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ABSTRACT

Objectives: Use of a spring as an energy harvest/release mechanism for
transfemoral prosthetics designs is gaining traction. While springs theo-
retically can minimize the energy flow deficiency during the stance phase
knee flexion, there are problems associated with controlling the release of
energy harvested by springs.

The purpose of this review is to discuss the importance of controlled energy
flow at the knee joint, recent attempts to harvest/return energy and the
emphasis on the role of the ankle prosthesis in achieving assisted gait.

Study Design: Literature Review

Methods: Use of a spring in emerging prosthetic knee designs are presented
in terms of their energy regeneration abilities along with their advantages
and limitations.

Results: Use of a spring in knee prosthetics can cut power demand signifi-
cantly as they mimick the musculotendonous structures by harvesting and
returning needed energy.

Conclusions: Controlled energy flow at the knee joint could not only provide
natural movement of the amputated limb but could also create positive
power peaks at the knee joint. These features cannot be produced by any of
the current generation of controlled damping prosthetic knees.
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DizUST{ PROTEZ CIHAZLARDAKi SON GELISMELER VE DIZ{STU AMPUTE
HAREKETINDE ENERJi GERi DONUSUMUNUN GNEM

0ZET

Amac: Diz iistii protezlerde enerji depolama ve geri doniisiimiinde yay
kullanim sik¢a kullanilan bir metod haline gelmistir. Teorik olarak yaylar
hareketin agirligi kabul etme doneminde gerceklesen dizdeki biikiilme
siiresinde enerji akisindaki kaybi azaltirken, sikistirilan yayin salinmasinin
kontroliinde bazi problemler mevcuttur.

Bu derlemenin amaa diz eklemindeki kontrollu enerji akisinin 6nemini
vurgulamak, son donemde bu amaca ulasmak icin tasarlanan protezlerden
bahsetmek ve bilek eklemi protezlerinin kontrollu ampute yiiriiyiisiinii sag-
lamadaki nem ve katkilarindan bahsetmektir.

Calisma Plani: Derleme

Yontemler: Hareket sirasinda enerji geri doniisiimiinii saglamak amaayla
iiretilen son teknoloji protez cihazlardan bahsedilmis ve onlarin avantajlan/
eksiklikleri belirtilmistir.

Bulgular: Yaylar kas ve tendon yapilarini taklit ederek hareket sirasinda
gerekli olan enerjiyi depolama ve geri gonderme saglarlar, bu da giic gerek-
siniminin ciddi bir sekilde azalmasini saglar.

Sonug: Diz ekleminde kontrollu enerji akisi, ampute edilmis bacakla normal
harekete ulasilmasini saglamakla kalmaz, ayni zamanda dizde pozitif gii¢
periyotlarinin olusmasini da saglar. Bu kazanimlar, giiniimiizde var olan
ticari protez bacaklann higbirinde bulunmamaktadir.

Anahtar sozciikler: protez ve implantlar, diz, enerji akisi, yay
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bove knee amputations occur for a variety of rea-

sons such as disease, tumor, trauma, infection,

or failed knee replacements. According to the
National Limb Loss Information Center’s statistics, in 2007
amputations due to vascular disease accounted for the
majority (82 percent) of limb loss discharges. This rate in-
creased from 38.30 per 100,000 people in 1988 to 46.19
per 100,000 people in 1996. War related trauma and acci-
dents constitute the remaining 18 percent (1). It has been
reported that 266,465 people had a transfemoral amputa-
tion between 1988 and 1996 and more than 80 percent of
the amputations were due to diabetes. This is described
as a new epidemic, with the number of diagnosed adults
tripling between 1980 and 2005. According to statistics,
one third of Americans are expected to be diabetic by
2050 (2-4). Without effective intervention of the growth
of diabetes and treatment of its complications, this num-
ber has an unfortunately high potential of future growth.
The prevention of death from diabetic complications may
result in more amputees eventually experiencing serious,
non-fatal consequences; making them even more seden-
tary via inadequate prostheses use. This not only reduces
their quality of life but also accelerates other metabolic
and cardiovascular problems.

