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a b s t r a c t

In this research, a power-assist, lower-limb orthosis is developed to help the elderly or people suffering
sports injuries walk or climb stairs. In the pneumatic muscle used for actuation, it is found that hysteresis
phenomenon exists during the inflation–deflation process and such a phenomenon deteriorates the con-
trol performance. In order to eliminate the influence of hysteresis on the control system, a hysteresis
model is constructed and used to devise an inverse control for feedforward compensation. The inverse
control is combined with loop transfer recovery (LTR) feedback control to achieve better tracking perfor-
mance. Moreover, bumpless switching compensators are also incorporated into the combined control
system to ensure smooth switching between different phases of operation. To verify that the developed
orthosis can effectively accomplish the assistive function, a human subject wearing the orthosis is asked
to walk and to climb stairs. Experiments indicate that the orthosis is indeed helpful in assisting human
locomotion.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The pneumatic muscle actuator, or so-called McKibben pneu-
matic artificial muscle, was developed in the 1950s and 1960s
for artificial limb research [1,2]. It consists of a rubber inner tube
surrounded by a braided mesh shell. When the inner tube is pres-
surized, it expands in a balloon-like manner but the expansion is
constrained by the braided shell. As the volume of the inner tube
increases with the increase of pressure, the pneumatic muscle
shortens and/or produces tension if it is coupled to a mechanical
load.

The pneumatic muscles are well-known for their exceptionally
high power and force to weight/volume ratios. Moreover, they are
inherently compliant that can generate soft contact and thus have
excellent safety potential. These attractive features make the pneu-
matic muscle a promising actuation source for robotic exoskeleton
or powered orthoses applications where not only safety for human
interaction is needed but also lightweight actuation design is de-
sired. For instance, Kobayashi et al. [3] developed a muscle suit
for supporting manual worker. The muscle suit consists of a
mechanical armor-type frame and pneumatic muscles. Zhang
et al. [4] proposed a novel curved pneumatic-muscle-based rotary
actuator for a wearable elbow exoskeleton. A powered ankle–foot
orthosis (AFO) that uses artificial pneumatic muscles was devel-
oped by Ferris et al. to produce active plantar flexor torque [5].
ll rights reserved.
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Extension of AFO to a knee–ankle–foot orthosis (KAFO), which uses
pneumatic muscles to power ankle plantar flexion/dorsiflexion as
well as knee extension/flexion, has also been considered in [6]. In
[7], a 10 DOF lower limb exoskeleton with legs powered by pneu-
matic muscles was constructed for force augmentation and active
assistive walking training.

It should be noted that the above-mentioned references mainly
focus on the overall system design and performance evaluation.
Sophisticated behavior of pneumatic muscles are not particularly
incorporated into the controller design. Instead, the forces or tor-
ques generated by pneumatic muscles therein are simply achieved
either by regulating the air pressures to fixed settings [3] or
according to the processed electromyography (EMG) [5,6], via sim-
ple PID controllers [7], or black-box based fuzzy controllers [4]. In
order to better understand the behavior of pneumatic muscles for
not only control but also design purposes, several research efforts
have been devoted to the modeling of such actuators. For instance,
the model in [8] shows that pneumatic muscles exhibit a nonlinear
force–displacement relationship. Moreover, it is demonstrated in
[9,10] that the thread-on-thread friction acting inside the braided
shell further induces hysteretic behavior to such a nonlinear
model. In [11], Klute and Hannaford developed a model that pre-
dicts the maximum number of life cycles of the pneumatic muscle
actuator based on available uni-axial tensile properties of the actu-
ator’s inner bladder. In [12], the same authors presented another
model that includes a nonlinear, Mooney–Rivlin mathematical
description of the actuator’s internal bladder. It is shown experi-
mentally that the model provides more accurate prediction on
the actuator’s output force. In [13], a phenomenological model
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which characterizes the pneumatic muscle as a parallel combina-
tion of a contractile element, a pressure-dependent damping ele-
ment, and a pressure-dependent spring element is proposed.
Experiments indicate that the model can describe the dynamic re-
sponse to the step pressure input accurately. Another interesting
works were done in [14,15] in which biomechanical intelligence
is incorporated into pneumatic muscles to make them behave
more similar to the biological muscles. The authors therein placed
a hydraulic damper in parallel with the pneumatic muscle. By
doing so, the combined device can have not only muscle-like
force–length properties, but also muscle-like force–velocity
properties.

