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Abstract—A transfemoral amputation has a significant effect
on walking. Though current prosthetic knee options serve to
restore mobility, as purely passive devices, they do not fully
restore nondisabled gait. Persons with transfemoral amputation
incur a higher metabolic cost during walking than persons
without amputation and as a result walk slower and for shorter
distances before tiring. An original variable-impedance trans-
mission prosthetic knee (VI Knee) was tested in five study par-
ticipants with unilateral transfemoral amputation at two steady-
state walking speeds, one below and one above their preferred
walking speed. While walking with the VI Knee, participants
with shorter limbs showed a reduction in metabolic cost com-
pared with their conventional C-Leg prosthesis, while those
with longer limbs exhibited an increase. Though differences
were observed between speeds, overall the difference in meta-
bolic cost (reduction or increase) was found to correlate sig-
nificantly with rise in the center of mass, with those with
shorter residual limbs exhibiting less overall lifting of the body
during gait.

Key words: amputation, center of mass, gait, knee joint, meta-
bolic cost of transport, prosthesis, rehabilitation, robotics,
transfemoral, walking.

INTRODUCTION

Across the United States, there are more than
270,000 people with transfemoral amputation, with an
incidence rate of approximately 39,000 cases yearly [1].
Within the Veteran population, the Department of Veter-
ans Affairs (VA) performs approximately 1,500 to 2,000
transfemoral amputations yearly [2]. The largest portion
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of these results from vascular disease as a complication
of diabetes. However, with continuing military actions
abroad, an increasing number of service personnel are
suffering lower-limb trauma requiring amputation above
the knee. One recent study found that approximately
34 percent of recent combat injuries requiring amputation
resulted in a transfemoral amputation [3].

The design of a biomimetic knee prosthesis is based
upon the fundamentals of nondisabled forward walking.
Biomechanical models of walking have shown that much
of the leg’s behavior during gait can be accomplished
using passive energy storage elements at the various
joints [4]. Series elastic actuators have been used in sev-
eral walking robots over the years as they provide more
lifelike motions, have inherent impact tolerance, and ease
control requirements [5—6]. While walking over level
ground, energy is largely conserved via storage, transfer,
and timed discharge of potential energy with minimal
propulsive input needed from the hip. During gait, poten-
tial energy is stored kinetically by raising the body or
elastically in the tendons of the legs [7]. In models, by
combining passive actuators (springs) with clutches to
activate and deactivate these actuators during walking,
much of the mechanical energy produced can be stored

Abbreviations: COM = center of mass, MCOT = metabolic
cost of transport, VA = Department of Veterans Affairs.
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and used at later phases of the gait cycle. This is similar
to nondisabled level-ground walking; muscle activity at
the knee is largely associated with energy absorption and
storage rather than power generation [8]. In contrast, cur-
rent prosthetic knee technologies primarily disperse
mechanical energy (converting it into heat) while supply-
ing braking forces to the knee during leg swing [9].

The most clinically advanced prosthetic knees, such as
the earlier C-Leg and more current Genium (Ottobock;
Duderstadt, Germany) and the Rheo (Ossur hf; Reyk-
javik, Iceland), available today are able to control damping
during gait, can adapt to different walking speeds, and are
an improvement over older, simpler knee mechanisms
[10]. These state-of-the-art devices, however, are still pas-
sive devices, incapable of storing and releasing mechanical
energy during walking or providing positive power
throughout the gait cycle. As a result, persons with a trans-
femoral amputation using current standard-of-care knee
prostheses have metabolic costs approximately 33 percent
higher than persons without amputation during level-
ground walking and tend to walk approximately 45 percent
slower to compensate for the increased physical demand
[11]. Notably, they fatigue sooner and are able to walk
shorter distances than persons without amputation.

Within the population of individuals with transfemo-
ral amputations, significant effects to gait kinematics and
kinetics have been shown to be related to the residual
limb length (proportion of remaining femur length to
original preamputation length) [12—13]. In general, those
with shorter residual limbs have overall less lever arm
with which to propel the body and weaker hip stabilizers,
resulting in greater deviation from nonpathologic gait
[7,12—13]. This leads shorter-limbed people with trans-
femoral amputation to walk slower in order to minimize
their energy expenditure [14—15].