Besides the emotional and physical consequences of low-
er limb amputation, the direct cost of lower extremity am-
putation ranges from $20,000 to $60,000 depending on
degree (e.g. toe amputation vs. transfemoral amputation)
(5). Along with the amputation surgery and the hospital-
ization costs, the amputee needs to achieve a certain de-
gree of mobility. Selection of the prosthetic is done after
considering various patient factors such as age, weight,
reason and level of amputation, other health conditions
and amputee motivation. According to prosthetic knee
manufacturers, for a basic prosthesis, costs range from a
few thousand dollars for passive models, to about $20,000
for microprocessor equipped models and $100,000 for
powered models.

The prosthetic knee market provides the amputee with
many choices including purely passive, hydraulic, pneu-
matic, friction-based and powered models. Current gen-
eration prostheses, except for purely passive models, are
supplemented by microprocessors and a variety of sen-
sor techniques such as electromyography, knee angle
sensors, heel strike/toe off indication switches and foot
load cells. Nevertheless, the gait quality of transfemoral
amputees has not improved significantly in the last 50
years.This is due to inefficient knee joint energy flow dis-
tribution of commercial prosthetic knees along with an

absence of proper knee flexion during the swing phase.
This causes the patient to hike his/her pelvis up leading to
back pain over time. In this context, state-of-the-art pros-
thetics technology is trending toward creating energy
regenerative devices, which are able to harvest and return
metabolic energy during ambulation.

In this review, the influence of training/ comfort of the
amputee and socket fitting factors are disregarded and
only biomechanical aspects of the knee and ankle joints,
along with the compliance between them, are evaluated.

Significance of transfemoral amputation as a
clinical problem

Transfemoral amputation is one of the most traumatic
medical treatments a patient can receive. Amputees not
only lose physical function and neural feedback after am-
putation, but also have altered knee kinematics during
the swing phase of the prosthetic limb, which causes ab-
normal pelvic movements in the frontal plane even with
the most sophisticated microprocessor equipped pros-
thetic kneesavailable on the market today (6-9).

In addition to the quality of life limitations, transfemoral
amputation accelerates the additional deterioration of an
amputee’s state of health due to current design inefficien-
cies: walking with prosthesis requires 60-100% more oxy-
gen consumption compared to ambulation with a healthy
leg (10). Amputees also have reduced neuromuscular feed-
back and control (11) that reduces one’s sense of balance
and increases the probability of falls. Another issue is that
amputees are at high risk for pathological problems such as
osteoarthritis (12) and lower back pain (13) due to improp-
er pelvic movement in the frontal plane. Additionally the
center of pressure (CoP) at foot contact on the prosthetic
side is further away from the center of mass (CoM) on the
intact side. This increases the probability of falls due to ab-
normal gait patterns causing additional metabolic, physio-
logical and psychological consequences. Farahmand et al.
(14) have reported that an amputee’s intact side hip joint
experiences a larger extension hip moment and flexion
knee moment than a healthy subject while the hip joint
on the amputated side experiences a lower extension
hip moment. This suggests that the muscle activity of an
amputee during ambulation is higher than for an individ-
ual with a natural gait pattern. Specifically, the adductors
in stance phase and abductors in swing phase are weak-
ened significantly, that causes less muscle force generation
during ambulation (15). Previous research stated that an-
other reason for asymmetrical ambulation is irregularityin
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stance phase kinetics. The result of abnormal and unequal
loading on the intact side and the prosthetic limbs during
the stance phase causes insufficient swing phase knee
flexion, therefore the CoM of the prosthetic limb dispro-
portionately rises (16,17). Furthermore, due to the stance
phase kinetics. The result of abnormal and unequal load-
ing on the intact side and the prosthetic limbs during the
stance phase causes insufficient swing phase knee flexion,
therefore the CoMof the prosthetic limb disproportionate-
ly rises (16,17). Furthermore, due to the inadequate swing
phase knee flexion, an amputee needs to raise his/her hip,
which causes asymmetrical ambulation and amplifies the
metabolic power required to complete the stride. The ma-
jority of these problems are caused by asymmetric gait pat-
terns forced by prosthesis limitations. In order to minimize
the metabolic energy expenditure and reduce the need
for muscular recompense of a trans-femoral amputee, the
overall energy distribution during the stance and swing
phases should be balanced appropriately by the prosthesis
to provide close to normal ambulation and minimize the
aforementioned limitations

