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Abstract— The ArmAssist, developed by Tecnalia, is a system

for at-home telerehabilitation of post-stroke arm impairments
It consists of a wireless mobile base module, a global positic
and orientation detection mat, a PC with display monitor, an
a tele-rehabilitation software platform. This paper presents tt
recent development results on the mobile module augmentit
its functionality by adding actuation components. Three D(
servo motors were employed to drive the mobile module and
position control algorithm based on the kinematic model an
velocity mode control was implemented such that the modul
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tracks a path defined in the training software. Pilot tests of tt . Enc.ofEd
powered mobile module were performed in experiments wit e - s / primt zone
different load conditions and two unimpaired subjects. Botl e E:ljenifs
test results show that the module is able to follow the pre > TN R ZOEE

defined path within an acceptable error range for reac / | SEr———-
movement training. Further study and testing of the system Blgure 1. Components of the ArmAssist system for at-home
realistic conditions following stroke will be a future topic of telerenabilitation of post-stroke arm deficits.
research.
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stroke bridging this gap are inevitable in order to take advantage of
the known benefits of longer duration and higher intensity
training spanning the clinical-to-home transfer. This belief was
one of the prime motivators behind the development of a

l. INTRODUCTION A
o th ¢ le of decad botic technol h ortable low-cost platform named the ArmAssist for at-home
Vver the past couple ol decades, robolic 1echnology N4g erehapilitation of post-stroke arm impairments [1].

rapidly drawn clinical attention as the technology that enables The previous (non-motorized) ArmAssist system (Fig. 1)

more _efficient and _systematic therapy for rehab'I't"’mor}fonsists of a wireless mobile base module, a global position

following neurologic injuries such as stroke and spinal cor : ; : )
injury. As a result, many robotic systems for upper and Iowe?nd orientation detection mat for the base module, a PC with

limb rehabilitation have been developed and tested in acadenf{{SP!2y monitor, and a tele-rehabilitation software platform [2].

and clinical settings while some of them have already beeh® non-motorized version employs three omni-directional

commercialized, as presented in [1] and references thereiffh€els for smooth translation and orientation of the mobile

Moreover, several published research works on the utility dpase platform with minimal resistance to provide patients with

robot-mediated therapy have suggested that the use of a rolfofow-friction workspace for reach training. The system is

in the field of rehabilitation could be a solution to the high leveintended for use with moderately impaired patients who have
of energy and time that conventional therapy demands eftrong coupling of shoulder and elbow torques but can achieve
therapists, as well as to the high cost that it demands of patiesslf-initiated movements with gravitational support.

For reasons of size and cost, most robotic systems In the current (motorized) ArmAssist implementation,
developed until now have been intended for patients in the suthree low-cost servo motors have been added to provide
acute phase of stroke during their stay at large rehabilitatiogssistive torques to each of the three omni-directional wheels.
centers or hospitals. The size and cost limitations preventhe resulting system achieves smooth rotational and
patients from receiving adequate continuity of training aftefransiational assistive motion in accordance with the
discharge, resulting in the shorter training durapon anc! 3'°W%spective training task undertaken.
recovery speeds than those that could be achieved with lower
cost, portable technologies. Hence, it is believed that solutions
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The aim of this paper is to present the first stepshe
development of a powered mobile module in ordewitden
the available training strategies (and impairmevels) that
can be used with the ArmAssist system. In the ¥alhg
section, we describe the system components of theered
mobile module. The position control scheme impleteérin
the module is presented in Section Il and Sectwrshows
the results of experiments with different loadingnditions
and two unimpaired subjects in reach movementitrginn
Section V, a discussion of the test results andhéar
challenges are presented and final conclusionsdea@n in

Section VI.
Il.  SYSTEM DESCRIPTION OF POWERED MOBILE MODULE

A. Mechanical Components

Mechanical components composing the powered mobile

module are shown in Fig. 2. Among them, the wheetijator,
forearm bar, and force sensor are described hethegsare

the main components that influence the movement and

functionality of the powered module.

Wheel- An omni-directional mobile robot has an inherent

agility, which allows simultaneous and independaotion in
translation and rotation. This benefit resultshia wide use of
the omni-directional mobile robot in many differereas. The
ArmAssist adopted omni wheels (Kornylak, FXA315)iia
design to meet
movement during arm reach training. The ArmAssisplys
three omni wheels configured in an isosceles tt@amg the
plantar side cover plate, as shown in Fig. 2(c) .

