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Abstract

This paper presents a study to quantify the reliability of the automatic reconstruction tool Shapeshift 3D
Repair™ to create watertight, genus 0, precise and accurate 3D surface scan of the human body. Our
methodology uses a precise baseline 3D scan acquired from a full body 3D scanner as an input of a
scanning process simulator that emulates the properties of a common 3D scanner, the Structure™ by
Occipital™, and the behavior of a typical untrained handheld 3D scanner operator. The output of the
simulator is a raw scan (noisy and incomplete). Afterward, the raw scan is fed to Shapeshift 3D Repair™
which outputs a reconstructed scan. We express the reliability of the process in terms of Standard Error
of Measurement (SEM). Using the girth difference between the baseline scan and the reconstructed
scan, we express the compatibility in terms of Signed Mean Difference (Bias) and Mean Absolute Error
(MAE). We compare our results with common reconstruction methods found in the literature and with
other studies about the reliability of 3D Scanning, Plaster Casting and Traditional Anthropometry.

Context: To create custom medical devices and wearables, the patient’'s 3D geometry can be acquired
using a 3D scanner. The raw 3D scans require post-processing as they are often noisy and incomplete.
While organizations using 3D scanners put in place training programs, scans are often of poor quality.
To this day, this issue is a hindrance to business models centered on 3D scanning such as the
novel 3Dscan-to-3Dprint business model; inadequate scans must be manually corrected by the
operators, which is a time-consuming offline process. The study is focused on the simulation of the
scanning process and the scan reconstruction of the knee.

Results: A fully automated and unsupervised cloud processing service for the reconstruction of the
knee has been implemented and is ready to be tested by users and vendors of 3D scanners.
Reconstructed scans exhibit leg, knee and max thigh girth error under 0.1 cm, 0.3 cm and 0.4 cm
respectively with 95% confidence level while producing properly defined surface that are manifold,
genus 0, have good triangle aspect ratio, and have a single surface. With the recent boom of devices
featuring an embedded 3D scanner, we believe that in due time, our technology can be accessible to
millions of users without the needs of industry-specific hardware or skills.

Keywords: Digital anthropometry, 3D reconstruction, 3D scanning, cloud computing, API,
measurements, accuracy, reliability, compatibility, 3D reconstruction, MAD, SEM, Bias, MAE, ICC.

1. Introduction

Commons method for measuring bodies for custom ergonomic products are Traditional Anthropometry
(TA), Plaster Casting (PC) and 3D scanning (3DS). The reliability of TA usually relies on the training of
the user and systematic biases between trained users has been observed [1]-[4]. PC produce
unreliable results [52] as soft tissue tends to distort under pressure and the removing of the cast, which
reduces the repeatability and reliability of the process as it creates additional distortion [5]. Contrary to
TA and 3DS, PC requires shipping if the custom products are centrally fabricated off-site. The shipping
can further distort the shape capture medium and induce delay in the fabrication. Besides PC is
significantly more time consuming than 3DS; cost benefit analysis showed that plaster casting takes 11
minutes on average per event, while foot shape capture through 3DS takes 2 minutes on average per
event [6].

3DS devices have grown in popularity as they are more practical than TA and more reliable than PC
[71, [8]- They allow to capture the actual body shapes, and not just measurements, to create products
such as high-performance 3D orthoses and prostheses [9]-[15]. We can group 3D scanning devices
into two groups, handheld and full body scanners. Stationary, full body, scanners are reliable and not
operator dependent, but they are bulky, impractical to move, expensive and require the often-injured
patient to be brought to the scanner, as opposed to handheld ones. As such, their use has been mostly
limited to research purposes and high precision capture for the entertainment industry [16].
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On the other hand, low-cost handheld 3D scanner use is now common throughout medical applications
(such as orthotics and prosthetics O&P), clothing applications and research as they can be used in
various settings [17]. The penetration of 3DS into custom orthotics varies from region to region, the
amount of podiatrists using 3DS instead of traditional methods to capture the patient’s foot shape is
estimated to be 41% in Australia and 13% in the UK [18]. Like TA and PC, handheld 3DS also shows a
dependency on the skills of the operator while introducing new source of errors linked to the hardware
technical specifications such as resolution, 3D accuracy of the scanner and methods of data processing
[19]. Raw 3D scans from handheld devices most certainly require post-processing as they are noisy,
incomplete and contain unwanted data from the surroundings [20]-[22]. While organizations using 3D
scanners put in place training programs, scans regularly exhibits flaws including, but not limited to, voids
and missing area, stitching problems when registering scan patches, outliers and abnormal rough
surfaces caused by calibration issues. We hypothesize that scans of poor-quality reach production
because even trained personnel fail to correctly assess the scan’s quality. Humans’ incapability to
properly evaluate scan quality has been observed in previous study [23].

