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ARTICLE INFO ABSTRACT

Background: Post-stroke subjects with hemiparesis typically utilize a reduced number of modules or
co-excited muscles compared to non-impaired controls, with at least one module resembling the merging
of two or more non-impaired modules. In non-impaired walking, each module has distinct contributions to
important biomechanical functions, and thus different merged module combinations post-stroke may result
in different functional consequences.

Methods: Three-dimensional forward dynamics simulations were developed for non-impaired controls and
two groups of post-stroke hemiparetic subjects with different merged module combinations to analyze
how paretic leg muscle contributions to body support, forward propulsion, mediolateral control and leg
swing are altered.

Findings: The potential of the plantarflexors to generate propulsion was impaired in both hemiparetic groups
while the remaining functional consequences differed depending on which modules were merged. Paretic leg
swing was impaired during pre-swing when Modules 1 (hip abductors and knee extensors during early
stance), and 2 (plantarflexors during late stance) were merged and during late swing when Modules 1 and
4 (hamstrings during late swing into early stance) were merged. When Modules 1 and 4 were merged,
body support during early stance was also impaired.

Interpretation: These results suggest that improving plantarflexor ability to generate propulsion is critical
during rehabilitation regardless of module composition. If Modules 1 and 2 are merged, then rehabilitation
should also focus on improving paretic leg pre-swing whereas if Modules 1 and 4 are merged, then rehabil-
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itation should also focus on improving early stance body support and late paretic leg swing.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Stroke is a leading cause of long-term disability in the United
States that often leaves survivors with various levels of hemiparesis
affecting their mobility. These individuals typically walk at slower
speeds (e.g., Perry et al., 1995) due to impaired muscle coordination
(Den Otter et al., 2007; Turns et al., 2007). However, the type of coor-
dination impairment varies among individuals (e.g., De Quervain et al.,
1996; Knutsson and Richards, 1979). Recent studies have suggested
that complex muscle activity during walking may be generated using
a reduced neural control strategy organized around the co-excitation
of multiple muscles, or modules (e.g., Cappellini et al., 2006; Clark et
al., 2010; Ivanenko et al.,, 2004). Furthermore, the coordination impair-
ments observed in post-stroke hemiparetic subjects manifest in dif-
ferent modular patterns (Clark et al, 2010). Recent studies have
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proposed analyzing modules as a promising technique to identify and
monitor muscle coordination impairments and their influence on loco-
motor performance (Clark et al., 2010; Safavynia et al., 2011).

Four modules have previously been identified in non-impaired
walking (Clark et al., 2010) and each was found to have distinct contri-
butions to important biomechanical functions (e.g., body support, for-
ward propulsion, mediolateral control and leg swing; Allen and
Neptune, 2012; Neptune et al., 2009). Module 1 (early stance module
with hip abductor and knee extensor activity) and Module 2 (late
stance module with plantarflexor activity) provide body support dur-
ing early and late stance, respectively. These two modules, combined
with Module 4 (late swing into early stance module composed of ham-
strings activity), function synergistically to control both forward pro-
pulsion and mediolateral ground reaction forces. Modules 3 (early
swing module with dorsiflexor and biarticular knee extensor activity)
and 4 are both important for controlling ipsilateral leg swing, while
Modules 1 and 4 are both important for controlling contralateral leg
swing. Since these four modules synergistically control important bio-
mechanical functions during non-impaired walking, altered module
compositions post-stroke may adversely affect walking performance.
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Studies have shown that instead of independently activating the
same four modules found during non-impaired walking, post-stroke
hemiparetic subjects often utilize a reduced number of modules, with
at least one of the modules resembling the merging of multiple
non-impaired modules (Clark et al., 2010). As the number of indepen-
dently activated modules decreases, walking performance (e.g., self-
selected walking speed, bilateral symmetry, etc.) also decreases
(Bowden et al., 2010; Clark et al., 2010). A consequence of merged mod-
ules may be a reduced ability to successfully generate each biomechan-
ical function, resulting in poor walking performance. Which specific
functions are affected likely depends on which modules are merged.
For example, within those subjects who could independently activate
three modules, two common types of module compositions were
found (Clark et al.,, 2010). One type merged Modules 1 and 2 such that
the proximal extensors and plantarflexors were co-activated through-
out stance. A second type merged Modules 1 and 4 such that the prox-
imal extensors and hamstrings were co-activated from swing into late
stance.

