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A telekinesthetic feedback implemen ted in to functional electrical

stimulation (FES) orthosis is described. Single chan nel FES is

used to provoke ankle dorsi¯ exion du ring walkin g. FES is

con trolled man ually by a special lever, bu ilt in to the han dle of

the crutch. The angu lar position of the lever de® n es the

in tensity of stimulation and thus the magn itude of the ankle

dorsi¯ exion . The measu red join t angle prov ides the feedback

in formation abou t the ankle joint position , which is presen ted

to the user as a force feedback applied to the con trol lever. As the

® rst step in the development of a complex micromechatron ic

dev ice, a simu lated testing environmen t was prepared. A

compu ter model, comprisin g dynamic foot characteristics, as

well as agon istic and an tagon istic muscle grou ps, substitutes

the ankle join t. The model also includes fatigu ing of the

electrically stimulated muscles. For experimental pu rposes an

actuated con trol lever was bu ilt. The ef® cacy of the

telekinesthetic feedback was evaluated in a group of six healthy

person s.

Introd uction

Walking is one of the m ost important hum an activitie s.

Most spinal cord in jured ( SCI) pe rsons, howe ver, are

deprive d of th is advan tage. In som e case s their

locom otion is severe ly disturbe d or they are not able

to walk at all. With the assistance of crutche s and

functional e le ctrical stimulation ( FES) standing and

sim ple gait we re re stored [ 1] .

Because of the absence of sensory feedback from the

paralyse d extremity, human vision remain s the on ly

useful feedback for a SCI walke r. This of course

in te rfere s with the primary function of the vision which

is observing the surroundings. The sim ple st comm and

sensor, independe nt of hum an vision , is the heel switch

used for FES assisted walking in hem iplegic patien ts [ 2] .

The switch is located in the sole of the shoe on the

affected side . When a patien t voluntarily raise s the hee l

of the affected leg, the hee l switch triggers the

stimulator, causing foot dorsi¯ exion during the swing

phase of the gait.

The great m ajority of the incomple te SCI subje cts, who

are candidate s for a FES orthosis, are crutch users [ 3] .

Because of frequent m alfun ctioning of the hee l switch ,

a pushbutton built in to the handle of a crutch was

in troduced [ 4] . In th is application , as long as the

subje ct was depre ssing the pushbutton , the stimulation

was applied to the e le ctrode s placed ove r the ankle

dorsi¯ e xors. In this way, the FES assisted swing phase of

walking was produced in incomplete SCI persons.

A m ajor issue associated with the FES is the reduction of

muscle force in time , as a result of fatigue . In

e le ctrically induced contractions, the m uscle fatigue is

e ssen tially periphe ral and presen ts a seve re problem ,

particularly in those case s where de tection of fatigue is

not possible due to the absence of sensory feedback [ 5] .

A possible way to compensate for this dif® culty is to

replace the pushbutton by a proportional control built

in to the handle of a crutch in a form of a leve r. In this

way the subje ct can increase the amplitude of the

e le ctrical stimulation and thus ove rcome the e ffect of

muscle fatigue .

The purpose of the paper is to pre sen t an im proved

FES orthotic system with manual control leve r and

te lekine sthe tic feedback built in to the handle of the

crutch . The aim of the te lekine sthetic feedback is to

provide in formation about the position of the paralyse d

join t to the patien t. The ankle join t angle is m easured

by an e le ctrogon iom eter and transferred to a torque

motor actuating the axis of the control lever. Th is way,

the re sistance of the control lever to m anual voluntary

control is proportional to the magn itude of the join t

angle . By adjusting the pressure on the control lever,

the walking subje ct can ove rcom e the problem s of

fatiguing of ele ctrically stimulated m uscle s and also can

deal with the obstacle s on the ground.

Method s

FES orthosis

The basic concept of the de scribed FES orthosis

including the te lekine sthe tic feedback consists of the

following components ( ® gure 1 ):

( 1 ) control un it with ele ctrical stimulator;

( 2 ) stimulation electrodes;

( 3 ) m anual control leve r with e le ctrical motor;

( 4 ) goniom eter.

The m anual control lever is built in to the handle of the

crutch and is connected to the shaft of an e le ctrical

motor dire ctly or through a ge arbox. The user

dete rmine s the amplitude of e le ctrical stimulation by

changing the leve r rotation angle . The m easured angle

14
Jou rnal of Medical En gineerin g & Techn ology

ISSN 0309-1902 print/ ISSN 1464-522X online Ó 2000 Taylor & Francis Ltd
h ttp:/ / www.tand f.co.uk/ journals/ tf/ 03091902.h tm l

Author for correspondence; e-mail: Imre.Cikajlo@robo.fe.un i-lj.si

Journ al o f Med ical Engineering & Techno logy, Vo lum e 24, Number 1, (January/ Febru ary 2000 ), pages 14 ± 19



15

represen ts the input in form ation to the control un it

where the corre sponding FES am plitude is computed.

