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ABSTRACT: 
 
An increasing number of hand-held scanning systems by different manufacturers are becoming available on the market. However, their 
geometrical performance is little-known to many users. Therefore the Laboratory for Photogrammetry & Laser Scanning of the 
HafenCity University Hamburg has carried out geometrical accuracy tests with the following systems in co-operation with the Bochum 
University of Applied Sciences (Laboratory for Photogrammetry) as well as the Humboldt University in Berlin (Institute for Computer 
Science): DOTProduct DPI-7, Artec Spider, Mantis Vision F5 SR, Kinect v1 + v2, Structure Sensor and Google’s Project Tango. In 
the framework of these comparative investigations geometrically stable reference bodies were used. The appropriate reference data 
were acquired by measurement with two structured light projection systems (AICON smartSCAN and GOM ATOS I 2M). The 
comprehensive test results of the different test scenarios are presented and critically discussed in this contribution.  
 
 

1. INTRODUCTION 

In recent years the measurement market has been significantly 
expanded in the lower to middle price segment (EUR 500 to 
20,000) through development of hand-held 3D scanners. The 
typical application fields of these 3D scanners are limited mostly 
to close range, i.e. for measuring tasks with distances under one 
meter up to some few meters. Due to the current technological 
variety within the area of 3D scanning it is a challenge to select 
a suitable scanning system for a specific application. Tallig et al. 
(2015) present a concept and a verification method for selection 
of 3D scanning technology with a versatile catalogue of criteria. 
 
Hand-held 3D scanners are an optimal supplement to terrestrial 
laser scanning. However, due to their favourable price and their 
simple handling these hand-held scanners also potentially 
represent significant competition to the expensive and precise 
structured light projection systems (also known as fringe 
projection).Therefore the question arises, how accurate are these 
3D scanners compared to classical structured light systems (e.g. 
from the manufacturer GOM, Steinbichler, AICON and others) 
and what metric quality can the user expect for the acquired 3D 
data. In this area, some results are already available in the 
literature, e.g. for systems from the gaming industry as well as 
so-called low-cost systems (structured light system David SLS-1 
and Kinect v1/ReconstructMe) for the 3D reconstruction of small 
objects (Hieronymus et al. 2011, Omelanowsky et al. 2013, and 
Boehm 2014). These investigations demonstrate, as expected, 
that the stability and the metric quality of these systems cannot at 
present compete with high-end systems. 
 
In the following contribution geometrical accuracy tests using 
different hand-held 3D scanners will be presented. For these 
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investigations reference datasets that were derived from 
measurements with high-end structured light systems (AICON 
smartSCAN and GOM ATOS I 2M) for different bodies were 
used. 

Figure 1. Reference bodies for the investigations of the hand-
held scanning systems – Testy (left), cross-shaped body HSBO 

with spheres (centre) und granite slab (right) 
 

2. REFERENCE BODIES 

For the benchmarking test the following reference objects were 
used (Fig. 1): four so-called „Testys “(height of 380 mm) from 
the Institute for Computer Science of the Humboldt University in 
Berlin (Reulke & Misgaiski 2012) and geometrically-stable 
reference bodies from the Bochum University of Applied 
Sciences: a cross-shaped body with steel spheres (max. distance 
450mm of five spheres with a diameter of 65mm) and a planar 
granite slab (size 300×300mm²). As a reference object for larger 
surfaces the wall of the 3D test field of the HCU Hamburg was 
used. This had been scanned with a terrestrial laser scanner, 
IMAGER 5010 from Zoller + Fröhlich, with resolution high 
(6mm@10m) using three scan stations. 
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3. TESTED HAND-HELD SCANNING SYSTEMS 

The following hand-held scanning systems (Fig. 2), with selected 
technical data summarized in Tab. 1, were available for the tests: 
three DotProduct DPI-7 (State Office of Criminal Investigations 
Hamburg (LKA), Bochum University of Applied Sciences 
(HSBO) and Dr. Hesse and Partner Engineers (dhp:i)), Artec 
Spider (LKA), Mantis vision F5 Short rank (MexConsult), 
Kinect v1 and v2 (HCU Hamburg), Structure Sensor (Humboldt 
University in Berlin) and Google Tango (dhp:i). In addition all 
objects were acquired with a digital SLR camera Nikon D800 and 
the camera of a smartphone Galaxy Note 1. 
 
