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This paper presents an adaptive fuzzy-PID control strategy applied to an
active lower limb prosthesis for trajectories tracking in normal walking,
stairs climbing, and stairs descent. Trying to imitate a natural human
limb, the prosthesis design challenges rehabilitating amputees to resume
normal activities. A dynamic model of an ankle-knee active prosthesis is
developed without ground reaction in a first case and introduces ground
effect in a second one to ameliorate prothesis performances. The ob-
tained models are used to synthesize a control strategy based on TS fuzzy
concepts and PID control to reproduce human lower limb behavior in a
normal gait and climb and descent of stairs. The RSME errors are cal-
culated to evaluate and compare the various results performances and
eventually show the capacity of the proposed control with ground re-
action impact on trajectory tracking. The RMSE values obtained for the
four outputs of the fuzzy controller are very small for the different modes
of locomotion. Moreover, they become weaker when the ground reac-
tion forces are added to the model to show the role of these forces for
the body equilibrium maintaining during the gait cycle. The developed
approach ensured good trajectories tracking compared to a healthy leg
even in presence of disturbances.

This is an open access article under the CC-BY-SA license.

1. Introduction

Limb amputation is a common medical problem that makes millions of people suffering from

worldwide. People undergoes amputation for several reasons as trauma from work accidents
or road damage or war victims [1]. Moreover, a great percentage suffers from amputation due
to complications resulting from dysvascular diseases associated with diabetes [2]. Among all
physiological and psychological approaches to help amputees to rehabilitate, limb prostheses
are essential to allow amputees resuming their daily activities.

Thousands of lower limb amputations registered worldwide cause loss of mobility of the
person, what affect life quality to become unable to continue normally daily activities. After
amputation, the most goal is the rapid return of the amputee to its daily activities as soon as
possible. After cure, a lower limb prosthesis remains an essential assistive device to recover
some missing locomotion functions [3].
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The development of prosthetic devices answers to one of principal challenges for aging so-
cieties: The loss of mobility and physical capacity in general. If workers are encouraged to per-
form physical work until old age while preventing musculoskeletal troubles, or if the elderly try
to stay mobile later in their life and avoid a sedentary lifestyle, or if a better rehabilitation of
motor abilities after neurological damage can be obtained, each effect constitute a large socioe-
conomic impact based on societal inclusion, general health and population productivity [4].

The assumption of biorobotics discipline requires new approaches to permit adequate treat-
ment and better easiness of motion for persons doing hard physical labor or facing loss of their
motor skills. Considering the interaction human-devices, their design and their adoption present
major challenge, related to control, safety and features [5].

A lot of adequate prostheses are designed to restore missing mobility for lower limb am-
putees as walking, running or going upstairs. The development of a new generation of lower
limb prostheses with improved performances is not only extremely desired by amputees, but
evenly constitute a promising product, particularly required by the world market.

Over the last decades, prosthetics industry had known a significant revolution due to de-
velopment of material, electronics, sensors and actuators. Currently, available prostheses are
belong to three different families: passive, semi-active and actives prostheses.

Passive prostheses are mechanical devices built of springs and dampers without any external
power, and with the appearance of amputated limb, they can give some basic features such as
support, stabilize, push or pull... accomplished habitually with other natural articulations and
extremities [6]. The SACH foot was a wooden prosthesis covered on the outside with rubber [7],
it had no flexion and didn’t adapt to any type of ground. The ESAR prosthetic foot was a modern
evolution of the SACH model, it was more flexible to give natural movement for the ankle joint
[8]. Later, soft feet had been developed based on windlass: chain of connectors turned parallel
to the mediolateral direction can be used as a foot link. Their major inconvenient was their
incapacity to generate mechanical power and their inefficiency to adapt to changing needs of
the amputee and absence of sensory feedback of limb states to the user.

The second model is the semi-active prosthesis that utilizes passive mechanical components
controlled by active adjustable valves. The Raize and Elan prostheses used hydraulic concepts
and their resistance can be adjusted manually, furthermore, stability was considerably improved
on slopes and slippery surfaces. Both mechanisms should allow better adaptation to the ground
[9]. Particularly, Elan used a sensor feedback as input for an adaptive control depending of gait
slope. The most popular semi-active knee prothesis C-Leg established in 1997 had different
sensors to identify the gait cycle and transmit data to the microprocessor that can control the
damping of the hydraulic joint [9].

