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1. Introduction

Sockets for prosthetic limbs or orthopaedic aids are
usually designed by measuring the relevant area through
plaster wrapping, which is a tedious process involving wrap-
ping multiple layers of plaster and waiting for it to harden.
Such a process leaves a lot to be desired in terms of cleanli-
ness, simplicity and speed, all of which can be improved by
using 3D scanning instead. Current applications of 3D scan-
ning for human body measurement mostly involve manual
capture via handheld scanners, which often violates the op-
timal movement speed to resolution ratio, inflating scan-
time and error margins.

3D scanning of humans is a relevant field, which is
highlighted by a multitude of influential research papers
published in the past 5 years. Some research is review fo-
cused, summarizing existing scanning technology, use cases
and issues in the field [1]. There are promising examples of
uses for 3D scanning of people, such as measurement for
custom hip brace manufacturing [2] or model acquisition for
surgery simulation [3]. Some other noteworthy findings in-
clude facial scanning tests, where mean surface errors below
1 mm were recorded, confirming clinical viability of scan-
ning for human anthropometry measurement [4, 5]. Hand
specific scanning evaluations revealed the potential issues
that can arise in such application and what deviation values
to expect [3, 6, 7]. Regarding error, other studies tend to ac-
cept <1 mm average deviation but use experienced operators
and long acquisition times [3, 8], which are more susceptible
to problems related to inconsistency. Other useful studies
are low-cost solution examples [9] and automatically gener-
ated prosthetic socket design [10].

The aim of this paper is to test for ideal motion
speeds for a laser triangulation-based 3D scanner, which is
mounted on a robot arm in order to ensure a certain speed is
kept and to eliminate discrepancies in motion path. The
mentioned robotic system is to be used on a manufactured
replica of a human arm to quantify the velocity versus accu-
racy trade-offs that the different speeds provide.

2. Methodology

As this was not explored in recent similar studies,
it is deemed significant to test the effects of scanner move-
ment speed on scanning accuracy. The most reliable way to
achieve that is to utilise a robot for scanner motion control,
which allows for more precise testing than human motion
can ever be. There are two main pieces of hardware that are
used in the semi-automated robotic system, the first is ABB
IRB 1200 robot arm, manufactured by ABB Robotics, based
in Switzerland and Sweden, capable of carrying a payload

of 7 kg in 6 separate axes of motion and repeatability of
+- 0.01 mm. The second is the scanner HandyScan 700
(2015 ed.), manufactured by Creaform, based in Canada, it
works with the laser triangulation principle and is able to
capture 480,000 measurements per second, at a resolution
of up to 0.2 mm. The scanner is attached to the robot tool-
head via a custom designed adapter that is rapidly manufac-
tured using fused filament fabrication with polylactic acid
(PLA). This is sufficient to hold the scanner securely since
it only weighs approximately 0.85 kg. The final experi-
mental setup that was used is displayed in Fig. 1.
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Fig. 1 Experimental setup of robotic system, here: / — ABB
IRB 1200; 2 — adapter; 3 — HandyScan 700; 4 — 3D

printed arm; 5 — see-through supports; 6 — control
panel

In order to test the system parameters, a static hu-
man arm replica had to be manufactured, since a real hand
would involve inherent movement due to biological factors,
as well as possible angle changes of the wrist or elbow, lead-
ing to difficulties in comparing scans. This hand replica,
which was also manufactured using 3D printing, is placed
around the centre of the robot arm table, on top of two trans-
parent supports, which are mostly invisible to a laser scan-



ner. For better scanner performance and orientation pur-
poses, the static hand is covered with a grey-matte primer
and 40 targets are placed all around it, with a focus on more
sudden curvature change areas. To attain a better 3D per-
spective, targets are also placed on the surface below the
subject, 30 in total were placed approximately 10 cm apart.

