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Gait Phase Subdivision and Leg Stiffness
Estimation During Stair Climbing

Teng Ma"™, Graduate Student Member, IEEE , Jiale Zhu, Kuangen Zhang™', Wentao Xiao, Haiyuan Liu,

Yuquan Leng™, Haoyong Yu

Abstract—Leg stiffness is considered a prevalent
parameter used in data analysis of leg locomotion during
different gaits, such as walking, running, and hopping.
Quantification of the change in support leg stiffness during
stair ascent and descent will enhance our understanding
of complex stair climbing gait dynamics. The purpose of
this study is to investigate a methodology to estimate leg
stiffness during stair climbing and subdivide the stair climb-
ing gait cycle. Leg stiffness was determined as the ratio
of changes in ground reaction force in the direction of the
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support leg F; (leg force) to the respective changes in length
L, during the entire stance phase. Eight subjects ascended
and descended an instrumented staircase at different
cadences. In this study, the changes of leg force and length
(force-length curve) are described as the leg stiffness
curve, the slope of which represents the normalized stiff-
ness during stair climbing. The stair ascent and descent
gait cycles were subdivided based on the negative and
positive work fluctuations of the center-of-mass (CoM) work
rate curve and the characteristics of leg stiffness. We found
that the leg stiffness curve consists of several segments
in which the force—length relationship was similarly linear
and the stiffness value was relatively constant; the phase
divided by the leg stiffness curve corresponds to the phase
divided by the CoM work rate curve. The results of this study
may guide biomimetic control strategies for a wearable
lower-extremity robot for the entire stance phase during
stair climbing.

Index Terms—Leg stiffness, stair ascent, stair descent,
human walking, phase subdivision.

I. INTRODUCTION

TAIR climbing is one of the most common activities in

daily living. Walking on stairs presents as more demand-
ing than level walking, especially for the elderly [1], [2],
subjects suffering from muscle or joint diseases [3], [4],
and subjects with amputations [5]-[9]. The studies of biome-
chanics of stair climbing can enhance our understanding of
the complicated processes of human locomotion during stair
ascent and descent. Furthermore, the biomechanical analysis
of normal stair climbing can support the design and control
of rehabilitation devices, such as lower-extremity exoskeletons
or prostheses [10]-[15].

Previous studies investigated the biomechanics of normal
human ascending and descending stairs [16]-[22]. Biome-
chanical parameters commonly used in locomotion analysis
include joint angles and moments [23], joint power [24],
grand plantar pressure characteristics [25], foot clearance [26],
whole-body angular momentum [27], and ground reaction
forces (GRFs) [28]. Other related works show that dual-tasking
affects the kinetics but not the kinematics of stair climb-
ing [29], that stair inclinations significantly influence the joint
powers [30], and that different-level steps result in different
joint moments in both sagittal and frontal planes [31]. In addi-
tion, some researchers have focused on the biomechanical
analysis of stair ambulation in the elderly [32], lower-limb
amputees [33], and people with joint disease [34], which
contributes to the design of low-extremity exoskeletons and
prostheses.
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Stair climbing presents a greater biomechanical challenge
relative to level walking because the body CoM must be
raised during ascent and lowered during descent during the
single-limb stance phase while maintaining forward progres-
sion and proper foot placement. It is reported that the stance
phase occupies approximately 60% of the gait cycle in stair
ascent or descent, and the performance of the swing phase
depends on the stance phase [35]. Therefore, the biomechan-
ical characteristics of the stance phase during stair climbing
are essential in studies on stair climbing. Leg stiffness is a key
parameter in data analysis of legged locomotion during the
stance phase [36], [37], and several studies have investigated
leg stiffness during level walking [38], [39], running [40], [41],
and hopping [42]. To the best of author’s knowledge, few
comprehensive analyses have discussed leg stiffness during
stair climbing, although leg stiffness while stair climbing
is an important characteristic affecting gait kinetics and the
kinematics of stair climbing [43]. Furthermore, leg stiffness
in previous studies was mostly regarded as a single constant
value that could be simulated accurately by vertical directional
models. The leg stiffness is calculated as the ratio of maximum
value of the ground reaction forces to maximum displacement
of COM during body contact with the ground [38]-[42], [44].
However, stair climbing is a relatively complex movement,
with several phases alternating and leg stiffness changing
during different phases. To investigate leg stiffness during
different phases, it is necessary to further define the subphases
of stair ascent and descent. The gait cycle during stair climbing
was divided into phases according to different objectives for
progression [45]. Based on the actions of CoM and GRE, [35]
further refine the phases described by [45]. In this study,
negative and positive work fluctuations of the CoM work rate
curve are used to subdivide phases of stair climbing, which
reveals the change of mechanical energy during stair climbing.
The changes in mechanical energy and quantification of leg
stiffness during different phases may guide biomimetic control
strategies for a wearable lower-extremity robot for the entire
stance phase during stair climbing.