Commercially available prostheses

Prosthetic knees on the market are classified into three cat-
egories: passive, microprocessor equipped and powered.
Passive prostheses do not include control and/or sensor
units to manipulate the phases of gait, therefore they
are unable to sense the knee angle and/or apply ground
reaction force to respond accordingly. They provide am-
bulation by using their purely passive and non-computer-
ized mechanisms, which cause not only flaws during the
swing phase but also incremental net metabolic energy
consumption during activities of daily living (18).

Passive knees are able to accommodate walking on even
surfaces at various cadences without providing the re-
quired positive energy back to the system. However, they
are not capable of providing successful ambulation on un-
even surfaces and during positive energy dependent ac-
tivities, such as sitting down/standing up and stair ascent/
descent (19). Consequently, the patient is constrained to
perform these activities with a step-by-step technique
where the loading is applied on the healthy leg while the
prosthetic limb follows passively.

OssurMauchStanceNSwing (SNS), is a passive fric-
tion-based prosthetic knee designed to allow amputees
to walk at various speeds using hydraulic fluid flow to
control the piston as it forces fluid out of staggered holes
to simulate muscle movement (20). During the stance

phase, hydraulic fluid flows through narrow orifices in the
hydraulic cylinder, which increases stiffness and provides
needed weight bearing support. During the swing phase
hydraulic fluid flows through wide orifices and permits
knee joint flexion.

By incorporating software algorithms, microprocessor
equipped prosthetic knees are able to provide more ef-
ficient ambulation on uneven surfaces and during activ-
ities of daily living than passive models (18,21). Powered
prosthetic knees are composed of miniaturized motors,
which require an electrical power source, that mimic mus-
cle con-tractions and provide the required positive ener-
gy during ambulation. However, they are heavy (a Power
Knee weighs 4700 g, whereas the average weight of a
commercial microprocessor equipped knees is 1250 g)
and relatively more expensive (Power Knees cost $100,000
whereas, the average cost of a commercial microproces-
sor equipped knee is $20,000).

Microprocessor equipped prosthetic knees provide more
natural walking than the passive designs do by improv-
ing gait smoothness, reducing overall work at the hip
joint and at peak hip power generation at toe-off during
controlled walking speeds. When they are compared with
passive knees at self-selected walking cadences, no sig-
nificant difference in energy consumption was observed
(18,22-24). In another study, Schmalz et al. (25) presented
that C-Leg had a minor advantage over the Mauch SNS
with self-selected walking speeds. Similarly, in Johansson
et al's findings (18), the energy consumption of Rheo
Knee was 5% lower than Mauch SNS and 3% lower than
the C-leg at self-selected walking speeds.

Unlike the situation with a natural leg, where energy can
be stored in tendons, neither passive nor microprocessor
equipped prostheses can store and release energy at cho-
sen times which would help propel the patient’s forward
motion by providing the required positive energy. They
can only simulate joint resistance and damping, meaning
that the truly natural motion of the leg is limited.

Power Knee is the first and only active commercial prosthet-
ic knee on the market (26). Its total weight is 4700g, which
makes it significantly heavier than the passive and micropro-
cessor equipped prosthetic knees (Rheo Knee: 1520g, C-leg:
1147 g, Mauch SNS: 1200g) due to motors and batteries. It
uses the orthesis- Artificial Proprioception Module (APM)
coupling, which communicates with the functional leg of
the amputee and mimics its movements. The orthesis sensor
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unit is worn on the intact leg collecting and transmitting real
time data. The APM, located on the ankle of the Power Knee
limb, receivesthis instantaneous data and sends it to a mi-
croprocessor. It is a rarely used prosthesis because it has not
yet been given a Medicare insurance reimbursement code
due to the high price and that reports on its performance are
scarce in the literature. Currently only two Iragi war veterans
are using the Power Knee (26). In addition to its significantly
high weight, it can only be used by unilateral transfemoral
amputees as the APM needs the real time data collected by
the orthesis. Among people who live with limb loss, only a
fraction are bilateral transfemoral amputees (approximately
18%) (27). In addition to the significantly high market price
drawback of the Power Knee, when the dramatically increas-
ing obesity and diabetes rates are considered, it is anticipat-
ed that the number of bilateral transfemoral amputations
will also increase, which will reduce the number of potential
Power Knee users.

