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Abstract

Lower-limb amputation limits inherent motor abundance in the locomotor system and impairs walking mechanics. Able-
bodied walkers vary ankle torque to adjust step-to-step leg force production as measured by resultant ground reaction forces.
Simultaneously, knee torque covaries with ankle torque to act as a brake, resulting in consistent peak leg power output meas-
ured by external mechanical power generated on the center of mass. Our objective was to test how leg force control during
gait is affected by joint torque variance structure in the amputated limb. Within the framework of the uncontrolled manifold
analysis, we measured the Index of Motor Abundance (IMA) to quantify joint torque variance structure of amputated legs
and its effect on leg force, where IMA > 0 indicates a stabilizing structure. We further evaluated the extent to which IMA
in amputated legs used individual (INV) and coordinated (COV) joint control strategies. Amputated legs produced IMA
and INV values similar to intact legs, indicating that torque deviations of the prosthetic ankle can modulate leg force at the
end of stance phase. However, we observed much lower COV values in the amputated leg relative to intact legs indicating
that biological knee joint torque of the amputated leg does not covary with prosthetic ankle torque. This observation sug-
gests inter-joint coordination during gait is significantly limited as a result of transtibial amputation and may help explain
the higher rate of falls and impaired balance recovery in this population, pointing to a greater need to focus on inter-joint
coordination within the amputated limb.
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Introduction

Lower limb amputation dramatically alters leg morphology
and results in step length, stance duration, joint torque, and
leg force asymmetries (Winter and Sienko 1988; Hermodson
et al. 1994; Sanderson and Martin 1997; Donker and Beek
2002; Davies and Datta 2003; Nolan et al. 2003; Detrem-
bleur et al. 2005; Su et al. 2007; Kovac et al. 2009; Houdijk
et al. 2009; Sagawa et al. 2011; Czerniecki et al. 2012; Svo-
boda et al. 2012; Bonnet et al. 2014). While these kinematic
and kinetic differences have been well described, we lack
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a complete understanding of how the underlying neurome-
chanical control of gait may differ for individuals missing
important elements of the locomotor system. Lower limb
amputation eliminates active control in at least one joint
and extinguishes a wealth of sensory information, which
limits motor abundance and likely affects lower limb motor
control. Individuals with amputations are also more prone
to falls (Miller et al. 2001b, a; Curtze et al. 2010, 2012),
possibly because they are unable to respond to perturba-
tions as robustly as able-bodied individuals (Nederhand
et al. 2012; Wurdeman et al. 2013). Differences in locomo-
tor control could explain the increased fall rate of individuals
with amputation because it may illuminate differences in
limb control and response to small step-to-step variations.
Individuals with unilateral, transtibial amputation also can
serve as a model for understanding the role of the ankle—foot
complex in human walking. Insights from studying individ-
uals with amputation can provide information about how
the neuromuscular system responds to morphological con-
straint or injury (e.g. in response to orthosis wear, traumatic
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ankle injury, etc.), ultimately providing more information
to improve prosthetic and orthotic exoskeleton design and
enhance rehabilitation practices.

This work continues our investigations probing the role of
ankle and knee coordination in human walking. Previously,
we examined the functional contribution of joint torque
coordination to maintaining consistent leg power genera-
tion in able-bodied walkers (Toney and Chang 2016). Here
we refer to leg force as the force generated on the ground by
a single leg, which can be measured as the resultant ground
reaction force. Leg power refers to the external mechani-
cal power generated by a single leg and acting on the body
center of mass. We found that variable ankle torque timing
drives the step-to-step leg force adjustments that maintain
consistent peak leg power, while simultaneous ankle—knee
coupling provided an additional level of control to regulate
how these ankle torque deviations were translated up the
leg to affect center of mass dynamics. Variable ankle torque
timing was achieved with mostly passive structures. Con-
trolled timing of Achilles tendon recoil initiation may act
as a physiological motor to amplify power output. Coupled
knee torques enabled robust leg-level function by acting as
a physiological brake that refined and balanced the effect
of ankle torque timing variability on leg force application
and leg power output. Controlled ankle torque timing and
ankle—knee covariation therefore appear important for robust
control of propulsive leg power production in able-bodied
walking. In this study, we aim to determine the effect of
essentially eliminating active sensorimotor ankle control
and ankle—knee neuromechanical coupling while maintain-
ing passive ankle function by studying the motor control
of walkers with a transtibial amputation. This approach
allows us to gain insight into the role of ankle control and
ankle—knee coupling in whole leg function; and, how step-
to-step leg force control in walking is achieved differently
in amputated legs when compared to non-amputated legs.

