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Today, 3D printed wrist-hand orthoses can be used to immobilize the arms instead of plaster or fiberglass 
casts. Typically, 3D arm models for modelling wrist-hand orthoses can be created using a 3D scanning 
system. Our previous study shows that smartphone cameras and photogrammetry techniques can be 
used instead of professional 3D scanning systems, but the accuracy of the photogrammetric models has 
not yet been fully investigated. This paper presents the results of accuracy verification of arm models 
reconstructed from 2D images captured with a smartphone camera. The forearm and wrist-hand parts of 
a photogrammetric model were subjected to a virtual inspection by comparing them with the 
corresponding parts of an arm model created with a 3D scanner. In addition, a physical verification was 
carried out by assessing the contact between the arm of interest and an actual 3D printed wrist-hand 
orthosis that was created with reference to the photogrammetric model. The test results show that the 
photogrammetric models achieve the necessary accuracy to serve as reference models for the 
construction of 3D printed wrist-hand orthoses. 
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 Introduction 

Plaster casts (for centuries) or fiberglass casts 
(more recently) have been used to immobilize ill or in-
jured limbs. Nowadays, three-dimensional (3D) 
printed casts can be used instead of the traditional 
ones which have some limitations such as being heavy, 
uncomfortable to wear, and not waterproof,...  
3D printed orthoses are more expensive than the 
traditional ones, but they are waterproof, custom-fit, 
lightweight, diverse in colour, have high aesthetics, 
less itching, and are removable [1].  

A wrist-hand orthosis (WHO) is a medical device 
that maintains the wrist and hand in a stable position. 
By its physical action, it can immobilize the limb to re-
lieve the pain of a pathology and support recovery af-
ter an injury or an operation. A 3D printed WHO can 
be designed and fabricated by using reverse engineer-
ing and 3D printing techniques with some main steps 
as follows [2-6]: (i) Scanning the affected limb and 
converting the scanned model into a surface model, 
(ii) Designing the 3D model of the WHO, and (iii) 3D 
printing the WHO. The initial stage is associated with 
the process of reverse engineering, which allows for 
the digitization of a physical object and subsequently 
reconstructing its 3D model for additional applica-
tions [2, 5-10]. It is evident that expert 3D scanning 
systems can produce very good results, but they are 
still costly and need highly skilled workers to operate. 
Reconstructing a physical object's 3D model from its 

2D images is now possible with photogrammetry  
[1, 11]. Therefore, instead of expensive 3D scanning 
systems, smartphone cameras and certain techniques 
can be used to obtain 2D images of an arm, which can 
then be further processed to create a CAD model of 
the arm [1]. According to this study, the proposed ap-
proach can create a photogrammetric forearm model 
that has recognized accuracy and could be used as in-
put data for arm cast modeling. Nevertheless, this 
study does not examine the accuracy of the hand-
wrist part of the photogrammetric model. The dorsal 
and palmar parts as well as the wrist all contribute to 
the more complex surface anatomy of the wrist-hand 
part compared to the forearm. Therefore, investigat-
ing the accuracy of the forearm and hand regions on 
the photogrammetric model can be considered for ap-
plication in WHO modeling. 

 Methods  

With some modifications, this study uses the 
method proposed in our previous study [1] to develop 
and produce WHOs. This method utilized 
photogrammetry, reverse engineering, and 3D print-
ing. Fig. 1 provides the schematic diagram of this 
study.  

