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MIMO Sliding Mode Controller for Gait Exo-
skeleton Driven by Pneumatic Muscles

Jinghui Cao, Sheng Quan Xie, Senior Member, |HEd Das

Abstract— I n the past decade, pneumatic muscle (PM) actuated
rehabilitation robotic devices have been widely researched,
mainly due to the actuators’ intrinsic compliance and high power
toweight ratio. However, PM sare highly nonlinear and subject to
hysteresis behavior. Hence robust trajectory and compliance
control are important to realize different training strategies and
modes for improving the effectiveness of the rehabilitation robots.
This paper presents a multi-input-multi-output diding mode
controller which is developed to simultaneously control the an-
gular trajectory and compliance of the knee joint mechanism of a
gait rehabilitation exoskeleton. Experimental results indicate
good multivariable tracking performance of this controller, which
provides a good foundation for the further development of as-
sist-as-needed training strategiesin gait rehabilitation.

Index Terms—Gait rehabilitation, pneumatic muscle actuators,
dliding mode controal.

I. INTRODUCTION

and more recently echo state network based predictive
controller with particle swarm optimization by Huang e@l. [9]
Sliding mode (SM) control and its variations have been im-
plemented in several applications to control PM actuafivs
controllers are robugb modelling uncertainties and disturb-
ancesVan Damme et a[1l0] applied proxy-based SM control
on a 2-DoF serial robotic manipulator actuated by antagonistic
pleated PMs. Lilly and Yan applied sliding mode ap-
proach to control the trajectory of a single degree of freedom
(DoF) rotational mechanism driven by McKibben PM actua-
tors. Their dynamic model of the RlWvas based on the work
reported in12. Xing et al.[[L3] developed SM trajectory con-
trol with nonlinear disturbance observer to a PM driven mass.
Chang reported an adaptive self-organizing fuzzy sliding
mode controller for a 2-DoF serial robot manipulatar[10]

[11][14), the rotational joints were all actuated by antagonistic

PMs. Single-input-single-output (SISO) SM approaches were

Pneumatic muscle (PM) actuators are intrinsically compliagfedicated for trajectory control. It is common that these con-
and have high force to weight ratio. These advantages maf@llers’ output AP was the desired pressure difference between
PMs suitable for rehabilitation robots, espeCia"y EXOSkelet(H]fixed desired average pressuredXBf the antagonistic PMs

type of robotic devices. Ferris et pl] [1] developed an ankle-foghd the desired pressusindividual PMs:
orthosis actuated by PM to assist the ankle planar flexion dur-

ing walking. This orthosis was further developed into
knee-ankle-foot orthosis with the knee flexion/extension a

ankle dorsi-/planar-flexion all actuatgd] [ZRUPERT is an

Fra = Rq+AP
n

P =Rg—AP’ =

upper limb rehabilitation robot with four degrees of freedom

(DoF) each actuated by a PM actudtdr [8]the authors’ re-

where, P, and P, are the reference pressures of the muscles

search group, a robotic exoskeleton for gait rehabilitation hégr joint flexion and extension respectivelhesewere fed into

also been developed, with both the hip and knee joints of ttie pressure regulators which adjusted the PM pressures to their
exoskeleton powered by antagonistic PM actudidrs [4]. Sindesired values. Choi et implemented both position and

PM can only provide unidirectional actuation, antagonisticompliance control on a PM actuated manipulator. The position
configurations of PMs are commonly adopted to power rotgontrol implementation was similar to the work reported by
tional joints in both directions. Despite their advantages, dilly and Yang. Instead of having fixe®,,, an open loop

namics of PMs is highly nonlinear and also sulgd¢o hys-

compliance controllewas developed. Based on a dynamic

teresis. Therefore, it is a challenging task to control them pmaodel@ of PM, P,; can be derived from the desired com-

cisely.

pliance value. It is also noteworthy that the compliance control

Various controllers have been implemented on PM drivea independent from the SM trajectory controller.

