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Abstract

The biomechanics literature is rich with data owelewalking, but comparatively few studies
have explored locomotion on slopes. This study stigated the energetics of the ankle during
the stance phase of downhill walking and testedhiyyothesis that the behavior of the ankle
may be effectively modeled by passive mechanicahpmnents, i.e. a revolute spring and
damper. Eight healthy, male, college-age partidgpawere instructed to walk down an
instrumented ramp at each of seven angles (0°5£%53%6°,8°). The planar ankle joint moment
in the sagittal view was calculated using invergeatnics methods. Mechanical energy gained
or lost through the ankle joint was computed bggnating the ankle mechanical power across
the duration of the stance phase. A linear functibjoint angle and velocity was employed to
model the behavior of the ankle during stance phase its parameters were estimated using
linear regression.

Net energy at the ankle was approximately zerdefeel walking and decreased monotonically
as downward slope angle increased, indicating tike& role in absorbing energy on steeper
walking slopes. Energy and power maxima during pafSiemained relatively constant across
the range of slopes. Measures of energy and poveinma during impact absorption and

dorsiflexion became increasing negative with stesfmpes.

The passive ankle model exhibited relatively sniddicrepancy with the experimental data

during dorsiflexion and larger discrepancy duringpact absorption and push-off. Overall, the
model-generated ankle moment demonstrated gooderagré with experimental data as

indicated by low root-mean-square (RMS) error valuBMS error demonstrated a local

minimum between 2° and 49, indicating the passieglehwas more accurate on those slopes
than on level ground. All subjects showed a negatorrelation between the spring parameter
and slope angle and a positive correlation betvileeinear offset and slope angle. The damping
parameter was observed to be negligible.

1 Introduction

The energetics of human walking has long been an af interest for biomechanists; more
recently, the energy efficiency of human locomotibas drawn the interest of engineers
designing bipedal robots and lower-limb prosthetiessting literature indicates the ankle plays
a critical role in supplying much of the energyueqd for level walking [1, 2, 3], but exactly

how the energetics of the ankle are affected bgeslwalking has not yet been fully explored.
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The primary purpose of this investigation was talgtthe energetics of the ankle during walking
on a range of downhill slopes.

The second motivation for this study originatedniroecent developments in walking robots.
Roboticists have demonstrated anthropomorphic slegkking in simple bipedal robots that
require little or no energy input [4, 5, 6]. To dahowever, ankle designs for these passive robots
have been ad-hoc or inflexible. Recent work in kechanics [7, 8] has suggested that some or
all of the dynamics of the human ankle can be dafg#d by a passive mechanism, i.e. a pin joint
coupled with appropriately chosen revolute spring damper. These results have inspired the
secondary purpose of this investigation: to test hiypothesis that the human ankle can be
effectively modeled as such a passive mechanisch &wmodel will assist in the development of
energy-efficient, biomimetic ankles for robots dredow-knee human prostheses.

Ankle EnergeticsThe first aim of this investigation was to stuiye mechanical power and
energy of the ankle during stance and observe hegetmeasures are affected by walking slope.
Energetics of the stance ankle play a key rol&énaverall energetics of locomotion. Winter [1]
showed that the ankle of the stance leg contribotese energy to the forward motion of the
body than do the knee and hip, concluding the arklthe dominant source of the energy
necessary for level walking. Gottshall and Krarh y8ed electromyography (EMG) data and
measured horizontal tugs to demonstrate the coonedietween activity of the ankle
plantarflexors and forward motion of the body. thar EMG data reported by Radcliffe [2] and
Stern [9] reveal the energy supplied via the ackimes primarily through a burst of activity in
the ankle plantarflexors (gastrocnemius and soleesyeen heel-off (HO) and toe-off (TO), the
push-off or propulsive part of stance phase [1, 7].