As revealed by the above modeling literature, the pneumatic
muscles exhibit quite complex characteristics. Therefore, advanced
control designs capable of dealing with these complex characteris-
tics can certainly enhance the performance of pneumatic muscles.
This is the reason why in the literature, control schemes including
sliding-mode control [16,17], nonlinear PID using a neural network
[18], flatness-based nonlinear control [19], and adaptive control
[20] have been proposed for pneumatic muscles.

In this research, control of pneumatic muscles for a power-as-
sist, lower-limb orthosis is considered. The orthosis is to generate
appropriate assistive knee torque to help the elderly or people suf-
fering sports injuries walk or climb stairs. During the inflation–
deflation of the pneumatic muscle, it is experimentally observed
that hysteresis phenomenon is substantial and such a phenomenon
tends to deteriorate the control performance. Because the hystere-
sis phenomenon is seldom characterized in the associated model-
ing literature [8–15], in order to avoid control performance
degradation, a modified maxwell-slip model is proposed to charac-
terize hysteresis and is used to derive an inverse model for cancel-
ling the hysteresis effect. Moreover, the nature of walking demands
the orthosis to be operated in two phases: stance phase and swing
phase. Smooth switching between the two phases is critical for not
only user’s comfort but also the effectiveness of the orthosis.
Therefore, bumpless switching compensators are incorporated into
the control system to ensure smooth switching between these two
phases of operation. The paper is organized as follows: In Section 2,
the design of the orthosis is described. Section 3 presents the mod-
ified maxwell-slip model and the associated inverse control meth-
od. The inverse control is integrated with the two LTR controllers
introduced in Section 4 to achieve better performance respectively
in tension tracking and angle tracking. In this same section, the
bumpless switching compensation is also discussed. In Section 5,
three types of experiments are conducted to examine the perfor-
mance of the control system designed for the powered orthosis.
Finally, conclusions are given in Section 6.
1 The torsional spring constituted by the steel wire needs to follow a predefined
loading–displacement relationship so that the braces holding the ends of the wire do
no move relatively to the leg during the actuation of pneumatic muscle. To design the
spring, the spring’s shape was firstly assumed to be a cubic spline curve then a
modified Castigliano’s second theorem was used to determine the geometric
parameters associated with the curve. The computational results showed that in
order to achieve the predefined loading–displacement relationship, the steel wire
needs to be bent into a zig-zag shape. For details on the design of the zig-zag stee
wire, the readers can refer to [21].

2 The load cells in the pressure shoe include one LM-100KA, and six LM-50K’s, all o
which are manufactured by Kyowa, Inc., Japan.
2. Orthosis design

2.1. Device description

The photo of the orthosis developed is shown in Fig. 1a. It basi-
cally consists of a pneumatic muscle, a zig-zag-shaped steel wire,
an electronically-controller pressure valve, a pressure shoe, and
relevant sensors. As shown in the mechanical schematic of
Fig. 1b (in which the sensors and the valve are omitted), the ten-
sion-only pneumatic muscle is connected via pulleys to the zig-
zag steel wires on both sides of the knee in a parallel manner.
The steel wire in this case performs the function of a torsional
spring to pre-stretch the pneumatic muscle. The zig-zag shape is
especially designed so that under the tension of the pneumatic
muscle, the deformation of steel wire is compatible with the rota-
tion motion of the knee so that the two braces which fix the ends of
the wire do not move relatively to the leg as the pneumatic muscle
is actuated.1 When receiving electronic signals, the pressure valve
(ITV1031-312BL, SMC) modulates the pressure of the pneumatic
muscle so as to produce the bidirectional assistive torque.

There are no other gearings attached to the knee and the ankle
joint is allowed to rotate freely. There are seven load cells embed-
ded in the sole of the pressure shoe.2 The measurements from the
load cells are used to compute the ground reaction force and the cor-
responding center of pressure (COP). A tension sensor (LC201–300,
Omega) is placed in series with the pneumatic muscle to measure
muscle tension. There are also two potentiometers respectively lo-
cated at the knee and the ankle to measure the associated angles
of rotation. When the orthosis is in operation, the user has to carry
a backpack. Other than the pressure control valve mentioned, the
backpack also contains a battery, compressed carbon-dioxide (CO2)
tanks as the pneumatic source, gas accumulators, and a digital-sig-
nal-processor (TMS320F2812eZdsp). The digital-signal-processor,
equipped with 12-bit A/D and 12-bit D/A, implements the control
system.

For decoration and protection purposes, there are plastic covers
attached to the major components of the orthosis. The picture of a
person wearing the overall system is shown in Fig. 2.

