with limb
differences. One such technology that has garnered significant
attention and acclaim is 3D scanning. This advanced method of
capturing precise measurements and creating detailed models is
pivotal in enhancing the overall prosthetic fitting process and
improving patient outcomes [1]-[3].

One of the primary advantages of (3D) scanning in prosthetics
is its ability to offer a contactless approach to data collection.
Unlike traditional methods, 3D scanning provides a non-
invasive, faster, and more detailed method of capturing the
exact contours of a residual limb. This contactless nature not
only enhances patient comfort during the scanning process but
also ensures greater accuracy in capturing critical data points
essential for designing prosthetic devices [4],[5], where the
marriage of 3D scanning technology with advanced computer
processing capabilities has ushered in a new era of innovation
in prosthetics. By transforming scanned data into intricate 3D
models, 3D scanning eliminates the need for labour-intensive
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gypsum positives traditionally used in prosthetic design
[3].[61,[7]- Recent research has unequivocally demonstrated the
reliability and efficacy of 3D scanning for obtaining crucial data
in prosthetics. 3D scanning technology's precision and
reliability have established it as a reliable tool within the
prosthetic field, utilised for various purposes ranging from
initial evaluations to complete fittings. Prosthetists and
researchers rely on the precision of 3D scanning to ensure
optimal patient outcomes, underscoring its importance in
modern prosthetic practices [8]-[11].

Comparative studies have shed light on the versatility and cost-
effectiveness of different 3D scanning solutions by comparing
high-end and low-cost 3D scanners [12]-[14]. Farhan et al.
identify the potential for utilizing affordable scanning
technologies for specific applications and highlight the
accessibility of 3D scanning [15]. A new development in
prosthetics and orthotics practice is the integration of
smartphones and specific 3D scanning applications into the
field of 3D scanning [16]. Leveraging the sophisticated True
Depth cameras in modern smartphones [17]-[19], these
applications offer a portable and user-friendly solution for
capturing detailed limb measurements. The convenience and
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accessibility of smartphone-based 3D scanning have opened up
new avenues for enhancing prosthetic design processes and
improving patient care. Research has underscored the
remarkable precision and accuracy smartphone apps equipped
with 3D scanning capabilities can use to capture body
measurements. Therefore, it became necessary to prove the
ability of these techniques and applications to provide detailed
and reliable data points showcasing their potential in the
prosthetics field, particularly for transtibial amputees, thus
proving their usefulness in producing comfortable sockets. The
primary objectives of this research are to assess the accuracy
and precision of Peel 3 and smartphone-based 3D scanners,
compare these technologies to traditional CT scanning as a
reference model, and identify each technique's potential
advantages and limitations.

2. Methods and Materials

This study compares the surface precision of 3D models
obtained through 3D scanning, specifically, a residual limb
model of a 23-year-old male patient with transtibial amputation
in the left leg with 62 kg in weight, 168 cm height, and K4
activity level. The K4 activity level refers to an individual
capable of high-impact activities, such as sports or manual
labor, making it critical to ensure accurate and durable

prosthetic fittings. The cause of amputation is trauma, and the
amputation level is medium. Also, the stump was free from
wounds, and there was no painful area. Through the study, the
patient received a fully assembled prosthetic limb at no cost, in
addition to a silicone liner system (ALPS, Cushion Liner, Grip
Gel) with a 6 mm thickness (SPFR26-6), in place of the
previous one.

In this research, the accuracy of the scanners was evaluated
using a model obtained from a Computed Tomography (CT)
scan, which serves as the reference model. Magnetic Resonance
Imaging (MRI) was also conducted. The practical models were
created using affordable 3D scanning systems, such, as the
Creaform Peel 3 3D scanner from (Creaform Inc., Lévis,
Quebec, Canada), and smartphones like iPhone X, Xs, Xs Max,
Xr 11 11 Pro and 11 Pro Max from (Apple Inc., Cupertino, CA,
USA). These devices were equipped with a TrueDepth camera
for scanning. The scanning process involved an app called
Comb that is recommended for Prosthetics and Orthotics
(P&O) applications. Fig. 1 outlines the research steps starting
with reconstructing the model of the stump obtained from
CT/MRI imaging, including (the internal bones, flesh, and
external residual limb structure), in addition to the usage of the
Peel 3 scanner and Comb scan to capture the limb's external
surface.
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Figure 1. The fundamental steps of the research methodology.

