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Featured Application: Older adults adopt a crossing strategy that is different from that of the
young, emphasizing foot-obstacle clearance to reduce the risk of tripping over the obstacle at
the expense of increased energy expenditure. It appears that this strategy relies very much on the
muscular strength of the lower extremities and the precision control of the end-points. Therefore,
apart from other influencing factors, maintaining or improving muscle strength and the ability of
limb position control is critical for safe and successful obstacle-crossing in the older population.

Abstract: Obstacle crossing challenges balance and increases the risk of falls in older people. Knowl-
edge of the control strategies adopted by older people will be helpful for the study of the mechanisms
of falls during obstacle crossing and the development of fall-prevention approaches. A mechanical
model of the body combined with measured gait data was used to study the control strategies
adopted by 17 healthy older and 17 young adults when crossing obstacles of different heights, in
terms of the best-compromise weighting sets for the objectives of minimizing energy expenditure and
maximizing the toe-obstacle and heel-obstacle clearances. The older group showed increased leading
toe-obstacle clearance and trailing toe-obstacle distance, but decreased leading heel-obstacle dis-
tance. Compared with the young, the crossing strategy of older people emphasized the foot-obstacle
clearance to reduce the risk of tripping, at the expense of energy expenditure. It appears that the
multi-objective optimal control strategy relies on the muscular strength of the lower extremities and
precise end-point control. Therefore, maintaining or improving the muscle strength and the ability of
limb position control is critical for safe and successful obstacle-crossing in the older population.

Keywords: gait analysis; optimal control; obstacle crossing; aged

1. Introduction

Obstacle crossing challenges balance and is considered one of the daily activities
that increases the risk of falls in older people [1-3]. Loss of balance and inability to
recover balance are the main contributing factors to falling during obstacle crossing in older
people [4]. For a successful obstacle crossing, necessary foot-clearance of the swing limb and
stability of the body provided mainly by the stance limb are needed [5]. Insufficient foot-
clearance will increase the risk of tripping, leading to loss of balance [6-8]. While increasing
foot-clearance may help reduce the risk of tripping [9-11], the associated alteration of the
whole-body posture may place greater challenges on body balance [6,7]. In this case, extra
muscular effort and work at the joints in the stance limb will be required to maintain body
balance or recover balance in cases where imbalance occurs. A previous study has reported
the overall strategies for the simultaneous control of foot-clearance, lower limb muscular
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work, and total mechanical energy for successful obstacle crossing in young adults [12].
Similar knowledge in older adults will be helpful for developing intervention strategies for
fall prevention in the older population.

Older people have been shown to cross obstacles with increased leading
toe-clearance [13-15], slower crossing speed, shorter step length, and smaller step width [11],
as well as increased muscular moments at the lower limb joints [9], when compared with
young controls. Altered kinematics of individual joints of the lower extremities were also
reported in previous studies [5,9,10,13,16-18]. While increased toe-clearance helps reduce
the risk of tripping [9-11], it remains unclear how the reported changes in individual
variables together would contribute to the higher risk of falls in older people. To gain
insight into the control strategies of obstacle crossing, relative phase analysis has been
used to study the patterns and variability of the multi-joint coordination during obstacle
crossing in older people, which were independent of obstacle height [15,19,20]. While
the mechanics of and coordination between individual joints have been studied, difficul-
ties still exist in synthesizing these data to uncover the overall control of the locomotor
system for obstacle crossing in older people. For example, older people changed some
joint angles or moments with increasing obstacle height, while keeping other variables
unchanged [5,9,16]. From these results, it is difficult to test whether there exists an obstacle-
height independent control strategy present at the level of the central control system. To
tackle this problem, Lu et al. proposed a multi-objective optimal control (MOOC) approach
to study obstacle-crossing strategies in young adults from the perspective of the central
control system [12].

