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Editorial on the Research Topic

Bioinspired Design and Control of Robots With Intrinsic Compliance

Intrinsic compliance, i.e., passive compliance, is one of the crucial properties of human and
biological systems. In mammals, compliance results from the viscoelastic properties of muscle
fibers and the series-elastic tendon structures which can be modulated at the muscle and joint
level through the activation of the agonist and/or antagonistic muscles. Several technologies
have been proposed to mimic the intrinsic compliance, such as series elastic actuators (SEAs)
with fixed compliance, variable stiffness actuators (VSAs), and soft artificial muscles. There is an
ever-increasing interest in implementing robots with intrinsic compliance to the fields of e.g.,
wearable robotics and walking robotics, because of their ability to absorb impact shocks, to safely
interact with users, and to store and release energy in passive elastic elements.

One critical barrier to the development of robots with intrinsic compliance is the necessity
for greater design inspiration and integration from bionic viewpoints. For instance, the design of
compliant actuators to mimic the real muscle function is difficult because of the complex muscle
structure and biomechanical properties. Besides, the control of robots with intrinsic compliance
is still challenging due to the complexity and modeling difficulty of compliant components. For
instance, the physical coupling between stiffness and position mechanisms in VSAs makes the
control design complicated. How to control robots with intrinsic compliance in a more efficient
way using bioinspired techniques in model learning, policy learning, and disturbance estimation,
is an exciting topic.

This Research Topic is organized under the section “Bioinspired Design and Control of Robots
with Intrinsic Compliance” within Frontiers in Neurorobotics. The collected articles are classified
into three groups, where the first group focuses on robotics with fixed compliance, the second group
focuses on robotics with variable compliance, and the third group includemiscellaneous design and
control methods which would be useful for robotics with intrinsic compliance.

In the first group of the articles, the article by Ma et al. proposes a proportional-derivative
control method based on Extended Kalman filters for a robot arm with flexible joints under
incomplete state feedback. Experimental results show that the proposed method is effective and
has excellent trajectory tracking performance. In physical human-robot interaction, ankle joint
muscle reflex control remains promising in human bipedal stance. The article by Cao et al.
presents a specialized ankle joint muscle reflex control method for human upright standing
push-recovery. The proposed method was implemented on a SEA-driven robot ankle joint, where
the SEA has the potential to mimic human muscle-tendon unit. Experimental results indicate that
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the proposed method can easily realize upright standing push-
recovery behavior that is similar to the original human behavior.
The article by Zhang et al. focuses on modeling and control of a
cable-driven rotary SEA for an upper limb rehabilitation robot,
where both torque and impedance controllers were developed
for the robot. Experimental results show that the proposed
method can achieve stable and friendly actuation over a long
distance. The article by Ruppert and Badri-Spröwitz presents
a robotic leg design with physical elastic elements in leg angle
and virtual leg axis direction. It is shown that the robotic
leg with a gastrocnemius inspired elasticity possesses elastic
components deflecting in leg angle directions, and can store hip
actuator energy in the series elastic element. The advantages
of the mechanical design with respect to energy efficiency in
locomotion is shown by a vertical drop experiment.

The second group of the articles is about the control of
VSAs which is still challenging due to model perturbations
such as parametric uncertainties and external disturbances.
The article by Guo et al. focuses on modeling and control
of VSAs for new-generation compliant robots, where a novel
modeling method is applied to analysis the VSA dynamics, and
a non-linear disturbance observer-based controller is proposed
to control both stiffness and position of VSAs under model
perturbations. Experimental results have verified the effectiveness
of the proposed method. The article by Lukić et al. presents
a cascade control structure for the simultaneous position
and stiffness control of antagonistic tendon-driven VSAs. The
proposed controller has the ability to accelerate, stabilize, and
reduce oscillations, which are important in systems such as
tendon-driven compliant actuators with elastic transmission.

The third group of the articles presents one robot control
method and two robot design methods which would be useful
for robotics with intrinsic compliance. Robot force control
can enhance compliance and execution capabilities. However,
it is challenging for redundant robots, especially when there
exist risks of collisions. The article by Zhou et al. proposes
a collision-free compliant control strategy based on recurrent
neural networks to save unnecessary energy consumption.
Numerical results validate the effectiveness of the proposed
controller. Modern engineering problems require solutions
with multiple functionalities to meet their practical needs
for handling a variety of applications in different scenarios.
Conventional design paradigms for single design purpose may
not be able to satisfy this requirement. Tan et al. proposes

a novel system-of-systems bioinspired design method framed
in a solution-driven bioinspired design paradigm. Eight steps
of the design process are elaborated and a case study of
reconfigurable robots is provided in the article. The last article
by Chang et al. presents a series of alternative uses of structural
compliance for the development of simple, adaptive, and
compliant underactuated robotic grippers that can execute a
variety of manipulation tasks. The grippers employ mechanical
adaptability to facilitate and simplify the efficient execution. The
efficiency of the grippers is experimentally validated via three
different types of tests.
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The robot arm with flexible joint has good environmental adaptability and human robot

interaction ability. However, the controller for such robot mostly relies on data acquisition

of multiple sensors, which is greatly disturbed by external factors, resulting in a decrease

in control precision. Aiming at the control problem of the robot arm with flexible joint

under the condition of incomplete state feedback, this paper proposes a control method

based on closed-loop PD (Proportional-Derivative) controller and EKF (Extended Kalman

Filter) state observer. Firstly, the state equation of the control system is established

according to the non-linear dynamic model of the robot system. Then, a state prediction

observer based on EKF is designed. The state of the motor is used to estimate the output

state, and this method reduces the number of sensors and external interference. The

Lyapunov method is used to analyze the stability of the system. Finally, the proposed

control algorithm is applied to the trajectory control of the flexible robot according to

the stability conditions, and compared with the PD control algorithm based on sensor

data acquisition under the same experimental conditions, and the PD controller based

on sensor data acquisition under the same test conditions. The experimental data of

comparison experiments show that the proposed control algorithm is effective and has

excellent trajectory tracking performance.

Keywords: flexible joint, extended Kalman filter, closed-loop PD controller, lyapunov stability, trajectory tracking

INTRODUCTION

With the increasing use of robots in the fields of industry, the rehabilitation, aviation, and
marine exploration, the demand for robots that can adapt to complex environments and enable
human-robot interaction is increasing, which introduces flexible structure onto robotic joints
(Schiavi et al., 2008; Grioli et al., 2015). The general flexible design is to adopt elastic elements
and harmonic reducers to reduce the rigidity of robot joint (Zhu and Schutter, 1999). For higher
usage requirements, the flexible cushioning is realized by a variable stiffness driver, and the stiffness
performance can be adjusted in a wide range (Wolf and Hirzinger, 2008; Ham et al., 2009; Jafari
et al., 2011; Torreaiba and Udelman, 2016). The reduction in the stiffness of the robot increases the
safety, but at the same time leads to a reduction in the dynamic performance of the structure, which
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includes slow response, delayed control, and limited bandwidth.
It makes the flexible robot based on variable stiffness
more difficult to control (Hogan, 1985; Hurst et al., 2004;
Erler et al., 2014).

In recent years, research on the control of flexible-joint robots
has become more and more attractive. A spring-damping mode
was first proposed to simplify the flexible-joint, and at the same
time, the flexible-joint is divided into two subsystems for control
by integral flow and perturbation theory (Spong, 1987), and the
sliding mode controller was designed (Sira-ramirez and Spong,
1988). Then, based on this model, the robustness analysis of the
feedback linearization method suitable for this simplified model
was given (Grimm, 1990). A method for compensation system
with parameter uncertainty was desidned (Zeman et al., 1997;
Ge et al., 1998). To reduce the number of differentials required
for motion equations and task equations the design method for
task space tracking control and proposed an implicit numerical
integration method was proposed which is effective (Ider and
Ozgoren, 2000). The impedance model formed on the basis of
the simplified spring- damping model is considered to be a
typical compliant control strategy, that is, cross-compatibility is
achieved through the interaction between the robot system and
the external environment, allowing a certain degree of partial
movement of the actual trajectory and a given trajectory (Jamwal
et al., 2016; Losey et al., 2016). In order to control the robot
trajectory more precisely, the effects of flexible properties on
the dynamic performance of robots was systematically analyzed
(Zaher andMegahed, 2015), and the control problems of flexible-
joint robot position, torque, and impedance control based on
passivity were studied (Albu- schäffer et al., 2007). However, these
control models are somewhat stretched when it comes to external
disturbances and non-linear systems.