The third type of prostheses is the active prosthetic articulations that use integrated actua-
tors in electric drive to manipulate directly kinematics and kinetics of the prosthetic joint. The
metabolic power of walking is reduced and the patient velocity is increased compared to pas-
sive and semi-active prostheses [10]. Proprio is the first active prosthesis that can lift the foot
during oscillation phase to avoid falls. It consists of different sensors that detect the actual state
stabilizing linear actuator to the appropriate position [11]. IP (Intelligent Prosthesis) is con-
structed of pneumatic cylinder to ensure the angular movement of the knee joint during swing
phase [12]. BiOM Power Foot created by iWalk company presents another concept destined to
ankle joints [13]. The elastic function of the Achilles tendon is combined to a motor for the calf
muscles behavior.

An active motor of knee joint is provided to the Power Knee [14]. The knee extension dur-
ing stairs climbing, slopes or standing position is supported by a motor. SPARKy presents a
project funded by the US Army to develop a new generation of prostheses with tendon actuator
to minimize significantly the power need of electrical motors while providing to the amputee an
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improved movement of the ankle and pushing power [15].

[16] designed an autonomous active prosthesis destined to improve the mobility of trans-
femoral amputees to provide walking as a normal gait. [17] developed an active knee-ankle
prosthesis based on an actuator with variable stiffness and energy transfer from knee to ankle.

To control mechanisms, modelisation by physical laws or empirical approaches is a primor-
dial step to understand anatomical limbs and human locomotion to determine a mathematical
model that can facilitate the system comprehension, and make it analyzable and controllable.
Many simple and complex models were proposed to design lower limb prostheses. Among used
models, inverse pendulum [18], compass [19], ballistic gait [20], passive and active dynamic
models [21], [22], [23] are the most known models.

The main goal of this work is to develop a control strategy considering physical interaction
between the amputee, the prosthesis and the environment. An adaptive TS fuzzy-PID controller
is proposed to generate the adequate torques in terms of healthy limb data and external ground
reaction effect. Section 2 presents the dynamic model of an active lower limb prosthesis in the
cases of absence and presence of ground forces. The TS fuzzy control is developed in section 3
in order to provide healthy limb behavior to the active prosthesis in three kinds of locomotion:
walking, climbing and descent of stairs. Section 4 shows a comparative assessment of simulation
results between study cases concerning the guarantee of closed loop and trajectories tracking
performances.

2. Dynamics of the Prosthesis

2.1. Anatomy

The human lower limb (Fig. 1) is composed of foot, leg, thigh and gluteal region. The artic-
ulations considered in the lower limb are hip, knee and ankle joints. Their main functions are
mostly weight support and movement aptitude. To perform efficiently these functions, the lower
limb is constructed of ridiculous bones of hip, femur and tibia. Moreover, articulations are built
of bones joints to ensure motions and give mechanical support. These articulations, improved
by muscles, can be performed furthermore by pivot or ball joints to achieve some movements
such as flexion, extension, abduction or adduction.

2.2. Human Gait Cycle

Human walking is considered to place one foot (leg) forward followed by the second, and
replace the same foot to repeat the cycle of movement. Therefore, walking is a cyclic activity and
one cycle can be studied to understand the whole period of walking. To represent the walking
cycle, it is necessary to divide it into two main phases : stance phase where foot is in contact
with ground and swing phase during which the foot is free.

The gait cycle can be divided into 7 subphases, Fig. 2:

* Loading response (0 to 10%): After the initial contact, the body weight transfers to the
front limb and continues until the other limb is lifted to allow the swing.

¢ Mid-stance (10 to 30%): The weight is aligned with the fore foot.

¢ Terminal stance (30 to 50%): The second foot hits the ground to achieve single support
period.

¢ Pre-swing (50 to 60%): While sudden transfer of the body weight relieves rapidly the limb,
the rear end contributes to a progression of preparation to the swing.