The purposes of this study are to explore the body CoM
work rate and leg stiffness during stair climbing, subdivide
stair climbing gait phases, and investigate how stair climbing
speed affects leg stiffness variation. The main contributions of
this paper are summarized as follows.

(1) This study reveals variable leg stiffness of the supporting
leg at different phases during the complex process of stair
climbing, which changes continuously in different phases and
remains relatively constant in each phase.

(2) Stair climbing gait phases are subdivided based on the
negative and positive work fluctuations of CoM work rate
and the characteristics of leg stiffness. The stance phase of
stair ascent includes five subphases: collision, early lifting,
late lifting, strutting, and push-off, and the stance phase of
stair descent includes four subphases: collision, rebound, early
transition, and late transition.

(3) The variable leg stiffness of different phases and speeds
during stair climbing is estimated based on the profile of the
leg force—length curves rather than the peak values of force
and length used in previous studies. These results can serve as

TABLE |
VECTOR NOTATION

Variable Notation

Position vector r

Ground reaction force = GRF(GRF;,GRFy,GRF)
Leg force Fy

Leg force (scalar) F, = |Fy|

Length (scalar) Ly =|r|

a reference for the imitation of natural motor control strategies
in prostheses or exoskeletons applied to stair climbing.

II. METHOD
A. Protocols

Eight healthy subjects (23 & 3 years old) of similar body
height (1.72 4 0.10 m) and weight (72.5 £ 8.5 kg) participated
in this study and completed the informed consent approved
by the Institutional Review Board of Southern University of
Science and Technology. In a questionnaire, subjects reported
no history of leg injuries or balance disorders and reported they
could execute stair ascent and descent at different cadences.

The subjects walked up and down the instrumented staircase
at three cadences (80, 90, and 100 steps/min). For each subject
and for each cadence, ascend and descend movements were
recorded for three repetitive trials. Stair ascent was initiated
in front of the staircase on ground level, whereas stair descent
started on a platform. Prior to data acquisition, the subjects
ascended and descended the stairs several times until they were
accustomed to the motion.

B. Measurement

The instrumented staircase consisted of eight steps with a
force plate (FP4060-08, Bertec, Columbus, OH, USA) embed-
ded in each step. The step dimensions were 15 cm (rise) by
30 cm (run), and the steps were wide enough (150 cm) to
avoid falling.

For each trial, body kinematics and kinetics were captured
by 12 motion-capture cameras (Motion Analysis, Raptor-
12HS, Rohnert Park, CA, USA) and the instrumented stairs,
with a sampling frequency of 120 Hz for the motion-capture
cameras and 1200Hz for the force plates. The force plates
can measure Fy, including the force magnitude, direction, and
starting point of the center of pressure (CoP). Fifteen reflective
markers were placed on the V-Sacral and lower limbs. Three
markers were used (L-ASIS, R-ASIS, and V-Sacral) from the
Halen Hayes model to assist in CoM tracking, and hence
the CoM was replaced by the center of pelvis calculated by
the three markers [46]. Using the Motion Analysis System and
force plates, we can obtain the data of human lower-extremity
motion and the force F; synchronously [47], [48]. Motion-
capture and force-plate data were filtered by a fifth-order
Butterworth lower-pass filter with cutoff frequencies of 10 and
30 Hz, respectively. As shown in Table I, vector r is the
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Fig. 1.

Testing environment and description of parameters of selected support leg. (a) Testing equipment includes motion-capture cameras,

instrumented stairs with force plates, and subjects walking on stairs wearing reflective markers. (b) Virtual limb length is the distance between the
pelvis center and center of pressure (CoP), and leg force is the ground reaction force (GRF) component in the direction of CoP to CoM.

position vector from the CoP to the pelvis, the length L; was
defined as the nominal value of r. The leg force F; is the
component of the GRF in the direction of the position vector
r, as shown in Fig. 1(b).

C. Analysis

To cover the individual differences, the leg force and virtual
limb length were normalized by follows.

Fy = Fi/mg, M
Ly = L;/Lo, )

where m is the body mass; Lq represents the initial leg length,
defined as the distance from the CoM to the CoP while
standing upright. During stair climbing, CoM velocity was
determined by the integration of the leg forces, considering
periodic strides and steady state. Furthermore, the support
CoM work rate was calculated from the vector dot product
of the leg force F with the velocity of the CoM [49], [50] as

Pcom = Fn - Veom
= |Fy||Vcom|cost
= |Fn||Viegl, 3)

where Pcom and Veom are CoM work rate and CoM velocity,
respectively. The CoM velocity was decomposed into the
direction of the position vector r (Vieg) and the direction
perpendicular to the vector r. As Fy is along the direction
of the vector r, the CoM work rate is equal to zero when the
virtual limb length changing velocity is zero.

