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Abstract

The focus of this work is to offer a gait phase identification mechanism for prosthesis development for
amputees with both legs imputed above knees and with a reasonable size of stump to fit the artificial leg.
This paper can be used as starting step and the algorithm can be used for controlling actuators fitted on
above knee prostheses. Ladder diagram approach to design has been used and a PLC was successfully
simulated and programmed as per ladder. The mechatronic based prosthesis solutions have made life
better for single leg amputees, but stability aspect still remains a concern for double leg prosthesis
designers. The leg in stance phase has to be locked and the one in swing phase has to have a swing
controller, The timing of such an actuator in real time requires accurate gait phase identification and
further control, The algorithm being proposed in this paper gives a technique on the basis of which a
bilateral above knee prosthesis solution can be developed.
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Introduction

This work demonstrates use of PLC control for a wearable machine / prosthesis for bilateral leg amputee
without knees. The prosthesis solution required for such amputees need machines like those being used in
biped robots, except for need to balance centre of gravity and hip control. As compared to single leg above
knee amputees, where only a simple swing control knee can be used, here both swing as well as stance
control will be required in preferably hydraulically controlled prosthesis or MR based knee joints. The
leg in stance phase needs to be locked and the other has to have a controlled swing. Not much work has
been done to cater to amputees with both legs cut above knees. This work gives a gait identification
technique which can be emploved for developing a control system for such prosthesis. Many more
aspecis will be involved for developing an acceptable solution for such amputees and this will be work for
further study. In our paper, It has been proposed that there should be two artificial knees with sensors
fitted in each for knee angle identification and special feet or shoes with sensors to identify heel and toe
strike. Ankle control will also be required, but has not been dealt in this paper. For feedback bhased
systems, micro-controllers can also be used and will be more economical but PLC (program logic
controller) is more reliable and hence this study has been done on PLC.

A PLC can be interfaced with sensors and programmed to control the actuators, dampers and stance
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controllers. This paper demonstrates an algorithm for gait identification for plane surface walking. A
ladder program has been designed on Bytronics (England) make Ladsim software and further mnemonic
coding was done on Vinytics (India) make PLC interfaced to a LED (light amplification diode) simulator.
Two optical encoders interfaced to an ATMEL 552 micro-controller were designed to sense knee angles,
as shown in figurel¢. Asetof specially designed shoe were also made in house with sensors to identify toe
and heel strike to check feasibility for developing such a system. For successful implementation in any
project it is important to know the psychology and constraints involved. Geertzen er al., (2001) did a
literature review of One hundred and four ( 104) articles and selected 24 articles to summarize on quality
of life, functional outcome and predictive factors on lower limb amputees. They found that about 80% of
patients with a lower limb amputation are older than 60 years. They concluded that good motivation of the
patient and rehabilitation team, and good communication, will also increase the chance for a successful
rehabilitation.

People with both legs cut above knees need a solution similar to biped robots but similar application for
developing a prosthetic solution for double leg amputees has not vet been made. This work is a starting
step in this direction. A basic problem with such people 1s of stability. Datta et al., (1992) performed a
study 1o evaluate the outcome in 41 bilateral lower-limb amputees admitted to an inpatient unit for
prosthetic rehabilitation. It was found that majority of the above-knee amputees had abandoned their
prostheses by the time of review. Bilateral below-knee amputees, however, continued to do well
regarding their prosthetic mobility, and prosthesis users were more independent in their activities of daily
living.

12 Inputs
Controlier with gait Actuator & Stance / swing contral
identification algorithm Damper Control af prosthesis.
e
Figure (1a)
icLH icLH
Figure {1b)

Figure (1c)

Figurel: (1a) Shows block diagram for the prosthesis solution. { 1b) Represents the symbol of normally open and normally
closed contact used in the program. ( |¢) Shows pictures of specially developed shoes with sensors & prosthetic knee with angle
JENS0r,

