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A Multiaxial Bionic Ankle Based on Series
Elastic Actuation With a Parallel Spring
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Guangrong Chen , Xuewei Lu , Di Zhao , Xu Wang , and Luquan Ren

Abstract—Traditional robotic foot and ankle have re-
ceived considerable attention for adaptive locomotion on
complex terrain and land buffering ability. This study aims
to develop a robotic ankle based on series elastic ac-
tuator with a parallel spring (SEAPS) by mimicking the
two degree-of-freedom human ankle and related muscles.
A unique four-SEAPS-based spring mechanism enhances
motion adaptation and landing buffer. A dynamic model
based on the SEAPS drive is presented, whereas a kine-
matic solution is realized. The bionic ankle has a wide range
of motions with 30° in both the sagittal and frontal planes,
which cover most of the human ankle motions. Four experi-
ments were conducted to thoroughly characterize the capa-
bilities. First, the static stiffness and the 2-D/3-D trajectory
tracking performance of the proposed ankle were tested.
Second, the angle sensing capacity under inclined road
surface and the land buffering performance from a specific
height were evaluated. The results show that the maximum
3-D motion tracking error is smaller than 2.3%, and the min-
imum sensing error of inclined road is smaller than 0.5%.
The proposed ankle can closely track the 3-D walking tra-
jectory of natural ankle joint with relative root-mean-square
error well below 1.0%. Compared with no springs, landing
buffer of the ankle with SEAPS can yield remarkable reduc-
tion in both peak ground reaction force (52.2%) and joint
torque (57.9%). These findings prove that the SEAPS-based
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bioinspired robotic ankle exhibits high land buffering per-
formance in an unstructured environment, and also well
reproduces the human-like movement in terms of complex
3-D ankle motions.

Index Terms—Bioinspired design, bionic ankle, land
buffering, robotic foot, series-parallel elastic actuator.

I. INTRODUCTION

THE field of biorobotics—the construction of biologically
inspired or bionic robots—takes inspiration from biolog-

ical principles to design robots with sensorimotor skills that
approach those of animals [1]. For robots, high adaptability
on complex terrain requires not only wide range of motions
at joints but also excellent landing performance on unstructured
environment. In nature, many creatures achieve a stable landing
cushion by controlling their body posture and muscle strength
in real time when falling from high places [2], [3]. Researchers
have studied the land buffering mechanisms of cats [4], toads
[5], squirrels [6], and humans [7] to provide insights of bionic
robotic designs. Particularly, when a person falls from a height
or jumps to the ground, the cushioning stage is mainly realized
by reallocating the flexion degree of the lower limb joints (hip,
knee, and ankle), and adjusting the coactivation level of the flexor
and extensor muscles around these joints [7], [8], [9].

Learning from that, robots can realize the landing cushion by
changing the posture and adjusting the muscle force [10]. This
has been first studied in the bioinspired jumping robots, where
series elastic springs are attached to the knee [11] or hip [12]
joints, acting as shock absorbers and energetic buffers. To date,
the best cushioning performance of jumping robots is achieved
by adding springs to the legs [13], but rarely through the ankles.
However, the human ankle can achieve a distinct land buffering
effect by controlling joint posture and muscle activation during
many tasks [14], [15], [16]. So, researchers have then made
efforts on bionic ankles to improve the cushioning effect by
mimicking the musculoskeletal system of the human ankle. In
the past several years, robotic ankle based on elastic actuators:
series elastic actuator (SEA), parallel elastic actuator (PEA), and
series elastic actuator with a parallel spring (SEAPS) have been
successfully developed based on bionic principles [17], [18],
[19], [20].

An elastic element gives a SEA unique properties compared
to rigid actuators, including low output impedance, tolerance to
impact loads, increased peak output power, and passive energy
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storage [21], [22]. A PEA consists of a driving element and an
elastic element in parallel, and the common feature is that the
force or torque required for controlling is jointly provided by the
driving element and the elastic unit [23]. The PEA uses active
control of the driving element to reasonably adjust the energy
flow output of the paralleled passive elastic element, which can
save energy, increase execution speed of tasks, and achieve static
or dynamic balance of the system [24], [25]. The combination
of SEA and PEA, forming SEAPS, has been widely used to
increase the compliance and reduce motor requirements for the
actuators [26], [27]. These elastic elements are often applied to
one-degree-of-freedom (1-DOF) ankle to reduce the required
motor torque [28], however, it faces difficulty to maintain bal-
ance when walking on uneven terrain or stepping on obstacles.
Little is known about applying these actuators to 2-DOF active
ankle.

The majority of biped robots walk on flat feet with 2-DOF
ankles (e.g., HUBO [29] and Atlas [30]), but few of them are
applied with elastic elements in both the sagittal and frontal
planes. Several studies have applied active or passive elastic
elements to the prosthetic ankles to assist amputee’s walking
and adapting on different terrains. Vinay et al. [31] developed a
2-DOF passive ankle-foot prosthesis by using adjustable parallel
springs (PSs), and the amputee can alter the ankle to a preferred
stiffness for various requirements. Jang et al. [32] presented a
2-DOF active ankle-foot prosthesis with a unique PEA-based
mechanism, which can strengthen the propulsion of walking
without increasing the mass. Agboola-Dobson et al. [33] used
SEAPS in the design of a 2-DOF semiactive ankle, which was
capable of providing not only sagittal plane motion and torque
close to that of the human ankle but also adaptability to various
sloped terrains. However, most of them concentrated on the mo-
tion performance on uneven terrains, little has published on using
2-DOF bionic ankle to improve the cushioning performance in
complex environment.