3.1 DotProduct DPI-7 

A substantial component of the hardware of the DPI-7 scanner 
(DotProduct, USA) is a PrimeSense sensor, as is also mounted in 
the Kinect v1 (NIR projector as well as NIR and RGB cameras). 
After a cold boot the system needs approx. 20 minutes preheating 
time. The controlling of the sensor is made by a connected 
android Tablet using the software Phi.3D. For the registration of 
the point clouds the sensor data of the internal accelerometers and 
gyroscopes of the Tablet is used. If sufficient overlap is available 
for the scans (control via visual color information at the Tablet), 
an ICP algorithm (Besl & McKay 1992) performs a pre-
registration of scans. After scanning, the registration will be 
optimized by also eliminating incorrect points (e.g. mixed pixel). 
The measuring range of the DPI-7 scanner is between 0.6m and 
3.3m, whereby a short range version with up to 1.2m range 
(system of dhp:i) and a long range version with up to 3.3m 
(systems of the LKA and the Bochum University of Applied 
Sciences) is available. The instrument has the dimensions 

20×24×6cm3. Investigations of the DPI-7 are presented by 
Jahraus et al. (2015), applications by Ahern & Spring (2015). 
 
3.2 Artec Spider 

Artec Spider (Artec 3D, Luxembourg) is a hand-held 3D scanner, 
which was developed particularly for CAD users, to scan small 
items with complex surface structure, sharp edges and thin ribs 
with 7.5 photos or with 1 million points per second. The system 
needs a preheating time of approx. 30 minutes and works with a 
linear field of view between 90×70mm² and 180×140mm². The 
measuring range is between 0.17-0.35m. The Artec Spider uses 
structured light technology (speckle pattern) with blue LED as a 
light source and a color camera with 1.3 megapixels (24-bit 
radiometry) for the texture mapping of the objects. In 
combination with the Artec studio software the system is 
(according to the manufacturer) a desktop tool for designers, 
engineers and inventors of each art. Sample applications of this 
system are published by Adams et al. (2015), Friedman et al. 
(2015) as well as Inzerillo et al. (2015). 
 
3.3 Mantis Vision F5 Short Range 

The Mantis Vision F5 (Israel) is a structured-light hand-held 
scanner with a measuring range of 0.5m – 4.5m (MVC F5) 
respectively 0.3m – 0.8m (MV F5 Short Range). The sensor 
hardware consists of two modules: a video camera and a 
projector, which is integrated in a grab handle. The projector 
emits infrared light on the object (proprietary pattern), which is 
captured as coded light by a video camera. The triangulation 
algorithm calculates a point cloud with 500,000 points/sec. The 
point density in XY is 1.6mm@0.5m distance for each image. 

 
Figure 2. Examined hand-held scanner system (f.l.t.r.) – DPI-7, Artec Spider, Mantis Vision F5, Kinect v2 (top), 

Kinect v1, Structure Sensor and Google Tango (bottom) 

System Measuring procedure 
(SL = Structured Light) 

Range 
[m] 

Precision 
[mm] 

Weight 
[kg] 

Cost 
[EUR] 

DPI-7 (dhp:i) SL - speckle pattern 0.60 – 1.20 2 (@ 1m) < 1.00 5,000 
DPI-7 (LKA/HSBO) SL - speckle pattern 0.60 – 3.30 2 (@ 1m) < 1.00 5,000 
Artec Spider SL - speckle pattern 0.17 – 0.35 0.05 < 1.00 15,700 
Mantis F5 SR SL - speckle pattern 0.30 – 0.80 0.05 (@ 50cm) 1.70 15,000 
Structure Sensor SL - speckle pattern 0.40 – 3.50 0.5 (@ 40cm) 0.10 450 
Kinect v1 SL - speckle pattern 0.80 – 4.00 5 (@ 1.5m) 1.36 100 
Kinect v2 Time-of-flight 0.40 – 4.50 no info available 2.04 200 
Google Tango Time-of-flight 0.50 – 4.00 no info available 0.37 450 
ATOS I 2M SL - Gray code 0.16 – 1.28 0.02 3.50 50,000 
smartSCAN SL - Gray code 0.03 – 1.50 0.009 (plane) 4.00 80,000 

Table 1. Selected technical data of the examined 3D scanners (manufacturer's data) 
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The depth of field of the sensor-system is about 0.3 – 0.8m. 
Because of the low sensitivity, compared to the ambient light, the 
system is usable both in darkness and in daylight. Wrona (2014) 
and Zhang et al. (2015) describe diverse applications of the 
scanner. 
 
3.4 Structure Sensor 

The Structure Sensor had been developed by the company 
Occipital (USA). The sensor has to be adapted to an iPad or 
iPhone6 (Structure App), which communicate via WLAN with a 
PC (Mac OS X or Windows) with a CUDA graphical board. The 
data processing is done using the PC software Skanect Pro. 
Alternatively the processing can be done later, when using a PC 
with a graphical board which is not supported by the software 
(requires increased expenditure of time). Skanect Pro offers 
functions such as reduction of point cloud or elimination of 
artefacts. The sensor itself consists of a NIR laser-projector and 
a NIR camera (resolution 640x480 @ 30fps respectively 
320x240 @ 60fps). Additionally the RGB camera and the attitude 
sensors of the iPad are used. The latter allows a tracing of the 
track during the scanning. Hence it is possible to generate 
textured and oriented 3D scans. The measuring range is between 
0.4m-3.5m, whereat the depth accuracy reduces with rising 
distances: 0.15% (0.5mm) @ 40cm, 0.3% @ 100cm and 1.1% 
(35mm) @ 350cm. All data are transferred to the Skanect Pro 
application in real-time, where they are processed and stored. 
 