To this day, this issue is a hindrance to business models centered on 3D scanning such as the
novel 3Dscan-to-3Dprint business model; inadequate scans must be manually corrected by the
operators of common software such as MeshLab™, MSoft™, MeshMixer™ and Geomagic™ [24], [25].
The use of these software is an offline process that is time consuming. In an orthotics and prosthetics
central fab, it is not uncommon to process a 3D scan much later, when the patient has already left the
O&P clinic. In case of a challenging 3D scan, the central fab technician must either perform a manual
reconstruction of the knee (risking a product with a bad fit) or ask the clinician to reschedule an
appointment to perform another 3D scan.

Moreover, handheld 3D scanners are poised to become common hardware with the potential of billions
of devices integrating 3DS to a certain extent. Even if some attempts of integrating a 3D scanner inside
a mobile phone have not been commercial success [26], they are now experiencing a forceful comeback
as the general public can benefit from the added hardware for depth sensing for biometric
authentication, augmented reality and depth effects in photographs; the iPhone X, Xr, Xs, 11 and 11
Pro now feature a frontal 3D scanner that can be used for 3D Scanning [27]. The sales of iPhone
featuring a frontal 3D scanner now represents 37% of the U.S. mobile phone market [28], [29]. Other
flagship such as the Samsung Note10+ now encompass similar technology [30], the innovation should
continue both in terms of brand adoption as well as, in democratization.

This paper presents a study to quantify the reliability of the automatic reconstruction tool Shapeshift 3D
Repair™ to create watertight, genus 0, precise and accurate 3D scans of the human body. Our
methodology uses a precise baseline 3D scan as an input of a scanning process simulator that emulates
the properties of a common 3D scanner, the Structure™ Sensor by Occipital™, and behavior of a typical
untrained handheld 3D scanner operator. The output of the simulator is a raw scan (noisy with missing
areas), such as illustrated on figure 3. Afterward, the raw scan is fed to Shapeshift 3D Repair™ which
outputs a reconstructed scan. Using the girth difference between the baseline scan and reconstructed
scan, we express the reliability of the process in terms of Standard Error of Measurement (SEM) and
compatibility in terms of Signed Mean Difference (Bias) and Mean Absolute Error (MAE). We compare
our results with common methods found in the literature and with other studies about the reliability of
3DS, PC and TA using rigorous statistical methodology based on [32].

2. Methods

2.1. Design of experiment

Full-body 3D scans were bought from a commercial source offering an end-user license compatible
with the current usage. We have the template-fitted scans of 46 females and 55 males. The average
triangle edge length of the original scan is 4.5 mm. We estimated the spatial trajectory of a handheld
3D scanner operated by an untrained operator and simulated the raw scan output of a Structure™
sensor. We then reconstructed the raw scan and compared it to the baseline scan. To measure the
repeatability of Shapeshift 3D Repair™, three raw scans were generated per baseline scans; the
experiment was designed to exceed the minimal sample size and repetition number for significantly
testing Ho:p=0.8 versus Hi1:p>0.8 [32]. The ICC was evaluated and compared to that of other
reconstruction methods at the 5% significance level with 80% power. To better assess the reliability of
our method, the one-sided 95% confidence interval lower bound ICC was determined.
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2.1.1. Simulated trajectory hypothesis

The behavior of a typical untrained handheld 3D scanner operator was expressed in terms of the spatial
trajectory he/she would do with the handheld device around the patient. It would best to extract real
data from motion sensors of existing handheld 3D scanners to reconstruct the real spatial trajectory.
However, applications such as 3DsizeME™ don’t currently allow the extraction of the spatial trajectory.