This article attempts to address the land buffering problem of
the existing robotics via a multiaxial bionic ankle. We propose
a 2-DOF bionic robotic ankle composed of four SEAPSs that
mimic the biomechanics of muscles surrounding human ankle,
leading to excellent buffering performance in an unstructured
environment. The contributions of this article are as follows.

1) Inspired from the interactions between the human agonis-
tic and antagonistic muscles, we designed four SEAPSs
around the bionic ankle to achieve the motions in
dorsi/plantar flexion and inversion/eversion. Each of these
four directions possessed a range of motion up to 30°
covering most of the human ankle motion.

2) We established a kinematic model between the rotation
angles of the motors and the ankle, to help the bionic ankle
meet the 2-D/3-D motion tracking requirements and sense
the angle of an inclined road surface with only motor
encoders.

3) By combining the SEAPS (integrated from SEA and
PS) with the multiaxial mechanism, the bionic ankle
demonstrated good land buffering property on inclined
road condition. During landing, the forces of SEA and PS
are in opposite directions about the ankle center, resulting

Fig. 1. Sketch of the bionic ankle. (a) Arrangements of the human
ankle. (b) SEAPS units mimicking agonistic/antagonistic muscles in the
sagittal plane.

Fig. 2. Design of the bionic ankle based on four pairs of SEAPSs.

in significant reductions of the vertical ground reaction
force (52.2%) and joint torque (57.9%).

The rest of this article is organized as follows. Section II
introduces the design, kinematics, and dynamics of the proposed
ankle. Section III describes the control strategy. Section IV
presents the experimental cases. Finally, Section V concludes
this article.

II. MECHANICAL SYSTEM

A. Bioinspired Design of the SEAPS

Design goals and specifications will be focused on the bionic
ankle development. These specifications ensure that the bionic
ankle with SEAPS units could effectively mimic the mechanics
of its biological counterpart, particularly for joint and related
muscles with distinct buffering ability (see Fig. 1). In human
ankle, tibialis anterior and gastrocnemius/soleus are a pair of
agonistic and antagonistic muscles for dorsi/plantar flexion,
while flexor hallucis longus and extensor digitorum longus are a
pair of agonistic and antagonistic muscles for inversion/eversion.
Therefore, four pairs of active and passive muscles are formed
into four SEAPSs in this study. Four active muscles SEAs were
placed on the lower leg to obtain the 2-DOF ankle motions, with
their passive muscles (PSs) anchored around the ankle for shock
absorption and posture maintenance (see Fig. 2). This allows
the SEAPSs to be tightly aligned on the bionic ankle, further
achieving plantar flexion, dorsiflexion, inversion, and eversion.
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TABLE I
SPECIFICATIONS AND PARAMETERS

1) Dorsiflexion: SEA1 and SEA2 mimic 1© tibialis anterior
muscle as the active dorsiflexor of the ankle. Parallel
spring PS1 and PS2 mimic 2© gastrocnemius as passive
muscles.

2) Plantar Flexion: SEA3 and SEA4 mimic 3© soleus mus-
cle as the active plantar flexor of the ankle joint. PS3
and PS4 mimic 1© tibialis anterior muscle as the passive
muscle.

3) Inversion: SEA1 and SEA4 mimic 4© extensor digitorum
longus as the active invertors of the ankle. PS1 and PS4
mimic 5© flexor hallucis longus as the passive muscle.

4) Eversion: SEA2 and SEA3 mimic 5© flexor hallucis
longus as the active evertors of the ankle. PS2 and PS3
mimic 4© extensor digitorum longus as the passive mus-
cle.

B. Mechanical Structure of the Bionic Ankle

The bionic ankle comprises two brushless direct current mo-
tors (RMD-L-7025), two capstans, four SEAPSs (SEA1 and
PS1, SEA2 and PS2, SEA3 and PS4, SEA4 and PS3), a 2-DOF
U-joint, a footplate, and a tensioning system containing four
pulley wheels. Two motors connect the capstans located at the
top of the lower leg, which transmit power to the surrounding
part of the foot frame through parallel SEAs. According to the
peak moment and power of the human ankle joint during normal
walking (1.5 Nm/kg and 2.88 W/kg) [34], we selected the motor
parameters (1.6 Nm, 1500 r/min, 200 W). In addition, each
SEAPS unit (SEA and PS) simulates the stiffness proportion of
corresponding antagonistic muscles surrounding human ankle.

One end of each SEA is connected to a capstan, the other
end is connected to the footplate using stainless steel cylinders,
and the middle is supported by a tensioning wheel. The compact
tensioning system is used to tighten ropes. Cylindrical pairs are
connected to PSs, enabling the PSs to slide when the ankle is in
inversion/eversion which further achieves the 3-D ankle rotation.
The motion of the mechanism is realized using a combination
of cylindrical pairs and universal joint (U-Joint). The main
parameters are shown in Table I. The range of motion (RoM) in
both the sagittal and frontal planes is set to ±30°, as it covers
most of the human ankle motions [34] and is easy for control.

C. Kinematic Analysis

A kinematic model is developed for controlling the ankle mo-
tion (see Fig. 3), which describes the relations between the foot
posture and two motor angular displacements. The 2-DOF ankle

Fig. 3. Schematics and prototype model of the bionic ankle.

center (i.e., center of the universal joint) is defined as the origin
of the global coordinate system O (i.e., the leg component). θm,1

and θm,2 indicate the rotation angles of the two motors in O. Four
contact points of the SEAs (G, H, I, and J) are fixed in O and
each point is described as ui � R3. The rotation angles of the
bionic ankle are specified as θα (dorsiflexion/plantar flexion in
the sagittal plane) and θβ (inversion/eversion in the horizontal
plane) in the local coordinate system A (i.e., the footplate). The
other four contact points of the SEAs fixed on the footplate (B,
C, D, and E) are described as vi � R3 in the local frame A. The
origin of the local frame is same as the global frame.