mechanisms, which include adaptive pole-placement controllerin , the use of pressure regulators appe&s

by Caldwell et al[[b], robust and adaptive back-stepping cohe black boxes in control loops. This simplified the system
troller by Carbonell et a[. [6], fuzzy PD+I controller by Chan emodels by ignoring the details of the pressure characteristics of
aI., neural network based PID controller by Thanh and Ahtihe PM actuator, thus unpredictable errors or time delays could
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be introduced. Sheflf] eliminated these black boxes by
modelling the entire control system with four major processes,
which were flow dynamics of the valve, pressure and force
dynamics of the antagonistic PM actuators and the load dy-
namics of a linear antagonistic mechanism. With a single 3/5
analogue valve, the SISO control was made possible by merg-
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ing the models of four processes and, letting the valve voltaB#s is adjusted by one valve. Subscripts E and F are utilized to
as input and the trajectory as output. Aschemann and Schinddémote the parameters for the extension and flexion PMs, re-
developed a cascade SM control algorithm with four majapectively. A pair of pressure sensors is also used to measure
process models similar . In the outer trajectory SM con- the PM pressures £PPe). It is assumed that all the dynamics of
trol loop, the controller outpusP together with desired av- the two PMs to flexion/extension side are identical. An angular
erage pressureé’{,;) was fed throu) to provide referencegncoder is mounted along the joint axis to measure the angular
for the inner loop controllers. The inner control loop containegosition of the jointg, , whose value is zero when the center
two SM pressure controllers which are implemented based limes of thigh and shank segments coincide and increases as the
the flow dynamics of the valves and the pressure dynamicsjoint flexes. The interface between the electrical-pneumatic
the PM actuator. Compared , the approacltin was system and the PC based control platfarimplemented using

able to track desired trajectory and simultaneously vary tiNatioral Instrument MyRio. The FPGA inside MyRis pro-
average pressure of the antagonistic PMw dompliance of grammed for hardware interfacing and signal filtering.

the mechanism increased as the average pressure decreased and

vice versa. However, substantial difference in the time constant i i
between the pressure SM controller and trajectory SM con- .
troller was needed to decouple the cascaded controller into twc *
SISO controller. Hence, the bandwidth of the trajectory
control was limited.

The challenges mainly come from two aspects, when de- |
veloping PM driven robotic exoskeleton for gait rehabilitation
Firstly, the training with the exoskeleton needs to be task spe-
cific . Hence the developed system needs to provide suffi-
cient controlled range of motion and bandwidth for gait training.
Secondly, the intrinsic compliance property of PMs can be

utilized to adjust the level of assistance provided by the exo-
skeleton. Hence, controller of the exoskeleton should be able tc

control the joint space trajectory and the compliance of the
exoskeleton simultaneously. Similar idea@ve been imple-
mented in@ and , in which the control of mechanism’s
compliance is through controlling the average pressure of the
antagonistic PMs. However, these two approaches are bl 1 Left: structure of the knee joint mechanisrthvkiey components an-
subject to certain limitationsas discussed in the previous notated right: a healthy subject participating in a validatexperiment with
paragraph. the mechanism

The paper presents a novel applicatiom oéntralized mul-
ti-input-multi-output (MIMO) SM controller to an antagonistic
PM actuated joint mechanism for robotic gait rehabilitation.
Firstly, the knee joint mechanism of the exoskeleton along wit
the modelling work of the system is introduced. This is fol-
lowed by the controller development. Experiments of the con
trolled system were extensively conducted to assess the sim-
ultaneous joint trajectory and compliance control performance,
which is reported in Section IV.

Il. SYSTEM MODELLING

A. PMdriven mechanical system

For the control algorithm development, only the knee joint
mechanism of the exoskeleton is employed for the experi
mental validation. The knee joint is powered by four PM actu- T\ L \;i
ators. Each of the PM actuators is 20 mm in diameter and 300 |
mm in length (excluding the metal fittings in both ends). The
antagonistic PMs actuate the flexion and extension of the rota-
tional knee joint via 3 mm diameter steel cables with a 30 mnTig- 2 Schematic drawing of the PM actuated kne joiechanismHow
moment armMajor components of the knee joint mechanianqe angular values are calculated is also illustrated.

