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ABSTRACT In this study, we present the first passive walking model on a slope to have exact anthro-
pomorphic physical parameters in addition to the ability to closely reproduce the dynamic gait of humans.
To simulate the stance phase, we utilized knee joints with variable stiffness instead of the locking mechanism
that is prevalent among passive models with knees. Additionally, the model has flat feet with ankle
compliance to include the distinctive double stance phase of human walking in the gait pattern. The stiffness
and damping parameters of the joints are then adjusted to increase the resemblance between the model and
gait data of human walking reported in literature. Following the comparison between the joint trajectories
of the model and humans, it is demonstrated that the presented model displays a gait that is substantially
more comparable with human walking than previous attempts at modeling humanlike passive walkers. The
resultingmodel shows great potential, as semi-passive and efficient active walkers can be developed based on
its natural humanlike dynamics. Furthermore, it may be possible to utilize this walker to simulate the complex
behaviors of the human gait under different conditions and facilitate the design stages of rehabilitative or
assistive devices by decreasing the need for expensive human trials and experiments.

INDEX TERMS Biomimetics, humanoid and bipedal locomotion, legged robots, passive walking.

I. INTRODUCTION
The human gait presents one of the most complex forms of
movement as we are able to maintain a dynamically stable
gait and modify it according to the terrain we walk on. There
are many conditions, however, that may adversely affect our
ability to walk with ease. Consequently, it is essential to
develop different rehabilitative devices or prosthetic limbs to
help patients with lower-limb mobility impairment. Although
human trials are unavoidable in this process, predictive multi-
body models [1] can be utilized in simulations to facilitate the
earlier stages of design. Predictive musculoskeletal models
vary in complexity [2] and need to be optimized to reduce
their high computational cost [3]. However, skeletal models
such as bipedal robots [4] can result in simulations that
are computationally more efficient and provide acceptable
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results [5], [6]. Many humanlike bipedal robots have been
designed with the goal of studying the characteristics of
human gait. While these motorized robots have the abil-
ity to walk and run [7], the gait produced by their precise
joint-angle control method either looks unnatural or requires
significant amounts of energy which results in inefficient
locomotion [8]. As a result, these types of robots and the
employed control approach, are not suitable to be a platform
for studying an architectural design of assistive and rehabili-
tative devices such as wearable robots, actuated orthoses, and
prostheses.Meanwhile, there is a group of unactuatedwalkers
that can maintain a dynamically stable gait down a slope
while their movement solely depends on their mechanical
properties and the terrain they walk on. These walkers, better
known as passive dynamic walkers, were first introduced by
McGeer [9] and their dynamic behavior can be explained by
studying the motion of a rimless wheel [10]. Interestingly,
these robots have gait patterns similar to the human gait
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which could stem from the fact that while humans do not
walk passively, their locomotion is minimally actuated. It is
demonstrated in [11] that a simple passive walker can achieve
stable walking on level ground with the help of an impulsive
actuator that is applied to the trailing foot just before the
heel strike. Additionally, this impulse which approximates
the muscle activity in the human leg before toe-off, results
in a gait that is more efficient than applying torque on the
stance leg. Choi et al. [12] also used this impulsive actuator
in a 5-link model during the double stance phase to study
the possibility of more efficient walking robots. Based on
these studies, the steady, efficient, and humanlike gaits that
can be obtained with minimal actuation and the utilization
of the natural dynamics of the systems may suggest that the
human gait can be closely simulated with passive dynamic
walkers.