2.2. Control philosophy

In principle, the leg motion can be characterized into two
phases: the stance phase and the swing phase. During the stance
phase, either the whole or the partial body weight is supported
by the leg. During the swing phase, the leg does not support the
body weight but the joints are bent or unbent to generate the mo-
tion intended. For instance, during walking, each of the legs expe-
riences the stance phase and the swing phase alternatively. During
standing up, both legs are in the stance phase. The developed
orthosis is controlled differently for the two phases. During the
stance phase, tension control is performed on the pneumatic mus-
cle to generate assistive knee torque so that the force required by
the quadriceps muscle is reduced compared to what would be re-
quired without the orthosis. During the swing phase, trajectory
control is performed on the pneumatic muscle so that the (knee)
angle of the orthosis follows a pre-designed trajectory that is com-
patible with the leg’s natural swing motion.

2.3. Determination of assistive knee torque

The merit of the orthosis developed mainly lies in the assistive
knee torque it provides during the stance phase. The assistive knee
torque is chosen as a fixed percentage of the knee torque needed to
support the body weight. The knee torque for weight support, de-
noted by sw, is determined using the simplified shank–foot model
in Fig. 3. Three assumptions are made to derive the knee torque.
Firstly, assume that the motion is gentle and slow so that the dy-
namic effect can be ignored. Secondly, ignoring the dynamic effect
means that the horizontal acceleration of the human operator is
negligible, so the horizontal, frictional component of the ground
reaction is ignored in Fig. 3. Finally, the weight of the shank is
ignorable because it is small compared to the body weight. With
l
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(a) Photo of the orthosis (b) Schematic of the orthosis

Fig. 1. Photo and schematic of the orthosis.

Fig. 2. The picture of a person wearing the orthosis system.

Fig. 3. The simplified shank–foot model.
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these assumptions, static moment equilibrium at the knee joint
gives:

sw ¼ f � ðL0 cos qa � rÞ ð1Þ
where f is the ground reaction force, r is the distance from the ankle
joint to the COP, qa is the ankle angle, L0 is the length of the shank.
Denoting the assistive ratio by g, the assistive knee torque sa there-
fore is given by

sa ¼ g � sw ¼ g � f � ðL0 cos qa � rÞ ð2Þ

It should be noted that in the literature, there are powered
orthoses using the EMG signal(s) of relevant muscle(s) to directly
estimate the muscle torque, consequently the assistive torque
[5,6,22]. However, the EMG signal is noisy and is liable to interfer-
ences such as the skin conductance change and slight change in the
positioning of electrodes [23]. It also does not give a reliable esti-
mate of muscle force when muscle fatigue occurs [24]. Therefore,
similar to the approach in [25], the measurements from the pres-
sure shoes (f,r) and the potentiometer at the ankle (qa) are used
to estimate the muscle torque.
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3. Characterization and compensation of hysteresis in
pneumatic muscles

In the proposed orthosis, the pneumatic muscle converts the
pneumatic energy into mechanical work by transferring the pres-
sure applied on the inner tube into the shortening tension. The ten-
sion force generates a mechanical torque that part of this torque
balances the recovering torque of the zig-zag spring and the rest
of it delivers the assistive torque. Mathematically, performing tor-
que balance on the model in Fig. 4 yields

sa ¼ j � ðh0 � hÞ � T � Lb cos
h
2

ð3Þ

where j and h0 are respectively the torsional spring constant and
the relaxed angle of the zig-zag wire, h is the angle of the orthosis,
T is the tension generated by the pneumatic muscle, and finally Lb is
the length from the center of the rotation of the zig-zag wire to
either end of the wire. Notice that according to Fig. 4, h is related
to L, the length of the pneumatic muscle, by the following relation:

h ¼ 2 sin�1 ðLþ LaÞ
2Lb

� �
or L ¼ 2Lb sin

h
2

� �
� La ð4Þ

in which La denotes the total length between the two ends of the
zig-zag steel wire.

From (3), we have T ¼ j�ðh�h0Þ�sa

Lb cosh
2

. Therefore, to achieve a desired

assistive torque in the stance phase, one has to control the tension
in the pneumatic muscle according to h, consequently L by (4). The-
oretically, it can be derived using the principle of the virtual work
that the tension (T) and length (L) of the pneumatic muscle are re-
lated to the pressure (P) as [10]

