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Abstract. Worldwide, 1he average life expectaru:y h as been increasing. TJws. lhe nwnber o f people affecled by disabilities, 
in need of physical therapy, also increases. In arder to turn therapy more efficient, gomes that can c reate an immersive 
experiencefor lhe patie11t through virtual reality environments have heen developed. The advantages of immersive gaming 
experiences include not only more engagement during the practice, but also an increase in pain tolerwu.:e. Likewise, 
robotic exoskeletons capable of actively enhancing che mobility of a patient and tracking lzis movements have contributed 
to improve therapy. Hence, given the recent progress noticed in therapy allied with virtual realily and robotic exoskeletons, 
this work describes the development of a virtllal reality applicalion, in which the legs movement of a person wearing a 
!ower limbs mbotic exoskeleton can be tracked and repmduced virtually, while the person walks 011 a treadmill. It is 
known 1hat the higher the frame rate of the virtual reality application, rhe smaller will be the chances of the patient 
being ajjected by motion sickness. and the greater will be his engagement. Tlws. the highframe rate will be treated as a 
requirement. 
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1. INTRODUCTION 

According to the latest World Health Organization (WHO) report on disabi lities, a worldwide increase on life ex­
pectancy rcsults o n a greater number of people affected by chronicle diseases and disabil ities. Furthermore, the same 
reporl also scares that, at some point of life, it is very likely that one may be affected by some sort of temporary disabil ity. 
Therefore, both population growth and life expectancy are criticai factors that affect health institutions, particularly the 
ones aimed to physical rehabilitation, due to Lhe increasing demand. The reporL concludes that new and more-effi cient 
methods for therapy should be investigated in a rder to deal with the upcorning scenario (World Health Organization, 
20 11 ). 

With that in mind, two kinds of technologies explore ways to enhance the practice of physical therapy. On one hand, 
there are robotic exoskeletons. which are capable of not o nly supporting thc body parts of a patient, but also capable of 
increasing his range of motion and strength (Pons, 2008). Rehabilitation robotics, in this case, is Lhe practicc of physical 
therapy with the aid of robotic exoskeletons for upper or lower limbs. 

Another technology that intends to make the therapy practice more engaging and efficient is virtual reali ty applications. 
Virtual reali ty is a three-dimensional computer-generated simulation, which is capable of providing a strong feeling of 
immersion, with the aid of proper software and hardware (L inowes, 2015). With virtual real ity, pain complai nts are less 
often. In addition, patients consider the therapy with Lhe aid of virtual real ity applications more engaging, whereas most 
consider the usual practice a boring and demotivating activity (Crocetta et ai., 2018). 

This paper shows the development of a simple virtual reality application designed with Unity, which Lracks a lower 
limbs cxoskeleton hip movement and reproduces it in a virtual environment, while the user walks on a treadmill. In that 
way, whenever the user wearing the lower limbs exoske leton moves, the avatar will try to perform the same leg movcment. 
This work was done not only to create an appl icalion in which the patient feels engaged to practice movement, but also to 
explore the lower limbs exoskeleton integration with the vi rtual environment. 

2. MATERIALS AND METHODS 

2.1 Lower limbs exoskeleton 

An exoskeleton devcloped by the Rehabi litation Robotics Laboratory from EESC-USP was used in this work (Santos, 
2017). Essentially, it comprises six rotary one-degrec o f freedom joims (three for each leg) connected by steel bars. Each 
rotary joint contains onc AksTM rotary absolute encoder module. The joints match the human hip, knee, and ankle joints. 
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This work only uses the hip joints. Each hip joint is located on the sagital plane so they rotate along Lhe z-axis (see Figure 
7). 

The encoders used have a reading resolution up to 20-büs andare compatible with different conummication interfaces, 
such as Pulse Width Modulation (PWM), Synchronous Serial Interface (SSI), Serial Peripheral In terface on slave mode 
(SPl), and Inter-lntegrated Circuit interface (I2C). 

2.2 Virtua l reality 

The virt ual reality envi ronment was modeled with the game engine Unily (personallicense), which has also a physics 
engine embedded. We designed the whole application with frec 30 models from the Unity's assets store. Ali programming 
was implemented in C-sharp language, besides lhe Arduino communication between encoders and Unity, which consists 
of a script in Arduino programrning Janguage. The hardware used to run the virtual reality application was the HTC Vive, 
without any additional sensors, except the exoskeleton encoders (see Figure 7). The ideal frames per second (fps) rate for 
desktop vi rtual reality applicalions should vary from 90 to 120fps, while a 60fps rate is also acceptable in cases where the 
processing is limited, such as for mobile virtual reality applications. 

2.3 Communication 

An Arduino Mega 2560 microcontroller receives data corrúng from the encoders. The protocol used was the Serial 
Peripheral Interface (SPI) on slave mode, since a li components were located nearby. Using SPT, the angle displacement 
of each joint consisted of a 16-bit data package. The Arduino's baud rate was set to 9600. 

