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Abstract. Recent technolof?Ü:al advances have allowed experiments with the use of robots in moTor rehnbililation ther­
apies fo r victims of fracw res or neurological diseases. These experiments, in lllrn, open the possibility of using other 
new techniques, like virtual reality and telecommunication/teleoperation. This paper presents the development of virtual 
compwer games for robotic rehabilitation of lower limbs, as well as o f an infrastrucwre that allows its use in a distributed 
ma11.ner, across a computer network, for interaction. ata distance, between tlzerapist and patient o r between multiple pa­
tients. Alltools used in the implementation o.f this network communication systemfor multiplayer games are described. At 
the end, some collected results ofsystem usability and performance are shown and necessary imprOI'ements are di~·cussed. 
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1. INTRODUCTION 

Neurological diseases and orthopedic frac tures a re among the health problems that most affect people a li over the 
world. causing variable leveis of motor impairment. Their consequenccs involve not o nly a drop in quali ty of living 
for the victim, but also a huge economic cost for society, due to the loss of productive capacity and spending on the 
provision of medica] care and rehabilitation treatments- costs that, combined, were estimated in over US$ 50 rnill ion on 
United States in 2004. The incidence of thcse problems is higher in older age groups, above 65 yea.rs, and as this part of 
populalion is becorning more numerous, by the global increase in life expectancy, the quantity of individuais more like ly 
to suffer from them grows (Mackay and Mensah, 2004; Krebs et al., 2008). 

Among the neuro logical diseases, cerebrovascular accident (CVA or stroke), in particular, is one of the three major 
causes of mortality and disability in the world. Despite the preventive work carried out in some countries, the global 
number of st:roke cases per year- nowadays at 15 million - kceps increasing, dueto Lhe worldwide tendency o f population 
ageing, combined with the proliferation of other risk factors, such as high blood pressure, sedemary lifestyle and bad 
eating habits. Also, even if improvements in first a id and further treatment today allow the survival of about 2 thi rds of 
the victims, there is still no guarantee that this growing number of survivors does not end up suffering from some motor 
sequei, which occurs for half of them (Mackay and Mensah, 2004). 

Consequently, there is an increasing demand for neuromotor therapy, requiring more of healthcare services, partic­
ularly publ ic, already quite burdened in many countries. And so, the motivation is created for the search of new forms 
of treatment to replace or supplement conventional methods, and return the treated person to thcir usual activities, faster, 
with fewer resources and in conditions similar to those previous to the disease, minimizing the impacts of these health 
problems in economic activities (Krebs et al., 2008). 

Within Lh is context, the appl ication of robotics - previously seen only as an assistive tecnology- in motor rehabil­
itation therapies is becoming an increasingly common researh topic in recent times (Krebs et al. , 2008; Marchai-Crespo 
and Reinkensmeyer, 2009; Cao et ai., 20 14). The use of robots (as end effectors, orthoses or exoskeletons) as a comple­
mentary rehabilitatio n procedure offers theoretical advantages as the lower number of professionals needed in a treatment 
session, better contrai of the aid or resistance force applied to the treated person during exercises and greater precision in 
measuring its performance (muscle force, range of movement, etc.). 

In addition to the direct impact on Lhe efficiency of conventional therapy. the presence of a robot that exchanges 
informatio n - for control and monitoring - with a computer system opens up new possibili ties for enhancing treatment, 
like logging of data from multiple sessions (for more objective evaluation of patient evolution), remate communication, 
tO overcome physical barriers and still allow interaction of therapist with patient (something known as telerehabilitation), 
and use of virtual reality, Lhe lauer possibly in the form of videogames, such as in Gonçalves (20 13, 20 14). 

Virtual environments can play the role of preseming the objectives to be achieved by the use r in a more intuitive way. 
Visual and sound elements of a game, for example, besides suggesting actions to the players, can change according to 
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is important on the rehabilitation case, considering tha t motivati on is a key factor for a good recovery. In addition to 
the real-time audiovisual response, the patient immersion - and consequent ded ication to lhe exercise- can be raised 
through a tactile feedback (aiding or resisting the its motion) provided by the robotic device. 

Thcsc Serious Games, classificd that way for having goals beyond entertainment, allow an in teresting new form of 
interaction between different patients, for competi tive or cooperative gameplay, something already proposed in Andrade 
(20 13); Novak et ai. (20 14) and whose benefits on the motivation of the player has been observed for local marches 
(individuais located at the same room) (Novak et a/., 2014). 