Passive dynamic walkers often have simpler designs com-
pared to their active counterparts as the simplest passive
biped [13] comprises only two links called the stance
and swing leg. This model, also called the compass-like
walker [14], can be used to study various aspects of passive
dynamic walking such as the basin of attraction of stable
gaits [15] and the effects of a switching surface on stabil-
ity [16]. Moreover, this model can be modified to develop
more complicated walkers by including an upper body, knees,
and feet in the model. The upper body link can be imple-
mented by using a kinematic coupling [17] or torsional
springs [18] in the hip joints. Furthermore, the addition
of knees [19] can prevent the foot scuffing that occurs in
knee-less models while the inclusion of feet can significantly
affect the characteristics of the resulting motion. The effect of
passive feet on the gait can be studied by adding ankle stiff-
ness [20] or modeling different types of feet. Knee-less [21]
and kneed models [22] with flat feet have been developed
that can include the double-stance phase which is a distinctive
part of human locomotion. Moreover, walkers with flat feet
are able to generate various stable gait patterns [23] where
the model follows different phases depending on the parame-
ters of the system. In a recent study [24], a passive walker
is modeled with feet that mimic the human rollover shape
and a viscoelastic kneecap that prevents hyperextension but
lacks the ankle compliance and variable gait patterns that are
present in walkers with flat feet. Another study [25] shows
that stiff stance legs do not accurately simulate the walking
dynamics of the human stance leg by modeling a walker with
two massless linear springs as legs and a point mass at the
hip. Planar passive models can be transformed into three-
dimensional walkers [26] which will include lateral stability.
Studying passive dynamics in three-dimensions, in addition,
allows the concept of passive turning to be studied in a rimless
wheel [27] and bipeds [28]. The characteristics of passive
bipeds are further studied by building two-dimensional [29]
and three-dimensional [30] walkers based on the principals
of passive dynamics that can provide valuable information
about the effects of structural changes on the resulting

gaits. For example, one study [31] focuses on the ankle
and toe functions and their role in the overall walking
stability by developing a three-dimensional passive walker
while the study in [32] discusses swing leg control for fall
prevention.

The dynamic stability of passive walkers can be uti-
lized to design passivity-based controlled robots [33] which
can exploit the natural dynamics of the system to walk
with noticeably lower energy costs than walkers with
trajectory-tracking control methods. Other methods can be
used to control passive walkers such as the OGY-based
controller in [34] and [35] and the adaptive speed con-
troller in [36]. In addition, passive manipulators [37] can be
designed which follow the principles of passive dynamics as
shown in [38] where passive walking is defined as a special
case of passive manipulation.

The similarity between the gait of dynamically stable pas-
sive models and human locomotion has resulted in several
studies utilizing them in designing neuromuscular models of
the human legs [39] and lower-limb prostheses. For example,
the kneed model in [40] with asymmetric parameters was
utilized to design a prosthesis for patients with unilateral
lower-limb amputation [41].While this model includes asym-
metry by having different physical parameters for each leg,
an underactuated model was studied in [42] where the asym-
metric behavior stemmed from one leg of the model being
knee-less. Based on this walker, a fully passive three-link
asymmetric walker is studied in [43] where the possibility of
obtaining a gait with symmetric step lengths and its benefits
are discussed. A passive exoskeleton is designed in [44] by
simulating a ballistic walker to study the energy consump-
tion of the system. Moreover, some movement disorders
such as Parkinson’s disease can be studied by simulating
chaotic models of passive dynamic walking [45]. While sim-
ple passive walkers cannot compete with the accuracy of
musculoskeletal models available in software such as Open-
Sim [46], a recent study, which discussed the suitability
of different gait models for the simulation of walking with
body weight support [47], demonstrated that the simpler
spring-loaded inverted pendulum model in [25] can present
better results than a neuromuscular model [39] in some
cases.

Although passive walkers can have many applications,
there seems to be a shortcoming in the development of pas-
sive bipeds that can include the main characteristics of the
human locomotion in their gait in addition to having anthro-
pomorphic parameters. This could be due to the challenges
of simulating stable passive walkers as smallest changes in
the parameters can lead to unstable gaits or result in walking
patterns that are not similar to human locomotion. Moreover,
simulating a passive walker with exact humanlike parame-
ters becomes significantly more challenging as the number
of variables that can be changed to make the gait stable
becomes very limited. As a result, apart from one study
which models a passive walker with point feet and humanlike
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TABLE 1. The parameters of the model.

mass proportions [48], there are not any direct comparisons
between kneed passive walkers and humans.

In this paper, we present a planar passive walker with exact
humanlike parameters that consists of legs that can display a
dynamic behavior similar to humans. While a conventional
passivewalker with simple knees can simulate the behavior of
the swing leg, it lacks theweight acceptance phasewhich is an
essential part of human locomotion. This is due to the locking
mechanism that is responsible for keeping the stance leg
straight. To resolve this, we discuss the possibility of adding
a variable stiffness mechanism to the knees by using torsional
springs that are engaged during a portion of the stance phase.
Additionally, we utilize flat feet and ankle compliance in
the model which provides a double stance phase for a more
humanlike motion.