For a given θα and θβ , the rotation matrix RO/A is used to
transform the local coordinates of points B, C, D, and E into the
global coordinates. The rotation matrix Rθα in the sagittal plane
and Rθβ in the frontal plane comprise the RO/A as

RO/A = Rθα ·Rθβ

=

⎛
⎝1 0 0
0 cos θα − sin θα
0 sin θα cos θα

⎞
⎠

⎛
⎝ cos θβ 0 sin θβ

0 1 0
− sin θβ 0 cos θβ

⎞
⎠ .

(1)

Then, the length change of the SEAs ls can be calculated as

ls = T (ui, RO/A, vi) = t(θα, θβ) (2)

where function T transforms contact point vi into O by RO/A and
then calculates the distance between ui and vi in O. As points ui
and vi can be measured in the model and RO/A is only related to
θα and θβ , ls can be then obtained by a function t, which consists
of two variables (only ankle rotation angles θα and θβ). Based
on the geometric relations, the desired rotation angle of the nth
motor θm,n can be estimated as follows:

θm,n =
360ls,i
πd

=
360fi(θα, θβ)

πd
= c · fi(θα, θβ) (3)

where ls,i is the length change of SEA i according to different
postures, fi is the function between ls,i and ankle angles (θα
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Fig. 4. Dynamic modeling of dorsi/plantar flexion in the sagittal plane
(a) and inversion/eversion in the horizontal plane (b). Fdorsi /τdorsi,
Fplant /τplant, Fever /τever, and Finver /τ inver: ankle joint force/torque
under dorsiflexion, plantar flexion, eversion, and inversion, respectively.
Fi: equivalent tendon driven force of SEAPS i. fdorsi,x, fplant,z, fever,z,
and finver,z: joint forces in the z-direction under dorsiflexion, plantar
flexion, eversion, and inversion, respectively. fdorsi,x and fplant,x: joint
forces in the x-direction under dorsiflexion and plantar flexion, respec-
tively. fever,y and finver,y: joint forces in the y direction under eversion
and inversion, respectively. Fs,i and Fp,j: contraction forces of SEA i
and PS j, respectively. Fg: vertical ground reaction force on the footplate.
Mg: ground reaction moment on the footplate. ks: stiffness of SEA. kp,1:
stiffness of PS1 and PS2. kp,2: stiffness of PS3 and PS4. Δls,i and Δlp,j:
spring deformations of SEA i and PS j, respectively. θs,i and θp,j: vertical
angles of SEA i and PS j, respectively. φs,i: horizontal angle of SEA i.
If and θ̈f : rotational inertia and angular acceleration of the footplate,
respectively. CoM, center of mass; CP, contact point.

and θβ), d is the diameter of the capstan connecting to each of
the two motors, and c is a constant that equals to 360/(πd). It
should be noted that the relation between the number i and n is
different when the motor rotation angle is positive or negative.

Finally, the relations between the ankle angles and the motor
angles of the bionic ankle can be expressed. The results show
that the angle ranges of θα (dorsiflexion/plantar flexion) and θβ
(inversion/eversion) are −30°−30° driven by two motors θm,1

and θm,2 with a rotation range of −220°−160°.

D. Dynamic Analysis

The dynamics of the bionic ankle are then mathematically
modeled in Fig. 4, and each motion of dorsiflexion/plantar
flexion and inversion/eversion is applied using two SEAs and
their corresponding PSs. The muscle forces generated by the ith
SEA Fs,i and the jth PS Fp,j are described as follows:{

Fs,i = ksΔls,i + FT

Fp,j = kpΔlp,j
(4)

where FT is the preload force of the SEAs, Δls,i and Δlp,j are
the spring deformation of the SEA i and PS j, respectively. When
the bionic ankle is in the initial position, the preload forces FT

of the four SEA muscles are equal to ensure ankle balance.
Different postures in the sagittal and frontal planes are driven

by different SEAPS (see Fig. 4). The ankle joint forces and
torques were calculated under different postures. It was assumed
that the force directions of SEA1, SEA2, and four PSs were

parallel to the sagittal plane, while the directions of SEA3 and
SEA4 were parallel to the frontal plane. The muscles involved in
dorsiflexion are SEA1, SEA2, PS1, and PS2, so the ankle joint
forces fdorsi and torques τdorsi in dorsiflexion are calculated as{

fdorsi,x =
∑

j=1,2 Fp,j cos θp,j −
∑

i=1,2 Fs,i cos θs,i
fdorsi,z =

∑
j=1,2 Fp,j sin θp,j −

∑
i=1,2 Fs,i sin θs,i

(5)

τdorsi = If θ̈f +
∑
i=1,2

Fs,irs,i cosφs,i + fdorsi,xrz

+ fdorsi,zrx + Fgrg +Mg −
∑
j=1,2

Fp,jrp,j (6)

where rs,i and rp,j denote the moment arms of SEA i and PS j to
the center of mass (CoM) of the foot; rz and rx denote distances
between the ankle center and the CoM of the foot along the
z and x axes; rg denotes the moment arm at the contact point
(CP) of the footplate to the CoM of the foot. It should be noted
that the moments are described as scalar components along the
corresponding axes which are resolved from the 3-D vectors.