It is likely that subjects with these two common types of module
compositions would have different neuromotor impairments and
benefit from different rehabilitation strategies. Therefore, the purpose
of this study was to develop muscle-actuated forward dynamics sim-
ulations of walking for non-impaired control subjects and two groups
of hemiparetic subjects in which two different sets of non-impaired
modules are merged (Group A: merged Modules 1 and 2; Group B:
merged Modules 1 and 4) in order to identify the potential influence
of these two common types of merged modules on post-stroke
hemiparetic walking performance (as measured by contributions to
specific biomechanical functions during walking). Identifying the re-
lationship between these two module compositions and biomechan-
ical functions during walking can provide evidence-based rationale
for rehabilitation programs designed to target the deficits associated
with these specific module compositions.

2. Methods
2.1. Experimental data

Kinematic, GRF and EMG data were collected from 14 healthy con-
trols walking at 1.2 m/s (age: mean = 63.1 years, SD = 9.1 years;
gender: 2 male, 12 female) and 11 chronic post-stroke hemiparetic sub-
jects walking at their self-selected speed (speed: mean = 0.54 m/s,
SD = 0.22 m/s; age: mean = 62.2 years, SD = 11.7 years; gender: 7
male, 4 female; 6 right side hemiparesis; years post-stroke: mean =
3.5, SD = 2.7). The hemiparetic data were a subset from Clark et al.
(2010) (i.e., those that fell into Group A or Group B). All subjects signed
an institutionally approved informed consent and protocol. 3D
body-segment kinematics were collected at 100 Hz and GRF and EMG
data were collected at 2000 Hz using Vicon Workstation v4.5 software
while subjects walked for 30 s on an ADAL split-belt treadmill
(Techmachine). Kinematic and GRF data were low-pass filtered with a
fourth-order Butterworth filter with a cutoff frequency of 6 Hz and
20 Hz, respectively. EMG signals were high-pass filtered with a
fourth-order Butterworth filter (40 Hz), demeaned, rectified and low-
pass filtered with a fourth-order Butterworth filter (4 Hz). All EMG,
GRF and kinematic data were time normalized to 100% of the paretic/
left gait cycle. Using non-negative matrix factorization (NNMF, Clark
etal,, 2010), modules were identified from EMG data collected using bi-
polar Ag-AgCL surface electrodes from the tibialis anterior, soleus, me-
dial gastrocnemius, vastus medialis, rectus femoris, medial hamstrings,
lateral hamstrings and gluteus medius of each leg using a telemetered
EMG acquisition system (Konigsberg Instruments).

Walking trials of a representative subject from each hemiparetic
group were selected for the simulation analysis based on similar
walking speeds and minimum difference between kinematics and
GRFs compared to their group average data (see Supplementary

Appendix A). The individual gait cycle for each subject with the min-
imum difference in kinematics and GRFs compared to that subject’s av-
erage data was then used for the hemiparetic simulation tracking.
Group averaged data was used for control simulation tracking.

2.2. Musculoskeletal model

A previously described 3D musculoskeletal model (Allen and
Neptune, 2012) with 23 degrees-of-freedom was developed using
SIMM/Dynamics Pipeline (Musculographics, Inc.) and included
rigid segments representing the trunk, pelvis and two legs (thigh,
shank, talus, calcaneus and toes). The pelvis had six degrees-
of-freedom (3 translations, 3 rotations) with the trunk and hip joints
modeled using spherical joints. The knee, ankle, subtalar and
metatarsophalangeal joints were modeled as single degree-of-
freedom revolute joints. Foot-ground contact forces were modeled
with 31 independent visco-elastic elements attached to each foot
(Neptune et al., 2000). Passive torques representing forces applied
by ligaments, passive tissue and joint structures were applied at
each joint (Anderson, 1999). The dynamical equations-of-motion
were generated using SD/FAST (PTC).