3.5 Kinect v1 und Kinect v2 

The Kinect v1 had been developed by Microsoft together with 
PrimeSense as a hardware which controls the video gaming 
console Xbox 360. Quasi it had been the first low-cost 3D sensor 
in the market. The functional principle is described in detail by 
Wujanz et al. (2011). Accuracy investigations are documented in 
Wujanz et al. (2011), Khoshelham (2011), Chow et al. (2012), 
Smisek et al. (2013) as well as Gonzalez-Jorge et al. (2013). 
 
The Kinect v2 is composed of a HD wide angle camera (FOV 
70×60 degrees) with a resolution of 1920×1080 pixels @ 30 fps 
and an IR sensor with 512×424 pixels. Three IR projectors 
actively illuminate the scene to be observed. The RGB camera 
captures the colour information, while the IR camera 
simultaneously acquires depth maps and also IR data in the real-
time. Lachat et al. (2015) present geometrical accuracy 
investigations of the Kinect v2. 
 
3.6 Google’s Project Tango 

Google’s Project Tango combines 3D motion tracking with depth 
measurements, to inform the mobile device about its own 
position and movement in space. It is a tablet, which operates as 
a real-time multi-sensor system for navigation and orientation in 
space. The tablet uses an RGB-D camera with a fisheye lens 
(170° field of view) and a depth sensor to register dense point 
clouds. Additional integrated sensors are: an RGB-IR camera 
with 4 MPixel, a front camera with 1 MPixel and fix-focus, 
accelerometers, a barometer, a compass, GPS and gyros. 
Furthermore an IR projector (from Mantis Vision) and a flash-
light are included. Based on this hard- and software the 3D 
motion is tracked via the motion-tracking camera, position and 
orientation are calculated, and a map of the surrounding area is 
created with 0.25 million 3D points per second. Loianno et al. 
(2015) show that the Google Tango can be used in mobile 
applications (as a sensor on a UAV). An indoor application is 
presented by Winterhalter et al. (2015) and Klingensmith et al. 
(2015). 

3.7 Cameras – Nikon D800 und Smartphone Galaxy Note 1 

Parallel to the hand-guided 3D scanners photos were provided 
with a Nikon D800 as well as with a smartphone Galaxy Note 1. 
The image blocks were processed with the SfM-software Agisoft 
PhotoScan (Rel. 1.2.3.). The Nikon D800 is an actual DSLR 
camera with a sensor size of 35.9×24.0mm2 (CMOS) and 36.3 
million pixels. The smartphone camera has a sensor which is 
clearly smaller, probably 5.7×4.3mm2 (8 MPixel), and a prime 
lens with 3.97mm. Examples of SfM image blocks of similar 
objects were already published by (Kersten & Lindstaedt 2012, 
Omelanowsky et al. 2013). 
 
3.8 Reference systems – ATOS I 2M und smartSCAN 3D 

The GOM (Company for Optical measuring technology) ATOS 
(Advanced Topometric Sensor) I 2M, Braunschweig (Germany) 
is a structured light projection system (Gray code) consisting of 
two CCD cameras with a resolution of 1624×1236 pixel and a 
structured light projector. Depending on the lenses used the field 
of view varies between 500×400mm2 and 250×200mm2. The 
ATOS I 2M had been employed as a measuring and reference 
system in different applications (Kersten et al. 2012, Rau & Yeh 
2012, Kersten & Lindstaedt 2012, Omelanowsky et al. 2013). 
The smartSCAN 3D from AICON 3D Systems GmbH 
(Braunschweig, Germany) is a structured light projection system 
(white light scanner), which operates with the combined Gray-
code/phase-shift technology. The cameras (in this case with a 
resolution of 5 Megapixel) record the structured-light pattern 
(light source: white LED, alternatively green, blue or red) under 
a predefined triangulation angle, with a measuring sequence of 
one second. The scanner works in a measuring range from 30mm 
to 1500mm. Examples of use are presented by Slizewski et al. 
(2010) and Bathow & Breuckmann (2011). 
 

4. DATA ACQUISITION 

All measurements took place on the 5th and 6th of January 2016 
in the Geomatics lab at the HafenCity University Hamburg. At 
various stations data of the reference bodies had been derived 
from handheld 3D scanners, cameras and the two reference 
systems. For the cross-shaped HSBO test body a coating spray 
was used to convert the shiny surface into a matt and bright 
surface.  
 