Stability criteria have been dealt with in biped robots as well. Sardain ef af., (2004) gave a theoretical
study to deal with difficulties, particularly about the implementation of fast and dynamic walking gaits, in
other words anthropomorphic gaits, especially on uneven terrain, In this perspective, both concepts of
center of pressure (CoP) and zero moment point (ZMP) were emphasized. Shuuji er al.. (2001)
introduced a new biped robot with telescopic legs. For 31 walking control of the robot, they analyzed the
dynamics of a three dimensional inverted pendulum in which motion is constrained to move along an
arbitrarily defined plane. Ambarish er al., (1998) did a systematic study of the passive gait of a compass-
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like, planar, biped robot on inclined slopes. The robot was considered kinematically equivalent to a
double pendulum, possessing two knee-less legs with point masses and a third point mass at the "hip"
joint. The gait was described on the basis of three parameters, namely- the ground-slope angle and the
normalized mass and length of the robot describe its gait. Chevallereau ef al., (2001) performed study to
obtain optimal cyclic gaits for a biped robot without actuated ankles for walking and running conditions.

The stability problem can be solved by developing mechatronic based prosthesis systems and this
requires sensors and actuators similar to a biped robot. Kajitae eral., (1997) investigated real time control
of dynamic biped locomotion using ultrasonic range sensor mounted on the robot to measure the distance
from the robot to the ground surface. During the walking control, the sensor data was converted into a
simple representation of the ground profile in real time.
Kazuo et al., (1998) presented the mechanism, system
configuration and basic control algorithm and integrated
functions of the Honda humanoid robot. The sensors used
in the robot were — inclination sensor, which consisted of
three accelerometers and three angular rate sensors
{optical fiber gyros). This was also used a navigational
sensor. Each foot and wrist was equipped with a 6 axis
force sensor (a 3 dimensional force and a 3 dimension
moment sensor). In the head of the robot there were four
video cameras, two were used for vision processing and
could pan and tilt independently. The other cameras were
used for the tele-operation. Endo et al., (2006) seek to icLH
understand how leg muscles and tendons work
mechanically during walking in order to motivate the
design of efficient robotic legs. They hypothesized that a
robotic leg comprising only knee and ankle passive and quasi-passive elements, including springs,
clutches and variable-damping components, can capture the dominant mechanical behaviour of the
human knee and ankle during level-ground walking at self-

selected speeds. I

iclT

Figure 2: The sketch shows various sensor
inputs from left artificial leg.

Srmlial Comaad

Using the leg model they evaluated the hypothesis that a
robotic leg comprising knee and ankle passive and quasi- §
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passive elements can capture the dominant mechanical

behavior of the human knee and ankle during level-ground  sersins ﬁ
ambulation at self-selected speeds. By modeling spring /

stiffness, damping levels and actuator contributions, they - _ e

found good agreement between biological and simulated

gait data for most regions of the walking cvele.
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Hof et al.. (2007) stated that the human body is never in ;:ES":: :’r ﬂ;‘;;‘;iﬂgf:f"g';i‘;i of a narmal
balance. Most of the time the trunk is supported by one leg are shown with terminology

and the centre of mass (CoM) “falls” to the contra-lateral

side. In dynamical situations the velocity of the CoM should be acknowledged as well in the *extrapolated

centre of mass’ (XcoM). They recorded centre of pressure (CoP) position by a treadmill with built-in
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torce transducers and concluded that a simple mechanical model. the inverted pendulum model, can
explain that a less precise foot placement (greater CoP-XcoM margin) results in a wider stride They
suggested that not in all cases symmetric gait should be an aim of rehabilitation, Active prosthesis is an
option which can solve stability problem and open acceptance of prosthesis by bilateral above knee
amputees. Sup ef al., (2008) described the design and control of a trans-femoral prosthesis with powered
knee and ankle joints. The control was implemented on the prosthesis prototype and experimental results
demonstrated the promise of the active prosthesis and control approach in restoring fully powered level
walking to the user. Using MR fluids is another option which can be investigated for developing such
prosthesis. Kim e al., (2001) presented a semi active type prosthesis. They proposed to use the rotary
Magneto-reological fluid (MR fluid) as a damper. The torque dissipation in the knee joint could be
controlled by the magnetic field induced by solenoid. The 3 DOF leg simulators were also developed to
generate various hip motions and analyse the results of walking motions. The damper was attached into
knee of leg simulator and experimental tracking control of above knee angle was carried out. Hafner et
al., 2007y worked to evaluate differences in function, performance, and preference between mechanical
and microprocessor prosthetic knee control technologies. The study population showed improved
performance when negotiating stairs and hills, reduced frequency of stumbling and falling, and a
preference for the microprocessor control C-Leg as compared with the mechanical control prosthetic
knee. An active prosthesis with inbuilt sensor and control system will be most appropriate solution for the
problem. Gait identification is first step for development of acceptable prosthesis for bilateral above knee
amputees and this has been done using ladder logic simulation technigue.