Based on the experimental results, the Fy-Ly curve and
CoM work rate curve were used to analyze the leg stiffness
and CoM work done during stair climbing at different speeds.
Furthermore, the gait cycle during stair climbing can be
divided into several portions based on the Fy-Ly curve and
CoM work rate curve. The leg stiffness of different phases

during stair climbing was calculated based on the profile of
the Fy-Ly curve. It should be noted that the leg stiffness
termed in this study is “quasi-leg stiffness” [51], [52] due to
the contribution of inertia and damping to the final results.

D. Statistical Analysis

All statistical analyses were performed using IBM SPSS
Statistics version 20.0. Normal distribution for each vari-
able was assessed using the Shapiro—Wilk test and the
Anderson—Darling test. In cases of non-normal distribution,
a log transformation was completed, and normal distribution
was reevaluated. To statistically confirm differences between
different gait speeds in the different gait phases, we applied the
Mann-Whitney U test to these variables and two-way ANOVA
[5 phase x 3 speed (stair ascent), 4 phase x 3 speed (stair
descent)] to find the difference of leg stiffness at different gait
speeds in different gait phases. The significance level was set
at 0.05.

I1l. RESULTS
A. Stair Ascent Gait Cycle Subdivision

In this study, the stair climbing stance phase can be first
divided into different subphases according to the CoM work
rate. The direction of the leg force Fy and CoM velocity
Veom during different subphases of stair ascent are shown in
Fig. 2(a). In the CoM work rate curve, the zero points B, C,
and D (except the starting point A and ending point E of the
stance phase) at which the curves cross over the X axis are the
demarcations of the subphases in the stance phase. Based on
the gait events and CoM work rate curve, the stance phase can
be divided into four subphases, including the collision, lifting,
strutting, and push-off, as shown in Fig. 2(b). Similar to the
CoM work rate curve, the Fy-Ly curve can also be divided
into several parts according to the inflection points B, C, and
D of the curve, as shown in Fig. 2(c). The slope of each part
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Fig. 2. Stair ascent gait cycle subdivision based on CoM work rate and leg stiffness, averaging all trials across subjects with standard deviations
(£ 1) indicated by shaded regions. (a) Stair ascent stance phase diagram. (b) CoM work rate curve divided into four subphases by points A, B, C,
D, and E. (c) Fyy — Ly curve divided into the same four subphases. Different subphases correspond to different slopes and features.

represents the leg stiffness during this subphases. Moreover,
the inflection points in the Fyy-Ly curve correspond to the zero
points in the CoM work rate, because the virtual limb length
change velocity at the inflection point is zero. Therefore,
during different subphases of stair ascent, the CoM work rate
followed a pattern of positive and negative work fluctuations,
while the leg stiffness was also constantly changing.

The four subphases including collision, lifting, strutting, and
push-off directly reflected the performances of the support
leg during stair ascent. The collision phase begins with stair
contacting by one foot, as point A shown in the Fy-Ly
curve, with the virtual lower limb length decreasing as the foot
collides with the step, and ends with the opposite foot leaving
the step. At this moment, the length reaches the first minimal
value, as shown by point B in Fig. 2(c). During the collision,
the energy is partially stored in the leg compression and will
release in the lifting phase to lift the body up to enter the
single stance phase and climb the step. The lifting phase starts
from the first minimal value of the virtual lower limb length,
and ends at the first maximal value of the virtual lower limb
length, as shown by point C in Fig. 2(c). During the lifting,
the body mainly does positive work through the hip-knee
joint to overcome gravity to lift the CoM, and therefore the

CoM work rate curve displays a region of positive work. The
virtual lower limb length increases uniformly, and according
to the changing trend of leg force it can be divided into early
lifting and late lifting. The strutting phase starts from the first
maximal value of the virtual lower limb length (point C) to the
second minimal value of the virtual lower limb length (point
D). During the strutting, the CoM moves from the back of the
CoP to the front, the contra-lateral foot moves from the swing
phase to contact the stair, and the Fy performs negative CoM
work. The leg is fully extended like a strut and the length of
the leg barely changes. Finally, the push-off phase starts from
the second minimal value of the virtual lower limb length,
until the end point of the stance phase (point E), that is, the
toe off of the support leg. During this phase, the subject lifts
the body by flexing the ankle plantar; the foot leaves the steps
and enters the swing phase, with the opposite leg in the early
lifting phase.

B. Stair Descent Gait Cycle Subdivision

Similar to the study of stair ascent, the change in CoM work
rate and leg stiffness were also investigated during different
subphases of stair descent, as shown in Fig. 3. According to



864 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 30, 2022
=1 — & o
Early Transition Late Transition
A B C D
(a) Schematic of Fy and Vcon during stair descent
Ir 161
B
0@--------"""""-"P - 14+
= ] g
S £ =}
a1F z 3 2 12+ Rebound
= = < .
2 3 & & S
E g Ir
20 &
E =11}
2 2 081 Early Transition
o =
2t
2 E 06 Collision
: :
4+ Z
04 Late Transition
ST 02+ A
-6 I ! I I I 1 0 I I I I 1 ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.8 0.85 0.9 0.95 1 1.05 1.1

Giat cycle (stance phase)