In order to solve the problem of jitter and friction in flexible
robot tracking control, the adaptive CFBC (command-filtered
backstepping control) was proposed to improve tracking

FIGURE 1 | Robotic prototype.

accuracy (Pan et al., 2018). For the purpose of solving the
interference problem of control, the ADRC (Active Disturbance
Rejection Control) was designed based on the modern control
theory which relies on the accurate mathematical model, that
can effectively control the system with uncertainty and external
interference (Han, 2009). However, more parameters need to
be calculated for non-linear systems. The disturbance observer
proposed by Ohnishi in 1987 can be used for the disturbance
that is difficult to measure in the system (Nakao et al., 1987).
The external disturbance is estimated by the input amount
and the feedback value of the inner loop, as the observation
compensation amount, and it is added to the control to cancel
the actual interference (Sariyildiz and Ohnishi, 2013; Sariyildiz
et al., 2015). However, as the order for the filter increases, the
large phase lag causes the system to be underdamped and even
makes the system unstable.

Throughout the above control methods, the classic PD
controller, with its “natural” anti-interference and model-
independence, is widely used in the control of series elastic
actuators by matching feedforward control (Zhu et al., 2012). It
is worth noting that the PD controller relies on the data feedback
of the system, therefore, its performance can be greatly affected
by external disturbance introduced via sensory collection, and
moreover, the use of multiple sensors increases the cost and
structural design difficulty of the robot.

FIGURE 2 | Actuator structure (A) Main structure. (B) Elastic structure.
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In order to solve the above problems, this paper first proposes
the state estimation of non-linear stiffness-driven flexible robot
with EKF, as it has good convergence and low computational
complexity, and can handle system uncertainty and external
disturbances in real time (Reif et al., 1998; Lightcap and Banks,
2010). This method can reduce the use of the sensor and
introduce noise covariance into the observer design to reduce
estimation error. Considering the external disturbance, a closed-
loop PD controller based on EKF is designed to achieve precise
position control that requires only joint motor side position and
speed measurements.

This paper is organized as follows. The model, principle and
dynamics analysis of the flexible-joint robot are introduced in
section Robotic Prototype and its Dynamic Model. Subsequently,
the design of the closed-loop PD controller and EKF state
observer is introduced in section EKF Based Controller. The
stability analysis based on Lyapunov method is presented in
section Lyapunov Stability Analysis. The experimental results are
presented in section Experimental Results. Finally, a conclusion
is provided in section Conclusion.

ROBOTIC PROTOTYPE AND DYNAMIC
MODEL OF ROBOT

Robotic Prototype
In order to demonstrate our method, a 3-DOF robot with flexible
joint is introduced in this section to verify the algorithm. As
shown in Figure 1, the robot can be regarded as an open-chain
series connected by two rotations and one moving joint. In the
linkage system, each joint is driven by a non-linear actuator, and
the third joint turns the rotation of the joint into translation
through the slider and the guide rail.

Since the control target of this paper is the trajectory output
of the tip, based on the configuration of the robot, the variables
of the three joints are respectively calculated by the inverse
kinematics according to the desired trajectory output, and the
three joints are respectively controlled according to the timing.

The structure of the three actuators is basically the same.
In this paper, the first joint actuator is taken as an example to
introduce the structure. As shown in Figure 2A, the structure
of the non-linear stiffness actuator mainly includes the support
frame, motor combination (DC brushless motor, reducer,
encoder), pulley, outer cylinder, wire, inner cylinder, and elastic
structure. The motor is the power source driving the pulley,
which drives the outer cylinder through the wire. The inner

FIGURE 3 | Schematic diagram of the actuator.

wall of the outer cylinder is provided with a radially uniform
roller shaft, and the rotation of the roller presses and fixes the
bidirectional elastic structure fixed on the inner cylinder, thereby
driving the inner cylinder to rotate.

The non-linear elastic structure is shown in Figure 2B, the
non-linear elastic structure is the core mechanical structure of
the non-linear stiffness actuator and consists of a roller and
an elastic component. The elastic component is composed of
symmetrical elastic units, each of which consists of a cantilever
beam portion and a contact portion. Although the two parts
are made of the same material, when the roller presses the
contact portion, the deformation of the contact portion can be
regarded as a rigid structure, and the cantilever beam portion
is deformed, and the deflection and the deflection angle of the
elastic portion will cause the position of the contact point to
change. There is a certain mapping relationship between the
positional change of the contact point caused by the deflection
perpendicular to the end of the cantilever beam portion and the
pressing force.

In addition, the change of the deflection angle also affects
the vertical component of the contact point position. Therefore,
the relationship between the positional change in the vertical
direction of the contact point and the pressing force is no longer
a simple proportional relationship, but the combination of the
deflection and the deflection angle. In short, the contour curve
of the contact surface determines the relationship between the
pressing force and displacement of the contact point, that is,
the stiffness variation curve. The specific design scheme and
the non-linear mechanism have been deeply studied by the
researcher group (Lan and Song, 2016), and this paper will not
go into details.

Dynamic Model
Non-linear stiffness actuator can be divided into power systems,
transmission systems, elastic structures, and external loads. The
power system is the motor combination, which mainly includes
the motor rotor and the gear reducer. The equivalent moment
of inertia of the motor combination can be obtained from
the dynamics model of the motor combination. The dynamic

FIGURE 4 | EKF based PD controller.
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equation of the rotor of the motor is:

Jr θ̈r + br θ̇r = τm − τr (1)

where Jr and br are the moment of inertia and damping of the
rotor of the motor respectively; θ̇r and θ̈r are the angular velocity
and angular acceleration of the rotor of themotor respectively; τm
is the torque generated by the rotor of the motor; τr is the torque
output by the rotor of the motor.

The dynamic equation of the motor reducer is:

Jg θ̈g + bg θ̇g = R1τr − τg (2)

where Jg and bg are the moment of inertia and damping of the
motor reducer respectively; θ̇g and θ̈g are the angular velocity and
angular acceleration of the motor reducer respectively; R1 is the
reduction ratio; τg is the torque output by the motor reducer.

Since the motor rotor and the gear reducer are rigidly
connected, the following relationship is used:

θ̈r

θ̈g
=

θ̇r

θ̇g
=

θr

θg
= R1 (3)

where θr and θg are the motor rotor angle and the gear
reducer angle respectively. Combined with Equations (1–4) can
be obtained:

(

Jr +
Jg

R21

)

θ̈r +

(

br +
bg

R21

)

θ̇r = τm −
τg

R1
(4)

The schematic diagram of the actuator from the motor
combination to the output is shown in Figure 3.

The dynamic equation of the outer cylinder section is:

Jwθ̈w + bwθ̇w = R2τg − τk (5)

where: Jw and bw are the moment of inertia and damping of the
outer drum, respectively; θ̈w and θ̇ware the angular velocity and

FIGURE 5 | The entire experimental platform.

angular acceleration of the output shaft of the outer drum of the
non-linear stiffness drive, respectively; R2 is the reduction ratio of
the wire drive, and the relationship between the angular velocity
and the angular velocity of the outer cylinder is:

θ̈g

θ̈w
=

θ̇g

θ̇w
=

θg

θw
= R2 (6)

where θw is the angle of rotation of the outer cylinder for the non-
linear stiffness drive, simultaneous Equations (4–6) can obtain:

(

Jr +
1

R1
2
Jg +

Jw

R1
2R2

2

)

θ̈r +

(

br +
1

R1
2
bg +

bw

R1
2R2

2

)

θ̇r

= τm −
τk

R1R2
(7)

Then the equivalent dynamic equation of the motor assembly to
the elastic part is:

Jeqθ̈r + beqθ̇r = τm −
τk

R1R2
(8)

where Jeq = Jr +
1

R1
2 Jg +

Jw
R1

2R2
2 is the actuator equivalent inertia

and beq = br+
1

R1
2 bg+

bw
R1

2R2
2 is the actuator equivalent damping.

The dynamic equation of the outer cylinder part is:

Jeθ̈e + beθ̇e = τk − τe (9)

where: Je and be are the moment of inertia and damping of the
external load, respectively; τe is the output torque of the drive;
θ̈e and θ̇e are the angular velocity and angular acceleration of the
external load, respectively.

