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ABSTRACT
The purposes of this study were: (1) to examine the reactive control of the resultant joint
moments at the lower limbs in response to a novel and unannounced slip; (2) to establish
individualized forward-dynamics models; and (3) to explore personal potential by determining
the operation limits of these moments at each lower limb joint, beyond which the resulting
motion at this or other joints will exceed its/their normal range(s). Ten young subjects’
kinematics and kinetics, collected during regular walking and during their first exposure to a
novel and unannounced slip, were randomly selected from an existing database. An inversedynamics approach was applied to derive their (original) resultant joint moments, which were
then used as input to establish forward-dynamics models, each including an individualized 16element foot model to simulate ground reaction force. A simulated annealing (SA) algorithm
was applied to modify the original moments, so that the subsequent output (baseline) moments
can closely reproduce these subjects’ recorded motion. A systematic alteration of the baseline
moments was employed to determine the operation limits. The results revealed that the subjects
reactively increased the hip extensor and knee flexor moments and reduced their ankle plantar
flexor moments of their single-stance limb following slip onset. The “baseline” correction of the
original moments can reach as much as 21% of the original moments. The analysis of the
operation limits revealed that these individuals may be able to further increase their knee flexors
more so than increase the hip extensors or reduce ankle plantar flexors before causing abnormal
joint movement. Such systematic approach opens the possibility to properly assess an
individual’s rehabilitation potential, and to identify whether this person’s strength is the limiting
factor for stability training.

Keywords: Muscle strength; Postural response; Feedback; Feed-forward; Optimization; Stability;
Recovery; Falls.
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INTRODUCTION
Falls are a major cause of injury and even death in adults aged 65 and over31. Falls initiated by a
slip account for about one quarter of all falls among elders21,23. To resist slip-related falls during
walking, the central nervous system (CNS) must reactively modify the resultant moments of the
lower limbs that can provide stability recovery while support upright posture against
gravity12,18,28,37. A better understanding of one’s reactive control of the joint moments at the
lower limbs during recovery from a slip is imperative in order to properly assess this individual’s
risk of future falls and to effectively prevent them from occurring. Such individualized reactionbased approach has more resemblance and hence more relevance to the real life situations than
volitional-performance-based evaluation common in clinical practice7,32.

Resultant joint moments result directly from muscle activation that is governed by a descending
motor program initiated from and modulated by various motor centers of the CNS. Comparisons
between slip response and regular walking of the resultant joint moments, which are traditionally
derived through an inverse-dynamics approach, can often reveal the mechanism of the recovery
from the slip12,18. It has been postulated that increased knee flexor and hip extensor moments in
the stance limb might be two primary reactive responses required to stabilize the human body
and to avoid a slip-related fall in gait12.

The inverse-dynamics approach does not directly quantify the causal relationship between the
joint moments and the motion state (i.e., the position and velocity) of body segments. Further,
the inverse-dynamics approach is unable to assess, control, or eliminate the confounding impact
of the kinematic variability, which is common in empirical sampling, on the inversely-derived
joint moments. Even small inter-subject differences in the initial posture (or body segment
motion state) could yield large subsequent differences in joint moments. Moreover, the joint
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moments derived from the traditional inverse-dynamics approach often cannot reproduce the
original body segment movement, when such derived joint moments and forward dynamics are
used to drive the same individualized human model. The existence of such discrepancy, which
likely results from inherent measurement errors22, not only raises doubts on the validity of this
approach, but also presents challenge for the simulation attempt.

Because of these limitations, computer simulation based on forward dynamics has been used to
investigate human movement mechanisms, primarily due to its ability to quantitatively analyze
the changes in muscle forces or resultant joint moments that exclusively lead to the changes in
movements1,17. This type of analysis is often conducted by systematically altering the muscle
force or the joint moments in the forward-dynamics simulation, then calculating the resulting
changes in the motion state of the body segments in walking3,24 and running14. A core
requirement of forward-dynamics simulation is the input of the time histories of the joint
moments necessary to drive the forward-dynamics simulation. Yet, for these joint moments to
reproduce the originally recorded joint motion, one of the various forms of optimization has to be
applied to resolve aforementioned dilemma13,17,25,26,30. Still, none of them has been employed to
develop individualized models and to investigate the reactive control of slip recovery in gait.
Equally unclear is the personal potential for further improving his/her stability control that would
be critical to the prevention of falls.