We can test how joint torques combine to modulate leg
force by applying an uncontrolled manifold (UCM) analy-
sis to periodic walking behavior. The UCM analysis parti-
tions elemental variance into two orthogonal components
that contribute to either task stabilization or task modula-
tion (Scholz and Schoner 1999). By comparing the rela-
tive amounts of each component, we can determine how
elemental variables coordinate to affect the hypothesized
task variable. The UCM analysis is based on the principle of
motor abundance, meaning that human walkers have more
degrees of freedom than necessary to control identified task
variables (Bernstein 1967; Scholz and Schoner 1999; Latash
2012). Here, we investigated differences in how individuals
with a unilateral transtibial amputation would adjust avail-
able degrees of freedom of their biological and prosthetic
joint torques within the amputated leg to control this leg
force modulation.
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Individuals with a transtibial amputation functionally
lack the principal muscle group (triceps surae) that controls
ankle torque generation. Many individuals with transtibial
amputation instead rely on elastic storage and return (ESAR)
prosthetic devices that have less precise control and pro-
duce less power than biological ankles (Winter and Sienko
1988; Hermodson et al. 1994; Sanderson and Martin 1997,
Zmitrewicz et al. 2006; Su et al. 2007; Kovac et al. 2009;
Ventura et al. 2011). Compensation for motor control defi-
ciencies on their amputated side are likely accomplished
using either the contralateral sound limb, or more proximal
joints of the affected limb (Vrieling et al. 2007; Houdijk
et al. 2009; Gates et al. 2012a, b; Curtze et al. 2012). How-
ever, deafferentation and lack of proprioception is known to
inhibit inter-joint coordination in upper extremity reaching
(Ghez and Sainburg 1995; Sainburg et al. 1995), suggesting
individuals with a lower limb amputation may have similar
challenges. Despite obvious differences in magnitude, we
expected subjects with an amputation to generate consistent
peak leg power at the end of stance phase in both their sound
and prosthetic limbs (H1), as we have previously observed in
control subjects (Toney and Chang 2016). We expected that
amputated legs would modulate the trailing limb’s leg force
to achieve this consistent power output, but hypothesized
they would demonstrate less joint torque covariation across
their biological and prosthetic joints to achieve these forces
than either their contra-lateral sound leg or the legs of able-
bodied controls (H2).

Methods
Subject characteristics

Eight subjects with a unilateral transtibial amputation
(6 M/2F, mass: 80.4+16.9 kg, amputated leg length:
92.2+6.6 cm, sound leg length: 92.0+ 6.4 cm) and eight
healthy, gender-, mass- and leg-length-matched con-
trol subjects (6 M/2F, mass: 81.5 +14.1 kg, leg length:
91.8+4.7 cm) gave informed consent as approved by
the Georgia Institute of Technology Institutional Review
Board. Data collected from control subjects were previously
reported (Toney and Chang 2016) and are presented here
again for ease of comparison. Subjects with an amputation
were community ambulators (K3 and K4), able to walk for
at least 15 min continuously without assistance or an addi-
tional walking aid; wore their own custom-made, well-fitting
prosthesis; had an amputation due to trauma or congenital
deformity; and had no other known cardiovascular or neu-
rological pathologies. Average time from amputation was
11.9 +9.5 years with a range of 1 to 25 years since amputa-
tion. Subjects had an average 3.0 + 1.4 years of experience
with the prosthesis worn during testing and reported wearing
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their prosthesis an average of 15.4 +2.6 h per day. Six of the
eight subjects with amputation reported weekly exercise rou-
tines including running, cycling, and resistance training. All
subjects with an amputation wore their own prosthetic feet
while participating in our study. Subjects with an amputation
using SACH feet and/or powered ankles were specifically
excluded from this study in order to ensure a group of sub-
jects with an amputation who have as similar ankle function
to control subjects as possible without the uncertainty of an
externally powered device.

Data collection

Four subjects with an amputation completed a 6-min
walk test prior to data collection (distance walked:
519.3 m+70.3 m, ATS Statement: Guidelines for the 6-min
Walk Test). Four of the control subjects completed the 6-min
walk test of the same day as data collection, three completed
the test on a separate day during a return visit, and one did
not complete the test (distance walked: 660.2 +56.0 m). All
subjects were familiar with treadmill walking. Preferred
walking speed was determined by allowing subjects to walk
on a custom-built, side-by-side, dual-belt instrumented
treadmill at a variety of speeds, first decreasing then increas-
ing from their average speed determined from the 6-min
walk test, during which participants verbally indicated
whether they would prefer the speed to be faster, slower, or if
it was “just right.” Subjects who did not complete the 6-min
walk test before data collection began walking at a typically
comfortable walking speed, 1.3 m/s, when determining their
preferred walking speed. All participants walked for 2 min
at 75% of their preferred walking speed.

Ground reaction forces were collected independently for
each limb as subjects walked on the dual-belt instrumented
treadmill (Kram et al. 1998) with embedded force platforms
(1080 Hz, Advanced Mechanical Technology Incorporated,
Watertown, MA, USA). Simultaneous kinematics data
were captured using a six-camera motion analysis system
(120 Hz, VICON Motion Systems, Oxford, UK). Retrore-
flective markers were placed bilaterally on the anterior
superior iliac spine, posterior superior iliac spine, greater
trochanter, thigh segment, knee joint center, shank segment,
lateral malleolus, fifth metatarsal head on the lateral aspect
of the foot, and second metatarsophalangeal joint on the foot
dorsum. Identical marker sets were used for subjects with an
amputation and able-bodied subjects. Prosthetic leg foot and
ankle markers were placed as closely matched to the sound
leg as possible.

Data analysis

Marker and force data were filtered with a zero-phase lag
fourth-order Butterworth low-pass filter with a 10 Hz cut-off

frequency. Joint torques were calculated in the sagittal plane
using standard inverse dynamics calculations and estimated
segment inertial characteristics based on subject specific
anthropometrics (Winter 1980). Inertial characteristics of
the amputated leg and the prosthetic device were determined
with the same method used for intact limbs. Possible errors
introduced by using cadaveric rather than measured segmen-
tal inertial properties for the amputated leg and prosthetic
components likely has little effect on the calculated joint
torques during the stance phase of gait (Miller 1987; Winter
and Sienko 1988; Powers et al. 1998; Su et al. 2007; Gold-
berg et al. 2008; Nguyen and Reynolds 2014), which was
the focus of our study.