FIGURE 6 | Experimental results (A) EKF-based PD controller experimental

result. (B) Sensor-based PD controller experimental result.
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EKF BASED CONTROLLER

Equation of State
It can be seen from the above formula that the dynamic equation
from the motor to the output shaft without considering the
external torque input is:

Jeθ̈e + beθ̇e = R1R2
(

τm − Jeqθ̈r − beqθ̇r
)

(10)

The EKF based PD controller is shown in Figure 4.
In the control system, τm can be considered to consist of

two parts:

τm = τdy + τd (11)

whereτdyis the part consumed by the equilibrium dynamics, and
its expression is:

τdy − Jeqθ̈r − beqθ̇r = 0 (12)

τd is the torque required for the end output, which is output by
the PD controller. The design expression is as follows:

τd = Kp(θe − θexp)+ Kd(θ̇e − θ̇exp) (13)

FIGURE 7 | Trajectory tracking variance mean square. (A) EKF-based PD

controller trajectory tracking variance mean square. (B) Sensor-based PD

controller trajectory tracking variance mean square.

where Kp is the proportional stiffness coefficient and Kd is the
differential damping coefficient, substituting (11–13) into (10),
we can get:

Jeθ̈e + beθ̇e = R1R2[Jeqθ̈r + beqθ̇r + Kp(θe − θexp)+

Kd(θ̇e − θ̇exp)− Jeqθ̈r − beqθ̇r] (14)

It can be simplified to:

θ̈e + a1θ̇e + a2θe = b0 + b1θ̇exp + b2θexp (15)

FIGURE 8 | Comparison of tracking error of each joint. (A) First joint tracking

error comparison. (B) Second joint tracking error comparison. (C) Third joint

tracking error comparison.
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where a1 =
be−R1R2Kd

Je
; a2 =

R1R2Kp

−Je
; b0 = 0; b1 =

R1R2Kd
−Je

;

b2 =
R1R2Kp

−Je
.

The formula is a typical input-output equation with a
derivative term, so the state variables are chosen as follows:

θ1 = θe − b0θexp

θ2 = θ̇1 − h1θexp (16)

where h1 = b1 − a1b0 ,then the equation of state of the system is:

θ̇1 = θ2 + h1θexp

θ̇2 = −a2θ1 − a1θ2 + h2θexp (17)

where h2 = (b2 − a2b0)− a1h1, rewritten into a matrix form:

[

θ̇1
θ̇2

]

=

[

0 1
−a2 −a1

] [

θ1
θ2

]

+

[

h1
h2

]

θexp (18)

Ekf State Observer Design
According to the control frame we designed in the previous
section, we can see that the PD position controller based on EKF
requires the output shaft angle and angular velocity to be the
feedback amount. In order to solve the sensor’s measurement
interference, cost, and structural design issues, we use the EKF
state observer to predict the angle of the output shaft and the
angular velocity. The inputs are only the angle and angular
velocity of the motor. The angular acceleration is obtained from
the first derivative of the angular velocity and filtered by a
low-pass filter to eliminate high-frequency interference.

According to [29], the relationship between the output torque
of the elastic component and the rotor angle of the motor and the
output angle of the shutdown section is as follows:

τk = 0.15(
θr

R1R2
− θe)

5

− 0.23(
θr

R1R2
− θe)

4

+

1.78(
θr

R1R2
− θe)

3

+ 0.67(
θr

R1R2
− θe) (19)

FIGURE 9 | Disturbance Force.

Then the overall dynamic equation can be written as:

R1R2
(

τm − Jeqθ̈r + beqθ̇r
)

= 0.15(
θr

R1R2
− θe)

5

−

0.23(
θr

R1R2
− θe)

4

+ 1.78(
θr

R1R2
− θe)

3

+ 0.67(
θr

R1R2
− θe)(20)

Jeθ̈e + beθ̇e = 0.15(
θr

R1R2
− θe)

5

− 0.23(
θr

R1R2
− θe)

4

+

1.78(
θr

R1R2
− θe)

3

+ 0.67(
θr

R1R2
− θe) (21)

According to the formula, it can be seen that the experimental
platform of this paper is a typical non-linear system. According
to the EKF observation method in document [27], combined
with the control objectives of this paper, the state variables are
defined as:

x =
[

x1 x2 x3 x4
]T

=
[

θe θ̇e θr θ̇r
]T

(22)

Deriving it to timetand substituting it into the dynamics
equation, we get the state function f (x):

f (x) =
∂x

∂t
=









θ̇e
M

θ̇r
N









(23)

FIGURE 10 | Experimental results with disturbance force (A) EKF-based PD

controller experimental result. (B) Sensor-based PD controller experimental

result.
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whereM = 1
Je

(

τk − beθ̇e
)

; N = 1
Jeq

(

τm − beqθ̇r −
τk

R1R2

)

We can

obtain state function by partial differentiation of equation (23):

F (t) =
∂f (x)

∂x
=









0 1 0 0
F1 F2 F3 0
0 0 0 1
F4 0 F5 F6









(24)

where F1 =
1
Je
�

∂τ k
∂θ e

; F2 = − be
Je
; F3 =

1
Je
�

∂τ k
∂θ r

; F4 = − 1
JeqR1R2

�

∂τ k
∂θ e

;

F5 = − 1
JeqR1R2

�

∂τ k
∂θ r

; F6 = −
beq
Jeq

Define the observation vector as:

h (x) =

[

x3
x4

]

=

[

θr
θ̇r

]

(25)

Then the state observation matrix is:

H (t) =
∂h (x)

∂x
=

[

0 0 1 0
0 0 0 1

]

(26)

The EKF iteration formula is as follows:

˙̂x = f
(

x̂, τm

)

+ G(t)
(

h (x) − h
(

x̂
))

(27)

Ṗ(t) = F(t)P(t)+ P(t)FT(t)+ Q(t)−

P(t)HT(t)R−1(t)H(t)P(t) (28)

G(t) = P(t)HT(t)R−1(t) (29)

FIGURE 11 | Trajectory tracking variance mean square with disturbance force.

(A) EKF-based PD controller trajectory tracking variance mean square. (B)

Sensor-based PD controller trajectory tracking variance mean square.

where x̂ is the predicted estimate of x; Q(t) and R(t) are the
process noise and measurement noise obeying the Gaussian
distribution; G(t) is the extended Kalman gain, and P(t) is the
predicted error covariance. Without external disturbance, we can
accurately capture the information we need to know through the
sensor, but in the presence of external noise and unknown factors,
our prediction will be biased. After each prediction, the EKF state
observer adds new uncertainty to establish a connection with
external disturbances, that is, the measurement covariance R(t)
and system covariance Q(t) obeying the Gaussian distribution.
The end of the robot may be affected by other disturbances. By
establishing different observation matrices, we can reasonably

FIGURE 12 | Comparison of tracking error with disturbance force of each

joint. (A) First joint tracking error comparison. (B) Second joint tracking error

comparison. (C) Third joint tracking error comparison.
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estimate and compensate for the disturbance force experienced
by the robot joints.

LYAPUNOV STABILITY ANALYSIS

According to the research of extended Kalman filter, the stability
of the control system of the flexible joint robot proposed in this
paper is that the overall PD control system is stable, and the EKF
observer is stable. The system stability analysis in this paper is
divided into the following two steps:

Step 1: Proof of PD controller stability.
The Lyapunov method is used to prove the stability of the

controller. Therefore, the previous system state Equation (18) can
be written as:

θ̇ = Aθ + Bθ exp (30)

where θ=
[

θ1 θ2
]T
; A=

[

0 1
−a2 −a1

]

; B=

[

h1
h2

]

Define the Lyapunov equation as:

V(θ) = θTUθ (31)

AτU + UA = −E (32)

where E is unit matrix, thenUcan be contained:

U =

[

a21+a22+a2
2a1a2

1
2a2

1
2a2

1+a2
2a1a2

]

(33)

It is a positive definite matrix. Then the derivative of the
Lyapunov equation is:

V̇(θ) = θ̇
T
Uθ + θTU θ̇ =

a21 + a22 + a2

a1a2
θ̇1θ1

+
1

a2
(θ̇2θ1 + θ̇1θ2)+

1+ a2

a1a2
θ̇2θ2 (34)

Through the adjustment of the PD parameters, it can make
V̇(θ)<0. The PD controller system is stable, and the intermediate
calculation process will not be described in detail herein.