¢ Toe-off (60 to 73%): The lifting off the ground trains the swing foot to be opposite to the
stance one.
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Pelvic bone
Hip joint

Fig 1. Lower limb skeleton

e Mid-swing (73 to 87%): The swing foot is in front of the right limb to put the swing limb
forward and the tibia vertical.

¢ Terminal swing (87 to 100%): In the end, the foot hits the ground.

« Stance Phase < Swing Phase >

e e ef;

L A

Heel strike Loading Mid-stance Terminal stance Pre-swing Toe-off Mid-swing Terminal swing
response

Double " Double
-« support e Single support support

Single support ‘

Fig 2. Different phases of a normal gait cycle

2.3. Stairs Climb and Descent

During climbing and descent of stairs, the lower limb moves cyclically like walking, and cycles
of climb and descent are also subdivided to two phases: stance and swing periods. Each of these
periods is characterized by a distant time between swing and stance phases.

2.4. Ground Forces

Most of human movements depend on body interaction with the ground. If a human executes
activities as standing, walking, running or jumping, the body exerts continuously vertical and
horizontal forces on the ground. In response, ground applies evenly equal and opposite forces
to the body. These forces allow equilibrium of the body while performing all types of motor
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activities, and they called ground reaction, considered as the most important forces exerted on
the body.

2.5. Dynamic Model

The human body is considered as a multi-body system composed of articulated rigid arms.
Therefore, the Euler-Lagrange formalism is applied to generate the motion equations of the
prosthetic leg during a normal gait cycle. The inverse dynamics are used to calculate torques
and forces acting on knee and ankle links.

Basically, some assumptions should be considered: each segment has a mass assimilated to
a mass center point with a fixed position, and constant moments of inertia and lengthes during
movement, articulations are supposed pivot links. The lower limb can be assumed as a serial
manipulator with rigid arms. The biomechanical model of the leg is represented in the sagittal
plane. L; and L, indicate the segment lengthes. r; and r, designate the mass center positions.
71 and 7, are respectively the torques of ankle and knee joints. my, I;, m, and I, are the masses
and moments of inertia of leg and thigh segments respectively. The overall system has three
variables x, 6; and 6, representing respectively foot distance, ankle and knee angles, Fig. 3.

The equations of movement can be obtained using the following form:

d 0 0
—(—L)——L=, a7 =61, 65, x] (1)

dt dq
I represents the generalized forces and torques vector obtained by the virtual work theorem

with the following form:
aw

291 T1— T2

— w —

I'= 20, - T2 (2)
aw 0
Jx

The three equations of movement of the lower limb prosthesis can be expressed as:

(mlrl +I]_ +m2L1)91 +(m2r2 +12) 02 (mlrl +m2L1)X sin 91 mzrzx sin 92
+m2r2L (91 + 92)(:05 (92 91) + m2r2L1(9 9 )Sll’l(@z )
+mrigcosf; + myL g cos B + myryg cos Oy

To = (mzrg + Iz) éz - mzrz).(.' sin 92 + mzrle él COS(QZ - 01) + mzrleélz Sin(92 - 01)
+m2r2g COos 92

0= (ml + mz)x - (m1 ry + mzL]_) (61 sin 91 + 912 COS 91) —Myry (92 sin 92 + 922 COoS 92) (3)

The consideration of ground forces with horizontal and vertical components can modify the
vector of the generalized forces as:

T1— Ty F Tl—Tz—FlLlsinel +F2L1C0591
I'= To +JT( F; ) = Tz—Flesin92+F2L2C0502 (4‘)
0 F,

J is the Jacobian matrix. The highly coupled and nonlinear dynamic model of the active prosthe-
sis has the following equations:

(mlr +1I; + myL] )91 + (mzr + 12) 02 (mqry +myLy)X sin 6 —myryi sin 6,
+m2r2L1(91 +6,)cos (0y — 6;) + mzrle(G 92)3111(92 —0,)+myrygcos b,
+m,L,g cos 0y + myrog cosfy, + FyL,sin 6, + FyL,sin 05 — F{ L, cos 8; — F; L, cos 6,
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To = (mzrg + Iz) éz - mzrz).(.' sin 92 + mzrle él COS(Gz - 61) + mzrleélz Sin(Gz - 01)
+m2r2g COos 92 _F].LZ CcoSs 92 + F2L2 sin 92