Actuator -A low-cost actuator that satisfies the torque
requirements of the system was selected, and sugemotors
were integrated in the hardware, shown in Fig..Z{eble |
shows the specifications of the selected motor alieitg with
its encoder and gear. While the motor and gear gwatibn
provide sufficient power and rotational speed regglito assist
movement, it may be noted that any gear ratio abbne
reduces system backdrivability, impairing the systehaptic
performance and ultimately, transparency to ther.ukeis
therefore important to consider the mobility neeufsthe
application throughout any gear selection process.

Forearm bar and 1-DOF force senser The forearm of the
user, shown in Fig. 2(a), is positioned in a setoofarm and
wrist orthoses on the forearm bar (Fig. 2(b)) whiish
connected to the module body by a single-axis imtat joint.
The resulting design and omni-directional drivingahanism
allow a patient to conduct a natural forearm mowanakiring
planar reach tasks with minimal resistance. A fa@easor is
integrated between the base frame and the foreaam b
measuring interaction force of the arm in the eaitdirection.

requirements needed to allow natura
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Figure 2. Structural view of the mobile module: (a) side vievith
mechanical components, (b) the mobile robot witbraarm, and (c) top
view of plantar side cover plate with three omnmedtional wheels,
motors, and mouse optical sensors

TABLE |. SELECTEDMOTORSPECIFICATIONS

4 Gear Head Input Voltage 12v
1 Maximum RPM without load| 500 RPM
Stall torque at 5A 5kg-cm
Gear ratio 19:1
Encoder resolution 64 CPR
Encoder Weight 212g

a. CPR: Counters per revolution

The measure and use of vertical interaction force a
considered a critical factor in progressive loaihing.

B. Position and orientation Sensing System

To detect absolute position and orientation of rinzbile
base module, three mouse optical sensors (Avago
Technologies, ADNS-3080) are integrated in the talaside
cover plate, illustrated in Fig. 2(c) [3]. Datafnche left and
right sensors are used for odometry calculationd,the third
sensor takes low resolution pictures of a custosiged mat.
The data and picture are transferred to the PCugfiroa
Bluetooth communication protocol and the developedsor
fusion algorithm executed in the PC calculates tiredby
accurate and reliable global position and orieatatiThe
calculated values are then sent back to the moidul@ath
control. Position and orientation data are updaed Hz,
which is the maximum speed that ensures new infiiomas
received while data from the PC are periodicaynsferred at
20 Hz.
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C. Customized PCB

For the sake of position and orientation sensing,
customized PCB with imbedded microprocessor wasldped
(Fig. 3) enabling bilateral communication betwelea module
and PC, and motor control for up to three motorbe T
microprocessor (STMicroelectronics, STM32F103RB) iris
charge of executing a control algorithm and marmgignal
flows to three motor drivers that use H-bridge wimy and
PWM signals to control the three motors.

Ill.  CONTROL SCHEME

In this section, we present the kinematic modeltiu#
powered mobile module, the resulting position caoligr, and
the velocity control model.

A. Kinematic model

To describe the motion of the powered mobile madwie
employed two coordinate frames that facilitatedbgvation of
a mathematical model of a mobile robot [4]: thealomodule
frame {R} and the fixed world frame {W} are shown Fig. 4.
The local module frame is a moving frame fixed lo& body of
the mobile module at the point of interest, whish in this
study, the center optical sensor as the positigny)( and
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Figure 4. Geometry of the mobile module and coatirframes

@,z are shaft velocities of the three motors. In therent

design,L; =130 mm L, =153 mm a=45°, andf=12°. Finally
the kinematics of the module is obtained by a coate
transformation from the local module frame to thed world
frame

X u
y|=T|v @
7 r
where
cosy) - sir(y)
I'=|sin(¢) cody)
0 0 1

Remark: In general, the local frame for a mobile robdiixed

at the center of gravity (COG) of the robot in artleminimize
an inertia moment effect during robot rotation [4]this study,
we selected a location of the center optical seasdhe origin
of the local frame because it reduces the numbeqgobtions
that are needed to calculate the module positidnoaientation.