Step 2: Proof of EKF observer stability
Defining observation error: µ = x− x̂.
Expand f (x) and h(x):

f (x)− f (x̂) = F(t)µ + α (35)

h(x)− h(x̂) = H(t)µ + β (36)

where α and β are the higher order terms of µ, then:

µ̇ =
[

F(t)− G(t)H(t)
]

µ + α − G(t)β (37)

Define the Lyapunov equation as:

W = µT5µ (38)

where 5 = P−1,then:

Ẇ = µT5̇µ + µT (F-GH)5µ +

µT5 (F-GH)µ + 2µT5 (α − Gβ) (39)

Assumption: ‖α‖ ≤ kα‖µ‖
2, ‖β‖ ≤ kβ‖µ‖

2,‖H‖ ≤ h̄, p
−
E ≤

P ≤ p̄E,q
−
E ≤ Q,r

−
E ≤ R, where kα , kβ , h̄, p

−
, p̄, q

−
and r

−
are

positive constants.
Lemma: According to the assumptions, there are ε > 0 and

κ > 0, then:

µτ5α − µτ5Gβ ≤ κ‖µ‖3 (40)

for any‖µ‖ that satisfies ‖µ‖ ≤ ε

Proof: According to 5 = P−1 and assumption, it can be
obtained that:

1

p̄
‖µ‖2 ≤ W ≤

1

p
−

‖µ‖2 (41)

Using triangular inequalities, G=PHTR−1, Π = P-1 , and ‖µ‖ ≤

ε , it can be obtained that:

∥

∥µτ5α − µτ5Gβ
∥

∥ ≤
∥

∥µτ5α
∥

∥+
∥

∥µτHτR−1β
∥

∥ (42)

Inequality can be obtained as follows according to assumption:

∥

∥µτ5α − µτ5Gβ
∥

∥ ≤ ‖µ‖
kα

p
−

‖µ‖2 + ‖µ‖
h̄kβ

r
−

‖µ‖2 (43)

κ =
kα

p
−

+
h̄kβ

r
−

(44)

According to the lemma and G = PHτR−1, we can obtain that:

Ẇ ≤ −2iW +

(

−

q
−

p̄2
+ 2κ ‖µ‖

)

‖µ‖2 (45)

wherei > 0, for any‖µ‖that satisfies‖µ‖ ≤ ε′ = min

(

ε,
q
−

4κ p̄2

)

,

we can obtain that:

Ẇ(t) ≤ −

q
−

2p̄2

∥

∥µ(t)
∥

∥

2
− 2iW(t) = (−2i−

q
−
p
−

2p̄2
)W(t) (46)

By using separation variable method, we can obtain that

W(t) ≤ W (0) e

(

−2i−
qp

2p̄2

)

t
(47)

soẆ(t) < 0. According to the inequality 1
p̄‖µ‖

2 ≤ W ≤ 1
p
−

‖µ‖2,

we can get the solution:

∥

∥µ(t)
∥

∥ ≤

√

√

√

√

p̄

p
−

∥

∥µ(0)
∥

∥ e
−

(

i+
q− p−

4p̄2

)

t
(48)

That is, the EKF state observer is exponentially stable.
In summary, step 1 and step 2 respectively prove that the

PD control system is stable and the EKF state observer is stable.
Therefore, the stability of the incomplete state feedback control
system of the entire flexible joint robot is proved.
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EXPERIMENTAL RESULTS

Experimental Setup
In this part, the proposed control algorithm is applied to the
prototype to prove the feasibility and stability of the control
algorithm to compare with the sensor-based PD trajectory
controller under the same experimental conditions.

A 64-bit-Windows-8.1-based host computer with an Intel
Core i7 processor @2.40 GHz and 8-GB RAM is used to run
the Kalman estimation and calculate the input torque to the
motor. The control algorithm is able to operate on an execution
rate of 1 kHz using Visual C++ 2010, which is enough for real-
time applications. The DSP board is used to read, process, and
calculate the signal from the motor encoder and transmit it to
the computer, that is, obtain the real-time position information
of the motor through the QEP module of the DSP chip. Then
the results calculated by the host computer are sent to the DSP
board through a RS232 serial port. The DSP board then converts
the input torque command into a PWM wave signal to drive the
motor, and the A-D electromagnetic tracking system (trakSTAR,
produced by NDI) is used to measure the position of the robot
end. Through the USB cable, the location data is sent to the
host for comparative verification of the experimental results. The
entire experimental platform is shown in Figure 5.

Experimental Data
For the fairness of the experiment and the validity of the
comparison verification, the experiment was carried out in the
same environment using the same machine, and the same PD
controller parameters were used. The desired trajectory is a closed
circular trajectory. The trajectory tracking results are shown in
Figure 6.

To further analyze the experimental data, define the error
mean square error:

RMSE =

√

√

√

√

(

T
∑

t=0

∥

∥ξe(t)− ξexp(t)
∥

∥

2

)

/T (49)

where ξe(t) and ξexp(t) represent the actual trajectory and the
desired trajectory, respectively.

Through the experimental results shown in Figures 6–8, we
can see that the mean square value of the trajectory tracking
error of the PD controller based on EKF is smaller, and tracking
error of each joint is also smaller, which indicates that under the

same conditions, the control algorithm proposed in this paper
has better control effect.

The EKF observer in the control system can handle external
disturbances in real time. In order to prove its ability to handle
real-time interference, a force of sinusoidal variation along the
direction of the guide rail is applied at the end of the robot. The
force changes are shown in Figure 9. The experimental results are
shown in Figures 10–12.

From Figures 10–12, we can see that in the case of external
disturbance, the control result based on EKF observer is more
stable, and the position deviation of the robot end is almost
unchanged, which means that the control based on EKF observer
can effectively Handle external interference in real time.

CONCLUSION

In this paper, the trajectory tracking control problem of flexible
joint robot is discussed. Aiming at the problem that sensor
data acquisition is susceptible to interference, an EKF-based PD
controller is proposed. The EKF state observer is designed for
the control target to observe the output position, and only the
position and speed feedback amount of themotor rotor is needed.
And the stability analysis of the designed control system is given
according to the Lyapunov method. Finally, the effectiveness
and superiority of the proposed control algorithm are verified
by experiments.
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Variable Stiffness Actuators (VSAs) have been introduced to develop new-generation

compliant robots. However, the control of VSAs is still challenging because of model

perturbations such as parametric uncertainties and external disturbances. This paper

proposed a non-linear disturbance observer (NDOB)-based composite control approach

to control both stiffness and position of VSAs under model perturbations. Compared

with existing non-linear control approaches for VSAs, the distinctive features of the

proposed approach include: (1) A novel modeling method is applied to analysis the VSA

dynamics under complex perturbations produced by parameter uncertainties, external

disturbances, and flexible deflection; (2) A novel composite controller integrated feedback

linearization with NDOB is developed to increase tracking accuracy and robustness

against uncertainties. Both simulations and experiments have verified the effectiveness

of the proposed method on VSAs.

Keywords: variable stiffness actuator, nonlinear disturbance observer, compliant actuator, feedback linearization,

composite control, model perturbations

INTRODUCTION

Recently, compliant robots have attracted increasing attention in the robotics community. Variable
stiffness actuators (VSAs), a kind of compliant actuators, have been introduced to develop new-
generation robots because of its abilities to increase safety in human-robot interaction, to satisfy
dynamic requirements, and to provide adaptability in unknown environments (Vanderborght et al.,
2013; Grioli et al., 2015; Guo et al., 2015; Wolf et al., 2016; Pan et al., 2017). VSAs are usually
multi-input multi-output (MIMO) non-linear systems, where the stiffness and position of the VSAs
can be adjusted simultaneously by decoupling control methods (Kim and Song, 2012). However, in
these actuators, the stiffness variation brings physical modifications, which requires the controllers
to transit among different working conditions quickly. The physical coupling between stiffness
and position mechanisms also introduces undesired complexity to control systems (Jafari, 2014).
Furthermore, the performances of these actuators are severely affected by parametric uncertainties
and external load perturbations, especially during interacting with environments. Therefore, it is
essential to develop advanced control strategies for VSAs used in robotic systems.

Different control approaches have been proposed to for VSAs. The PD-based control is a
simple and easy method to regulate position and stiffness of VSAs simultaneously. However,
PD parameters should be tuned manually to obtain good tracking accuracy in different stiffness
condition. Recently, a feedback linearization technique was also exploited for the control of VSAs
in Palli et al. (2008) and Buondonno and De Luca (2016). This technique requires significant efforts
in system modeling as well as the identification of the system parameters. In addition, a control
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strategy with fixed gains can cause limited performance in the
dynamic variations of the VSAs (Buondonno and De Luca, 2016).
To improve the control performance, other advanced control
approaches, such as backstepping control (Petit et al., 2015), gain-
scheduling control (Sardellitti et al., 2013), non-linear model
predictive control (Zhakatayev et al., 2015), adaptive neural
network control (Guo et al., 2017), and prescribed performance
control (Psomopoulou et al., 2015), have been proposed for
VSAs. Although these control approaches have been proved to
be effective to improve tracking performances of VSAs, they have
a significant limitation that the performances heavily depend
on exact models of VSAs (Palli and Melchiorri, 2011; Petit
and Albu-Schaffer, 2011). In addition, the disturbance rejection
ability of these controllers is achieved by sacrificing the nominal
control performance. A novel approach has been proposed to
the control of VSA actuated robots, aiming to preserve their
dynamic behavior which has been obtained because of the elastic
element in the robot structure (Della Santina et al., 2017; Keppler
et al., 2018). Furthermore, a decentralized, iteratively learned
feedforward approach, combined with a locally optimal feedback
control has been introduced in (Angelini et al., 2018). The
effectiveness of the method is experimentally verified on several
robotic structures and working conditions.