Plantar flexion involves SEA3, SEA4, PS3, and PS4, so the
ankle joint forces fplant and torques τplant are calculated as{

fplant,x =
∑

i=3,4 Fs,i cos θs,i −
∑

j=3,4 Fp,j cos θs,j
fplant,z =

∑
i=3,4 Fs,i sin θs,i +

∑
j=3,4 Fp,j sin θp,j

(7)

τplant = If θ̈f −
∑
i=3,4

Fs,irs,i cosφs,i + fplant,xrz

+ fplant,zrx + Fgrg −Mg −
∑
j=3,4

Fp,jrp,j . (8)

Eversion involves SEA1, SEA4, PS1, and PS4, so the ankle
joint forces fever and torques τ ever are calculated as{

fever,y =
∑

i=1,4 Fs,i cos θβ −∑
j=1,4 Fp,j cos θβ

fever,z =
∑

i=1,4 Fs,i sin θβ −∑
j=1,4 Fp,j sin θβ

(9)

τever = If θ̈f −
∑
i=1,4

Fs,irs,i sin θβ − fever,yrz + fever,zry

+ Fgrg +Mg −
∑
j=1,4

Fp,jrp,j sin θβ (10)

where ry denotes the distance between the ankle joint and the
center of mass of the ankle along the y-axis. Inversion involves
SEA2, SEA3, PS2, and PS3, so the ankle joint forces finver and
torques τ inver are calculated as{

finver,y =
∑

j=2,3 Fp,j cos θβ −∑
i=2,3 Fs,i cos θβ

finver,z =
∑

i=2,3 Fs,i sin θβ −∑
j=2,3 Fp,j sin θβ

(11)

τinver = If θ̈f +
∑
i=2,3

Fs,irs,i sin θβ + finver,yrz + finver,zry

+ Fgrg +Mg +
∑
j=2,3

Fp,jrp,j sin θβ . (12)

This section introduces the bioinspired structure design and
two mathematical models of the bionic ankle. The kinematic
model provides theoretical support for joint motion control and
ankle joint sensing, while the dynamic model calculates ankle
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Fig. 5. Control system of the bioinspired foot. (a) Hardware connection
mode. (b) Block diagram of the impedance controller.

joint forces and moments in order to control the joint motion
at high level and evaluate the buffering performance when the
bionic ankle lands on the ground.

III. CONTROL SYSTEM

This study uses Simulink (MATLAB, USA) for parameter
processing of the control system [see Fig. 5(a)]. By using a
communication module Kvaser (USB to CAN interface, 1 Mb/s
output rate, 100-μs intervals), the control parameters processed
by Simulink can be timely transmitted to the CAN bus controller
of the motors, while the feedback values of the motor encoder
can be recorded and transmitted in turn. During the test of falling
from a given height to the inclined platform, a thin-film pressure
sensor (RP-C18.3-LT) is used to disable the motors when the
footplate touches the platform. This makes the foot completely
cover the road surface, and the sensor is only used as a switch
to guide the ankle posture during the landing tests. The use of
this pressure sensor is only necessary for the experiment. The
IMU on foot is used to calculate ankle angle feedback for joint
motion tracking. A data acquisition module (analogue input,
C-7017) transmits the data collected by the sensors to Kvaser.

In this study, an impedance controller consisting of in-
verse dynamics feedforward controller, PD feedback controller,
motor-side dynamics model, load-side dynamics model, and

disturbance observer (DOB) was used to generate ankle joint
motions. The motor-side dynamics can be derived based on the
output shaft of the motor as follows:

τm,n = (Jm + Jc)θ̈m,n +Bmθ̇m,n + ks

(
θm,n

c
− fi(θf )

)

(13)
where τm,n, θ̈m,n, θ̇m,n represent the torque, angular accelera-
tion, and angular velocity of the nth motor, respectively, Jm and
Jc are the inertias of the motor and the capstan, Bm is the viscous
friction coefficient of the motor, and θf is the 3-D ankle angle.

The relationships between the inputs and outputs can be
calculated as transfer functions on the basis of the block diagram
shown in Fig. 5. Pm(s) describes the transfer function of the
motor-side dynamics

Pm(s) =
1

(Jm + Jc)s2 +Bms+ ks
. (14)

Then, the control model of the joint can be analyzed in three
dimensions. For instance, a 3-D ankle joint motion containing
both sagittal dorsiflexion and coronal inversion were analyzed
as follows. Relationship between the SEA and PS springs de-
formation with the motor and ankle angles can be described as

{
Δls,i = θm,n

/
c− fi(θf )

Δlp,j = R−1
p (θf )rp,j

(15)

where R-1
p(θf) is the inverse of the rotation matrix with the PS

and the bionic ankle. Dynamics of the ankle dorsiflexion in the
sagittal model is described as{

rs,i cosφs,i − cos θs,irz − sin θs,irx = Ψi(θα)
cos θp,jrz + sin θp,jrx − rp,j = Θj(θα)

(16)

where Ψ(s) and Θ(s) are the moment arms of SEA and PS
projected in the sagittal plane. Ankle joint torques in dorsiflexion
posture is simplified as follows:

τdorsi = If θ̈f +
∑
i=1,2

(
ks

(
θm,n

c
− fi(θf )

)
+ FT

)
Ψi(θα)

+
∑
j=1,2

kpR
−1
p (θf )rp,jΘj(θα) + Fgrg +Mg (17)

Pl,dorsi(s) describes the transfer function of the load-side dy-
namics in dorsiflexion posture as

Pl,dorsi(s) =

1

Ifs2+ks(Δls,1Ψ1+Δls,2Ψ2)(s)+kp(Δlp,1Θ1+Δlp,2Θ2)(s)
.

(18)

The control for the dorsiflexion consists of a feedback con-
troller Cα

fb(s) and a feedforward controller Cα
ff (s), as shown

in Fig. 5(b). The feedforward controller is consisted with (18).
The feedback controller adopts proportional-derivative (PD)
controller according to the difference between the target value
and the actual value.