This paper shows the development of a new distributed computing system for studying the application of robots and 
computer games on motor rehabilitation of post-stroke patients. Combined wi th network (Ethemet or Wi-Fi) communi­
cation technologies, the system adds capabi lities of telerehabilitation and remate multiplayer activities, whose effects are 
also to be studied. These applied methods were tested for robustness when dealing with informatio n transmission delays. 

The work presented here extends and utilizes the previous developments made at the Robotic Rehabilitation Laboratory 
of the School of Engineering of São Carlos (ReRob), which involvcd the creation of therapeutic robotic devices and its 
contrai strategies. 

The paper is organized as follows: Section 2 presents the used robotic devices, developed in the ReRob laboratory; 
Section 3 shows the tools for crcation of rehabil itation games; Section 4 describes the system communication structure 
and its func tioning; Section 5 explains how some preliminary performance tests were carried on; Section 6 presents and 
discusses the results from these tests; and Section 7 briefly exposes future perspcctives and improvements to be made. 

2. ROBOTIC DEVICES FOR LOWER LIMBS REHABILITATION 

2.1 C ustom hardware 

The rehabilitation devices developed at ReRob, Fig. I. are designed for different forms of treatment o f hemipa.resis 
- one of the common stroke sequelae, that compromises the walk.ing hability. The main common characteristic between 
them is the use of impedancc conu·ot, implemented by a combination of series e lastic actuators (SEA)- one for each dc­
vice's degree-of-freedom (DoF)- and their contra i a lgorithms, processed by a real-time compu te r system. The adoption 
of impedance contra i a llows better handling of in t.eraction forces between the dev ice and the patient. resul ting in a safe 
interface (Jard im et al., 201 2). 

(c) 

(a) 
(b) 

Figure I: ReRob rehabil itation devices: (a) Exo-Kanguera (Jardim et a/., 2012); (b) knee ort.hosis (Santos and Siqueira, 
2014 ); (c) RePAiR (Robotic Platform for Ankle Rehabilitation) (Gonçalves, 20 13, 20 14). 

2.2 Control Interface 

The connection between the controller hardH'are - a National lnstruments PXle-8115 module, Fig. 2a, running 
the Phar Lap real-time operating system (RTOS) - and each SEA is made through a CAN network board (National 
Instruments PXJ-R5!212 HS, Fig. 2b), which binds to lhe intelfaces (EPOS Maxon Motor D rive, Fig. 2c) of each 
actuator. On the software levei. communication is performed with the CANOpen protocol (specification avai lable at: 
http://www.can-cia.org), using the NI-XNET library, included by thc board manufacturer on its LabWindows!CVJ RT de­
velopment environment, that also provides other libraries - and its own ANSI C89 compi1er - for real-time processing 
and data aquisition wi th Narional lnstruments equipmcnts. The main data exchange code is based on the work developed 
in Fernandes (201 3). 
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(b) (c) 

Figure 2: Specialized hardware used in the control and data acguisition: (a) NI PXIe-8 115 RT module and (b) NI 
PXI-85 12/2 HS CAN board (Source: http://www.ni.com/products/pt); (c) EPOS2 24/5 (5A, 11-24 VDC) (Source: 
http://www.maxonmotor.com/maxon/view/content/EPOS-Detailsite). 

2.3 Control Strategy 

The impedance conlrol of the exoskeleton joints follows an assistance-as-needed (AAN) algorithm: the robot doesn"t 
make the entire required movement, encouraging the patient to complete it. The levei of aid (torgue) to be offered is 
estimated primari ly based on the difference betwecn actual and desi red angular positions over time, from which the 
necessary effector stiffness, damping and velocity are calculated (Santos and Siqueira, 2014). That way, the reference 
value (setpoint) and the measurements from a movement axis must be updated and provided for each of its control passes. 
Also, the desired maximum impedance of the robot can be externally set too, making it more or less compliant overall. 

3. SERIOUS GAMES FOR REHABILITATION 

Being constantly aquired and sent to a computer, the information about patient movements - joints position, vclocity, 
torque, etc.- can be used as commands for a vi rtual game. 

