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Abstract: This paper presents a development of a semi-active pro&teticwhich can work in both
active and passive modes based on the energy required during the gaif ggcleus activities of daily
livings (ADLSs). The prosthetic limb is equipped with various sensors to measurmématic and kinetic
parameters of both prosthetic limbs. This prosthetic knee is desighedotick-drivable in passive mode
to provide a potential use in energy regeneration when there negative ewcergg the knee joint
Preliminary test has been performed on transfemoral amputee in passiggarprovide some insight to
the amputee/prosthesis interaction and performance with the designingticdsiee.

Keywords: Bionics, Biomedical systems, Transfemoral amp8i@art Bio-leg, Prosthetic knee, Prosthetic
systems integration, Biomechatronics.

and prosthetic ankle. The purpose of the prosthetic socket is to
establish connect between theputee’s residual limb and the
Thousands of lower limb amputations are carried out arouptiosthesis in order to transmit forces from/to the stump
the world every year due to complications of diabetegiesidual limb) to/fromthe prosthesis (amputee/prosthesis
circulatory and vascular disease, trauma, or ctidmeraction) while the lower limb prosthesis is used to transfer
[2005. The amputation process is one of the methods wheime weight of the amputee to the ground and provide the main
reconstruction surgery cannot provide an adequate solutionreguirements for mobility (prosthesis/environment
the injury to the limb is too severe to recover. The lower limimteraction).
amputation results loss in mobility of individuals which _— ﬁ

o

1. INTRODUCTION

degrades the quality of ampuedife and lack in functional
performance to maintain their activities of daily livings
(ADLs). After the amputation was performed the most
important goal of healthcare provider must be focused on
amputeés return to his/her routine ADLs in the shortest period Amputee ——"
of time. After the recovery of a subjeetprosthetic leg is an
essential assistive device to recover some of missing
locomotion functions. During rehabilitation process, the
physician assesses the amputee potential level of functional
mobility and ability to use lower limb prosthesis and then
classifies the lower limb amputees into a range of K-levels by

Amputee-Prosthesis
Interaction

providing a score (KO, K1, K2, K3, K4) (Hordacre et fl., Trans}émo'ral
. This classification classifies the transfemoral amputees Prosthesis

(TFA) from do not have the ability to ambulate safely without
assistance (KO) to who exceeds basic ambulation skills and

exhibits performance of high impact stress activities (K4). ThiS  Prosthesis-environment-
type of classification helps prosthetist/physiciaraagiiding interaction
rules for prosthetic prescription. . )
The lower limb prosthesis is defined as a device tha{:'g'l Prosthetic leg components for transfemoral
substitutes the function of a missing limb either due o mputees (TFR

amputation or a congenital defegt (Pitkin, 2D10). ThF
{

commercial lower limb prosthesis consists of off-the-she rostheses stability and comfort which partially maintained

components and a custom-made socket that are attached tocrh%é]a?l h foprroalion(ir J'tt;'gg_ %fe::; Sgcﬁutgoah;rjégp' ;is?hué;eis
user’s residual limb (stump) as shown in Figure The main P ’ ' P

prosthetic components of a TFA are socket, prosthetic kng¥Stem IS Important to provide stability and comfort ADLS.



The TFA gait is associated with compensatory mechanisriign the human joirt (Unal et al., 2014). The reason for this is
that leads to the gait asymmetry due to lack of movementstirat they use an external power source to generate motion
the knee and the ankle joints to overcome the functional losse#ich deteriorates the overall dynamic performance of the
One of the challenges an amputee experiences is to findsygtem [(Unal et al, 20}4) in addition to the energy
efficient prosthetic leg to decrease the gait asymmetry af@nversation efficiency of the actuation system while the
metabolic energy consumptiorlence, developing a properwalkmg process of humans is considered to be mechanically

prosthetic leg system can help in reducing such compensat6Rgrgy-efficient —cyclic activity as consequences of

efforts required from amputees to ambulate. In this paper mfortable dynamics interaction between human segments.
so, the human muscles show high levels of activity during

development and preliminary testing of a semi-activ@‘ o . )
instrumented prosthetic knee is presented. stance phase, and less activity during the swing phase for level