While the overall study of powered prosthetic knees
goes back several decades, a few groups have only just
realized the challenge of a prosthetic with the power sup-
ply, motors, and control electronics all contained within
the device [16-20]. The work of Sup et al. has resulted in
a combined knee-ankle powered prosthesis that can
approximate the kinematics of nondisabled walking over
level ground and up-slope ambulation using onboard sen-
sors to control prosthesis gait [21-22]. Commercially,
Ossur hf is marketing the Power Knee, a direct-drive,
servo-controlled device that uses motion of the sound-
side leg to determine prosthetic knee position [23-24].
These earlier attempts to restore knee function, while

allowing for powered walking, have largely not fully lev-
eraged the benefits of energy conservation (storage and
controlled release) that can be afforded by passive, elastic
elements incorporated into the design of the device.

Research by Martinez-Villalpando and Herr [25] has
resulted in the advancement of a variable-impedance pros-
thetic knee, VI Knee (Massachusetts Institute of Tech-
nology; Cambridge, Massachusetts), using series-elastic
actuators in an agonist-antagonist arrangement to control
knee impedance, or both knee damping and stiffness. The
agonist-antagonist actuation strategy described in Martinez-
Villalpando and Herr allows each motor to operate primar-
ily while unloaded to set the spring equilibrium of the
joint, reducing the overall electrical demands of the device
[25]. Opposing series-elastic actuators allow for a device
that can store and discharge mechanical energy using its
physical series-elastic elements during each phase of level-
ground walking and that also can vary the knee damping,
effective joint spring equilibrium position, and stiffness
electronically. Such a variable-impedance control allows
the knee to adjust its output (producing positive elastic
torque or braking torque) in relation to its rotational state
(position and velocity) to replicate a more natural gait,
enhancing metabolic effectiveness. In preliminary stud-
ies, individuals with transfemoral amputation walking at
their customary speed over level ground were found to
have reduced their metabolic effort by 6.8 percent while
walking with this knee compared with their normal vari-
able-damping prosthesis, despite its greater mass (2.5 kg
vs 1.5 kg for C-Leg with pylon and fittings) [26].

This study more thoroughly investigated the metabolic
and underlying differences in biomechanics between walk-
ing with the VI Knee compared with the C-Leg (the cur-
rent standard-of-care prosthetic knee for active walkers).
This case series study was performed across a range of
residual limb lengths and at speeds below and above par-
ticipants’ customary walking speeds. We hypothesized that
by using a knee with active rotation, the wearer’s meta-
bolic cost would be reduced at speeds both lower and
higher than their customary walking speed as a result of
the novel device’s capability to store and release energy as
well as provide motive power.

METHODS

The device tested in this investigation was the previ-
ously described VI Knee developed at the Massachusetts
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Institute of Technology (Figure 1(a)) [25]. Five sub-
jects with unilateral, transfemoral amputation subjects
were recruited through area prosthetists using the inclu-
sion criteria previously reported in Williams et al. [27].
All subjects were experienced C-Leg users and spanned a
range of years since amputation and a range of residual
limb lengths (Table 1). Subjects participated in three
experimental sessions: (1) a initial fitting of the VI Knee
by a certified prosthetist and tuning of the device to their
gait [27], (2) a metabolic testing session, and (3) a bio-
mechanics testing session. Each session was performed
on a different day at the Providence VA Medical Center
Gait Laboratory.

The metabolic testing consisted of having subjects
wear a portable breath-by-breath cardiopulmonary exercise
tester (K4b2, Cosmed; Rome, Italy) (Figure 1(b)) while
walking using either their current C-Leg or the VI Knee
prosthesis. Subjects were instructed to abstain from eating
or consuming any caffeine for 3 h prior to the testing to mit-
igate digestive or chemical effects on metabolism. Prior to
the walking experiments, a 7 min quiet standing trial (while
on their conventional prosthesis) was recorded to determine
subjects’ baseline metabolic rate. The session started with
30 min of practice with the VI Knee to become reac-