Throughout the process of capturing the limb, challenges
regarding the 3D geometric reconstruction were encountered

involved ensuring the positioning of the patient and stump
during acquisitions, the definition of the marker's points on the
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stump for reference and devising the alignment strategies for
various digital models to establish a protocol with the necessary
precision for socket production. Attention was paid to
biomechanical factors that significantly influence the accuracy
of the virtual model. The next step involves comparing models
generated by each scanning system. These systems are divided
into two groups, each consisting of six scans that were
consistently compared based on a scan from their group.
Subsequently, a comparison between models from both groups
was done against a reference CT scan.

2.1. Capturing Stump Shape
2.1.1. Traditional method

Traditional methods used in creating sockets often require a
hands-on and detailed approach. In these methods, prosthetic
experts must understand the shape of the amputee's residual
limb and make educated assumptions that impact how well the
socket fits. The process involves steps, including comparing
measurements of the sound limb with the measurements on the
residual limb. Additionally, a qualitative assessment is
conducted on factors like muscle strength, joint function, skin
condition, scarring, pain location in the stump, and overall limb
condition. Accurate measurements are taken around the patellar
level and at one-inch intervals towards the end of the stump to
determine stump size. Similarly, measuring from the patella
point to the end of the stump to determine the residual limb
length. Callipers are used to measure anterior-posterior (AP)

and medial-lateral (ML) diameters in the directions of the
condylar level and the patellar tendon level. After taking these
measurements, casting or moulding procedures are typically
carried out as shown in (Fig. 2C), which start by wrapping the
patient's residual limb via cellophane to isolate the liner from
the rest of the materials that will be added. Then, the process of
creating a mould begins by wrapping plaster of Paris (Pop)
bandages around the patient's stump, and the mould is made by
wetting the (Pop) in water. This step captures the shape of the
stump and forms a mould that replicates the topographic shape
of the stump. The prosthetist applies pressure to areas of the
stump that can handle it well to ensure weight distribution
across those regions. The socket model is adjusted manually as
depicted in (Fig. 2H) to improve the weight transfer from the
bones to the prosthetic socket.

After that, in the sculpting process, the prosthetic professional
adjusts how materials are distributed to improve pressure
distribution and reduce pressure on spots like the tibial apex and
other prominent bony areas marked before in the casting
process. These spots are kept uncompressed to avoid pressure
on the limb inside the socket, emphasizing how crucial it is to
achieve a comfortable and stable fit of the prosthetic device.
The traditional modification methods of the plaster rely heavily
on expertise, skill, and artistic judgment. As a result, current
socket design and fitting procedures are mostly subjective,
leading to wide variations. After tuning the mould, the
production of the prosthetic socket begins.

Figure 2. (A and B) The individual was seated during the casting process, with cellophane covering the residual limb with liner.
(C) Plaster of Paris (POP)was then put on. (D) Indentations were identified by pressing both sides of the kneecap tendon and
above the knee joint. (E and F) After removal. (G) The harmful mould was used to form the positive mould once it dried. (H)

The positive mould was generated and shaped.
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2.1.2. Medical imaging

CT acquisition has been performed using high-end professional
SOMATOM Sensation 16 (Siemens AG, Medical Solutions,
Forchheim, Germany) T1 0.5 at Baghdad Scan Medical Centre,
by Dr. A.G. in Baghdad. The CT procedure specifications to
produce a 2D DICOM (Digital Imaging and Communications
in Medicine) file format with the following values: slice
thickness 0.75 mm, Kernel B20f smooth, scan time 23.29s, and
delay 4s. After processing the DICOM data, it was converted to
a bitmap (BMP) format using RadiAnt DICOM Viewer 2023.1,
Poznan, Poland, developed by the Medixant company.