For data acquisition all scanners have to be passed manually, in 
a slow and uniform movement, around the whole object. The 
collected data is transferred to the connected tablet (Structure 
Sensor, Google Tango, DPI-7) or computer (Kinect, Artec 
Spider) in real time and displayed in the software or app. Fast or 
abrupt movements should be avoided because they will lead to 
signal loss. This can be handled different in the software, e.g. the 
DPI-7 has to be passed again over a collected part of the object 
for re-orientation. The Mantis Vision F5 control unit shows only 
the actual video image and not the captured data, so a possible 
loss of signal can be repaired by registration of segments in post 
processing. The experience of the operator influences 
significantly the speed and quality of data collection. The manual 
movements of the sensor have to be coordinated with the live-
view on the display.  
 
Acquisition time for all scanners is around a few minutes 
depending on the object complexity; two of the systems need a 
preheating time first (Artec Spider and DPI-7). During data 
collection it turned out that the Google Tango was not suitable 
for most of the test objects because the resulting pixel size (in 
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object space) of about 3cm was not sufficient. Thus it was only 
used for the 3D test field. 
 
The Nikon D800 and the Smartphone Galaxy Note 1 were used 
to take a set of images for each object around it at different 
heights. The D800 was used on a tripod because of the high 
exposure values (settings: 85mm focal length for all test objects, 
3D test field 24mm, ISO 200, f-number 22). The image 
acquisition took between 20 and 45 minutes for sets of 40 to 80 
images. The Galaxy sets consist of 28 to 68 images; their 
recording took only three to six minutes without a tripod. 
Calibrated scale bars were placed near the object for scaling in 
post processing. 
 
For the measurements with the structured light projection 
systems ATOS I 2M and smartSCAN the objects were placed on 
turntables. The systems were calibrated before the recording 
started. The data collection is done in a number of single scans, 
which are registered to each other by using small targets stuck 
onto the object (ATOS) or matching aids (small, geometric, 
explicit structured objects), which are placed in object space 
(smartSCAN). For the ATOS system the number of scans per 
object lay between 24 and 120 with the registration accuracy 
differing between 0.023mm and 0.041mm. 
 

5. EVALUATION AND RESULTS 

To evaluate the data from the diverse measurement systems 
multiple formats had to be processed. Some systems delivered 
point clouds (DPI-7), some others already generated 3D models 
on the fly using triangulated meshes (Google Tango, Kinect v1 
and v2) or subsequently using the system software (Structure 
Sensor, Mantis F5, Artec Spider, ATOS, smartSCAN). The 
cameras provided photos (image blocks) as a basis for the dense 
matching of point clouds and meshes (Agisoft PhotoScan). 
Additional observations (three calibrated scales) were integrated 
in the bundle block adjustment, which resulted in accuracies of 
0.1 – 0.6mm. 
 
The reference bodies Testy had been measured in detail and with 
high precision with the fringe projection systems and afterwards 
the modelling had been done with Geomagic Studio 2012. The 
ATOS system generated the reference data sets for Testy 1, 2 and 
3, while Testy 4 was measured with the smartSCAN. The 
guideline VDI/VDE 2634, part 2 and part 3, is an accredited 
standard for acceptance tests (verifying the specified accuracy) 
and reverification (to ensure long-term compliance) of optical 

measurement systems based on area scanning (VDI/VDE 2002, 
2006). Using the framework of well-defined test scenarios 
suitable test objects (artefacts) are employed to determine quality 
parameters. 
 
Following the guidelines, tests were executed using the cross-
shaped body HSBO with spheres and the granite slab. The 
derivable quality parameters are: 
 The quality parameter probing error PS (size) arises from 

the difference between the measured diameter and the 
diameter of the calibrated sphere. 

 The quality parameter probing error PF (shape) is the 
range of the radial distance between the measured points 
and a best-fit sphere. The best-fit sphere is determined 
according to the least-squares method with free radius. 

 The sphere-spacing error SD is determined from the 
difference between the measured and calibrated values of 
the distance between the centers of two spheres. The 
measured distance is derived from the measured values 
obtained from multiple area-based probings. The limit, 
SD, for the permissible three-dimensional sphere-spacing 
error is the quality parameter sphere-spacing error. It is 
determined as a length-independent quantity and shall be 
observed within the entire measuring volume specified. 

 The quality parameter flatness measurement error, RE, is 
the range of the signed distances of the measurement point 
from the best-fit plane calculated according to the least-
squares method. 

To evaluate the datasets and calculate the quality parameters 
Geomagic Studio was used. 
 