Fi=(my+my) ¥ —(myr; + myLy) (él sin 6; + 912 cos 91) —MyTy (éz sin 6, + 922 cos 92) (5)

v <

F»

Fig 3. Active prosthesis model

3. Adaptive Fuzzy Controller

3.1. Without Ground Reaction

The prosthetic leg should be controlled by torques generated from a fuzzy controller and
must be follow trajectories of displacement similar to those performed by a healthy leg in the
three forms of locomotion. The tibia and femur angles present the inputs of the inference mech-
anism, the deduced outputs give torques and desired articular angles of the prosthesis. Depend-
ing on femur and tibia angles, the FIS (Fuzzy Inference System) decides the right mode to execute
in terms of real data from the natural leg, Fig. 4.

Two PID controllers are used as secondary controllers to correct prosthetic position errors
for the knee and ankle articulations compared to desired values generated from external distur-
bances. Based on real data base of a healthy limb, the fuzzy controller must provide the mode
and the phase of the gait cycle in which the prosthesis is located, and generate nominal torques
T4, and 74, and the reference trajectories 64, and 6, for the knee and ankle articulations.

3.1.1 Membership Functions

The training data of the controller are partitioned into subsets extracted from subphases of
healthy leg activities and characterized each one by a membership function. If each sample vari-
able is assumed normally and independently distributed, the distribution of the sample mean is
supposed to be normal (Gaussian).

If the size of each sample is N, for X;, X,, .., X, of independent variables, the mean and the
variance are given by:

X1 +Xy+ .. +X,
N

EX)=m= (6)

2 2 2
ol+o3+..+02

V(X) = 7

(7)
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Fig 4. Control structure of the active prosthesis

where o; (i = 1,..,n) designates the standard error of the distribution expressed as:

1 2, 2
azﬁ\/ol+02+...+0§ (8)

3.1.2 Rule Base

The TSK model is adopted by the inference mechanism used for the controller. For two in-
puts, with 7 fuzzy sets each one, the maximum number of rules must not exceed 49 rules. How-
ever, during the gait cycle, the thigh and the leg should remain in the same phase anytime. The
obtained I f — Then rules are summarized in a relational matrix illustrated by Fig. 5.

Phl | vy

Ph2 y",

Ph3 y} i

Ph4 v

Ph5 Vi

Phé Yii

X angle d'inclinaison du fémur

Ph7 y?,
Phl Ph2 Ph3 Ph4 PhS Ph6 Ph7

x,: angle d'inclinaison du tibia

Fig 5. Rule base of the gait cycle

The variable yf corresponds to the i'" output of the £‘" fuzzy rule. The rule base of the
controller without ground reaction is given by the following expression:

yf (x)= Cf,o + C€,1X1 + cf,zxz
yﬁ(x) = Cé,o + C£,1x1 + c£’2x2
yﬁ (x)= C:l;,o + C§,1X1 + cg,zxz
yﬁ(x) = Cf,,o + Cﬁ,1x1 + cﬁ’2x2

Ry: If xyis Ph’i and x, is Phg Then (9

where x; and x, are the two inputs of the controller and yf (x),.., yﬁ(x) the outputs for the ¢"
rule designating respectively the knee and ankle angles.
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The i™" crisp output of the FIS can be obtained using the following equation:

M
Zf:1 fl(x)(cie,o + Cf’lxl + Cie,zxz)

St fx)

Yigrsk(x) = (10)

where M is the number of fuzzy rules, f¢(x) represents the activation degree of the fuzzy rule
defined as:

£ = T2 e () (11)

where T is the t-norm generally chosen the minimum or the product, and p (xj) presents the
J

membership degree of the j™ input associated to the £ rule.