Individual leg power trajectories

Individual leg power is the external mechanical power from
the limb of interest acting on the body center of mass and
was calculated in the same way for all leg types (control,
sound, and amputated). Leg power was calculated as the
dot product of the resultant ground reaction force and the
body center of mass (COM) velocity (Eq. 1, Donelan et al.
2002a, b). The COM velocity was calculated as the inte-
gration of COM acceleration as calculated from the subject
mass and the net ground reaction force recorded from both
legs (2). The integration constants used were zero for the
vertical and medio-lateral components of COM velocity
and the set treadmill speed for the anterior—posterior COM
velocity component. To compare across subjects, leg power
was normalized by body weight and walking speed of each
individual.

pP= Fleg " Veom (1)

_ dr = Fnet
Veom = J Geomdt = f - dr 2)

Uncontrolled manifold (UCM) analysis

An uncontrolled manifold (UCM) analysis was performed
using custom Matlab code. Specific details of this approach
have been discussed previously (Yen et al. 2009; Yen and
Chang 2010; Toney and Chang 2013, 2016). For clarity, the
general approach is outlined here and the differences in how
the analysis was applied to the amputated legs are discussed
in detail.

To apply the UCM analysis, we must first establish a
mathematical relationship relating elemental variables to
the task variable. This mathematical relationship defines a
task specific Jacobian matrix (J) quantifying the effects of
small changes in the elemental variables on the hypothesized
task variable. The null space of J is therefore a linearized
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approximation of the task equivalent manifold, which con-
tains all combinations of elemental variables that yield the
same task variable. The measured elemental variance can
then be projected onto a two-dimensional space: one dimen-
sion parallel to the manifold, containing all elemental vari-
ance that has no effect on the task variable (goal equivalent
variance, Eq. 3) and one dimension that is orthogonal to the
manifold, containing all elemental variance that cause diver-
gence from the task variable (non-goal equivalent variance,
Eq. 4), where C is the statistically derived covariance matrix
for the elemental variables, n is the number of local degrees
of freedom (i.e. number of elemental variables), and d is the
number of global degrees of freedom (i.e. number of task
variables). The difference between these two components,
normalized by the total elemental variance (7otV, Eq. 6),
is called the index of motor abundance (IMA, Eq. 5) and
characterizes how the structure of elemental variance affects
task-level variance (Auyang et al. 2009; Yen et al. 2009; Yen
and Chang 2010; Toney and Chang 2013). An IMA of zero
indicates a randomly distributed variance structure. Positive
IMA values indicate that more of the elemental variance is
goal-equivalent, and the elemental variables non-randomly
combine to make the task variable more consistent with each
step cycle. Negative IMA values indicate that more of the
elemental variance is non-goal equivalent, and the elemental
variables tend to combine to modulate the task variable from
step-to-step. In this way the UCM analysis provides a win-
dow into how the nervous system regulates motor abundance
toward a particular functional outcome.

GEV — trace (null(J)" -dc -null(J)) 3
—

trace((] . JT)_1 -J- C-JT)

NGEV = €]
d
IMA — (GEV — NGEYV) 5)
TotV
TotV = trace(C) )
n

We used a dynamically consistent generalized inverse
of the kinematic Jacobian relating joint angles to end point
position to derive a Jacobian matrix (J) that can relate joint
torques to the resultant ground reaction force applied to the
ground, which we refer to as leg force (Khatib 1987; Yen
et al. 2009; Toney and Chang 2013). We used the same Jaco-
bian to relate joint torques to force in the amputated leg as
in the able-bodied and sound legs. In doing this, we assume
that the prosthetic ankle is a meaningful degree of freedom
in determining the leg force. While it cannot be directly
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actuated by muscle, controlling the way the prosthetic device
is loaded and deflected during single support phase of walk-
ing can indirectly modify prosthetic ankle torque output. For
this reason, we chose to include the prosthetic ankle in the
Jacobian and resulting UCM analysis as a first step to under-
standing how all contributing degrees of freedom influence
leg force output.

Components of covariation and individual joint
torque control contributing to leg force control

Joint torque variance structure can arise from two possible
sources: (i) individual joint torque control and/or (ii) covari-
ance across joints. We previously developed a method for
isolating the effects of these two variance sources by manip-
ulating the covariance matrix used to calculate GEV and
NGEV (Yen and Chang 2010). The diagonal components
of the covariance matrix (¢2, 67, o7, Eq. 7, where a=ankle,
k=Xknee, and h =hip) contain the variance of each joint rela-
tive to itself (individual variance), while the off-diagonal
elements describe inter-joint covariance, where a=ankle,
k=Xknee, and h=hip). We can isolate the effect of individual
joint torque variance on overall variance structure by setting
the off-diagonal covariance components of the covariance
matrix (C) to zero (C’, Eq. 8) then re-calculating GEV’,
NGEV’, and IMA’ using C’. The resulting IMA’ indicates
the influence of individual joint torque control on leg force
output with all influence of joint covariation removed, and
we call this new metric INV. All remaining variance struc-
ture is due to covariance between the joints, so we can cal-
culate the contribution of inter-joint covariation (COV) to
leg force output by subtracting INV from the original IMA
(Eq. 9).

2
O-a Ota Oha
— 2
C=|0ou 0, on )

2
Oan Okn O

0'3 00

C'=l0os 0 ®)
00 0'}21

COV = IMA — INV )

Ankle-knee statistical covariation

The contribution of each joint’s individual control and/or
coordination between two specific joints (e.g. ankle—knee
covariance, o, ) can be determined from the individual com-
ponents of the covariance matrix (C, Eq. 7). It is important
to note that these values of statistical covariance are different
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than the abundance metric COV (Eq. 9). The covariance
described here is the canonical statistically derived reli-
ance of one joint on another’s action, while COV is a met-
ric calculated from our UCM analysis that indicates how
much leg force control arises from this source of inter-joint
covariation.