Ankle joint torques in inversion posture is described as

τinver = Iθ̈f
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+
∑
i=2,3

Fs,i

√
(rs,i + ry)

2 + r2z sin(θβ − arctan rz
/
rs,i + ry)

+
∑
j=2,3

Fp,j

√
(rz + rp,j)

2 + r2 cos(θβ + arctan r
/
rz + rp,j)

+ Fgrg +Mg (19)⎧⎨
⎩
√
(rs,i + ry)

2 + r2z sin(θβ − arctan rz
/
rs,i + ry) = Φi(θβ)√

(rz + rp,j)
2 + r2 cos(θβ + arctan r

/
rz + rp,j) = Hj(θβ)

(20)

where Ф(s) and H(s) are the moment arms of SEA and PS
projected in the coronal plane. Similarly, Pl,inver(s) describes
the transfer function in inversion posture as

Pl,inver(s) =

1

Ifs2+ks(Δls,2Φ2+Δls,3Φ3)(s)+kp(Δlp,2H2+Δlp,3H3)(s)
.

(21)

The control for the inversion consists of a feedback con-
troller Cβ

fb(s) and a feedforward controller Cβ
ff (s), as shown

in Fig. 5(b). The feedforward controller is consisted with (21).
The feedback controller adopts PD controller according to the
difference between the target value and the actual value.

Then, we analyze the stability of the system by Lyapunov’s
proof. Define the tracking error e1 and the bionic ankle target
angle θreff , and a switching-function-like quantity as follow:

⎧⎨
⎩
θf,1 = θf
θf,2 = θ̇f,1 = θ̇f
e1 = Kα

p θ
ref
f − θf,1

(22)

where Kα
p is a positive gain. Construct the Lyapunov function

V1 as ⎧⎪⎨
⎪⎩
V1 = 1

2e
2
1

θ̇reff − θf,2 = −Kα
d e1

V̇1 = e1ė1 = e1

(
θ̇reff − θf,2

)
= −Kα

d e
2
1

(23)

where Kα
d is a positive gain. Define the virtual control quantity

θref
f,2 and switching-function-like quantity as follow:⎧⎪⎨

⎪⎩
θreff,2 = θ̇reff +Kα

d e1

e2 = θreff,2 − θf,2
V̇1 = e1e2 −Kα

d e
2
1.

(24)

After substituting (19) into e2 in (24) and converting

ė2 = Kα
d

(
θ̇reff − θf,2

)

− 1

If

⎛
⎝τdorsi−

∑
i=1,2

(
ks

(
θm,n

c
− fi(θf,1)

)
+FT

)
Ψi

−
∑
j=1,2

kpR
−1
p (θf,1)rp,jΘj − Fgrg −Mg

⎞
⎠+ θ̈reff .

(25)

Construct the Lyapunov function V2 as⎧⎪⎪⎨
⎪⎪⎩

V̇2 = V1 +
1
2e

2
2

e1 + ė2 = −Kα
dde2

V̇2 = V̇1 + e2ė2 = −Kα
d e

2
1 + e1e2 + e2e2

= −Kα
d e

2
1 −Kα

dde
2
2

(26)

where Kα
dd is a positive gain. Based on Lyapunov’s proof of

stability, PD feedback control is added. The system input τα for
sagittal dorsiflexion can be expressed as

τα = If

(
Kα

p

(
θrefα − θα

)
+Kα

d

(
θ̇refα − θ̇α

)

+Kα
dd

(
θ̈refα − θ̈α

))
+ τdorsi = ταfb + ταff (27)

Similarly, the input τβ for coronal inversion was determined
as

τβ = If

(
Kβ

p

(
θrefβ − θβ

)
+Kβ

d

(
θ̇refβ − θ̇β

)

+Kβ
dd

(
θ̈refβ − θ̈β

))
+ τinver = τβfb + τβff . (28)

DOB has long been applied to industrial position control, and
it is considered as an emerging control methodology for the SEA.
In this article, the DOB and feedforward controller were used,
as shown in Fig. 5. Pn(s) is the nominal transfer function of the
SEA system from the motor torque to the spring deflection as

Pn(s) =
Pm

1+(ks + kp)Pl,dorsi + (ks + kp)Pl,inver + ksPm
(s).

(29)
By using an inverse nominal model, P-1

n, the DOB preserves
and enforces a dynamic response in the presence of either
external disturbances or, central to the bionic ankle, motor/ankle
model variations, such as changes in output joint angles. Q(s) is
mostly designed as a low-pass filter that makes the DOB system
robust and realizable, in this case with a cut-off frequency of
10 Hz

Q(s) =
20π

s+ 20π
. (30)

Based on the abovementioned control model, dorsiflexion-
inversion-combined 3-D ankle motion could be achieved. Sub-
stantially, all other ankle joint motions were controlled by the
similar model.

IV. EXPERIMENTAL VERIFICATIONS

Four tests were conducted to verify the capabilities of the
2-DOF ankle with SEAPSs. We measured the actual motion
angle of the bionic ankle by using a Vicon motion capture system
(Oxford Ltd., U.K.) at 100 Hz. Two reflective markers were
placed on each SEA and PS to calculate the length change of the
muscle, while four markers were placed on the foot and shank
to measure the ankle angles. The ground reaction forces and
moments were measured using a force plate (Kistler, Switzer-
land) at 1 kHz. In order to ensure repeatability and accuracy of
ankle movement, all the experiments were repeated ten times,
with the average given. The root-mean-square error (RMSE)
was also used to compare the difference between the measured
and idealized values.
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Fig. 6. 2-D motion tracking of dorsiflexion/plantar flexion (a) and inver-
sion/eversion (b) of the bionic ankle. IC, impedance controller.