II. METHODS
A. THE HUMANLIKE PASSIVE MODEL
The walker presented here has anthropomorphic parameters,
meaning that the mass, inertial parameters, and the length of
each link are similar to the corresponding limb of the human
leg. These parameters are extracted from the Handbook of
Human Motion [49] for an average 60kg female as listed
in Table 1. The model consists of six links which are two
flat feet, two shanks and two thighs as depicted in Fig. 1,
where q1, q2, q3, q4, qf 1, and qf 2 indicate the absolute angle
of the stance leg shank, the stance leg thigh, the swing leg
thigh, the swing leg shank, the stance foot, and the swing foot
respectively. Since we do not include an upper body in this
model, we assume that the upper body mass is concentrated
on the hip.

A series of torsional springs and dampers are needed for
the walker to maintain stability. The damping and stiffness
values in the ankles of both legs are assumed to be constant
throughout the gait. In passive bipeds which include a knee
joint, the stance leg is assumed to be kept straight with a
locked knee. This requires the full extension of the leg with an

FIGURE 1. The schematic of the 6-link humanlike biped presented in this
paper.

impact called the knee strike during the prior swing phase to
maintain balance. Unlike these models, the human knee is not
locked in the stance phase and instead, acts like a spring with
high stiffness. This characteristic is explored in [25]. To repli-
cate this behavior in a model with articulated legs, we assume
that torsional springs are present in the knee joints which are
engaged during a portion of the stance phase. Additionally,
this removes the need for the swing knee strike to occur as
the locked-swing-leg phase which is present in kneed passive
walkers is no longer witnessed. The moment at which this
spring is engaged or disengaged will be discussed in later
paragraphs. The damper in the swing knee is assumed to have
different values whether the knee is flexing or extending. This
value is set to be higher during knee extension to prevent
hyperextension in the swing knee. When the stiff torsional
spring is engaged in the stance knee, we assume that the
damping values during flexion and extension become equal
to the higher damping value in the swing knee.

B. WALKING DYNAMICS
The walker’s configuration can be described by rectangu-
lar coordinates r which comprises the mass center position
of each link along the x- and y-axis and their absolute
angles as:

r = [xc1; yc1; q1; xc2; yc2; q2; xc3; yc3; q3; xc4; yc4; q4;

xh; yh; xcf 1; ycf 1; qf 1; xcf 2; ycf 2; qf 2]. (1)

Additionally, the generalized coordinates vector q which
comprises the absolute angles of each link and the position
of the stance toe is described as:

q =
[
q1; q2; q3; q4; qf 1; qf 2; xt1; yt1

]
. (2)

The position of the stance toe, which is the leading leg at the
beginning of each step, is added to the generalized coordi-
nates to obtain the ground reaction forces throughout the gait.
Matrix T transfers generalized velocities q̇ into velocities in
rectangular coordinates ṙ and it is defined as follows:

T =
dr
dq

. (3)
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FIGURE 2. The walking phases of the humanlike passive walker.

A set of constraints are required to define the properties of
each phase which are described by the constraint function as:

ε (q) = 0. (4)

Equation (4) can be transformed into the following equation:

E q̈+
∂ (Eq̇)

∂q
q̇ = 0, (5)

where

E =
∂ε (q)

∂q
. (6)

The equation of motion is obtained by utilizing Lagrange’s
equation of first kind:

Mqq̈ = Fq + ETλ, (7)

where Mq is the generalized mass matrix, Fq is the general-
ized forces and λ is the vector of constraint forces required to
enforce each constraint in (4). Mq and Fq are obtained from
M and F as:

Mq = TTMT , (8)

and

Fq = TTF− TTM
∂T
∂q

q̇q̇, (9)

where

M = [ms;ms; Js;mt ;mt ; Jt ;mt ;mt ; Jt ;ms;ms; Js;mh;mh;

mf ;mf ; Jf ;mf ;mf ; Jf ], (10)

and

F = [0; −msg;T1; 0; −mtg;T2; 0; −mtg;T3; 0; −msg;T4;

0; −mhg; 0; −mf g;Tf 1; 0; −mf g;Tf 2]. (11)

In (11), T1, T2, T3, T4, Tf 1, and Tf 2 refer to the torques
acting on the stance shank, stance thigh, swing thigh, swing
shank, stance foot, and the swing foot respectively and g is

gravitational acceleration. By combining (5) and (7) we have
the constrained equation of motion as:[

Mq −ET

E 0

] [
q̈
λ

]
=

[
Fq

−
∂(Eq̇)

∂q q̇

]
. (12)

C. PHASES AND IMPACTS
Each successful step consists of three phaseswith three events
defining the end of each phase as depicted in Fig. 2. There are
two impacts in each step (i.e., the heel strike (c) and the foot
strike (a)) which are assumed to be instantaneous and fully
inelastic. This assumption allows the use of the principle of
conservation of angular momentum to obtain the post-impact
state vectors of the system.