For creating these games, in the present case, the Uniry3D engine (Official site: http://www.uni ty3d .org) editor was 
chosen. By using a game engine, severa] lower-level feaLUres- graphics renderer, shaders, sound, 110. scripting, cross­
platform support- are promptly available, simplifying the game development and allowing a greater focus on improving 
its suitability for rehabi li tation therapies. In addilion, the modularity of code components provided by Unity3D allows 
much o f the work can be reused in other similar projects, but with different gameplay proposals. 

For the game logic programming, the C# language was used ( Unily3D's ed itor supporrs scripts written in C#, JavaScript 
and Boo, a Python variant), due to its better integration with the engine. The graphical e lements rendered in the virtual 
environmenr (tridimensional meshes and textures), when not provided by the edi tor itself. were created in Blender (3D 
modeling program available at: http://www.blender.org) and Cimp (image editor available at: hup://www.gimp.org) open 
source softwares. 

4. DISTRIBUTED SYSTEM INTERNAL COMMUNICATION 

4. 1 Components and structure 

The RTOS used by the controller is not suited for graphical (non command-line) applications, and ir is not supported by 
Unity3D's projects. Even if a conventional operating system, tweaked for low-latency control (like Li11ux RT), was used, 
the software and hardware requirements for a 3D game and a low-level controller appl ication would still be considerably 
different, so it would make sense to keep these components running on different machines. 

With the adopted system 's distributed a rchitecture design, there was a need for an inter-process communication (!PC) 
mechanism that works across devices, for infonnation exchange between the involved applications . 

A comprehensive solution that allows local (in the same machine) or remote (across different machi nes) communica­
tion is achieved through network sockets. The BSD sockets are a universal interface for communication over IP protocol, 
originally dcveloped in C for the Berkeley Distribution [Operating] System, and !ater ported to many other operating 
systems (Windows, Linux, Mac OS, e tc.) and programming languages (like the C# used in Unity3D). By setting up the 
addrcsses for sending and receiving data in each process, a connection can be created be tween thcm for transmission of 
byte sequences (Hall, 20 11 ). 

Thc intcnt to enable remote interaction between many game instances and online visualization of patient data for the 
therapist, through a g raphical user interface (GUI), adds some complexity that would scale quickly as more applications 
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were p lugged in the system, if they all needed to communicate with each other. To alleviate the problem, a client-server 
model (simi lar to Andrade (20 13)) was adopted, with central applications- master servers - for both orthoses cont.rol 
and multiplayer games handl ing, to which the other programs could connect to send and receive the necessary data. 

Figure 3 shows the resulti ng structure of data transfer across the system. TCP socket connections- slower but more 
reliable- are used for information passed only a few times, and TCP cl ients can swith between the available servers; 
UDP sockets - faster but with no guarantees on data integrity - are used to transmit values that need to be updated 
continuously, with clients remain ing always plugged in the same server. 

UnityGame 

SocketConnections 

~~I 
~~ 

Figure 3: Diagram showing possible communication channels across the distribured system components. Unity Game 
instances connected to the same game data server are on a remote multip layer match, while the ones not connected like 
this could be only on single player or local multiplayer activi ties. 

The applications apart from Unity Game and Axis Server (coupled with lhe real-time contra i) were coded in a com­
bination of interpreted and compiled languages. Pythorz scripts that perforrn some simple operations run on an imer­
preter embedded in a C program. The C code implements the lower levei and more complex features (mainly asyn­
chronous socket communication), which are exposed to the scripts through the CPython API (Documentation available at: 
https://docs.python.org/3.4/c-api ). Also Pyrhon Tkinter module (based on the TK toolkit) was used to build the therapist 
interface (Fig. 4). 
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Figure 4: Therapist GUI, built in TK, showing the available controllers and data visualization graphs and boxes. 
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4.2 Communication protocol and messages structure 

The server applications are supposed to be constantly running on their host machines, available to cl ient requisitions. 
When a c lient is instantiated (running game or therapist GU[ tries to connect), each server answers it according to its role 
in the system and to the communication channel used: 

• In the evem of a TCP connection o f a clienL Lo Axis Server, the request is answered only one time with a lisL 
of ali axes - motors controlled by the Axis Server host - names whose data is available. After that, the same 
communication channel can be used by the client fo r operating the axes and by the servcr to report back their statc 
changes. These informations are passed as string messages, respectively in the formal: 

< Axis ID [O]>:< Axis Name String [O]> :< Axis I D [1] > : ... 
< Axis TD >:< Axis Enable Boolean >:< Axis Reset Boolean > 

< Axis TD [O]>:< Axi~ Enabled Boolean (O] > :< Axis FuilU7·e Boolean (O] >:< A.ris ID [1] >: ... 