The purposes of this study were therefore: 1) to examine the reactive control of the resultant joint
moments at the lower limbs in response to a novel and unannounced slip; 2) to establish
individualized forward-dynamics models; and 3) to explore personal potential by determining the
operation limits of these moments at each lower limb joint, beyond which the resulting motion at
this or other joints would exceed normal range. An inverse-dynamics approach would derive
4

individual subjects’ (original) resultant joint moments of the lower limbs, which would then be
used as input to establish forward-dynamics models including an individualized 16-element foot
model to simulate ground reaction force (GRF). In this process, a simulated annealing (SA)
algorithm would be applied to modify the original moments, so that the subsequent output
(baseline) moments can closely reproduce these subjects’ originally recorded motion. Finally,
the operation limits of these individualized models would be examined.

MATERIALS AND METHODS
The data of 10 young adults [mean ± standard deviation (SD) age: 24.4 ± 2.9 yr, range 22-32 yr;
5 females] were randomly selected from an existing database collected during normal walking,
and during their first exposure to a novel and unannounced slip in walking8,9. The mean ± SD
body height and mass were 1.69 ± 0.07 m and 64.7 ± 15.5 kg, respectively. All subjects have
given written informed consent to the experimental protocol approved by the Institutional
Review Board.

Subjects were told that a slip would be possible but no information was given as to where, when,
or how the slip would occur. Each subject wore a full body harness system to protect against the
impact of an actual fall. Following approximately 10 regular walking trials at each subject’s
self-selected speed, a right-foot slip trial was induced by electronically releasing a low-friction
moveable platform embedded in a 7-m long walkway with surrounding decoy platform(s)38. The
first slip trial and its preceding regular walking trial were analyzed and compared to identify the
reactive response to the slip.

Kinematics and GRF were gathered using an eight-camera motion capture system (Motion
Analysis Corporation, Santa Rosa, CA) and four synchronized force-plates (AMTI, Newton,

5

MA), respectively. Specifically, 26 markers were affixed at vertex, ears, rear neck (the spinous
process of the 7th cervical vertebra), shoulders (the acromion of the scapulae), midpoint of the
right scapula, elbows (the lateral humeral epicondyles), wrists (the radial styloid processes),
sacrum, greater trochanters, mid-thighs, knees (the lateral femoral epicondyles), mid-legs (the
tibial tubercles), ankles (the lateral malleoli), heels (calcaneal tuberosities), and the 5th metatarsal
heads. Based on these markers’ position, the centers of bilateral ankle, knee, and hip joints, and
the center of mass of the pelvis and trunk can be constructed33. The sagittal-plane joint angles
can then be computed by using inverse kinematics, with the standard anatomical position as 0°
for all joints17.

An individualized, 7-segment, sagittal-plane model, consisting of both feet, shanks, thighs, and
HAT (head, arm, and trunk)36, was developed in this study (Fig. 1). For each subject’s
individual model, the segment lengths and the location of its center of mass (COM) were
calculated from the relative distance between pairs of joint centers16. The slipping (right) foot
was the base segment for the whole model. Each anatomical joint in the model was actuated by
resultant joint moments, and has its own peak flexor/extensor moments2 and range-of-motion
limits11 (Table 1).

The single-stance phase immediately after slip onset is an important period for slip recovery, and
is the focus of the present study37. Resultant joint (original) moments of the lower limb during
single-stance phase were first calculated by using a traditional inverse-dynamics approach based
on the same individualized model (Fig. 2). The original joint moments were then applied as
inputs to be modified by forward dynamics with the aid of an optimization routine to better
match the experimentally-measured body kinematics and kinetics (Fig. 2). The inverse- and
forward-dynamics computations were both based on the same set of equations of motion:
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, i 1, 2,3,, 7 represents the generalized coordinates of the human model