Studies of downhill walking report simultaneous @ses in both the overall energetic cost of
walking and the propulsive energy supplied though ankle. Margaria’s [10] investigation of
02 consumption, recently duplicated and confirmgdviinetti et al. [11], demonstrated that the
metabolic cost of walking diminishes on small dowintlopes and is minimized on a downhill
slope of about 5.7°. Mitsui et al. [12] reportedvdadill walking on slopes between 0° and 26.5°
resulted in decreased EMG activity in gastrocnemwvhie the soleus showed relatively little
change. The observed a minimum in gastrocnemiu& Eletivity occurred on slopes of about
5.7°, the same slope corresponding to minimum etiergost of walking according to Margaria
and Minetti. The dynamics study of Kuster et a].rgported that ankle power maxima between
HO and TO have diminished magnitude for walking @ownhill slopes of about 10.7°,
indicating a decrease in energy supplied by théeashlkring push-off.

With this investigation, we sought to examine thepplsive power and energy of the ankle on a
range of downhill slopes. We hypothesized thatnii@mum ankle plantarflexor activity at 5.7°
would correspond to a minimum in energy suppliedthmy ankle during push-off on the same
slope.

Passive Ankle DynamicsThe second aim of this investigation was to stwdyether the
dynamics of the ankle could be effectively moddbgdan entirely passive joint, i.e. a pin joint
coupled with a revolute spring and damper.



The passive dynamics of the ankle have been clesized in stationary conditions when the

ankle is bearing no weight. Weiss et al. [13] meddhe ankle of reclined participants over the
full range of motion of the ankle, and reportedirsprand damper coefficients that were

relatively constant for mid-range motions. This maglicate that locomotion at self-selected

speeds can be modeled with a spring and a damgtemtiintain constant coefficients throughout
stance. Hansen et al. [14] investigated the dymamidhe ankle of the stance leg during level
walking. At self-selected walking speeds, they rgggbno net gain or loss of energy through the
ankle and concluded the overall stance phase dysashithe ankle are energetically passive and
could be modeled as a simple pin joint with a rat®lspring and damper. Palmer [8]

documented passive spring behavior during portafnthe stance phase of level walking from

heel-strike (HS) to foot-flat (FF) and from FF t@®HPalmer concluded that damper behavior is
negligible and spring behavior dominates these stages of stance. However, Palmer treated
the dynamics of each stage separately, did notaugassive model for push-off, and did not

consider slope walking.

We proposed a passive model for the ankle that taias constant spring and damper
coefficients throughout the stance phase and sowgbkplore how these parameters and the
accuracy the model vary with slope. We hypothesibed such a model would hold for level
walking but would lose accuracy on downhill slopes.

2 Methods

2.1 Human participants

Eight healthy men (age 22-27, mean mass 74.2+4.Mlegn height 178.5+4.7 cm) with no
known walking impairments participated in this stuBarticipants were carefully selected to be
of the same gender and similar body dimensionsrderoto minimize gait variation due to

gender, age, mass, and stature. Each subject Vi@ashed of the experimental protocol and
provided consent in compliance with the Universityllinois Institutional Review Board. Each

participant wore rigid bicycling shoes (U.S. siZe5l which was within half a size of the shoes
normally worn by each participant) that restrictté motion of the foot to that of a single
segment.

2.2 Experimental setup

A variable slope apparatus was constructed congisti three walking surfaces joined by hinges
(Fig. 1). All walking surfaces were painted withnstip paint. An AMTI force plate (model
02172; Advanced Medical Technology Inc., Watertowfd) was embedded in the center
section as shown in the figure. The section ofwhtkway where participants began walking was
mounted on four hydraulic jacks (model F-2365; HitpKansas City, MO). As the jacks were
raised, hinges between the sections allowed timergfaand ending sections to remain horizontal
while the center section assumed various angles (i Care was taken in the design and
construction of the walkway to minimize deflectiofithe walking surfaces.
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Fig 1: Ramp apparatus used to test participants.

Fig 2: Model of the foot and shank segments showiogy ankle angle theta(t)
was defined. The foot segment was modeled as agtedadefined by the LM

marker and the CAL and TO1 marker locations pregdb the bottom of the
shoe. The ankle angle theta(t) was defined as tigte abetween the shank
segment and the line perpendicular to the bottothefoot segment.