Using the MOOC approach with a weighting method [21], the overall control strategy
for obstacle crossing in young adults has been shown to be the best-compromise solution to
an MOOC problem with conflicting objectives of maximizing foot clearance and minimiz-
ing mechanical energy expenditure. Minimizing energy expenditure has generally been
accepted as the optimal control objective for normal walking [22-26], but not for obstacle
crossing [9], even though both activities appear similar. During obstacle crossing, one
has to lift the foot to cross the obstacle, so minimizing energy expenditure alone does not
predict swing ankle trajectories that give the foot clearances observed in normal obstacle-
crossing [9,12]. For a successful obstacle crossing, the swing foot has to cross over the
obstacle with sufficient foot-clearance [5]. Previous studies have shown that older people
crossed obstacles with increased toe-obstacle clearance, presumably to reduce the risk of
tripping because, the greater the foot-obstacle clearance, the less likely the foot is to hit the
obstacle [13]. Lifting the swing limb to increase the foot-obstacle clearance may increase the
mechanical energy needed for the associated body postural adjustments while maintaining
balance. However, no study has reported changes in energy expenditure and their possible
relationship with the observed increase in toe-obstacle clearance during obstacle crossing
in older people.

It has been shown in young adults that the weightings of the conflicting objectives of
the MOOC problem for obstacle crossing were independent of obstacle height, suggesting
that the control strategy was maintained in the central nervous system (CNS). Previous
experimental studies have also indicated that, during obstacle crossing, a basic locomotor
pattern was adjusted by higher CNS centers [27] rather than implementing a new pattern
altogether [18,28,29]. With aging, it is well known that there is a natural degradation of
the functions of the neuromusculoskeletal system, which is suspected of being responsible
for the altered joint kinematic and kinetic changes during obstacle crossing. However, it
remains unclear whether aging also affects the overall control strategy of obstacle crossing.
Knowledge of the control strategies adopted by older people will be helpful for studying the
mechanisms of falls during obstacle crossing and for developing prevention approaches.

The purpose of the current study was to use MOOC techniques with a model of the
human body in the sagittal plane to study the control strategies adopted by healthy older
and young people when crossing obstacles of different heights. The effects of age on the
control strategies were investigated. It was hypothesized that, in order to reduce the risk of



Appl. Sci. 2021, 11, 8040

30f12

tripping over the obstacle, the older group would emphasize foot clearance with increased
weightings—rather than energy expenditure—when compared with the young group.

2. Materials and Methods
2.1. Subjects

Seventeen healthy older adults (older group) and 17 BMI-matched healthy young
adults (young group) participated in the current study (Table 1) with written informed
consent as approved by the Institutional Review Board (IRB No. DMR98-IRB-072). They
were all free of neuromusculoskeletal dysfunction and with normal or corrected vision.
An a priori power analysis based on pilot results using G*'POWER [30] determined that a
projected sample size of 11 subjects for each group would be needed for two-way mixed-
design analysis of variance (ANOVA) with a power of 0.8 and a large effect size (Cohen’s
d = 0.8) at a significance level of 0.05. Thus, the current sample size for each group was
adequate for the main objectives of the study.

Table 1. Means (standard deviations) of the basic characteristics of older and young participants.

Group Effect

Older Young (p-Value)
Age, years 72+6 23+£3 --
Gender, no. of females/males 4/13 4/13 --
BMI 22.6+35 222421 0.66
Height, cm 160 £ 6 175+ 5 0.01
Mass, kg 58.7 8.5 69.0+74 0.01

2.2. Experimental Protocol

In a university hospital gait laboratory, each subject walked at their preferred walking
speed and crossed a tube-like obstacle placed across a height-adjustable frame [31]. The
position and height of the obstacle were defined by two infrared-retroreflective markers
placed on each end of the tube. The poses of the body segments were tracked using
39 infrared-retroreflective markers placed on specific anatomical landmarks commonly
used in human motion analysis [32]. Three-dimensional trajectories of the markers were
measured at 120 Hz using a seven-camera motion analysis system (Vicon 512, Oxford
Metrics, London, UK), and the ground reaction forces (GRFs) and the center of pressure
(COP) were measured at 1080 Hz using two forceplates (AMTI, Advanced Mechanical
Technology, Watertown, MA, USA) placed on either side of the obstacle [33]. The test
conditions were crossing obstacles of 10%, 20%, and 30% of the subject’s leg length, defined
as the distance between the ipsilateral ASIS and medial malleolus, with each lower limb
leading [34]. Data for three complete crossing trials for each lower limb leading were
obtained for each obstacle height and each subject.