(Fig. 1). Coordinates x, y, and θ1 specify the position and orientation of the right foot with
reference to the inertial reference frame. Joint angles θi (i = 2, 3, 4, …, 7) correspondingly
indicate the angels of the ankle, knee, hip of the stance limb and the hip, knee, and ankle of the
swing limb. M is the mass matrix, H represents the matrix of Centrifugal and Coriolis terms, G
is the matrix of the gravity term, F the GRF term, and τ the joint moments. The generalized

 ) were derived from experimentally-measured
position, velocity, and acceleration ( q / q / q
kinematic data and input to the inverse-dynamics computation, but were the output of the
forward-dynamics simulation. For the GRF, its values, obtained from the force plate
measurement, were the input to the inverse-dynamics computation, while it was calculated from
a foot contact model (see below) in the forward-dynamics simulation. The equations of motion
were derived based on Newton-Euler method33 and solved by a custom-developed program in
Matlab (The Mathworks Inc., Cambridge, MA) for the inverse dynamics. They were derived
using SD/Fast (PTC, Needham, MA) based on Kane’s method and integrated using a RungeKutta-Feldberg variable-step integrator for the forward simulation6. The initial conditions,
including the initial position, velocity, and the slipping velocity of right foot were calculated
from the experimental data at the beginning of single-stance phase (i.e., the left foot liftoff).

A foot contact model was constructed for forward-dynamics simulation to represent the
interactions of the right foot with the ground when there is no actual experimental data available
in model prediction. The ground is represented by a flat rigid line (Fig. 1). A total of 16
independent visco-elastic elements with identical properties uniformly arranged down the
midline of the sole were used to model the impact and friction effects of the foot with the
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ground19. These properties, i.e., the spring and damping coefficients were optimized to best
reproduce the GRF and individualized for each subject. Each element permits deformation
perpendicular to the floor. The vertical GRF and the center of pressure were calculated as the
summary of the vertical force in each element resulted from its vertical deformation. The
horizontal GRF was calculated as the product of the resultant vertical GRF and the coefficient of
friction (COF) between the sole and the ground, which was set as < 0.05 based on experimental
results38. The GRF would be zero for the swing limb, for which there was no motion-induced
foot deformation, or it would vary as function of the foot kinematics for the stance limb.

The resultant joint moments for the forward-dynamics simulation were computed using the
following relationship36:
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where τi, ui, , and Γi are the joint moments, activation level, and the physiological maximum
moments of the ith joint , respectively. The superscripts E and F represent extensor and flexor for
knee and hip, or plantar flexor and dorsiflexor for the ankle.

The objective of the optimization routine was to modify the resultant joint moments of the lower
limbs so that the output kinematics and GRF from the forward-dynamics model could closely
replicate each subject’s measured body kinematics and kinetics (Fig. 2). The SA algorithm15 was
used to seek the best activation levels, u(t) and spring/damping coefficients, which served as the
control variables to minimize the following objective function:
tf
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where Yi t represents the measured kinematic or kinetic variable i at time instant t from the
experiments, Yˆi t is the simulation data corresponding to Yi t , and wi is weight for the ith
term. The specific quantities evaluated in Eq. (3) were the displacements of the stance heel, the
stance foot, the stance and swing ankle, knee, and hip angles, and GRF’s under the stance foot,
leading in a total of m = 11 variables in Eq. (3). The final output of this dynamic optimization
procedure included the activation-time history necessary for constructing the baseline moments
at each joint as well as individualized spring/damping coefficients (see Appendix A).

In order to determine operation limits of the baseline moments, these control variables (τbaseline)
were altered systematically above or below the level of the baseline moments throughout the
single-stance phase, one joint at a time, by adding or subtracting a fixed interval of Δτ = 10-3
Nm/kg.
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As shown in Eq. (4), the forward-dynamics simulation will be conducted with the altered joint
moments (τbaseline + Δτ) as the input and the altered generalized coordinates (q + Δq) as the
output. This process of augmentation continued until the point at which the left foot contacted
the ground or at which any joint angle from simulation became anatomically unrealistic. When
the joint angles begin to exceed 1 SD above the standard range of motion for that particular
joint11, or its moments exceed the limit of the corresponding maximum muscle strength2 (Table
1), the simulation would be terminated at that alteration level.