The first phase (phase I) begins instantly after the foot
strike of the leading leg. This instant is chosen as the initial
state to reduce the number of parameters needed to simulate
the gait as the angular velocity of the leading foot (q̇f 1) is
equal to zero and its absolute angle is known following the
foot-strike (qf 1 = π/2 − γ ). In this phase, the leading foot
keeps full contact with the ground while the trailing foot
rotates about its toe until it loses contact with the ground. The
constraint function for this phase is:

εA =


xcf 2 +

(
lft − lfc

)
sin qf 2

ycf 2 −
(
lft − lfc

)
cos qf 2

xt1
yt1

lf cos
(
qf 1

)
− yh1

 , (13)

where xcf 2 and ycf 2 are the position of the mass center of
the trailing foot along the x and y axis respectively. The first
two constraints are to keep the trailing toe in contact with the
ground while the last three constraints force the leading foot
to keep full contact with the ground. yh1 in the last constraint
is a constant value which is equal to the position of the leading
heel along the y axis. Phase I ends when the toe of the trailing
foot loses contact with the ground. This event is detected
when the reaction force which is perpendicular to the ground
at the trailing toe becomes negative. There are no impacts at
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the end of this phase, therefore, the state vector required to
simulate the next phase is readily available.

Phase II, which begins after the toe off (b), accounts for
the longest phase as the swing leg swings forward while the
stance foot maintains full contact with the ground. Since only
three constraints are needed to keep the stance foot in full
contact with the ground, the constraint function for this phase
can be obtained as:

εB =

 xt1
yt1

lf cos
(
qf 1

)
− yh1

 . (14)

The end of this phase is detected when the heel of the swing
foot has an impact with the ground. Since the impact is instan-
taneous, the absolute angles of the links are kept constant.
As a result, we only need to find the post-impact velocities to
simulate the next phase. There are impulses under both feet at
the moment of impact. We assume that the trailing heel rises
just after the impact, so the corresponding impulse of this foot
is located at the toe. Moreover, the impulse at the leading
heel is excluded from the equations as the walker’s angular
momentum is calculated with respect to this point. Eight
post-impact values need to be calculated which include the
angular velocities of every link and the horizontal and vertical
components of the impulse at the trailing toe. Six equations
are obtained by utilizing the principle of conservation of
angular momentum as follows:

• Conservation of the angular momentum of the whole
walker about the leading heel.

• Conservation of the angular momentum of the trailing
leg, the hip, the leading thigh, and the leading shank
about the leading ankle.

• Conservation of the angular momentum of the trailing
leg, the hip, and the leading thigh about the leading knee.

• Conservation of the angular momentum of the trailing
leg about the hip.

• Conservation of the angular momentum of the trailing
foot and the trailing shank about the trailing knee.

• Conservation of the angular momentum of the trailing
foot about the trailing ankle.

The two remaining equations are obtained by calculating
the horizontal and vertical velocity components of the hip
about the trailing toe and the leading heel. The corresponding
velocity components have to be equal in order to satisfy
the constraints in the next phase. These equations are then
obtained as:

L+

Fh2 = L−

Fh2 + (PFt1 − PFh2) ∧ I
L+

A2 = L−

A2 + (PFt1 − PA2) ∧ I
L+

K2 = L−

K2 + (PFt1 − PK2) ∧ I
L+

H = L−

H + (PFt1 − PH ) ∧ I
L+

K1 = L−

K1 + (PFt1 − PK1) ∧ I
L+

A1 = L−

A1 + (PFt1 − PA1) ∧ I
ẋ+

HFt1 = ẋ+

HFh2

ẏ+HFt1 = ẏ+HFh2,

(15)

where I is the impulse vector at the trailing toe and L is
the angular momentum about the point indicated by the sub-
script. Moreover, P is the position of the point indicated by
the subscript. The subscripts Ft1, A1, K1, H , K2, A2, and
Fh2 indicate the trailing toe, the trailing ankle, the trailing
knee, the hip, the leading knee, the leading ankle, and the
leading heel respectively. The superscripts + and – denote
the post-impact and the pre-impact variables respectively.
After the post-impact variables are obtained, it is important
to monitor the value of impulse at the trailing toe perpen-
dicular to the ground. This value needs to be positive to
satisfy the initial assumption, otherwise, another gait pat-
tern will be followed in which the trailing heel remains in
contact with the ground, or the foot rises completely. Since
the desired gait includes the heel-rise at the moment of
impact, the parameters are chosen in a way to include this
characteristic.