The model was driven by the same 38 Hill-type musculotendon actu-
ators per leg as in Allen and Neptune (2012), but the control scheme used
to drive each actuator differed. The control scheme used in the current
study is as follows. Modular excitation patterns identified through
NNMF were used as excitation inputs to the corresponding muscles
(Table 1). Muscles without recorded EMGs but with similar anatomical
arrangement, biomechanical function and/or EMG activity were included
in these modules (see Supplementary Appendix B). Muscles within each
module received the same excitation pattern and timing, but the mag-
nitude was allowed to vary between muscles. Three and four modules
were used to control a subset of muscles in the hemiparetic and control
simulations, respectively. All other muscles (Table 1) were driven using
individual bimodal patterns (Hall et al., 2011). Muscle contraction dy-
namics were governed by Hill-type muscle properties (Zajac, 1989)
and the activation dynamics were modeled by a first-order differential
equation (Raasch et al., 1997). Polynomial equations were used to esti-
mate musculotendon lengths and moment arms (Menegaldo et al.,
2004).

2.3. Dynamic optimization

Three forward dynamics simulations of 115% of a gait cycle (starting
at 15% of the gait cycle prior to paretic/left leg heel-strike) were gener-
ated for the (1) non-impaired control group with four independent
modules, (2) hemiparetic group A with non-impaired Modules 1 and
2 merged, and (3) hemiparetic group B with non-impaired Modules 1
and 4 merged. A simulated annealing algorithm (Goffe et al., 1994)
fine-tuned the muscle excitation patterns and initial joint velocities
such that the difference between the simulated and experimentally
measured kinematics and GRF walking data were minimized. Quanti-
ties included in the cost function were differences in the pelvis transla-
tions, trunk, pelvis, hip, knee and ankle joint angles and GRFs. Total
muscle stress (muscle force/cross-sectional area of muscle) was also in-
cluded in the cost function to minimize unnecessary co-contraction.
Each bimodal excitation pattern had six optimization parameters
(onset, offset and magnitude for the two modes) and each module pat-
tern had two optimization parameters for timing (onset, offset) and a
magnitude parameter for each muscle within the module. To improve
the tracking optimization convergence, tracking torques were applied
at each joint to drive them towards desired experimental kinematics
using proportional control (Allen and Neptune, 2012) and were includ-
ed in the cost function to minimize their magnitudes. The tracking dif-
ferences, muscle stress and tracking torques were initially weighted
equally in the cost function.
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Table 1

The 38 individual muscles per leg were combined into 34 groups based on anatomical
function. The excitation pattern for each muscle group was either based on experimen-
tally derived modules or defined by a bimodal pattern (Hall et al., 2011). The control
group had four modules (C1-C4) which were used to control the muscles on both
legs. Each of the hemiparetic groups had three modules (A1-A3, B1-B3) that controlled
the paretic leg muscles while the nonparetic leg muscles were controlled using bimod-
al patterns. All muscles within a module received the same timing but the magnitude
was allowed to vary.

Excitation pattern type

Muscle name Muscle group Control Group A Group B
Iliacus IL Bimodal Bimodal Bimodal
Psoas IL

Adductor longus AL Bimodal Bimodal Bimodal
Adductor brevis AB Bimodal Bimodal Bimodal
Pectineus PECT Bimodal Bimodal Bimodal
Quadratus femoris QF Bimodal Bimodal Bimodal
Superior adductor magnus AM

Middle adductor magnus AM Bimodal Bimodal Bimodal
Inferior adductor magnus AM

Sartorius SAR Bimodal Bimodal Bimodal
Rectus femoris RF C1,C3 Al, A2 B2, B3
Vastus medialis MVAS C1 Al B3
Vastus lateralis LVAS C1 Al B3
Vastus intermedius LVAS