A. 2-D Ankle Joint Motion Tracking

We evaluated the motion performance of the bionic ankle by
comparing actual trajectories measured by the Vicon system
with target trajectories. The mini-jerk quintic polynomial was
used to plan the target trajectory of the ankle joint in the sagittal
and frontal planes. In the impedance controller, Kα

p , Kα
d , and

Kα
dd were set to 0.11, 0.025, and 0.008, respectively, while

Kβ
p , Kβ

p , and Kβ
d were set to 0.15, 0.033, and 0.006, respec-

tively. These values were determined referring to the PID tuning
method in MATLAB. Meanwhile, we exploited multisectional
PD control to achieve stable motions by using a trial and error
process. Each of the four motions (plantar flexion, dorsiflexion,
inversion, eversion) was divided into ten subsections, and each
subsection used different control gains to fit the target values. It
is assumed that the errors between the target and actual values
are in a similar range, then the multisectional Kp and Kd can be
used to simulate the nonlinear joint stiffness. Through the actual
angle value returned by the sensor, the corresponding Kp and
Kd values were detemined. Finally, Kp ranges from 0.11 to 0.87
while Kd changes from 0.01 to 0.11.

For 2-D motion, the ankle was rotated about the x-axis with
θα = ±30° (2 Hz), and about the y-axis with θβ = ±30°
(2.5 Hz). These two motions cover the entire range of motion
in the sagittal and frontal planes. Fig. 6 and Video 1 show the
2-D motion tracking trajectories. The maximum errors between
the target and actual trajectory are smaller than 1.2° (4.0%)

Fig. 7. 3-D motion tracking of the bionic ankle. IC, impedance con-
troller.

in the sagittal plane and 0.9° (3.0%) in the frontal plane with
the PD controller, while these errors reduced to 0.2° (0.7%) in
the sagittal plane and 0.3° (1.0%) in the frontal plane with the
impedance controller. The percentage values in 2-D/3-D motion
tracking were calculated as the absolute errors divided by the
target values.

B. 3-D Ankle Joint Motion Tracking

The trajectory of the spatial 3-D planning is from dorsiflex-
ion to eversion, eversion to plantar flexion, plantar flexion to
inversion, inversion to dorsiflexion, and so on. All motions have
an amplitude of 30° (1 Hz). Fig. 7 and Video 1 shows the
motion tracking performance when the ankle rotates in three
dimensions. The maximum errors between the target and actual
ankle trajectories are smaller than 2.7° (9.0%) under the PD
controller and 0.7° (2.3%) under the impedance controller. Then,
the bionic ankle was then validated by comparing the measured
3-D time-angle trajectories with those of the human ankle under
natural walking gait (see Fig. 8 and Table II). We can see that the
similarity between them is quite high with relative RMSE well
below 4.2% with the PD controller and 1.0% with the impedance
controller. Finally, the 2-D/3-D motion tracking performance of
the bionic ankle were listed in Table II, all of which showed good
agreement with the target values. This suggests that the bionic
ankle can meet the motion requirements in both planes.

C. Ankle Stiffness

During one complete gait cycle on the ground, human ankle
stiffness is adaptable. The joint stiffness of the bionic ankle under
different loading conditions was tested using a universal testing
machine [see Fig. 9(a)]. The lower leg was firmly attached, and
the foot was in close contact with a metal plate connected to
the sensor, for measuring the actual output torque of the ankle.
Fig. 9(b) shows the relationship between the ankle torque and
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Fig. 8. Comparison of the 3-D time-angle trajectories between the
bionic ankle and the human ankle [34] during stance phase of normal
walking. IC, impedance controller.

TABLE II
MOTION TRACKING PERFORMANCE OF THE BIONIC ANKLE

Fig. 9. Ankle stiffness estimated as an approximation of measured
angle-torque curves. (a) Experimental setups. (b) Angle-torque trajec-
tories under different SEA tensile forces.

the joint angle under dorsiflexion at different SEA tensile forces.
Generally, a nonlinear joint stiffnesses can be obtained when
the ankle angle changes. As the dorsiflexion angle increases,
the ankle stiffness increases. The ankle torque increases linearly
with the angle above 15°. Varying joint stiffness driven by the

Fig. 10. Sensing the ankle angle on different slope surface. (a) Ex-
perimental setups. (b) Angles sensed by the bionic ankle under various
postures.

SEAPS allows the robot to maintain balance when walking on
different road conditions.

D. Ankle Angle Sensing

To verify the adaptability of the bionic ankle in unstructured
terrain, the test of sensing a tilted platform without any sensors
was designed [see Fig. 10(a)]. The bionic ankle was placed on the
top of the platform, and the actual tilting angle of this platform
was measured by a digital inclinometer (SYNTEK, China). The
surface of the platform is flat and the footplate can be fully
placed on the surface. By changing the positions of the platform,
we can set the ankle postures to 1-DOF dorsi/plantar flexion or
inversion/eversion, as well as 2-DOF motion combining them.
By adjusting the tilting angle of the platform, the ankle angle in
the certain posture changes accordingly (Video 2). The capstans
connected to the motors rotate as the length of the SEAs fixed
at the ankle changes. The feedback from the motor encoder is
used to calculate the length change of the SEA. Based on the
kinematic model in Section II, the bionic ankle can then sense the
actual road conditions in terms of tilting angle. Fig. 10(b) shows
the comparisons between the angle sensed by the ankle and the
measured actual tilting angle of the platform. The maximum
error is 6.7% and the minimum error is 0.5% when the test road
angle is 20° and 30°. The bionic ankle has good sensing ability
on even terrain in this angle range. But when the test road angle
is 10°, the maximum error is increased to 11.2%. This increased
error may be induced from the fact that the bionic ankle senses
the road angle based on the motor encoder, which has an enlarged
error of predicted SEA deformation in the case of small range
of motor rotation.