• The TCP connection o f a game with C ame Server gets back a lisL wiLh information of multiplayer matches available 
to the patienl. The same channel and message format can be used to request the establishment of a new match: 

< Match Name [O]>:< liiatch Port [O]>:< l\1atch Name [1] >: ... 

• The data exchange of Axis Serve r with its clients through UDP sockets consists of broadcasting axes measurements 
and receiving the position, velocity and time setpoints from game instances, for impedancc contrai and haptic 
(force) feedback calculation of particular axes. String messages are built in the form: 

< Axis I D [O]>:< Ax is Position [O]>:< Axis Velocity [O]>:< Axis ID [1] > : ... 
< Axis ID >:< Ax is Position Setpoint >:< A.l:is V elocity Setpoint >:< Axis Time Setpoint >: ... 

• For its UDP clients, Game Server acts only as an intermediate, passing information about e lements positions and 
velocities in one game instance to the others, possibly runni ng in distant computers. connected to the same port: 

< Ele.m c>nf I D [O]>:< Ele.m.en /. Pos'ition [O]>:< E leme.nt Ve.lor:ity [O] > :< Ele.m e.nt ID [1] >: ... 

Ali message sizes are limited to 256 byLes of data, which is small enough to prevent big packet tosses (Hall, 2011 ). 

4.3 Delay handling 

Every data transfer over IP protocol - on EtherneL or Wi-Fi networks - has an intrinsic and variable lag between 
information disparch and arrival times, depending on distance. quality of physical instalation, etc. When combined with 
control algori thms, these delays can introduce instabilities that make the system unusable or limi t its performance. That 
way, strategies should be implemented to handle them and minimize its effects. 

In the case presented, the performance bottleneck happens on UDP communications, as they transfer information that 
is Lime related, and with faster update rate. 

Proper correction of received va!ues depends on the knowledge of the communication delay amount at the time of 
message arrival, which can not be measured di rectly, by the difference between system times o f the Lwo machines involved, 
because the ricks count of their processors does not necessarily occur with the same reference (ep oclz) and frequency 
(clock). As a solution, the latency 8 is continuously estimated by a formula based on the Network Time Protocol (NTP), 
designed for time synchronization between computers (Mills, 2006), as described in Fig. 5. 

Serve r 135ms 137ms o 
Client 

o 
231ms 298ms 

::::: 
8 = ( t3 - to) - ( t2 - t 1) 

e 8/2 

Figure 5: Representation o f the NTP algorithm for network latency estimation 
(Source: https://commons.wikimedia.org/wiki/File%3ANTP-Algorithm.svg). 
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For instantaneous values, updated more often (6.t interval), the time estimate is used to calculare the compensated 
joint position (Pncwl and speed (Vncw ) , by extrapolating thc curve o f thc Jast statcs ( Ptn..<t • Vinst) rcceived, Eq . I, in 
combination with a Kalman filter. 

6.t 
with Pnrw = kalman (R n.<t. 6.t) + kalman(Vzn..<t , 6.t) · H ( I) 

The fecdback setpoints (P.. r tpnint. v<Pipoinl ), more spaced out (l::,.T update interval ) and ahead in time. are interpolatcd 
wilh a more complex funclion for P (t), Eq. 2. 

P(t) (v~etpoint - Vnew) . t2 + v,,ew . t + Pcurrtmt• wíth ,~1./<W 
2 · (6.T- fJ) 

5. TESTS METHODOLOGY 

P setpoint - Pcurrent + Vcu!Tent 

2 . (6.T- e) 2 
(2) 

For initial system viability tests, The proof of concept game, named Pescaria (Tize Catch). was created. In this example 
game (Fig. 6a), the goal o f moving some o f the cxoskeleton 's joints- selected and calibrated in a dedicated screen (Fig. 
6b)- is presenled to the player as a fish ing activi ly, in which is necessary to follow the movement of the hooked fish, 
pulling it at the correct times, that are indicated on the screen. Tbe motion of one chosen axis contra is the horizontal 
posilion of the fisherman's focus, and olher contrais - only when possible- the line pull ing. 

(a) (b) 

Figure 6: Screens from the example game ("Pescaria"): (a) Gameplay; (b) Calibration 

Bcsides, for this test, only the horizontal movement of thc game, more steady, was used. This motion was controlled 
with the knee orthosis previously presented, which has a rotational SEA. 