Once the microcontroller receives the data from the encoders, it conven s the data from bits to degrecs. Then, the 
microcontroller sends the data to lhe compu ter running the Unity applicalion via universal serial bus (USB) as a string. 

The application, running a C-sharp script. receives the data and parses the string into float values. Afterwards, the 
C-sharp script assigns the va lues to the lransform component of game objects inside Lhe vinual environment. Each one of 
these game objects represents a joint. This way, whenever a joint o f the exoskeleton rotates along the axis perpendicular 
to the sagital plane, its virtual representation performs the same rotation. 

The linear velocity of the avatar during the walking movement is based on the angular velocity observed on the hip 
joints. 

2.4 Walking 

In order to simplify the modeling of the walking process, we considered only the hip joints. Therefore, we modeled the 
walking as a one-degree-of-freedom invcrted-pendu lu m, subjected to an angular displacement 8. During a step, one foot 
a lways stays on the ground (stance leg) while the other moves forwards (swing leg). The inverted pendulum represents 
the stance leg. 

The angular velocity of each joint w is calculated through three different approaches. The first method consisted of 
backward finite differences of accuracy O(h) as in Equation L lt estimates the angular velocity as me difference between 
the angular displacemcnts o f two consecutive readings. 

d8 Bt, - Bt;- • w - ~ ~--~~ 

- dt ~ t; - t;_ , ( I ) 

The second method consisted of backward finite differenccs of accuracy O(h2 ) as in Equation 2. It estimares the 
angular velocity considering three consecutive readings. 

de 3&,, - 4e,,_, + e,,_2 w = -- ~ --~----~----~ 
dt (t; - t ; - 2) 

(2) 

The third method consisted of a Kalman fil ter, wh ich estimates the angular velocity valucs bascd on the angular 
displacement measurements. Thc Kalman filter structure is further explained on section 2.5 

The linear vclocity v is calculated as in Equation 3. where R in this case is the approximate leg length of the user. 
The game engine processes the velocity value as a physical attribute. In that way, the final movemenL perfonned by Lhe 

avatar depends not only on the velocity value itself. but also on the mass of the avatar, and the drag present in the scene. 
Since these specific attributes were not modeled, the linear velocity itself had to be adjusted by a parameter a:, intended 
to turn the final movement more realistic and comfortable to the user, thus avoiding motion sick.ness. This parameter is 
stric tly positivc, otherwise it would inrerfere in the movement d irection, while it should only adjust thc magnitude of the 
velocity. 

(I= a:Rw (3) 



2.5 Kalman Filter 
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A Kalman filter is a mathematicaJ tool, suited to digital computer implementation, which estimares the instantaneous 
state of a linear dynamic system perturbed by whitc noise. It is particularly advantageous with respect to applications in 
which it is not possible (or desi rable) to measure every variable. This way, a Kalman filter provides a estimation of what 
is missing from ind irect, noisy measurements (Grewal and Andrews, 2001 ). 

In this work. a simple Kalman filter is used to estimare the angular velocity value from the angular displacement 
measuremcnts. 

2.6 Threading 

For each frame, Unity executes in a predetermined order a sequence of functions called event functions (Unity Tech­
nologies, 20 19a). The avatar's position in the virtual environment, for instance, must be updated every frame. Thus, one 
must guarantee that a t least once every frame the function that updates the avatar's posi tion is called. In a similar way, 
many other operations are performed at the same time, in order to update lhe vi nua! environment and its game objects. 

Too many calculations to be performed at least once per frame may cause the frame rate to drop. Specially for virtual 
reality applications, bcsides undermini ng the game experience, which affects the player's engagement, low frame rates 
are also responsible for motion sickness (Jerald, 20 16). 

In view of the need to maintain a high frame rate at the same time thc script performs a series of calculations. the 
threading resource was employed. Threading is a way to take advantage of a CPU's capabil ity to perform many operations 
across multiple cores. This way, instead of instructions that run one after another, with threading the instmctions can ruo 

simultaneously (Unity Technologies, 20 19b). 
C-sharp has already a threading library. Some minor particularities had to be considered when implementing threads 

in Unity. 

3. RESULTS AND DISCUSSION 

The encoders tracked the angular displacement of the joints as indicated by the blue line in figure below. where the 
movement o fone hip joint was emu lated. 

~ 150 

~100 
~ 
~ 50 
::: 

~ 
~ 
-õ 50 
;; 
:;; 100 

"" c 

Angular di<placrount n. time (baud rale • 9600) 

~ ·~ L-------------~--------------~------------~ 
o lO 15 

Time (scconds) 

Figure I. Angular displacemenl obtained through the rotary absolute encoder readings. 
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Figure 2. Angular velocity estimated by backward finüe differences according to Equation I. 
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Figure 2 depicts the angular velocity values according to Equation l . lt is clear that the velociry values are not as 
seamlcss as the displacement ones. This is not related to the variations on thc frame duration or the time between two 
readings, which could affect the denominator of Equation I abruptly. The noisy waveform is dueto Iimitations in the way 
the finite difference method was implcmented for th is application. In order to reduce the noise. three approaches werc 
evaluated. 

