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Haptics-Enabled Rehabilitation:

A Design Project for a Control Systems Course

Abstract

This paper presents an interesting design propeche Control Systems course offered to
Electrical and Computer Engineering and Mechartraineering senior students. Students
designed real-time control systems that involvetibagfects, meaning force feedback applied to
the user by a motorized device as part of the hucoamputer interface. The main goal of this
project is to design haptics-enabled rehabilitagmarcises to help post-stroke patients regain
their fine-motor skillsThe different approaches taken by the multidisogoty teams are
presented, and feedback from students are analyhegproject familiarized students with the
Matlab/Simulink based software platform for the lempentation of hardware-in-the-loop
systems, and improved their understanding of tkekonpact of engineering solutions.

1. An overview on haptics and its relation to undergrauate engineering education

Haptics, originating from the Greek word “haptikas&aning “able to touch”, refers to working
with the sense of touch. A haptic interface is man-computer interface that provides force or
touch feedback to the user through a motorizedogeamd haptic rendering software. The

haptics technology, combined with virtual realitydéor telerobotics technologies, has undergone
rapid development with medical, educational, autimepindustrial and other applications in the
past decade, with the contributions of numeroudeatdc and industrial research groups
worldwide.

Some engineering educators with a research badkdrouhaptics have attempted to incorporate
haptics into their undergraduate and graduateaai One approach is to use haptics enabled
computer simulations to assist the teaching ofreegging subjects such as physics, statics,
dynamics, control systems, €f#?. Computer simulations and animations that allavdshts to
feel the responses of systems make learning mgagerg and fun, and also help students
understand the course concepts better. Anothepagplpiis to offer a course on haptics. The
advancement of haptics technology relies on thebooed effort of electrical and computer
engineering, mechanical engineering, computer seidniomedical engineering, and
psychophysics. Therefore, haptics courses canfbeedfto students from different engineering
disciplines. However, complete haptic courses arenally offered at the graduate level since it
requires undergraduate level courses such as tsgitems, robotics, C++ programming,
computer graphics, etc. as prerequisites.
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2. Background of the course and the project

The School of Engineering was established at GaldéoBaptist University in the year of 2007.
The Control Systems course is a required seniargaase in the Electrical and Computer
Engineering and Mechanical Engineering curricutavas offered for the first time in Fall 2010.
There were six ECE and four ME students taking¢bisrse. They all took Signals and Systems
as a prerequisite, in which they gained some eg&peei using Matlab scripts to assist their
analysis and design. However, they had no expdsuttee software tools such as Simulink,
Realtime Workshop, Control Toolbox, that are uséfukthe implementation of real-time control
system. A real-world application based project tleguires hardware-in-the-loop real-time
control will be an ideal choice to introduce th@wa tools to the students.

Nowadays, stroke is one of the most frequent canfsssvere adult disability in the worlelany
stroke survivorsuffer from the loss of fine motor skills. The idefahaptics enabled
rehabilitation is to assist post-stroke patientsetgain fine motor skills through computer-game-
like exercises. A patient will either feel the cacttof objects in a virtual environment or feel the
force that pushes or pulls his/her hand as theoresspof a game, or guides his/her hand in
tracing a contour. Researchers have investigatglistacated virtual reality systems integrated
with haptics for the purpose of post-stroke religtion PI“I*! However, the implementation of
a virtual environment with 3D computer graphicbéyond the scope of a design project for a
course on Control Systems. Therefore the scopeiptoject is narrowed down to a prototype
of a haptics-enabled rehabilitation system which tha essential components and features of
such system except the 3D computer graphics péneinser interface.

3. Haptic device and software platform

The haptic device used in this project is the No#acon device (www.Novint.com), shown in
Figure 1.

Figure 1 Novint Falcon Haptic Device

Being a popular game controller, the Falcon dess@tually a parallel-linkage small robot with
three degrees of freedom. The user can hold tipeagd move it like a mouse but in 3D space,
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and feel texture, shape, weight and dynamics throlg force feedback generated by the three
motors attached to the links. The device is coratktit the computer through a USB port. It is
adopted for our design project mainly becausesdbitv cost. A Falcon device only costs about
200 dollars.

The Matlab/Simulink/Real-Time Workshop platformv(w.mathworks.cormand the Quanser
QUARC control design software (www.quanser.com)eaarployed for the software
implementation. The Real-Time Workshop generatelsexecutes stand-alone C code from
Simulink. The QUARC software provides a big colientof block sets to support third-party
devices such as data acquisition boards, robgbsichdevices, etc. so that those devices can be
easily integrated in systems designed with Simutiidgrams. The C code generated from the
Simulink diagrams can be executed as stand-algolecafons with real-time control on the
devices. This software platform makes it possibtefdst prototyping with real-time control on a
physical plant while the algorithms can be impletedrat a high level in the form of Simulink
diagrams. This hardware-in-the-loop approach ig pepular in engineering practice, and the
best way to introduced it to ECE and ME studenthnsugh projects.