The closeness of the fit of the optimal simulated kinematics/kinetics and experimental data was
estimated by their correlation coefficient ρ. The root mean square (RMS) of the residual error
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between the simulated results and experimental data was adopted to indicate the magnitude of
the error. The closeness of the original moments and baseline moments was also evaluated by
their ρ and RMS. The operation limits of all joints, in both lower limbs, were examined using a
2 (side) × 3 (joint) analysis of variance with Bonferroni-corrected post hoc t-tests in SPSS 17.0
(SPSS Inc., an IBM Company, Chicago, IL). A significance level of 0.05 was used for all
analyses.

RESULTS
The reactive control of the CNS for slip recovery was characterized by an increase in the stance
hip extensor and knee flexor moments, and a reduction in the plantar flexor moments from those
of regular walking (Fig. 3). The inhibitory effect on the stance ankle plantar flexors was
especially rapid and pronounced, reaching a magnitude close to 1.2 Nm/kg in just half of the
single-stance phase.

The experimental error was successfully reduced by the optimization routine in each
individualized forward-dynamics model, such that the baseline moments could closely reproduce
the originally recorded joint motion (Fig. 4). The mean (± 1 SD) of RMS between the original
and uncorrected joint angles were 5.3° (± 1.3°), 4.4° (± 0.9°), and 1.6° (± 0.3°) at stance hip,
knee, and ankle, respectively. The corresponding ρ are -0.86 (± 0.15), -0.95 (± 0.09), and -0.89
(± 0.12). After the application of the optimization routine, the RMS of all joint angles, the right
heel displacement, and the GRF reduced to 2.1° (± 0.9°), 6.6 (± 2.4) mm, and 32.5 (± 17.1) N [or
5.6 (± 3.0)% body weight], respectively. The corresponding ρ values respectively were 0.98 (±
0.03), 0.97 (± 0.03), and 0.94 (± 0.04). The mean (± SD) of RMS between the original and the
baseline moments were 0.10 (± 0.11) Nm/kg, 0.07 (± 0.09) Nm/kg, and 0.02 (± 0.05) Nm/kg for
stance hip, knee, and ankle, respectively. The corresponding ρ were 0.77 ± 0.16, 0.94 ± 0.10,
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and 0.92 ± 0.09, respectively. The “baseline” correction of the original moments can reach as
much as 21% of the original moments.

Finally, although the operation limits varied substantially across the bilateral joints (Table 2, Fig.
6), they accounted for only a fraction of the limits of muscle strength (Fig. 5). Except for ankle
plantar flexors, the joints of the swing limb can tolerate at least twice as much alteration as its
stance limb counterpart (p < 0.001, Table 1). For example, the operation limits at the swing knee
[-471, 93]Δτ and hip [-281, 194]Δτ were respectively 3.47 and 4.31 fold larger than that of the
stance limb (Table 2). The type of failure caused by excessive moments at each joint was
consistent across all subjects (Table 2, Fig. 6). An excessive extensor (or plantar flexor)
moments at any joint of the stance limb and at the swing hip caused hyper extension at the stance
knee (Fig. 6-a), whereas excessive flexor moments at these same joints led to hyper dorsiflexion
of the stance limb (Fig. 6-b). Excessive extensor (or plantar flexor) moments at the swing knee
and ankle resulted in ipsilateral ankle hyper plantar flexion (Fig. 6-c). In contrast, excessive
flexor (or dorsiflexor) moments at these two joints caused hyper dorsiflexion in the ipsilateral
ankle (Fig. 6-d).

DISCUSSION
Upon encountering a novel and unannounced slip, the CNS indeed has to reactively and
drastically modify its ongoing motor program for regular working across every joint of the stance
limb. These changes in motor control were very robust, far exceeded the differences between the
corrected (baseline) and uncorrected (original) resultant moments at each joint, that is, the
differences possibly resulted from measurement error (Fig. 3). However, these differences, as
well as those between the corrected and uncorrected joint motion, clearly existed at every joint in
each subject, and underscored the importance of the optimization routine that was employed to
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minimize the error and to improve the validity of the simulation (Fig. 3). Such development
provided the foundation for the model simulation and resulting analysis on the operation limits
that shed new light on quantitative assessment of an individual person’s performance.