. L round walking| (Collins et al., 2003)vith regard to robotic
Over the last few decades, a technological revolution in tlg stems. for egla(mple Honda's ASQIMO whi?:h is a completely
prosthetic industry has taken place as a consequence of st ! ' '

. ; ) . 5 %ered robot, represents ‘specific cost of transport’ of 3.23
of-the-art advancements in materials, glectronlcs, sensing, §Pbbelen and Wisse, 20pZollins and Ruina, 2005) to travel
actuators. Currently available lower limb prostheses can it qistance while the Cornell efficient semi-powered biped
divided into three main groups: purely passietive- oy nands 0.2¢ (Collins and Ruina, 2{@®Iins et al..2009
damping controlled and powered controlled prostheses. the same ‘specific cost of transport’ as humans. The passive
Purely passive prostheses depend on mechanical systems slygl@mic walking concept was introduced in 1990 by McGeer
as a polycentric knee joint, four bar linkages, locking(McGeer, 1990 McGeer, 1990g) such systems are more
mechanisms and passive hydraulic/pneumatic cylinders. Tigficient than powered bipedal walkers as their movements are
type of prostheses requires a significant voluntary contrgustained by the dynamic swing of the limbs rather than
effort from amputees. Active-damping controlled prosthes@9wered actuators. The consequence is that completely
were introduced during the 1990s with the release of tifg@ssive dynamic walking machines powered only by gravity
Intelligent Knee (Nabtesco, Japan), the Intelligent Prosthegign walk like humans on modest inclines and with a small
(IP) [Zahedi, 199B) (Chas. A. Blatchford & Sons, UK), and thigitial impulse providing an excellent natural gait on slopes
C-Leg (Otto Bock, German). For example, the C-leg (Ottgvithout using actuators and relying solely on gravity, inertia
Bock) controls the damping effect using a hydraulic cylindegnd energy transfer between the segments of the walking
and monitors the knee flexion and extension by means of @&achine. This produces very energetic and efficient walking
angle sensor. Other commercial prostheses use eithecygle based on just the machine dynamics without the need for
pneumatic swing control unit; such as the smart IP (Chas. Acomplex control or actuation system.

Blatchford & Sons, UK), magnetoroheological fluid stancd his explains how above-knee amputees with purely passive
and swing control unit as in the REHO knee (Ossur, Icelandyr actively damping controlled prostheses can walk by
or combination of hydraulic stance and pneumatic swingpntrolling the movements of the residual limbs. Energy is
control. More advanced intelligent active-damping controlletfansferred from the residual limbs to the prosthetic knee and
prostheses were recently presented, which are adjusting Bieduces movement of the prosthetic knee due to the dynamic
damping torque during the gait using microprocessor, such @sipling effect. The amputee’s hip is thus considered the main
Orion microprocessor knef (Zahedi et al., 4005) and t&gine and power source for voluntary control of the
Genium microprocessor knee (OttoBackhe microprocessor Prosthesis. However, this requires more metabolic energy and
prostheses use a wide variety of sensors to measure the lBwtal effort in comparison to healthy subjects. McNealy et
transfer and the knee angle in order to determine when kride{fMcNealy and Gard, 2008) have shown that enefdglye
flexion and extension is needed and to avoid buckling the knei® joint in TFA has been increased compared with able-
during stance phase and provide safe progression duripredied subjectsDespite the technological advancement in the
walking. prostheses sector, the lower extremity prosthetic legs still have

) _ long way to fully emulate human biological limb functionality
In the case of active-damping controlled prostheses, aboye: provide efficient functional artificial limb.

knee amputees often compensate for the loss of functionyfis” paper introduces the mechatronics system design and
both the knee and the ankle by regulating the transferrgd,ejopment of an instrumented semi-active prosthetic leg.
energy via the residual limb. This is acceptable during moghs hrosthetic knee has back-driveable capability to operate
level ground walking phases and while descending stairs, @issively in unactuated phase depending on the amputee-
the net energy required from the knee is negative and needﬁ?&sthesis—environment system dynamics in addition to

be absorbed. However, these prostheses cannot provide 38 iding assistive power in actuated phase when pesitiv
positive power required during some tasks or walking phasgserqy is requiredinitial testing of the prosthetic leg on

as for early push off during level ground walking andyansfemoral amputee imnactuated phase was presented in
agending stairs. Powered prostheses, such as the Victhgn, paper.