Figure 1. Simulated Trajectory for a left leg. Four different fields of views
are shown as the handheld scanner travel along the trajectory.

As this information is not currently accessible, we took the approach of defining the trajectories. To
emulate the scanning procedure of an untrained operator, assumptions are made: 1. Operators do not
naturally walk in a perfectly circular trajectory; 2. To minimize efforts, scan operators hold the scanning
device right in front of them, with the elbow bent at 90 degrees close to their abdomen and do not bend
their knees; 3. 3D scan operators tend to oscillate between the social distance [32] and the
recommended distance value recommended by apps such as 3DSizeMe which is 0.5 m; 4. Scan
operators start in front of the targeted leg of the subject; 5. They then move medially toward the other
leg to scan the medial part of the target leg before going in the opposite direction to scan its anterior,
lateral and posterior part; 6. Normal scanning trajectory mostly stays in the XY plane, but some gait-
related height variation happens during the whole process; 7. The scanner is always aimed at the knee.

These assumptions are converted into 7 basic hypotheses under which our simulated trajectory is
defined: 1. Without noise, the trajectory is an ellipse; 2. The mean vertical position of the camera on its
way back is about 20 cm above the knee; 3. The mean radius defining the trajectory is 0.6 m from the
center 4. The trajectory starts perfectly in front of the targeted leg, facing the model; 5. The trajectory
sweeps in the CW direction (left leg) or CCW direction (right leg) for 60 degrees, and then goes back
for about 270 degrees; 6. Z-axis randomness is added on every point over which the cardinal spline is
interpolated. 7. The simulated camera is always exactly looking at the center of the knee.

2.1.2. Definition of the simulated trajectory
The base trajectory is defined by a set of three independent unidimensional cardinal splines S, (i), S, (i),
S, (). Each cardinal spline is interpolated from a set of points p;,i € [1, n].

Given by both radius R,(x-axis) and R, (y-axis). Given the object we focus (right leg or left leg), centered
at O(x,y,z). Given a mean vertical position h, (7).

Sx(D) = Oy + (R + 1y (1)) sin(t(d) + 6,)
Sy,() = 0y + (Ry +1,() sin(t@) + 8,) (1)
Sz(i) = hz(i) + nz(i)

—160° if right leg

Where 6, = {—135° if left leg
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Every cardinal spline contains p points where p = m + n, where m is the number of points in the first
direction and n, in the second direction.

Then, t takes values

ti-1)- o i € [1,m]
O=1ei-D+ L iem+1n @
0 i=0

(1 ifrightleg
Where d = {—1 if leftleg
All the raw scans are generated usingm = 8andn = 32. The noise functions 7, (i), n, (i) are modeled
on a normal distribution N~(0, 25[cm]), with a minimum distance cutoff value of 40 cm from the model.
The noise function n,(i) is defined as n,(i) =7,(i) sin (8). Finally, once the control points are

generated, we evaluate g points of the cardinal spline on a regular interval t(i) = z—:ii,i € [1,4q], and
insert them in the final trajectory T'(i) = (Sx(t(i)),Sy(t(i)),SZ(t(i))),i € [1,4].

All trajectories are generated using g = 400 points. Every point on the trajectory is equivalent to one
“frame”. Even if a traditional 3D scanner can process at least 54 frames per second, 400 points is
enough to evaluate the areas that stayed hidden during the scanning process [33], and to define the
noise level on the raw scans.

2.1.3. Raw scan extraction

A scanning process is subject to complex lighting patterns, wavelength absorption properties of
materials, practically infinite definition of surfaces, porous, bumpy and hairy surfaces. Raw scans
generated from our simulation will not consider these complex elements, but 5 other criteria are
considered: 1. Angular threshold: Mesh points from surfaces too tangent to the scanner’s orientation
aren’t detected by the scanner; 2. Field of view: Mesh points must be inside the FOV. Following
hypothesis #7, the simulated 3D scanner is always focusing on the knee, the FOV is allowed vertical
and transverse rotations but no longitudinal rotation. Using this information, the field of view of a
Structure™ Sensor has a horizontal angle of 58 degrees and a vertical angle of 45 degrees; 3. Scanner
emitter visibility: Mesh points must be visible to the emitter; 4. Scanner receiver visibility: Mesh points
must be visible to the receiver. The scanner’s emitter and receiver are distanced by d = 6 cm; 5. A box
of dimensions 60 cm (depth) x 60 cm (width) x 80 cm (height) centered on the knee, acting as a filter.