These subjects’ reaction to slip in the stance (slipping) limb could be characterized by a shift into
hip extensor and knee flexor dominance (Fig. 3). During the push-off phase in regular walking,
the plantar flexors of the ankle joint usually increase their activation to produce as much as 1.2
Nm/kg34. Following a slip, such activation was mostly inhibited to yield moments less than 0.1
Nm/kg (Fig. 3). The posture response generated by the knee and hip, including increased knee
flexor and hip extensor moments, could appropriately come from the biarticular portion of the
posterior muscle group of hamstrings, allowing the subject to rotate the shank forward and to
pull the foot back towards the hip while reducing its slip velocity39.

These findings were in general agreement with previous studies on gait-slip (Fig. 7), which could
be induced on a contaminated floor surface12 or by a motorized force plate18. Nonetheless, the
details on the stance knee-flexor dominance differ somewhat from these previous studies12,18
(Fig. 7). Specifically, the stance knee had a biphasic extensor-flexor moments in one18 or
extensor-dominant moments in the other12. The stance ankle plantar flexor dominance found in
our study is the same as that reported by one study18, but differs from that of another study12, in
which the stance ankle appears to be dorsiflexor-dominant.

These differences between the present results and previous ones may result from the different
mechanisms used to induce the slip. In the study conducted by Ferber and associates18, the
forward perturbation was induced by a motorized force platform. This preset mechanism
controls the velocity and the distance of the perturbation and further constrains the spontaneous
12

movement of the slipping foot. On the other hand, the contaminated floor surface was less
slippery in the previous study with a COF reportedly around 0.1212, which was much greater
than 0.05, the upper limit in the present study. As a result, the distance and the peak velocity of
the forward slip, which characterize the intensity of the slip, differed among these three studies:
they were 0.78 m and 2.51 m/s in our study37, 0.1 m and 0.78 m/s in one29, and 0.1 m and 0.40
m/s in the other18, respectively. Given that a small variability in body segment kinematics can be
associated with substantial differences in the resultant joint moments, these differences in slip
intensities could have accounted for the differences in the joint moment profiles of these studies.

The traditional inverse-dynamics approach has been applied to discover the reactive changes
occurring at various lower limb joints12,18. Unfortunately, it could not decipher the function nor
assess the impact of each of these changes on the control of stability. It would not be prudent to
assume that spontaneous reaction is always functionally correct, meaningful, and significant. It
is unclear, for instance, whether and by how much an increase in the activation of the stance
knee flexors leads to an improvement of the COM stability. In contrast, the forward model
simulation can determine that such reactive control at the lower limb joints, ~160 ms after the
onset of the forward slip, does indeed improve the overall dynamic stability39. In fact,
computations derived from the forward-dynamics model have shown that for every 1 Nm/kg
increase in the knee-flexor moments of the slipping limb, the slip velocity could be reduced by
14.24 m/s, and therefore, the COM stability, a dimensionless variable characterized by the
motion state (i.e., the position and velocity) of the COM relative to its base of support27, could be
improved by a factor of 2.9939.

The forward simulation also revealed, in the present study, that the operation limits only account
for a fraction of one’s muscle strength limits (without taking into consideration the prospect of
13

co-contraction). This would lead to a logical conclusion that the muscle strength has not been
the limiting factor that causes balance loss in all these cases. This evidence appears to lend
support to empirical observation in which the strength test results of those who recovered did not
differ from those who fell20,35. An individualized human model and the analysis of the operation
limits of the resultant moments may be important to address specific clinical problems in
rehabilitation because of its ability to assess the reaction of an individual in the presence of a
perturbation. Detectable inter-subject variability in the operation limits may be indicative of
their potential for improvement. Such variability was similarly noted when the role of individual
muscles during the single-stance phase of a spring was investigated by forward-dynamics
approaches5,14.