T ¼ pb2

4pn2 3
L2

b2 � 1

 !
P ð5Þ

where b is the angle between a braided thread and the muscle’s lon-
gitudinal axis, n is the number of turns of a thread. Eq. (5) repre-
sents an ideal, static model for the pneumatic muscle. It excludes
Fig. 4. The model of the orthosis.
the thread-on-thread Coulomb friction acting inside the braided
shell. Besides, it does not consider the thickness of the inner tube
and assumes that the muscle is continuously cylindrical thus ignor-
ing the conic shape at the ends. To consider these non-ideal effects,
the authors in [9,10] have also developed more sophisticated mod-
els to describe the static behavior of the pneumatic muscle. Exper-
imentally it is found that, when the hysteresis effect is ignored, the
tension force developed by the pneumatic muscle varies almost lin-
early with contraction ratio according to a slope globally propor-
tional to control pressure [9]. Therefore, in [10], the constitutive
relation for the pneumatic muscle is simplified as

T
DL
¼ aP ð6Þ

where a is a constant and DL = L � Lmin with Lmin being the mini-
mum length of the pneumatic muscle. Because T

DL is equivalent to
mechanical stiffness, such a relationship indicates that the pneu-
matic muscle behaves like an elastic element or a ‘‘gas spring”
and the stiffness or the ‘‘spring constant” varies linearly with ap-
plied pressure.

To compare the behavior of the pneumatic muscle in the ortho-
sis with the simplified model in (6) and to examine the impact of
hysteresis effect due to Coulomb friction, a slowly-varying period-
ical pressure input is applied to inflate and deflate the pneumatic
muscle. During the experiment, the orthosis is not worn that it is
under ‘‘no-load” condition. In this case, the tension and length of
the pneumatic muscle should obey (3) with sa = 0. Fig. 5 shows
how T

DL, the stiffness of the pneumatic muscle, varies with the pres-
sure P. Apparently, the stiffness is not a simple linear function of P
but exhibits strong hysteresis effect so that the change of the stiff-
ness follows two different routes for inflation ð _P > 0Þ and deflation
ð _P < 0Þ. Nevertheless, if at the given pressure, the two stiffnesses
corresponding to _P > 0 and _P < 0 are averaged, it can be shown
by the dash curve in Fig. 5 that the average stiffness indeed is
nearly linearly proportional to the pressure. This verifies the argu-
ment that (6) can approximately portray the behavior of the pneu-
matic muscle if hysteresis is ignored.

In the orthosis developed, the assistive knee torque is obtained
by controlling the tension in the pneumatic muscle via modulating
the pressure. Although subsequently the control of the tension will
be dealt with by a feedback controller, the substantial hysteresis
effect observed in Fig. 5, if is not properly accounted for, may sig-
nificantly deteriorate the control performance. In the following, a
model which describes the hysteresis behavior is proposed and
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the inverse of the model will be incorporated into the control sys-
tem to eliminate the influence of hysteresis.

3.1. Modified maxwell-slip model for characterizing the hysteresis
behavior

Due to the complex physics behind the hysteresis of the pneu-
matic muscle, a physics-based model is not sought here. In stead, a
model which can mathematically explains the hysteretic relation
between T

DL and P is developed. Such a model, although can be
put in mathematical equations, can be best understood using a
combination of physical elements shown in Fig. 6. In this figure,
the input is the force F and the output is the associated displace-
ment x. The force is applied to a parallel connection of a nonlinear
spring with a constitutive relation g(x) and a set of so-called ‘‘max-
well-slip” elements [26,27]. Each of the maxwell-slip elements is a
series connection of a linear spring with a spring constant ki, and a
massless cart whose motion is subject to Coulomb friction with
breakaway static friction equal to fi (i = 1,2, . . . ,N). Such a model
has been successfully used in [28,29] to characterize the hysteresis
behavior of piezoelectric actuators. Particularly the authors therein
introduced specifically the nonlinear spring element so that the
overall model can generate non-anti-symmetric hysteresis loops.
Due to the incorporation of the nonlinear spring, the model was re-
ferred to as the modified maxwell-slip model, as opposed to the
original maxwell-slip model in [26,27] whose springs are all linear.

According to [28], the parameters ki’s, fi’s, and the function g(�)
in the modified maxwell-slip model can be obtained via an exper-
imental identification procedure. The procedure is outlined as
follows:

� Apply a slowly-varying, positive sinusoidal input FðtÞ ¼ F0
2 �

F0
2 cos 2p

T0
t in which F0 denotes the size of the input and T0 is

the period. Record the F � x hysteresis curve.
� On the hysteresis curve recorded, divide the interval between

the maximum and minimum displacements into N equally-
spaced segments. Identify as in [28] the break displacement xi

and the corresponding lower and upper break forces Fi, F 0i with
i = 0,1,2, . . . ,N. Let the length of the equally-spaced segments be
2d and the maxwell-slip element should follow the relation
fi
ki
¼ id, i = 1,2, . . . ,N.