Anterior gluteus medius GMED1 C1 Al B1,B3
Middle gluteus medius GMED2 C1 Al B1,B3
Posterior gluteus medius GMED3 Cc1 Al B1,B3
Piriformus PIRI Bimodal Bimodal Bimodal
Gemellus GEM Bimodal Bimodal Bimodal
Anterior gluteus minimus GMIN1 Cc1 Al B1,B3
Middle gluteus minimus GMIN2 C1 Al B1,B3
Posterior gluteus minimus GMIN3 C1 Al B1,B3
Tensor fascia lata TFL Bimodal Bimodal Bimodal
Anterior gluteus maximus GMAX1 C1 Al B1,B3
Middle gluteus maximus GMAX2 C1 Al B1,B3
Posterior gluteus maximus GMAX3 C1 Al B1,B3
Semitendinosus SM c4 A3 B1,B3
Semimembranosus ST C4 A3 B1,B3
Gracilis GRAC Cc4 A3 B1,B3
Biceps femoris long head BFLH C4 A3 B1,B3
Biceps femoris short head BFSH C4 A3 B1,B3
Medial gastrocnemius MGAS C2 Al B1
Lateral gastrocnemius LGAS C2 Al B1
Soleus SOL c2 Al B1
Tibialis posterior TP C2 Bimodal Bimodal
Flexor digitorum longus FD c2 Bimodal Bimodal
Tibialis anterior TA c3 A2 B2
Extensor digitorum longus ED c3 Bimodal Bimodal

2.4. Simulation analyses

Analyses were performed on each simulation for a full gait cycle
starting at paretic/left leg heel-strike. The influence of each module
was assessed by quantifying the potential of muscles within that
module to contribute to forward propulsion (anterior-posterior, AP,
GRF), body support (vertical GRF), mediolateral control (ML GRF)
and leg swing (average power delivered to the leg during pre-swing
and swing) using a perturbation analysis, similar to previously de-
scribed GRF decomposition and body segmental power analyses
(Neptune et al., 2004). First, the total GRF and segmental powers
were calculated at time step i. Then, at time step i-1, the muscle
force of interest was perturbed 1 N and the GRFs and segmental pow-
ers were recomputed. That muscle's per unit force contributions to
the GRFs and segmental powers were approximated by the difference
between the unperturbed and perturbed values. The process was
then repeated for each muscle. These per unit force contributions
were then scaled by each muscle's respective experimentally mea-
sured module timing pattern to give the potential of a muscle to con-
tribute to each biomechanical function over the gait cycle.

3. Results

Each simulation emulated well the tracking data with average kine-
matic and GRF deviations of 4.6° (experimental SD = 6.2°) and 4.3%
body weight (BW, experimental SD = 2.9% BW) for the control simula-
tion, 4.1° (experimental SD = 7.3°) and 3.4% BW (experimental SD =
4.8% BW) for the Group A simulation, and 5.8° (experimental SD =
7.2°) and 3.6% BW (experimental SD = 4.8% BW) for the Group B
simulation.

3.1. Forward propulsion

In the non-impaired control subjects, the plantarflexors (SOL+GAS)
and knee extensors (RF+VAS) had substantial potential to generate
braking (negative AP GRF) while the hamstrings (HAM) and gluteus
medius (GMED) generated forward propulsion (positive AP GRF) dur-
ing the first half of stance (Fig. 1a). When Modules 1 and 2 were merged
in Group A and when Modules 1 and 4 were merged in Group B, the po-
tential of SOL+GAS to generate braking during the first half of stance
was notably increased compared to the control subjects while both
HAM and GMED had increased potential to generate forward propul-
sion. In Group B, the braking generated by RF+VAS in the first half of
stance was greatly reduced compared to the controls and Group A.

During the second half of stance, SOL+GAS were the primary
source of forward propulsion in non-impaired controls (Fig. 1a). In
both Group A and Group B, the potential of SOL+GAS to generate for-
ward propulsion was reduced. In Group A, the braking from RF+VAS
was extended into the second half of stance. In addition, GMED had
an increased potential to generate forward propulsion compared to
controls.