Emerging prosthesis designs

Motivation

One significant drawback of the inability of delivering
positive energy when needed, found in commercial pas-
sive and microprocessor equipped prosthetic devices,
is due to the absence of knee flexion during the stance
phase. Moreover, consequences such as circumduction
and disturbed gait pattern take place due to improper en-
ergy flow at the knee joint and the absence of positive en-
ergy delivery during the swing phase. Current generation
powered design has solved these problems by delivering
the necessary energy with heavy battery demanding mo-
tors. This increases the mass of the device significantly,
whereas, it needs to be relatively less than the mass of the
missing portion of the natural leg. Patients want a knee
prosthetic device that is lightweight, quiet, and capable
of delivering close to normal ambulation. The combina-
tion of these three features in prosthetic limbs has proven
to be difficult to provide. Patients want the prosthesis to
be similar to the normal leg, including normal knee and
ankle flex-ion angles during activities of daily living (28).
Thus, prosthetic knee developers sought new methods to
design efficient mechanisms which are lightweight and at
the same time energy regenerative.

A new approach utilizing spring mechanisms for improving
energy efficiency during gait is found in gaining traction
(29-33). Since gait is a cyclical pattern that has positive and
negative work phases, using a spring can cut the power de-
mand significantly when mimicking the musculotendinous
structures by harvesting and returning the needed energy.

A significant advantage of the spring is its high efficiency
and high power-to-weight ratio (34). Instead of using heavy
motors, gearboxes and bulky batteries, a spring can help
provide the peak power demand of the prosthesis during
the stance phase of gait with less weight.

Unal et al. (35) at the University of Twente, The Netherlands,
developed a completely passive transfemoral prosthetic
knee prototype which is capable of harvesting and return-
ing energy by using a set of springs, coupling knee and an-
kle joints. The design of this knee is based on the balanced
energy distribution in the ankle and knee joints during a
single stride. The ankle joint behaves as an energy gener-
ator during the pre-swing phase and stores 80% of the re-
quired energy (35). During walking, the amount of energy
generated by the knee joint in the stance flexion phase,
and by the ankle joint in the early swing phase, are stored in
the spring couplings. This provides energy to the knee joint
during early swing and swing phases, and to the ankle joint
during the early stance phase. Stance and swing phase per-
formance were simulated separately. The results indicated
that the prototype was able to store 76% of the required
energy in the spring sets and distribute it to the knee and
ankle joints throughout the stride by compressing, locking
and releasing the springs according to the applied body
weight. However, this design is not capable of producing
ankle push-off force, as it is neither controlled nor powered.
Therefore, for achieving near normal walking during other
activities, which require more energy than walking, hybrid
designs, which unite the passive mechanisms with smart
control algorithms, are needed.

SymBiotechs XT9 (SymBiotechs, UT, USA) is a patented
(Registration Number: 3236824) commercial passive pros-
thesis, which uses a spring mechanism to mimic the func-
tions of the quadriceps during high activity sports. It com-
presses the spring pneumatically depending on the ap-
plied force. However, it is not designed for normal daily use.
Emerging designs take the advantages of using the high
efficiency of a spring unit not only in storing and releasing
energy during gait, but also in developing light, less expen-
sive and energy regenerative prostheses, which are able to
harvest energy from the movement of the user. Instead of
releasing this harvested energy immediately, they will keep
it until the energy is most needed during the swing phase.

