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Abstract 

In medical field, a growing interest is now focused on non-invasive diagnostic 3D image-based methods. The aim of this work is to 

develop a powerful, easy and low cost scan-system, based on close-range photogrammetry, capable to perform a complete 

acquisition of a non-static subject over 360°. The proposed scanning system has some advantages compared to the scanning 

systems traditionally used in medical field for human application, it is a non-invasive systems alternative respect to laser and 

structured light scanners, and demonstrate to be accurate and reliable for medical diagnostic application on human body. 
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1. Introduction 

Digital human modelling is very useful in the areas of 

customized textile product design, multimedia games, 

and virtual reality [1], as well as in medical 

(orthodontics, orthopedics, surgery, etc.), human 

engineering, anthropometry and forensic applications 

[2],[3]. 

A study over three different scanning systems, laser 

surface scanning (Minolta Vivid 900), Cone Beam 

Computed Tomography and 3D stereo-photogrammetry 

(Di3D system), shows that non-contact methods are so 

accurate and reliable that they can be used for research 

and clinical use as well [4]. The human body is a living 

organism in constant motion; it is subject to variations in 

shape from external (gravity) and internal factors. Shape 

variations of a subject are induced by changes in facial 

expression, sway, respiration, body fluid distribution, 

shifts in pose, pulsation of the blood and motor reflex 

correction for control of postural stability. So, subjects’ 

involuntary movements can potentially influence 

measurements and this is the most invalidating source of 

error in a scan of a non-static subject [5]. It would be 

possible to minimize this problem by using a glass 

support which fix the subject during the scanning 

process, without blocking the scanning light [6], but this 

solution presents other problems related to refraction 

errors introduced by the glass. The best solution to this 

problem seems to be provided by photogrammetry.  

In [7]-[9], the authors presented a 3D 

photogrammetric face scanner, and demonstrate that 

among non-contact method, stereo photogrammetry is a 

very suitable technique for human scanning, because of 

the possibility to reduce the errors related to subjects’ 

involuntary movements, as well as the possibility to 

avoid the risks related to the patient exposition to 

ionizing radiation, arising from the use of non-contact 

method such as X-ray tomography, traditionally 

employed for human scanning in medicine. 

There are different photogrammetric scanners which 

can be used in human applications: Cyberware, Vitronic, 

Hamano and TecMath which use a laser projection 

systems or TC2, Wicks and Wilson, Telmat, and 

Hamamatsu which use a light source and various 

techniques for capture. Anyway, these scanners differ 
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considerably in price (US$ 50’000 – 410’000), 

resolution (1 - 8 mm) and speed (0.2–3.0 s) [10]. 

In a previous work, a whole 360° body scanner, 

stereo photogrammetry based, was presented by Percoco 

[11]: six uEye UI-1480 video-cameras were used to 

obtain a whole 360° three-dimensional model of an 

human body. In that work it was shown how stereo 

photogrammetry technique can be applied over a human 

body, to meet the growing needs of mass customization 

in apparel industry. 

In this paper a powerful, easy and low cost scan-

system, based on close-range photogrammetry, has been 

developed, with the purpose to perform high accurate 

measures over non-static subjects, suitable for digital 

human modelling in medical field, such as post-

operative evaluation of surgeries (e.g., breast 

augmentation, abdominoplasty, etc.), or to make custom 

medical devices (e.g., corsets for the scoliosis correction 

or other posture problems). The study was organized 

into two steps: first, it was realized a particular 

calibration process which allowed to achieve high 

accuracy camera calibrations, and then, it was studied 

the precision and the accuracy of the proposed body 

scanning system, for application over both, static and 

non-static object. 

2. Equipment 

The quality of the digital camera greatly influences 

the result that it is possible to achieve with a 

photogrammetric scanning system: high quality cameras 

and high quality lenses, assure better image quality (less 

distortion and aberration) and thus, allow to obtain a 

very accurate 3D digital model. But the higher the 

quality of the equipment, the higher would be the cost of 

the same.  

The proposed body scanning system has been made

 

trying to reach a compromise between the accuracy and 

the cost of equipment. For this purpose, eight low cost 

digital cameras (Canon Power Shot A480) have been 

used. Canon Power Shot A480 has 3648x2736 Pixel 

resolution, and result suitable for a photogrammetric 

multi-camera system, for their handling and size  

(Dimensions = 92 x 62 x 31 mm, Weight = 140 g). The 

lens is an ultra-wide angle (focal length of 6.6mm), 

suitable for very large scenes. The aperture is f/3, that 

means a large aperture that allows to let in more light 

with a sufficient depth of field. The sensor of a camera 

greatly influences the quality of the photo. Bigger 

sensors generally produce better photo quality, but the 

bigger the sensor the higher the price. Moreover, larger 

sensors require larger cameras (because requires a larger 

lens and more space for supporting electronics), and this 

reduces the handling and the suitability for a multi-

camera system. Once again, the choice of a Canon 

Power Shot A480, with a Charge-Coupled Device 

(CCD) 1/2.3" sensor format (1.69 10
-3

 mm Pixel size), 

represents a compromise having an acceptable accuracy 

and the lowest cost of equipment.  