The stimulator, in tegrated in to the control unit, use s

the com puted data and stimulate s the ankle joint

dorsi¯ exors through surface stimulation e le ctrode s.

The resulting dorsi¯ exion is measured by a gon iom eter,

placed at the ankle . The m agn itude of the joint angle is

tran slated into the counteracting torque in the m anual

control leve r, produced by a torque motor installed in

the handle in the crutch .

In a pre liminary study the FES orthotic system was

replaced by a simulated environment. For the purpose

of variable am plitude FES trigge ring and te lekine sthe tic

feedback an experimental hardware unit was built
( ® gure 2 ). The goniometer, the electrical motor and

the control leve r are replaced by a much bigge r motor

with a stee ring handle and an optical encoder. The

biom echan ical computer mode l of the human ankle

replace s the real human lowe r extremity and is software

ge nerated . The control unit with the e le ctrical stimu-

lator is software gene rated as well.

The functional e lectrical stimulator is pre sented by a

pulse ge ne rator havin g a variable amplitude output and

serve s as the input in to the m usculoskele tal mode l of

the hum an ankle . The amplitude of electrical stimula-

tion is proportional to the control leve r angle . Figure 3

shows two control loops. The ® rst loop is used for

re turn ing the m anual control lever in to the starting

position corre sponding to the neutral position of the

ankle join t. Th is loop has no special e ffect on the

torque feedback; in this way the user deve lops a fee l for

the ¯ oating zero. The starting poin t is de ® ned by the

input parameter t re f and is se t by the use r. The second

loop controls the counteracting torque . The output of

the musculoske le tal mode l, the ankle angle , is turned

in to a control signal de live red to the electrical m otor by

the control un it.

Musculoskeletal model

The ankle join t mode l include s seve ral independent

subsystem s: the ankle m uscle groups, the join t char-

acte ristics and the foot be ing part of a whole

musculoske le tal system . The ankle join t m uscle s are

divided into two muscle groups, pe rform ing the

opposite tasks: the agonistic muscle group perform s

the dorsal foot ¯ e xion and the an tagon istic muscle

group perform s the plantar foot ¯ exion .

The m uscle group characte ristic param eters are pre -

sen ted as viscous dam ping B1( B2 ), inne r m oment of

ine rtia J1( J2 ) and e lasticity k1 ( k2 ). The index 1 be longs

to agon ist while 2 to the an tagonist muscle group. The

foot moment of ine rtia J3, the join t elastic ity k3 and the

join t viscous dam ping B3 supplem ent the mode l in

conditions of free m ove ment. The m oment of ine rtia of

the foot was calculated by replacing the foot with a

prism [ 6] . The following equations de scribe the

behaviour of the ankle joint in unconstrained condi-

tions ( 1 ):

J1 Èu 1 5 2 B 1 Çu 1 1 T i s o 2 k1( u 1 2 u ),

J3 Èu 5 2 k1( u 2 u 1) 2 k3u 2 B 3 Çu 2 k2( u 2 u 2), (1)

J2 Èu 2 5 2 k2( u 2 2 u ) 2 B 2 Çu 2,

where / repre sen ts the ankle join t angle , while } 1 and

} 2 are the displacement of the agon ist and antagonist

muscle re spective ly.

The dorsi¯ e xor m oment ge ne rator is denoted by Tiso. It

on ly acts in the dire ction of muscle contraction . The

mom ent gene rator Tiso is not linearly proportional to
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Figure 1. FES orthosis based on telekinesthetic feedback.

Figure 2. The experimental set-up consisting of hardware and software compon ents. t represents the steering han dle angle, t (bin )is

the binary valu e transferred to the compu ter. u is the con trol signal to the motor con troller and M is the desired counteracting torque,

produ ced by the electrical motor.
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the stimulating voltage Ust. Two nonlinearitie s are

incorporated, the threshold stimulation voltage and

the saturation voltage [ 6] . T iso is also a time -dependent

function, de ® ned by the muscular fatigue .