Immediately after the trailing heel loses contact with the
ground, phase III begins in which the trailing foot rotates
about its toe while the leading foot rotates about its heel.
These contacts are enforced by the following constraint
equation as:

εC =


xt1
yt1

xcf 2 −
(
lfh + lfc

)
sin qf 2

ycf 2 +
(
lfh + lfc

)
cos qf 2

 . (16)

This phase continues until the leading foot rotates to have an
impact to be in full contact with the ground (a).

Unlike the heel strike in which the positions of both
impulses are known based on the assumptions, the posi-
tion of the impulse under the leading foot is unknown
during the foot strike. Therefore, one more equation is
needed compared to the heel strike which is obtained
with the assumption that the leading foot keeps full
contact with the ground after impact. The principle
of conservation of angular momentum is utilized as
follows:

• Conservation of the angular momentum of the whole
walker about the trailing toe.

• Conservation of the angular momentum of the leading
leg, the hip, the trailing thigh, and the trailing shank
about the trailing ankle.

• Conservation of the angular momentum of the leading
leg, the hip and the trailing thigh about the trailing knee.

• Conservation of the angular momentum of the leading
leg about the hip.

• Conservation of the angular momentum of the lead-
ing foot and the leading shank about the leading
knee.

• Conservation of the angular momentum of the leading
foot about the leading ankle.

Moreover, the velocity of the hip with respect to the leading
ankle and the trailing toe needs to be equal post-impact
to enforce the constraints of the next phase. The required
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FIGURE 3. Function mapping the initial state vector of the nth step to the
state vector of the (n+1)th step.

equations are then:

L+

Ft1 = L−

Ft1 + (PA2 + R− PFt1) ∧ I
L+

A1 = L−

A1 + (PA2 + R− PA1) ∧ I
L+

K1 = L−

K1 + (PA2 + R− PK1) ∧ I
L+

H = L−

H + (PA2 + R− PH ) ∧ I
L+

K2 = L−

K2 + (PA2 + R− PK2) ∧ I
L+

A2 = L−

A2 + (R) ∧ I
ẋ+

HFt1 = ẋ+

HA2

ẏ+HFt1 = ẏ+HA2
q̇+

f 2 = 0,

(17)

where the vector R indicates the distance from the leading
ankle to the position of impulse under the leading foot. The
roles of the legs are switched after this phase to begin the
simulation of the next step. The values of the reaction forces
are continuously checked during the simulations to ensure
that the resulting gaits follow the desired walking pattern.

D. STABLE GAIT DETECTION
To find a stable gait, we use the method of Poincare’ map-
ping [50] and simulate the model by solving the equations of
motion numerically with the ODE45 function in MATLAB
which is based on an explicit Runge-Kutta (4,5) formula [51].
We choose the start of each step as our Poincare’ section
and try to find the fixed point for each step’s Poincare’ map.
The gait is stable if the resulting limit cycle is asymptotically
stable. This means that for small perturbations in the initial
state vector, the following state vectors at the beginning of
each step get closer to the fixed point. Consider F (xn) as
the Poincare’ mapping function (Fig. 3) which maps the nth
initial state vector to the (n+1)th initial state vector as:

xn+1 = F (xn) . (18)

The fixed point of this mapping can be found by changing the
compliance parameters of the model to minimize the function
G (xn) for two consecutive steps which is described as:

G (xn) = F (xn) − xn, (19)

where G (xn) = 0 means that the Poincare’ function’s output
corresponds to the input and xn is a fixed point for the system.
We used the Global Search function in MATLAB to min-

imize G. To study the stability of the fixed point, (18) is
linearized for small perturbations δx as:

F
(
x∗

+ δx
)

≈ F
(
x∗

)
+ Jδx, (20)

TABLE 2. The fixed point of a stable gait.