Figure 1.
Photographs of (a) VI Knee with prosthetic foot attached and
(b) subject wearing cardiopulmonary exercise tester.
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quainted with the device followed by a 10 min rest period.
Subjects then walked continuously with each knee at 1 m/s
or 1.25 m/s for 7 min around a vacant hallway circumscrib-
ing the building while their O, consumption and CO, pro-
duction were measured. These speeds were used as they
represented fixed speeds just outside the subjects’ normal,
customary walking speeds but were still well within the
limits of each subject’s walking ability. The order of testing
of the prosthetic knee and the speed was randomly
assigned. After testing at one speed, subjects rested for
5 min and then were tested at the other speed. This process
was then repeated using the other knee after a 20 min rest.
Walking speed was kept by having subjects maintain pace
with a research team member who controlled their pace
with a metronome calibrated to their gait. Earphones were
worn by the pace-setter so that the subject could not hear
the beat. Measured gas recordings were filtered by using a
15-breath moving average to account for variability as a
result of tidal volume and breathing frequency per Robergs
et al. [28]. We then computed the metabolic cost of trans-
port (MCOT) for each subject for each prosthesis condition
and speed from the standard equation for calculation of
energy expenditure (16.58 x volume O,) + (4.51 x volume
CO,) and normalized to each subject’s body weight [29].

For the biomechanical analyses, subjects were fitted
with infrared reflective markers on the joints and limb
segments of the limbs and torso and had their gait
recorded as they walked across a 10m walkway. Standard
and previously published methods for signal processing
and gait analysis were used to assess each subject’s gait
as he or she walked with either the VI Knee or C-Leg
(random order) [27].

Large gait differences between subjects precluded
across-subject comparisons, so all statistical comparisons
were within subject. To account for differences in variance
between conditions (prosthesis), we used Welch’s t-tests
with two tails and alpha = 0.05; p < 0.05 was considered
significant and values of 0.05 < p < 0.1 were classified as
trends. Significance testing of correlation comparisons
were performed per Cohen et al. [30]. We checked data for
comparison normality graphically using normal probabil-

ity plots.

RESULTS

The ratio of the MCOT between the VI Knee and C-
Leg (MCOTy; gpee / MCOT(. ) is illustrated in Figure 2.
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Table 1.
Subject information. All subjects’ current prosthetic knee was the C-Leg.

. Age Height Weight Cause of Time Sln_ce Res_ldual Current
Subject . Amputation Limb .

(yn) (m) (kg)  Amputation (1) Length (%) Prosthetic Foot
1 37 1.83 91 Trauma 23 60 Ossur® hf Low Profile Re-Flex VSP
2 49 1.75 98 Trauma 27 90 Ossur* Low Profile Vari-Flex
3 55 1.83 88 Cancer 41 100 College Park’ Trustep
4 52 1.75 89 Trauma 33 65 Ottobock* Triton
5 61 1.78 105 Vascular 12 80 Ossur* Flex-Walk
Disease

*Located in Reykjavik, Iceland.
"Located in Warren, Michigan.
#Located in Duderstadt, Germany.

Values greater than 100 percent indicate an increase in
MCOT as a result of using the VI Knee, and values less
than 100 percent denote a decrease in MCOT. This ratio
value represents the percent difference in MCOT between
the two prostheses relative to each other. At 1 m/s, three
subjects exhibited a significant increase in MCOT while
using the VI Knee (dashed circle), and two subjects
showed a significant decrease (solid circle) between con-
ditions (Figure 2(a)). At 1.25 m/s, two subjects had a sig-
nificant increase in MCOT (dashed circle), and three
exhibited a significant decrease in MCOT (solid circle,
Figure 2(b)). Figure 2 also illustrates the correlation
between MCOT ratio and residual limb length for 1 m/s
(0.765) and 1.25 m/s (0.763).