Prostheses mimicking muscles

mIT, Vanderbilt University and Cleveland Clinic Foundation
proposed transfemoral prosthetic device designs recently.
Even though none of them have been commercializedyet,

64 ACU Saglik Bil Derg 2015(2):61-68



Argunsah Bayram H

the mutual characteristic of these designs is the use of a
spring element to efficiently manipulate the energy distri-
bution throughout the gait cycle and obtain close-to-nor-
mal ambulation via energy regeneration. This is accom-
plished by harvesting energy from the gait and returning
it at critical times, to minimize the size and weight of the
drive systems and power supplies that assist knee rotation.

The MIT team proposed powered knee prosthesis with
two series-elastic actuators and spring elements posi-
tioned in parallel in an agonist-antagonist arrangement
(33). Stance and swing phases are controlled by two ac-
tuators composed of a series of springs, transmissions
and torque sources. Stance phase is manipulated by
com-pressing the extension and flexion springs. The flex-
ion and extension motors keep the springs locked when
to store energy and unlocked to release it when needed.

Stance and swing phase stability is controlled by dividing the
gait cycle into five phases.Stance phase is divided into three,
and swing phase is divided into two sub-phases, based on
loading and knee angle dynamics of reference to able-bod-
ied human gait.During the heel strike phase, the extension
spring is compressed as the amputee applies weight on the
prosthesis. With that intention, the energy required to ma-
nipulate the stance extension phase is stored in the exten-
sion spring. During the stance extension phase, the knee
angle reaches maximum extension, and returns the energy
stored in the extension spring by releasing it. This energy
is transferred to the flex-ion spring as the knee prepares to
flex at the end of the stance phase. The compressed flexion
spring causes the knee angle to reach the maximum knee
flexion (~60°) and releases the stored energy.

During the stance phase, motors are only used to keep
the springs compressed to store energy. Power consump-
tion is minimized as the prosthetic knee design also ben-
efits from gravity and the moment of inertia during the
stance phase. Conversely, during the swing phase, required
damping is obtained by activating the springs electrically.
Therefore, during the stance phase the motors are engaged
as the supplements to the mechanical systems. Conversely,
during the swing phase, mechanical systems become the
supplementary element to the electrical components.

The human tests indicated that the knee torque, knee angle
and power of the amputee match corresponding measures
for the non-amputee subject. Moreover, the prosthetic
knee was satisfactory in providing near-normal walking at
self-selected walking speeds on an even-surface by storing

positive energy throughout the stance flexion phase pro-
ducing natural movement during push off (33).

Conversely, it has been tested only at self-selected walk-
ing speeds, where the power requirement is at minimum
level. Additionally, it has been reported that for walking
at variable speeds, the springs on the flexion and ex-
tension axes need to be replaced with softer and stiffer
springs respectively in order to provide the required knee
stiffness to the amputee. Likewise, for the activities other
than walking at self-selected speeds, using linear springs
on the axes would not be an option to any further extent,
such that they need to be replaced by non-linear springs,
which makes the control more complicated.

The Cleveland Clinic Foundation team proposed a mi-
cro-processor equipped prosthesis, which is capable of
harvesting/ returning energy in a controlled way (31). Its
hydraulic mechanism is composed of a linear actuator, two
accumulators and two valves. The linear actuator converts
pressure to torque and torque to pressure. During stance
phase, as the patient’s weight creates pressure, hydraulic
flow is initiated through the high-pressure accumulator
to obtain the required stiffness. When the applied weight
starts to decrease, the accumulator pressure is routed back
to the actuator to apply torque, which is needed to flex
the knee. The high and low pressure valves open and close
dependent on the gait cycle phasein order to permit high
pressured flow from/to the actuator. The high-pressure ac-
cumulator provides energy storage and release, while the
low pressure accumulator houses the hydraulic fluid in the
system. The electrical/electronic system includes the micro-
processor, knee angle and leg force sensors.