5.1 Cross-shaped reference body HSBO with spheres 

Fig. 3 shows the calculated quality parameters probing error. The 
characteristic curves of the reference system smartSCAN refer to 
a comparative measurement with a laser tracker API T3, while 
the other graphs are referenced to the smartSCAN system. 
Related to the probing error PS (Fig. 3 left) it is remarkable that 
some sensors (DPI7-HSBO, Mantis, Galaxy Note 1) point out 
systematic deviations: measurements are too large or too small, 
which indicates a scale problem. Compared to the reference 
system the probing error PS of these systems is around a factor 
5-35 larger. The probing error PF (Fig. 3 right) shows the noise 
behaviour of the sensors. The range of the radial distance 
between the measured points and a best-fit sphere is particularly 
large with the camera systems. A reason for this might lie in the 

Figure 3. Quality parameter probing error (PS / PF) equivalent to VDI/VDE 2634, part 2 
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homogeneous grey surface of the spheres, which had been treated 
with lime spray for the measurements with the scanners. 
However this surface arrangement is less suitable for the dense 
matching. 
 
The results for the DPI-7 handheld scanners are homogeneous for 
all systems and oscillate themselves in the case of the probing 
error PF from approx. 10mm. With the Mantis scanner this value 
is below 2mm on the average. The Structure Sensor shows 
similar amazingly good noise behaviour; here with only 4 mm. 
 
The sphere-spacing errors (Fig. 4) show systematic positive or 
negative deviations for almost all sensors. These effects are 
particularly pronounced with the Mantis as well as with the 
Structure Sensor (on the average approx. 1% of the distance). The 
afore-mentioned scale error is to be assumed as the main reason 
for this behaviour. 
 
5.2 Reference body granite slab 

The charts of Fig. 5 show the results of the flatness measurement 
error RE. A dependence between the arrangement of the object 

surface (granite slab with a coincidental pattern, consisting of 
bright and dark areas) and the measurement principle of the 
particular sensor is also visible here. It is recognizable from the 
data of the structured light projectors (smartSCAN and ATOS), 
that both systems are able to measure the surface with a similar 
quality, although the number of acquired points differs 
significantly. It might be assumed that one reason lies in the 
different principles of the scanners’ projector units (a current 
LED lighting with the smartSCAN respectively halogen light 
with the ATOS) while another reason might be the different 
resolutions of the cameras. 
 
The granite slabs measured by photo triangulation and dense 
matching show a flatness measurement error which is 
comparable to the results of the structured-light projectors. The 
natural texture of the granite slab here surely meets the 
requirements of the dense matching. Systems with active 
projection are disadvantaged in this case. Here, in particular, the 
Structure Sensor supplies comparatively little measuring data 
(approx. 15000 points), which includes extreme skew (Fig. 5 
right diagram). An interesting effect also can be seen with the 

 

Figure 4. Quality parameter sphere-spacing error (SD) equivalent to VDI/VDE 2634, part 3 

Figure 5. Quality parameter flatness measurement error (RE) equivalent to VDI/VDE 2634, part 2. 
Right figure: BLUE – flatness measurement error, ORANGE: standard deviation 
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DPI-7 scanners: obviously there is no direct connection between 
the number of points in the cloud and the surface quality. 
 
5.3 Reference body Testy 

The results of the 3D comparisons are summarized in Table 2 and 
illustrated in Fig. 6. The average deviation shows that the two 
structured light projection systems have very small deviations, 
each of 4 and 12m, and that even the span, which is calculated 
from the difference between the average negative and positive 
deviations, of 30 to 50µm is very low. Thus, the good quality of 
the structured light projection systems is confirmed as a reference 
system with superior accuracy. The best quality, proved by the 
slight deviation of up to 70m and by visual inspection (see Fig. 
6), was achieved with the models that were derived from image 
matching of the D800 data. No other 3D scanner could achieve 
these accuracies. Furthermore, no system could completely 
capture the Testy due to the complex geometry and some systems 
showed obvious systematic scale differences. 
 

5.4 Reference wall of the 3D test field 

The temporary 3D test field in the Geomatics lab includes about 
40 black and white targets (DIN A4 paper) on a wall and two 
pillars in front of it. The dimension of the test field of about 
3×3×2m3 fits well to the measuring range of some of the test 
systems. For the comparison the planar surfaces of the wall, the 
floor and the pillars were used. The 3D test field had been 
scanned as a reference using the terrestrial laser scanner 
IMAGER 5010 from three scan stations. The registration of the 
three scans was obtained with a standard deviation of better than 
2mm. Here only the sensors which promise good results due to 
their characteristics even for larger objects were compared; 
namely the Kinect v2, DPI-7, Google Tango as well as the Nikon 
D800. A registration of the test data sets to the reference was 
carried out using the ICP algorithm. However, for the data set 
from the Nikon D800 registration was achieved using the existing 
test field targets (coordinates of control points). The results of the 
3D comparisons are represented in Fig. 7. 
 