In order to create 3D models of arms, Agisoft 
Metashape 1.8 (Agisoft LLC, Russia) was used for 
image processing of 2D images in this study.  
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In the image acquisition step, the volunteers' arms 
were captured using a 12-megapixel (MP) smartphone 
camera (Samsung Galaxy S10 Plus), a plastic cylinder, 
a light-emitting diode (LED) and some special 
techniques as described in our previous study [1]. 
Some camera parameters used are 52 mm focal length, 
automatic aperture, ISO number and shutter speed. 
The arm was photographed indoor with natural light, 
without flash or zooming. To facilitate photography 
and improve the quality of photos, instead of using a 
13 W RED ring light, this study used a 20 W pocket 
LED video light (Ulanzi International Group, China) 
which was attached to the phone with a holder. In 
addition, the plain cylinder was replaced with a 
stepped cylinder made of monomer-cast nylon, 
painted in yellow with a random pattern as shown in 
Fig. 2. The larger cylindrical surface has a diameter of 
36 mm, a cylindricity of 0.052 mm, measured on a 
Global S coordinate measuring machine (Hexagon, 
Sweden). To obtain a reference model, the arm of 
interest was scanned using the CR-Scan 01 scanner 
(Reality, China) immediately after photographing.  

In the next step, the captured images were im-
ported into Agisoft Mateshape and then processed to 
create the 3D model of the arm of interest. If an error 
occurs when aligning the photos, the volunteers' arms 
should be recaptured and the image processing pro-
cess repeated. The successful unscaled Standard Tes-
sellation Language (STL) model created by Agisoft 
Metashape would be imported into CATIA V5R2019 
(Dassault Systemes, France) and then scaled to obtain 
an accurate 3D model (also called a photogrammetric 
model) based on the diameters of the virtual and the 
real cylinders. This step was performed on a work-
station (3.7 GHz CPU, 16 GB RAM, 8GB GPU). 

Obviously, the accuracy of the 3D arm model plays 
an important role in modeling WHOs.  
The photogrammetric model will only be accepted if 
its accuracy meets the modeling requirements. In this 
study, GOM Inspect 2017 (Zeiss Group, Germany) 
was also used to check the accuracy of the photogram-
metric model through a dimensional comparison with 
the reference model. GOM Inspect has the capability 
to visually present the variations between two CAD 
models using a colour map [12, 13].   

In addition to virtual verification, 3D printed 
WHOs were also produced to assess the fit of the 
WHOs on the desired arms. For this purpose, the 
photogrammetric models were used as references for 
designing WHOs in CATIA. The WHOs were printed 
on a low-cost 3D printer, using polylactic acid (PLA) 
material. After post-processing, a thin layer of powder 
was applied to the inner surface of the 3D printed 
WHO. The volunteer would wear the 3D printed 
WHO for 30 minutes. A visual colour inspection was 
then performed to determine the fit between the 
WHO and the arm. 

 

Fig. 1 Schematic diagram of the study 
 

 

Fig. 2 Picture capturing arrangement 

 Application and discussion 

Several Vietnamese volunteers participated in this 
study. This paper presents two typical cases for 
demonstration purposes. In the first case, 250 images, 
ranging in size from 1.5 MB to 3.1 MB, were taken of 
a woman's arm which has short and nearly colorless 
hair. In the other case, the arm of a man with long 
black hair was photographed in 261 image files, the 
size of each file is about 1.4 MB to 3.1 MB. For each 
case, the image processing procedure was exe-
cuted successfully in about 1.5 hours with  
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no errors in Agisoft Metashape. Since no error was de-
tected, it can be inferred that the cylinder, the shooting 
scenarios, and the lighting conditions have contrib-
uted to the facilitation of image processing and 3D re-
construction processes. Fig. 3 shows the 3D texture 
models of the arms using the base texture type which 
retains the colours of the model surface. In general, it 
can be seen that there are differences in appearance of 
these models depending on the hair characteristics. 

 

Fig. 3 Textured models 
 
Fig. 4 presents two scaled models in CATIA with 

the scale ratio of 46.65 and 21.65, respectively. It can 
be seen that some parts of fingers of the photogram-
metric model are not fullly constructed. However, this 
is not a concern because the finger part is not used to 
model the WHOs, but the forearm and wrist-hand 
parts would be used as raw data for 3D WHO model-
ling. 

 

Fig. 4 Scaled models (photogrammetric models) 
 
The scanned models of the two volunteer’s arms 

are illustrated in Fig. 5. There is no doubt that these 
models look smoothing and can be very accurate. 