Six infrared cameras (model 460; Vicon Motion Sysdd_td., Oxford, UK) were placed around
the walkway to collect kinematic data. Kinemati@dorce data were both sampled at 100 Hz.
Markers were placed over the acromion, sacrum,balaterally over the anterior-superior iliac
spine, lateral epicondyle of the femur (LEF), aaigital malleolus (LM). Four additional markers
were placed on each shoe over the calcaneous (@Ad.)Lst metatarsal of each foot (TO1) as
shown in (Fig. 2).



2.3 Experimental protocol

Participants were allowed to walk around the latil timey felt comfortable walking in the rigid-
soled shoes. For each slope angle, the participmats instructed to walk the length of the
walkway at a self-selected pace. No mention wasenwddhe force plate in the ramp section of
the walkway, and participants were instructed toklgtraight ahead in order to prevent them
from biasing their gait based on its location. Asssful trial consisted of heel-strike (HS) and
toe-off (TO) of either foot completely within theobndaries of the force plate without the
contralateral foot contacting the force plate. I§ubject’s foot placement did not yield a step
entirely on the force plate, experimenters adjustieel subject's starting position until a
successful trial was achieved. The data from wessful trials were discarded. Participants
completed a minimum of two successful trials atheaogle of ramp inclination and were
provided breaks while the ramp angle was adjusted.

The angles of the ramp used in this study werecwlebased on the range of angles tested in
previous energetics studies of human slope walkimd) slope walking by bipedal robots whose
gait dynamics and energy requirements closely mthat of humans. Margaria [10] and Minetti
et al. [11] showed the energetic cost of human inglis minimized on downhill slopes of about
5°-6°; Misui et al. [12] reported minimal ankle piarflexor EMG activity on slopes in the same
range. In bipedal robotics, Goswami et al. [5] aramakita & Asano [15] demonstrated
minimal energy requirement for human-like gait dopss of 2°-4°. Therefore, the set of test
angles was selected with the most resolution iarge between 2° and 6°. In particular, the
participants walked on the ramp with angles of299,3°, 4°, 5° 6°, and 8° (approximately the
legal maximum angle of a wheelchair ramp [16])hattorder. The order was chosen to allow the
participants to acclimate to rigid-foot walking gentle slopes first before tackling the steeper
slopes.

2.4 Data analysis

Kinematic data were conditioned using a 2nd-orap-phase Butterworth lowpass filter with

10 Hz cutoff using MATLAB (version 6.5; The MathWksr;, Natick, MA). The marker locations

were projected onto the sagittal plane for analyfig. 2). Sagittal analysis was deemed
sufficient since 93% of the work done at the arddeng walking occurs in this plane [17]. The
ankle angle theta(t) was defined as shown in (E)g.in agreement with [18]. The angular
velocity thetadot(t) was computed using a numepj@raximation of the derivative, the change in
angle theta(t) divided by time between frames. Tway analysis of variance (ANOVA) was

performed to evaluate the statistical significantearticipant difference and slope variation on
all measures of power, energy, and passive modahysers.

For each subject and angle, measures from the wamessful trials were averaged. Exceptions
were made in two instances in which one of the esgful trials for a given angle produced

power and moment profiles starkly inconsistent wather data; in these instances, only data
from the error-free trial were considered. These &xceptions occurred in different participants

and on different angles, suggesting the errors were correlated and were therefore not

repeated.



Ankle EnergeticsThe ankle moment tau(t) was computed using thasored ground reaction
force, center of pressure, and the motion data imowom-up inverse dynamics procedure.
Mechanical power at the ankle was calculated usiregformula P(t) = tau(t)thetadot(t). To
compute the energy supplied or absorbed via thie goikt, we integrated the mechanical power
with respect to time

JoR ARy T
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where limits of integration t0, t1 were chosen bgdfic gait phases. For example, to compute
the energy during the propulsion, we integrateanfidO to toe-off TO; to compute the total
energy during stance, we integrated from heel-std to TO.