Disturbance observer (DOB)-based control is promising to
reject disturbances and to improve robustness against modeling
uncertainties (Roozing et al., 2016). This approach has been
adopted in the control of serial elastic actuators (SEAs). For
instance, a linear DOB-based control method was used for
the prismatic SEA to achieve high precision force control in
Park et al. (2017). However, this method cannot be directly
applied to control VSAs because of non-linearities and model
uncertainties. This paper introduces a non-linear disturbance
observer (NDOB)-based composite controller to improve the
control performance and reject load disturbances for a new type
of serial VSA (SVSA), in which stiffness and position can be
separately controlled by two motors with a series configuration
(Sun et al., 2017, 2018a,b). In the proposed control framework,
a NDOB is applied to estimate disturbances so as to enhance
the disturbance rejection ability. Based on feedback linearization,
a composite control law is developed to stabilize the non-
linear dynamics. It is proven that the proposed controller
can eliminate external disturbances by a proper selection of
the compensation gain. The major contributions of this study
include: (i) Different from exising VSA models, the SVSA model
in this study considers the composite disturbances produced by
system uncertainties, flexible effects, and external disturbances;
(ii) A novel disturbance compensation method is developed to
attenuate model perturbations for the control of SVSAs; (iii)
Experimental studies have been carried out to demonstarete
effectivencess and robustness of the proposed controller for
SVSAs. In our previous work (Guo et al., 2018), we introduced
a NDOB-based control (NDOBC) method for SVSAs, and
conducted basic experiments related to position and theoretical
stiffness tracking. The current work extends our previous work
in terms of dynamic modeling and real-time control of SVSAs.
We conduct both simulations and experiments comparing our
approach with a feedback linearization-based controller.

The remainder of this paper is organized as follows. Section
Actuator Dynamics and Problem Formulation introduces the
SVSA dynamics and formulates the control problem. Section
Non-Linear Disturbance Observer-Based Control describes the
proposed NDOBC design and the control system stability issue.
Section Simulation Results shows simulation and experimental
results of the proposed controller. Section Experimental Results
draws the conclusion of this study.

ACTUATOR DYNAMICS AND

PROBLEM FORMULATION

In this section, the SVSAmodel is presented firstly. Subsequently,
by considering parametric variations and external disturbances
acted on the actuator, the control problem is formulated.

Actuator Dynamics
A novel SVSA based on an Archimedean spiral relocation
mechanism (ASRM) was developed in Sun et al. (2017). As
illustrated in Figure 1, this SVSA consists of a variable stiffness
mechanism (VSM), a principal motor and a secondary motor,
where the principal motor drives the output link motion through
the spring transmission, and the secondary motor adjusts the
actuator theoretical stiffness by the ASRM. Figure 1 shows the
CAD model, prototype, and schematic model of the SVSA.

By considering gravity and external loads, the SVSA dynamics
can be represented as follows:







Mq̈+ Dq̇+ τe(θ2,ϕ)+ τg(q) = τext
B1θ̈1 + D1θ̇1 − τe(θ2,ϕ) = u1
B2θ̈2 + D2θ̇2 + τr(θ2,ϕ) = u2

(1)

where q is a position of the output link, θi with i = 1, 2 is the
angle position of each motor, ϕ :=q − θ1 is a deflection angle of
the elastic transmission, M is an inertia of the output link, Bi is
a reflected inertia of each motor, D is a reflected damping of the
link, Di is a reflected damping of each motor, τg(q) is a gravity
torque, τris a coupling reaction torque, τe is an elastic torque of
the spring transmission, ui is a control input of each motor, and
τext is an external torque. The general specifications are shown
in Table 1.

The elastic torque across the transmission is given by

τe = KsR
2µ2 sinϕ cosϕ

(1− µ cosϕ)2
(2)

where Ks is a spring stiffness, R is a radius of the output link, and
µ is a lever length ratio. The stiffness of this SVSA is the first order
of elastic torque

σ (θ2,ϕ)=KsR
2µ2 cos 2ϕ − µ cosϕ

(1− µ cosϕ)3
(3)

The level length ratio µ can be written by the position of the
secondary motor as follows:
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FIGURE 1 | The CAD model (A), prototype (B), and schematic model (C) of the SVSA.

TABLE 1 | Parameter specifications of the SVSA.

Description Symbol (unit) Value

Output link inertia M (kgm2) 0.0103

Motor M1 + gearbox + intermediate connecter Inertia B1 (kgm2) 0.0234

Motor M2 + gearbox + ASAM Inertia B2 (kgm2) 0.014

Output link damping D (Nms/rad) 0.005

Motor M1 damping D1 (Nms/rad) 0.005

Motor M2 damping D2 (Nms/rad) 0.001

Inherent spring stiffness Ks (N/m) 1882

Radius of the actuator R(m) 0.075

Range of motion (deg.) 0–360

Range of deflection angle (rad.) 0.75

Range of stiffness (Nm/rad) 1.7–150.56

µ=θ2/2πγ+µ0 (4)

where µ0 is an initial level length ratio. The coupled resistance
torque, demonstrating the transmission deformation reacts on
the stiffness motor, is given by

τr = KsR
2a2

sin2βsin2ϕ

2 (R− acosϕ)
(

a2 + R2 − 2aRcosϕ
) (5)

where β= arctan(−θ2/γ ) is a tangent angle of the Archimedean
Spiral gear, γ is a reduction gear ratio of the secondary motor,

and a = µR = Rθ2/2π is a distance from the pivot point to the
joint center.

Problem Formulation
Considering the parametric variations and modeling
uncertainties in (1), we define the differences between the
nominal and real variables as 1M = M −Mn, 1B1 = B1 − B1n,
1B2 = B2 − B2n, 1D = D− Dn, 1D1 = D1 − D1n, 1D2 = D2

−D2n,1τe = τe− τen,1τr = τr− τrn, whereMn is an equivalent
inertia of the output link, Bin (i = 1, 2) is an equivalent reflected
inertia of each motor, Dn is an equivalent damping of the link,
Din (i= 1, 2) is an equivalent damping of each motor, τen and τrn
are nominal elastic torque and resistance torque.

Substituting these variations into (1), we wet a nominal model







(Mn + 1M)q̈+ (Dn + 1D)q̇+ (τen + 1τen)+ g(q) = τext
(B1n + 1B1)θ̈1 + (D1n + 1D1)θ̇1 − (τen + 1τe) = τm1

(B2n + 1B2)θ̈2 + (D2n + 1D2)θ̇2 + (τrn + 1τr) = τm2

(6)

The model uncertainties, gravity, and external
disturbances are regarded as equivalent disturbances of
the system:







τdis1 = 1Mq̈+ 1Dq̇+ 1τen + g(q)− τext
τdis2 = 1B1θ̈1 + 1D1θ̇1 − 1τe
τdis3 = 1B2θ̈2 + D2θ̇2 + 1τr

(7)
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Substituting Equation (7) into (6), the dynamic equations can
be obtained as follows:







q̈ = M−1
n (−Dnq̇− τen − τdis1)

θ̈1 = B−1
1n (τm1 − D1nθ̇1 + τen − τdis2)

θ̈2 = B−1
2n (τm2 − D2nθ̇2 − τrn − τdis3)

(8)

The above dynamics can be rewritten in standard form

{

ẋ = f (x)+ g(x)u+ p(x)w
y = h(x)

(9)

where x = [q, q̇, θ1, θ̇1, θ2, θ̇2]
T

∈ R6 a states vector,
u = [u1, u2]

T is the control input for each motor,
y = [q, σ ]T is the output position and stiffness of the
actuator, and

f (x) =

















q̇

M−1
n (−Dq̇− τen)

θ̇1

B−1
1n (−D1nθ̇1 + τen)

θ̇2

B−1
2n (−D2nθ̇2 − τrn)

















,

g(x) =

















0 0
0 0
0 0

B−1
1n 0
0 0

0 B−1
2n

















,

and h(x) =

[

q
σ

]

,

u =

[

τm1

τm2

]

,

p(x) = diag(p1, p2, p3, p4, p5, p6)

= diag(0,Mn
−1, 0,B−1

1n , 0,B
−1
2n ) ∈ R6

The equilibrium point of the system (9) is x0= 0. Let qd ∈ R and
σd ∈ R be bounded desired outputs. Letw = [w1, . . . ,w6]

T=[0,−
τdis1, 0,−τdis2, 0,−τdis3] ∈ R6 be an equivalent disturbance.

This paper aims to design a NDOB-based composite control
law to compensate for unknown disturbances, without knowing
the exact SVSA model. The control inputs of the SVSA are
from two motors, while the control outputs are the position and
stiffness of the actuator.