The cameras were mounted in pairs on a tripod, with 

a B distance between the cameras, and the H distance of 

the object having B/H approximately 0.2 (Fig. 1), and 

with a low separation angle. The four tripod were then 

positioned at ±45° and ±135° respect to the subject, with 

the aim to obtain a good overlap of the images, a very 

important condition for the success of the project [12].  

Moreover, four white light lamps were used in 

addition to the flash supplied with the cameras, to ensure 

optimal and homogeneous exposure conditions. Finally, 

to synchronize the shots of the cameras, a modified 

firmware was installed on each device. This allowed the 

remote release by cable, on USB gateway, driven by a 

remote control. The data transmission to the computer, 

was carried out through the wireless SD cards installed 

on the cameras.  

3. The cameras and optics calibration 

The camera calibration is a very important factor, 

which affect the accuracy of a photogrammetric 

scanning system, especially when low cost consumer 

cameras are used. This process is useful for building a 

physical model of a pair camera/lens, through his 

geometrical parameters, which is essential in order to 

correct some systematic errors, generated by lens 

distortions and aberrations. Thus, the more accurate is 

the camera calibration, the more precise and accurate 

will be the final result.  

The cameras of the proposed body scanner system 

were calibrated with a two-step calibration process (as 

suggested by PhotoModeler Scanner® 2010). The first 

step is the Self-Calibration (SC), done with flat sheets 

 

Fig. 1. Layout of the body scanning system. 

 

Fig. 1: Layout of the body scanning system 
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with dots, followed by a second one, called Full-Field 

Calibration (FFC) performed with a 3D calibrator.  

The FFC allows to calibrate the cameras with 3D 

specimen, having similar dimensions of the real objects 

to be scanned, at the distance and focus setting that will 

be used for the real future applications. Both calibration 

processes, SC and FFC, are articulated into two phases: 

in the first one (manual phase) the operator take the 

pictures, in the second one (automated phase) the 

pictures are acquired and processed by the software. 

The manual phase was conducted by fixing each 

camera, one by one, on a tripod, while the calibrator was 

fixed to an articulated joint. Then, a set of photos was 

acquired with each camera, by setting the focus center 

coincident with the center of the subject.  

The automated phase was carried out with the 

photogrammetric software PhotoModeler Scanner® 

2010, which calibrates the cameras and optics on the 

basis of the D. C. Brown model [13]. This model take 

into account the following internal orientation 

parameters: the principal distance c, the principal point 

coordinates x0, y0, three correction terms for radial 

distortion (K1, K2, K3) and two correction terms for 

decentering distortion (P1, P2). The mathematical basis 

of the calibrating process is the collinearity model 

reported in Eq. (1).  
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Where X0,Y0,Z0 individuate the perspective center in 

the world coordinate system and R is the rotation matrix. 

The formulas in Eq. (1) are used to relate the 3D 

coordinates of the points in the world coordinate system 

X, Y, Z, with 2D coordinate in the image coordinate 

system x, y, z (Fig. 2). Both coordinate systems are 

related to each other by internal orientation parameters 

(characteristics of the camera), and external orientation 

parameters (the position of the camera in the two 

reference systems). The terms ∆x and ∆y, are the image 

coordinate perturbation terms. The lens distortions 

compensation is realized by applying Eq.(2).  

               

               
(2) 

The coordinates xc, yc locate the corrected image 

point respect to an origin positioned in the principal 

point; drx and dry, are the x and y component of the 

radial lens distortion correction and dpx and dpy, are the 

x and y component of the decentering lens distortion 

correction.  

The radial lens distortion is radially symmetric 

respect to the principal point and it is calculated by 

applying Eq.(3).  

                      
                     (3) 

with  

  √      

Decentering distortion is often not modelled because 

its contribution is much smaller than radial lens 

distortion [14]. However, to achieve the highest 

accuracy measurements, decentering distortion has to be 

take into account. 
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The Eq. (4) shows the formulas used by 

PhotoModeler Scanner® 2010 for the decentring 

distortion compensation. 

3.1. The Self Calibration 

The procedure for self-calibrating a camera is based 

on the solution of a bundle-adjustment calculation, 

performed considering as unknowns the six external 

orientation parameters (X0, Y0, Z0, ω, φ, κ) which 

identify the camera in the world coordinates system, and 

the internal orientation  parameters of the camera (c, x0, 

y0, K1, K2, K3, P1, P2).  