System T #triangles Ø dev. SD Sp 
DPI-7 dhp:i 2 588.221 2.16 2.55 3.86 
DPI-7 LKA 1 466.114 1.17 0.76 1.81 
DPI-7 LKA 2 448.993 1.03 1.09 1.92 
DPI-7 HSBO 1 466.846 0.73 1.21 1.71 
DPI-7 HSBO 2 554.247 2.01 2.16 3.24 
DPI-7 HSBO 3 173.908 1.57 1.19 2.84 
DPI-7 HSBO 4 639.945 0.70 1.18 2.07 
Artec Spider 1 2.621.776 -1.05 0.85 1.60 
Mantis F5 3 4.371.360 0.72 0.67 1.33 
Kinect v1 2 76.703 0,61 3,91 6,60 
Kinect v2 2 80.267 -2,68 4,28 8,52 
StructureSensor 3 99.340 -0.24 1.01 1.63 
Nikon D800 1 2.059.835 0.09 0.09 0.18 
Nikon D800 2 2.609.969 0.22 0.21 0.47 
Nikon D800 4 2.145.685 0.07 0.11 0.18 
Galaxy Note 1 2 322.148 0.64 1.19 2.05 
smartSCAN 2 1.156.735 -0.012 0.02 0.03 
smartSCAN 3 2.626.807 -0.004 0.03 0.05 
 

Table 2. Average deviations [mm] of the Testys (T = Testy, SD = Standard Deviation, Sp = Span) – 3D comparison in Geomagic 
Studio between reference (ATOS, # of triangles ca. 250.000) and test system 

 

 
Figure 6. Deviations [m] of the different Testys (3D comparison in Geomagic Studio, test data vs. reference) (f.l.t.r.) – DPI-7 

dhp:i T2, DPI-7 LKA T1, DPI-7 HSBO T1, DPI-7 HSBO T2, Artec Spider T1, Mantis F5 T3, Kinect 2 T2, Structure Sensor T3, 
Galaxy Note 1 T2, Nikon D800 T1 
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The smallest deviation shows the data sets from the Nikon D800. 
Slight larger deviations appeared only in the close range area at a 
column as well as rough outliers at the transition from ground to 
wall surface, which were manually filtered. For this object the 
Kinect v2 shows a relative good result. Even the wall surface is 
very well represented by smoothing during scanning. Due to the 
flat angle of incidence larger deviations are visible on parts of the 
socket as well as on the ground floor. With the DPI-7 data a 
problem in the registration of single scans occurs as concatenated 
registration with stretched objects. The wall surface is 
represented as a cylinder surface so that the surfaces at the 
boundary deviate clearly from the reference surface. However, 
the potential that the object scanning did not occur sufficiently 
within the boundary regions cannot be excluded. For the 
comparison with Google Tango only a small section of the test 
field was scanned. This relative sparse data set shows large 
outliers at points along the ground floor as well as between the 
surfaces of the columns. 
 

6. CONCLUSION AND OUTLOOK 

In this contribution the results of the comparative geometrical 
accuracy tests for different hand-held 3D scanners were 
presented. The tests demonstrated that the evaluated scanning 
systems currently do not reach the accuracies and the quality of 
the reference data produced by high-end structured light systems. 
However, it should be noted, that not all of the selected reference 
bodies corresponded optimally to the typical range of 
applications of the tested 3D scanners. In principle, the handling 
of these systems is simple. However, the scanning by slow, 
homogeneous movements – around and over the object to be 
recorded – requires appropriate user experience for keeping a 
constant signal and permanent matching between the scanned 
point clouds. The acquisition speed of a few minutes for each 
object is quite high for all presented systems. 
 
Following the guideline of VDI/VDE 2634, part 2 and 3, the 
determined quality parameters (probing error and sphere-spacing 
error) proved the fact that the instrument scale was not precisely 
determined for some hand-held scanners and/or that the sensor is 
possibly not stable due to a mechanical unstable structure. 
Procedures for the field check and/or simple self-calibration 
achievable by any user are both meaningful and necessary. The 
results of the flatness measurement error tests document that the 
image-based acquisition procedures with cameras have very 
small deviations compared to the structured light systems, while 

the systems with active projection show a factor of 8-50 higher 
deviations than the reference system. Therefore, the signal to 
noise ratio of the active scanning systems needs significant 
improvements. 
 
The two systems Mantis F5 and Artec Spider settled in the middle 
price segment could not satisfy the accuracy specifications of 
their manufacturers in the investigations using the reference 
bodies Testy. However, beside the pure accuracy values (average 
deviation and span), the visual quality and the completeness of 
the scanned test objects must also be considered as a criterion for 
the evaluation of the entire quality of an examined system. The 
visual quality of the models was better with the Mantis F5 than 
with the other hand-held scanners. Using the data of the DPI-7 
and the Artec Spider no satisfying models of the reference bodies 
could be generated due to the many holes in the data.  
 