Statistical analysis

All statistical test were conducted in SPSS software (IBM,
Armonk, NY). We used a 2-sided, paired ¢ test (¢ =0.05)
to test for differences in body mass between the two sub-
Jject groups. We ran a separate one-way repeated measures
ANOVA to test for differences in leg length, magnitude
of peak power, and timing of different events, respec-
tively. When the assumption of sphericity was not met, a
Greenhouse—Geisser correction was used. We used a 3 1
rmANOVA with leg type as the independent variable to test
for leg length differences across the amputated, sound, and
matched control leg. We also ran a 3 X 1 rmANOVA to test
for differences in peak leg power magnitude across the same
three leg types. To test for differences in the times of peak
leg power, minimum IMA, and minimum INV, werana3x 1
rmANOVA with time as the independent variable, which
was run separately for the sound and amputated legs.
Mean IMA trajectories across all subjects from both
groups were evaluated for significant differences from zero
using a two-tailed Student’s ¢ test (a =0.005, with a Bonfer-
roni correction for 100 comparisons). An IMA significantly
greater than zero indicates the local elemental variables
(joint-torques) were coordinated to generate the same leg
force trajectory, which we interpret as stabilization of a con-
trolled implicit neuromechanical goal of walking. In other
words, a positive IMA indicates that task-irrelevant devia-
tions were greater than task-relevant deviations, which is
consistent with a minimum intervention principle of motor
control (Todorov and Jordan 2002). An IMA significantly
less than zero indicates active modulation such that the
local variables combined to alter and produce a different
leg force trajectory with each successive step. These nega-
tive IMA values indicate that task-relevant deviations are
not restricted, but instead contribute directly to net-force
modulation on each step cycle. A negative IMA is, therefore,

interpreted to mean that leg force is not an implicit gait
goal, but is instead likely modulated to stabilize some other
parameter.

We evaluated the contribution of coordinated and indi-
vidual joint torque control strategies to leg force control
by testing the similarity of the COV and INV trajectories
to the IMA trajectory. Testing the similarity of trajectories
was accomplished by “fitting” each trajectory to the other
using the Matlab function “corrcoef.” The resulting R?
value indicates the amount of inter-subject IMA variance
that the COV or INV trajectory is able to explain (Bauman
and Chang 2013). In other words, larger R? values indicate a
better matching of the two trajectories and a greater amount
of inter-subject IMA variance can be explained by that par-
ticular source of elemental organization (i.e., COV or INV).

Results
Subject characteristics

Matched control subjects did not differ significantly from
subjects with an amputation in regards to weight (p =0.50)
or leg length (p=0.54), but subjects with an amputa-
tion demonstrated a significantly lower preferred walking
speed than control subjects (CON: 1.29 +0.10 m/s; AMP:
1.17+£0.09 m/s; p <0.05) (Table 1).

Joint torques and ground reaction forces

Individual joint torque and resultant ground reaction force
trajectories for the sound leg (Fig. 1) and amputated leg
(Fig. 2) are consistent with previous published data for sub-
jects with an amputation (Winter and Sienko 1988; Her-
modson et al. 1994; Kovac et al. 2009; Sagawa et al. 2011).

Leg power

Individual leg power profiles were similar to previously
published data (Donelan et al. 2002a, b). Peak leg power
was consistently generated for each leg type (control, sound,
and amputated), but amputated legs generated smaller peak
power magnitudes than either the sound or control legs.

Table 1 Subject characteristics

Control legs (n=28)

Sound legs (n=38) Prosthetic legs (n=38)

Leg length (cm) 91.5+4.9 92.0+6.4 92.2+6.6
Mass (kg) 81.5+14.1 80.4+16.9
Gender 6 M/2F 6 M/2F
Preferred walking speed 1.29+0.10 1.17+0.09%*
(m/s)

“Significant difference, paired  test, p <0.05
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Fig. 1 Representative subject sound leg force as measured by the
resultant ground reaction force (left panel) and corresponding joint
torques (right column). Gray lines represent leg force and joint torque
values for each individual step, while the thick black lines represent
the mean trajectory. Double support when the sound leg is leading

Paired times of the peak leg power and of a local minimum
in leg power variance were coincident for each respec-
tive leg in control (Fig. 3A), sound (Fig. 3B), and ampu-
tated legs (Fig. 3C). Control legs generated peak power at
58.5+1.2% of the gait cycle and a local variance minimum
at 58.4 £ 1.1% of the gait cycle, which were not signifi-
cantly different in their timing (paired ¢ test, p=0.35). In
the sound limb of subjects with an amputation, peak power
(60.0+ 1.3% gait cycle) occurred slightly later than the
local variance minimum (59.3 +0.9% gait cycle, p=0.02).
However, the average timing difference was 0.8 +0.7% of
the gait cycle, which equates to less than 10 ms, a timing
difference likely indistinguishable by the human nervous
system. The amputated legs did not have a difference in
timing (p > 0.05) between peak power (58.8 +1.7% gait
cycle) and the local variance minimum (58.8 +1.7% gait
cycle). A repeated measures ANOVA analysis of peak power
magnitudes revealed a significant main effect of leg type
(F=12.614, p=0.001). The magnitudes of peak power
in the prosthetic legs (0.12+0.3% BW*walking speed)
were significantly smaller than peak powers in either the
sound (0.16 +0.04% BW*walking speed; p=0.0124), or
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(1-17.5+1.3% gait cycle) and when the leg is trailing (50.8+3.0—
66.8 +£1.6% gait cycle) are bounded by the dashed vertical lines. Gait
cycles are defined from heel contact (0%) to ipsilateral heel contact
following swing phase (100%)

the control legs (0.19 +£0.02% BW*speed; p=0.002). The
sound and control leg peak power magnitudes were not sig-
nificantly different (p =0.189).