Passive Ankle Dynamicd o test our hypothesis that the behavior of angpand damper
effectively models the dynamics of the stance artkie following model of the ankle torque due
was used

Tea(t) = kpB(t) + kab(t) + ¢

where kp and kd represent the unknown spring amdpda coefficients respectively. In the
equation above, c is a constant offset term thatwads for the angle of spring relaxation as well
as minor offsets in marker placement that affe@ dalculation of the angle theta. These
parameters were estimated by fitting the model-ggad ankle torque profile tau_sd(t) to the
actual profile tau(t) using linear regression.

3 Results

Energetics A representative plot of ankle power against tduang the stance phase is provided
(Fig. 3). We identified four power maxima (idergdi by numerals I-1V) during stance phase,
averaged across participants for each angle, astteglthese against ramp angle (Fig. 4). The
greatest variation occurred in maximum I, the pomarimum during impact absorption, which
ranged from -56.8W on level ground to -148.9W on 8Ype significantly affected | (p <
0.0001), as well as 1l (p < 0.001), the local muim during dorsiflexion, and IV (p < 0.01), the
maximum during push-off.

Ankle power was integrated across the entire stapt@se (HS to TO) to compute the net
mechanical energy produced or absorbed at the @RiJe5). Net energy was closest to zero on
level ground, indicating very little net gain os®of energy through the ankle for level walking,
consistent with the analysis of [14]. Ramp angigniicantly affected net ankle energy (p <

0.00001), resulting in a monotonic decrease irenetgy as ramp angle increased.



Fig 3: Representative plot of ankle power versusetiduring the stance phase
(subject AM walking on 5° slope). The stance phasdivided into three stages:
impact absorption (plantarflexion) from HS to Flerslflexion from FF to HO,
and propulsion (plantarflexion) from HO to TO. Yars power maxima are
identified with numerals: I, minimum during impaabsorption; Il and lll, local
maximum and local minimum, respectively, during gitexion; and 1V,
maximum during propulsion.

Fig 4: Trends in various ankle power maxima (mearstandard deviation) as
ramp angle varies.
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Fig 5: Total mechanical energy of the ankle dustance versus ramp angle.



Fig 6: Trends in various measures of ankle eneggyaenp angle varies: energy
during impact absorption (from HS to FF), energyimy dorsiflexion (FF to HO),
and energy during propulsion (HO to TO).

Integrating power from HS to FF (impact absorptjdffj to HO (dorsiflexion), and HO to TO
(push-off), we computed energy during these difiestages of stance and observed trends as
ramp angle varied (Fig. 6). The greatest variatiocurred in dorsiflexion energy, which ranged
from -9.03J on level ground to -19.8J on 8°. Sleigeificantly affected dorsiflexion energy (p <
0.0001) as well as impact absorption energy (p08D. Push-off energy remained relatively
constant and was not significantly affected by slop

Passive Ankle Dynamic#\ representative plot of ankle torque versus tieing the stance
phase is shown (Fig. 7). Using linear regressiba,gassive model was fit to this data, and the
model torque has been overlaid for comparison. ukly¢ the efficacy of the passive spring-
damper model we computed the root-mean-square (RM&y during impact absorption,
dorsiflexion, push-off, as well as across all @ngte and compared these error measures with the
RMS ankle torque of the human participants (Fig. Bamp angle significantly affected the
RMS error of the model (p < 0.01).

Evolution of the passive parameters as slope vaeeehled monotonic trends in all parameters
(Fig. 9). The spring coefficient kp decreased ampraangle increased while the damping
coefficient kd and linear offset ¢ increased witbreasing ramp angle. Ramp angle significantly
affected all model parameters (p < 0.00001).



Fig 7: (a) Representative plot of ankle torque wemsme during the stance phase
(participant AM walking on 5° slope). The torquefde from the spring-damper
model is overlaid for comparison and error residsiahown in the lower plot. (b)
Residual error versus time during the stance phias&tyating the error is greatest
(model is least accurate) during absorption angydsion stages (i.e., from HS to
FF and from HO to TO).