are illustrated i1 and 2. Two 3/5 analogue valves arem terms of the kinematics, the following assumptions are

utilized, so the pneumatic flow of each side of the antagonis{ﬁade: the Qrwmg cables are always in tension a_nd the stretch of
e cables is neglected. Therefore, the contracting length of the

|
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PM actuators can thus be expressed by: damping and spring parameters, respecti (5), which are
determined experimentally; M is the mass of the load;the
{Xp =1 (6 —Oro) PM contracting length andis the force exerted on the load.
Xe =10z —6)) (2) Theseparameters are modelled linearly dependerthe inner

pressure of the corresponding PM. The damping element has
where,r is the effective radius of the pulley or the joint modifferent expression for the inflation and deflation processes t
ment arm of the PM actuatoréy, =90° andd,=0° are the better describe PM’s hysteresis behavior.

knee joint positions when the flexor and extensoisRieno The experiments were conducted at discrete pressures points
contraction or extension, respectively. Detailed illustration cd@nging from (6 to 6 bar with 0.2 bar increments in order to
be found in the schematic drawing &fig. 2] acquire appropriate modelling parameters for the specific PMs
i ] used in our robot. The least square linear regression method
B. Load Dynamics of the Mechanism was utilized to find the best fitting parameters. Detailed ex-
The dynamics of the knee joint mechanism can be describedrimental procedure is described21].
by the following equation Since the model reported did not cover lower pressure
range, Xing et aI further developed the model by
J6) + 80 + Gsin(6, — 6,) =7 (3) using piecewise linear functions to express the equivalent

spring parameter K(P). Based on our experimental results
whereJ is mass polar moment of inertiais friction coeffi- parameters have been obtained in the forms of both the original
cient of the actuation system which can be negleetésithe [12Jand modified piecewisflB] models. It has been observed
net torque provided by the antagonistic PM actuatdis;the that the piecewise model can better represent the PM's dynamic
maximum joint torque produced by gravity afigis angle response for the entire working pressure rd@dk The model
between centerline of the thigh segment and the vertical dir@glopted can be expressed by (6). The torque generated by the
tion shown ifi_Fig. 2] The moving mass of theRMs is less antagonistic arrangement of four PMs is calculatgdr)]
than 5% of the mass of the shank segment. Thergfore, o.nl F(P)=194.8+ 204.0°
the polar moment of inertia of the shank segment is consid
ered to determing which can be estimated from the com- K(P) =-63382+ 2508% (0.6 P< Bar

puter-aided-design of the exoskeleton. K(P) =-16352- 787.% (2 P< ®ar) (6)
) B(P) =-6275+ 946.4 (nflation)
C. Force Dynamics of the PM Actuators B(P) = 763.9+ — 91.08 Deflation)

Both theoretical and phenomenological models of PMs i
have been developed. Chou and Hannqeveloped a r=2[F(R)+ K PF)_)? +KR) %
theoretical static model which links the PM’s inner pressure —(F(R)+ BR) %+ KR) %]
and contraction length to its force output. In terms of phe-
nomenological models, a commonly adopted model was pro-p  pressure Dynamics of the PM

posed by Reynolds et dIL7], in which the PM was modelled : : . :
similarly to the wellknown Hill’s muscle model in biome- It is assumed that pneumatic flow into and out of the PM is

chanics. As a dynamic model, it expresses the output force " alalabatg pdrocea Ehl:f] thﬁ rgte gf chznge doflpre'ssure
function of PM’s inner pressure and kinematics. This model n can be described by the physics based model as.

also addresses its hysteresis behavior by applying different

)

damping coefficients duringhe PM’s inflating and deflating He.r) = RTMe ~YPYep)/ Yen (8)
processes. Vo =2 24 + 9
Due to the bandwidth requirement of the robotic gait reh&:" (aix(E'F) e 88) ©

bilitation system, dynamic rather than static modelling methods

were considered. The dynamic model develope vas wherey is the ratio of specific heats for ai is the universal
modified to ft the dynamic behavior of the FESTO PM actu92s constant, T is the gas temperatiirés the pneumatic mass

ators in this applicatiarThe dynamics of a PM actuator can bdlow rate of the PMs (positive for flow into the PMs) and V is

expressed as: the volume of air inside the PMs of each side of the antagonistic
pair. Vis modelled as a function of muscle contraction length
F(P)+ BP % K P L+ M @ in[(9) The regression coefficients,(a, andas) of this

equation are determined experimentally.
F(P)= R+ FKP

K(P) =K, +KP E. Flow Dynamics of the Valves
ot __ (0.6<P< 6bar) (5) : , ,
B(P)=B, ; + B ;P (Inflation) The proportional valves are modelled as dimensional com-
B(P)= B, 4+ B, 4P (Deflation) pressible flow through an orifice. The effective area of the

orifice is controlled by the voltage signal applied to the pro-
ortional valves. The mass flow rate is described as a function

where F(P), B(P), K(P) are the pressure dependent forc the valve opening areas:



4
TCST-20160793

0 0
Mer (R R)= RenfAcen( R R) (10) 0 0
99=| RTA 1, 0 (18)
> )/ (v=1) FOTF
A C.P 0 yRT Ag IV
RT(y+1 fu , ) L
if P, / P, < C,(choked Vi =285+ 281 (00 — 0,)” — 28,1(0ro— ) (19

A(R.R)=

(1) Ve=22+2r (G ~6,)° + 2a1(0g—6)) (20
\j RT(y- 1)\/ A coordinate transformatiof2g] is performed irf Z1)]to
make the system outputs and their derivatives as new SS vari-
otherW|s<é unchoke)d ables

In the two equations abova ) is the equivalent valve T
area for the PMs on the respective sileandP, are the up- z=u(0)= [yl(x) L9 Liyid yzw]
stream and downstream pressures, respectidelg, the dis- =[x X %X (Xg+ xA)lz]T
charge constant ar@} is the pressure ratio that that divides the
flow into choked and unchoked flow through the orifice. Durwhere the expression &f(y;) stands for the directional de-

ing PM inflation, F, equals the supply pressure of the comriyative of scalar; with respect to vectdix), which has the
pressor an@;equals the pressure of the corresponding PMg|iowing properties:

During PM deflationp,equals the PM pressure aRgdequals
the atmospheric pressure.

(21)

L, (yi)—gyx'ln(xn +2){'nf ©) (i=12) 22
I1l. MIMO SLIDING MODE CONTROLLER

k k-1
In the previous section, the system has been modelled iy =L CR)
four stages in series, which are the flow dynamics of the valves,
the pressure dynamics and the force dynamics of the PM anffled op16)] the time derivative of outpu; is calculated
the load dynamics of the joint mechanism. By combining thede(2@)]and the time derivative of the new SS variable vector
models, the overall system model can be developed. The tifgalculated withZ5)]to 30)]
model outputs are the knee joint position and the average

pressure of the antagonistic PMs. The two inputs are ®@e 0y 0X _ 53{[ () + 0,9y + Go() U]

(i=12) 23

equivalent areas of the two valves. A state-space (SS) matiel ox ot i=12) (24)
representation was constructed for the ease of MIMO SM=L, (yi)+Lgl(yi)ul+ng(yi)u2
control implementation. The SS variable$, control input ¢) P
and outputy), vectors are given in (12-14). ék
- k
z= 2
x=[4, ol <[x % % o 12 |G LLE (N, L LY 0N =9
L (Yo(X))+ L, (Y00 )u+Lg (Yo%)
u [ AE]T (13) f( 2. ) gl( 2 ) 1 gz( 2 )
06, 06, 06, 06,
y=[n® v.0]=[x (xs+x/2] (14 L (ne)=3 gk 109+ 3 Ht fo) + 0Pkf3(><)+ kf &) (26)
—2r? Ke (P,
By combining (2)td[(9)} the nonlinear state-space model c((a Oto6)=-2r )+Ke(Re)) /3
be written in the form of: (06 106,)=-2r*( )+B(R))/ J
06, 10P:- ) =2r(Fey — By, r +Ke o0 0— 6
x=f(x)+g(Xu (15) ( "k ) ( F1 7~ Pra% (O 0= 61 )
OF X= () + G, + Gy (1g) (08! ORe)=2r(Fer+ Bufir K60 =61) 1) 9
i 6, 1 Lglef (ya)) = (@6, | P:)ga(¥) >0 (27)
20 (F(R)+ 1(6k0 - 6) K(R)- 9,B(R))/ 3 Ly, L5 (72) = (90 / e J 95(0) < 0 (29
-2 (F(R) - (0o~ )K(R) + 0,B(R))/J Le (Y2(0)) =(fa) +F4&))/ 2 (29
f(x)= ~Gsin(@,-6,)/J 17 Ly (Y2())=921(x)/ 2> 0; L, (Y2(x)) =942(x)/2>0 (30
0.5/ (48 Fb(6r0-6) - 2, 1,) I\ To apply the SM control to the modelled system, two sliding
0.5/P (4q 26, (6o~ 0,) 8, 10 ) N surface variabless(, o,) are firstly defined.
. E k \¥EO k 2 Yk
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01 = 2% (6= Oq) + 2(6 — O ) + (6 — i) (31) the sliding surfaces are given as:
o, =R +R)/2- R, (32 A