(b) Stair descent CoM work rate curve

Normalized leg length Ly

(c) Stair descent leg stiffness curve

Fig. 3. Stair descent gait cycle subdivision based on CoM work rate and leg stiffness, averaging all trials across subjects with standard deviations
(£ 1) indicated by shaded regions. (a) Stair descent stance phase diagram. (b) CoM work rate curve divided into three subphases by points A, B,
C, and D. (c) Fy — Ly curve divided into the same three subphases. Different subphases have different slopes and features.

the stair descent CoM work rate curve [Fig. 3(b)] and the
Fny — Ly curve [Fig. 3(c)], the stair descent stance phase
was divided into three subphases, including collision, rebound,
and transition. Similar to stair ascent, the collision phase of
stair descent starts with one foot contacting the stair [point A
in Fig. 3(c)], with the length decreasing as the foot collides
with the step, and ending when the opposite foot begins to
leave the stair [collision phase in Fig. 3(b) and point B in
Fig. 3(c)]. During the collision, the subject starts to contact
the stair with the frontal foot, relying on the elasticity of the
joint to absorb the energy of impact and play the role of a
buffer, and performs negative CoM work [Fig. 3(b)]. Unlike
stair ascent, the collision phase comprises a large proportion
of the total gait cycle of stair descent (stair ascent 5% and stair
descent 20%), which also requires more energy to dissipate.
For the rebound phase, the energy stored during the collision
phase will release and lead to a small positive CoM work.
Since the virtual limb length changes little over this phase,
the supporting leg bears the majority of the body’s weight, the
GREF increases quickly, and the leg is also rigid like a strut.
Finally, in the transition phase, the CoM falls and moves
forward while preparing for the landing of the contra-lateral

foot. The bend of the knee joint and dorsiflexion of the ankle
joint lead to the decrease of the virtual limb length. The CoM
moves along the direction of leg contraction, which shows a
negative work rate. According to the changing trend of leg
force, this phase can be divided into early transition and late
transition.

C. Leg Stiffness During Different Phases of
Stair Climbing

Compared with the previous studies on leg stiffness, the
change of leg force and length are described as the Fy — Ly
curve in this study, the slope of which represents the nor-
malized stiffness during stair climbing. As shown in Fig 2(c),
the collision phase curve AB rises slowly, and its slope
illustrates that the leg stiffness increases gradually over this
phase. The lifting phase is divided into early lifting and late
lifting based on the change of slope. The early lifting phase
curve is gradually flattened, which shows that the leg stiffness
decreases gradually. The slope of the late lifting curve nearly
remains constant, and therefore the leg stiffness is almost
unchanged during this phase. Regarding the strutting phase,
the curve CD is nearly vertical upward, which means that the
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leg stiffness is extremely large and the leg performs like a
strut. Finally, the push-off phase is a nearly linear oblique
line, which represents the continuous and steady process of
pushing the toe off the ground and pushing the body upward
and forward, while the leg stiffness remains almost constant.

During stair descent [Fig. 3(c)], the Fy-Ly curve is almost
linear over the collision phase, which indicates that the values
of leg stiffness are relatively constant. Similar to strutting
phase during ascent, the leg performs like a strut and the
leg stiffness is extremely large. The transition phase is also
divided into early transition and late transition based on the
leg stiffness characteristics, and the leg stiffnesses of the two
phases are also relatively constant.

Although the leg stiffness changes during each subphases,
it can be observed that the relationship of Fy — Ly is similarly
linear and the stiffness value is relatively constant. Therefore,
in this study the leg stiffness of different phases is estimated
based on the profile of the Fy — Ly curves. As shown in
Fig. 4, the dotted lines along each part of the curve are a
linear fitting of the corresponding part, the slopes of which
are the estimations of normalized leg stiffness of each phase.
The values of determination coefficient R? that represent the
quality of model match. The absolute leg stiffness can be
calculated as

K = Knom - mg/Lo, (4)

where Kpom denotes the normalized leg stiffness and K
the absolute leg stiffness. Tables II and III show normalized
leg stiffness and absolute leg stiffness at different phases
of stair ascent and descent, respectively. The force-length
curves reveal the variable leg stiffness during stair climbing,
as opposed to the single constant value used in previous studies
to describe the leg stiffness during different locomotion.