3.1.3 Controller Parameters Optimization

The LS (Least Square) method is applied to obtain estimated parameters according to train-
—t
ing data. Considering f (x) as:

14
< (x)
7= o (12)
The equation (10) can be written as:
M M
Yigrsk ()= FE) ¥ ()= D F () (cly+ e yxr +cfyxy) (13)
=1 =1
In matrix form:
Yigrsk (x) = ¢C" (14)

where

A oM 1 M 1 .M
Ci_[ CloClo  Cip-Ciy Ci,z---ci,z]

¢ =[ F10) M) 21 f () xy () xaf () f M () ]

The size of ¢ matrix is the number of training pairs and may be expressed as:
flofy xlfloxlfl xifl.xify
¢ = f_lzf]\%[ xfflz...xff_lé x%flz....ngﬂz,[ (15)
Afy oy ) A x) fy

where x;.l is the j'" input of the n'" training pair. C, the parameters vector, can be obtained using
the following formula:

-1
Ci=(¢"¢) ¢y (16)
3.2. With Ground Reaction

To study the ground forces impact on the active prosthesis, four inputs are introduced in the
fuzzy controller: the tibia and femur angles, and the horizontal and vertical components of the
ground reaction, Fig. 6.
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Fig 6. Control structure for the prosthesis with ground reaction
The general form of the fuzzy rule in this case has the following expression:
Ry : If xqis Phli and x4 is Phg
and xs is Phg and x4 is Phﬁ
Then
1 _ L 1 14 4 L
Y1) =cj g tey X F ey pXa+ ey 3X3+C) Xy (17)

4. Simulation

14 _ 1 14 L l {
yz(x) =y Co X1 C0Xn+CyaX3+Cy Xy

L _ X 14 L L {
Y3(x) =¢34+ C31X1 +C3 X2 +C33X3+C3,4X4

14 _ A L 14 14 4
Y (x)= Ca0 T Cq1 X1+ CqpXat+ChaXatey Xy

Results

Simulation results can be obtained based on anthropomorphic data of a person with 1.75m

height and 75K g weight. Table 1 gives the required parameters of control.

Table 1. Parameters of the prosthesis

Parameter Leg | Thigh

Mass (kg) 7.5 3.488
Moment of inertia (kg/m?) | 0.144 | 0.059
Center of mass (m) 0.186 | 0.186

The amount of 51 pairs of data are introduced in the fuzzy controller to evaluate the sys-
tem performances. The outputs of the proposed controller generate the desired trajectories for
the angles and torques of prosthetic articulations to mimic real performances of a healthy leg.
The fuzzy controller parameters are obtained using the LS method of optimization. Two PID
controllers with online adjusted parameters are added to correct prosthetic position error com-

pared to desired values. The result is shown in Fig. 7 to Fig. 18.

Fig. 7 presents controller output for the gait cycle compared to the real leg. Fig. 7(a)-(b) is
knee angle and knee torque. Fig. 7(c)-(d) is ankle angle and ankle torque. It can be seen that the
system controller can follow the real angle.
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Fig. 8 shows about Prosthetic angles evolution for a gait cycle compared to real leg in ankle
and knee. It can be seen that the prosthetic angle can follow the real leg for the gain cycle.
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Fig 7. Controller outputs (blue) for a gait cycle compared to real leg (red)
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Fig 8. Prosthetic angles evolution (blue) for a gait cycle compared to real leg (red)

Fig. 9 presents controller output for the stairs climb compared to the real leg. It can be seen
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that the system controller can follow the real angle.
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Fig 9. Controller outputs (blue) for stairs climb compared to real leg (red)

Fig. 10 shows about Prosthetic angles evolution for stairs climb compared to real leg in ankle
and knee. It can be seen that the prosthetic angle can follow the real leg for stairs climb.
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Fig 10. Prosthetic angles evolution (blue) for stairs climb compared to real leg (red)

Fig. 11 presents controller output for the stairs descent compared to the real leg. It can be
seen that the system controller can follow the real angle with small overshoot.
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Fig 11. Controller outputs (blue) for stairs descent compared to real leg (red)

Fig. 12 shows about Prosthetic angles evolution for stairs descent compared to real leg in
ankle and knee. It can be seen that the prosthetic angle can follow the real leg for stairs descent.
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Fig 12. Prosthetic angles evolution (blue) for stairs descent compared to real leg (red)

Fig. 13 presents controller output for a gait cycle with ground reaction compared to the real
leg. It can be seen that the system controller can follow the real angle.
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Fig 13. Controller outputs (blue) for a gait cycle with ground reaction compared to a real leg
(red)