Inter-joint model for leg force control

We used a 3-DOF model to test whether each leg’s generated
force on the ground was stabilized by the inter-joint torque
variance structure. Amputated legs demonstrated similar
Index of Motor Abundance (IMA) as sound and control
legs at specific parts of the gait cycle. IMA values were sig-
nificantly greater than zero (IMA >0, p <0.005) for all leg
types (Control 1-15% gait cycle; Sound 1-6% and 9% gait
cycle; Amputated 1-9% gait cycle) when the leg of interest
was leading (Fig. 4A, C, E). Control legs demonstrated IMA
values significantly less than zero (IMA <0, p <0.005) once
during single leg stance (44% gait cycle) and during double
support when the leg trailed (59-61% gait cycle, Fig. 4A).
The sound limbs of subjects with an amputation demon-
strated IMA values significantly less than zero (IMA <0,
p <0.005) during the second double support period when the
sound leg was trailing (58-64% gait cycle, Fig. 4C). Similar
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Fig.2 Representative subject amputated leg force as measured by the
resultant ground reaction force (left panel) and corresponding joint
torques (right column). Convention is same as for Fig. 1. Gray dashed
lines represent leg force and joint torque values for each individual
step, while the thick black dashed lines represent the mean trajectory.

to control and sound limbs, amputated legs demonstrated
IMA values significantly less than zero (p <0.005) during
double support when the amputated leg trailed and was gen-
erating positive power (57-59% gait cycle, Fig. 4E). All leg
types (control, sound, and amputated) demonstrated nega-
tive IMA values at the same instant they generated peak leg
power (Fig. 4, black vertical arrows).

Contribution of individual and coordinated variance
structures on leg force control.

Both individual (INV, red line) and coordinated (COV, green
line) joint torque control contributed to leg force genera-
tion in the sound and amputated legs of subjects with an
amputation, but over shorter periods of the gait cycle when
compared to able-bodied subjects. Control subject leg forces
were influenced by using both individual (INV, red line)
and coordinated (COV, green line) joint torque strategies
(Fig. 4B). For control subject legs, INV was significantly
greater than zero (INV >0, p <0.005) when the leg lead
in double support (1-6% gait cycle), and was significantly
less than zero (INV <0, p <0.005) for 27% of the total gait
cycle during both single limb stance and the second double

40

% Gait Cycle

Double support when the amputated leg is leading (1-17.0+1.1%
gait cycle) and when the leg is trailing (51.5+1.3-65.4+1.8% gait
cycle) are bounded by the dashed vertical lines. Gait cycles are
defined from heel contact (0%) to ipsilateral heel contact following
swing phase (100%)

support period when the leg trailed (26-45% and 57-63%
gait cycle). Notably, the time of minimum INV occurred
at the same time as peak power generation (Toney and
Chang 2016, Fig. 4B, black arrow). In contrast, the COV
component of joint torque variance organization was signifi-
cantly greater than zero for 46% of the gait cycle (COV >0,
p<0.005, 9-12%, 14-41%, 51-64% gait cycle), acting to
stabilize leg force control throughout the majority of stance
phase. The sound leg of subjects with an amputation also
demonstrated significant contributions of INV and COV at
different points in the gait cycle (Fig. 4D). INV values were
significantly greater than zero (INV >0, p <0.005) when
the sound leg lead in the first double support period (1-6%
gait cycle), and was significantly less than zero (INV <0,
p <0.005) for 21% of the gait cycle during single limb stance
(24-37% gait cycle) and the second double support period
(58-64% gait cycle). The COV component of variance struc-
ture was significantly greater than zero (COV >0, p <0.005)
for 15% of the total gait cycle, generating a stabilizing effect
on leg force for less total time but at similar instances in
the gait cycle as control legs when the leg lead in double
support (9% gait cycle), single limb stance (32—40% and
50% gait cycle), and when the leg trailed in double support
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Fig.3 Mean and standard deviation of leg power as measured by
external mechanical power acting on the center of mass (black
lines) and variance of leg power (grey lines) for the control (A),
sound (B), and amputated (C) legs tested. Peak amputated leg
power (0.12+0.3% BW#*speed) is slightly smaller than the sound

(60-63% gait cycle). The most negative INV (and IMA)
value occurred at the same time as peak leg power in sound
limb of subjects with an amputation rmANOVA, p=0.393,
paired t-test INV&P), p=0.5490), similarly to what was
observed in the control legs. Similar to control and sound
legs, amputated legs demonstrated INV values significantly
greater than zero (INV >0, p <0.005) when the leg lead in
double support (2-7% gait cycle). However, amputated legs
demonstrated much shorter periods of negative INV and
positive COV contributions to leg force control throughout
the gait cycle (Fig. 4F). INV values were significantly less
than zero (INV <0, p <0.005) for only 4% of the gait cycle
when the amputated leg trailed in double support (57-60%
gait cycle), while COV was significantly greater than zero
(COV >0, p<0.005) for only 3% of the entire gait cycle
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leg (0.16+0.04) peak propulsive power (paired ¢ test, 1=2.4934,
p=0.0207, one-tailed alpha=0.05). However, both legs demonstrate
local minima of leg power variance when leg power is maximal (large
vertical arrow), indicating that peak leg power is consistently gener-
ated from one step to the next

just before amputated leg toe off (62-64% gait cycle). Like
control and sound legs, there was no significant difference in
the timing of the most negative INV (and IMA) values from
the instant of peak power production 'mANOVA, F=0.529,
p=0.513).