D. Stair Ascent and Descent at Different Speeds

It has been presented in another study that leg stiffness
can be influenced by locomotion speed [53]. Stair climbing

TABLE Il
STAIR ASCENT LEG STIFFNESS OF DIFFERENT PHASES
Collision  Early lifting  Late lifting  Strutting  Push-off
Knom 6.56 18.78 6.52 74.61 23.75
K (KN/m) 5.07 14.50 5.04 57.62 18.34
TABLE IlI

STAIR DESCENT LEG STIFFNESS OF DIFFERENT PHASES

Collision  Rebound  Early transition  Late transition
Knom 12.24 22.55 9.48 4.03
K (KN/m) 9.45 17.41 7.32 3.11

at different cadences were performed to investigate the effect
of speed on the work performed and leg stiffness over each
gait cycle. During stair ascent and descent, the leg stiffness and
CoM work generally increased with speed. It was obvious that
the CoM work increased with speed during different subphases
of stair ascent and descent (p < 0.05), as shown in Fig. 5(a)
and (b). The profile of the Fy — Ly curve at different stair
climbing speeds is very similar [Fig. 5(c) and (d)]. A quan-
titative comparison of the leg stiffness during different sub-
phases of stair ascent and descent revealed notable trends with
different stair climbing speeds, as shown in Fig. 5(e) and (f).
As shown in Fig. 5(e), because the leg performs like a strut,
the magnitudes of leg stiffness during the strutting phase
are significantly larger than in the other phases. Statistical
analysis revealed that the leg stiffness during different phases
is significantly different (p < 0.05), which again indicates that
the stiffness of each phase during stair climbing is different
and cannot be described by a single constant value. Overall,
the leg stiffness increases with speed (p < 0.05) during stair
ascent except for strutting phase. Similarly, the leg stiffness
during the rebound phase is significantly larger than in the
other phases during stair descent (Fig. 5(f)). Statistical analysis
reported that no significant difference in leg stiffness between
speeds during rebound phase, and leg stiffness increases with
speed during other phases of stair descent (p < 0.05).
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Fig. 5. Stair ascent and descent at different speeds. (a) and (c) are CoM work rate and Fy — Ly curve at different speeds during stair ascent,
respectively. (b) and (d) are CoM work rate and Fp — Ly curve at different speeds during stair descent, respectively. (e) and (f) are leg stiffness at
different gait speeds in different gait phases during stair ascent and descent, respectively. Symbol 1 indicates speed effect and * indicates phase
effect for both groups at p < 0.05.
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IV. DISCUSSION

A. Unification of Leg Stiffness and CoM in Phase
Subdivision of Stair Climbing

According to the dividing method of the stance phase, each
trial of every subject can be divided into several subphases
for analysis. The benefit of dividing the stance phase into
subphases is that it is obvious and comparable to discover the
differences among numerous walking gaits from the view of
the support leg, shown in the subphases curve characteristics,
including the slopes and values. Moreover, the work behavior
of the support leg is related to the performance of the CoM
work, which can be shown in the CoM work rate curve.

Two widely used methods exist to define the gait cycle
during level walking, that is, CoM work rate and gait events.
In this study, we aimed to discover the change of mechanical
energy and leg stiffness during stair ascent and descent, and
define the stair climbing gait cycle based on this kinetic and
kinematic information. First, we compared the cutoff moments
of the subphases. During the stance phase of stair ascent,
by the CoM work rate method, the four subphases’ cutoff
moments were approximately 4%, 37%, and 48%. When
synchronizing the CoM work rate and Fy — Ly curve, the
cutoff moments in the Fy — Ly curve were 6%, 36%, and 50%,
respectively. The two methods’ cutoff moments are similar
throughout the entire support gait cycle. If the gait phases
are not used strictly, the two methods’ moments can be cut
off in an averaged manner, for example, roughly 5%, 40%,
and 50% corresponding, respectively, to the aforementioned
cutoff moments. Through the correspondence between the
CoM and the leg stiffness curve, it is proved that the gait
cycle divided according to the change of stiffness is feasible
and significant. The CoM work rate method divides the stance
phase referring to human energy, which can indicate the
mechanical energy change and the work transition directly.
The gait events method follows the actual lower-limb motions,
truly and clearly reflecting the gait kinematics. Thus, the two
methods meet different specific demands of gait analysis. The
stair climbing gait cycle subdivision method proposed in this
paper is simple and integrated, and can reflect the relationship
between the leg stiffness and the CoM work rate. The benefit
of this description is that it combines many biomechanical
characteristics in a single curve. By observing and analyzing
the Fy — Ly curve, the walking support leg stiffness can
be described as the form of the force-displacement curve or
equation, which changes the value and direction during the
entire stance phase.

B. Implications for Prostheses or Exoskeleton Control

When designing a stair climbing controller for a prosthesis
or exoskeleton, similar to level walking, it is also necessary to
divide the gait phases of stair ascent and descent. In this study,
the gait cycles for stair climbing were divided according to
the leg stiffness characteristics corresponding to the different
segments of the curve. A segmental linear fitting to the curve
was performed to obtain the corresponding equations. For
example, the curve of the collision phase can be represented

by the following equation:
Fn =6.561Ly 4 6.152. 5)

Furthermore, to mimic the leg stiffness of healthy peo-
ple, a spring-loaded inverted pendulum model can be used
to design biomimetic control strategies for a wearable
lower-extremity robot [40], which can be expressed by an
impedance controller as follows:

Fi=k(L —Ly)+bLy, (6)

where L; represents the real-time length during stair climbing,
L, the desired length that can be referred to the data in
this study, and L; the rate of change in virtual limb length.
k is the leg stiffness, which can be calculated by (4). b is
the damping parameter, which can be tuned according to the
walking performance of the rehabilitation devices. Based on
the stiffness fitting equation of each phase, one can design a
virtual impedance controller to realize different stiffness.