The results of the Nikon D800 were the best of all systems; i.e. 
they show that this camera, in combination with appropriate 
evaluation software, represents a precise and inexpensive 
alternative with respect to the hand-held scanners. The quality of 
generated models from the data from the Galaxy Note 1 was also 
not useful due to the large holes. However, it remains to be seen 
how the new generation of smartphone cameras will perform in 
future tests. It was also shown that the quality of a model 
generated with a specific system depends very strongly on the 
experience of the operator. Further available, but not in this 
document evaluated, data from the Faro Freestyle is ready for 
extended analyses. Future investigations will be carried out in the 
context of alternative test scenarios, e.g. with larger reference 
bodies. Using those reference bodies and a test field a comparison 
with laser scanner measurements seems to also be meaningful, as 
generally the hand-held systems will be able to fill a gap between 
high precision structured light systems and terrestrial laser 
scanners. 
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Figure 7. 3D test field of HCU Hamburg (left), deviations in the test field (right): 3D comparison using CloudCompare (reference 
vs. test data) – Google Tango (top left), DPI-7 HSBO (top right), Nikon D800 (bottom left) and Kinect v2 (bottom right), colour 

scale: green 0mm, red 25mm deviation 

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B5, 2016 
XXIII ISPRS Congress, 12–19 July 2016, Prague, Czech Republic

This contribution has been peer-reviewed. 
doi:10.5194/isprsarchives-XLI-B5-507-2016

 
513



REFERENCES 

Adams, J. W., Olah, A., McCurry, M. R. & Potze, S., 2015. 
Surface Model and Tomographic Archive of Fossil Primate and 
Other Mammal Holotype and Paratype Specimens of the Ditsong 
National Museum of Natural History, Pretoria, South Africa. 
PloS one, 10 (10), e0139800. 

Ahern, C., & Spring, R., 2015. Handheld 3D Capture. 
GeoInformatics, 18 (2), pp. 18-19. 

Bathow, C. & Breuckmann, B., 2011. High-definition 3D 
acquisition of archaeological objects: An overview of various 
challenging projects all over the world. 23rd CIPA Symposium, 
pp. 12-16. 

Besl, P. J., & McKay, N. D., 1992. Method for registration of 3-
D shapes. Robotics-DL tentative, International Society for Optics 
and Photonics, pp. 586-606. 

Boehm, J., 2014. Accuracy Investigation for Structured-light 
Based Consumer 3D Sensors. Photogrammetrie – 
Fernerkundung – Geoinformation, (2), pp. 117-127. 

Chow, J., Ang, K., Lichti, D., & Teskey, W., 2012. Performance 
analysis of a low-cost triangulation-based 3D camera: Microsoft 
Kinect system. The International Archives of the 
Photogrammetry, Remote Sensing and Spatial Information 
Sciences, 39, pp. 175-180. 

Friedman, C., Joel, B. W., Schult, A. R. & Leftwich, M. C., 2015. 
Noninvasive 3D Geometry Extraction of a Sea Lion Foreflipper. 
Journal of Aero Aqua Bio-Mechanisms, 4 (1), pp. 25-31. 

Gonzalez-Jorge, H., Riveiro, B., Vazquez-Fernandez, E., 
Martínez-Sánchez, J., & Arias, P., 2013. Metrological evaluation 
of microsoft kinect and asus xtion sensors. Measurement, 46 (6), 
pp. 1800-1806. 

Hieronymus, J., Misgaiski, M. & Reulke, R., 2011. 
Genauigkeitsvergleich von 3D-Sensoren aus dem Freizeit- und 
Spielemarkt. Photogrammetrie Laserscanning Optische 3D-
Messtechnik, Beiträge der Oldenburger 3D-Tage 2011, T. 
Luhmann/C. Müller (Eds.), Wichmann Verlag, Heidelberg, pp. 
232-241. 

Inzerillo, L., Di Mino, G., Di Paola, F. & Noto, S., 2015. The 
Diagnostics of Road Surface Distresses Through Image-Based 
Modeling Techniques. Experimental Survey on Laboratory-
Rutted Samples. Life Safety and Security, 3 (8), pp. 31-35. 

Jahraus, A., Lichti, D. & Dawson, P., 2015. Self-Calibration of a 
Structured Light Based Scanner for Use in Archeological 
Applications. Proceedings SPIE 9528, Videometrics, Range 
Imaging, and Applications XIII, 95280E. 

Kersten, T. & Lindstaedt, M., 2012. Image-Based Low Cost 
Systems for Automatic 3D Recording and Modelling of 
Archaeological Finds and Objects. EuroMed 2012 - Int. 
Conference on Cultural Heritage, Ioannides, M.; Fritsch, D.; 
Leissner, J.; Davies, R.; Remondino, F.; Caffo, R. (Eds.), Lecture 
Notes in Computer Science (LNCS), 7616, Springer-Verlag 
Berlin Heidelberg, pp. 1-10. 