2.3. Mathematical Model of the Body

The human body was modeled as a sagittal seven-link system with rigid links of the
upper body, the thighs, shanks, and feet connected by model hips, knees, and ankles as
frictionless hinge joints (Figure 1) [12]. The model had seven degrees of freedom, corre-
sponding to the seven angular displacements, namely, the ground/foot (67F), ankle (674),
knee (67k), and hip (67x) of the trailing stance limb, as well as the hip (0. y), knee (0.x), and
ankle (61 4) of the leading swing limb (Figure 1). The foot of the trailing stance limb was
assumed to be connected to the ground at the ground/foot joint (67F). The resultant forces
and moments at the hinge joint were equivalent to the GRF. Model parameters, namely
the lengths and inertial properties of the links and positions of joint centers, were obtained
using a model-based optimization method that minimizes errors between model-predicted
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and measured COP positions during several calibration postures [31]. The governing
equations of dynamics of the seven-link model are given as follows [12].

M(q)ij = T(t) + V(q)i" + G(q) + E(q,9) (1)

where g is a 7 x 1 vector of the seven degree-of-freedom model variables, i.e., joint angular
displacements; g and g are joint angular velocities and accelerations, respectively; M(q)

is a 7 x 7 mass matrix; T(t) is a 7 x 1 joint torque vector; V(q)é]2 isa 7 x 1 vector of both
Coriolis and centrifugal effects; G(g) is a 7 x 1 gravitational force vector; and E(q,4) is a
7 x 1 external force vector (Figure 1).

Orx

Orx Orx

I/Toe-obstac:le clearance

Obstacle

677
Forceplate

Figure 1. The sagittal seven-link model of the body during obstacle crossing with seven degrees of
freedom, corresponding to the angular displacements: hip (0 p), knee (6 ), and ankle (67 4 ) of the
leading swing limb, and foot (87r ), ankle (674 ), knee (87k ), and hip (0ry ) of the trailing stance
limb. Toe-obstacle clearance is also indicated, defined as the vertical distance of the toe above the
obstacle. The X-axis indicates the direction of progression.

2.4. Multi-Objective Optimal Control (MOOC) of Obstacle Crossing

For the current MOOC of obstacle crossing, some of the model variables were assigned
with experimentally measured data, namely, the trailing foot (67F), ankle (674), knee (67k),
and hip (67y), and the leading ankle (6 4) (Figure 1). The measured swing ankle position
(v1) at the toe-off immediately before crossing (¢1), as well as the swing ankle position
(yx) at the initial contact immediately after crossing (t,), were also taken as model input.
Given these measured input data, the swing ankle trajectories would be determined by the
MOOC laws. Considering the linkage of the leading swing limb, the angles of the leading
hip (61y) and knee (61 x) were determined once the positions of the swing hip and ankle
were known (Figure 1). According to Lu et al., the MOOC of the lower extremities during
obstacle crossing involves trade-offs between the conflicting objectives of minimizing
mechanical energy and maximizing the swing heel and toe clearances [12]. Therefore, the
MOOC problem of obstacle crossing in the current study was to search for the swing ankle
trajectory, and thus the angular trajectories of the joints of the swing limb, and the torques
of all the lower limb joints, that minimized the energy expenditure (f;) and maximized the
heel-obstacle (f2) and toe-obstacle clearances (f3) above the obstacle. This MOOC problem
was converted to a non-linear programming problem using a parameterization approach.
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The spatial trajectory of the swing ankle was discretized to n positions over the total time of
the swing phase, i.e., from toe-off (¢1) to initial contact (¢,) of the swing limb, at equal-timed
intervals, At = % The discretized swing ankle positions, i.e., y = (y1,V2, ...,y ), Were
the design variables of the non-linear programming problem. The resulting parameterized
MOOC problem can be described as follows:

Problem MOOC: Find a set of design variables, y = (y1,»,...,Y,) to minimize the
following objective functions:

fiv) = ]; inl TiwiAt @)
£(y) = —dn ©)
f(y) =—di @

subject to the equations of dynamics of the seven-link model defined in Equation (1), where
f1 is the mechanical energy from the muscular works at the lower limb joints calculated
as the sum of the products of the joint torques (T;) and joint angular velocities (w;:) over
all time intervals (At) for all joints (j), f2 is the negative of the toe-obstacle clearance (d;),
and f3 is the negative of the heel-obstacle clearance (dj) (Figure 1). Basically, the larger the
value of 1, the better the representation of the ankle trajectory. However, considering the
dimensionality, and thus the computational effort, for solving the non-linear programming
problem, a value of 20 was selected for 7 in the current study [12].

The weighting method [21] was used to solve the MOOC problem by introducing a
weighting factor to each objective function and converting the original problem into a new
one with a single objective function as the weighted sum of the original objective functions,
ie, (Wifi + Wafa + Waf3). Wy, Wy, and W3 were the weighting factors for the energy
expenditure (f1), heel-obstacle clearance (f»), and toe-obstacle clearance (f3), respectively,
and satisfying Wy + W, + W3 = 1. For a set of prescribed weighting factors, Wy, W,, and

W3, the converted MOOC problem was to find a set of design variables, g = Y1, Y2, -, Yn),
to minimize the following objective function:

f(];) _ W1f1 (y) n szZ (y) " W3f3 (]/)

fr f f3
where f], 5, and f; were the optimum objective function values of the non-linear pro-
gramming problem with each objective function as the single objective. Each objective
function was normalized by its single-objective optimum value to be non-dimensionless so
that the objective functions became mensurable. For a given set of values for the design
variables, inverse dynamics analysis was performed with the seven-link model to obtain
the necessary quantities for the solution of the MOOC problem, including joint angles
and torques of the lower limbs. The best-compromise solution to the MOOC problem was
the optimum solution to the new problem defined in Equation (5) with a set of weighting
factors (W7, W, W3) that produced an ankle trajectory that best matched the measured
trajectory, giving the minimum root mean squared errors (RMSEs). In the current study, the
MOOC-associated problems were solved using in-house software developed in MATLAB
(Mathworks, Boston, MA, USA).

To obtain the experimental input data for solving the MOOC problem, a validated 3D
model of the locomotor system [35] was used to calculate the joint angles and moments
from experimental data via inverse dynamics analysis and then projected onto the sagittal
plane. The RMSEs between the MOOC model-predicted and experimentally measured
leading ankle trajectories, as well as joint angles of the leading limb and joint moments of
the trailing stance limb, were calculated for all height conditions and each subject.

©)
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2.5. Statistical Analysis

A two-way mixed-design analysis of variance (ANOVA) with one between-subject
factor (group) and one within-subject factor (obstacle height) was used to compare the
best-compromise weighting sets, energy expenditure (f;), end-point control variables, and
RMSEs of the calculated model variables, including the ankle positions and joint angles
and moments. If an interaction was found, pair-wise between-group comparisons were
performed using an independent t-test for each obstacle height, and a post hoc trend
analysis was performed to determine the trend of the variable with increasing obstacle
height for each group. If there was no interaction, the main effects were reported. All
significance levels were set at & = 0.05. SPSS version 20 (SPSS Inc., Chicago, IL, USA) was
used for all statistical analyses.