C. Limitations and Future Work

The methods used in this study rely on accurate estimation
of virtual limb length. A limitation of this experiment is
that it is difficult to determine the real position of the CoM
during stair climbing. In this study, the position of the center
of the pelvis was used to represent the position of the real
CoM [46], which introduced a slight measuring error of the
CoM position. Furthermore, the real position of the CoP at the
beginning and end of the support phase may be affected by
the disturbance of the force plate. When contacting the force
plate, the z coordinates of both the CoP and the force plate
are supposed to be the same. However, due to the heel strike
and push-off action, the z coordinate of the CoP experiences
obvious fluctuations during these two phases, which affects
the estimation of length.

As shown in Fig. 5(c) and (d), it seems to be a difference
in the Fy-Ly curve depending on cadence, and online identi-
fication of subphases also depends on gait speed. There seems
to be a non-linear mapping between the leg stiffness and stair
climbing speed. In our future work, non-linear function fitting
or neural network methods may be used to approximate this
non-linear mapping. Due to space limitations, we will continue
to improve our theory and apply it to wearable lower-extremity
robots.

REFERENCES

[1] A. Young and D. Ferris, “State of the art and future directions for lower
limb robotic exoskeletons,” IEEE Trans. Neural Syst. Rehabil. Eng.,
vol. 25, no. 2, pp. 171-182, Mar. 2016.

[2] Z. Li et al., “Hybrid brain/muscle signals powered wearable walking
exoskeleton enhancing motor ability in climbing stairs activity,” IEEE
Trans. Med. Robot. Bionics, vol. 1, no. 4, pp. 218-227, Nov. 2019.

[3] Y. Li, Y. Wu, Y. Zeng, and D. Gu, “Biomechanical differences before
and after arthroscopic partial meniscectomy in patients with semilunar
and discoid lateral meniscus injury,” Amer. J. Transl. Res., vol. 12, no. 6,
p- 2793, 2020.

[4] Z.Li, C. Deng, and K. Zhao, “Human-cooperative control of a wearable
walking exoskeleton for enhancing climbing stair activities,” IEEE
Trans. Ind. Electron., vol. 67, no. 4, pp. 3086-3095, Apr. 2020.

[5] J. T. Lee and M. Goldfarb, “Effect of a swing-assist knee prosthesis
on stair ambulation,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 29,
pp- 20462054, 2021.



868

IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 30, 2022

[6]

[7

—

[8]

[9

—

(10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

T. Lenzi, M. Cempini, L. J. Hargrove, and T. A. Kuiken, “Design,
development, and validation of a lightweight nonbackdrivable robotic
ankle prosthesis,” IEEE/ASME Trans. Mechatronics, vol. 24, no. 2,
pp. 471-482, Apr. 2019.

S. Culver, H. Bartlett, A. Shultz, and M. Goldfarb, “A stair ascent and
descent controller for a powered ankle prosthesis,” IEEE Trans. Neural
Syst. Rehabil. Eng., vol. 26, no. 5, pp. 993-1002, Mar. 2018.

K. Zhang et al., “Environmental features recognition for lower limb
prostheses toward predictive walking,” IEEE Trans. Neural Syst. Rehabil.
Eng., vol. 27, no. 3, pp. 465-476, Mar. 2019.

K. Zhang et al., “A subvision system for enhancing the environmen-
tal adaptability of the powered transfemoral prosthesis,” IEEE Trans.
Cybern., vol. 51, no. 6, pp. 3285-3297, Jun. 2021.

J. Liu, C. Xiong, and C. Fu, “An ankle exoskeleton using a lightweight
motor to create high power assistance for push-off,” J. Mech. Robot.,
vol. 11, no. 4, Aug. 2019, Art. no. 041001.

A. J. Young, A. M. Simon, and L. J. Hargrove, “A training method
for locomotion mode prediction using powered lower limb prostheses,”
IEEE Trans. Neural Syst. Rehabil. Eng., vol. 22, no. 3, pp. 671-677,
May 2014.

T. R. Clites, M. K. Shepherd, K. A. Ingraham, L. Wontorcik, and
E. J. Rouse, “Understanding patient preference in prosthetic ankle stiff-
ness,” J. Neuroeng. Rehabil., vol. 18, no. 1, pp. 1-16, Dec. 2021.

L. Ma, Y. Leng, W. Jiang, Y. Qian, and C. Fu, “Design an underactuated
soft exoskeleton to sequentially provide knee extension and ankle
plantarflexion assistance,” IEEE Robot. Autom. Lett., vol. 7, no. 1,
pp. 271-278, Jan. 2022.