Regarding motion path, best results overall were
displayed by three half-circle sweeps of 335 mm radius,
with forward advancement of 120 mm between them. The
robot path is visualised in simulation software “RobotStudio
20257, shown in Fig. 2. Full circles were impossible to
achieve due to the required distance of minimum 300 mm to
the subject and limited robot reach, which in turn required
two scans to be conducted per test — one for the top and the
other for the bottom of the hand replica. Since the scanner’s
software (VXelements 12) has full functionality for scan
merging, it was possible to easily attain complete hand
scans. This was further facilitated by the large amount of
targets used, resulting in at least 3 matching points for top
and bottom scans.

Fig. 2 Final robot path visualization in “RobotStudio 2025”

The main experiment conducted was testing of the
relationship between scanner resolution, motion speed,
standard deviation and captured surface area. After experi-
mentally determining that the best laser exposure time for
this application was 2 ms, several scan sequences were run
at varying maximum motion speeds. The robot arm has pre-
set speed configurations that only change the maximum
toolhead speed, while other metrics, such as orientation
speed (500 °/s), linear external axis speed (5000 mm/s) and
rotating external axis speed (1000 °/s) remain static; each
preset is prefaced with a “v” and then a number (e.g.
“v100”). The fact that maximum orientation speed remains
the same in all presets, combined with the nature of this pro-
grammed movement (almost purely circular) resulted in di-
minishing returns past 1000 mm/s maximum toolhead
speed, as shown in Fig. 3. According to robot arm manufac-
turer specifications, this orientational speed cap cannot be
further increased, so toolhead speed presets of v1500 and
v3000 do not have significant practical applications in this
use case. However, results still displayed worsening accu-
racy at speeds beyond 1000 mm/s and were therefore in-
cluded in the tests and their results.
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Fig. 3 Graph of toolhead movement speed and total scan
time

Testing was carried out with 7 different movement
speed presets (v100, v300, v500, v800, v1000, v1500,
v3000), at 4 scanner point cloud resolutions (0.2, 0.6, 1.0,
2.0 mm), slowest time was 40 s, fastest — 108 s. Each con-
figuration had 3 repetitions for both the top and bottom rep-
lica hand scans, with the average being used in comparisons
and plotting. Scan results were evaluated also by using the
scanner’s software (VXelements 12), where a reference
mesh is imported, which was the original hand mesh used
for fabricating the replica, and then compared to merged
scan results. Two main metrics were assessed: scan surface
area, which shows how complete a scan was and how usable
it could be; surface standard deviation, showing how far
away points of the captured mesh are from the reference sur-
face on average. Figures below highlight the results that are
seen when evaluating scan accuracy, Fig. 4 shows a color-
map that is generated on the mesh, Fig. 5 displays error dis-
tribution.

Color map 1

Fig. 4 Colormap view on the mesh in “VXelements 12”
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Fig. 5 Error distribution chart in “VXelements 12”
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4. Results

As illustrated in the graph of speed vs covered sur-
face area shown in Fig. 6, all of the tested resolutions
achieved highest area coverage at 100 mm/s speeds, show-
ing that overexposure benefits scan completeness. The
standard deviation results, displayed in Fig. 7 indicate that
decreasing scan resolution allows for faster movement
speeds, even beating lower ones. This shows a clear trend,
the higher the resolution, the more surface area can be cap-
tured per second in a sweep. For 0.2 mm resolution, devia-
tion values peaked at 100 mm/s, while for 0.6, 1.0 and 2.0
those peaked at 300, 500 and 1000 mm/s respectively. The
highest resolution of 0.2 mm was, as expected, the most ac-
curate, but significantly more prone to scanning errors and
unusable at higher speeds as surface area completely tanked.
All tests stayed within clinically acceptable norms of
+ 1 mm deviation, which is relevant for rigid sockets and
some orthopaedic devices.

It is not entirely certain which configuration is best,
although some suggestions can be inferred from the data.
Recommended configurations for human limb scanning are
resolution of 0.6 mm at 300-500 mm/s speeds, as these
seemed to perform overall the best. For more rapid applica-
tions, lower resolutions would have to be used as the high
ones start to lose surface area with increasing speeds. Other
results, such as average error peaks presented in Table 1,
suggest that higher speeds and lower resolutions also in-
crease error margins, which once again favours the 0.6 mm
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Fig. 6 Plot of toolhead movement speed vs surface area at 4

resolution. In future studies, it would be beneficial to test a
more recent scanner that can capture more points per second
(1 million or above), which should allow for much higher
speeds even at high resolutions.