{ﬂ:msmu H =[ 1} Q=[ql qz} (41)
whereg; is for the joint space trajectory; is for the average L°2 h2 0; Q

pressure;l is a tuning parameter of the sliding surfagg;,

6,4, Orqare the desired knee joint angular position, velocichereH and Q are the instantaneous actual values of the model
and acceleration, respectively,,; is the desired average estimatedH andQ. The estimation errors of these matrices are
pressure of the antagonistic PM actuators. bounded by the known function in the following ways:
With the selected sliding surfaces, the control law can be
designed in order to drive th8S trajectories to the indinth _h‘g H (i=12) (42)
surface. Once reached, the trajectories are forced to stay oh the
sliding surfaces by the controller. A classic controller desigh=12,3,4 S '<q; Ig<p 43
23] is described as: 12
B :(qi_max/ q _min)max (44)
1 d 2 _ . < - 2
Sl SGG =T | (i=12) (39 To ensure the control 1a\3§)| satisfy the design criteria

stated bl 33)] Equatiof 88)]is substituted in{o4)]
in whichn; is strictly positive. The time derivatived &fJand

[(32)]can be expressed in the vector form of: 6 =(1-¢)s +(h—§i h)—g ksgngr ) (i=12) (45)
m_ 228~ 6a)+ A8~ )~ B + L3 (v2(x)) &= (h% - BB/ (44— GG >0 (46)
a Lt (¥2() = R $=(h%—%%) /(40— g >0 (47)
(39)
{LQLZ} (209) Lol (v:60)) {L&}:H +S+Qu Hence[ 45)]is substituted infp33)]and the following rela-
Lo, (v2(0) Lo, (v200) JLU tionship can be generated:

H=[h b =[2(n®) L (v)] (35)

gk =sgne; (¢)s +(h-¢ h))+n (i=12) (49)
Q{% qz}zltg}% (Y1) LoL7 (y@)} - I ( )
%G O Ly (Y2(0) Ly (Y2(x)) In order to ensuffe4@)|is valid,k, needs to be selected to
s=[s s =[/12(9'k—.9‘kd)+/1(ék-ékd)_é;d —Pod]T (37) satisfy the following condition:
Hence, the SM control law can be applied. The control actfof ‘(4771_1)5 +(&*-Yh+gH(n- h)‘ +¢ (49)

contains two segments:
Due to the use of switch functiongn(a;) in[(40)] the sys-
g:Q’l(yeq+ymb) (38) tem is prone to high frequency chattering along the sliding
surfaces. The solution to this problem is replacing the switching

where,u,, is a continuous equivalent control element, whic?lemem along the sliding surface with piece-wise saturation

helps reaching of the sliding surfaces for desired motiontsL.mCt'on with a boundary layqE[24] I-!ence the robust con-
. . : . rQI element can now be expressed as:
Urop IS the discontinuous robust element, which makes sure tha

the desired motions are sustained by sticking to the sliding

-
surface. By zeroing, the expression af,, andu,,, can be Yrob =-[ksalo,/¢) ksalo,/¢)] (0
derived as:
where,®; (i = 1,2) is boundary layer thickness for the corre-
Ugg=-H-S (39) sponding sliding surfaces.
T
Uror =~k SINE1) k; SONE, ) (40 IV. EXPERIMENTAL RESULT