3. Results

There were no statistical interactions between group and obstacle height factors for
any tested variables, so only the main effects are reported here. The older group was found
to have significantly greater leading toe-clearance, energy expenditure, and longer trailing
toe-obstacle distances, but shorter leading heel-obstacle distances (Table 2 and Figure 2).
With increasing obstacle height, the energy expenditure was significantly increased linearly
(Table 2).

Table 2. Means (standard deviations) of the end-point variables and energy expenditure for the older
and young control groups when crossing obstacles of three different heights.

Obstacle Height (% Leg Length) Group Effect  Height Effect
10 20 30 p-Value
Leading heel-obstacle distance (% Leg length)
Older 17.8 (4.9) 17.3 (3.5) 16.9 (3.9) 0,01+ 023
Young 20.3 (2.6) 20.2 (2.4) 19.5 (2.2) : :
Trailing toe-obstacle distance (% Leg length)
Older 24.9 (4.4) 24.6 (4.2) 24.2 (4.8) 0,01+ 018
Young 21.0 (2.7) 204 (3.1) 20.6 (2.9) : :
Leading-toe clearance (mm)
Older 156 (34) 169 (33) 176 (40) 0,04 0.57
Young 149 (25) 144 (26) 128 (20) : :
Leading-heel clearance (mm)
Older 130 (31) 137 (34) 142 (39) 096 -
Young 135 (27) 137 (35) 135 (33) : :
Energy expenditure (% body weight xleg length x total time)
Older 1744 (417)  172.8(30.1)  183.2(35.9) 0,03+ 0.03+4
Young 1493 (22.6) 1454 (208)  156.3 (19.3)

*: significant difference between groups. 1: significant linearly increasing trend.
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Figure 2. Sagittal trajectories of the ankle, toe, and heel of the leading swing limb of typical subjects
of the older (red curves) and young (black curves) groups when crossing obstacles (solid blue lines)
of 10%, 20%, and 30% of leg length (LL).

The older group showed significantly increased weightings to the heel- and toe-
clearances, but decreased energy expenditure weightings (W1: 0.533; W2: 0.233; W3: 0.233)
when compared with the young group (W1: 0.68; W2: 0.16; W3: 0.16) (p < 0.01, Figure 3).
There were no significant height effects for the best-compromise weightings (p > 0.05,
Figure 3).

Energy expenditure Heel-clearance Toe-clearance
(W1) (W2) (W3)

1.00 P,<0.01*
P,=0.17
0.80

0.60 -H P,<0.01* P,<0.01*
I | Ph—O 11 | P,,—o 26
0.40

; WII L WII ﬂli

Older Young Older Young Older Young

010%LL =20%LL m30%LL

Figure 3. Means (standard deviations) of the best-compromise weighting sets (W1, W2, W3) for the
older and young groups when crossing obstacles of three different heights: 10% (white), 20% (grey),
and 30% (black) leg length (LL). p-values for the main effects are also given (Pg: group effects; Ph:
height effects). Asterisks indicate statistically significant differences (p < 0.05).

With the best-compromise weighting sets, the RMSEs of the leading ankle trajectories
over the swing phase between MOOC model predictions and experimental measurements
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were less than 8 mm for all test conditions, without significant group or height effects
(p > 0.05, Table 3). Similarly, the RMSEs for the swing hip and knee angles were less than
2° for all test conditions, without significant group or height effects (Table 3). The RMSEs
for the joint moments of the trailing stance limb were less than about 5 Nm for both groups
and all obstacle conditions, without significant group or height effects (Table 3).

Table 3. Means (standard deviations) of the RMSEs of the kinematic data of the leading swing
limb and the trailing joint moments between the best-compromise solutions of the Multi-Objective
Optimal Control (MOOC) and the experimental data.