For each position T (i), we iterate through all points of the mesh to verify if it satisfies the 5 criteria. If
satisfied, the point is considered as detected by the scanner. So, for every trajectory frame, we
increment the count on the detected points. Finally, every point under 5 detections are removed from
the mesh, generating the final raw scan.

2.1.4. Noise

On every trajectory frame, a randomly generated noise 7; is added on every raw scan point, following
a normal distribution N(u = 0,6 = P(d)), where P(d) = 0.000004060717d1°74%* [34]. The total noise

on every mesh point is given by:
3 2L i 3
= Vada@o (3)

2.2. Data processing using 3D surface reconstruction methods

Our implementation consists of a cloud processing service via API. All compared reconstruction
methods, including Shapeshift 3D Repair™, have for sole input a raw scan file. We compare Shapeshift
3D Repair™ with well-known reconstruction algorithms, the Power Crust algorithm and the Poisson
reconstruction algorithm [35], [36]. Shapeshift 3D Repair™ add the requirement that scans height must
be aligned with the third dimensional axis (Z-axis).

Due to the similarity in results between many software, we hypothesize that most open-source and
close-source software use the Poisson reconstruction method as their surface reconstruction
implementation. It seems to be the De Facto industry standard; however, the Poisson method produces
mesh lacking certain desired properties. Advance modeling and CAD software require properly defined
surface (manifold, genus 0, good triangle aspect ratio, single surface) to transform the surface in
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NURBS representation. The Poisson method, by design, can’t guarantee a watertight, genus 0 mesh
with good triangle aspect ratio and a single surface. The Power Crust can guarantee a watertight mesh
but cannot guarantee the genus 0 nor produce good mesh quality as indicated in Table 1. Moreover,
the Power Crust can generate triangles with such bad aspect ratio that post-processing methods to
improve the mesh quality might fail. Template base reconstruction method such as the 3D3D method
by IBV guarantees good, high-quality mesh that are manifold, watertight and genus 0. However, they
require a full-body scan to work and wouldn’t work with the raw scan of the knee as define in this paper.
Moreover, a full-body scan in a clinic environment is impractical, either with a full body 3D scanner or
with a handheld device as one is costly and the other one is time inefficient especially when the region
of interest is solely the knee.

Table 1. Qualitative comparison of 3D surface reconstruction methods.

. . High quality Per-body part Single
Method Manifold  Watertight Genus 0 mesh scanning Surface

Shapeshift 3D Repair™ Y Y Y Y Y Y
Power Crust Y Y N N Y N
Poisson N N N N Y N
IBV:3D3D Y Y Y Y N Y

2.4 Analytic procedures

For the reliability analysis, the leg girth was measured at 30 mm intervals from the knee axis. Positive
position values are going upward, toward the abdomen and negative position value are going
downward, toward the feet. As shown on Figure 2, circumference measurements are made on positions
ranging from 180 mm to -180 mm.

Figure 2. Circumference measurement position used for statistical analysis.

For the compatibility analysis, we estimated the Signed Mean Difference (Bias) and the Mean Absolute
Error for each girth measurement between each method and the baseline scan. Moreover, we were
able to calculate a maximum error limit on the circumference for each method using a 95% confidence
interval.

Reconstructions with the Power Crust exhibited too much instability for precise statistical analysis to be
conducted, the reconstructed mesh had holes and t-edges that made the automated measure extraction
impossible.

-19-



Proceedings of 3DBODY.TECH 2019
10th Int. Conference and Exhibition on 3D Body Scanning and Processing Technologies, Lugano, Switzerland, 22-23 Oct. 2019

3. Result and discussion

3.1 Reliability

In table 2A and 2B, we present the SEM and MAD for each 3D surface reconstruction method, from
other Data-Driven 3D reconstruction methods (IBV:3D3D and IBV:2D3D) [38], and from the literature
on TA methods [4],[39]-[48]. Figure 3 shows a baseline scan, one of the raw scans generated from it
and the reconstruction from ShapeShift 3D Repair™. Figure 4 shows a baseline scan and the
reconstructed scan with a color gradient representing the amplitude of the distance between each point
on the reconstruction and the closest point on the baseline scan. Figure 5 shows a representative
reconstruction of all listed algorithms alongside the baseline scan from which they reconstructed the
raw scan.