At the beginning of the stance phase, body weight acts on
the leg and starts flexing the knee. With the high-pressure
chamber of the actuator connected to the high-pressure ac-
cumulator, this torque pumps the fluid into the high-pres-
sure accumulator, which houses the energy storage unit.
As the pressure is applied, a spring is compressed and
energy is harvested. Once the available energy has been
stored, the control valve of the high-pressure accumulator
closes and holds the pressurized fluid in the accumulator.
Modulating the orifice size of the low-pressure valve main-
tains the desired pressure/knee torque. In late stance/ear-
ly swing phases, it is closed and the high-pressure valve is
opened to produce the torque needed in the actuator to
initiate the knee flexion. Only optimal control simulation re-
sults during walking, running and sit/stand/ sit sequences,
are available in the literature, showing that the proposed
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device provided near normal knee movement and stance
phase flexion when the accumulator stiffness was adjusted
to each tested activity (31).

A new approach: union of ankle and knee joints

Goldfarb team (29,30,32) in Vanderbilt University pro-
posed a powered knee and ankle prosthesis, which is
powered pneumatically and capable of doing impedance
control by using the feedback coming from its on-board
sensors. The prosthesis is composed of two axes, on which
knee and ankle actuators are located. The two servo
valves, according to the feedback coming from the knee
and ankle load cells, alter the stiffness of the actuators. A
spring unit on the ankle control axis provides knee flexion
during early stance, therefore it not only reduces the en-
ergy required to flex the knee during the swing phase, but
also stores the available energy.

Stance and swing phase stabilities are controlled by di-
viding the gait cycle into four phases: stance flexion,
pre-swing, swing flexion and swing extensionWithin the
gait phases actuators are kept inactive to maintain con-
stant stiffness. In between the gait phases the stiffness
is changed dynamically in order to provide the required
stiffness in the knee and ankle axes, depending on the
biomechanical demands of each particular gait phase.

Vanderbilt University’s knee is the only transfemoral knee
which unites the knee and ankle joints in one mecha-
nism to produce the required positive energy. The pow-
ered-tethered prototype was attached to an able-bodied
adult male subject via a bent-knee adaptor. The subject
was asked to walk on a treadmill at three controlled walk-
ing speeds (2.2, 2.8 and 3.4 km/hr) (29). An external 2.2 MPa
pressure source, along with a computer, were used to op-
erate it during testing. The behavior of the prototype be-
tween and within the four gait phase modes was analyzed
and compared with able-bodied human gait (29,32). The
results showed that the prototype was able to manipulate
the subjects’ gaits satisfactorily by producing three positive
power peaks during the stance phase. However, due to its
design constraints, the ankle actuator is capable of provid-
ing 76 percent of the maximum torque during the stance
flexion phase since in order to maintain the weight of the
prototype within the desired range, the team aimed to lim-
it the maximum weight of the battery unit to 600-700 g.
With that battery capacity, 4.4-5 km of walking range could
be obtained at self-selected cadences. Klute et al. (36) re-
ported the daily average number of steps of transfemoral
amputees wearing a C-leg as 2657+737. The average step

length of a trained C-leg user is reported as 0.72m + 0.07
(37), hence the distance that a trained C-leg user walks per
day is approximately 4 km. Therefore, the proposed design
almost reaches the limits of C-leg capability in terms of the
delivered ambulation distance.

The emerging designs are breakthroughs when they are
compared to the current generation prostheses by storing
energy in a spring during early stance and returning it in
late stance, but these current designs are effective over a
limited range of conditions and are usually directed at a nar-
row sports activity (29,33). A regenerative prosthesis could
be a significant step forward with respect to improving the
average activity level achieved by transfemoral amputees.

Discussion

A handicap with respect to designing new prostheses is a
lack of broad-based data sets covering energy flows at the
knee and ankle joints for a range of subjects, over a range
of conditions. The margin of “negative” work at the knee
over the “positive” work determines the required efficien-
cy if the prosthesis is to be wholly regenerative (Figure 1)
(38). The match between the input and output impedanc-
es gives some indication of the difficulty of achieving high
efficiency in a simple mechanism.