3.2. Body support

In the non-impaired controls, GMED, RF+VAS and SOL+GAS each
had substantial potential to generate body support (positive vertical
GRF) during the first half of stance (Fig. 1b). When Modules 1 and 2
were merged in Group A, the body support generated by RF+VAS
was reduced compared to controls while the support generated by
SOL+GAS was increased. Similarly, when Modules 1 and 4 were
merged in Group B, the body support generated by both RF+VAS
and GMED was reduced compared to controls while the support gen-
erated by SOL+GAS was increased. In addition, HAM had a small po-
tential to contribute to body support during the first half of stance in
the non-impaired controls but generated negative body support in
Group B. Finally, in all simulations, SOL4GAS were the primary gen-
erators of body support during the second half of stance.

3.3. Mediolateral control

In the non-impaired controls, GMED generated a medial GRF
throughout stance, HAM generated a lateral GRF during the first half
of stance and SOL+GAS generated a lateral GRF during the second
half of stance (Fig. 1c). While GMED still generated a medial GRF in
both Group A and Group B, its potential extended further into stance
in Group A such that GMED generated a much larger medial GRF
during the second half of stance in Group A compared to the controls.

34. Leg swing

In the non-impaired controls, only HAM and SOL+GAS contributed
to ipsilateral leg swing (Fig. 2a); the plantarflexors delivered energy to
the leg in pre-swing while HAM absorbed energy from the leg during
late swing prior to heel-strike. When Modules 1 and 2 were merged
in Group A, HAM function remained the same while those muscles in
the merged module (GMED, SOL+GAS and RF+VAS) all absorbed ener-
gy from the leg during pre-swing. When Modules 1 and 4 were merged
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Fig. 1. Average contributions to the GRF (per unit muscle force) during the 1st and 2nd
half of stance in the (a) AP direction, (b) vertical direction and (c) ML direction for the
non-impaired control (yellow), Group A (red) and Group B (green) simulations.
Hemiparetic values in Groups A and B correspond to muscle groups on the paretic leg.

in Group B, SOL+GAS function remained the same while HAM absorbed
less energy from the leg, GMED absorbed energy from the leg and
RF+VAS generated energy to the leg during late swing.

Both HAM and GMED delivered energy to the contralateral leg
during pre-swing and into swing in all simulations (Fig. 2b). HAM pri-
marily delivered energy to the contralateral leg prior to swing in the

controls, but in both Group A and Group B this was extended
throughout swing. GMED delivered energy to the contralateral leg
during pre-swing and early swing in controls and also when Modules
1 and 2 were merged in Group A. However, when Modules 1 and 4
were merged in Group B, GMED delivered less energy to the contra-
lateral leg during pre-swing and had a minimal effect during swing.
In all groups SOL+GAS had minimal contributions to contralateral
leg swing control while RF+VAS absorbed energy from pre-swing
into late-swing.

4. Discussion

Muscle activity post-stroke can be explained using fewer modules
than found in non-impaired control subjects, with two or more of the
non-impaired modules often merged together (Clark et al., 2010).
Moreover, the different coordination impairments observed post-
stroke have been found to manifest in different combinations of
merged modules. Understanding how different module compositions
post-stroke influence walking performance has important implica-
tions for the design of targeted locomotor interventions aimed at im-
proving rehabilitation outcomes. This study examined the effects of
two commonly merged modules on walking performance post-
stroke: the merging of (A) the gluteus medius and knee extensors
in Module 1 with the plantarflexors in Module 2, and (B) the gluteus
medius and knee extensors in Module 1 with the hamstrings in
Module 4.