 

Fig. 5 Scanned models 
 
For virtual verification of accuracy, for each case, 

the scanned model and the photogrammetric model 
were first imported into GOM Inspect, then they were 
automatically aligned and compared. Fig. 6 and 7 show 
the colour map of deviations and some selected 
deviations between two sets of CAD data for the 
forearm and wrist-hand parts. Regarding the woman, 
there are minor variations in the light blue, green, and 
yellow regions, whereas the dark blue and red regions 
exhibit greater deviations. Large deviations in the red 
and dark blue areas can lead to large errors in 3D 
modelling. However, it is important to observe that 
the red and dark blue regions have much smaller total 
areas than the other regions. As a result, these 
mistakes might not matter and can be disregarded. 
The situation is different in the man's case as the dark 
blue areas are slightly larger. The range and the average 
deviations between the scanned model and the 
photogrammetric model for these cases are given in 
Table 1.  

In the woman’s case, the deviations between the 
two CAD models are from -1.98 mm to +1,8 mm for 
the forearm part, whereas, a range from – 2.98 mm to 
+1.93 mm is found for the wrist-hand part. In the case 
of the man, these deviations are -1.29 ÷ 2.09 mm and 
-3.22 ÷ 3.13 mm for the forearm and wrist-hand parts, 
respectively. The significant differences between the 
extreme deviations in the man's case and the woman's 
case are evident. This could be due to noise during the 
image processing process caused by long, dark hair on 
the arm. For both cases, the range of deviations on the 
forearms of this study are much smaller compare to 
our previous study which was from -2÷2.59 mm [1]. 
The average deviation in the forearm part of this study 
is -0.04 mm for the woman's case, much smaller com-
pared to the case (the same feature of the hair on the 
arm) that we reported in our previous study, where an 
average deviation of 0.22 mm was found [14].  
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Fig. 6 Clour map of deviations – woman’s case 

 

Fig. 7 Clour map of deviations – man’s case 

Tab. 1 Deviations between two CAD models (mm) 

Case Woman Man 

Forearm 
Range -1.98 ÷ 1.80 -1.29 ÷ 2.09 

Average -0.04 +0.31 

Wrist-hand 
Range -2.98 ÷ 1.93 -3.22 ÷ 3.13 

Average -0.45 -0.04 
 
It is evident in both situations that the wrist-hand 

part's extreme values of deviations are much greater 
than the forearm part's. This might be because the sur-
face anatomy of the wrist-hand part is more compli-
cated than that of the forearm part with superficial ve-
nous network and extensor digitorum tendons of the 
hand. On the wrist-hand part, the palmar surface 
shows greater extreme deviations than the dorsal sur-
face. This may be because the skin on the palm of the 
hand is shinier than the skin on the back of the hand. 
In addition, the man's thumb position created a fold 
of skin between the thumb and index finger, which led 

to considerable deviations in the area between the two 
fingers. Therefore, it is necessary to maintain the 
thumb position to avoid wrinkles between the thumb 
and index finger and achieve higher modeling accu-
racy.  

A few studies were conducted to test the accuracy 
of a photogrammetric model used for medical 
purposes. In the study of Salvador et al. [15], a mobile 
photogrammetry cart with Raspberry Pi camera 
module was developed to obtain 3D models of infant 
legs. To evaluate the accuracy of the 3D 
photogrammetric models, a deviation analysis was  
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performed on two rubber clubfoot models.  
The average deviation between the photogrammetric 
models and the scanned ones is 0.4147 mm and -
0.7129 mm. This analysis results show that the 
proposed system can create a high accurate model. 
However, this system is rather complicated.  
Olivier used an iPhone 6S with a 12MP camera and an 
A4 reference sheet placed under the foot of interest to 
capture the 2D images of a lower limb [16].  
The photogrammetric model's largest deviation in the 
anterior-posterior axis was 7.4 mm from the scanned 
model made with a cheap 3D laser scanner. 
Hernandez and Lemaire [17] digitized 4 prosthetic 
sockets using a Samsung Galaxy S5 smartphone  
(16 MP camera) and some reference markers on the 
sockets. A comparison was made between the 
measured distances on the actual sockets and thoses 
in the CAD environment. They found that the 
smallest, the largest and the average differences of the 
photogrammetric models were 1.2 mm, 4.8 mm and 
2.6 mm respectively. Tursi et al. [18] used an iPhone 
6S (12 MP camera) and some markers taped to the 
lower limb of interest for image capturing.  
They investigated that there is an average deviation of 
2 mm between the photogrammetric models and the 
scanned models. These studies used 2D scale 
reference objects such as A4 paper and markers, 
which can lead to large errors when measuring in the 
CAD environment, which in turn leads to errors when 