Similar to observations in control subjects (Toney and
Chang 2016), simple regression analysis showed that INV
contributed to the shape of the IMA trajectory more than
COV in both sound and amputated legs. Sound leg INV
accounted for 97% of the inter-subject residual variance in
the sound leg IMA trajectories (R>=0.97), while COV only
accounted for 26% of residual IMA variance in sound legs
(R*=0.26). Amputated leg INV accounted for 91% of inter-
subject IMA residual variance (R*=0.91), but COV only
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accounted for 20% of the residual inter-subject variance in
the IMA trajectories (R?=0.20).

Inter-joint torque covariance

Amputated legs demonstrated less ankle—knee statistical
covariance than able-bodied, control subjects throughout
the gait cycle. Components of the statistical covariance
matrix (C, Eq. 7) revealed ankle and knee joint covariance
was significantly greater than zero (p <0.005) in control legs
(Fig. 5, solid line) periodically throughout the gait cycle.
Positive covariance values indicate that the knee tends to
generate a flexion torque when the ankle generates an exten-
sion torque, reducing transmission of ankle torque devia-
tions up the leg and having a net stabilizing effect on leg
force (Toney and Chang 2016). Amputated legs exhibited
a similar mean trajectory to controls during push-off, how-
ever, they did not demonstrate any statistically significant
ankle—knee covariance in this period nor at any other point
in the gait cycle (Fig. 5, dashed line).

Discussion

We investigated the underlying motor control of walk-
ing with an amputation by using a modified uncontrolled
manifold (UCM) analysis to quantify joint torque variance
structure as it relates to generating leg forces on the ground.
Subjects with amputation were able to vary ankle torque
on their prosthetic ankles to modulate changes in leg force
as well as biological ankle joints. In contrast, subjects with
amputation were unable to coordinate their biological knee
joint torque with joint torque variations in the prosthetic
ankle as observed in intact legs.

Subjects with an amputation maintain consistent
trailing leg peak power

Subjects with an amputation appear able to generate consist-
ent, albeit smaller, peak leg power values similarly to control
legs despite lacking direct ankle torque control. Peak leg
power occurred at the same time in the gait cycle as a local
minimum in leg power variance for each leg type (Fig. 3).
These results indicate that, regardless of leg type, leg power
was produced more consistently at its peak than at any other
surrounding instant in the leg power trajectory. This find-
ing further suggests that peak leg powers were consistently
generated during each step.

Subjects with an amputation generate leg forces
similarly to able-bodied subjects

In leading limbs, leg forces were stabilized (IMA > 0) during
the double support period in all leg types (Fig. 4). Subjects
with an amputation structure their joint torque variance in
both their sound and amputated legs similarly to control legs
when the leg leads, suggesting that the consistency of leg
forces generated during weight acceptance are not affected
by a lack of direct ankle torque control. When the leg is trail-
ing in double support and generating push off forces, how-
ever, leg forces were modulated by the joint torque variance
from step-to-step (IMA <0) in each leg type (Fig. 4). This
result shows that, like intact legs, subjects with an amputa-
tion modulate their amputated leg forces at the point in the
gait cycle when leg power generation was maximal and also
highly consistent across cycles. We previously showed that
control subjects stabilize trailing leg peak power through
modulation of trailing leg force trajectories with each step
(Toney and Chang 2016). Individuals with an amputation
also appear able to modulate amputated leg force trajec-
tories to stabilize leg power, despite relying on a passive
ankle—foot mechanism to generate leg force and power via
elastic energy storage and return. Any locomotor control
differences resulting from use of a prosthetic ankle—foot
device do not appear to affect the consistency of the leg
forces generated by our subjects with unilateral, transtibial
amputations. It is worth noting that we specifically recruited
participants who were very familiar and skilled with walk-
ing using their prescribed prosthetic device. The similar leg
force control we observe here may result from the consider-
able experience and training our participants possess. Indi-
viduals with more recent amputations might demonstrate
notable differences in leg force control, which may later
adapt to more closely resemble the control patterns observed
here with training and rehabilitation. In fact, if individuals
with new amputations are indeed deficient, achieving leg
force modulation for consistent leg power generation might
be a useful rehabilitation goal to monitor and target as a
metric for improvement.

Amputated legs demonstrate fewer
periods of structured joint torque variance
throughout the gait cycle

While subjects with an amputation can generate leg force
trajectories similar to control subjects, how joint torques
were combined to generate these leg force trajectories was
different in the amputated legs compared to either the con-
tralateral sound or intact control legs. In terms of affect-
ing leg force consistency, individual joint torque variance
structure (INV) contributed the most to total joint torque
variance structure (IMA) in all leg types, but the proportion
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of the gait cycle when INV contributed was smaller in ampu-
tated legs as compared to either the sound or control legs
(Fig. 4). While the control and sound limbs combined the
effects of individual (INV) with coordinated (COV) joint
torque control throughout the gait cycle, the amputated legs
demonstrated significant contributions from only INV and
only over very limited instances within the gait cycle. INV
effects were present during weight acceptance and at push
off portions of stance phase, when leg forces likely have the
most influence on center of mass and whole-body dynamics.