E. Land Buffering Capacity

Whether bipeds or humans, landing from a high place brings
a huge amount of impact. We conducted a series of real-world
experiments to investigate the land buffering properties of the
bionic ankle at various poses (see Fig. 11 and Video 3). The
ankle was placed at 40-cm high, and vertically dropped to a
22° tilted platform by a linear guide rail [see Fig. 11(c)]. The
surface here was different from that in the angle sensing test,
with uneven terrain. The pressure sensor was used to disable the
motors after landing so that the footplate could be fully attached
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Fig. 11. (a) Ankle angle, vertical GRF, joint torque with different PS
stiffnesses under impact in plantar flexion. The bionic ankle was sub-
jected to free fall impact from 40-cm above the ground with plantar
flexion posture. (b) Mean ± standard deviations of peak vertical GRF
and peak joint torque. (c) Experimental setups of the land buffering test.

to the platform. The use of this pressure sensor is only necessary
for the landing experiment. The ankle angles and force plate
data were collected during each test, while the length changes
of the SEAs and PSs were calculated. The dynamic model in
Section II are used to calculate the change in ankle joint torque
under various states of impact. Combining the measured vertical
ground reaction force (GRF) during landing, the buffering effect
of the bionic ankle is analyzed. The stiffness of PS1 and PS2 was
changed from 0.5 to 2.0 N/mm. To verify the effect of the PSs
on the buffering performance, no spring (infinite stiffness) under
plantar flexion was defined as the reference to compare all the
tests under dorsi/plantar flexion.

Fig. 11 shows the variations of the ankle angle, vertical GRF,
and joint torque during landing under different PS stiffnesses
with an initial 15° plantar flexion angle. When the stiffness is
infinite, the peak vertical GRF is 149.2 N and the peak joint
torque is 43.2 Nm. The impact lasts for 0.8 s before completely
disappearing. The bionic ankle reached to the equilibrium state
in 0.42 s with PSs of 0.5 N/mm, much quicker than 0.81 s
of no PS. Compared with no spring, the peak vertical GRF
were reduced by 11.8%, 28.4%, 52.2%, and 46.0% at spring
stiffnesses of 0.5, 1.0, 1.5, and 2.0 N/mm, respectively. The
peak ankle torques were reduced by 26.4%, 43.1%, 57.9%,
and 48.6%, respectively. With increasing spring stiffness, the
buffering rate (reduction in peak vertical GRF and joint torque)
first increased and then decreased, while the maximum rate
occurred under the stiffness of 1.5 N/mm. This is because that
with too stiff PSs, the springs cannot be fully compressed to
absorb energy during landing, resulting in decreased buffering.

Since the bionic ankle joint cannot perform dorsiflexion when
the stiffness is infinite, the other four spring stiffnesses from
0.5 to 2.0 N/mm are used for testing the landing buffer under
dorsiflexion with an initial angle of 15° (see Fig. 12). The results
showed that there was no obvious difference in the dorsiflexion
angle of the ankle joint under different stiffnesses. After landing,
the ankle joint reached to the stationary state in 0.39 s at spring
stiffnesses of 0.5 N/mm. Compared with no spring in plantar
flexion, the peak vertical GRFs and peak ankle joint torques were

Fig. 12. (a) Ankle angle, vertical GRF, joint torque with different PS
stiffnesses under impact in dorsiflexion. The bionic ankle was subjected
to free fall impact from 40-cm above the ground with dorsiflexion posture.
(b) Mean ± standard deviations of peak vertical GRF and peak joint
torque.

TABLE III
PEAK VERTICAL GRF AND JOINT TORQUE USING DIFFERENT PS STIFFNESS

all reduced at spring stiffnesses of 0.5, 1.0, 1.5, and 2.0 N/mm.
However, the cushioning effect under dorsiflexion is slightly
lower than that under plantar flexion. Finally, the peak vertical
GRFs and peak joint torques using different PS stiffness under
dorsi/plantar flexion were listed in Table III.

In addition, the bionic ankle with an initial 15° eversion angle
was tested. As shown in Fig. 13, under different stiffnesses from
0.5 to 2.0 N/mm, the time from impact to the stationary state
is almost 0.38 s. At stiffness of 0.5 N/mm, the maximum peak
vertical GRF of 183.8 N occurs, corresponding to the maximum
peak ankle joint torque of 48.6 Nm. With the PSs stiffness
of 2 N/mm, the maximum peak vertical GRF of 131.8 N and
maximum peak ankle joint torque of 41.8 Nm were observed.
Different with other two postures, the buffering effect of the
bionic ankle decreases with the increase in spring stiffness.

V. DISCUSSION

This article presents a 2-DOF active bionic ankle composed
of four SEAPSs with distinct land buffering capability. Three
unique features are presented: 1) A multiaxial mechanism in-
cluding four SEAPSs allows a wide range of motion (WROM)
in both the sagittal and frontal planes, i.e., 2-DOF ±30°, which
covers most of the human ankle motions. 2) The sensing ability
on an even terrain through a kinematic model shows that it has the
potential of adapting to various road conditions. 3) The SEAPS
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Fig. 13. (a) Ankle angle, vertical GRF, joint torque with different PS
stiffnesses under impact in eversion. The bionic ankle was subjected
to free fall impact from 40-cm above the ground with eversion posture.
(b) Mean ± standard deviations of peak vertical GRF and peak joint
torque.

structure provides a landing buffer that is able to reduce vertical
GRF and joint torque when the bionic ankle vertically falls from
high places. To the best of our knowledge, this is the first time
that SEAPSs have been applied to investigate the adaptability of
a 2-DOF active ankle over a WROM, aiming to ease the tradeoff
between land impact and stiffness diversity. However, there are
some questions need to be investigated. We draw a few points
to discuss and some future prospects below.