As mentioned before, surface standard deviation is
by far the most reliable metric at evaluating scan accuracy.
There are other metrics that can provide insight however,
such as maximum and minimum error values. Table 1 dis-
plays the average values retrieved in this study, where a sim-
ilar trend to standard deviation can be seen, with higher res-
olutions resulting in lower errors. These results are not as
uniform however, with some values seemingly not changing
or fluctuating at random, which could be caused by vibra-
tion during robot motion, especially present at higher
speeds. In some literature, clinically acceptable error mar-
gins are said to bex 1 mm, which in this case would be only
accepted for 0.2 and 0.6 mm resolutions at the lowest speed
setting. However, since this metric does not appear as de-
pendable numerically, with values changing only slightly
with differing settings and resolution does not affect it as
significantly as standard deviation or surface area coverage
did.

In general, tests were successful and showed that
there is an ideal speed for each scanner resolution, which is
also dependent on the maximum points per second that can
be recorded. Regarding scan merging — some tests were
done to assess whether it has any significant impact on re-
sults. After 7 scans under identical conditions, surface
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Fig. 7 Plot of toolhead movement speed vs standard devia-
tion at 4 different resolutions (0.2, 0.6, 1.0 and

different resolutions (0.2, 0.6, 1.0 and 2.0 mm) 2.0 mm)
Table 1
Average values of minimum and maximum errors reported in tests
Speed 0.2 mm 0.6 mm 1.0 mm 2.0 mm
Preset, K K K K
mm/s Min. error, | Max. error, | Min. error, | Max. error, | Min. error, | Max. error, | Min. error, | Max. error,
mm mm mm mm mm mm mm mm
v100 -0.684 0.889 -0.653 0.938 -1.642 0.914 -1.660 1.804
v300 -0.667 1.645 -1.141 0.412 -1.417 0.755 -1.724 1.951
v500 -1.308 1.774 -1.337 0.739 -1.596 1.506 -1.816 1.949
v800 - - -1.159 1.689 -1.475 1.429 -1.909 1.956
v1000 - - -1.198 1.695 -1.675 1.707 -1.530 1.961
v1500 - - -1.205 1.656 -1.617 1.521 -1.933 1.860
v3000 - - -1.258 0.902 -1.482 1.528 -1.447 1.995
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standard deviation varied by no more than 0.05 mm when
comparing merged and non-merged scan accuracy. Simi-
larly, scanner noise was evaluated to be 0.0277 mm on av-
erage, which was retrieved by comparing said scans to each
other. Although scan merging is not an issue for static hand
replica measurement, it would likely cause problems for real
human scanning. In order to prevent this, it is recommended
to switch to a robot arm with higher reach that can cover all
of the hand’s surface area, rather than the ~70 % possible in
this system configuration. Furthermore, supports should be
improved such that motion blur is avoided, which could sig-
nificantly deteriorate result accuracy. It is also worth noting
that for literal human scanning, safety measures must be put
into place to ensure no accidents occur in the form of colli-
sions.

5. Discussion

All in all, this study found that automation of the
handheld scanner can improve scan accuracy by ensuring a
consistent, ideal movement speed for the specific scanner
and its parameter configuration. Results can easily be ex-
trapolated to other robots and scanners, as the core principle
remains unchanged regardless of what hardware is used.
With some further research following up on this concept, it
would be possible to mathematically derive an equation that
calculates the ideal movement speed for a given scanning
device, which limits points per second captured and the cho-
sen resolution.