The algorithm of a SC is able to identify some known 

geometries in the images, that are called calibration grid 

(flat sheets on which there are four control points and a 

 

Fig. 2. Representation of the image and the world coordinate systems. 

The perspective centre and the principal point are denoted by O and 

PP respectively. 
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pattern of dot). Knowing the coordinates of a certain 

number of grid points, it is possible to solve the 

calculation of bundle-adjustment. The pictures were 

acquired and processed by PhotoModeler Scanner® 

2010.  

The results of the SC are not satisfactory, because the 

process generates a too simplified model. Since low-cost 

consumer cameras have been used, the poor quality of 

the lenses induces some distortions in the images, that 

cannot be modelled with a simple SC process. In fact, by 

applying the algorithm, the software fails to converge to 

a certain value, and set that particular parameter to zero. 

In this case, K1 is the only distortion parameter that the 

software was able to calculate, this means that the 

camera model is not able to compensate adequately the 

lens distortions.  

3.2. The Full Field Calibration 

The FFC process is able to build a model of the pair 

camera/optic by using a particular three-dimensional 

calibrator. For this purpose a modular solid 3D calibrator 

was realized (Fig. 3).  

The peculiarity of this calibrator, compared to the flat 

sheets, is to have three levels of height, that allow to 

consider the 3
rd

 dimension of the specimen during the 

calibration. The solved calibration parameters, are 

shown in Table 1.  

According to the expectations, the FFC produced a 

very good model, which take into account the effects of 

radial distortion (K1 and K2) and decentering distortion 

(P1 and P2). In fact, except for K3, the software was 

able to calculate all the internal camera parameters. 

Thus, these models will enable to obtain more accurate 

results, than those achievable by implementing the 

models built with the SC process only.  

Furthermore, since in photogrammetry the Residual is 

the measure of the maximum distance (in pixels) 

between where the point was marked on a photo and 

where the projection of the 3D point associated with that 

marked point falls on the photo, the Maximum Residual  

(MR, the largest residual across all marks in the project) 

and the Overall RMS (the average residual), represent 

relevant parameters for gauging the quality of the 

calibration. In Fig. 4 are shown the graphics related to 

the MR (a) and the Overall RMS (b), obtained with a SC  

(in blue) and with a FFC (in light blue), for each camera 

of the proposed scanning system. The red lines indicate 

 

Fig. 3. Solid three-dimensional calibrator used for the FFC. 

 

 

 

 

 

 

Table 1. Full Field Calibration Results. 

 

# 

Cam 

c x0 y0 
K1 K2 P1 P2 

[mm] [mm] [mm] 

1 6.80 2.94 2.25 2.26e-3 -1.24e-5 1.73e-5 3.69e-5 

2 6.78 2.88 2.29 2.50e-3 -2.32e-5 -1.00e-5 5.01e-5 

3 6.80 2.96 2.31 2.37e-3 -1.55e-5 1.17e-5 3.89e-5 

4 6.81 2.93 2.35 2.42e-3 -1.17e-5 5.57e-6 2.46e-5 

5 6.82 2.89 2.30 2.04e-3 -7.26e-6 1.02e-4 9.19e-5 

6 6.81 2.93 2.31 2.51e-3 -1.90e-5 7.69e-5 6.07e-5 

7 6.81 2.90 2.18 2.45e-3 -4.58e-7 -6.76e-5 9.88e-6 

8 6.81 2.92 2.17 2.30e-3 -1.29e-5 3.42e-6 2.29e-5 

 

 

Fig. 4. (a) MR comparison; (b) Overall RMS comparison. 
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the average values achieved with the SC, while the green 

lines indicate the average values achieved with the FFC. 

As is clearly apparent, with the FFC it was possible to 

reduce the average value of both parameters, MR and 

Overall RMS, of about 50%. 

4. Results and discussion 

With the aim to ascertain the suitability of the 

proposed scanning system to medical diagnostic 

application, a real human body was scanned. In Fig. 5 

are reported the pictures acquired and used to build the 

3D model; the remote control allowed to take them 

simultaneously. The images were then sent wirelessly to 

the computer. The simultaneity of the shots is very 

important, in order to eliminate the errors related to the 

subject’s involuntary movements. The modeling process 

was carried out with PhotoModeler Scanner® 2010, 

which oriented the cameras and processed the images. In 

Fig. 6 are reported the point cloud and the textured dense 

surface. Among all the parameters calculated by 

PhotoModeler Scanner®, the Maximum Residual (MR) 