� Denote g(xi) by gi with i = 0,1,2, . . . ,N. Identify k1, . . . ,kN,
g0,g1, . . . ,gN by solving the constrained-minimization problem
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Fig. 6. The modified maxwell-slip model.
Min
k1 ;...;kN ;g0 ;g1 ;...;gN

XN�1

i¼1

½jFi � bF iðk1; . . . ; kN; g0; g1; . . . ; gNÞj

þ jFi � bF iðk1; . . . ; kN; g0; g1; . . . ; gNÞj� ð7Þ
subject to
(i) k1, . . . ,kN > 0
(ii) bF i ¼ F0 � 2d

Xi

m � km � 2i � d
XN

km þ gi � g0 ð8Þ

m¼1 m¼iþ1

bF 0i ¼ 2d
Xi

m¼1

m � km þ 2i � d
XN

m¼iþ1

km þ gN�i � gN ð9Þ
It should be noted that according to the derivation in [28],bF i
bF 0i� �

in the second constraint corresponds to the breaking force
that the ith massless cart is just about to slide when
_F > 0 ð _F < 0Þ. Moreover, the first constraint, composed by linear
inequalities in ki’s, assures that the linear springs in the model
are always positive. Because the cost function is in 1 � norm struc-
ture and the constraints are linear functions of ki’s, and gi’s, the
optimization problem can be solved by linear programming. Final-
ly, once all the parameters are identified, the model can be directly
inversed [28,29]. In the inverse model, using the input x together
with the sign of _x, one can compute the forces generated by the
nonlinear spring, the linear spring and the maxwell-slip elements.
Summing up these forces provides the output F.

3.2. Characterization and compensation of hysteresis using the
modified maxwell-slip model

The hysteresis in the pneumatic muscle is caused by the thread-
on-thread friction which is proportional to thread-on-thread pres-
sure. Assuming that the pressure inside the inner tube transmits
entirely to the shell, the thread-on-thread pressure is equal to
the inflation muscle pressure P [9]. Consequently, P is the main
cause of Coulomb friction thus the hysteresis. When the modified
maxwell-slip model is used to mathematically model the hystere-
sis in pneumatic muscles, the pressure P should replace F as the in-
put. On the other hand, because P and T

DL follow the linear relation
in (6) when hysteresis and nonlinearity are ignored, the stiffness T

DL

will take the place of displacement x in the model.
The experimental identification procedure mentioned is used to

obtain the parameters of the hysteresis model. Under the ‘‘no-load”
condition, the pneumatic muscle is excited by 0.1 Hz positive
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sinusoidal pressure profiles of three different peak amplitudes to
generate one major and two minor hysteresis loops shown in the
experimental curves of Fig. 7. While the data from the major and
the small minor loops are used in the optimization problem to
solve for the model parameters, the data from the medium minor
loop is used for model validation. Notice that the adoption of P
and T

DL respectively as the input and output makes the modified
maxwell-slip model lose its physical meaning, so ki’s, and fi’s (or
gi’s) no longer represent spring constants and forces. In stead, the
units should be changed to cm�1 for ki’s, and to N cm�2 for fi’s
and gi’s. In Fig. 7, the input–output response of the identified model
is simulated and is found to closely match experimental curve. For
the major loop, the maximum error is about 5.7% of the stiffness
range. For the medium and the small loops, the maximum errors
are about 6% and 7.7% respectively.

The identified model is used to devise to an inverse control law
to cancel the hysteresis nonlinearity. An experiment is performed
under the ‘‘no-load” condition to verify the performance of the in-
verse control. In the inverse control experiment, the identified
model is inversed to compute the input pressure profile corre-
sponding to a sinusoidal stiffness trajectory with frequency of
0.1 Hz and an amplitude of 70 N cm�1. Fig. 8a shows the pressure
computed by the inverse control law as well as the sinusoidal pres-
sure profile computed based on the nominal pressure–stiffness ra-
tio. In Fig. 8b the stiffness responses corresponding to the two
cases are compared. The RMS tracking error achieved by the in-
verse control is about 2.07%, as opposed to 11.11% in the sinusoidal
input case.
4. Control system design

As mentioned previously, in the proposed orthosis, tension con-
trol is needed for the stance phase and trajectory control is needed
for the swing phase. The inverse control for hysteresis compensa-
tion, which can be viewed as a feedforward action and thus is sen-
sitive to disturbances and unmodelled dynamics, cannot achieve
the control performance alone in either cases. Therefore, in this
section, two feedback controllers are designed to respectively reg-
ulate the tension of the pneumatic muscle and the angle of the
orthosis. The inverse control introduced will then be incorporated
into the control systems to further enhance the performance. Final-
ly, bumpless switching of the control action between the two
phases will be discussed.