orientationy of the module is measured with respect to thaSince we thought that knowing the COG of the modudeld

point. The fixed world frame is a global non-movirgference
frame in the workspace of the module.

be helpful to understand the system and it woulddagiired
for dynamical model derivation, we roughly estinththe

From the mobile module geometry shown in Fig. 4,COG of the module using a pressure mat. The modale

translational velocitiesu( V) and rotational velocityrf in the
local module frame are given by

u Wy

o <Rega| o &)
n
r W
where
-1 0 L
B=|coga) -sifa) L,OcoéB)|’
coga) sifa) L,0Ocoép)

Ry is the radius of the omni-directional wheeljs the gear

placed on a pressure mat and a relative pressuter wach
wheel was recorded in three trials. Through nuraéric
calculation using the pressure values measuredast found
that COG of the module is located about 27 mm piostéo
the center optical sensor (i.e., below the sensorthe
orientation depicted in Fig. 4), the central senseing the
origin of the local module frame {R}.

B. Postion Controller Architecture

A controller for path tracking was formulated basedthe
kinematical model derived above. It has two conlkpobps, as
shown in Fig. 5: an outer loop and an inner loope Duter
loop is a feedback PI control loop with feedforwéedms that

ratio of the motorLl_ is the distance from.the origin of {R} to generate three motor rotational velocities{ w,s, @) in
Wheel 1,1, is the distance from the origin of {R} to Wheel 2 grder to minimize the error between the desired acidial

(or Wheel 3)u andp are angles shown in Fig. 4, angs, wnp,

paths. The inner loop is a velocity control loopiethplays a



Microprocessor Robot

nerloo

Inner v
[5 yaivi] |y, | WVelocity controlloop) | -
d pa

i
. T

: :L

Desiréd path |,

— " @ Inverse Pl
r_ " + kinematics A controller
A

b -

T,
2 Lol

1
| Robot

17| Kinematics _’-’
|.
z
[egceyc
O E— Sl
Raw data of
optical sensors
| Cameraimage

Motors

Sensor fusion
algorithm

Outer loop

PC
Figure 5. Controller architecture

role in producing three motor voltageg;,(V», Vs) such that
real motor rotational velocities become equal tisthobtained
from the outer loop. Since the control algorithmsrev
discretely implemented in the microprocessor, @lirfulations
are expressed in the discrete-time form such lgs i(herek

denotes the time at tith sampling instance, i.dsk-T.where
T, is a sampling frequency of the control system.

The tracking error vector is defined by

oK) =[x(0 %R ¥ (B -[ x5 ¢ ke( K

(@
Figure 6. Two test cases of the mobile modulewi#) loads, and (b)
interacting with an unimpaired subject

wm, Om, ®ng denote real rotational velocities of three motors,
Kp andK are 3x3 diagonal constant proportional and infegra
gain matrices for the inner loop respectively, dnds the
sampling frequency of the inner loop, which is 2B@.
Rotational velocity of the motor (e.g.) is obtained by
performing numerical operations on the encoderaign

IV. TESTRESULTS
The powered mobile module was tested in two differe

wherex; andyy denote thex andy coordinates of a desired cases: 1) with five different static loading levélse module
path (or point), angy the desired rotation angle of the desireditself, 1 kg, 2 kg, 3 kg, and 4 kg loads added} 2pwith two

path in the fixed world frame {W}. Using the relatiship (2)
and Pl controller form with feedforward terms foestted

unimpaired subjects (Fig. 6). According to the mass
distribution data of the human body [5], the weighan arm is

velocities of x4, Y4, and yy, the translational and rotational approximately 5% of the total body weight, meaniogghly 4

velocity profiles @.,Vv,r) in the local module frame {R},

kg can be considered the maximum weight of an 80 kg

which drive the module to track the desired pathe a person’s arm. While the first test aims at evahggthe module

designated by

u, (k) % ) 3
v(k) =T | % +Kope(k)+K0|Ze(DDE> , )
r, (k) Wy

performance under load variations, the second ©t@ éxplore
the module behavior under not only load variatibog also
different configuration of the arm. In this sectidirst we
present the desired path used for the test and shew test
results of the developed control scheme in botesas

whereK op andK o, denote 3x3 diagonal constant proportionalA. Desired Path Selection

and integral gain matrices for the outer loop retpely, and
T, the sampling frequency of the outer loop. Noté Thas set
to 6 Hz, which is the frequency at which the modslable to
read new updated data.