knee |(Bedard, 200/Bedard, 2008Bédard and Roy, 2008)
commercially known as the Power Knee and distributed by 2. BIOMECHANICAL CONSIDERATIONS FOR

Ossur are fully actuated. These prostheses are powered using EFFICIENT DESIGN
either DC motorg (Fi ' . BGoldfarb,|

), or pneumaticBipedal walking is the human body’s natural method for

actuatord (Sup and Goldfarb, 2006). Although these prosthe§2ving from one location to another and is usually the most
are able to supply positive power, they consume more powgnvenient way to travel distances. Bipedal walking uses a




repetitious sequence of limb motions to move the bodgcover the negative energy during level ground walking and
forward while maintainingostural stability. It is hypothesized Stair descending and then increase the battery life span in lower
that energy consumption is minimized during walking at a sellf-mb prosthesis before recharge it.

selected spedd (Donelan et al., 2002). As walking is frequenifiese points are need for highly versatile and energy efficient
intertwined with performing routine ADLs, the loss of a limbower limb prostheses that can replicate the biological
is extremely debilitating and will reduce significantly the?ehaviour of the biological human leg. The development of a
individual’s quality of life. The concept of energy is an biomimetic artificial limb that can bring natural comfort to the

important factor in desianing. controlling and developing aS¢" entails integration of different scientific approaches,
P gning, 9 ping biomechanical, mechanical and electrical, each of which have

efficient prosthetic leg for TFAsthe inability to deliver the yqqicive role in improving the user experience. Therefore,
required power at the right instant significantly impairs thénere is a real need for developing a semi-active transfemoral
lower limb prosthesis’ capacity to restore TFA mobility. Some  prosthesis that can deliver the required positive energy when it
of the daily life tasks require net positive power; such ds needed, and regenerate energy during other gait sub-phases.
ascending stairs, while others require net negative power at the
knee joint; such as descending stairs.
In this section, the amount of negative and positive energy
required to be dissipated or generated from able-bodied knee
and ankle joints during ADLs are studied. The authors used
normative gait data from three different refererlces (Bovi et al.,
[2011|Riener et al., 20Q@Ninter, 1991) to estimate the amount
of normalised positive and negative energy required at the
knee and ankle joints during level ground walking and stair
ascending/descending as shown in Figures 2 and 3. The
analysis showed that the amount of normalised negative 0 - A -

. . . Ankle during Ankle during nkle during
energy per person weight dissipated through the knee joint are walking stair ascending stair
0.2576+0.021 J/kg and 1.123+0.22 J/kg during level ground descending
walking respectively while the positive energy required fror&ig. 3 Amount of positive and negative energy required from
the knee to ascend stairs leg over leg is about 0.612+0.Q¢kle joint during ADLs.
J/kg. This explains why most transfemoral amputees can
descend stairs and perform level ground walking activities
using passive or adaptive damping controlled prostheses while
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Fig. 4 Amount of positive and negative energy required from
knee and ankle joint during level ground walking.

=

Knee during Knee during Knee during
walking stair ascending stair
descending 3. PROSTHTIC LEG SYSTEM DESIGN
Fig. 2 Amount of positive and negative energy required from CONFIGURATION

knee joint during ADLs. ) . . . .
An optimally designed prosthesis and control which can mimic

The ankle is quite important to deliver power during Ieve&e human biological system. Activities of daily living (ADLS)

ground walking and stair ascending as shown in Figure ®-9- normal walking, stair/ramp ascending and descending,
Also, the energy required from the ankle joint to assist ab|&tc.) are the automatlc.functlons t_hat occur every time we take
bodied subjects during level ground walking are more thghSteP and do notrequire any active concentration on our part.
four times the positive energy required to assist the knee joift€ request for a movement is initiated by the human brain
as shown in Figure 4. It is clear from these figures that ti@d from there the signals travel through the nervous system
joints especially knee do not require to be powere® the muscles to actuate the lower limb joints. The human

continuously and also the knee joint can be used to harvest &edly is equipped with numerous sensors to provide feedback