4.1. Frequency response and LTR control

To design the feedback controllers, frequency response tests are
performed experimentally to identify the linearized dynamics of
the orthosis. During the tests, the orthosis is under ‘‘no-load” con-
dition and the pneumatic muscle is first inflated to an operating
condition with nominal pressure, nominal length, and nominal
tension equal to 2 bar, 22 cm, 158 N. The pressure (P) is then per-
turbed sinusoidally with frequency ranging from to 0.1 Hz to 2 Hz,
and the resultant responses in tension (T) of the pneumatic muscle
and the angle of the orthosis (h) are measured. The two experimen-
tal frequency responses from the perturbed pressure dP to the per-
turbed tension dT, and from dP to the perturbed orthosis angle dh
are respectively measured. Using the frequency responses, the
nominal transfer functions GTðsÞ ¼ dTðsÞ

dPðsÞ, and GhðsÞ ¼ dhðsÞ
dPðsÞ associated

with the linearized dynamics can be numerically identified. Take
GT(s) for instance, it is given by

GT ðsÞ

¼ 572:157ðs2 þ 17:45sþ 75:79Þðs2 þ 7:39sþ 13:41Þ
ðsþ 12:33Þðs2 þ 17:97sþ 78:51Þðs2 þ 13:78sþ 47:43Þðs2 þ 8:11sþ 17:12Þ

ð10Þ

Once the nominal transfer functions are obtained, loop-trans-
fer-recovery (LTR) control methodology [30] is used to design the
controllers KT(s) and Kh(s) for respectively achieving tension con-
trol and angle control. The design procedure of LTR methodology
automatically guarantees that the closed-loop stability with re-
spect to the nominal transfer function. Notice that when designing
either one of controllers, in order for it to be stiff to reject distur-
bances at low frequencies, an integrator is firstly augmented to
the nominal transfer function (GT(s) or Gh(s)) and then the LTR de-
sign is conducted on the state-space representation of the aug-
mented plant. LTR is a linear quadratic Gaussian (LQG) optimal
control based method. The design procedure requires one to solve
two algebraic Riccati equations: one corresponds to the Linear
Quadratic Regulator problem, and the other to the Kalman filter
problem. As shown in [30], by implementing the cheap control
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LQR problem in LQG, the system loop transfer function can be
recovered to a Kalman filter loop transfer function which mimics
a pure integrator with a bandwidth equal to 1ffiffiffilp , where l is a ficti-
tious output noise intensity. This indicates that the LTR design al-
lows one to designate the closed-loop system bandwidth by the
choice of l. Again taking the tension control for example, the con-
troller KT(s) is given by
KTðsÞ ¼

6:418� 104s7 þ 6:679� 106s6 þ 2:892� 108s5 þ 6:714� 109s4 þ 8:96� 1010s3

þ6:816� 1011s2 þ 2:713� 1012sþ 4:343� 1012

s9 þ 215:7s8 þ 2:038� 104s7 þ 1:138� 106s6 þ 4:213� 107s5

þ1:054� 109s4 þ 1:623� 1010s3 þ 1:304� 1011s2 þ 3:948� 1011s

ð11Þ
The achieved closed-loop bandwidth is 26.2 Hz for KT(s) (and is
14.4 Hz for Kh(s)). The bandwidths are chosen so that they are
sufficiently high for performance sake and still the control sys-
tems are robustly stable against the error between the experi-
mental frequency response and the nominal transfer functions
GT(s) or Gh(s).

The inverse control developed previously is integrated with
either KT(s) or Kh(s) to compensate for hysteresis so that the linear-
ization-based controller can work more effectively. The tension
control system and the angle trajectory control systems are shown
respectively in Fig. 9a and b. Notice that in Fig. 9a, the desired ten-
sion force Td equals j�ðh�h0Þ�sa

Lb cosh
2

in which the assistive torque sa is
computed using (2) and the measurements from the pressure shoe
and the ankle sensor. The inverse control algorithm in this case
firstly divides the desired tension force Td by the measured length
DL in real time to obtain the desired stiffness. Then it computes a
feedforward pressure which leads to the desired stiffness, conse-
quently the desired tension Td. The controller KT(s) further reduces
the force tracking error via feedback. On the other hand, the de-
sired angle trajectory hd in Fig. 9b is obtained from measuring
the knee motion of a person during normal swinging. The inverse
Fig. 9. Block diagrams for tension control and angle control.
control algorithm provides a feedforward pressure which leads to
a desired tension force that can counteract the recovering torque
of the zig-zag wire. The desired tensor force in this case is com-
puted as j�ðh�h0Þ