The Novint Falcon device is one of the devices suggl by QUARC. The interface, as shown
in Figure 2, is simply a block with a 3 by 1 vectoput as the force components on X, Y, Z axis
(in Newtons) to be generated by the motors, a B bgctor output as the X, Y, Z coordinates (in
Meters) of the device grip position, and a 4 byetter output indicating status of the four
buttons on the grip.

position
fqice -
buttans

Falzon

Figure 2 Simulink Block for the Falcon Device

4. Relevant course materials

The lectures in this course are not much diffefenh a standard Control Systems course.
Topics covered include modeling, time-domain anajyfsequency-domain analysis (Bode and
Nyquist diagrams), root locus, state space metRtid control, phase lead and lag compensators,
etc. Haptics and its applications are only bri@ftyoduced with a paragraph on the design
project handout. Simulink, Real-Time workshop, &uhRC are introduced during the lab
sessions. Students went through a hands-on Simiwiiokal provided by Mathworks and did lab
projects on the Quanser QET DC Motor trainer wliak a similar software platform as the
design project. However, students were providat ®imulink diagrams for the lab projects
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and only need to do measurements and parametegtunstead of design with Simulink
diagrams.

5. Requirements of the project

In this design project, each team with three ECHestits and two ME students will design their
own haptic-enabled rehabilitation system. The aggiom is that the post-stroke patient will use
this rehab system during the whole recovery peiroch pretty weak fine-motor skill to almost
normal. There was no specific requirement on haw#hab exercises should be. But the
following main components/features are required:

» Haptic effects: when the user holds the Falconadg\he/she should be able to feel
appropriate amount of force applied to his/her hanaissist the completion of the tasks.
You need to apply feedback control in at least efifect.

» User interface: a graphical interface should beigdex to the user so that the user can
get visual clues of the task and see how well legggnforms in real-time. The user
interface can also display instructions and allbevdser to choose from some options.

» Data logging and adjustable difficulty level: yapplication should be able to record the
performance of the patient so that the therapistarelyze it. Your application should
also allow adjustment of the difficulty level sathhe patient can start with easier
exercises in the beginning of the rehab periodraade on to more difficult level later.

6. Comparison of two team’s work

Although the Novint Falcon device has three degoédiseedom, the system will require 3D
graphics to match the haptic effects if the rehadr@ses are designed for 3D spaces. Therefore,
both teams decided to make the rehab exercis¢ay@s a 2D plane. Since one of the most
important fine motor skills is to write and draw aipiece of paper, the value of rehab exercises
constrained on a 2D plane can be justified, withghp of the Falcon device acting like the end-
tip of a pen and the virtual 2D plane like a pie€@aper on the table top.

The two teams first designed experiments to figuriehow the “Falcon” block provided by
QuaRC works, in terms of the corresponding axihefthree position outputs of the block,
positive and negative directions, position rangel lsow to send force command to the device
through the block input. Each team then brain-sem@bout the rehab exercise they are going to
develop and assigned tasks to teach team membtr aibital of four lab sessions (2 hours per
session), the teams developed the following hajtnabled rehabilitation systems.
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Team A: dynamic trajectory play-back

Team A designed a system that allows the therapigtcord a trajectory on a 2D plane and the
patient can use it for rehab exercise. They imptaatka virtual vertical plane by simply
applying a force perpendicular to the plane inatican and proportional to the penetration in
magnitude. At the recording mode, as shown by threulthk diagram in Figure 3, the trajectory
data is recorded as arrays representing the cadediof the Falcon’s grip on the vertical plane.
The trajectory is played back at the same cons&mnpling time, the curve and the velocity
along the curve are both exactly the same as toeded one. At the play back mode, shown in

Figure 4, feedback control systems are implemeoeloth X axis and Y axis to generate the
haptic effect.
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Figure 3 Simulink Diagram for Recording Mode

In the feedback control system, the Falcon dedadhe plant, recorded trajectory is used as the
reference signal, the actual end-tip position efflalcon device is the output signal, and the
proportional controller serves as a virtual sprati;iched between the desired position and the
actual position. The controller output that senthi® “Falcon” block in the Simulink diagram
determines the amount of force applied to the adeahd. The gains of the proportional
controllers are basic gain values multiplied bydiféculty level on a 1-4 scale, with 1 being the
most difficult and 4 being the least difficult. Analler gain makes the force smaller due to the
same amount of position error, which means lestidagsistance in the task, hence more
difficult, while a larger gain corresponds to mbegtic assistance hence easier exercise. Also
the haptic effects are activated when the usershadavn any of the four buttons on the grip.
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The test results are shown in Figure 5. The acuale (dashed) follows the reference curve
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(b) Diagram for Subsystem “Pull to Position” in (a)
Figure 4 Simulink Diagram for Play-Back Mode