For stabilizing the residual limb in a specific position of knee
flexion at 5 degrees during CT acquisitions, supports were
incorporated into the CT acquisition apparatus and placed under
the thigh of the patient to increase control. Additionally, given
the widespread availability of CT technology and the
preference of orthopaedic surgeons for CT scans over MRI
scans in characterizing the bone structure, the outer surface
representing the skin boundary can be segmented from the CT
image by fine-tuning the grey levels to delineate an area lower
than the skin but higher than the background. This means the
grey level setting should be minimized to differentiate the skin
from the dark background, which provides ease in isolating
anatomical components for analytical purposes.

Afterwards, the DICOM file is 3D reconstructed using a
medical imaging program (InVesalius 3.1.1, Centre for
Information Technology Renato Archer—CTI, Brazil). The
following 3D volume reconstruction resulted in a highly
accurate model of the 3D bone reconstruction and the external
surface. Then, the model is exported in a file format
(stereolithography STL).

For MRI scanning, a 1,5 Tesla Signa Excite GE Medical
Systems was used in Baghdad Scan Medical Centre by Dr. A.G.
in Baghdad. The test parameters were settled with the following
values: FOV 23x23 cm, bitmap dimension 256x256 pixel
obtained using a sequence with Repetition Time (RT) = 5.052
(ms), Echo Time (ET) =2.42 (ms), scan time 4 (min), slice
thickness 3.0 (mm), the distance between images = 0.6 (mm),
and the series description was T1 3D Axial. Images were
captured using a phased array surface coil wrapped around the
limb. When focusing on a particular body part during scanning,
the MRI device produces images sliced according to its settings
and the desired level of intricacy. Every single slice of data is
stored in the DICOM format.

All DICOM data were exported to the application for
processing and displaying medical images (RadiAnt DICOM
Viewer 2023.1, Poznan, Poland), developed by the Medixant
company. MRI slices were affected by noise due to the artifact
caused by the slight leg movement while taking the scan,
causing a loss in detail quality, which needed pre-processing
filtering to improve definition. Nevertheless, a suitable fixture
is readied to alleviate strain on the skin borders with minimal
distortion, and additional supports are positioned beneath the
thigh to minimize the creation of artifacts with the knee flexion
position during the scanning process, However, it is important
to mention that there were difficulties encountered when using
the flexible coil device in conjunction with the MRI machine

that was used for scanningscanning. The GE Medical Systems
1.5 Tesla Signa Excite MRI machine, with its 60 cm bore size,
requires patients to lie, making it challenging to fit both legs
into the device comfortably. This situation necessitates a
slightly larger bore size for optimal functionality. Also, many
coils and protocols covered all the residual limb lengths. It
should also be noted that all these coils and series descriptions
were tested to cover the residual limb length before performing
the test on the patient.

2.1.3. 3D scanning technologies

For 3D sscanning, a white light surface scanner (Peel 3;
Creaform Inc., located in Lévis, Quebec, Canada) was used to
scan the patient's remaining limb. This scanner is renowned for
its measurement capabilities, accurately capturing surfaces
within 0.250 mm/m up to 0.1 mm and operating with a mesh
resolution of 0.250 mm, scanning at a speed of 80 seconds per
meter, having dimensions of 304 x 150 x 79 mm, and weighing
in at 950 grams, which leads to effectively creating accurate 3D
digital models.

Subsequently, the patient was scanned using a smartphone,
specifically an iPhone 11 pro containing an Infrared Structured
Light Projector, a TrueDepth front camera, and a 3D scanning
application (Comb O&P, Chardon, OH, USA) with a scale in
millimetres (mm), an Operational Scanning Range (6 - 21) in
(0.16 - 0.55 M), precision up to 0.70 mm (0.03 in), and accuracy
up to 1.50 mm (0.06 in).

The scanning took place in a lighted room with a temperature
of 24°C, creating ideal conditions for the process. Following all
the steps for 3D scanning, it took 15 minutes to scan the
participant's stump. This involved preparing the scanner and
conducting an inspection. Each scan lasts for around 30
seconds. A support device was used during scanning to keep the
leg at an angle of about 5°.