Shapeshift Repair™ exhibits a 95% confidence interval lower bound ICC higher than 0.999 across alll
girth measurement, no matter their relative position to the knee. The reliability of the procedure can be
observed on figure 7 which shows 3 raw scans generated from the same baseline scans alongside their
reconstructions.

Table 2A. Standard Error of Measurement (SEM) in centimeters of different 3D surface reconstructions
algorithms, Data-Driven 3D Reconstruction (D3DR) solutions (IBV:3D3D, IBV:2D3D) and TA.

Shapeshift 3D Dirichlet- Neumann- Free-
Measurement Repair™ Poisson Poisson Poisson
MAD(SEM) MAD(SEM) MAD(SEM) MAD(SEM)
Max thigh girth (at 180mm) (0.15) (5.89) (6.86) (4.95)
Mid thigh girth (at 90mm) (0.09) (0.21) (3.58) (3.14)
Knee girth (at 0Omm) (0.09) (0.09) (0.09) (0.09)
Leg girth (at -180mm) (0.04) (0.10) (0.09) (0.04)

Table 2B. Table 2A continued.

TA
IBV:3D3D [38] IBV:2D3D [38]
Measurement 4], [39]-[48
MAD(SEM) MAD(SEM) [l\/?AI[D(S]E[M)]
Max thigh girth (at 180mm) 0.10 (0.30) 0.30 (0.60) 0.3-0.9 (-)
Mid thigh girth (at 90mm)
Knee girth (at 0mm) 0.10 (0.30) 0.20 (0.30) 0.26-0.33 (-)

Leg girth (at -180mm)

Figure 3. A baseline scan (left), one raw scan generated from the baseline scan (middle)
and its reconstruction using Shapeshift 3D Repair™(right).
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o
Distance (mm)

Figure 4. A baseline scan of the left leg (left) and a reconstructed scan (right) with a color gradient representing
the distance between each point on the reconstructed scan and its closest point on the baseline scan.

Figure 5. Baseline scan of the left leg (left) and the related reconstruction from ShapeShift 3D Repair™, Dirichlet-
Poisson, Free-Poisson, Neumann-Poisson and Power Crust methods in order, from left to right.

The table 2A and 2B demonstrate that Shapeshift 3D Repair™ has a better SEM than all listed methods,
even in the case of an untrained operator, albeit simulated. Further improvement of Shapeshift 3D
Repair™ should allow to obtain the same reliability across all girth measurements. The testing of both
IBV methods and TA involves the scans of real humans which are prone to body sway and slight pose
change [19], [49] while our method for testing 3D surface reconstruction methods are free of body sway
and pose change.

The purpose of this article being the comparison of various algorithms to automatically reconstruct
scans, no manual work was made to correct the results. This often results in methods other than
Shapeshift 3D Repair™ filling the gap between the legs. Figure 6 displays an example of such gap
filling by the Poisson Reconstruction algorithm. These artifacts explain the increasingly high SEM in
other reconstruction methods as the measurement is made at higher relative position to the knee such
as the Max thigh girth.
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Figure 6. Gap filling between the legs caused by the Poisson algorithm.

e b 9

Figure 7. Comparison of 3 raw scan generated from the same baseline scan and
their reconstruction using Shapeshift 3D Repair™.