In terms of controller implementation, all the algorithm de-
velopment and validation were conducted with MATLAB with
Eﬁé MuPAD and Simulink applications. The control software of
the system is programmed in LABVIEW developed by Na-
tional Instrument. The MATLAB code that carries SM control
a(fé]orithm programmed is reusable in LABVIEW environment

Based onZ7)][(28)|and 80)| matrix Q is non-singular.tlis
also necessary to note that all the modelling parameter m
tioned previouly are based on ideal situations. All the unce
tainties of the model are contained by ideal matritemnd Q.
Hence, for any instant, the actual representation derivatives
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with little alternation. The sampling frequency for all the sensubject (Height 178cm, weight 75kg) participated in this
sorswere chosen to be 1 KHz and the SM controller ran a&xperiment. The subject was instructed to relax his right leg and

100Hz. let the mechanism to guide the knee joint movement. The ref-
TABLE | erence knee trajectory was set to 5 seconds per gait cycle;
LIST OF PARAMETERS USED IN MODEL AND CONTROLLER IMPLEMENTATION meanWhiIe, Step changes to the reference average pressure were
Value Unit Value Unit also applied. The experimental results are shofvn in Fig. 3. The
Apax  2.84%x1075 m? G 20 N figure indicates both the trajectory and pressure tracking were
a -0.01172 m ky 1x1d effective. The controller was tuned so that the step changes of
a, 2803« 10° m? k, 50000 the desired average pressure can be reacted quickly enough
as 9.21x 10° mé 00 O o without affecting the trajectory control performance. This
] 0.2 kgn? 0,y 90 o tuning setup resulted a longer rising time, but no overshoot in
c. 0.528 1 458 ofs the average pressure when the reference changed from 200 KPa
v 14 . 320000 m/e to 320 KPa and then to 36(Pa. Such controller behavior is
Py, 101 KPa &, 8 thought to be acceptable, as sharp changes in compliance level
p 606 KPa . 0.03 m are unlikely to happen during robotic rehabilitation trainiftg.
; 287 JI(kgK) is observed that the trajectory control accuracy increased as the

average pressure increased, which also indicates a decrease in

. theactuators’ compliance.
Three major parameters of the controkerk,, 1, together 60 . :

with the boundary layer width, and$, were tuned through

experimental iterations to optimize the controller performanc
The tuned parameters and various modelling constants .
listed in{TABLE 1] It is noteworthy that the equivalent area of ¢
valve is constrained by the maximum opening adeg, . The _
applied voltage to the valMg, , which is the actual input to the 0

40

20 ¢,

Knee Joint Position (

physical system, is calculated using a linear piecewise functi = 400
of the controller outpud;, given as: §’<v'

% 300
1785927 + 5.255 (0.0R..,.<A <A_. ) g
. o

U =4 1°A+5 (0.0, <A< 00R _)i(=EF (51 §200' |
178597 + 4.745{A <A <- 0.02 . ) - Desired Actual
<C 100

5 10 15 20 25
The developed and tuned multivariable SM controller he Time (Seconds) _
been extensively validated with a variety of experiments. A Fig. 3 SM controller’s simultaneous multivariable tracking performant
. . . . ', Top: knee joint gait trajectory tracking. Bottom: gystresponses to the st
the experiments reported in this manuscript were conducted changes in desired average PM pressure.
SU#]eCtS, whm/elre]c healthy and had n°h|°r‘]"’erl 'r']mb '”lJ)L_”y' The ' 14 validate relationship between the mechanism compliance
ethics da%pm\r:a Uor_ expenmfer:s \Ii\lnt d ﬁ'at y S; Je_Ct_S Wakd the average PM pressure and further investigate the poten-
gaf“e c yt € n'l\éerfgﬂgom \L;\(/: dan uman aruagantﬁal of applying the MIMO SM controller in robotic gait reha-