A. Ekelem, G. Bastas, C. M. Durrough, and M. Goldfarb, *“Vari-
able geometry stair ascent and descent controller for a powered
lower limb exoskeleton,” J. Med. Devices, vol. 12, no. 3, Sep. 2018,
Art. no. 031009.

Y. Chang, W. Wang, and C. Fu, “A lower limb exoskeleton recycling
energy from knee and ankle joints to assist push-off,” J. Mech. Robot.,
vol. 12, no. 5, Oct. 2020, Art. no. 051011.

J. Camargo, A. Ramanathan, W. Flanagan, and A. Young, “A compre-
hensive, open-source dataset of lower limb biomechanics in multiple
conditions of stairs, ramps, and level-ground ambulation and transitions,”
J. Biomech., vol. 119, Apr. 2021, Art. no. 110320.

S. Vallabhajosula, J. M. Yentes, M. Momcilovic, D. J. Blanke, and
N. Stergiou, “Do lower-extremity joint dynamics change when stair
negotiation is initiated with a self-selected comfortable gait speed?” Gait
Posture, vol. 35, no. 2, pp. 203-208, Feb. 2012.

J. K. Startzell, D. A. Owens, L. M. Mulfinger, and P. R. Cavanagh,
“Stair negotiation in older people: A review,” J. Amer. Geriatrics Soc.,
vol. 48, no. 5, pp. 567-580, May 2000.

J. Peng, N. P. Fey, T. A. Kuiken, and L. J. Hargrove, “Anticipatory
kinematics and muscle activity preceding transitions from level-ground
walking to stair ascent and descent,” J. Biomech., vol. 49, no. 4,
pp. 528-536, 2016.

E. H. Sinitski, A. H. Hansen, and J. M. Wilken, “Biomechanics
of the ankle—foot system during stair ambulation: Implications for
design of advanced ankle—foot prostheses,” J. Biomech., vol. 45, no. 3,
pp. 588-594, Feb. 2012.

A. Bergland, H. Sylliaas, G. B. Jarnlo, and T. B. Wyller, “Health,
balance, and walking as correlates of climbing steps,” J. Aging Phys.
Activity, vol. 16, no. 1, pp. 42-52, Jan. 2008.

R. C. Sheehan and J. S. Gottschall, “At similar angles, slope walking
has a greater fall risk than stair walking,” Appl. Ergonom., vol. 43, no. 3,
pp. 473-478, May 2012.

P. A. Costigan, K. J. Deluzio, and U. P. Wyss, “Knee and hip kinetics
during normal stair climbing,” Gait Posture, vol. 16, no. 1, pp. 31-37,
Aug. 2002.

J. M. Wilken, E. H. Sinitski, and E. A. Bagg, “The role of lower
extremity joint powers in successful stair ambulation,” Gait Posture,
vol. 34, no. 1, pp. 142-144, May 2011.

R. A. Wervey, G. F. Harris, and J. J. Wertsch, “Plantar pressure
characteristics during stair climbing and descent,” in Proc. 19th Ann.
Int. Conf. IEEE EBMS, vol. 4, Oct. 1997, pp. 1746-1748.

K. A. Hamel, N. Okita, J. S. Higginson, and P. R. Cavanagh, “Foot
clearance during stair descent: Effects of age and illumination,” Gait
Posture, vol. 21, no. 2, pp. 135-140, Feb. 2005.

A. K. Silverman, R. R. Neptune, E. H. Sinitski, and J. M. Wilken,
“Whole-body angular momentum during stair ascent and descent,” Gait
Posture, vol. 39, no. 4, pp. 1109-1114, Apr. 2014.

A. Stacoff, C. Diezi, G. Luder, E. Stiissi, and I. A. Kramers-de-Quervain,
“Ground reaction forces on stairs: Effects of stair inclination and age,”
Gait Posture, vol. 21, no. 1, pp. 24-38, Jan. 2005.

[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[40]

(471

(48]

[49]

[50]

[51]

[52]

[53]

S. Vallabhajosula, C. W. Tan, M. Mukherjee, A. J. David-
son, and N. Stergiou, “Biomechanical analyses of stair-climbing
while dual-tasking,” J. Biomech., vol. 48, no. 6, pp. 921-929,
Apr. 2015.

R. Riener, M. Rabuffetti, and C. Frigo,
descent at different inclinations,” Gait Posture,
pp. 32-44, 2002.

S. Vallabhajosula, J. M. Yentes, and N. Stergiou, “Frontal joint dynamics
when initiating stair ascent from a walk versus a stand,” J. Biomech.,
vol. 45, no. 3, pp. 609-613, Feb. 2012.

H. A. Ojha, R. W. Kern, C.-H.-J. Lin, and C. J. Winstein, “Age
affects the attentional demands of stair ambulation: Evidence from a
dual-task approach,” Phys. Therapy, vol. 89, no. 10, pp. 1080-1088,
Oct. 2009.

T. Schmalz, S. Blumentritt, and B. Marx, “Biomechanical analysis of
stair ambulation in lower limb amputees,” Gait Posture, vol. 25, no. 2,
pp. 267-278, Feb. 2007.