When compared to IBV:3D3D reconstruction (which necessitate, low-mobility, costly full body
scanners), it is clear tha a handheld device that is poorly operated, but that scan exclusively the region
of interest, which uses Shapeshift 3D Repair™ as reconstruction method can produce equally accurate
or more accurate results than an expensive apparatus with a data-driven 3D reconstruction. When
compared to another low-cost solution such as the IBV:2D3D method, which uses two photos with Age,
Height and Weight, a poorly operated handheld 3D scan with Shapeshift 3D Repair™ have at least half
of the error of the 2D3D method while not requiring any extra measurements [38].
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3.2 Compatibility

In table 4, we compare the Bias and MAE between the baseline scan and the results of the different
surface reconstruction methods, including results from IBV:2D3D and the Maximum Allowable Error
extracted from the literature [2],[50]. Shapeshift 3D Repair™ has the best Bias and MAE across all girth
measurements. All other studied automatic methods are over the Maximum Allowable Error. No data
concerning the MAD and SEM of rectified plaster casts were found. Multiple casts of the same stump
have been observed to have intra-prosthetist bias of up to 1.4 mm [51] which is equivalent to 0.9 cm
girth bias. Following plaster casting, clinicians must perform cast rectification before manufacturing
orthoses and prostheses. Inconsistency in rectifications of similar casts were observed intra and inter
prosthetists: these variations can reach 2 mm and 1.5 mm in radius respectively. A 2 mm radius bias is
equivalent to 1.3 cm girth bias. Both sources of distortion lead to inconsistency in plaster model shape
and unreliable surface matching [52]. Such values of girth bias largely exceed the max allowable error
[21,[50].

Table 4. Signed Mean Difference (Bias) and Mean Absolute Error (MAE) in centimeters

between baseline scan and the different surface reconstruction methods, and
between IBV:2D3D and 3D3D and Maximum Allowable Error from the literature.

. . Max.
ShageDshlft Dirichlet- Neumann-  Free- IB\;'DZ:;EI?D' Allowable

Measurement Repair™ Poisson Poisson Poisson [38] Error
. Bias(MAE) Bias(MAE) Bias(MAE) . [2],[50]
Bias(MAE) Bias(MAE) Bias(MAE)

Max thigh girth
(at 180mm)
Mid thigh girth
(at 90mm)
Knee girth
(at Omm)
Knee girth
(at --180mm)

0.13 (0.13) 32.4 (32.4) 32.2(32.2) 32.0(32.0) -0.9(1.3)  0.5(0.6)

0.03(0.04) 7.4(74) 72(7.2) 7.1(7.1)

0.1(0.1) 22(22) 22(22) 21(1) -08(1.2) 0.5(0.5)

0.03 (0.03) 0.14 (0.15) 0.13 (0.14) 0.04 (0.4)

As shown in table 5, our fully digital testing methodology allows us to define an upper limit on the
absolute maximum error limit on the circumference using a 95% confidence interval. We also compared
with the Bias and SEM of the absolute maximum error limit between the baseline IBV:3D3D and the
IBV:2D3D method.

Table 5. Absolute maximum error limits on the circumference. |Bias|+1.96*SEM in centimeters.

Measurement Shapeshift Dirichlet- Neumann- Free- IBV:2D3D-
3D Repair™ Poisson Poisson Poisson 3D3D
Max thigh girth
(at 180mm) 0.42 43.9 45.6 41.7 2.1
Mid thigh girth
(at 90mm) 0.22 7.87 14.2 13.3
Knee girth 0.29 1.92 1.89 1.41 1.4
(at Omm)
Knee girth
(at 180mm) 0.11 0.35 0.31 0.12

Shapeshift 3D Repair™ reconstruction offer lower absolute maximum error, BIAS and SEM for all girth
measurements.

4. Conclusion and further work

Through this study, Shapeshift 3D Repair™ has demonstrated the ability to create reliable 3D scans
using handheld 3D scanner considering a user that hasn’t follow a thorough training program, albeit
simulated in our study. An untrained user can create knee scans that respect than the maximum
allowable error [2], [50] with leg, knee and max thigh girth error respectively under 0.1 cm, 0.3 cm and
0.4 cm with 95% confidence level while producing properly defined surface that are manifold, genus 0,
have good triangle aspect ratio, and have a single surface. The surface can be easily imported into any
CAD package to create 3Dscan-to-3Dprint devices.
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A fully automated and unsupervised cloud processing service for the reconstruction of the knee has
been implemented and is ready to be tested by users and vendors of 3D scanners. With the recent
boom of devices featuring an embedded 3D scanner, we believe that in due time, our technology can
be accessible to millions of users without the needs of industry-specific hardware or skills.
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