t. ics Committee (Re - ) rlt.ten conserst were 00~ pilitation training, a set of experiments were conducted with
tained from all the participant3racking both the knee joint five healthy subjects (S1: male, 185 cm, 100 kg; S2: male, 178
trajectory and the average PM pressure is the main objectiveC 73kg; S3: male, 179 cm, 93 kg: S4: male, 170 cm, 62 kg;
the controller; hence this was validated primarily. When corsc. tomale 167 cm: 56g) Th:esefive,subjects were requ,ested ’
d_uctirg_the expe_riments, the subjects were asked t_o stand Y8 condiet two groups of experiments. The first group of ex-
right with their right legs strapped to the shank (Figure 1). Heriments were conducted in three discrete average PM pres-
was ensured the shank and thigh segments of the subjects” legS g ra5 (180, 270 and 360 KPa). The subjects were fitted to the
and the mt’echanlsm were ?“gn?ﬁtan‘ghﬂe Lhe human IS and  echanism and instructed to follow the process in the same
mechanism’s knees were also aligned to be coaxial. It Wasyapner a5 the experiment described in the last paragraph.
ensuredhat the human’s and mechanism’s knee joint positions During the second group of experiments, instead of fully re-
were equal . . : _ ) laxing their right knees during the entire experiment, the sub-

Instead of using sinusoidal reference trajectories, a healt@éts were instructed to obstrucetmechanism’s knee joint
subject’s knee joint trajectory during level walking was adapted o, iyance at certain period of a gait cycle. The period is ap-
as the position control reference in this stutlige first ex- roximately from the beginning of swing phase to the point
periment conducted was to validate the main objective, Whi‘\%hen maximum flexion is reached. During this period the
'ithe trackm?plp\)/lerformance (f)fr?mm&%kgﬁ joint tri':lljectAory a{é@lbjects were instructed to obstruct with great effort but with-
the average pressure of the controller. A malg, feeling any discomfort. The results of this set of experi-

o
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ments are illustrated in Fig] 4. From Fig. 4(A, C an), it can be observed that the MIMO
The three subplots (A, C and E) in the left cqug. &M controller is capable of tracking the desired knee joint
are for the first group of experiments. The subplots (B, DRnd trajectory at different average PM pressures with different
in the right columns are for the second group. The periods whaubjects. The tracking accuracy decreases with the average PM
the subjects were requested to obstruct are highlighted in yptessure. Such changes in tracking accuracy could be inter-
low. The plots in the top, middle and bottom rows are of expreted as a result of changes in compliance. Such interpretation
periments when the average PM pressure was regulated to 36&s validated in the second group of experiments whose results

270 and 180KPa respectively. are shown in Fig. 4 (B, D and F).
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Fig. 4 Results of the experiments on knee joint traject@gking and compliance control with five healthy setge(A) (C) (E): the subjects were instructe
relax their right knees during the entire experimef®$;(D) (F): the subjects were instructedobstruct the mechanism’s guidance during the time period higl
lighted in yellow. Average PM pressure was regulated@f 370 and 180 KPa for the results plotted in topB)Amiddle (C, D) and bottom (E, F) rows, resj
tively.

In Fig. 4(B), only small increase in trajectory deviation iwirtual tunnels alon@ desired trajectory on motor driven gait
observed compared to Fig(A), during the period when the rehabilitation exoskeleto.
subjects obstructed the mechanism’s guidance. This means that The final experiment was designed to explore the banbdwid
the mechanism’s joint had a low level of compliance when the of the SM controlled system. As mentioned in the introduction
average PM pressure was regulated at 360 KPa. When #eetion, the gait rehabilitation training needs to be task specific.
average PM pressure was reduced to 270 KPa, an increasklémce, the controller and the hardware system need to be able
trajectory deviation appeared during the obstructing periods, asoperate at a bandwidth that is similar to the average gait cycle
shown in Fig. 4(D). This indicates a rise in compliance, and ttfiequency (0.67Hz) of stroke survivo@. The experiment
subjects had more freedom around the desired trajectory. Theses conducted with the same male subject and with the same
was a further increase in compliance as the average PM prestup as those of the first experiment. During the experiment,
sure was reduced to 180KPa. At this pressure, the subjeitts subject was instructed to relax his right leg and let the
could back-drive the mechanism to much further positiomaechanism guide the knee joint movement at discrete fre-
away from its reference. The behaviorcofitrolled actuators’  quencies varying from 0.2 to 0.7 Hz with 0.1 Hz increment. The
intrinsic compliance while performing trajectory trackily average PM pressure was regulated at 360 KPa for this ex-
comparable to controllers that simulate variable impedance periment. The experimental result is shown in Figure 5. It can
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