4.1. Group A

In non-impaired controls, Modules 1 and 2 are the primary contrib-
utors to the AP GRFs, with Module 1 generating the early stance braking
(negative AP GRF) and Module 2 the late stance propulsion (positive AP
GREF) that are typical during steady-state walking (Allen and Neptune,
2012; Neptune et al., 2009). A common post-stroke change in muscle
coordination is that these two modules are no longer independently ac-
tivated (Clark et al., 2010). Given their important but opposing contri-
butions to the AP GREFs, it is not surprising that a consequence of this
loss of independent drive was a reduction in forward propulsion gener-
ation from the paretic leg. This reduction is consistent with the reduced
paretic leg propulsion found experimentally within this group (Clark et
al.,, 2010) and our simulation results reveal that the underlying mecha-
nism was a combination of both increased braking from the merged
module and an impaired capacity of the plantarflexors to generate pro-
pulsion in late stance (Fig. 1a). The increased braking was a direct result
of the altered excitation timing in the merged module such that Module
1 muscles had prolonged activity into late stance and Module 2 muscles
were active in early stance (Fig. 3a). The prolonged activity of the knee
extensors and gluteus medius in the merged module resulted in their
contributions to braking extending into the second half of stance
(Fig. 1a). Similarly, the early plantarflexor activity resulted in an in-
crease in their contributions to braking in early stance (Fig. 1a). Further-
more, the plantarflexors also had a reduced capacity to generate
forward propulsion during the second half of stance, which is consistent
with recent muscle-actuated simulations of post-stroke hemiparetic
walking that found reduced forward propulsion from the plantarflexors
(Hall et al.,, 2011; Peterson et al., 2010).

Some of this reduction in forward propulsion by the paretic leg ap-
pears to be compensated for by increased hamstrings activity. While
the hamstrings module remained independently activated in this
group, its timing differed slightly with extended activity further into
stance (Fig. 3b). Similar prolonged hamstrings activity has previously
been documented in other groups of post-stroke hemiparetic sub-
jects (e.g., Den Otter et al., 2007; Knutsson and Richards, 1979;
Shiavi et al., 1987), with Den Otter et al. (2007) suggesting that
the prolonged hamstrings activity, in conjunction with prolonged
knee extensor activity, may be a compensatory mechanism used to
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Fig. 2. Average power (per unit muscle force) delivered to the leg during the (a) ipsilateral/paretic and (b) contralateral/non-paretic pre-swing, early swing and late swing phases.

Values for Groups A and B correspond to muscle groups on the paretic leg.

overcome insufficient plantarflexor strength and provide additional
body support. Our simulation results do not support this hypothesis
as the hamstrings had only very minor contributions to body support
(Fig. 1b). In contrast, their contribution to forward propulsion in-
creased (Fig. 1a), suggesting that they may be utilized as a compen-
satory mechanism to counteract the increased braking from the knee
extensors and plantarflexors. However, even with this increased
hamstrings contribution to forward propulsion, the net forward pro-
pulsion from the paretic leg was reduced.

Another consequence of merging Modules 1 and 2 was altered pa-
retic leg swing (Fig. 2a), which may explain the atypical relationship
between propulsion asymmetry and step length asymmetry that oc-
curs within this group. Reduction in forward propulsion from the pa-
retic leg was previously found to be associated with high step length
asymmetry values such that paretic step lengths were longer than
nonparetic step lengths (Balasubramanian et al., 2007). However,
most Group A subjects exhibited symmetric step lengths despite
their reduced paretic leg propulsion (see Supplementary Appendix
A, Table A1). The current results suggest that this may be due to in-
creased absorption of leg energy prior to and during swing, which
would act to reduce leg advancement during swing. In non-impaired
walking, the gluteus medius and knee extensors are not active during
the swing phase and thus have minimal contributions to leg swing con-
trol. When their activity was extended into pre-swing in Group A, they
absorbed energy from the leg prior to swing. Similarly, the plantarflexors
had altered contributions to paretic leg swing. In non-impaired walking,
the biarticular plantarflexors (GAS) are important for swing initiation
(e.g., Neptune et al, 2001) and generates energy to the leg during
pre-swing (Fig. 4a). In Group A, GAS no longer generated energy to the
paretic leg during pre-swing and instead absorbed leg energy similar
to the uniarticular plantarflexors (SOL, Fig. 4b). While reduced forward
propulsion generation in this group appears to be the main deficit,
these results suggest that improving the ability to independently control
Module 1 and Module 2 may not only improve forward propulsion but
may also improve leg swing.

Finally, the prolonged contribution of the gluteus medius to the
medial GRF during the second half of stance (Fig. 1c) suggests that
the organization of ML control of the GRFs was altered in this group.