@ Springer

Leg mechanics during weight acceptance are largely pas-
sive, determined by the preceding step’s dynamics and lead
leg posture, so the leading leg forces are likely generated as
consistently as possible by stabilizing leg orientation and
trailing leg power (Kuo et al. 2005; Toney and Chang 2013).
Prosthetic ankle torque deviations are, therefore, unlikely
to substantially affect leg force output when the leg is lead-
ing. During push off in the second double support period,
however, ankle torques have the greatest influence on the leg
force trajectory (Toney and Chang 2016, Fig. 3). We have
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«Fig. 4 Joint torque variance structures for control (A, B), sound (C,
D) and amputated (E, F) legs throughout the gait cycle. Mean and
standard deviation of the Index of Motor Abundance (left column)
demonstrates whether joint torques combine to stabilize (IMA >0)
or modulate (IMA <0) leg force. The components of variance struc-
ture (right column) indicate to what degree the ankle, knee, and hip
joint torques use a coordination strategy (COV, green) or individual
joint control strategy (INV, red) to result in the overall IMA variance
structure (IMA =COV +1INV). A) Control subjects stabilize leg force
(IMA >0, p<0.005) during double support when the leg is lead-
ing (1-15.9+1.4% of gait cycle) and modulate leg force (IMA <0,
p<0.005) from step-to-step when the leg generates maximal power
when trailing in double support (51.1+0.8%-64.9+1.1% gait cycle).
B The individual joint control strategy (INV) has a large influence
over IMA values, despite the interjoint coordination strategy acting
mainly to stabilize leg force (COV >0, p<0.005) throughout most
of the gait cycle. C, D) The sound limb of subjects with an ampu-
tation behave similarly to those of the control subjects. Leg force
stabilization (IMA >0, p<0.005) when leading in double support
(1-16.1 +£1.3%) and modulation (IMA <0, p <0.005) when trailing in
double support (51.3+1.5%-67.0+1.1%) arise primarily from indi-
vidual joint torque control (INV). Covariation between joints (COV,
green) does not have as persistent an effect in the sound limb of sub-
jects with an amputation as compared to controls. E The amputated
legs of the subjects with an amputation demonstrate similar overall
IMA structure as control and sound limbs. Ankle, knee, and hip joint
torques combine to stabilize leg force (IMA >0, p <0.005) when the
leg is leading in double support (1-17.8 +£1.6%) and modulate leg
force IMA <0, p<0.005) when the leg is trailing in double support
(50.4+1.5%-64.8 +1.9%). Subjects with an amputation appear capa-
ble of maintaining IMA values similar to intact limbs despite inher-
ent morphological differences. F Amputated legs demonstrate similar
amounts of individual joint variance structure (INV, red), which con-
tribute to leg force control. However, amputated legs demonstrate no
meaningful COV contribution to leg force control. The small amount
of COV at the end of stance occurs immediately before liftoff, when
leg force is small and has little influence on center of mass mechan-
ics. This pattern may reflect coordination between joint angles to con-
trol leg orientation at liftoff, rather than leg force. Overall, subjects
with an amputation appear able to control their amputated leg forces
similarly to sound limbs through use of only the individual joint con-
trol strategy, but are unable to utilize a joint covariation strategy as
observed in intact legs

previously postulated that control subjects modulate ankle
torque timing by actively altering when Achilles tendon elas-
tic recoil is initiated (Toney and Chang 2016). Individuals
with an amputation do not have a functioning Achilles ten-
don in their amputated leg and must instead rely on elastic
recoil from their manufactured passive ankle—foot system to
modulate leg forces when the limb is trailing at the end of
stance phase. The power generated by ESAR feet is a func-
tion of the toe lever deflection (e.g. prosthetic ankle angular
displacement) achieved before push off (Ventura et al. 2011).
Individuals with lower limb amputations must, therefore,
somehow control how their passive device is being loaded
and/or unloaded in order to initiate the elastic recoil and
modulate ensuing leg forces at the end of stance phase. The
specific mechanism walkers with amputations use to regulate
passive prosthetic ankle torque remains unclear, but could
involve monitoring and correcting of distal socket kinetics

(Childers et al. 2014), shank segment inclination angle,
included knee joint angle, and/or leg orientation angle. Iden-
tifying the specific method of control used by individuals
with amputations requires additional investigation. The work
presented here demonstrates that prosthetic feet appear able
to mimic intact ankle function well with regard to the abil-
ity to modulate consistent leg forces over successive steps.
This finding supports the idea that although activation of the
triceps surae muscle group is required in late stance, ankle
joint modulation of leg force in able-bodied, control subjects
may be achieved through the active regulation of passive
structures such as the Achilles tendon (Ishikawa et al. 2005;
Farris and Sawicki 2012; Cronin et al. 2013; Zelik et al.
2014).