A prototype of AK prosthesis was made and optical encoder as a knee angle sensor and foot sensors were
used as shownin fig, 1¢. and a PLC was programmed to validate,

Methods ic LH ic RH iRD

It is proposed that two circular optical -encoders be \ / Outl
installed, one on each prosthetic knee as shown in i_l gure H H H H H | —~ |
le. The optical encoder senses knee angle at a particular I ~ ]

instant of time. Fig. 2 shows the various angles being /‘ 1 '\

sensed by the optical encoder. Here *i"stands forinput, 'L . e L icRT

stands for left. Here, iL0 represents, knee angle is zero,

iILL — knee angle is low, iLM- knee angle is medium and Figure 4: Initial Contact state is identified by
iLH- knee angle is high. Inputs coming from foot are also sctrvataon of moley - named owt 1.

shown in figure and ‘¢’ stands for contact. Here, icLH and icLT are inputs coming from two touch switch
sensors installed on each foot, these may be contact sensors, strain gauges, or Hall Effect sensors to
identify if there is a toe strike or a heel strike or both. For

model development, special shoes were made with icLH ic RH i RO

inbuilt touch sensors as shown in fig lc. l '/ Out2?
The inputs which will be received from right leg have HHHHH'—” G I
been represented with “R’. Thus there are inputs T X

represented as 1 RO, i RL, i RM, i RH, ic RT, ic RH for f

right leg. Where, the inputs coming to the controller may Ly LM icRT

be normally open inputs or normally closed inputs. Ifthe  gigure 5: Oppasite toe off state is identified
sensors are normally open, then when they will close, the by activation of relay-named out 2,
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controller will come to know that there is an input and similarly a normally closed input will stop giving
signal when the contact sensor is pressed. By this way the controller has a combination of inputs coming
to it at a particular point of time. All these 12 inputs are connected to the controller (PLC) and controller
gets signal from both the normally open as well as normally closed connections, symbols used for these
connections is shown in figure 1b. The symbol of — ic LH contact sensor without a cutting line represents a
normally open connection and one with a diagonal line cutting the vertical parallel lines represents, thata
normally closed point of the sensor has been connected in the circuit.

Grait State Identification ic LH ic RH iRD

Each gait state will have separate set of inputs. The fig. 4- \ l / Out3

9, represent the combination of inputs which will identify I S
the particular gait state. The logic has been made referring H H H H H ! ~ |
to figure 3. In each of these figures an output is achieved. f T N\

This output may be an auxiliary relay ina PLC oranormal e LT ilLH icRT

output which is being activated by the particular

\ \ . Figure 6: Heel Rise state is identified b
combination of inputs, : Y

activation of relay - named out 3.
Fijg_. 4 gives the n_:nmhinfali_ﬂn n_f‘ inputs which identify ic L ic RH iRO
Initial contact. This state is identified by normally closed

contacts - ic LH and ic RT, and normally open contacts - ic \ l /

LT, i LL, ic RH, i R0. Fig. 5 gives the combination of |_| O {
inputs which identify Opposite Toe off. This state is HHHHH

identified by normally closed - ic LT and ic LH, and ; T \

normally open -1LM, ic RH.ic RT,iR0. iclT ilLO icRT

Fig 6 gives the combination of inputs which identify Heel Figure 7: Opposite Initial Contact state is