(solid) except in the beginning when the device gras pulled from the center of the work
space to the starting point of the reference cubueing the test, the user felt that his hand,
which is holding the grip of the Falcon device, vbaing guided through the trajectory.
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Actual Curve vs. Reference Curve
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Figure 5 Testing Results of Dynamic Trajectory FBack

Team B: a path to trace with virtual walls

To constrain the motion to a vertical 2D planemdaimplemented the force perpendicular to
the plane as a polynomial function of the positgugh that the force will first pull the grip toeth
plane and then points out from the plane to geadhat contact effect. For the rehab exercise,
team B came up with the idea of letting the patieate a path (only circle was implemented)
that is constrained by virtual walls — an innerlvaald an outer wall. Figure 6 shows the
Simulink diagrams of subsystems that calculatedtrection of the force when the grip of the
Falcon device penetrates the outer wall. The faitdeoush the grip away from the outer wall in
the direction that pointing from the grip toware ttenter of the circle. Similarly, an inner wall
was implemented such that when the grip of thedrattevice penetrates the inner wall, a force
will be generated to push the grip away from theeimwall in the direction that pointing from the
center of the circle toward the grip. Therefore, thotion of the device will be constrained in a
ring between the two virtual walls. Higher diffitylevel corresponds to a wider ring which

means less haptic assistance, while lower diffjcleltel corresponds to a narrower ring which
means more haptic assistance.
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Figure 6 Simulink Diagrams Showing the Calculatiér-orce Direction
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Test results with the grip of the Falcon devicdi@ganoving along the outer wall (dashed) is
shown in Figure 7. During the test, the user fadtfiorce pushing the grip away from the outer
wall.
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Figure 7 Testing Results for Tracing a Circle wWiintual Walls

In the end of the semester, each team demonstatedxplained their work to the other team
and the instructor, and submitted a technical tepith the distribution of tasks among the team
members. Besides the technical details on the grgaudents also reflected on the possible
impact haptics-enabled rehabilitation could haveost-stroke patients, therapists, and the
society.

7. Student feedback and future improvements

In the end of the Fall 2010 semester, the followgngstionnaire was filled out by every student.

kkkkkkkkkkkkkkkkkkkhkkkhkkkhkkkkkkkkhkkhkkkhkkhkkkkkkkkkkkkhkkkkk kkkkkkkkkkkkkkkkkhkkkhkkkkkkkkkx

This project increased my understanding or imprawgdskills in the following areas:
(Rating ona scale of 1-5 with 1 being strongly disagree abeifg strongly agree.)

How engineering solutions can help people and irnjhecsociety.
Matlab and Simulink.

Hardware-in-the-loop real-time control system.

Analyze a problem and evaluate multiple solutions.

Design experiments to determine properties of uilfanequipment.
Issues in designing a system that involves humampcer interface.
Trouble shooting and problem solving.

Noo,srwDdE
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8. The need for life-long learning.
9. Work in a multidisciplinary team.
10. Technical communication orally and/or in writing.

What could have been done to make this project nmbeeesting and successful?

kkkkkkkkkkkkkkkkkhkkkhkkkkhkkkkhkkkhkkkkkkkhkkkkhkkkhkkkkhkkkk kkkkkkkkkkhkkkkkkkhkkkkkkkhkkkk

The average ratings to the first ten questionshosvn in Figure 8:
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Figure 8 Average Ratings of Students Feedback

4.375

Regarding the last question, most students commehét the project could have been more
successful if they were given more time. The mdistacle we faced during this project was that
the upper division ECE lab, which was used forléttreand design projects of the Control
Systems course, was not ready in the beginningeo§émester. After the computer setup,
hardware and software installation, and other ssuere solved, we only had less than two
months left to do the lab projects and design pto)&ith their senior design, other courses, and
part-time jobs, the students didn’t have time taknan the projects outside the dedicated lab
sessions.

Another comment by the students is that some trgioh GUI design and S-function in

MATLAB will be helpful. They did some work on GUledign with the GUIDE component of
MATLAB. However, they didn’t complete the integrai of the GUIs with their systems

because they didn’t have time to figure out howligplay multiple dynamic trajectories (for

team A) or static shapes together with dynamiettayy (for team B). Ideally, the GUI should
contain an embedded axis showing 2D trajectorh@fRalcon device grip position, and the
reference trajectory for team A or inner and outesular constraints for team B, together with
options such as difficulty level or shapes to tré&even of the ten students are currently in a
Robot Modeling and Control course and are ablestoaome of the lab sessions in this course to
continue the GUI design part of the haptics-enabdébdbilitation project.
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For future improvements, evaluation by real posik& patients, therapists, or experts with
research background in rehabilitation will be valedor this kind of projects.

8. Conclusions

A haptics-enabled rehabilitation project for a GohSystems course is presented in this paper.
Students learned skills for designing hardwareheHbop real-time control systems on the
Matlab/Simulink/Real-Time Workshop platform. Thigopect also improved their awareness of
issues in the design of human-computer interfdeesbcial impact of engineering solutions, the
need for life-long learning, and collaboration amalifferent engineering disciplines.
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