A. 2-DOF Over a WROM With SEAPSs

All analysis and tests presented in this study were performed
with two motors driving four SEAPSs to achieve 2-DOF for
the bionic ankle. As a result, the ankle can achieve a range
of motion of 30° in both the sagittal and frontal planes. This
allows the robot to better adapt to complex road conditions. In
terms of bionic ankles, the concept of SEAPS has been studied
for decades. Bionic prostheses were developed to mimic the
function of a biological ankle during level-ground walking [35],
reduces motor torque, stores and returns energy, and reduces
peak impact force [36], [37]. These studies show the superiority
of SEAPS in the use of bionic ankle joints. But all of them include
motion in the sagittal plane only. Most SEAPS mechanisms
adopt SEA1 and PS1 parallel connection modes. In this study,
PS3 and PS4 springs are added based on PS1 and PS2 to increase
the range of motion and make two PSs always store energy, while
the other PSs release energy when the ankle joint switches from
one posture to another.

To date, only one application of SEAPSs has been found in
a bionic ankle with 2-DOF, which provides a powered DOF for
dorsi/plantar flexion and a passive DOF for inversion/eversion:
22° in plantar flexion, 18° in dorsiflexion, 20° in inversion and
eversion, a weight of 2.95 kg, and a height of 43 cm [33]. In
this study, we have improved the ankle design to make both
the 2 DOFs active, while the range of motion in both planes
are increased to ±30° compared with traditional robotic ankles
using elastic elements.

B. Joint Stiffness Changes and Adaptive Capabilities

A bionic robotic ankle needs push-off to enable it to lift its
leg after it adapts to complex road conditions. Joint stiffness
becomes a key characteristic of foot-ground interaction. This
study shows that the stiffness of the human ankle can be sim-
ulated by applying SEAPS to a bionic ankle. This was also
confirmed in an earlier study of a powered ankle prosthesis
composed of SEAPSs [38]. The adaptive ability of the robotic
ankle has become a research hotspot in recent years [19], [39],
[40]. In this article, it is proposed for maybe the first time to judge
adaptability through the sensing ability of inclined terrains. The
kinematic model is used to calculate the feedback values of two
motor encoders in the sensing test. Then, the ankle angles can
be estimated simultaneously. After comparing the sensed angle
with the actual platform angle, it can be found that the accuracy
between them reaches more than 93% when the test road angles
are 20° and 30°.

Next is to analyze why the ankle can best adapt in this region.
Four SEAPSs enable the bionic ankle to have the corresponding
elastic force generated by the PSs acting on the footplate regard-
less of the posture. As the angle of the test platform increases,
the elasticity generated by the PSs increases, which can promote
the foot to better adapt to the platform.

C. Landing Buffer of the Bionic Ankle

The results of this investigation highlight the importance of
the SEAPS at different stiffnesses for the avoidance of impact
loads and adaptive performance of the bionic ankle in collision
with complex road conditions. When the bionic ankle vertically
hits an inclined road with different postures, the SEAPS reduces
its impact with the surface inconsistently. Among them, the
cushioning of the ankle in plantar flexion pose is the best (up
to 52.2% and 57.9% reduction in vertical GRF and joint torque,
respectively). The deformations of the SEAPSs after landing
under dorsiflexion/plantar flexion are larger than that under
inversion/eversion, which helps the bionic ankle absorb more
impact energy and generate less impact force. A study of a
SEAPS-powered ankle prosthesis walking on flat terrain found
a maximum reduction of 11% in peak resultant GRF force [35].

With the increase in spring stiffness, the cushioning effect
first increases and then decreases. With a too rigid spring, the
foot does not deform well when in contact with the ground,
as seen from changes in joint angles. Therefore, as the spring
stiffness increases larger than a critical value, the cushioning
effect decreases. In addition to the impact, the proper spring
stiffness is also a great help to very fast adapt to inclined road.

D. Limitations and Future Works

From the mechanical application: 1© For robots, lightweight
is one of the common requirements. However, the combined
weight of the two motors used in this article is 860 g, which
makes the bionic ankle quite heavy overall. 2© The bottom of
the footplate design is flat, so the ankle angle sensing requires the
flatness of the road surface to be fully attached by the footplate.
From the system integration: The 2-DOF active ankle with four
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SEAPSs can improve the land buffering performance in sloping
road conditions at the cost of mass and structural complexity.

In future, we intend to first improve the bionic ankle by
selecting more advanced motor with less weight, smaller size,
and higher power density ratio. The second step is to characterize
and quantify the impedance and bandwidth limits of the bionic
ankle for carefully defined tasks, such as applying a 100-N force
on the front edge of the footplate and recording the ankle joint
trajectory. Finally, the proposed ankle should be applied on real
robot, maybe first on the jumping robot, as it can store energy
for the next jumping cycle during landing by using SEAPS.

VI. CONCLUSION

In this article, we proposed a 2-DOF bionic ankle with distinct
land buffering property. Four SEAPSs mimic the biomechanics
of the muscles surrounding the human ankle. Two motors can
simultaneously drive the ankle to increase the motor capacity.
Kinematic analysis showed that a wide range of motion has been
achieved in both dorsi/plantar flexion and inversion/eversion.
The ankle joint stiffness can adapt to various loading conditions,
which reproduces the trend of the human ankle and helps the
gait of the robotic ankle. Road sensing tests show that the bionic
ankle has good adaptability in both sagittal and frontal planes.
Another finding is that SEAPSs can reduce the landing impact
in complex road conditions. The buffering performance with
different PS stiffnesses and postures were evaluated. The results
showed that the ankle has the best cushioning effect under
plantar flexion, and a proper PS stiffness can satisfy both the
buffering effect and adaptive speed during landing. This study
gives an inspiration of using SEAPS-based mechanism in robotic
ankle design. It exhibits high land buffering performance in an
unstructured environment, and can well mimic the human ankle
movement in terms of complex 3-D motions.
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