about the progression of the motion and the success of the steps
during walking. Muscle and nerve are constantly interacting 4. PROSTHETIC KNEE MECHATRONICS SYSTEM
and update the brain to maintain functional the movement of DESIGN

the lower limb Also, the human control system, central nerves . ) ) ) .
system  (CNS) somatosensory  system (includegaSEd on the biomechanics considerations for joints energy

roprioceptive and sensory system), biomechanical constra}'ﬁ’giCh were discussed in sec'gion 2, the prostheti(.:. knee
brop P y sy ) chanism should be abte deliver the required positive

and movement strategies work together to maintain postufgfa

R . energy when needed, and recover the negative energy
balancg in individuals during ADL OBjany of produced during the gait cycle. Hence, a mechanical design
these important structures and links amputated leg are

o . ) and analytical analysis for a semi-active single axis prosthetic
missing and this loss leaves the prosthetic leg the only sou s Y 9 P

. N e that can be easily back-driven in the passive mode was
to provide a substitutive sensory system through externNglasented by the authors based on their previous work (Awad
sensors and haptic feedback. Hence, the efficient prosthetiqiggg 201% Awad et al. 201".Lui et al 20115)

should bring back the experience the user had received befare

amputation was performed. This can be provided with mary€ Leeds prosthetic knee (LPK) system is equipped with a
sensory feedback embedded into prosthetic leg. variety of sensors to monitor the prosthetic status and estimate
the user intent and changes in the environment and terrains
Figure 5 shows the efficient system configuration of TFA:igurIe GdShovﬁ ;['hek mecl:)hatronicsf syfrt]em dei)signfof the
prosthetic leg including the interaction with amputee reSidl:]gﬁ\éea?:?jatc?rrsoivefelisgge y presenting the humber of sensors
limb and the environmeniThe change in the environment an '
amputee intent can be either sensed directly or estima
indirectly using variety of biopotential and/or mechanica %’ ((A))
sensors. The hierarchical control system is recommended F °
controlling lower limb prostheses and exoskeletons to provit Wireless 4-channel remote
the information required to perform activities of daily living §orr to Provide & subjective
The intent and actiyt recognition is associated with anddwdh;g level of«;s?jsmancl;s.
estimation and detecting the amputee activity and moveme g« e Moo Hedin
based on the measured information provided from the ampu -~
and environment to the control unit through sensors while tl ) ]

. . Potentiometer: to measure
low-level control associated with the torque control of th theknee angle and angular
actuator. The torque control is used to provide safe interacti elocit
between amputee, prosthesis and the environment. In orde%_, =%
compensate the missing of proprioceptive and SeNSC e uotor: to active assistant
feedback, a haptic feedback can be used to increase whenitis required
amputee stability and provide information about the prosthet ﬂ:
leg position and whether it touches the ground or not. Tk strain gauges: to measure ”

1 i i interaction forces bcl\vccn_‘} L
layout provides the big picture for development of a sma™eractor ‘
prosthetic |eg prosthesis and ground

iy

myRIO: Wireless embedded
controller controls the prosthetic
knee, monitors the intact side
and synchronises the movement
between prosthetic and amputee

Rechargeable battery: to
supply electrical power source
to the system

o

Load cell: to measure the knee
torque

Py

all Screw: to provide force

transmission and efficient back-
driving effect

=% Inertial measurement

=¥ units (IMUs): to monitor
the prosthetic and intact

limbs

Above K neeAmputee Echelon prosthetic foot
v Trandemoral - — A . gig._ﬁ Leeds prosthetic knee (LPK) mechatronics system
. A oo esign.
Sensors Prosthesis :'% Feedback :
----------------------- l, '8 | Actuators {5 In the instrumented prosthetic leg, a single-turn potentiometer
High-Level Controller | 8 5 B A : was attached to the prosthetic knee centre of rotation
(User Intent) E = : 't: ....... : monitor the angle and angular velocity. A rn_mlature single axis
s £ §_ Controller | | load cell was also used to measure the driving knee torque in
v v v ; S : T . N : the active mode and the resistance torque in the passive mode.
| Low-Level Controller |<7: i I Two limit switches are connected in series with the motor
A i : terminals and were attached to the extreme positions of the
""""""""""""""""""""""""""""""" ] : ! prosthetic knee to act as a failsafe. A full bridge strain gauges
Actuators ' Sensors || and force sensors were ugedneasure anterior and posterior
'\\ A _,’ bending moment and axial load in the prosthetic shangix
. B E— degrees of freedom inertial measurement unit (IMU)
i consisting of three axis accelerometer and three axis gyroscope
Environment (MPU 6050, InvenSense Inc) was placed on both shank and