NON-LINEAR DISTURBANCE

OBSERVER-BASED CONTROL

Non-linear Disturbance Observer Design
A NDOB as follows is applied to compensate for the unknown
disturbance in the non-linear system (9) (Chen et al., 2000; Yang
et al., 2012):

{

żw = −l(x)(p(x)λ(x)+ f (x)+ g(x)u)− l(x)p(x)zw
ŵ = zw + λ(x)

(10)

where zw is internal state of the NDOB, and ŵ = [ŵ1, ..., ŵn]
T

is the estimated vector of the unknown disturbance, λ(x)is
an intermediate variable for the observer gain l(x), which is
defined as

l(x) =
∂λ(x)

∂x
= [l1(x), l2(x), l3(x), l4(x), l5(x), l6(x)]. (11)

We define the disturbance error ew = w − ŵ. The estimated
disturbance error of (10) is given by

ėw(t) = −l(x)p(x)ew(t)+ ẇ (12)

Assumption 1:The first time derivative of the disturbance ėw
is bounded, and satisfy limt→∞ẇ(t) = 0. If the observer gain
satisfies the differential equation

ėw(t)+l(x)p(x)ew(t)=0 (13)

The estimated disturbance error (12) is locally input-to-state
stable (ISS).

In order to make sure the observer error converges to 0, the
observer gain is defined as

l(x) = ∂λ(x)
∂x

= diag(kw1, kw2, kw3, kw4, kw5, kw6) (kwi > 0, 1 ≤ i ≤ 6)
(14)

We define the intermediate variable λ(x) as

λ(x) = diag(kw1, kw2, kw3, kw4, kw5, kw6)x (15)

Thus, the state equation of the disturbance observer is given by



















































żw1 = −kw1x2
żw2 = −M−1kw2zw2 − kw2(M

−1kw1x2 +M−1)(−Dx2 − τe)
żw3 = −kw3x4
żw4 = −B−1

1 kw4zw4 − kw4(B
−1
1 kw4x4 + B−1

1 (−D1x4 + τe)

+ B−1
1 u1)

żw5 = −kw5x6
żw6 = −B−1

2 kw6zw6 − kw6(B
−1
2 kw6x6 + B−1

2 (−Dx6 − τr)

+ B−1
2 u2)

(16)

Feedback Linearization
Definition: The vector relative degree of the system (9) is (r1, r2)
at the equilibrium x0 if LgjL

k
f
hi(x) = 0 (1 ≤ j ≤ 2, 1 ≤ i ≤ 2)
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for all x in a neighborhood of x0 and all k < ri − 1, thus
the matrix

A(x) =

[

Lg1L
r1−1
f

h1 Lg2L
r1−1
f

h1

Lg1L
r2−1
f

h2 Lg2L
r2−1
f

h2

]

(17)

is non-singular at x = x0. The input relative degree of (9) is
calculated as r =[4, 2] with n = r1 + r2, so (9) can be linearized.
Thus, A(x) can be rearranged as

A(x) =

[

Lg1L
3
f
h1 Lg2L

3
f
h

Lg1Lf h2 Lg2Lf h2

]

(18)

A new coordinate transformation for feedback linearization is
define as follows:

8(x) = ξ (19)

where

ξ i =

















ξ 11
ξ 12
ξ 13
ξ 14
ξ 21
ξ 22

















=

















h1(x)
Lf h1(x)

L2
f
h1(x)

L3
f
h1(x)

h2(x)
Lf h2(x)

















(20)

The system (9) can be represented as























































































ξ̇ 11 = ξ 12+
6

∑

i=1
Lpih1(x)wi

ξ̇ 12 = ξ 13+
6

∑

i=1
LpiLf h1(x)wi

ξ̇ 13 = ξ 14+
6

∑

i=1
LpiL

2
f
h1(x)wi

ξ̇ 14 = L4
f
h1(x)+

2
∑

j=1
LgjL

3
f
h1(x)uj +

6
∑

i=1
LpiL

3
f
h1(x)wi

ξ̇ 21 = ξ 22+
6

∑

i=1
Lpih2(x)wi

ξ̇ 22 = L2
f
h2(x)+

2
∑

j=1
LgjLf h2(x)uj +

6
∑

i=1
LpiLf h2(x)wi

(21)

We define

{

e11 = qd − ξ 11 , e
1
2 = q̇d − ξ 12 , e

1
3 = q̈d − ξ 13

e14 = q
(3)
d

− ξ 14 , e
2
1 = σd − ξ 21 , e

2
2 = σ̇d − ξ 22

From (21), we can get























































































ė11 = e12-
6

∑

i=1
Lpih1(x)wi

ė12 = e13-
6

∑

i=1
LpiLf h1(x)wi

ė13 = e14-
6

∑

i=1
LpiL

2
f
h1(x)wi

ė14 = q
(4)
d

− L4
f
h1(x)−

2
∑

j=1
LgjL

3
f
h1(x)uj −

6
∑

i=1
LpiL

3
f
h1(x)wi

ė21 = e22 −
6

∑

i=1
Lpih2(x)wi

ė22 = σ̈d − L2
f
h2(x)−

2
∑

j=1
LgjLf h2(x)uj −

6
∑

i=1
LpiLf h2(x)wi

(22)

and E=
[

e14 e22
]T
,

Ė = b(x)+ A(x)u+ D(x)w (23)

where

D(x) =

[

−Lp1L
3
f
h1 −Lp2L

3
f
h1 −Lp3L

3
f
h1 −Lp4L

3
f
h1 −Lp5L

3
f
h1 −Lp6L

3
f
h1

−Lp1L
1
f
h2 −Lp2L

1
f
h2 −Lp3L

1
f
h2 −Lp4L

1
f
h2 −Lp5L

1
f
h2 −Lp6L

1
f
h2

]

b(x) =

[

q
(4)
d

− L4
f
h1(x)

σ̈d − L2
f
h2(x)

]

,

A(x) =

[

Lg1L
3
f
h1 Lg2L

3
f
h

Lg1Lf h2 Lg2Lf h2

]

.

Composite Control Law Design
Substituting the disturbance w in system (22), a NDOB based
composite control law is developed as

u = A−1(x)[−b(x)+ v+ Ŵ(x)ŵ] (24)

where ŵ is the estimated disturbance by (10), and

Ŵ(x) =

[

γ11(x) γ12(x) γ13(x) γ14(x) γ15(x) γ16(x)
γ21(x) γ22(x) γ23(x) γ24(x) γ25(x) γ26(x)

]

,

v =

[

v1
v2

]

γij(x) =

ri−2
∑

k=0

cik+1LpjL
k
f hi + LpjL

ri−1
f

hi(i = 1, 2; j = 1, 2, · · · , 6)

v1 = −c10e
1
1 − c11e

1
2 − c12e

1
3 − c13e

1
4

v2 = −c20e
2
1 − c21e

2
2

where parameters ci
k
(i = 1, 2; k = 0, 1, · · · , ri − 1) are selected

such that the polynomials

p10(s) = c10 + c11s+ · · · + c13s
3+s4,

p20(s) = c20 + c21s+s
2 (25)

are Hurwitz stable.
The schematic diagram of the proposed NDOB-based control

design can be expressed in Figure 2. In order to prove that the
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control law is effective on disturbance, the disturbance estimation
should be replaced by real disturbance.

u = A−1(x)[−b(x)+ v+ Ŵ(x)w] (26)

Substituting (26) into (23), we can get

ėiri = vi +

n
∑

k=1

(γik − LpkL
ri−1
f

hi)wk (27)

Combining (27) with (22), the error dynamic equation can be
rewritten as

{

ėi = Aiei + Di(x)w

ei1 = Ciei
(28)

where

Ai =















0 1 0 · · · 0
0 0 1 · · · 0
...

...
...

. . .
...

0 0 0 · · · 1

−ci0 −ci1 −ci2 · · · −ciri−1















,

Di(x) = [di1, . . . , d
i
6],

dij =















−Lpjhi
−LpjLf hi

...
ri−2
∑

k=0

ci
k+1

LpjL
k
f
hi















1 ≤ j ≤ 6

Bi = [0, 0, · · · , 1]T1×ri

Ci = [1, 0, · · · , 0]1×ri

Equation (28) can be written as

ei1 = Ci(Ai)
−1

[ξ̇ i − Di(x)w]

= Ci(Ai)
−1

ξ̇ i − Ci(Ai)
−1

Di(x)w
(29)

in which

Ci(Ai)
−1

Di(x)=0 (30)

and

ei1 = Ci(Ai)
−1

ξ̇ i (31)

We can see that the disturbance has been compensated according
to (31) and limt→∞ei1(t) = 0.

FIGURE 3 | Control hardware of the SVSA.

FIGURE 2 | The schematic diagram for the NDOB based composite controller.
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System Stability Analysis
Theorem 1. If the following conditions are satisfied, the system
(9) is locally ISS around x0:

(i) The parameters ci in the NDOBC law (24) are chosen such
that the polynomials (25) are Hurwitz stable;

(ii) The disturbance gain is chosen to keep the function
g(x)A−1(x)Ŵ(x) + p(x) continuously differentiable
at x0;

(iii) The observer gain is chosen such that the system (13) is
asymptotically stable.