Obstacle Height (% Leg Length) Group Effect  Height Effect
10 20 30 p-Value

Ankle trajectory (mm)

Older 7.1(3.1) 7.1(29) 7.8 (1.7) 04 0.63

Young 6.7 (1.9) 6.7 (2.3) 7.3(2.3) : ’
Swing hip angle (°)

Older 0.84 (0.22) 0.81 (0.36) 0.98 (0.29) 011 011

Young 0.64 (0.19) 0.66 (0.28) 0.74 (0.23) ’ :
Swing knee angle (°)

Older 1.71 (0.49) 1.39 (0.62) 1.40 (0.33) 0.08 0.09

Young 1.41 (0.39) 1.29 (0.43) 1.26 (0.38) ’ ’
Trailing ankle moment (Nm)

Older 3.13 (0.72) 3.77 (1.64) 3.90 (0.81) 0.73 011

Young 3.44 (0.76) 3.71(1.18) 4.00 (0.97) ’ :
Trailing knee moment (Nm)

Older 3.08 (0.84) 3.05 (1.68) 2.99 (0.80) 0.59 037

Young 2.75 (0.50) 3.39 (0.85) 3.53 (0.88) ’ ’
Trailing hip moment (Nm)

Older 3.63 (0.90) 4.02 (1.96) 3.98 (1.11) 011 0.68

Young 4.35 (0.74) 4.59 (1.08) 4.46 (1.02) ’ ’

4. Discussion

The current study aimed to use multi-objective optimal control techniques with a
mechanical model of the human body in the sagittal plane to study the control strategies
adopted by healthy young and older adults when crossing obstacles of different heights.
The older group was found to cross obstacles with significantly increased weightings to the
heel- and toe-clearances, but decreased energy expenditure weightings when compared
with the young group (Figure 3), supporting the hypothesis posed in the current study.
These best-compromise weighting sets were not affected by obstacle height, suggesting
that the observed strategy was one at the central nervous system level. The current findings
suggest that the older adults adopted a crossing strategy that is different from that of the
young, emphasizing the foot clearance to reduce the risk of tripping over the obstacle at
the expense of increased energy expenditure.

The older subjects crossed obstacles with altered end-point control when compared
with the young, as indicated by the increased leading toe-obstacle clearance and trailing
toe-obstacle distance, but decreased leading heel-obstacle distance. Similar age effects on
toe-obstacle clearances were also found in the literature [13,15,36-38]. Increased leading
toe-obstacle clearance appears to be helpful for reducing the risk of tripping during ob-
stacle crossing in older people [13,15]. For an increased leading toe-obstacle clearance,
an efficient approach would be to cross the obstacle with the trailing stance foot closer to
the obstacle [37]. However, the older subjects were found to cross with increased trailing
toe-obstacle distance, but with subsequently reduced heel-obstacle distance when com-
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pared with the young (Table 2). Reduced heel-obstacle distance may increase the risk
of stumbling, although heel or midsole contact has been suggested to carry less risk for
a fall than toe contact [11]. On the other hand, increased trailing toe-obstacle distance
may increase the separation of the body’s center of mass relative to the center of pressure,
increasing the risk of loss of balance [39].