All the 3D models obtained were post-processed in Meshmixer
(Autodesk, San Rafael, California, USA) CAD software. The
patient's prosthetic socket liner facilitated the smooth 3D digital
reconstruction of the stump, preventing any muscular
contractions or skin issues, such as suture marks resulting from
the surgical operation. Hence, the reconstruction was accurate.

2.2. Accuracy and Precision of the Scanners

Six scans were taken to quantify the accuracy and the intra-rater
variability (precision) with every device scanner (Peel 3, and
Comb application). The accuracy of the camera systems was
evaluated based on their ability to capture the shape of the
residual limb compared to a reference best-fit shape (REF) as
described in Table 1 of Study 1. This evaluation required
aligning and combining six scans from each scanner with the
CT model serving as the reference shape due to its low scanning
time, high accuracy, and precision.

Six scans per system were performed on the participant to
assess the precision and repeatability of the Peel 3 and COMB
scans. These scans were then aligned and assembled based on
the best surface fit (BEST) model alignment as detailed in Table
1 of Study 2. The analysis involved comparing scan 1 to scan 2
- 6 for the Peel 3 scanner and A to scan B-F for the COMB scan.
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Distance vectors describing differences of a specific shape can
be divided into four groups of points deviation, where the range
from 0 mm to 1 mm is considered highly reliable, from 1 to 1.5
mm is considered reliable, from 1.5mm to 2 mm is moderately
reliable, and greater than 2 mm is unreliable. So, only data
points between (x 2) were computed to deal with a range in the
distance vectors. The comparison has been performed in
Creaform VXelementsTM (VXelements, Creaform Inc., Lévis,
Quebec, Canada), which is a simple, powerful, and fully
integrated 3D software platform that works in complete synergy
with all 3D measurement technologies [20].

Table 1. The studies involved in the research:

Study Measuring Data
Accuracy of 13 scans, three scanners, 1
1 scanners Medical scan, and six scans
(excluding MRI) for each 3D scanner
2 Precision of Peel 3 12 scans, six scans per
and COMB scanner
3. Results

Peel three, and the COMB scan application took six scans of the
transtibial residual limb. One CT scan and one MRI scan were
also taken, totaling 14 3D models (Fig. 3). The MRI scan was
excluded due to the incomplete model geometry.

Figure 3. The three-dimensional models resulted for each
system (1 CT model, 2 MRI models, 3 Peel 3 models, 4
COMB models).

3.1. Accuracy of the Scanners

A comparison of the repeat scans from the Peel 3 3D scanner
against the CT scan revealed a standard deviation (SD) between
+ 0.828- 0.907 Fig. 4 with the six 3D models of COMB app
scans was compared subsequently to the CT scan Fig. 5. The
Peel 3 3D scanner exhibited the highest surface height variance
between scans and the CT scan, particularly noticeable in the
frontal area of the stump. The most significant deviations were
identified in the proximal-posterior region of the stump's
popliteal area Fig. 6. This deviation was due to the slight change
in the flexion angle between the two positions. The other
notable deviation in the lateral aspect of the stump was the head
of the fibula and the condyles of the tibia. On the other hand,
for the COMB app, there was an apparent deviation between
scans and the reference (mean standard deviation (SD) range
from £0.823 to 0.877). The deviation is represented in the front,
lateral, and posterior aspects of the stump Fig. 7. The standard
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deviation range for each alignment is summarised in Table 2,
and the accuracy of the Peel 3 and COMB scans concerning the
CT system is summarised in Table 3.

Table 2. Comparison of accuracy and precision (£ mm) for
Peel 3 and Comb Scanners.

3D
scanner
Peel 3
COMB

(SD) against CT
scan (accuracy)
+0.828- 0.907
+ 0.823- 0.877

(SD) According to Best
surface fit (precision)
+0.531- 0.599
+ 0.458- 0.690
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Figure 4. The standard deviation of six Peel 3 3D scanners
against the reference CT scan * all the units in mm.
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o

3.2. Precision of the Scanners Scan B vs. CT scan (COMB )

Scan C vs. CT scan (COMB )

The Peel 3 3D scanner showed a low range of (SD) when
five scans were aligned and compared using the best surface
fit to one scan from the group where the standard deviation
ranged from + 0.531 to 0.599 (Fig. 8, left). The deviation is
concentrated on the proximal-medial aspect of the stump.
Some scans showed a slight deviation in the proximal lateral
aspect (Fig. 9, left). On the contrary, the deviation from
comparing five scans with one scan from the COMB group
showed a higher percentage than the deviation of the Peel 3,
which ranged from + 0.458 to 0.690 (Fig. 8, right). The
anterior proximal aspect of the stump was up to the knee
joint, and the distal end of the deviation region (Fig. 9, right).
Tables 4 and 5 summarise the results of precision for the two
scanners.