Proof: Substituting the NDOBC law (24) into the dynamic
system (9), we can get the closed-loop system:

{

ẋ = G(x, ew,w)
ėw = H(ew, ẇ)

(32)

where

G(x, ew,w) = f (x)+ [g(x)A−1(x)Ŵ(x)+ p(x)]w
+g(x)A−1(x)[−b(x)+ v− Ŵ(x)ew]

FIGURE 4 | The position tracking results under 3 kg load disturbance at 5 s with different condition: (A) low stiffness (15 Nm/rad) and (B) high stiffness (60 Nm/rad).

FIGURE 5 | The tracking results under 3 kg load disturbance at 5 s: (A) position tracking and (B) stiffness tracking.
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and

H(ew, ẇ) = −l(x)p(x)ew + ẇ (33)

Based on the new coordinate transformation [e11, e
1
2, e

1
3, e

1
4, e

2
1, e

2
2],

the closed-loop system (26) includes the system ẋ = f (x)+ g(x)u
and the control law u = A−1(x)(−b(x)+ v) is represented by

ė = Ae (34)

where

A =

















0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0

−c10 −c11 −c12 −c13 0 0
0 0 0 0 0 1

0 0 0 0 −c20 −c21

















.

It can be concluded that the system (34) is asymptotically stable
at equilibrium x = 0.

FIGURE 6 | The position tracking results under 3 kg load disturbance at 5 s with different condition: (A) low stiffness (15 Nm/rad) and (B) high stiffness (60 Nm/rad).

FIGURE 7 | The tracking results under 3 kg load disturbance at 5 s: (A) position tracking and (B) stiffness tracking.
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Let X = [xT , ew
T]

T
, the system (34) is given by

Ẋ = G
−
(X)+H

−
(X)w

−
(35)

where

G
−
(x) =

[

G(x, ew, 0)
H(ew, 0)

]

,

H
−
(X) =

[

g(x)A−1(x)Ŵ(x)+ p(x) 0
0 In×n

]

, w
−

=

[

w
ẇ

]

.

Based on the theorem of the asymptotic stability (Khalil, 2002),
the system Ẋ = G

−
(x) is locally asymptotically stable at X = 0,

according to the condition (ii), the system (34) is locally ISS.

SIMULATION RESULTS

To demonstrate the proposed NDOBC approach and point out
its performance properties, a comparative simulation study with
the control law has been conducted for the SVSA under external
load disturbances as presented in Figure 3. The SVSA is first
considered to verify and clarify the operation of the developed
controller. The specifications of the SVSA given in Table 1 is
used for simulation. We set the parameters for nominal model
Mn = 0.0153kg�m2,B1n = 0.0284kg�m2,B2n = 0.019kg�m2,Dn =

0.007N � m � s, D1n = 0.007N � m � s, D2n = 0.003N � m � s,
and the initial variables are set as x(0)=[0 0 0 0 0 0]. To make
a comparison, a feedback linearization-based (FL) controller is
selected as a baseline controller, which is given by

u = A−1(x)(v− b(x)) (36)

The unknown external disturbances are given by






w1(t)=w3(t)=w5(t) = 0

w2(t) = w4(t) = w6(t) =

{

0, t < 5
2, t ≥ 5.

The results of the comparison between the baseline controller and
the NDOB controller are illustrated.

Tracking Under Fixed Stiffness
Sinusoidal trajectory of the actuator position with frequency of
0.2Hz and amplitude of 60◦ was taken. A 3 kg load disturbance
is introduced at 5 s. The purpose of the simulation is to test
the performance of the controller to track the trajectory at two
different stiffness conditions, which is low stiffness (15 Nm/rad)
and high stiffness (60 Nm/rad), respectively.

Figure 4 shows that the proposed NDOBC approach exhibits
promising disturbance attenuation and reference tracking
performance. It is also observed that the tracking trajectory under
the NDOBC is overlapped with the baseline control method
during the first 5 s when there is no disturbance acted on the
system, but poor tracking performance after loading, which
proves that the property of the NDOBC method. In addition,
the stiffness has little effect on the tracking performance under
constant stiffness condition.

Tracking With Variable Stiffness
Sinusoidal trajectory was taken under variable stiffness
condition, where σ (t) = 35 + sin(2π ft + 1.5π)with the
frequency of 0.2Hz. In Figure 5, it can be seen that both
the position and stiffness tracking errors are small without
external load for two controllers. After loading 3 kg at 5 s,
position and stiffness tracking errors increase with FL control,
but the NDOBC performance is better than the baseline.
The tracking error is small, which means the disturbance can
be compensated.

EXPERIMENTAL RESULTS

To further verify the robustness of the controller, an experimental
procedure was carried out on the SVSA platform. Two DC
motors (RE50, 60W and RE25, 20W, Maxon motor) were
selected as the driving modules. Two motor drivers (RMDS-
102, ShenZhen RoboModule Technology Co., China) were
used to control the motors. Encoders with 500 pluses per
revolution were installed to measure the motor position.
An Omron encoder (E6B2-CWZ1X) was utilized to measure
the deflection angle of the SVSA. A Simulink real-time
control system was built based on MATLAB/RTW in xPC
target environment using CAN-AC2-PCI board (as shown in
Figure 3). The angles of the encoders were collected via a
data acquisition card (PCI-6259, National Instruments Corp.,
TX) to MATLAB/RTW control system. The communication
between the real-time system and the Plant is through
CAN Bus.

Tracking With Fixed Stiffness
Sinusoidal tracking experiments with frequency of 0.2Hz and
amplitude of 60◦ at two different conditions, low stiffness
(15 Nm/rad) and high stiffness (60 Nm/rad), were conducted.
Figure 6 shows the position tracking and output errors for
both controllers in the presence of external load disturbance
at 5 s. The robustness of the NDOB controller is obvious
because the error continues to reduce despite the external
load. The disturbance is also clearly shown in the output
error. It shows that the NDOB control can achieve better
position tracking results within the first 5 s. The baseline control
performance is deteriorated when adding the 3 kg load. In
addition, compared with the low stiffness condition, we can
find that the tracking error is reduced in high stiffness, which
means external disturbances have less impact on the position
tracking error at high stiffness. This can be explained that
the deflection angle in low stiffness is larger than that of the
high stiffness condition. However, compared with the simulation
results, the experimental data exhibit small oscillations during
the tracking.

Tracking With Variable Stiffness
Secondly, the controller performance has been tested while
tracking a sine wave reference on continuous position and
stiffness. Three kilograms load is applied at 5 s. The stiffness
σ (t) = 35 + sin(2π ft + 1.5π) has been adjusted with
the frequency of 0.2Hz. Figure 7 shows the position and
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stiffness tracking results with and without external load
disturbance for two controllers. The NDOB control achieved
better results than the FL controller. The position tracking
error suddenly increases due to the external disturbances at
5 s. In stiffness tracking, there is no obvious change under the
disturbance compensation algorithmwhile the error increases for
FL control.

CONCLUSION

This paper proposed a NDOBC to attenuate the model
uncertainties and external disturbances for a class of SVSA.
Simulation and experimental results verify the ability of the
proposed approach to cope with load disturbance by showing
remarkable control performances for both position and stiffness
tracking. The stability of the composite controller has been
proved by the tracking results. Future work will focus on other
non-linear composite adaptive control designs for the SVSA
to solve the input saturation and unmodeled dynamics (Pan
and Yu, 2016; Sun N. et al., 2018) and the application of
this actuator to the design of variable stiffness robots in real-
world applications.
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Force control of manipulators could enhance compliance and execution capabilities, and

has become a key issue in the field of robotic control. However, it is challenging for

redundant manipulators, especially when there exist risks of collisions. In this paper, we

propose a collision-free compliance control strategy based on recurrent neural networks.

Inspired by impedance control, the position-force control task is rebuilt as a reference

command of task-space velocities, by combing kinematic properties, the compliance

controller is then described as an equality constraint in joint velocity level. As to collision

avoidance strategy, both robot and obstacles are approximately described as two sets

of key points, and the distances between those points are used to scale the feasible

workspace. In order to save unnecessary energy consumption while reducing impact of

possible collisions, the secondary task is chosen to minimize joint velocities. Then a RNN

with provable convergence is established to solve the constraint-optimization problem in

realtime. Numerical results validate the effectiveness of the proposed controller.