While ankle torque modulation may result from a pas-
sive mechanism, the effects of ankle torque deviations are
mediated through mechanical and/or neural coupling with
more proximal joints. Control subjects covary ankle and
knee torques (Fig. 5), presumably to adjust the amount of
ankle torque deviation translated along the leg to influence
center-of-mass whole-body dynamics (Toney and Chang
2013, 2016). Subjects with an amputation lack significant
COV throughout the gait cycle on their amputated leg
(Fig. 4). Specifically, they lack significant ankle—knee sta-
tistical covariance, especially during single support when
inter-joint covariation contributes to leg force consistency on
their contralateral leg and in control subjects (i.e., COV >0,
Fig. 5). Statistical covariance between the prosthetic ankle
and the residual biological knee was also limited compared
to control legs. The lack of significant ankle—knee covari-
ance in subjects with an amputation suggests that the knee
joint is mechanically and/or neurally coupled to ankle func-
tion in able-bodied subjects. Reduced ankle—knee covariance
indicates that the biological knee does not respond to passive
prosthetic foot—ankle torque deviations in the same way that
biological ankle and knee torque deviations covary in con-
trol subjects. In other words, prosthetic ankle plantar-flexion
torque deviations are not counterbalanced by a knee flexion
torque as Toney and Chang (2016) observed in able-bodied
subjects. Increasing the magnitude of sensory signals via
vibratory stimulation under the prosthetic foot can improve
feedforward, open-loop postural responses, suggesting that
sensory feedback from distal structures play an important
role in movement coordination (Rusaw et al. 2012). Some
biarticular ankle plantar-flexor muscles (i.e., gastrocnemius
muscle) are mechanically coupled to also cause knee flexion
and provide inter-joint stability in intact legs (Nichols 1999).
Following a transtibial amputation, however, triceps surae
activation is unable to generate ankle plantar-flexion. In this
way, the neuro-mechanical ankle—knee joint coupling typical
in a biologically intact leg no longer exists. Recent robotic
prosthetic and exoskeletal ankle—foot systems have incorpo-
rated the concept of an artificial biarticular gastrocnemius
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Fig.5 Mean and standard deviations of statistical covariance (as
taken from the covariance matrix, C, from Eq. 7) between ankle and
knee torques in control (solid) and amputated (dashed) legs. Control
subjects (CON) demonstrate significantly positive ankle—knee covari-
ation (p <0.005) throughout the gait cycle, while the amputated legs
of the subjects with an amputation do not demonstrate any significant
covariance. *Indicates p <0.05 for the control subjects only

muscle to leverage the importance of ankle—knee coupling
(Eilenberg et al. 2018; Malcolm et al. 2018). The energetic
benefits of an artificial gastrocnemius were observed in both
systems. Malcolm and colleagues also observed a more
normal ankle-knee joint coordination when an exoskeleton
included an artificial biarticular muscle, however, its effects
on leg force control remain unknown. Regardless of the
mechanics underlying this deficit, subjects with an amputa-
tion do not appear to actively or passively covary knee and
ankle torque deviations on their amputated leg. Individuals
with amputations are, therefore, less able to appropriately
respond to unexpected prosthetic ankle torque deviations
with their biological joints resulting in less robust leg force
control. This limitation could possibly explain why reduced
stability and increased fall risk is observed in walkers with
amputations (Miller et al. 2001b, a; Curtze et al. 2010,
2012), however, further investigation is necessary.

A potential limitation of this work is that all subjects
walked on a treadmill at their own preferred walking speed.
Subjects with an amputation exhibited a small but significant
difference of 0.12 m/s in preferred walking speed compared
to their matched controls (Table 1), which may have had an
unintended effect on measured biomechanical parameters.
In a review and meta-analysis on the effect of walking speed
on gait biomechanics, Fukuchi et al. (2019), showed sig-
nificant effects when adults walk at speeds slower or faster
than their comfortable range of walking speeds. All subjects
from both groups in this study walked within the comfort-
able range as defined for both young and older adults (2019).
Therefore, we expect any differences due to gait speed to
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have minimal effect on our general conclusions about control
strategy. Moreover, studying variance in walking parameters
may seem counterintuitive since average walking speed is
artificially constrained on a treadmill. However, the use of a
treadmill is actually a strength rather than a limitation in this
regard as it provided a controlled walking environment to
test how joint variance is structured relative to specific limb-
level task goals within the framework of the UCM analysis.
The UCM analysis relies on the presence of small cycle-to-
cycle deviations over many repeated step cycles. Collect-
ing data from a treadmill allowed us to collect numerous
step cycles that were similar in trajectory, but still contained
enough variability to accurately quantify the joint torque
variance structure in relation to the hypothesized task vari-
able leg force. Finally, we limited our study to subjects using
an ESAR prosthetic foot, which is a popularly prescribed
passive prosthesis for persons with amputation who maintain
active lifestyles. It is possible that an actively powered pros-
thesis or a passive one without dynamic response capability
could lead to different results. This area would be important
for further study using the current findings as a baseline to
understand the locomotor coordination strategies used for
hybrid control of biological and prosthetic joints.

Conclusion

In this study, we applied a modified uncontrolled manifold
(UCM) analysis to steady-state walking of subjects with a
lower limb amputation to test how the locomotor system
responds to a morphological constraint. Our results show
that, despite loss of ankle sensorimotor function, subjects
with an amputation maintain step-to-step consistency in
whole-body dynamics and leg power production during
steady-state walking. However, joint torque covariation
was significantly affected by loss of sensory feedback and
active motor control from the lower limb amputation. While
subjects with an amputation were able to utilize the pas-
sive properties of their prosthetic device to modulate leg
force, they do not use covariation between their biological
knee and prosthetic ankle as subjects with intact legs do to
control force. Metaphorically speaking, this control strategy
could be compared to controlling the speed of an automo-
bile with an accelerator, but without brakes to temper any
unexpected variability in acceleration. The lack of inter-joint
covariation limits robust control of leg force and may help
to explain why individuals with amputations are more prone
to falls or other detrimental gait-related events. Rehabilita-
tion practices and prosthetic design may benefit from addi-
tional attention to coordinated function of the ankle and knee
during gait. Training impaired individuals to utilize their
inherent motor abundance would also enable more flexible
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responses to unexpected perturbations and could aid adapta-
tion and long-term motor learning.
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