Tables 2 and 3 show the individual subject differences
between the VI Knee and C-Leg for kinematic, kinetic, and
metabolic parameters of gait (VI Knee — C-Leg perfor-
mance) and the correlations computed between each differ-
ence and residual limb length, difference in net MCOT, and
difference in center of mass (COM) rise area. The relative
difference between the performance of each prosthesis was
studied as it better captures the overall magnitude and tem-
poral differences in kinematics and kinetics between condi-
tions. We selected these gait parameters for analysis
because they were shown to have strong correlations to dif-
ferences in MCOT between prostheses tested. Significant
correlations (p < 0.05, r > 0.88) and trending relationships
(0.05<p<0.1,0.88 > r > 0.81) are noted. Subject perfor-
mance is listed in order of residual limb length to illustrate
any trends present that are related to this factor.

At 1 m/s (Table 2), significant or trending correla-
tions can be seen associated with maximum hip extension
moment; hip extension moment (both positive) during

stance phase and in knee height area; maximum hip
velocity (both negative); and COM height area (positive)
in swing when juxtaposed with residual limb length, dif-
ference in MCOT, and COM rise. Overall, as shown in
Figure 2, there is a strong correlation between difference
in net MCOT as a result of using the VI Knee and resid-
ual limb length.

A different pattern of significant and trending cor-
relations is seen in Table 3 for participants walking at
1.25 m/s. At this speed, a negative correlation is seen
between stance time and residual limb length, difference
in MCOT, and COM rise during stance. During swing,
hip height area shows a positive correlation with differ-
ence in MCOT and COM rise; hip velocity shows a nega-
tive correlation; and COM rise shows a positive, trending
correlation with difference in MCOT between conditions.
Similar to the lower speed, a positive correlation (trend)
is seen between residual limb length and net MCOT dif-
ference while using the VI Knee compared with the C-Leg.

The difference between prostheses for kinematic mea-
sures was compared as the area under the curve between
conditions during either the affected leg stance or swing
phase of gait where the two conditions were significantly
different from each other. This value represents the total
difference between conditions, capturing both the magni-
tude of the difference as well as the duration of the differ-
ence during the gait cycle. An example of this area
comparison between devices can be seen in Figure 3,
which illustrates an example of a subject with a large sig-
nificant difference in COM height area (Figure 3(a); red-
shaded region) and a small COM height area difference
(Figure 3(b), purple-shaded region).
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Figure 2.

Relative net metabolic costs of transport (MCOT) as a function
of residual limb length between prostheses while walking at
(@) 1 m/s and (b) 1.25 m/s. Values less than 100 percent indi-
cate a reduction in MCOT while using the VI Knee (solid cir-
cles); values greater than 100 percent an increase due to using
the new device (dashed circles).

DISCUSSION

Metabolic cost is elevated in people with transfemo-
ral amputation because of deviations in gait pattern and
gait symmetry and increased involvement of the upper
body, particularly in terms of lifting the affected side pel-
vis resulting in increased lifting of the COM. Previous
investigations using a knee prosthesis providing posi-
tive power at late stance, flexion, and swing extension
showed reductions in MCOT of 6.8 percent, similar to
that observed in this work [25]. The reductions, while
significant, are not as dramatic as those seen while using
a powered ankle because the knee is not as involved in
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providing motive power as the ankle or hip [11,14,31].
From Figure 2, it can be seen that there are distinct dif-
ferences in metabolic effects while using the VI Knee
compared with a C-Leg; individuals with shorter residual
limbs showed a reduction in MCOT and those with lon-
ger limbs an increase in metabolic cost—a trend seen at
both the lower and, to a lesser extent, the higher speed.
While it has been shown previously that residual limb
length can have a significant effect on gait [14,32], a bet-
ter understanding of the effects of limb length on MCOT
performance while using the VI Knee is presented in the
two tables of correlated gait measures.

At the lower speed, there are significant and trending
correlations (positive and negative) across residual limb
length, difference in MCOT, and COM rise area (Table
2). From these correlations, longer-limbed individuals
exert a larger hip moment on the affected side (both area
and maximum), a tendency more common regardless of
prosthesis used because of their larger amount of remain-
ing muscle and the longer limb providing a better lever
arm with which to push off the ground and propel the
body forward [7,11-13]. Conversely, those with shorter
residual limbs have a significantly higher knee rise area,
which is also strongly correlated with reduction in
MCOT and reduction in the rise of COM. Rise of COM
is significantly positively correlated with both residual
limb length and increase in MCOT while using the VI
Knee. Taken in aggregate, at this speed, those subjects
who did not push on the ground (to either propel the body
forward or lift the COM) and instead used a more march-
ing-like gait to get the affected leg up and “out of the
way,” lifting the knee to clear the toe, saw reductions in
metabolic cost while using the VI Knee. As this style of
gait is more similar to how individuals with shorter trans-
femoral amputations walk as a result of their overall
reduced hip torque capacity, they showed the greatest
reductions in metabolic cost [11-13].