The numerical value s of the se e lements cannot be

de term ined by a direct measuring method. For that

purpose frequency response based m ethods and

identi ® cation approache s we re used [ 6] ( k1 =3 m N

rad
Ð 1

, J1 =0.0245 m N s
2

rad
Ð 1

, B1 =0.17 mN s rad
Ð 1

,

k2 =3 m N rad
Ð 1

, J2 =0.0245 m N s
2

rad
Ð 1

, B2 =0.17 m N s

rad
Ð 1

, k3 =13 mN rad
Ð 1

, J3 =0.024 m N s
2

rad
Ð 1

, B3 =

2.7 mN s rad
Ð 1 ).

Fatigue in muscles activated by FES

In ge ne ral, the fatigue is the inability of a m uscle or

muscle group to continuously produce the required

force , regard le ss of the type of work in progress.

Muscular fatigue is a tim e-dependent proce ss that m ay

take place gradually or abruptly [ 5] . The fatigue can

also be considered as a protective mechanism of the

body to preve nt pe rm anent muscle in juries.

The nature of fatiguing observe d in paralyse d m uscle s

activated by FES is differen t from normal fatigue . If the

comparison with voluntary activated norm al muscle

fatigue is m ade , the following difference s can be

noticed [ 5] :

( 1 ) m ode of activation: FES synchronously activate s all

muscle motor units;

( 2 ) reve rse recruitment orde r: the rapidly fatiguing fast

motor units are recruited at low stimulus in tensi-

tie s;

( 3 ) pe riphe ral fatigue : the central com ponent of

fatigue is missing because of the spinal cord in jury;

( 4 ) lack of sensory feedback: the muscle fatigue is not

percepted by pain .

Electrically stimulated m uscles fatigue m ore rapidly than

when voluntarilyactivated. With in termitten t stimulation,
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Figure 3. Block diagram of the system. t is the angle of the

man ual con trol lever while / represents the ankle join t angle.

The starting poin t of the steering handle is de® n ed by the inpu t

parameter t ref and is set by the user.

a
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b

c

Figure 4. (a ) The upper diagram shows the trains of electrical stimulation while the lower diagram presen ts the effect of the

muscular fatigue on the ankle gon iogram. (b) In the second test the tested person was tryin g to reach the desired ankle join t angle
(10 8 ) while using both visual and telekinesthetic feedback. The effect of the muscular fatigue was overcome by increasing the

stimulation amplitu de (upper diagram ). (c) The relation ship between the ankle join t angle and the counteracting momen t in the

con trol lever was the on ly feedback in formation in the third test. The lower diagram presents a successful attempt of using the

telekinesthetic feedback.
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where train s of stimuli are followe d bya pause , fatiguing of

e le ctrically stimulated m uscle is conside rably less when

com pared to continuously delive red stimulation .

For the purpose of m uscle fatigue mode lling the

following time course of the m uscle m oment was

se le cted [ 5] :

T iso 5 {a0 (1 2 a1 exp
( 2 t /s 1 ) 2 a2 exp

( 2 t / s 2 )
)

2 a3 tanh [(t 2 t3 ) / s 3 ]}T ¢
iso,

(2)

where T ¢ iso is the m oment ge ne rator with excluded

m uscular fatigue .

The parameters we re identi® ed from the m easure -

m ents pe rformed with in te rmittent stimulation where a

train of pulse s and the pauses lasted one second each

[ 1] . O n the basis of the comparison with curve ( 2 ) the

following nume rical value s were obtained: a0 = 1,

a1 = Ð 0.95, a2 = 1, a3 = 0.55, s 1 = 60, s 2 =60, t3 =8,

s 3 =120 . Such a stimulation patte rn to some extent

corre sponds to slow walking wh ich is often exhibited by

seve re ly paralysed SCI subje ct.

Instrum entation

During expe riments, a pe rsonal com puter ( PC) Pen-

tium
TM

with data acquisition board AD512 from

Humusoft s.r.o. was used. As a program ming tool,

Matlab
Ò

with the Simulink toolbox from The Math-

Works Inc. was se le cted. The program uses block

program ming with built-in mathematical functions

and m akes possible the implem entation of the control

and communication tasks via C written S-functions. The

com plete musculoske le tal mode l including muscular

fatigue was realized using block program ming.

The control lever of the te lekine sthe tic feedback system

was directly connected to the e le ctromotor ( dc e le ctro-

m otor from Minertia
Ò

Motor, Yaskawa Ele ctric Japan )

providing the counteracting torque . An optical incre -

m ental encoder was used for position in formation of

the control leve r. The encoder output was in standard

quadrature signal output form ; A,B im pulse s, phase

shifted by p / 2, and index signal R, de ® ning the home

position of the control leve r. These output signals we re

conve rted in to a paralle l 12 bit signal by exte rnal

hardware.