Figure 7. COMB scans against the reference CT scan.
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Table 3. The accuracy of the Peel 3 and COMB scans
concerning the CT system.

RMS (mm), relative to the CT scan

Scan N. Peel 3 COMB
1 0.907 0.877
2 0.866 0.823
3 0.828 0.833
4 0.872 0.85
5 0.866 0.834
6 0.907 0.84
Mean + SD 0.87 +0.03 0.84+0.02

Table 4. The precision of the Peel scan for five scans
concerning scan one from the group.

Scan pairs Deviation (mm)

Peel 3

2vsl 0.599

3vsl 0.578

4vs1l 0.531

5vsl 0.581

6vsl 0.599
Mean *+ SD 0.578 + 0.03

Table 5. The precision of the COMB scan for five scans
concerns scan A from the group.

Scan pairs Deviation (mm)

COMB
Bvs A 0.69
CvsA 0.489
Dvs A 0.484
Evs A 0.503
Fvs A 0.458

Mean = SD 0.525+0.1
4. Discussion

The reliability of 3D scanning devices, including the Peel 3
scanner and smartphone apps like COMB, was benchmarked
against CT scans to evaluate their accuracy and repeatability.
The findings indicate that both the Peel 3 scanner and the
smartphone-based Comb app provide sufficient accuracy and
precision for clinical prosthetic applications, with performance
closely aligning with CT scans. Statistical analysis revealed no
significant differences between the two systems in terms of
accuracy (x> = 0.2, p > 0.05). Peel 3 exhibited higher accuracy
for frontal areas but showed deviations in the popliteal region.
Compared with CT Peel 3, it showed high precision and reliable
surface data but was sensitive to limb positioning. Despite
achieving the most favourable outcomes regarding surface
accuracy, the Peel 3 scanner's precision, as specified by the
manufacturer, stands at 0.250 mm, aligning with its resolution
of 0.250 mm. While the COMB app performed similarly, it
displayed marginally higher deviations in the anterior proximal
region. Compared with CT, using the Comb app on the
smartphone was affordable, user-friendly, and portable, with
slightly lower precision. In contrast, the MRI models suffered
from incomplete geometry due to noise artifacts, limited coil

compatibility, and patient discomfort during scanning, which is
why the MRI model was excluded from the study. In future
work, the accuracy and precision of the COMB should be
investigated more to ensure the usage of this application in the
prosthetic field. Acknowledging the limitations of current
studies, such as small sample sizes, is crucial for understanding
the generalizability of results, particularly in transtibial
amputation.

5. Conclusion

This study used four different systems to create a 3D model of
patients with transtibial amputation using CT, MRI, Peel 3
scanner, and smartphone. The results demonstrate that both the
Peel 3 scanner and smartphone with a high-accuracy capturing
camera and the presence of applications that serve the field of
prosthetics, like the COMB app, are capable of accurately
capturing residual limb morphology, offering viable
alternatives to CT, MRI scanning and casting process in
prosthetic design due to its advantageous features in terms of
surface accuracy, accessibility, compact design, and user-
friendly operation. The MRI was excluded due to incomplete
geometry and practical challenges during scanning. At the same
time, the Peel 3 scanner showed slightly higher precision for
frontal and lateral areas, and the Comb app proved to be a
practical and affordable option with competitive accuracy.
Statistical analysis confirmed that the differences between the
two systems were insignificant, making them suitable for
various clinical applications. Future research should include
larger sample sizes to validate these findings and explore
further advancements in 3D scanning technology for prosthetic
applications.
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