While this could be a potential source of instability in ML control
since it is the ML GRFs that prevent the center-of-mass from moving
too far beyond the base of support, it is possible that other muscle
groups compensate for this increased ML GRF contribution. For exam-
ple, the hip adductors have previously been shown to produce a later-
al GRF (Allen and Neptune, 2012; Pandy et al., 2010) and if they were
co-active with the merged module they would counteract the in-
creased medial GRF from the gluteus medius. Alternatively, it is pos-
sible that nonparetic leg muscles may compensate since the second
half of stance includes a double support period in which both legs
are in contact with the ground and can contribute to ML control.
While we cannot specifically conclude that ML stability is impaired
in this group of subjects, the results of this study suggest that some
reorganization of ML center-of-mass control has occurred.

4.2. Group B

When Modules 1 and 4 were merged together in Group B, forward
propulsion, body support and ipsilateral leg swing were all affected. In
non-impaired walking, the hamstrings are only activated into early
stance where they generate body support (Fig. 1b). However, in the
merged module of Group B, this high hamstrings activity was extended
further into stance with the knee extensors (Fig. 3c), which is a common
co-activation pattern among post-stroke hemiparetic subjects (e.g.,
Knutsson and Richards, 1979; Shiavi et al., 1987). Instead of the ham-
strings generating body support later into stance as would be expected,
they acted to impede body support (i.e., negative body support, Fig. 1b).
While not intuitive, this was due to altered kinematics that put the
hamstrings in a position where they acted to flex the knee more than
extend the hip, which has the overall effect of lowering the center-
of-mass and compromising body support.

Paretic leg swing control also appeared affected when Modules 1
and 4 were merged. In the control subjects the gluteus medius and
knee extensors were active only near the very end of swing, and thus
have minimal contributions to ipsilateral leg swing control. Conse-
quently, when merged with Module 4, their activity began earlier in
swing (Fig. 3c) and their contributions to paretic leg swing were al-
tered: gluteus medius acted to decelerate the leg (absorb energy)
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Fig. 3. Module timing for the hemiparetic Group A (a and b) and Group B (c and d) simulations. (a) The merged module in Group A controls the plantarflexors (SOL+GAS) and the
gluteus medius (GMED) and knee extensors (RF+VAS), which are separately controlled in the non-impaired control simulation. (b) Even though the hamstrings (HAM) are con-
trolled with their own module in Group A, the excitation pattern is extended further into stance compared to non-impaired controls. (c) The merged module in Group B controls
HAM and GMED and RF+VAS, which are separately controlled in the non-impaired control simulation. (d) Even though SOL+GAS are controlled with their own module in Group B,

the excitation pattern differs from controls and they are excited earlier in stance.

while the knee extensors acted to accelerate the leg (generate energy)
prior to heel-strike. In addition, hamstrings potential to decelerate the
leg prior to heel-strike was reduced. Thus it appears that subjects who
merge Modules 1 and 4 may have difficulty decelerating the swinging
paretic leg prior to heel-strike. While the individual contributions to
nonparetic leg swing were altered such that the gluteus medius had
less potential to transfer energy to the nonparetic leg prior to and
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Fig. 4. Average power delivered to the ipsilateral/paretic leg and trunk during
pre-swing by the uniarticular (SOL) and biarticular (GAS) plantarflexors for (a)
non-impaired controls and (b) Group A.

during swing than in controls, the hamstrings compensated through
their extended contribution into swing (Fig. 2b) such that overall
nonparetic leg swing control was not altered.

Finally, despite their independent recruitment, the plantarflexors
in Group B were prematurely activated in stance compared to con-
trols (Fig. 3d), which is a common abnormality following stroke
(Den Otter et al., 2007; Knutsson and Richards, 1979). This premature
activity could be due to either impaired plantarflexor recruitment or a
compensatory strategy to overcome the effects of merging Modules 1
and 4. Given that the plantarflexors are critical generators of body
support, it is possible that they were activated earlier to counteract
the negative body support from the hamstrings in order to provide
needed body support. Similar to the plantarflexors in Group A, the
plantarflexors in Group B also had a reduced potential to generate for-
ward propulsion due to a poor mechanical advantage. Therefore,
while the muscles in the merged module did not impair forward pro-
pulsion generation, the overall effect left the body in such a position
that the plantarflexors were unable to generate proper forward pro-
pulsion during late stance.