Fig. 5 System configuration and layout of the efficient lowerfoot of prosthetic and intact sidéhese measurements will be
limb prosthesis system. used to detect the gait phases, events and estimate user intent



and then switch between the controller states to provide righe performance of LPHt his self-selected normal walking
control assistant during ambulation. The motor suppliegpeed along a straight walking path. The mean angles are
assistive power in active mode and harvest energy durisgown in Figure 9 where the dashed line indicates the knee
regenerative braking modeA wireless 4-channel remote angle of the able-bodied subjects.

control is used by the TFA to provide online subjectiv , "

feedback if the level of the assistant power was not enoughei—ohle LPK was fitted to the TF.A participant and he was asked
to perform level ground walking within parallel bar structure

it was not on the right moment. myRIO wireless controlle or safety at his normal pace self-selected speed in passive
(National Instruments, USA) was used to control and monitor y P P P

the prosthesis status and transfer the information Wirelessr%)de as shown In Figure 10. During the experiment, the
the computer. signals were acquired from the sensors, transferred wireless

and then recorded to the computer. The LPK angle mean and
Figure 7 shows the Leeds prosthetic knee (LPK) systemaximum variations were calculated for a total of 33 strides as
attached to Echeloprosthetic foot (Chas. A. Blatchford & shown in Figure 9. Shaded area in the figure shows the LPK
Sons, UK) and a custom-made prosthetic socket. The Echel@riations during the experiment in the passive mode. This

foot is a hydraulic dynamic passive prosthetic foot/ankle. Atariations in the collected data from amputee gait was highly
the moment, this passive prosthetic foot was used to evaluatfuenced by the length of the walking path inside the parallel

the performance of the prosthetic knee. In the future, it sar frame (about 3.5m) and transitions at the end of walking

planned to consider the whole system as shown in Figure 5path.

o)

(a) LPK attached to a commercial (b) LPK system attached to 2
rosthetic foot and custom-made sock TFA ;

Fig. 7. LPK connected to a TFA. ) ST , .
Fig. 8 TFA subject with his daily use prostheti

Leg in gait analysis lab.
5. PRELIMINARY TESTING IN PASSIVE MODE
70 T T T T

The semi-active LPK was testing by one male transfemoral [CJAngle variation of LPK
amputee (age: 53 years old; height: 166.1 cm; weight: 66.8 kg). 0 ;g:i‘fy"jl‘;‘f:‘r‘osthm 1
He lost his leg in 2009 due to chronic infection on the kneeg 5| —Mean knee angle of LPK |
The transfemoral amputee had no other neurological o / i
orthopedic disorder apart from his amputation and performeg 40
all the experiments without the use of an ambulation aid apag
from using parallel bars for safety reason. Information sheet;é
and letter of consent were handed over to the participamt 20}
containing information about the research background,
consequences of participating and description of the
experimental activities and a consent form was signed by the 0 ' —=
- ; X : X 20 40 60 80 100
participant. All experimental procedures carried out in this Gait Cycle (%)

research were approved by the Leeds Ethical Review Boarq;ig. 9 LPK angle performance compare to able-bodied

Gait analysis experiments were carried ontable-bodied Ssubject and’FA daily use prosthetic leg.

subjects and the TFA during level ground walking using a real

time 3D motion capture system Qualisys ProReflex MCU24@he results showed that although the amputee can drive the
Track Manager (QTM) (Gothenburg, Sweden) and C-Motioprosthetic leg in passive mode without assistance from the
Visual3D V4 (Germantown, MD, U.S.A) to obtain knee angle,cyator, he cannot produce knee flexion/extension in stance

joint data The amputee was using his own commercwedhase (Figure 9). This lack of knee flexion/extension control

prosthetic leg for daily use which was a passive prosthetic | ﬁ ring stance may be due to the fact that the user was not

shown in Figure 8. The motion data were used to compare
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