Lb cosh
2

by setting sa = 0 in (3). After the recovering torque
is compensated, the feedback controller Kh(s) further fine-tunes the
pressure to achieve the tracking performance.
4.2. Bumpless switching between KT(s) and Kh(s)

For the proposed orthosis, the switch between stance phase and
swing phase, consequently between KT(s) and Kh(s) is activated by
the three loadcells located near the heel of the pressure shoe.
When the average weight measured by these loadcells are higher
than a threshold (=5 kg), the operation is classified as the stance
phase; otherwise, it is classified as the swing phase. During walk-
ing or climbing stairs, the orthosis has to periodically switch be-
tween the two phases. In order to assure the control action is
transferred smoothly between KT(s) and Kh(s), two bumpless
switching compensators similar to the one proposed in [31] are
used. The block diagram of the combined control system is shown
in Fig. 10. In this figure, while compensator I provides smooth
switching when KT(s) takes over the control action, compensator
II assures the control continuity when switching into the swing
phase. For graphical clarity, the inverse controllers are not shown
in Fig. 10, but they are still employed to cancel hysteresis.

To provide bumpless switching, both compensators (I and II)
and controllers (KT(s) and Kh(s)) are turned on all the time except
that during the stance phase the output of KT(s) determines the
pressure of the pneumatic muscle and during the swing phase,
the pressure is determined by the output of Kh(s) instead. The de-
sign of compensator I(II) is based on the state-space realization
of GT(s) (Gh(s)). Take compensator I for example. Assume that the
state equations of GT(s) is given by

_x ¼ Axþ Bu

y ¼ Cx
ð12Þ

where x is the state, u is the plant input (which corresponds to dP), y
is the output (which corresponds to dT), and A, B, C are the matrices
of suitable dimensions. Then compensator I has the following state-
space form:

_n ¼ Anþ Bðu� uTÞ
vT1 ¼ Knþ Lðu� uTÞ
vT2 ¼ Cn

ð13Þ

In this form, n is the compensator’s state, and vT1 ; vT2 are the out-
puts, uT is the output of the controller KT(s). K, L are respectively
a matrix and a parameter obtained by solving a set of linear ma-
trix inequalities (LMI’s) to guarantee the stability of compensa-
tion [31]. During the swing phase, u is the output of Kh(s).
Although the output of KT(s) is not connected to the orthosis,
the controller still uses the measured tension and desired tension
j�ðh�h0Þ�sa

Lb cosh
2

with sa = 0 to perform control computation. The exis-
tence of compensator I ensures that uT, the output KT(s) does
not diverge, and when switching to the stance phase, the control



Fig. 10. Closed-loop control with bumpless switching.

Fig. 11. Tension and pressure responses for LTR tension tracking.
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transience can die out quickly. The design and operation of com-
pensator II is similar to those of compensator I except that the
desired angle trajectory hd during the stance phase is set to the
actual knee angle h.

Finally according to [31], the compensators designed not only
perform bumpless switchings but also can be used to avoid integra-
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Fig. 14. Tension, angle, and pressure responses of the orthosis for climbing upstairs.
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Fig. 15. Tension, angle, and pressure responses of the orthosis for climbing downstairs.

3 It is shown in the subsequent experimental pressure responses that with 20%
assistive ratio, the peak of the pneumatic muscle’s pressure nearly reaches its
maximum capacity. Therefore, for safety reason as well as avoiding the contro
performance degradation due to pressure saturation, the maximum assistive ratio is
set to 20% in the current investigation.
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5. Experiments and performance evaluation

In this section, several experiments are conducted to examine
the performance of the control system designed for the powered
orthosis.

5.1. Tension tracking under ‘‘no-load” operation

To illustrate the usefulness of incorporating the inverse control
into the LTR control system, tension tracking under ‘‘no-load” oper-
ation is performed. The control system is demanded to track a
sinusoidal tension with frequency of 0.1 Hz and an amplitude of
125 N. During the experiment, firstly only the feedback controller
KT(s) is used and the tension response and pressure response are
measured and shown respectively in Fig. 11Ia and Ib. Because the
hysteresis effect is not compensated for, the tension response lags
behind the reference trajectory noticeably. Next the control system
in Fig. 9a is used. The tension response and pressure response are
shown respectively in Fig. 11IIa and IIb. Apparently, with the incor-
poration of inverse control, the tracking performance is greatly im-
proved. It should be noted that at the beginning of the control
process, the initial tension of the pneumatic muscle (�55 N) is sig-
nificantly different from the reference tension setting (�80 N), so
there are some oscillations during the control transience. After
about 2 s, the control transience dies out and accurate tension
tracking is achieved. The RMS tracking error in this case is reduced
to within 1.33%. Such a track performance is also about 3.5 times
better than that in Fig. 11Ia in which the inverse control is not
used.

