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Abstract. Mirror therapy is used from many years to treat phantom limb pain in 
amputees. However, this approach presents several limitations that could be 
overcome using the possibilities of new technologies. In this paper we present a 
novel approach based on augmented reality, 3D tracking and 3D modeling to 
enhance the capabilities of the classic mirror therapy. The system was con-
ceived to be integrated in a three steps treatment called “Graded motor im-
agery” that includes: limb laterality recognition, motor imagery and, finally, 
mirror therapy. Aiming at a future home care therapy, we chose to work with 
low-cost technologies studying their advantages and drawbacks.  

In this paper, we present the conception and a first qualitative evaluation of 
the developed system. 

Keywords: Augmented Reality, 3D tracking, 3D modeling, phantom limb pain 
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1 Introduction 

In this paper we introduce a system based on augmented reality for the treatment of 
the phantom limb pain. The expression “phantom limb” describes the sensation of 
abnormal persistence of a member after an amputation or after that it became unres-
ponsive due to some others reasons (as a stroke). Even if people suffering from this 
phenomenon are aware that this feeling is not real, usually they experience painful 
sensations in their amputated limb known as “phantom limb pain”. The reason for 
these symptoms is not entirely clear and several theories coexist trying to explain the 
mechanisms underlying this syndrome [1]. 

To appreciate the importance of the phenomenon, in statistical terms 90-98% of 
people after an amputation report experiencing a sensation of phantom limb, about 
85% of cases are accompanied by uncomfortable or painful sensations, physical limi-
tation and disability. In 70% of cases, the phantom sensation is painful even 25 years 
after the loss of a limb [2].  

The main treatment methods described in the literature for phantom limb pain are 
mirror therapy, motor imagery and graded motor imagery. All these treatments would 
recreate a correct cerebral representation of the missing limb for reducing phantom 
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limb pain. In this paper, we focus on the mirror therapy. The mirror therapy was in-
vented by V. S. Vilayanur Ramachandran [3] to help relieve phantom limb pain, in 
which patients can “feel” they still have the lost limb. In particular, the patient hides 
the stump behind a mirror (see Fig. 1) and, using the reflection of the good limb, the 
mirror creates the illusion that both limbs are present. The illusion persists while the 
patient tries to perform symmetric movements. Several experiments [4, 5] have shown 
that the mirror approach contributed to reduce the phantom limb pain, even if, cur-
rently, there is no general consensus regarding the real effectiveness of the mirror 
therapy [6]. 

 

Fig. 1. Example of use of the mirror box by a healthy person. We tested the mirror therapy in 
order to get a better understanding of its limitations. 

Starting from these assumptions, the goal of this project is to exploit the capabilities 
of the new technologies to develop an “augmented reality mirror therapy” capable of 
increasing the immersion and the engagement of the patient while removing some 
constraints related to the classic mirror therapy (i.e., restrained patient’s movements, 
limited number of exercises, etc.). We want to study the feasibility of integrating an 
“augmented reality mirror therapy” within a treatment of occupational therapy for 
patients that suffered a lower limb amputation. 

Using augmented reality (AR) to improve the classic mirror offers several advan-
tages. First of all, AR makes possible for the patient to make more varied movements 
or even actions impossible to perform with a simple mirror such as movements that 
pass the center of the body (otherwise limited by the mirror), interaction with virtual 
objects to play games or perform more or less complex exercises. These new possibil-
ities could allow enhancing the participation of the patient to the therapy presenting 
more entertaining scenarios. Then, the scenarios can be adapted to the different pa-
tients’ needs or interest, for instance going in the direction of gamification for young-
er patients or providing more guidance to patients that need it. Furthermore, the  
therapist will be able to choose the more appropriate exercise scenario in relation to 
the physical possibilities of the patient, which can be extremely different from person 
to person, depending on various factors such as age, amputation type, etc. 
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2 Background and Related Work 

Many works tried to improve the classic mirror therapy using approaches based on 
virtual reality (VR) or AR aiming at providing a more immersive and interactive ex-
perience for the patient. 

Murray et al. [7, 8] analyzed the use of VR as a treatment for the phantom limb 
pain. The authors presented a test protocol focused on the quantification of the pain 
perceived by the participants before and after the sessions with the mirror box in VR. 
Three actual cases were analyzed for a period of three weeks and several sessions. 
The three participants expressed a decrease in pain in at least one of the sessions. 

Two systems for the hand movement rehabilitation based on VR and AR were 
compared in [9]. The study showed that the AR approach provided better results, 
especially in terms of realism of the simulation. 

Desmond et al. [10] presented a mirror therapy approach based on AR and tested it 
with three patients comparing the results with the classic mirror box. Instead of using 
a head-mounted display (HMD) for the AR, they used a simple screen with a conse-
quent loss in terms of immersion. They observed similar results from the two ap-
proaches with the exception of a rather vivid sensations experienced by patients when 
the AR was used to display unexpected or abnormal movements. 
In [11], the authors developed an AR prototype consisting of a Head-Mounted Dis-
play (HMD) and a stereo camera system. This system allowed recording images of 
the healthy patient’s hand, processing the images in real-time to create a reproduction 
of the missing hand, and finally displaying the virtual hand at the place of the missing 
one. Unfortunately, the authors did not present any study concerning the use of their 
system with patients. 