First, the baud rate, which is related to the frequency of data acquisition done by the microcontroller, was increased 
from 9600 to 115200. By doing this, we expected to enhance our numcric differentiation precision lhrough finite differ­
ences by approaching the denominawr value to zero, that is, the time between two readings. However, by doing this the 
noise increased. as scen in Figure 3. Then, we set our baud rate valuc back to 9600. 
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Figure 3 . Angular velocity calculare according to Equation l. In this case, the baud rate was set to 115200. and more 
noise was observed. 

Second, the backward finite difference, which consisted of only the values between the cunent and previous frame, 
was adjusted to consider also the value of the reading before the previous frame, as in Equation 2. 
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Figure 4. Angular velocity calculated according to Equation l (blue) and according to Equation 2 (red). The baud rate 
was ser again to 9600. The results with this method are not very satisfactory. The noise remains. 

Wilh this, the peak values became flat lines, but lhey remained around the same magnitude and presented the same 
abrupt variations, as seen in Figure 5. Thus, the addition of terms in the fi nite backward difference was not effective. 

Finally, we implernented a simple Kalman filter, which estimares the angular veloci ty based on the angular displace­
ment readings. At last, the results were satisfactory. The filtered signal behaves according ly, even when the angular 
displacement variation changes abruptly (see Figure 6). 
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Figure 5. Detail of Figure 4 . The flattened peak values are visible. The noise remains. 
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Figure 6. Angular velocity through backward finite difference method acccording lo Equation 1 (red) and angu lar velocity 
estimated by the Kalman filter (purple). 

Without threading. the frame rate of the whole application was stable around 60fps. In some moments, though, the 
frame rate dropped to values close to 30fps, while Lhe recommended frame rale was 90fps. The most demanding process, 
according to Unity's Profi ler, was the script responsible for the communicalion between the rnicrocontroller and the game 
engine. This script was not only constantly reading values sent through the serial port, but also performing the Kalman 
fi! ter operations, every frame. These demanding operations being executed every frame caused the frame rate to drop. 

Tn order to maintain a high frame rate, ali new readings from the serial port and Kalman fi lter operations were per­
fonned in a thread which was separate from Unity's event functions. 

By doing this, the frame rate came back to its recommended value, around 120fps. 
The author performed tests over a treadmill , in order to evaluate thc overall system performance from a user point-of­

view, as hown in Figure 7. 

4. CONCLUSIONS ANO FUTURE WORKS 

The tracking o f the angle d isplacement regarding the two hip joints proved to be accurate, even though the SPI pro toco! 
used was not the fastest nor Lhe one that could provide the most accurate angle reading among the protocols available. Tt 
was possible, nevertheless, to maintain a high frame rate and a smooth angular displacement curve. 

However, when it comes to the angular velocity estimatio n, a simple backward finite difference could not provide the 
same results. Even Lhough the avatar in the simulation rarely showed abrupt movement dueto velocity peaks and valleys 
observed in the curve, better ways of esti mating the velocity from the displacement were implemented. Tn that way. a 
Kalman filter seemed feasible and could provide better angular velocity values. 
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Figure 7. Author running the VR application while wea1ing the hip joints o f the lower limbs exoskeleton . The blue box 
outlines the person's view wearing the HMD, while the red outl ines a third-person view of the vinual environment and 
the user's avatar. The orange box outlines the exoskeleton; the green box outlines the microcontroller (and the supporting 
board for cable connections). The avatar is Space Robot Kyle, developed by Unity Technologies, whilst the scene is part 

of 3D Sei fi Kit Starter Ki t developed by Creepy Cat. 

Thc virtual reality environment itself, regard ing its attributes such as levei of presence. interaction and autonomy, as 
defined by David Zel tzer (Zeltzer, 1992) can always be improved. However, it seems more importam, by now, to guarantee 
an efficient and seamless communication between the virtual joints and the physical joints, maintaining a high frame rate 
at the same rime. Therefore, whcn it becomes necessary to add more interactive tasks for the user, the high frame rate will 
be able to accommodate these new features. 

Tracking the knce and ankle joints is also interesting. as the avatar would replicate thei r movcment and, thus, en­
hance the user expe1ience. T he scripts also could consider Lhe angular displacement of knee and ankle joints in order to 
implement a more accurate algorithm for the waJking process. However, when it comes to immersion, not aJways it is ad­
vantageous to program the avatar to perform the very same movement performed in the real world. A walking animation 
may seem more immersive and engaging for the user. This has to be studied as well. 

Thi s work was rhe fi rst step towards tracking the user's movement in the physical-world in o rder to reprcsent it in a 
virtual environment using only the sensors al ready found in the exoskeleton. More sensors, though, can be added in order 
to enhance the tracking, such as inertia measuremems units (IMU). 
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