J. L. Asay, A. Miindermann, and T. P. Andriacchi, “Adaptive patterns
of movement during stair climbing in patients with knee osteoarthritis,”
J. Orthopaedic Res., vol. 27, no. 3, pp. 325-329, Mar. 2009.

J. E. Zachazewski, P. O. Riley, and D. E. Krebs, “Biomechanical
analysis of body mass transfer during stair ascent and descent of healthy
subjects,” J. Rehabil. Res. Dev., vol. 30, p. 412, Jan. 1993.

C. T. Farley and O. Gonzélez, “Leg stiffness and stride frequency in
human running,” J. Biomech., vol. 29, no. 2, pp. 181-186, Feb. 1996.
R. J. Butler, H. P. Crowell, III, and I. M. Davis, “Lower extremity
stiffness: Implications for performance and injury,” Clin. Biomech.,
vol. 18, no. 6, pp. 511-517, Jul. 2003.

A.-R. AKl, A. Baca, J. Richards, and F. Conceicdo, “Leg and lower
limb dynamic joint stiffness during different walking speeds in healthy
adults,” Gait Posture, vol. 82, pp. 294-300, Oct. 2020.

H. Hong, S. Kim, C. Kim, S. Lee, and S. Park, “Spring-like gait
mechanics observed during walking in both young and older adults,”
J. Biomech., vol. 46, no. 1, pp. 77-82, Jan. 2013.

D. R. Coleman, D. Cannavan, S. Horne, and A. J. Blazevich, “Leg
stiffness in human running: Comparison of estimates derived from
previously published models to direct kinematic—kinetic measures,”
J. Biomech., vol. 45, no. 11, pp. 1987-1991, Jul. 2012.

Y. Blum, S. W. Lipfert, and A. Seyfarth, “Effective leg stiffness in
running,” J. Biomech., vol. 42, no. 14, pp. 2400-2405, Oct. 2009.

H. Hobara, K. Inoue, T. Muraoka, K. Omuro, M. Sakamoto, and
K. Kanosue, “Leg stiffness adjustment for a range of hopping fre-
quencies in humans,” J. Biomech., vol. 43, no. 3, pp. 506-511,
Feb. 2010.

L. C. Visser, S. Stramigioli, and R. Carloni, “Control strategy for energy-
efficient bipedal walking with variable leg stiffness,” in Proc. IEEE Int.
Conf. Robot. Automat., May 2013, pp. 5644-5649.

A. Silder, T. Besier, and S. L. Delp, “Running with a load
increases leg stiffness,” J. Biomech., vol. 48, no. 6, pp. 1003-1008,
Apr. 2015.

B. J. McFadyen and D. A. Winter, “An integrated biomechanical analysis
of normal stair ascent and descent,” J. Biomech., vol. 21, no. 9,
pp. 733-744, Jan. 1988.

L. Forsyth, S. Roeles, and C. Childs, “Efficacy of using the pelvic
method to estimate centre of mass position in response to gait pertur-
bations,” in Proc. 8th World Congr. Biomech., 2018, p. 1.

K. E. Zelik and A. D. Kuo, “Human walking isn’t all hard work:
Evidence of soft tissue contributions to energy dissipation and return,”
J. Exp. Biol., vol. 213, no. 24, pp. 4257-4264, Dec. 2010.

Y. Leng, X. Lin, Z. Lu, A. Song, Z. Yu, and C. Fu, “A model to
predict ground reaction force for elastically-suspended backpacks,” Gait
Posture, vol. 82, pp. 118-125, Oct. 2020.

J. M. Donelan, R. Kram, and A. D. Kuo, “Simultaneous positive and
negative external mechanical work in human walking,” J. Biomech.,
vol. 35, no. 1, pp. 117-124, Jan. 2002.

Y. Leng, X. Lin, L. Yang, K. Zhang, X. Chen, and C. Fu, “A model for
estimating the leg mechanical work required to walk with an elastically
suspended backpack,” IEEE Trans. Human-Machine Syst., early access,
Jan. 11, 2022, doi: 10.1109/THMS.2021.3137012.

M. L. Latash and V. M. Zatsiorsky, “Joint stiffness: Myth or reality?”
Hum. Movement Sci., vol. 12, no. 6, pp. 653-692, 1993.

E. J. Rouse, R. D. Gregg, L. J. Hargrove, and J. W. Sensinger,
“The difference between stiffness and quasi-stiffness in the context of
biomechanical modeling,” /IEEE Trans. Biomed. Eng., vol. 60, no. 2,
pp. 562-568, Feb. 2013.

S. Kim and S. Park, “Leg stiffness increases with speed to modulate
gait frequency and propulsion energy,” J. Biomech., vol. 44, no. 7,
pp. 1253-1258, Apr. 2011.

ascent and
15, no. 1,

“Stair
vol.


http://dx.doi.org/10.1109/THMS.2021.3137012


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