TABLE 3. The compliance arrangement of the model.

where the Jacobian J is obtained as explained in [14]. If the
state vectors of the steps subsequent to the perturbed initial
state get closer to the fixed point, then the resulting gait
is asymptotically stable. The eigen values of J , therefore,
should be in the unit circle. Once a stable fixed point is found,
it is possible to find other stable fixed points by changing the
spring and damping coefficients at the joints. If the changes
are small enough, the previous fixed point is likely to be in the
basin of attraction of the new compliance arrangement. This
is done to find a stable gait that resembles human locomotion
as closely as possible.

III. RESULTS AND DISCUSSION
To ensure that both feet are in contact with the ground at
the beginning of the first step as part of the constraints, the
absolute angle of one link and the angular velocities of two
links are obtained utilizing the constraint equations of phase I.
We selected the angular velocity of the trailing foot (q̇f 2) and
the absolute angle and angular velocity of the trailing shank
(q4 and q̇4) as unknowns. Additionally, since the leading foot
is in full contact with the ground, its absolute angle is known
(qf 1 = π/2 − γ ), and its angular velocity (q̇f 1) is equal to
zero. We also assume that the leading toe is located on the
origin of the x- and y-axis. Consequently, the initial state
vector comprises seven values that are needed to simulate the
gait. A stable fixed point for this model is obtained as listed
in Table 2 at the beginning of phase I (Fig. 2) for a model with
the joint stiffness and damping parameters in Table 3 and the
slope angle of 0.1484 rad.

The corresponding limit cycles of the motion of one leg’s
shank and thigh during two consecutive steps are depicted
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FIGURE 4. Limit cycle of the shank (a) and the thigh (b) of one leg in two consecutive steps.

FIGURE 5. Comparison between the knee angle (a) and the hip angle (b) of the gait of the humanlike passive dynamic walker, human gait data and the
PDW studied in [48].

in Fig.4 (a) and (b) respectively. The lower side of each
limit cycle accounts for the stance phase while the upper
portion corresponds to the swing phase of the gait. The
points a+, b, c−, c+, and a− in Fig. 4 (a) and (b) indicate
different key moments in the gait. Each step starts at point a+

which is the moment after the impact of the leading foot with
the ground. The toe of the trailing leg loses contact with the
ground at point bwhich is followed by the second phase of the
gait. The heel strike occurs at c where the angular velocities
of the shank and the thigh are changed from the values at c−

to c+ instantaneously. This impact affects the angular velocity
of the leading shank more than the leading thigh. In contrast,
the impact of the leading foot with the ground, which changes
the state of the system from a− to a+, has a bigger impact on

the thigh than the shank. Due to the increase in the angular
velocity of the leading thigh after the foot strike, the knee joint
of the leading leg flexes to accept the weight of the model in
the beginning of the next step.

The gait of the model can be compared with human loco-
motion by studying the similarities between the hip and knee
angle of one leg during two consecutive steps and human
gait data from [52]. Self-selected fast speed gait data for
four female subjects with mass of 63.5kg, 65kg, 60.2kg,
and 61.8kg and height of 1.60m, 1.69m, 1.66m, and 1.65m
respectively were selected for comparison. The selection cri-
teria included weight, height, and step length compatibility
with the model and the obtained stable gait. The resulting
diagrams, as depicted in Fig. 5 (a) for the knee and Fig. 5 (b)
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for the hip angle respectively, begin from the heel-strike
where the shaded area represents the standard deviation of
the chosen human gaits. Since the human gait data is based
on walking on a horizontal surface, the hip angle of the
model is calculated relative to the ground for comparability.
To compare human gait resemblance with previous attempts
at modeling humanlike passive walkers, the walker studied
in [48] is simulated and the knee and hip diagrams are
depicted in Fig. 5 (a) and Fig. 5 (b) respectively. The proposed
model provides an R2 goodness-of-fit value of 0.891 and
0.899 for the knee and hip respectively. This shows a sig-
nificant improvement in knee kinematics over the model
in [48] with R2 values of −0.374 and 0.897 for the knee
and hip respectively. This improvement is very noticeable in
the stance leg kinematics due to the variable stiffness mecha-
nism in the proposed model which can reproduce the weight
acceptance phase of walking. Furthermore, it is notable that
this similarity is achieved for a model with exact humanlike
physical parameters and continuous mass distribution.