Fig 8: RMS error of the passive ankle model veransp angle: (a) RMS error for
various stages during stance phase, (b) overall RivtSr for stance phase
compared with RMS ankle torque value.



Fig 9: Parameters of the passive model versus eamgie: (a) spring kp (b) damper kd (c)
linear offset c.

4 Discussion

Energetics The ankle power profiles for all participants weimilar to each other and were in
general agreement with other studies [1, 7, 17k Wonotonic decrease in net ankle energy
suggests the ankle is responsible for dissipatmeggy during slope walking. The energy being
removed from the gait is dissipated during theyestdges of stance, as evidenced by decreases
in both energy and power maxima during impact giigmn (HS to FF) and dorsiflexion (FF to
HO).

The results disproved our first hypothesis thatehergy supplied by the ankle during push-off
would demonstrate a local minimum on a slope ofualor°. Instead, our data showed a local
minimum in dorsiflexion energy at 6° while push-affiergy did not vary significantly with
changes in slope. This suggests that the redudtioplantarflexor activity that results in
minimum EMG activity on 5.7° may occur during tregleer stages in stance, while the activity
during push-off may remain constant. We note liea¢ Mitsui et al. [12] observed diminished
EMG activity at 5.7° only in the gastrocnemius, hihe activity of the soleus remained
relatively constant. Perhaps the constant actigitythe soleus is responsible for the steady
supply of energy during push-off, while the worktbé gastrocnemius is seen in other parts of
stance and accounts for the minimum in EMG actigmys.7°.



Passive Ankle Dynamic3he ankle torque profiles were relatively coraistamong the eight
participants and in general agreement with relatadies [1, 7, 17, 18]. Error between the model
and experimental torques was greatest during teerption and propulsion stages for all but two
of the angles tested. RMS error during dorsiflexias less than that of absorption for all angles
tested and less than that of propulsion for allesgxcept 0°and 2°. Overall stance phase RMS
error remained low for all angles, bounded belowri4and never surpassing 25% of the RMS
torque value.

Our second hypothesis predicted the passive mooigidibe effective on level ground but would
lose accuracy on downhill slopes. On the basif@frélatively low RMS error values we accept
the first part of the hypothesis, that the passivedel was effective on level ground. This
conclusion confirms those of Hansen et al. [14]wweer, we reject the second part of the
hypothesis, that the passive model would lose acguon downhill slopes. Measures of RMS
error during individual stages of stance as welloasrall RMS error demonstrated a local
minimum between 2°-4°, indicating the passive moda$ actually more accurate on those
slopes than on level ground.

All parameters of the passive model varied sigaiftty with ground slope, indicating that a
single spring and damper ankle will be insufficiéat effectively duplicating the behavior of the
ankle on a variety of walking slopes. Linear offpatrameter ¢ was nonzero on all slopes,
suggesting our specification of the line normatte bottom of the foot as the angle of spring
relaxation is incorrect. Moreover, the variationtloé parameter ¢ as slope changed implies the
angle of spring relaxation changes with walkingpslo

Values of spring parameter kp were one order of mtage greater than spring coefficients

reported by Weiss et al. [13] for mid-range motiarteen the ankle is bearing no weight but only
slightly larger than the coefficients reported kalrier [8] for the impact absorption phase alone
of level walking at self-selected speed. Valueshef damping parameter kd in our model were
more than one order of magnitude smaller than gabfethe spring parameter, implying that

damping at the ankle is negligible for walking etfselected speed on the range of angles
tested. This is consistent with the conclusionstbér studies [8, 13, 14].

Limitations In spite of the imposed restrictions on the massure, shoe size, and gender of
study participants, differences between participasignificantly influenced all measures of
power, energy, and passive model parameters (0G1). This suggests that the energetics and
passive dynamics of the ankle are particular taviddal morphological characteristics other
than the four we controlled.

The linear passive model we proposed and analyzedly one of many possible passive models
that could be tested. Indeed, there are a numbeomfnear passive models that could also be
proposed and studied. We note that the effectivenéur passive model in mimicking the

behavior of the human ankle does not indicate hihv@rpnonlinear passive models may behave.
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