The patterns of correlated performance measures are
distinctly different at the higher (1.25 m/s) speed (Table
3). At this speed, longer-limbed individuals show a reduc-
tion in affected side stance time while using the VI Knee.
At the higher speed, all subjects showed an increase in hip
hiking regardless of residual limb length and those who
hiked the hip more showed corresponding increases in
MCOT and COM rise. Shorter-limbed individuals con-
tinue to show a higher hip velocity, which also matches a
reduction in MCOT and less COM rise. At this speed, all
subjects are lifting the COM with a trend toward this
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Table 2.
Performance differences between prostheses while walking at 1 m/s for each subject and their correlation to residual limb length, difference in net
metabolic cost of transport (MCOT), and center of mass (COM).

Subject by Increasing Limb Length Correlation to
Gait Phase Difference Between Devices
(VI Knee — C-Leg) Residual Limb  Difference in
S1 S4 S5 S2 S3 Length Net MCOT COM Area
Stance Stance Time (s) 0.02 0.04 -0.03 0.02 —0.06 -0.72 -0.55 -0.72
Hip Extension Moment, Max 0.12 0.13 0.13 0.21 0.43 0.84" 0.71 0.94%
(Nm/kg)
Hip Extension Moment 1.95 137 2.60 9.64 8.61 0.88" 0.95% 0.907
Area [(Nm x %Gait
Cycle)/kg]
Swing Hip Height Area (mm x 348.92 174.56 615.70 719.11 381.96 0.51 0.68 0.36
%Gait Cycle)
Knee Height Area (mm % 860.31 869.01 835.35 677.90 685.48 -0.91F -0.96" —0.93F
%Gait Cycle)
Hip Velocities, Max (°/s) 44,68 59.92 2268  -19.01 0.49 -0.87" -0.96" -0.82"
COM Height Area (mm % -9.42 0.00 64.60 170.44 284.94 0.97f 0.91F —
%Gait Cycle)
Overall Net MCOT [J/(kg x m)] -0.158  —0.088 0.371 0.930 0.834 0.96" — —

Note: Differences in MCOT at the lower speed are generally affected by knee height area differences between conditions.
*Indicates a trending correlation (0.05 <p <0.1).

fIndicates a statistically significant correlation (p < 0.05).

Max = maximum, S = subject.

Table 3.
Performance differences between prostheses while walking at 1.25 m/s for each subject and their correlation to residual limb length, difference in
net metabolic cost of transport (MCOT), and center of mass (COM).

Subject by Increasing Limb Length Correlation to
. Difference Between Devices Residual Difference in COM
Gait Phase (VI Knee — C-Leg) st S4 $5 s2 S3 Limb Length Net MCOT Area
Stance Stance Time (s) 0.02 0.00 0.02 -0.04 -0.09 -0.85" —-0.96f —-0.94F
Hip Extension Moment, 0.21 0.23 —-0.12 0.40 0.23 0.16 0.34 0.29
Max (Nm/kg)
Hip Extension Moment —-58.60 25.49 0.00 —41.76 50.64 0.45 0.55 0.18
Area [(Nm x %Gait Cycle)/kg]
Swing Hip Height Area (mm % 261.83 321.98 40.65 587.13 787.81 0.70 0.89" 0.83"
%Gait Cycle)
Knee Height Area (mm % 30.56 1291.84 141.08 545.31 734.15 0.09 0.21 0.12
%Gait Cycle)
Hip Velocities, Max (°/s) 40.87 50.64 2549 3210 -41.76 -0.94F -0.86" -0.96"
COM Height Area (mm % 185.26 208.19 -3.93 230.18 283.14 0.28 0.63"
%Gait Cycle)
Overall Net MCOT [J/(kg * m)] —0.069  -0.075  —0.072 0.386 1329 0.85" —

Note: Differences in MCOT at the higher speed are more dependent on hip area differences.
“Indicates a trending correlation (0.05 <p <0.1).

fIndicates a statistically significant correlation (p < 0.05).