The gait displayed by humans is a combination of com-
plex neuromuscular behaviors that would need extremely
sophisticated designs to be replicated by a robotic walker.
While the humanlike passive walker is unable to provide
such accuracy, it is modeled to include the main charac-
teristics of the human gait. One distinctive part in human
locomotion is the weight acceptance phase in the stance leg.
Unlike other kneed passive walkers with locked stance legs,
this behavior is present in the model studied here. If the
human knee joint is assumed to act like a torsional spring,
the quasi-stiffness of the knee varies in different phases as
shown in [53]. Since the value of the knee stiffness is assumed
to be constant in the presented model, the instant at which
the spring is engaged or disengaged becomes a determining
factor in the resulting gait. The ideal instant at which the
spring is engaged or disengaged is when the knee angle is
equal to the equilibrium angle of the torsional spring. This
results in the spring torque imposed on the system to be zero
during the transition. It is essential for the spring to become
engaged at the equilibrium angle to maintain the passivity
of the system since engagement at any other angle would
require external energy. In contrast, we have more freedom
as to when this spring can be disengaged. While the spring
is still preferred to be disengaged at the equilibrium angle,
the only negative effect of not doing so would be a slight loss
of the energy stored in the stance knee spring. Consequently,
we could consider the instant of disengagement as a variable
to obtain the desired gait. If the spring remains engaged until
the heel-strike, the stance knee passes the equilibrium angle
of the spring moments before the impact. Since this angle is
slightly above zero, hyperextension in the stance knee is often
present in the resulting gait. In contrast, the quasi-stiffness
of the human knee drops after the weight acceptance phase
which leads to the flexion of the stance knee before the next
swing phase. Therefore, in order to adopt this behavior and
prevent hyperextension, the torsional spring is preferred to

be disengaged as early as possible before the heel-strike.
Although this increases the similarity between the gait dis-
played by the model and humans, obtaining a stable gait
becomes considerably more difficult as the energy loss due to
the disengagement increases. While an actuator with variable
stiffness such as the efficient actuator presented in [54] might
be able to simulate the behavior of the human stance knee
more accurately, the proposed knee model is preferred as it
can maintain the passivity and the simplicity of the design.

Another important aspect of the human gait is the flexion
of the swing knee which is necessary for foot clearance. This
flexion is slightly smaller in passive models as they lack the
required actuation which provides the desired flexion angle.
While increasing the slope angle will help with the flexion
of the swing knee, it will simultaneously result in higher step
lengths. Therefore, a compromise between these parameters
is essential to ensure the comparability between the motion
of the model and the human gait data.

It is obvious that the presented stable gait in this study
is just an example, and the parameters of this model can
be altered to obtain other steady gaits on different slopes.
However, the overall behavior of the model will remain
comparable with humans which allows the parameters to be
adapted for different weights and leg lengths without major
changes in the gait pattern of the walker.

IV. CONCLUSION
In this paper, we have proposed a 6-link passive walker
with flat feet and compliant joints which is modeled to
have anthropomorphic physical parameters in addition to
the ability to display a very humanlike gait. Unlike previ-
ous passive bipeds with knees that were kept locked during
the stance phase, the presented model has torsional springs
with high stiffness at the knee joints which are engaged at
the stance phase and allow the weight acceptance phase of
human locomotion to be observable in the gait. The non-
linear equations of the system and the required constraints
to obtain the desired gait were derived and the effects of
changing the instant of engagement and the disengagement
of the knee spring, which substantially affects the resulting
gait, were discussed. Despite the sophistication of the model
and the limitation of having exact anthropomorphic physical
parameters, the initial state vector and the stiffness and damp-
ing parameters for a steady gait are obtained and the limit
cycles of this gait are studied. Furthermore, the motion of this
walker is compared with human gait data in the literature with
closely similar weights and step lengths. In comparison with
previous attempts at modeling humanlike passive walkers,
the presented model with humanlike parameters is drastically
more comparable with human gait data.

This work can be extended by exploring the required
parameters for steady gaits over different slope angles to
represent various step lengths and walking speeds. Moreover,
the flat feet in this model can be replaced by a biologically
inspired foot to design a more humanlike structure and gait.
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Lastly, the suitability of utilizing this model in the process of
designing different rehabilitative devices and prosthetic legs
can be studied which would allow researchers to simulate
these applications with a simple model before conducting
time-consuming and costly experiments.
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