Figure 7 shows in a simplified way how the system components were arranged for the test. 

1 DoF Elastíc Actuator 

DC Circuit 
(Activation) 

Flat Cable 
(Encoder) 

Motor Drive 

CAN2 
(Measures) '------t~ 

Real-Time System 
(lmpedance ControQ 

CANl 
{Setpoínts) 

PC 
(Unity30 Game) 

Ethernet Crossover Cable 

(Trajectory +-+ Feedback) 

Figure 7: Representation o f hardware setup for the pcrformed tests. 
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To evaluate the performance of the compensation algorithms used, measurements were performed for two tests: 

• Compensation for control -7 game communication, with measured instan taneous values of position and speed sent 
to the game every 5 milliseconds; As the network delays measured with the used hardware - direct connection 
between machines through crossover cable- proved too small to have its effects well observed, an art ificial Iag of 
l 00 milliseconds was added for every message: 

• Reconstruction of the desi red trajectory curve (game -7 control communication), for setpoints sem every 50 ms, 
representing a state also 50 ms in the future. 

6. RESULTS AND DISCUSSION 

The obtained results were plotted on Sci!ab numerical computation software (Available at: http://www.scilab.org). 
On Figure 8, representing the control -7 game communication, the blue line indicares the axis positions in the mo­

ment o f measurement, which are sent and arrive on the other machine after some time (green line). According to every 
transmission delay, the con·ection of received valucs is performed, simultaneously generating the red curve. 

Tlme[s] 

Figure 8: Comparison between real axis position values, on Lhe moment of sending (blue) and an ival (green) and simul­
taneous game element positions (red), based on predictions to compensate network delays . 

As it can be seen, the latency estimation works in making the conlro lled game element position follow the instanta­
neous measurements curve more closely than the delayed one, as it is received on the client (game) socket. 

In the case of feedback, Fig. 9, the blue curve represents the original values of the reference trajectory, some of wh ich 
m·e transmitted and reconstructed (green line) in the receiving machine, based on the latency estimate made. The red line 
represents the measured position of the robot, which follows the reference using position and impedance control (in this 
case, wilh a constanl effector stiffness v alue o f 25 N ·m). 
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Figure 9: Comparison between control original setpoints curve (blue), spline reconstructed setpoints curve (green), and 
actual joint positions (red), for an actuator stiffness o f 25 N ·m. 

Duc to the dclay estimation not being rotally accurate, it can be seen that at times the calculared value of e is largcr 
than the real one, and the reconstructed curve precedes the original. For this test, it had no significant impact, since the 
delays are small, and the robot control - which doesn ' t fol low the generated reference completely, as the effector is not 
rigid- itself introduces a delay, staying behind the reference. 
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7. CONCLUSIONS AND FUTURE WORK 

As a research tool for rehabilitation studies, the system presented here proves itself viablc and potential ly useful. 
However, its value on proper robotic therapy will only come from the application of an adequate rehabilitation strategy, 
that potentializes motor learn ing and recovery on impaired patients, but that also could be achievcd using the said system 
as a test platform. In addi tion, at the same time these methodologies are developed, the tools could be improved, as they 
have room for improvement. 

For now, patient's effort (that have to be maximized to promote neuromuscular rehabil itatio n) are only estimated 
through position error re lative to the reference trajectory, but error calculation does not distinguish disabil icy from unwill­
ingness, that would rcquire different leveis of robot assistance. As a possible solution, electromyography (EMG) looks 
promising for measuring muscle aclivation (that could indicare intention of movernent), but, for stroke patients, e leu·ic 
signals from spasms or voluntary contraction cannot be easi ly decoupled, so there is still a need to finda reliable way of 
using it in this cases (Cao et a!., 20 14). 

Considering the crucial problem of cornmunication delays, the current compensation algorithms would benefi t from 
being compared to- or even replaced by or combined with - more well proven concepts, like wa~·e variables (Niemeyer 
and S lotline, 2004 ), that ensure teleoperation systems passivity and stability even with heavy liming lags. 

Aside from that, it would be interesting to enable, in the rehabi li tation game. elements to be comrolled by a combina­
tion of jo ints, by implementing some son of direct kinemat ics (and inverse kinematics for feedback), as it's noticed tha t 
motor learnig is more based on endpoint - hand, foor- tasks than on sing1e articulation movements (Hogan, 2014). 
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