The operation limits might also provide a basis for the assessment of joint function during
recovery from forward slip induced in gait. For example, the potential range for the stance hip to
further increase its extensor moments or the ankle to reduce its plantar flexor moments is very
limited in comparison to the capacity to reduce the knee extensor moments (Table 2, Fig. 6).
Because the increment in hip extensor and the reduction in plantar flexor moments could both
potentially improve stability39 and prevent falls12 during gait-slip, this suggests that these
subjects might have performed maximally in augmenting their stance hip-extensors in their
reactive response to a novel and unannounced slip in gait. The operation limits did vary among
subjects (Table 2, Fig. 6). Yet, there was a consistent trend in these subjects’ reaction to slip,
and most of them appeared to have increased their hip and reduced their ankle moments near
their corresponding operation limits (40/742 or 5.4% from the hip-extensor increase limit and
2/28 or 7.1% from plantar flexor reduction limit, Table 2) before causing hyper extension at the
ipsilateral knee. In contrast, the knee flexor moments had the potential to be further increased
(107/236 or 45.3% from knee-flexion increase limit, Table 2) without causing any undesirable
14

effect.

From one perspective, the optimization approach taken in the present study is a fitting of the
joint motion data. It also served other capacity, however, beyond merely a data fitting, which in
itself improves the validity of the model simulation. For instance, an ordinary data fitting
approach cannot satisfy the need of predicting future GRF. In contrast, the individualized 16element foot contact model generated by the optimization approach supplements the common
GRF-dependent relationship generally straddling between body segment motion state and joint
moments. Further, the optimization-generated, individualized forward dynamics models are
capable of predicting the operation limits at each joint. For the first time, by comparing the
limits with well-known muscle strength limitation, investigators can determine, at each person’s
individual joint, whether muscle strength is indeed a limiting factor in stability recovery.

The present study has limitations. The operation limits in which multiple joint moments (i.e.,
any two, three, or more) are altered simultaneously have not been investigated. Therefore, the
coordinated changes among the lower limb joints were not studied in this present work. As a
first step, however, the current analysis is essential to identify the potential exclusively
attributable of each joint in recovery from a slip perturbation. Additionally, the focus of the
present study only centered on the single-stance phase during slip in gait. Still, beginning from
~160 ms after slip onset, this period consists of robust reactive response from feedback control
and it can be critically important in deciding subsequent recovery outcome from the slip37.
Finally, the current study is only about the first unannounced slip in walking. In previous
studies, the subjects’ reaction to the slip perturbation is rapidly altered within only a few trials of
repeated-slip training, in part due to the proactively improved COM stability before slip onset
with feed-forward control10,28. Such proactive improvements are often achieved by anteriorly
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shifting the COM relative to the base of support, and are often sufficient to avoid a backward
balance loss. They would therefore render reactive correction of the lower limb joint moments
unnecessary or inconsequential. Perceivably, the reactive knee or hip moment profile could
become similar to that of regular walking as movement error diminishes. Nonetheless, such
proactive strategy could still require prior knowledge and anticipation of a potential slip or an
environmental cue to activate. Regardless, this hypothesis, as well the interaction between feedforward and feedback control, clearly warrants further investigation.

In summary, this study established an approach for a personalized model to closely reproduce an
individual’s reaction to a novel and unannounced slip perturbation induced in gait. Such a
reaction was characterized by increases in the hip extensor and knee flexor moments and
reduction in ankle plantar flexor moments for slip recovery. The present forward-dynamics
approach lays down a foundation for the investigation of the mechanistic role that each
individual joint plays in such recovery39. Lastly, the analysis on operation limits may be applied
to assess a person’s rehabilitation potential aimed at reactive control to improve stability against
slip-related falls.
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TABLE

Table 1

The limit of moment2 (normalized to the body mass, Nm/kg) and range of

motion11 (°) for each lower limb joint on both extension (plantar flexion for ankle) and flexion
(dorsiflexion for ankle) directions.
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Limit of moment

Range of motion

Extension

Flexion

Extension

Flexion

/Plantar flexion

/Dorsiflexion

/Plantar flexion

/Dorsiflexion

Hip

4.1

3.3

9.8 ± 6.8

122.3 ± 6.1

Knee

3.8

1.9

0.0

142.5 ± 5.4

Ankle

2.3

0.8

12.6 ± 4.4

56.2 ± 6.1
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Table 2

Mean (SD) of the baseline moments at lower limb joints at the left (recovery) foot liftoff, the operation limits of

addition or subtraction applied to each subject’s (n = 10) moment-time history before any joint angles at any instant of the entire
single-stance phase begin to exceed 1 SD above the standard range of motion or their moments exceed the limits of the corresponding
muscle strength. Also listed is the type of failure occurring above the maximum alteration. The joint moments and alteration in the
joint moments are normalized to the body mass, i.e., in Nm/kg.