performing the scaling operations. In this study, the 
real cylinder was precisely machined and measured 
with a high-precision micrometer, and the virtual 
cylinder could be measured more accurately in 
CATIA. This means that there could be tiny size 
errors in the photogrammetric models. To some 
extent, it can be said that the photogrammetric models 
in this study are sufficient for WHO modeling. 

For the fit test, the two photogrammetric models 
were used as reference parts to create two WHO mod-
els in CATIA. These are models whose inner surfaces 
are designed to be free of gaps compared to the refer-
ence models. It should be noted thats an offset should 
be added for wearing comfort when designing a 3D 
printed arm cast [19, 20]. Fig. 7(a) shows the result of 
fit checking for the woman’s case. Visual examination 
reveals that the colour imprints on the forearm and 
wrist-hand regions are practically continuously visible 
and fairly evenly distributed. It is evident that the 
WHO fits the wrist-hand and forearm regions well. In 
the latter case, as shown in Fig. 7 (b), the colour prints 
are less uniformly distributed and occasionally discon-
tinuous. This indicates a poor fit between the WHO 
and the arm. This test shows that the 3D printed 
WHO designed from the photogrammetric model 
with short, nearly colourless hairy arm has a better fit 
than the rest. The results of the fit test agree perfectly 
with the results of the CAD data set comparison 
above. 

 

Fig. 7 3D printed WHOs and the colour imprints on the arms, a) Woman, b) Man 
 
This study also conducted several other cases of 

men who had short, almost colourless hair on their 
arms, with similar results to those described in this pa-
per for the woman's case. One could assume that the 
photogrammetric models developed using our pro-
posed method have sufficient accuracy and could be 
used as reference models for modeling 3D printed 
WHO. However, long black hair on the arm could 
cause noise and then affect the accuracy of the arm 
models. Therefore, in order to obtain a more accurate 

photogrammetric model, noise reduction on the im-
ages of arms with long black hair should be performed 
before image processing in Agisoft Metashape. 

 Conclusion 

In this study, the accuracy of the photogrammetric 
models of several arms was verified virtually and phys-
ically. For virtual verification, two CAD datasets of an 
arm were compared in GOM Inspect, one recon-
structed from 2D images captured with a  
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Samsung Galaxy smartphone and the other created us-
ing an inexpensive 3D scanner (the reference model). 
The verification results show that the deviations of the 
forearm parts are smaller than those of the wrist-hand 
parts. The average deviations on the forearm and 
wrist-hand parts are very small, under  
0.5 mm. In general, the photogrammetric models of 
the arms with short, nearly colourless hair have a 
higher accuracy compared to those models of the arms 
with long, black hair. Physical verifications were per-
formed by assessing the contact between the arms of 
interest and real 3D printed wrist-hand orthoses fab-
ricated with respect to the photogrammetric models.  
The accuracy of the virtually tested arm models is fur-
ther supported by the physical verification. Both veri-
fications demonstrate that the photogrammetric mod-
els achieve the required accuracy for WHO modeling. 
This also helps confirm that the proposed method of 
acquiring and processing 2D arm images using 
smartphones, cylinder, LED video light and some spe-
cial techniques can be used for arm modeling and de-
signing 3D printed WHOs. The future task of this 
study involves applying noise reduction techniques to 
the images of arms that are affected by long black hair 
before conducting image processing. This step aims to 
improve the accuracy of the photogrammetric model. 
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