Rise. This state is identified by normally closed - ic LT identified by activation of relay - named out 4.
and ic LH, and normally open - 1 LH, ic RH, ic RT, i RO, Fig. 7 gives the combination of inputs which
identify Opposite Initial Contact. This state is identified by normally closed - ic LT and ic LH, and
normally open - 1 L0, ic RH, ic RT, i R0, Fig. 8 gives the combination of inputs which identify Toe OfT.
This state 15 identified by normally closed - ic RH and i1c RT, and normally open - 1c LT, 1c LH, 1 LO, 1 RM.
Fig. 9 gives the combination of inputs which identify Feet Adjacent. This state is identified by normally
closed - ic RH and ic RT, and normally open - ic LT, ic LH, i L0, i RH. A programmabile logic controller on
simulation can show about the validity of our control algorithm. On the basis of inputs a ladder program
was developed, simulated on a ladder simulation software and further Vinytics make PLC was
programmed. The program fed to Vinytics makes PLC fitted with LEDs for validation is written as under:

Validation and PLC Program icLH IcRH—iRM

Vinytics make PLC was successfully programmed as per \l l / ows
mnemonics mentioned under: Cpu ple; Org 2000h; Ld |—| H H H H H }—O—‘
11h; ani 10h; and 05h: and 07h; ani 12h, and 00h, Out 20h;

Ldi 11h; ani 10h; and 06h; and 12h; and 07h; and 00h; Out ; T .\'

21h; Ldi 11h; and 13h; ani10h; and 00h; and 07h; and 12h; i€lT  1LO icRT

Out 22h; Ld 04h; ani 10h; ani 11h; and 12h; ani 07h; and Figwre B: Toe off state is identified by
00h; Out 23h; Ld 10h; and 11h; and 04h; ani 12h; ani 07h; activation of relay - named out 5.
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and 02h, out 24h; 1d 1 1h; and [ 0h; and 04h: ani 12h; ani 07h; and 03h: Out 25h; Stop: End.
Results

ic LH icRH  iRH
Ladder simulation of the logic proposed gave successful l /
resulis on Ladsim sofiware without any error. The \ o3
Vinytics PLC that was programmed also gave correct HHHHH'—“—O—*
resulis and no mismatch was observed. All the 12 inputs T \
in combinations proposed in this work represented the ;

gait condition. Out 20h in mnemonic program referred to ety L 2
initial comtact of the gait phase: Out21 to Opposite toe ofT; Figure 9: Feet Adjacent state is identified
Out22 to Heel Rise, Out 23 to Opposite Initial Contact, by activation of relay - named out 6.

Out 24 to Toe off and Out25 to Feet Adjacent.

Photographs of the Vinytics LED simulator are shown in figure 10, The inputs are represented by upper
row of LED's and the output is represented by lower row of LED's. There are total of 16 inputs and are
number from 00H — 07H and 10H — 1 7H. The Outputs are numbered as 20H - 27H and 30H - 37H

Discussion and Conclusion

Gait phase identification is being done in
laboratory with a number of cameras observing
the movements of the subject. This method is
not possible for designing a controller to
actuate an artificial limb in real time. A
controller fitted to an intelligent prosthesis
needs a feedback mechanism, which is possible
through inbuilt sensors in the prosthesis along § &
with a micro-controller or a PLC to work as ® ==
brain. Developing the logic for this prosthesis
will be a massive project and our paper givesa ™
starter to design the controller for this
application. Still the problem is acceptability
by the patients. They feel instability afier
wearing this prosthesis, Moore ef al., (1989)
evaluated 57 patients following major lower
extremity amputation to determine functional
prosthetic ambulation. Of all above-knee Figﬂm 10 Gray-scaled phutu_graphs of Vinytics make PLC

i : . simulator, programmed to validate the proposed model.
amputees, 46% became functional prosthetic o0 pointing to the Output LED glowing
ambulators. Only 19% of bilateral lower  for the combination of inputs.
extremity amputees became functional
prosthetic ambulators. To make the prosthesis still more acceptable latest techniques of Fuzzy and neural
can also be incorporated. Zhou er al., (2003) presented a fuzzy reinforced learmning (FRL) method for
biped dynamic balance control, The proposed FRL agent was constructed and verified using the
simulation model of a physical biped robot. The development in biped robotics has not reached the need
for such atechnology for amputees.
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We finally conclude that work should be carried out in this direction, using the developments in biped
robots and our paper can be used as starting step to identify gait in dynamic walking conditions and can be
incorporated for development of a prosthesis solution for bilateral above knee legs amputee.