Practical implications of this work are also im-
portant, especially in clinical settings. Although some fur-
ther development of the system is needed in the form of
choosing a robot arm with longer reach and better human-
safety, as well as improved supports that could better ac-
commodate a real human limb, which would also in turn al-
low for both leg and hand scanning. After such advance-
ments are made, automated human scanning has significant
potential in orthopaedics and prosthetics, particularly when
it comes to the measurement and prototyping part of manu-
facturing aids. Essentially, 3D scanning is not implemented
widely enough in such settings mainly due to the sheer
amount of know-how needed to troubleshoot issues and
conduct scans often, not to mention the time costs. Automa-
tion of such a process would allow for rapid prototyping of
socket joins for prosthetics and orthoses, which would re-
duce the number of visits needed to the clinic, helping pa-
tients. Looking further into the future, it would be possible
to set up autonomous scanning kiosks that offer scanning
services for patients locally, without needing to wait long
for multiple visits to the specialised doctor.

Another closely related topic is rapid manufactur-
ing, including methods such as fused filament fabrication.
This can directly take scanning results retrieved and create
a negative that could be manufactured as a prototype to test
patient comfort and quality of the fit. A problem in this field
is the manufacturing of complex planes, which are often dif-
ficult to print and end up inaccurate or outright fail to be
completed. To solve that, it could be possible to implement
incremental sheet-forming (ISF) via robot arm for example.
ISF is a method of forming a sheet of material gradually
without the use of a die into a desired 3D shape. Some of
the advantages are high flexibility, low cost, easy to proto-
type, although the accuracy is limited. This technology was
tested shortly with the same robot in this work, Fig. 8 depicts

the system setup for such testing and in Fig. 9, an example
result of a formed socket prototype for an elbow is shown.

Fig. 8 System setup example of plastic sheet forming, here:
1 — ABB IRB 1200; 2 — toolhead with rounded end
for smooth pressing; 3 — printed sheet holders to keep
samples in place; 4 — formed metal sheets

Fig. 9 Example formed part, negative of a knee

6. Conclusions

1. The semi-automated scanning system, including
the robot arm ABB IRB 1200 and the handheld scanner
HandyScan 700 was implemented successfully. Due to lim-
itations in robot reach, full scans were not possible and had
to be done separately for both sides of the hand, which are
then merged. No significant difference was recorded be-
tween merged and non-merged scans. A 3D printed replica
of a person’s hand was used instead of a real one in testing
in order to ensure no motion blur or joint angle change oc-
curred. The system was able to scan a limb in 40-108 sec-
onds depending on the speed setting, with noise of
0.0277 mm on average.

2. Motion speed of the robot toolhead had a notice-
able impact on surface standard deviation, showing benefits
of automation beyond simply reducing random errors and
speeding up the process. Specifically, for resolutions used
(0.2, 0.6, 1.0, 2.0 mm), deviation reached a minimum at dif-
fering speeds (100, 300, 500, 1000 mm/s respectively). The
lowest recorded standard deviation was 0.039 mm for the
0.2 mm resolution at 100 mm/s speed.

3. The system is not fully ready for real human
scanning due to missing safety measures and inability to
scan the entire surface in one go (only ~70%), as well as
inadequate supports for motion blur reduction. All of these
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issues can be solved by utilizing a different robot arm, which
would have longer reach and more human-safe features.
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D. Akulovas, A. Kleiva, D. Eidukynas

INVESTIGATION OF ROBOTIC SYSTEM
PARAMETERS FOR 3D SCANNING HUMAN LIMBS

Summary

This paper presents the investigation of motion
speed effect on scan accuracy and in turn, automation bene-
fits for a semi-automated 3D human limb scanning system.
The robot arm ABB IRB 1200 was used in combination with
HandyScan 700 handheld scanner to scan a human hand rep-
lica, achieving average noise of 0.0277 mm. It was found
that for each resolution setting of a scanner, there is an ideal
motion speed that maximizes accuracy. In this case, resolu-
tions 0f 0.2, 0.6, 1.0 and 2.0 mm were tested at max toolhead
speeds 100, 300, 500, 800, 1000, 1500 and 3000 mm/s,
where minimal standard deviation values were found at 100,
300, 500, 1000 mm/s speeds for each resolution respec-
tively. Further development is needed in order to adapt such
a system for real human limb scanning, such as longer robot
reach, human safety measures, improved supports.

Keywords: 3D scanning automation, 3D model accuracy,
laser triangulation.
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