Khoshelham, K., 2011. Accuracy Analysis of Kinect Depth Data. 
The International Archives of the Photogrammetry, Remote 
Sensing and Spatial Information Sciences, 38 (5/W12), pp. 133-
138. 

Klingensmith, M., Dryanovski, I., Srinivasa, S. S. & Xiao, J., 
2015. CHISEL: Real Time Large Scale 3D Reconstruction 
Onboard a Mobile Device using Spatially-Hashed Signed 

Distance Fields. Proceedings of Robotics: Science and Systems 
2015. 

Lachat, E., Macher, H., Landes, T. & Grussenmeyer, P., 2015. 
Assessment and Calibration of a RGB-D Camera (Kinect v2 
Sensor) Towards a Potential Use for Close-Range 3D Modeling. 
Remote Sensing, 7 (10), pp. 13070-13097. 

Loianno, G., Cross, G., Qu, C., Mulgaonkar, Y., Hesch, J. A., & 
Kumar, V., 2015. Flying smartphones: Automated flight enabled 
by consumer electronics. Robotics & Automation Magazine, 
IEEE, 22 (2), pp. 24-32. 

Omelanowsky, D., Kersten, T. & Lindstaedt, M., 2013. 
Untersuchungen von Low-Cost Systemen zur 3D-
Rekonstruktion kleiner Objekte. Photogrammetrie 
Laserscanning Optische 3D-Messtechnik, Beiträge der 
Oldenburger 3D-Tage 2013, T. Luhmann & C. Müller (Eds.), 
Wichmann Verlag, Heidelberg, pp. 217-228. 

Reulke, R. & Misgaiski, M., 2012. Test body “Testy” for Laser 
Scanning and Optical Systems. Photogrammetrie – 
Fernerkundung – Geoinformation, (6), zum Titelbild. 

Slizewski, A., Friess, M. & Semal, P., 2010. Surface scanning of 
anthropological specimens: nominal-actual comparison with low 
cost laser scanner and high end fringe light projection surface 
scanning systems. Quartär, 57, pp. 179-187. 

Smisek, J., Jancosek, M. & Pajdla, T., 2013. 3D with Kinect. 
Consumer Depth Cameras for Computer Vision, Springer 
London, pp. 3-25. 

Tallig, G., Zender, R. & Lucke, U., 2015. Konzeption und 
Verifikation eines Auswahlverfahrens für 3D-Scantechnologien. 
Proceedings der Pre-Conference Workshops der 13. E-Learning 
Fachtagung Informatik, S. Rathmayer & H. Pongratz (Eds.), 
Munich, pp. 19-27. 

VDI/VDE, 2002. Optical 3-D Measuring Systems – Optical 
Systems based on Area Scanning. VDI/VDE Guideline 2634, 
Part 2, Beuth Verlag, Berlin. 

VDI/VDE, 2006. Optical 3-D Measuring Systems – Multiple 
View Systems based on Area Scanning. VDI/VDE Guideline 
2634, Part 3, Beuth Verlag, Berlin. 

Winterhalter, W., Fleckenstein, F., Steder, B., Spinello, L., & 
Burgard, W., 2015. Accurate indoor localization for RGB-D 
smartphones and tablets given 2D floor plans. IEEE/RSJ 
International Conference on Intelligent Robots and Systems 
(IROS), pp. 3138-3143. 

Wrona, M., 2014. Using Optical NIR Handheld Scanner for 
Close Range 3D Mapping. The 9th International Conference on 
Environmental Engineering 2014, Proceddia Engineering, 
Vilnius. 

Wujanz, D., Weisbrich, S. & Neitzel, F., 2011. 3D-Mapping mit 
dem Microsoft® Kinect Sensor – erste Untersuchungs-
ergebnisse. Photogrammetrie Laserscanning Optische 3D-
Messtechnik, Beiträge der Oldenburger 3D-Tage 2011, T. 
Luhmann & C. Müller (Eds.), Wichmann Verlag, Heidelberg, pp. 
274-283. 

Zhang, W., Wang, C., & Xi, X., 2015. 3D Scan of Ornamental 
Column (huabiao) Using Terrestrial LiDAR and Hand-held 
Imager. The International Archives of Photogrammetry, Remote 
Sensing and Spatial Information Sciences, 40 (5/W7), pp. 491-
494. 

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B5, 2016 
XXIII ISPRS Congress, 12–19 July 2016, Prague, Czech Republic

This contribution has been peer-reviewed. 
doi:10.5194/isprsarchives-XLI-B5-507-2016

 
514



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