List of abbreviations

i LO— Input left knee angle zero;
iLL— Inputleft knee angle low:

i LM —Input left knee angle medium;
i LM — Input left knee angle high;

ic LH— Input Contact Left Heel,

ic LT —Input Contact Left Toe;

i RO Inputright knee angle zero;
1RL— Inputright kneeangle low;

i EM —Input right knee angle medium;
i RM — Input right knee angle high;

ic RH - Input Contact right Heel;

ic RT—Input Contact right Toe;

References

Brian, J. H., Laura, L., Willingham, B.S., Noelle, C., Buell, M.S.P.T., Katheryn, J., Allyn, C.P.O.,
Douglas, G., Smith, M.D. 2007. Evaluation of Function, Performance, and Preference as
Transfemoral Amputees Transition From Mechanical to Microprocessor Control of the
Prosthetic Knee. Archives of Physical Medicine and Rehabilitation, 88 (4), 544,

Chevallereau, A.Y. 2001. Optimal reference trajectories for walking and running of a biped
robot. Robotica, Cambridge University Press 19(5), 557-569.

Datta, D., Nair, PN, Payne, J. 1992, Outcome of prosthetic management of bilateral lower-limb
amputees. Disability and Rehabilitation, 14 (2), 98-102.

Endo, K., Paluska, D.. Herr, H. 2006. A quasi-passive model of human leg function in level-
ground walking. Proceedings of the IEEE / RSJ International Conference on Intelligent Robots
and Systems, Beijing, China.

Geertzen, J. H. B., Martina, J. D., Rietman H.S. 2001. Lower limb amputation Part 2:
Rehabilitation - a 10 year literature review. Prosthetics and orthotics International, 25, 14-20.

a2



M Soni et af : PLC Based Gait Phase Identification

Goswami, A., Thuilot, B, Espiau, B. 1998, A Study of the Passive Gait ofa Compass-Like Biped
Robot. The International Jowrnal of Robotics Research, 17(12), 1282-1301.

Hirai, K., Hirose, M., Haikawa, Y., Takenaka, T. 1998. The development of Honda Humanoid
Robot. Proceedings of the IEEE, International conference on Robotics and Automation, Leuven,
Belgium.

Hof, A. L., Renske, M., van Bockel, Schoppen, T., Postema, K. 2007. Control of lateral balance
in walking: Experimental findings in normal subjects and above-knee amputees. Gait and
Posture,25(2),250-258%.

Kajita, S., Tani, K. 1997. Adaptive Gait control of a Biped Robot Based on Real Time sensing of
the ground profile. Autonomous Robots, Springer Netherlands,4,297-305.

Kajita, 5., Matsumoto, O., Saigo, M. 2001. Real-time walking pattern generation for a biped
robot with telescopic legs. Proceedings of the IEEE International Conference on Robotics &
Automation, Seoul, Korea.

Kim, I.H., Oh, J.LH. 2001. Development of an Above Knee Prosthesis using MR Damper and Leg
Simulator. Proceedings of the IEEE International Conference on Robotics 8 Automation Seoul,
Korea.

Moore, T. J1. M.D., Barron, J. M.D., Huichinson, F. 1. M.D., Golden, C. L.P.T., Ellis, C. M.D.,
Humphries, D.M.D., 1989, Prosthetic Usage Following Major Lower Extremity Amputation.
Current Orthopaedic Practice A review and research journal, 238,302-312.

Sardain, P., Guy, B. 2004. Forces Acting On A Biped Robot. Center Of Pressure—Zero Moment
Point. [EEE Transactions on Systems, Man, and Cvbernetics-Part A: Systems and Humans, 34, 5.

Sup, F., Bohara, A., Goldfarb, M. 2008. Design and Control of a Powered Transfemoral
Prosthesis. The International Journal of Robotics Research, 27(2),263-273.

Zhou, H., Jun-Ho, Q.M. 2003, Dynamic balance of a biped robot using fuzzy reinforcement
learning agents. Fuzzy sets and systems, 134(1), 169-187.

Copyright © 2011 IMSEC 33