Max = maximum, S = subject.
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Figure 3.

Representative examples of differences in center of mass
(COM) rise area while on the nonaffected leg and walking at
1 m/s. Significant differences (SigDifs) over the gait cycle
between conditions are noted by the black bars over the curves.
The subject in (a) raises the COM earlier and higher while using
the VI Knee, resulting in a large COM rise area (red-shaded
region) compared with the subject in (b), who exhibits less differ-
ence in COM rise area (purple-shaded region) between the two
prostheses. The COM rise area is defined as the area of signifi-
cant difference in COM height while using each prosthesis and
spans from the first instance of significant difference to the point
of maximum COM height during the stance phase of gait.

increasing cost. Taken together, metabolic performance at
the higher speed is determined primarily by the amount of
hip hiking and the resultant rise in the COM, with less
effect caused by residual limb length [14].

Correlation pattern differences in the gait perfor-
mance measures are a result of the amount of time to take
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each step. At the lower speed, subjects had enough time
to walk as they felt most comfortable, with no significant
differences in affected leg stance time between condi-
tions (Table 2). This gave subjects who already use this
style of gait the time needed to lift the knee to clear the
toe. Longer-limbed subjects, using the affected side hip
to walk, instead showed an increase in hip flexion and
used the time to move the body up and forward, increas-
ing metabolic cost [13]. At the higher speed, all subjects
were more pressed for time, as seen in the decrease in
stance time between conditions, with longer-limbed sub-
jects showing the greatest reductions (Table 3). At this
speed, subjects used hip hiking to help clear the toe.
Those who hiked the hip and lifted the COM less showed
a benefit, and those who exhibited a high degree of hip
hiking and COM rise while using the VI Knee had an
increased MCOT. Despite some subjects showing an
increase in MCOT, all subjects self-reported that that
device was more comfortable and allowed for a more
relaxed gait.

These differences in performance across speeds and
residual limb lengths indicate that perhaps with training,
people with transfemoral amputation, including those
with longer limbs, might show a reduction in metabolic
cost while using the VI Knee. The issues that increased
cost are not a strict function of limb length, but are cor-
rectible aspects of gait. Though all subjects were confi-
dent in using the device, experience over a period of days
to weeks, instead of hours, may allow for marked
improvement in gait by allowing users to become better
acquainted, and work more synergistically, with the
device. Perhaps by working with a prosthetist or an at-
home therapy program to learn to use the VI Knee more
to clear the toe and hike the hip less at speeds both lower
and higher than self-selected, improvements in metabolic
costs could be seen across limb lengths [33]. An import-
ant topic for future research is therefore the effect of gait
training on the biomechanical and energetic effect of the
VI Knee on transfemoral amputees.

CONCLUSIONS

People with transfemoral amputation tend to walk
more slowly, with more metabolic cost compared with non-
disabled individuals. Though current microprocessor-
controlled prostheses allow users to walk more easily and
newer powered knees have shown improvements over
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previous passive devices, they have yet to fully restore nat-
ural gait to people with transfemoral amputation. The novel
VI Knee evaluated in this study enabled a significant
improvement in the metabolic cost of gait for individuals
with shorter residual limbs. While using the VI Knee,
shorter-limbed subjects showed a reduction in the MCOT at
the lower speed as a result of their greater tendency to lift
the knee to clear the toe, reducing their COM rise. At this
speed, longer-limbed subjects showed an increase in hip
flexion while using the novel device and a greater amount
of COM rise with a resultant increase in MCOT. At the
higher speed, all subjects used hip hiking to clear the toe.
Those who hiked the hip less lifted the COM less and
showed an improvement in MCOT. These aspects of gait
may perhaps be corrected with gait training such that all
individuals with transfemoral amputation may potentially
show a decrease in metabolic cost while using this device.
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