Joints

Sides

Baseline moments
(×10-3)

Hip

Knee

Ankle

Operation limits
Addition

Subtraction

Range (×10-3)

Failure type

Range (×10-3)

Failure type

Stance

742 (168)

40 (11)a,c

RHKE

-97 (16)a

RHDF

Swing

-298 (140)

194 (20)b

RHKE

-281 (32)b

RHDF

Stance

-236 (146)

24 (4)a

RHKE

-107 (18)a

RHDF

Swing

101 (48)

93 (18)b

LHPF

-471 (35)b

LHDF

Stance

28 (34)

19 (2)d

RHKE

-2 (1)a,e

RHDF

b

LHDF

Swing

-13 (21)

16 (5)

b

LHPF

-15 (6)

For the joint moments, positive values indicate extensor or plantar flexor.
a

: p < 0.001 vs. swing side; b: p < 0.001 vs. other two swing joints; c: p < 0.05 vs. stance knee;

d

: p < 0.01 vs. stance hip; e: p < 0.001 vs. other two stance joints;

RHKE: right knee hyper extension exceeding 0°; RHDF: right ankle hyper dorsiflexion exceeding 17°;
LHPF: left ankle hyper plantar flexion exceeding 62.3°; LHDF = left ankle hyper dorsiflexion exceeding 17°.
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CAPTIONS
Fig. 1 Schematic of the 7-link, 9-degree-of-freedom, sagittal-plane model of the human
body. The vector q = [ x, y,
Coordinates x , y , and

1

1, 2

, 7 ] represents the generalized coordinates of the model.

specify the position and orientation of the right (stance or

slipping) foot, which is the base segment of the model following the left (swing or recovery)
foot liftoff after slip onset, with reference to the inertial reference frame (X, Y, Z). Joint
angles

i

(i

2,3, 4,,7 ) correspondingly specify the angles of the ankle, knee, hip of the

stance limb (solid line) and the hip, knee, and ankle of the swing limb (dashed line). The
positive X-axis is in the direction of forward progression, and the positive Y-axis is upward.
Positive joint rotation is along the positive Z-axis (counterclockwise) for the stance limb
(solid line), and its sign is reversed (clockwise) for the swing limb (dashed line).

Fig. 2 Schematic of the procedure to derive joint moments which can reproduce the
experimentally measured kinematics (the joint angles and base of support displacement) and
kinetics (the ground reaction forces) during a slip in gait. These derived joint moments are
called baseline moments. The procedure, including two main parts: forward-dynamics
simulation and optimization, was used to modify the original moments which were derived
by traditional inverse-dynamics approach from experimental measurements to baseline
moments. A simulated annealing (SA) algorithm was used to perform the optimization
routine. The iteration process is indicated by the narrow arrow.

Fig. 3 The profile (mean ± SD) of lower limb joint moments across 10 subjects, calculated
from an inverse-dynamics (original moments, solid line) and from our forward-dynamics
approach (baseline moments, dashed line), during single-stance phase (single-limb support of
the right foot) from left foot liftoff (LLO) to its touchdown (LTD) for right (stance) (a) hip,
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(b) knee, and (c) ankle. The instant of LLO typically occurs ~160 ms after slip onset (OS).
Also shown are the average joint moments during the single-stance phase of the regular
walking trial, across the same subject group (dash-dotted line). The arrows indicate the
changes from these moments measured in regular gait, that are reflective of the reactive
control at each joint, which these subjects actually had executed in response to a novel and
unannounced slip in gait. It is obvious that this response includes increasing hip extensor and
knee flexor and reducing ankle plantar flexor moments during the slip trials. The joint
moments are normalized to body mass.