Fig. 14 shows about Prosthetic angles evolution for a gait cycle with ground reaction com-
pared to real leg in ankle and knee. It can be seen that the prosthetic angle can follow the real
leg for a gait cycle with ground reaction.
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Fig 14. Prosthetic angles evolution (blue) for a gait cycle with ground reaction compared to real
leg (red)

Fig. 15 presents controller output for stairs climb with ground reaction compared to the real
leg. It can be seen that the system controller can follow the real angle.
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Fig 15. Controller outputs (blue) for stairs climb with ground reaction compared to real leg (red)

Fig. 16 shows about Prosthetic angles evolution for stairs climb with ground reaction com-
pared to real leg in ankle and knee. It can be seen that the prosthetic angle can follow the real

leg for stairs climb with ground reaction.
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Fig 16. Prosthetic angles evolution (blue) for stairs climb with ground reaction compared to real

leg (red)

Fig. 17 presents controller output for stairs descent with ground reaction compared to the
real leg. It can be seen that the system controller can follow the real angle.
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Fig 17. Controller outputs (blue) for stairs descent with ground reaction compared to real leg

(red)

Fig. 18 shows about Prosthetic angles evolution for stairs descent with ground reaction com-
pared to real leg in ankle and knee. It can be seen that the prosthetic angle can follow the real
leg for stairs descent with ground reaction.
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Fig 18. Prosthetic angles evolution (blue) for stairs descent with ground reaction compared to
real leg (red)

The comparative assessment is accomplished for the three modes of locomotion: walking
(Figs. 7-8 & Figs. 13-14), stairs climb (Figs. 9-10 & Figs. 15-16) and descent (Figs. 11-12 & Figs.
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17-18) without and with ground reaction. For each cycle, output responses present initially
short oscillations affecting angular variation of joints when ground forces missed, whereas with
ground reaction effect, an improvement can be observed, and start-up oscillations are properly
attenuated to offer more stability for the active prothesis.

To evaluate inference system performance designed in prediction of corresponding values
to data set, the RMSE (Root Mean Square Error) of training data obtained by LS method are
calculated and compared for the two cases as:

1 n
RMSE =1| — e, n=1,..51
\nzll !

Table 2 to Table 5 present the RMSE values for the four outputs of the controller in the three
cases of locomotion.

(18)

Table 2. RMSE for the 1" output of the controller

¥1 Walking | Stairs climb | Stairs descent
Without ground reaction | 0.1255 1.5684¢ % 1.0333¢7°
With ground reaction 0.0432 1.5063e™> 2.6641¢°

Table 3. RMSE for the 2" output of the controller

Yo Walking | Stairs climb | Stairs descent
Without ground reaction | 0.0.146 0.0104 0.0350
With ground reaction 0.0043 0.0033 0.0207

Table 4. RMSE for the 3" output of the controller

Y3 Walking | Stairs climb | Stairs descent
Without ground reaction | 0.1269 0.0519 0.0796
With ground reaction 0.0250 0.0287 0.0600

Table 5. RMSE for the 4" output of the controller

Ya Walking | Stairs climb | Stairs descent
Without ground reaction 0.089 0.0188 0.0263
With ground reaction 4.9494¢™4 0.0109 0.0031

The RMSE values obtained for the four outputs of the fuzzy controller are very small for the
different modes of locomotion in Table 2 - Table 5. Moreover, they become more weaker when
the ground reaction forces are added to the model to show the role of these forces for the body
equilibrium maintaining during the gait cycle.

5. Conclusion

In this paper, an adaptive TS-PID controller was proposed for the control of an active lower
limb prosthesis. Real data collected from healthy leg are used to perform the controller parame-
ters. To improve control performances, the ground reaction forces are introduced into the pros-
thesis model and consequently generated the adequate torques and desired angles for the pros-
thetic knee and ankle. The developed approach ensured good trajectories tracking compared to
a healthy leg even in presence of disturbances. In a future work, a neuro-fuzzy controller will
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be designed and tested on a test bed to improve prosthetic performances in a large number of
locomotion.
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