Substituting (3) into (1) and rearranging the eiumtwith

respect to the rotational velocities of the thresars (1, w,,,

wy3), We have

@] [y
@,(K) |==B| v (K . @
@(K) (k)

=%Btr’1[[xd o wd]T+K0pe(k)+Ko.ﬁe(DD@]

Finally, the input voltages\W, V,, V3) for the motors in the

inner loop are calculated by

V(K k .
V,(K) =KIPew(k)+KIIZew(i)Eri ®)
V5(K)

where

€,(K) =[@.(K) @,(K) @ ,(R]" ~[ah (R @ B w,d B

The tele-rehabilitation software used with the Arssist
system provides various training and assessmegta s [2].
Among them, we chose a game for assessing a wsait®l of
vertical arm support during arm reach movementsg. Fi
shows the desired path, specified by the game,hntonsists
of six sets of arm reach and return motions, regulh a shape
similar to a ‘star’. In the tests, the mobile masluhoves
sequentially between the numbered locations starfiom
point 1 and following the straight line path conteg points 1

Level
“‘78 (RX: 130, 156, 1) 1:0
(TX: 118,172,0,6,2) 52.1

eceTo

Figure 7. Selected desired path in the reachingemewnt game. The
path is composed of six sets of coupled reachidgeturn motions
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Figure 8. Actual paths of the mobile module witado(a) 0 kg, 1 kg,
and 2 kg load, and (b) 3 kg, and 4 kg load.

and 2. The module then returns to the central sabpeint 3 to
repeat the exercise from points 3 to 4.The pattémovement
is repeated until the module reaches point 12oth beach and
return motions, the time to reach the subsequent set to
6 second, making the average speed of the modtlegdiests
about 20 mm/sec.

For a smooth motion, a fifth order polynomial issdsto
interpolate a line between the two points in bothadd Y
directions under the constraint that velocity andeteration at
the points are zero [6]. The resulting path makesrhodule
depart and arrive smoothly, preventing abrupt changf the
movement speed or direction. The interpolationasied out
when the module switches path segment, from reacbhttirn
motion, and vice versa in order to move to the tenget point.
Note that while the developed control scheme dedls both
position and orientation control of the moduletha tests, only
position was taken into account in the path infaromabecause
the objective of the selected reach training garas tw follow
the line between two points (indicated by the Idotpek arrow
in Fig. 7) regardless of the orientation.

B. Control results in five different load conditions

Pl gains for the inner and outer loop were tuned
minimize tracking error with the pre-defined pa@ontrolled
results using the gains are shown in Fig. 8. Rosammsquare
(RMS) of the tracking error over the movement witkpect to
the load level is presented in Table Il. The figared table
demonstrate that the error size is similar undet,@nd 2 kg

+IDesired path
------ Trial 1
- -~ Trial2
-~ Trial3

Subject A

200

150

Yimm)

100

.......

50

400

1
—+— Desired path

250 I I

Subject B )
----- Trial 1

200 === Trial2

-~ Trial 3

150

¥ (mm)

100

50

[+] 50 100 150 200

X (mm)

(b)
Figure 9. Actual paths of the mobile module intérecwith the arm of
two unimpaired subjects: (a) Subject A and (b) Sctb
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load conditions while it increases proportionathythe weight
in 3 kg and 4 kg load conditions.
TABLE Il. RMS OF TRACKING ERROR WITH RESPECT TO THE LOAD

Load (kg) 0 1 2 3 4
RMS (mm) 4.1 4. 4.€ 6.0 | 11.1

C. Control results in interaction with unimpaired sabjs

The aim of these tests is to explore the modulatiehand
performance when driving a user arm along the eeégpath.
Two subjects participated in the test and theirsptaf data are
shown in Table III.