Fig. 4 A representative simulation sample of single-stance phase, from left (swing) foot
liftoff (LLO) to its touchdown (LTD), for a subject (body mass = 72.6 kg, body height = 1.70
m). The instant of LLO typically occurs ~160 ms after slip onset (OS). This shows that the
optimization-derived (corrected) results (in dashed line) closely tracked the experimental
(original in solid line) kinematics and kinetics, by our optimization/forward-dynamics
simulation procedure. In comparison, the uncorrected kinematics (in dash-dotted line) was
computed by forward-dynamics approach without using optimization algorithm to reduce
error, which is clearly visible. The kinematics (angular or linear displacement) & the joint
moments of the (a & b) hip, (c & d) knee, (e & f) ankle, (g & h) foot, and the horizontal &
vertical component of the ground reaction force (GRF) (i & j) are all demonstrated at the
right limb. The joint moments are normalized to body mass and the GRF is normalized to
body weight, bw.

Fig. 5 The group mean (n = 10) of the operation limits for the resultant joint moments of
stance (a) hip, (b) knee, and (c) ankle during the entire single-stance phase from left (swing)
foot liftoff (LLO) to its touchdown (LTD). During an altered simulation, the joint moments
are altered by adding or subtracting a fixed interval Δτ at 10-3 Nm/kg. Also shown are the
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average baseline moments for each stance side joint across all subjects. For each joint, the
greater operation limit is demonstrated. The upper and lower bounds of the operation limits
are defined as the maximum allowed alteration size imparted to the baseline moments before
the joint angles at any instant of the entire single-stance phase begin to exceed 1 SD above
the standard range of motion for that particular joint11, or their moments exceed the limits of
the corresponding muscle strength illustrated by the thin horizontal lines and the values
normalized by body mass, i.e., in Nm/kg2,4.

Fig. 6 Four types of failure encountered in altered simulation: (a) hyper extension at right
(stance) knee (RHKE), (b) hyper dorsiflexion at right ankle (RHDF), (c) hyper plantar
flexion at left ankle (LHPF), and (d) hyper dorsiflexion at left ankle (LHDF). See Table 2
for detailed definition of failure type. The numbers beneath the stick figures indicate the
simulation time in percentage, and the asterisk represents the COM position. The triangle is
the starting position of the right heel at left foot liftoff. The altered simulation would fail
once the perturbed joint angles deviated by 1 SD from the corresponding joint’s range of
motion. Small circles on the stick figures were used to identify the joint which encountered
the unrealistic movement. To illustrate the joint movement clearly, the small circles were
enlarged.

Fig. 7 Comparison of the group mean of lower limb joint moments at stance side between
our study and those reported by other researchers12,18. All three sets of joint moments were
derived by an inverse-dynamics approach during the single-stance phase from left (swing)
liftoff (LLO) to its touchdown (LTD) in gait-slip. Joint moments are normalized to body
mass in Nm/kg.
FIGURES
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28

1.2

a) Hip

0.6
0
[+: Extensor]
-0.6

Moment (Nm/kg)

0.6

Cham et al., (2001)
Ferber et al., (2002)
Current

b) Knee

0

-0.6
0.4

[+: Extensor]
c) Ankle
[+: Plantar flexor]

0.2
0
-0.2
0
(LLO)

50
Time (%)

100
(LTD)

Fig. 7 [Yang and Pai, 2010]
APPENDIX
A. The optimization procedure
Each joint activation level time history was divided into a set of independent, linearly
interpolated variables or control nodes. The initiation of the control nodes for SA was the
original joint moments derived from the inverse-dynamics analysis. Once the control nodes were
determined, each joint moment history was reconstructed using linear interpolation (Eq. (2)).
After the initiation, the forward-dynamics simulation was performed by integrating the equations
of motion (Eq. (1)). The objective function (Eq. (3)) was then evaluated by comparing the
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output kinematics with the corresponding experimental values. Based on the evaluation, the
values of control nodes and spring/damping coefficient of the visco-elastic element would be
adjusted by SA in light of its acceptance/rejection criteria. This iteration was continued until the
improvement in the object function became less than 10-3 for 500 consecutive function
evaluations. The optimization-derived joint moments were the baseline moments used to
investigate the operation limits.
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