4.3. Potential limitations

One potential limitation of this study was that the tracking
torques in both the Group A and Group B simulations were not
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completely eliminated. However, the unit force perturbation analysis
used in this study is insensitive to the value of the tracking torques.
This analysis identifies the potential of a muscle to contribute to spe-
cific biomechanical functions rather than its absolute contribution.
While the total effect from all muscles within a merged module de-
pends on the relative amount to which they are recruited, their indi-
vidual function would remain the same.

Another limitation of this study was that we did not include hip ad-
ductor muscles in any of our modules. We have previously shown that
this muscle group is important for the achievement of non-sagittal
plane subtasks (e.g., mediolateral control; Allen and Neptune, 2012)
and others have shown a coupling between hip adduction and knee
extension post-stroke (e.g., Cruz and Dhaher, 2008) that may adversely
affect walking performance. We did not record muscle activity from the
hip adductors and due to the heterogeneity of stroke we expect that this
muscle group may be differentially affected post-stroke. Therefore, we
could not assume any type of excitation pattern for this muscle group
that would allow us to place it in a module. Future study should include
the adductor muscles in the module analysis to provide a more com-
plete assessment of the non-sagittal plane subtasks. However, the addi-
tion of these muscles should not affect how the non-sagittal plane
subtasks are altered post-stroke when the modules are merged.

Another limitation is that we only examined how changes in
module composition post-stroke affect a select set of biomechanical
subtasks. These were chosen based on our previous analyses showing
clear relationships between each non-impaired module and these
specific biomechanical subtasks (Allen and Neptune, 2012; Neptune
et al., 2009). However, it is possible that the production of other sub-
tasks (e.g., limb stiffness, ground clearance during swing, etc.) may
play a heightened role post-stroke. In addition, we have previously
shown that impaired generation of the subtasks examined in this
study is related to reduced walking performance post-stroke (Hall
et al, 2011; Peterson et al., 2010). Therefore, even if modules are
reorganized post-stroke to produce different task-level goals, it is im-
portant to understand how these modules impair the specific sub-
tasks studied here to improve walking performance.

5. Conclusions

When modules are merged post-stroke their unique functional
roles can no longer be utilized, and thus walking performance is im-
paired. The plantarflexors had reduced potential to generate forward
propulsion regardless if this module was merged with Module 1
(Group A) or was independently activated (Group B), which is consis-
tent with a previous study that found that the plantarflexors were im-
paired in all subjects regardless of step length asymmetry (Allen et al.,
2011) (note, the Group A subject had a symmetric step length ratio of
0.501 while the Group B subject had a low step length asymmetry
ratio of 0.443, see Supplementary Appendix A). This suggests that im-
proving forward propulsion from the plantarflexors should be a focus
of rehabilitation in both groups of subjects. However, while the
plantarflexors were independently activated by their own module
in Group B, they were co-excited with the knee extensors and gluteus
medius in Group A. This group of subjects may also benefit from reha-
bilitation programs that separately focus on each muscle group.

The remaining functional consequences depended on the specific
merged modules, which highlight how subjects with each of these
two common altered module compositions would benefit from differ-
ent types of rehabilitation efforts. Group A exhibited impaired paretic
leg swing during pre-swing, therefore rehabilitation that focuses on
improving the energy delivered to the paretic leg prior to swing
may be beneficial for this group. On the other hand, Group B exhibited
impaired paretic leg swing prior to heel strike and rehabilitation that
focuses on improving the deceleration of the paretic leg prior to
heel-strike may be beneficial for this group. In Group B, body support
was also compromised during early stance, and thus these subjects

may benefit from rehabilitation programs that include additional
focus on improving body support. Future study should be performed
on other types of merged module compositions, such as those who
could only independently activate two modules, to understand their
different effects on walking performance and provide guidelines for
rehabilitation strategies to improve their walking performance.
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