The observed obstacle-height-independent end-point trajectories for obstacle cross-
ing were a result of the best compromise between minimizing mechanical energy and
maximizing the toe-obstacle and heel-obstacle clearances. However, the strategy was
multi-objective and specific to different age groups, which was in contrast to the single-
objective and possibly age-independent control strategy for unobstructed level walking
(i.e., minimization of energy expenditure, [22]). Note that the best-compromise weight-
ing sets in both groups were not affected by obstacle height, suggesting that the control
strategies for obstacle crossing were stored and executed at the central nervous system
level [12] according to the central pattern generator theory [40]. This best-compromise
MOOC strategy was found to change with aging. The current results indicate that the
older adults placed more emphasis on foot-obstacle clearances than on energy expenditure
compared with the healthy young group. The significantly increased weightings for the
foot-obstacle clearance corresponded to the increased values of the toe-obstacle clearances,
irrespective of obstacle heights, suggesting a strategy for reduced risk of tripping during
obstacle crossing. However, this comes with the expense of increased mechanical energy
expenditure (decreased weighting for minimization of mechanical energy) owing to the
conflicting nature of the objectives for obstacle crossing (Table 2). Increased mechanical
energy expenditure indicated increased muscular work at the lower limb joints was needed
for the stability of the stance limb (Equation (2)) when the swing limb was lifted to increase
toe-obstacle clearance. This is a challenge to older people who often have reduced muscle
strength during the aging process [41-43]. It has been noted that obstacle negotiation
is a precise end-point control task [9,13,18,44,45]. Sufficient foot-obstacle clearance and
necessary body stability provided mainly by the stance limb are essential to a successful
and safe obstacle crossing [13]. It appears that the MOOC strategy adopted by the older
group would rely on not only the muscular strength of the lower extremities for stance
stability, but also the ability of precision end-point control for the increased toe-obstacle
clearance. Both the ability of end-point control and muscle strength are important com-
ponents for preventing falls in older people [46—49]. Fall risks may be increased if an
older person has muscle weakness [41-43] or compromised limb position control [11,41,50],
or increased variability in performing motor tasks [15,51,52], which are common in the
process of aging. Therefore, apart from factors such as vision, spatial cognition, and fear
of tumbling, maintaining or improving muscle strength and the ability of limb position
control are critical for safe and successful obstacle crossing in the older population.

The current study approached the complicated control problem of obstacle crossing
with the multi-objective optimal control technique considering the laws of kinematics
and kinetics. The small RMSEs of the ankle trajectories, leading joint angles, and trailing
joint moments indicate that the iterative solution process converged and that the best-
compromise solutions for the MOOC problems were obtained with a high degree of
accuracy. This enabled the study of the effects of aging on the control strategies of obstacle
crossing via a reliable comparison of the best-compromise weighting sets between the older
and young groups. In the current study, the crossing strategies over the swing phase of the
leading limb during obstacle crossing were studied. Further investigation will be needed
to test whether different objective functions would be involved during obstacle crossing
with the trailing limb.

Furthermore, further inclusion of motion components of the frontal and transverse
planes may be needed to study the motor control of obstacle crossing, especially for
people with neuromusculoskeletal disorders. In the current study, both subject groups
were healthy adults without any neuromusculoskeletal dysfunction and with normal or
corrected vision. Further studies will be needed to identify the sensitivities of the best-
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compromise weighting sets to factors that may affect the control of obstacle crossing, such
as muscle strength, proprioception, vision, spatial cognition, or fear of tumbling. Another
limitation of the current study was that the cognitive functions of the subjects were not
measured. The effects of neurological performance quantified by cognitive function tests
(such as MMSE or STROOP) on the biomechanical phenotype in response to physical
obstacles are also an interesting topic for further study.

5. Conclusions

The current study used multi-objective optimal control techniques with a mechanical
model of the human body to study the multi-objective optimal control strategies adopted
by healthy older and young adults when crossing obstacles of different heights. The older
group was found to cross obstacles with significantly increased weightings to the heel- and
toe-clearances, but decreased energy expenditure weightings when compared with the
young group. These best-compromise weighting sets were not affected by obstacle height,
suggesting that the observed strategy was one at the central nervous system level. As a
result of the altered best-compromise optimal control strategies, the older group showed
increased mechanical energy expenditure, leading toe-obstacle clearance, and trailing toe-
obstacle distance, but decreased leading heel-obstacle distance. The older people adopted
a crossing strategy different from the young, emphasizing the foot-obstacle clearance to
reduce the risk of tripping over the obstacle at the expense of increased energy expenditure.
It appears that the MOOC strategy adopted by the older group would rely on not only the
muscular strength of the lower extremities for stance stability, but also on the ability of
precision end-point control for the increased toe-obstacle clearance. Therefore, apart from
factors such as vision, spatial cognition, and fear of tumbling, maintaining or improving
muscle strength and the ability of limb position control are critical for safe and successful
obstacle crossing in the older population.
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