TABLE Ill. PHYISCAL DATA ON UNIMPAIRED SUBJECTS

Subjec Gende Weight (kg Height (cm
A M 6¢ 17¢
B M 84 19C

Before starting the test, subjects were asked thirgs: 1)
to keep the shoulder at a fixed position to prevextessive
trunk movement during the test, 2) to close bo#sdp not see
the module path, and 3) to leave the arm on theuleods
natural and comfortable as possible and not maiaive force

Qither with or against the movement of the modiie second
request is to minimize subjects from subconsciotdlpwing
the path while the third is to eliminate disturbesm@part from
the arm weight effect which varies with the kineimat
configuration of the arm. Test results using th@eaontroller
and gains as in the first test are shown in Fign@ average



RMS errors of 3 trials with Subject A and B are & & and
8.4 mm respectively. From the result it can be tbtimat the
tracking performance lies between those obtainateuB kg
and 4 kg load conditions, indicating the perforneamé the
module seems to be acceptable for training purpeik
subjects.

V. DISCUSSION

A. Test results

affects the control performance. The current maxmu
sampling frequency is 6 Hz and it is limited by fitering of
data from PC to ensure that the module reads tHateg data,
resulting in the increase in tracking error undee toad
conditions with the mass higher than 2 kg. The desgy can
be increased by directly processing a camera image
microprocessor with higher computation power. Repiathe
velocity control in the inner loop with current ¢ool can also
lead to improved performance. The low resolution tioé
encoder attached to the motor produces a 5 RPMI(rians
per minute) resolution in angular velocity, resdtiin poor

While the module has shown an acceptable trackingontrol performance when the module moves slowhough a

performance in the pilot study, there are stillesal’ aspects
that call for further investigation. First, the ciitions adopted
in the tests with subjects are very limited. Inttican with a
patient is more complicated than with healthy ussosfurther
testing and evaluation of the module should be operéd
under real conditions such as high or low muscle tand
coupling of torques between the shoulder and elliduring
tests, subjects commented that they experiencezbrdiert
during some movements of the trajectory. We obskthat it
resulted from incorrect starting postures of tha.a®ince the
orientation of the module was not controlled, thedoe had a
tendency to keep the starting orientation and ditd actively
assist the user in maintaining natural arm oriérat As a
result, depending on the starting orientation, soreach
movements could produce movements near the rangetodn
limits of the shoulder, producing higher levels rekistance
from the subject. The larger deviations of SubjecftTrial 1
(Fig. 9(a)) resulted from such instances of inadégu
orientation. This finding demonstrates the impartanof
incorporating orientation control in the powered dule in
accordance with the level of arm impairment. In itoid, it
was observed that posture of the trunk and siftivgjtion also
should be taken into account such that the modulékspace
remains within the workspace of the arm in ordeminimize
undesired sources of discomfort.

B. Challenges

Unlike high-cost robotic devices for upper
rehabilitation, the developed powered module dadsnclude
a multi-axis force sensor measuring forces in thiwird
directions. Rather, a single-axis force sensor nreasloading
conditions in the vertical direction. This is lilgeio limit force
based control strategies such as impedance cowtnalh have
been widely adopted in robot-mediated therapy wtkiileir
effectiveness is still under study [7]. However, nirol
strategies designed with position
implemented in our powered module, including foareple,
automated movement guidance (used in this papenr-e
amplification, and resistive training, etc. [8]. kowledging
that a mobile base system shares some of the tepéftboth
end-effector and exoskeleton solution designss#iection of
the most appropriate control strategies for mobilse systems
is a challenging topic to be addressed.

From the control point of view, while the moduleeals an
acceptable level of tracking performance, therestileseveral
ways it can be improved. One of them is to incretse
sampling frequency of the outer loofi,), which strongly

limb [2]

information care b

high resolution encoder can be a solution, implémgnthe
current loop has an advantage because an encagelasiger
necessary.

VI. CONCLUSION

In this paper, the first developmental results qfoavered
mobile  module for the ArmAssist home-based
telerehabilitation system have been presented. eTHDE
motors, considering cost efficiency, were selectadd
integrated in the mobile module. A position conrgol
composed of two loops, an inner and outer loopngusi Pl
control structure was developed and tested in é@xjgeits with
different loads and two unimpaired subjects in geéined
path following tasks. Test results indicate tha thodule is
capable of assisting arm movements within an aebépt
tracking error range in healthy subjects. Furthestst under
more realistic conditions to better reflect int¢i@mts with a
range of post-stroke impairments are required flanical
engagement of the module. Moreover, implementing an
testing other control strategies developed for rodssisted
training will be a future topic of interest.
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