5.2. Walking experiments

In the walking experiments, a human subject wears the orthosis
and performs regular walking. The combined control system in
Fig. 10 is used to deal with the stance phase, the swing phase
and the transition between the two phases. In the experiment, con-
sidering the maximum pressure capacity of the pneumatic muscle
(�4.5 bar), the assistive ratio is set to 20%.3 Because the noises con-
tained in the load cells, the desired assistive torque computed using
(2) is filtered by an eighth-order Butterworth low-pass filter with a
passband edge frequency of 5 Hz before it is injected to the control
system as the reference signal. The reference angle trajectory hd(t)
for the swing phase is obtained from measuring a normal person’s
knee joint trajectory during walking.
l
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The tension, angle, and the pressure responses of the orthosis
during one walking cycle are shown respectively in Fig. 12Ia–Ic.
From Fig. 12Ia and Ib, one can see that the control system can pro-
vide quite satisfactory tension tracking (during the stance phase)
and angle tracking (during the swing phase). Moreover, the re-
sponses in tension, angle both exhibit quite smooth behaviors when
phase transition occurs. For verifying that the smooth behavior is
contributed by the bumpless compensators, the bumpless compen-
sators are deliberately turned off and the relevant responses are
measured and shown in Fig. 12IIa–IIc. Clearly, without the compen-
sators, the responses exhibit quite oscillating behavior right after
phase transition. According to the operator, the transience induced
by control switching also causes discomfort to the lower limb.

Finally, in order to verify that the proposed orthosis indeed pro-
vides assistive function, the EMG signals of the quadriceps muscle
before and after the orthosis is worn are measured and shown in
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Fig. 13a and b. During the experiments, the data associated with
five strides were taken but for clarity only the data within one
stride are shown in Fig. 13. Before the orthosis is worn, the RMS
magnitude of the EMG signal for the five strides performed is
0.11 V. With the help of the orthosis, the RMS magnitude is re-
duced to 0.07 V. This verifies the usefulness of the orthosis in
assisting human walking.

Notice that in the current experiments, the operator walks
gently at the pace of 5 s per stride. If the operator walks faster, then
the dynamic effect becomes prominent and (2) no longer provides
a good estimate for the assistive torque. In this case, the orthosis
may assist the knee motion in a faulty manner which would cause
discomfort to the operator. Furthermore, the dynamic effect would
certainly demand higher peak pressure from the pneumatic mus-
cle. Therefore, for safety and performance reasons, walking in a fas-
ter pace is not considered in the current investigation.
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5.3. Stair climbing experiment

In the stair climbing experiments, the combined control system
with bumpless transfer compensators is used. The assistive ration
is still set to 20%. The stairs have a step width of 60 cm and a height
of 17 cm. Figs. 14 and 15 respectively show the experimental re-
sponses for the climbing up and climbing down cases. The EMG
signals of the quadriceps muscle before and after the orthosis is
worn for the two cases are also shown in Figs. 16 and 17. By
RMS calculation, the EMG signals after wearing the orthosis are re-
duced respectively by 33% and 26.1%. This indicates that the devel-
oped orthosis is also effective in assisting the stair-climbing
motion.

6. Conclusions

In this paper, control of McKibben pneumatic muscles for a
power-assist, lower-limb orthosis is considered. For eliminating
the influence of hysteresis on the control performance, a modified
maxwell-slip model is proposed to describe hysteresis and to de-
vise an inverse control method. The inverse control is then com-
bined with LTR feedback control to achieve better tracking
performance. To ensure the control of the orthosis can switch
smoothly between the stance phase and the swing phase, two
bumpless switching compensators are further incorporated into
the combined control system. Experiments show that the control
system can make the orthosis effectively accomplish the assistive
function. In the orthosis developed, the two compressed CO2 tanks,
which contribute the most of the 4 kg weight of the backpack, are
not only heavy but also bulky. Moreover, during the operation the
gas they supplied can only last for about 40 min. Regardless of the
control performance achieved, to increase the portability of the
orthosis, weight and capacity issues associated with the pneumatic
sources need to be resolved. Therefore, current research efforts are
devoted to seeking pneumatic sources with lighter weight and
higher capacity.
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