and the Final Total Error (FTE), are relevant internal 

quality measures, useful to gauging the quality of the 3D 

model. As already explained above, the MR is the 

largest residual across all marks in the project and it 

should be less than 0.5 pixel [11], while the FTE is a 

statistical parameter calculated in bundle adjustment, 

that measures how well all the input data (camera 

parameters, mark locations, and 3D points) agree with 

each other, and it should be under 1.0. For the model in 

Fig. 6 the MR is 0.18 pixels, while the FTE is 0.87. In 

order to perform an evaluation of the quality of the 

model obtained, the proposed scanning system was also 

used to scan a static subject. The MR and the FTE 

measured for  the 3D model of a mannequin are very 

close to these obtained for the 3D model in Fig. 6 (0.21 

pixel and 0.90 respectively). Furthermore, it was also 

analyzed the Mean Internal Error, estimated by

 

PhotoModeler Scanner® 2010 in term of point spatial 

position, for 60 coded targets attached on the observed 

specimen. The precision is 0.05 ± 0.01mm for a static 

subject, and 0.07 ± 0.01mm for a non-static subject. 

Because of photogrammetry is for the most part not 

dependent on scale (the smaller the object the smaller 

would be the error in absolute terms), the precision was 

also calculated as “1 in NNN” type numbers. The 

scanned human body is about 600 mm long; therefore 

the precision is 1:9’000 (1 part in 9’000), and thus, 

according to the Photomodeler classification, it was 

achieved a good accuracy level [12].  

Internal quality measures supplied by PhotoModeler 

Scanner® 2010 help to determine the quality of the 

model, anyway these cannot ascertain the accuracy of 

the scanning system in absolute. A true accuracy check 

should be done with reference to an external data source, 

such as laser trackers, laser scanners, coordinate 

measuring machines, and others [15]. For this work, the 

laser scanner Konica Minolta Vivid 910 was used.  

In Fig. 7 is reported the result of the 3D comparison, 

carried out by comparing the models of the dummy 

scanned with both, the laser scanning Konica Minolta 

Vivid 910 and the proposed scanning system. The 

 

Fig. 6. Pictures used to build the 3D model of the human body. The 

number reported in each photo, refers to the number of the camera 

which taken it. 

 

 

 

 

 

 

 

Fig. 7. The point cloud and the textured dense surface of the human 

body’s model. 

 

 

 

 

 

Fig. 5. 3D Comparison between the dummy’s models realized with 

laser scanner Konica Minolta Vivid 910 and the proposed body 

scanning system (scale in mm). 
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overall 3D average deviation measured between the two 

models is ±1.10 mm. The comparison was carried out 

considering only the models of the dummy because of 

the difficulty to realize a complete (360 degrees) in-vivo 

scan with the laser scanner. In fact the laser scanner 

presents some problematic factors such as the long 

acquisition time, and the need to rotate the subject with 

the aim to obtain a whole 360° model.  

 In both cases, the subject would certainly change the 

pose during the scan. 

5. Conclusions 

In this work a performing and low-cost body 

scanning system based on close-range photogrammetry 

was presented. With the aim to verify the suitability of 

the system for medical diagnostic application on human 

body, several parameters have been considered. The 

analysis of some internal quality measures calculated by 

PhotoModeler Scanner®, allowed to state that the 

system is able to perform precise 360° models, for both 

applications, static and non-static subjects. The accuracy 

was evaluated using an external measurement tool, with 

a certified accuracy: Konica Minolta Vivid 910 

(accuracy of ±0.29mm for static subject applications). 

The 3D comparison of the models obtained by scanning 

a dummy with both technologies, allowed to highlight 

further advantages of the proposed body scanning 

system in application on human body, respect to a laser 

scanner system. First, the short scan time: in fine mode 

Konica Minolta Vivid 910 is able to capture 307’200 

points in 2.5s [16] that is very good, but is not fast 

enough to avoid the problems related to the subjects’ 

involuntary movements. However, the duration of the 

acquisition can be reduced by using Konica Minolta 

Vivid 910 in fast mode, lowering the scan accuracy. 

Second, the possibility to obtain a complete in vivo scan, 

in a single scan session. In fact, to obtain a 360° model 

with the laser scanner, four scan sessions are required. 

This means that the subject have to rotate of 45 degree 

for each session. Since the human body is not as rigid as 

the dummy, during the rotation he would certainly move 

from his initial position, introducing some errors in the 

model. The alignment and the manual registration of the 

point clouds, needed for multiple laser scans, would 

introduce further errors, and the model would resulting 

low in accuracy.  

In conclusion, the proposed body scanning system 

has proved to be cheap, reliable and accurate. It is non-

invasive, and results competitive compared to other 

scanning systems, such as laser scanner, in term of cost 

of the equipment and accuracy, for applications on 

human body such as post-operative evaluation of 

surgeries or to make custom medical devices. 
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