3 Methods 

Similarly to [11], our work aims to develop an AR system using a HMD to improve 
the immersion of the classic mirror therapy. However, our approach aims to extend 
previous works under several aspects that will be highlighted in this section. First of 
all, we focused on the treatment of patients with amputations in the lower limbs. We 
chose to move in this direction because of the high incidence of patients with an am-
putation at a lower limb (that statistically represents the great majority [12]) and also 
because most of the previous works focused only on the upper limbs. However, our 
approach can be easily extended to track and modeling the patient’s arms.  

Due to the growth of the life expectancy, in the next years the need of medical at-
tention will be larger and larger putting “Home Care” in a role of primary importance. 
For this reason we chose to adopt low-cost technologies available on the market fol-
lowing the idea of possibly bringing in the future the therapy directly in the patients’ 
homes. However, this first study will be held in a hospital, directly under the supervi-
sion of occupational therapists. After analyzing several options, we chose the follow-
ing devices (Fig. 2): 
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Finally, the patient can interact with virtual objects present on the scene using the 
virtual limb as well as the real limb (see Fig. 6). The coherence between the user 
perspective and the virtual objects on the scene (virtual leg, objects for the exercise, 
etc.) are constantly assured by tracking the user’s head position and orientation. 

In this first prototype we developed a simple game in which the patient can use 
conjointly the healthy leg and the virtual leg to pick and move a virtual ball (see [13] 
for a complete video demonstration). 

 

 

Fig. 6. Screenshot of a healthy user testing the application (from the user point-of-view) 

During this preliminary study, once completed the therapy session, we asked the 
patient to fill a survey about the session with particular focus on the usability of the 
system and the realism of the simulation.  

5 Discussion 

The preliminary tests we performed during this study showed a series of interesting 
points to be analyzed and developed in future works. 

Using commercial device helped us to create an application that would be easy to 
deploy in a user’s home without the need of a long training. The Kinect is basically 
plug and play as well as the Vuzix Warp 920AR. The only problem we encountered 
was the setup of the Track IR for the head tracking. In fact, this device works well just 
in a range going from 61 cm to 152 cm from the user’s head. This obliged us to put 
the Track IR on a support in front of the user, causing a small occlusion on the Kinect 
field of view. Moreover, since our exercises required the user to keep the head tilted 
far forward, we had to put the sensor at the knees level while setting accurately the 
inclination of the Track IR camera in order to detect the head movements in this very 
particular position. The mentioned occlusion issue did not cause many troubles. The 
Kinect tracking algorithm has proven to be robust enough to manage small occlusions 
in space and time. 
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Finally, Kinect and Track IR are sensible to infrared light (both technologies are 
based on emitters and infrared cameras); however, just avoiding placing the patient in 
front of a window prevented any issue related to infrared noise. 

If, on the on hand, using commercial devices allowed us to build a system fairly 
easy to set up, on the other hand, the limitations imposed by these devices are numer-
ous and need to be discussed. 

Kinect’s precision is good enough to provide a good tracking of the human body 
and the leg movements. However, the tracking of the ankle movements is already less 
precise: the abduction/adduction1 movements are fairly tracked, while plantar flex-
ion/dorsiflexion2 movements are, basically, ignored. In a future application aiming at 
tracking more subtle movements (for instance fingers movements) another sensor or 
technique should be considered. 

The used AR glasses have 31-degree diagonal field of view. This means that the 
user see in front of him a sort of “window on the real world” inside a black frame. 
The field of view offered to the user is good enough to perform mostly of the occupa-
tional therapy exercises involving legs (as you can see in Fig. 6), the legs are visible 
from the top of the knees). However, a wider field of view could facilitate the immer-
sion for the user. 

The system provides a fairly realistic representation of the missing limb adapting 
the 3D model to match color and size of the healthy leg. The resolution of the adopted 
HMD (two 640 x 480 LCD displays, 60 Hz progressive scan update rate, 24-bit true 
color) does not allow seeing much more details; for this reason, in this first prototype, 
we ignored important leg’s characteristics like hairiness and muscle mass that proba-
bly should be taken into account for the higher resolution future versions. 

Finally, there is a short delay between the movement of the present limb and the 
visualization of the movement of the virtual limb due to tracking and image 
processing time. In order to evaluate the impact of the lag on the therapy and how the 
user perceives it, deeper analyses are needed. 

Talking about future possible ameliorations to improve the immersion provided by 
the system several options are open: 

• Adding 3D vision. The HDM used, such as others, has two cameras and 
two screens (one per eye) making possible to provide a 3D vision of the 
real and virtual world. 

• Adding shadows generated by the 3D models. 
• Using sensors detecting muscular activity (such as electromyography) to 

trigger designated animations of the virtual limb overcoming the limit of 
parallel movements. 

6 Conclusion 

In this work we developed a system for the treatment of phantom limb pain based on 
augmented reality, 3D modeling and 3D tracking. We chose to work with commercial 

                                                           
1  During the abduction/adduction movement the tip of the foot goes left or right. 
2  During the plantar flexion movement the tip of the foot goes down, while the dorsiflexion 

involves a movement of the toes upward. 



256 F. Carrino et al. 

 

devices, aiming to study the limitations of current technologies for a worth consider-
ing home care treatment of the phantom limb pain. 

Despite the limitations discussed in the previous section, most of them resulting by 
the use of commercial devices, entertaining exercises should help to provide enough 
immersion to compensate some of the previous restrictions. Furthermore, the quick 
evolution of new sensors available on the market might soon close the gap with more 
expensive devices allowing a more accurate tracking of the body/head movements as 
well as a better visualization of augmented reality. 

In this paper we provided also a first qualitative discussion about the capabilities 
and the limitations of such a system. Test with a first limited number of amputee pa-
tients will be performed in the next months. 
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