Equally importantly, stiffness of the energy storage ele-
ment, for not only a wide range of activities but also during
each sub-phase of gait cycle, should be analyzed for ankle
and knee joints. Stiffness of the healthy ankle joint during
walking at variable cadences has been investigated by
Hansen et al. (39) with the purpose of guiding the designers
in developing ankle joints which are capable of optimizing
the energy flow and providing a near-normal ambulation.
This study focused on the torque vs. ankle angle during
loading and unloading conditions. The area between the
hysteresis curves during walking at self-selected speed
was almost zero, however, for controlled speed walking,
larger hysteresis areas were obtained. This confirms that as
the magnitude of the positive energy demand increases,
the supplementary mechanisms, which control the spring
compression/ release, become more crucial for activities
such as walking at controlled speeds, stair ascent/descent,
sit/stand/ sit sequences and running, purely passive mech-
anisms require the support of high-level arrangements
such as series-elastic actuators (33) and valve operated,
spring loaded hydraulic accumulators (31).

The normal gait during anyactivity of daily living is a com-
bination of different body segmentsmotions with the
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Knee Power during Normal Walking (85 kg subject)
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Figure 1. Knee Joint Power during Self-selected Walking Speeds- The positive
power peaks, indicating energy generation by muscles (R1 and R2); and
negative power peaks, indicating energy harvest by muscles (H1, H2 and H3)
of an able-bodied human at self-selected walking speeds. Note that muscles
act as a brake more than half of the time, which requires effective energy flow
at the knee joint for a smooth and close to normal ambulation. At a glance,
storing energy in the spring during H1 phase and releasing it immediately
during the R1 phase, where energy is generated, might seem to be the right
solution to fix the energy flow deficiency at the knee joint. However, for

the H2 phase, releasing all of the stored energy during R1 phase would be
disadvantageous since this may cause the toe to stub the ground right after
the H2 phase because the energy at R2 is actually produced by the ankle
joint and transfemoral amputees cannot generate H2 as able-bodied people
because of the absence of an ankle joint.

purpose of translating the body with minimized energy cost
(40). Human locomotion is a complex process, involving the
interaction of many muscle groups and sensory systems.
Traditionally, researchers consider six determinants of gait:
(1) Pelvic rotation (lateral rotation of the pelvis), (2) Pelvic tilt
(frontal plane rotation of the pelvis), (3) Knee flexion in the
stance phase (knee sagittal rotation), (4) Foot mechanism
(foot motion and dynamics during stance phase), (5) Knee
mechanisms (knee motion and dynamics during stance
phase), and (6) Lateral displacement of the pelvis (produced
by relative adduction at the hip) (41). These six determi-
nants integrate together to minimize energy consumption,
maintaining a sinusoidal pathway of low amplitude for the
center of gravity of the body. Based on the foot and knee
mechanisms determinants, the motion of ankle, foot, and
knee are closely related. For instance, during normal gait
cycle, knee flexion after mid-stance is partly contributed

References

1. Ziegler-Graham K, MacKenzie EJ, Ephraim PL, et al. Estimating the
Prevalence of Limb Loss in the United States: 2005 to 2050. Arch
Phys Med Rehabil 2008;89:422-9.

2. US. Centers for Disease Control and Prevention. 2011 Diabetes
National Fact Sheet. http://apps.nccd.cdc.gov/DDTSTRS/FactSheet.
aspx (accessed 21 January 2014).

3. U.S.Centers for Disease Control and Prevention. Number of Americans
with Diabetes Projected to Double or Triple by 2050. http://www.cdc.
gov/media/pressrel/2010/r101022.html (accessed 15 June 2015).

4. US. Centers for Disease Control and Prevention. Age-Adjusted
Hospital Discharge Rates for Non-traumatic Lower Extremity
Amputation per 1,000 Diabetic Populations. http://www.cdc.gov/
diabetes/statistics/lealevel/fig8.htm (accessed 16 June 2015).

by rapid plantar flexion of the foot; hence, there is enough
clearance for the leg to swing without stumbling during
the swing phase. It has also been extensively pointed out
that when walking on level ground, the knee joint muscles
absorb energy while many of the hip and ankle muscles are
generating energy (42-44). Therefore, even with a prosthet-
ic knee, which is able to produce exact function of the knee,
without a proper cooperation and design of the prosthetic
foot/ankle joint, it is unlikely to design prosthetic devices
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