Re su lts

Six unskilled users we re se le cted to test the de signed

te lekine sthe tic feedback system . They we re asked to

repeate dly actuate the control leve r in a way sim ilar to

walking. The sim ulated gait was divided in two phase s,

swing and stance . During the swing phase , the

simulated m uscle was e le ctrically stimulated for the

duration of approximate ly one second. The same

duration was used for m uscle re laxation during the

stance phase of the virtual walking. The computer

displaye d the time in seconds ( ® gure 2 ). The subje ct

trigge red the train of pulse s by m oving the control

leve r. Discontinuation of FES was ach ieved by re leasing

the handle . The duration of each test was ® ve minutes.

In the ® rst te st e lectrical stimuli of constant amplitude

we re applied to the sim ulated ankle dorsi¯ exors. The

in ¯ uence of fatiguing of e le ctrically stimulated muscle

is noticeable ( ® gure 4 ( a ) ). This patte rn corresponds to

the stimulation responses provoked by the presently

used drop-foot electrical stimulators.

In the second test the visual feedback was included. The

visual feedback was pre sen ted as the time course of the

computer simulated ankle angle displaye d on the

computer screen wh ile the te lekine sthetic feedback

was simultaneously providing the counteracting torque.

The displayed diagram comprised the de sired peak

value of the ankle join t angle ( the line in ® gure 4 ( b) ).

The subje cts we re asked to keep the maxim al value of

the ankle angle as constant as possible ( 10 8 of ankle

dorsi¯ e xion ). The inhe rent m uscular fatigue made this

attempt dif® cult. Be cause of the muscular fatigue , the

ankle angle was decreased and correspondingly also the

counteracting moment of the control leve r. Th is second

test was also considered a learn ing phase for the third

te st. The users were taugh t about the re lation be tween

ankle join t angle and the counteracting torque .

The third te st pre sents the behaviour of the telekine s-

thetic feedback system alone . A walking subje ct should

I. Cikajlo and T. Bajd Use of telekinesthe tic fe edback in walking

Table 1

Test

Test 1 2 3 4 5

Subject x i si xi si x i si xi si xi si

1 9.85 1.19 9.94 1.22 10.1 1.67 9.15 1.75 9.99 1.71

2 10.6 1.29 10.5 1.27 11.1 1.41 10.6 1.47 10.3 1.53

3 10.3 1.59 10.9 1.16 9.52 1.66 10.1 1.38 10.9 0.99

4 10.3 1.83 10.7 1.74 8.88 1.68 11.1 1.02 10.3 1.39

5 8.70 0.89 9.08 1.46 8.92 1.05 9.67 1.23 10.7 0.97

6 10.3 1.19 8.62 1.08 9.50 1.25 9.80 1.26 10.6 1.43
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be able to control the ankle join t dorsi¯ e xion and use

the telekine sthe tic feedback information without the

visual feedback. A skilled user ( after two hours of

train ing ) was able to control the ankle join t angle

within a range of 6 2 8 during the cyclical stimulation

pattern which is m ore than satisfactory regarding the

requirem ents for a FES orthosis ( ® gure 4 ( c) ). Table 1

presents the re sults gath ered in six healthy pe rsons

using the te lekine sthe tic feedback only. The m ain goal

was to maintain the m axim al value of the ankle angle
( 10 8 ) during the ® ve m inutes te st as constant as

possible . For eve ry pe rson an ave rage value and a

standard deviation we re calculated. The test was

pe rform ed in ® ve trials to ach ieve h ighe r statistical

re liability.

Conclusions

The te lekine sthetic feedback was found e f® cien t for the

e lim ination of the e ffects of m uscular fatigue during

sim ulated gait of spinal cord in jured persons. The

m uscular fatigue decreases the e ffect of FES without the

user’ s aware ne ss. When using the te lekine sthe tic feed-

back the user becomes aware of the fatigue and can

increase the FES amplitude to reduce its in ¯ uence.

In th is pape r the idea of the use of te lekine sthe tic

feedback was presen ted on the exam ple of the ankle

joint FES control. The te lekine sthe tic feedback could

be applied in seve ral othe r applications. O ne of them is

FES assisted hand grasping [ 7] . Here the hand control

is ach ieve d by a control leve r attached to the shoulde r.

In th is case the telekinesthetic feedback could be

applied to the grasping force .

The use of the te lekine sthe tic feedback is he lpful not

on ly when dealing with the fatigue of the electrically

stimulated m uscle s. It can also diminish the variability

in re sponses of stimulated muscle s caused by inaccurate

daily position ing of surface electrode s. Furthermore ,

the te lekine sthe tic feedback can be found use ful when

walking ove r uneve n terrain .
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