Keywords: recurrent neural network, compliance control, redundant manipulator, obstacle avoidance, zeroing

neural network

1. INTRODUCTION

Industry 4.0 is becoming a label of modern industry combining traditional manufacturing and
increasingly technological world. As an important executor, robot manipulator must be more
flexible and intelligent, to satisfy production requirements which is more personalized and
customized (Gonzalez et al., 2018). Among various kinds of robot manipulators, redundant
manipulators have become an important branch of robotics due to its flexibility (Zhang, 2015).
This enables robots to fulfill more complicated tasks and has been a hot topic in the field of
robotic control.

With the increasing popularity of robot manipulators, traditional position control based
applications (such as welding, painting and so on) can hardly meet complex production tasks
(He et al., 2015), for instance, in pure position control based structures, the interaction between
robot and workpieces is usually ignored, which could probably lead to high security risk, since
excessive system stiffness would lead to the unpredictable responses (Cai and Xiang, 2018).
Therefore, aiming at enhancing the execution ability of the system, precise control of contact force
is required to ensure compliance to external environment. Accordingly a series of control methods
are proposed, depending on different robotic structure and control signals. By imitating flexible
joints andmuscles of animals, compliance units are introduced into the robots, such as series elastic
actuators (SEA), variable stiffness actuators, etc. In Pan et al. (2018b), a compliance controller is
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designed for SEA based systems, and a modified command-
filtered back-stepping control strategy (CFBC) based on adaptive
mechanism is then proposed to overcome the discontinuous
friction and complexity problem of traditional back-stepping
based methods. By adjusting the compliance of joint angles,
precise control of torque output is realized. As to the interaction
between the robot and workpieces, Hogan proposes a basic idea
of impedance control, in which the robot and environment
usually bear as an impedance and admittance, respectively
(Hogan, 1985). Generally speaking, the contact force and relative
movement of the robot and workpieces can be described as
a combination of mass-spring-damper systems. Therefore, the
contact force can be controlled by designing motion commands
indirectly. Another representative approach is hybrid position-
force control, the controller is usually designed in the torque loop
of the joint space, in which both contact forces and movement
of the robot are modeled based on dynamic analysis. Then the
controller can be described as a combination of control efforts
which achieve position and force control, respectively (Raibert
and Craig, 1981). Similar research can be found in literature such
as (Khatib, 1987; Pan et al., 2018a, 2019; Zhao et al., 2018a,b).

During the operating process, since the manipulators are
usually required to keep in touch with the workpieces, it is
possible that the robot would collide with the environment.
Besides, the workspace of a robot as also limited (Khatib, 1986).
For example, in a production line with multiple manipulators,
each robot is located at a fixed position, in order to avoid
interference, the robot’s workspace is limited by hardware
(fences, barriers, etc.) or software constraints(pre-planned
space). In situations such as human-machine collaboration, the
robot must not collide with human. Therefore, it is crucial
to avoid obstacles during the operating process. In present
reports, the desired trajectory is generally obtained by off-line
programming, which is limited by programming efficiency. To
realize obstacle avoidance control in realtime, artificial potential
field based methods are widely used. The basic idea of is that
the target bears as an attractive pole while the obstacle creates
repulsion on the robot, then the robot will be controlled to
converge to the target without colliding with obstacles (Wang
et al., 2018). In Csiszar et al. (2011), a modified method is
proposed, which describes the obstacles by different geometrical
forms, both theoretical conduction and experimental tests
validate the proposed method. Considering the local minimum
problem that may caused by multi-link structures, in Badawy
(2016), a two minima is introduced to construct potential field,
such that a dual attraction between links enables fastermaneuvers
comparing with traditional methods. Other improvements to
artificial potential field method can be found in Tsai et al.
(2001), Tsuji et al. (2002). A series of pseudo-inverse methods
are constructed for redundant manipulators in Sciavicco and
Siciliano (1988), in which the control efforts consists of a
minimum-norm particular solution and homogeneous solutions,
and the collision can be avoided by calculating a escape
velocity as homogeneous solutions. By understanding the limited
workspace, the obstacle avoidance can be described in forms
of inequalities, which opens a new way in realtime collision
avoidance. In Zhang and Wang (2004), the robot is regarded as

the sum of several links, and the distances between the robot
and obstacle is obtained by calculating distances between points
and links. Then Guo and Zhang (2012) improves the method
by modifying obstacle avoidance MVN scheme, and simulation
results show that the modified control strategy can suppress the
discontinuity of angular velocities effectively.

In terms with compliance control problem of a robot, the
controller efforts should be designed according to the desired
commands and system characteristics. That is so say, the robot

must follow a constraint that achieves compliance control, and
at the same time, the inequality constraints are ensured to

avoid obstacles. It is obvious that the control problem involves

several constraints, including equality constraints and inequality
ones. Using the thought of constraint-optimization, the control

problem with multiple constraints can be well handled. Recently,
the applications of recurrent neural networks for robotic control

have been studied extensively, and have shown great efficient for
real-time processing (Wang et al., 2015; Jin et al., 2017; Xu et al.,
2019a). In those literatures, analysis in dual space and a convex
projection are introduced to handle inequality constraints.

Recently, taking advantage of parallel computing, neural
networks are used to solve the constraint-optimization, and
have shown great efficiency in real-time processing. In Zhang
et al. (2004), Li et al. (2017), Yang et al. (2018b), controllers
are established in joint velocity/acceleration level, to fulfill
kinematic tracking problem for robot manipulators. In Xu
et al. (2019b), tracking problem with model uncertainties
is considered, and an adaptive RNN based controller is
proposed for a 6DOF robot Jaco2. Discussions on multiple
robot systems, parallel manipulators, time-delay systems using
RNN can be found in Zhang et al. (2018), Li et al. (2019),
Xu et al. (2019b).

From the previous observations, we propose a RNN

based collision-free compliance control strategy for redundant
manipulators. The remainder of this paper is organized as

follows. In section 2, the control objective including the position-
force control as well as collision avoidance is pointed out,

and then rewritten as a QP problem. In section 3, the RNN

based controller is proposed, and the stability of the system
is also analyzed. A number of numerical experiments on a 4-

DOF redundant manipulator including model uncertainties and
narrow workspace are carried out to further verify the proposed
control strategy. section 5 concludes the paper. The contributions
of this paper are summarized as below

• To the best of the author’s knowledge, there is few research on
compliance control using recurrent neural networks, the study
in this paper is of great significance in enriching the theoretical
frame of RNN.
• The proposed controller is capable of handling compliance

control, as well as avoiding obstacles in realtime, which
does make sense in industrial applications, besides, physical
constraints are also guaranteed.
• Comparing to traditional neural-network-based controllers

used in robotics, not only control errors but model
information is considered, therefore, the proposed RNN has
a simple structure, and the global convergence can be ensured.
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2. PROBLEM FORMULATION

2.1. Robot Kinematics and Impedance
Control
Without loss of generality, we consider series robot manipulators
with redundant DOFs, and the joints are assumed as rotational
joints. Let θ ∈ R

n be the vector of joint angles, the description of
the end-effector in the cartesian space is:

x = f (θ), (1)

where x ∈ R
m is the coordination of the end-effector. In the

velocity level, the forward kinematic model can be formulated as:

ẋ = J(θ)θ̇ , (2)

in which J(θ) = ∂x/∂θ is Jacobian matrix. As to redundant
manipulators, J ∈ R

m×n, rank(J) < n.
In industrial applications, position control based operation

mode has many limitations: due to the lack of compliance, pure
kinematic control methods may cause unexpected consequences,
especially when the robot is in contact with the environment.
To enhance the compliance and achieve precise control of
contact force, according to impedance control technology, the
interaction between robot and environment can be described as a
damper-spring system, as shown in Figure 1 (Senoo et al., 2017).

F = Kp1x+ Kdd(1x)/dt, (3)

where, Kp and Kd are interaction coefficients, and 1x = x −
xd is the difference between the actual response x and desired
trajectory xd. The basic idea of impedance control methods is
shown in Equation (2.1). By referring to Equations (2) and (3),
we have:

ẋ = K−1
d

F − KpK
−1
d

1x+ ẋd. (4)

When the real values of Kp and Kd are known, F can be obtained
by adjusting the velocity ẋ of the end-effector according to
Equation (4).

FIGURE 1 | Damper-spring model of interaction between robot

and workpiece.

2.2. Obstacle Avoidance Scheme
In the process of robot force control, there is a risk of collision
as the robot may contact with workpieces. Besides, robot
manipulators usually work in a limited workspace restricted by
fences, which are used to isolated robots from humans or other
robots. This problem could be even more acute in tasks which
requires collaboration of multiple robots. Therefore, obstacle
avoidance problem must be taken into consideration. When
collision does not happens, the distance between robot and
obstacles keep positive. By describing the robot and obstacles
as two separated sets, namely SA = {A1, · · · ,Aa}, SB =
{B1, · · · ,Bb}, where Ai, i = 1, · · · , a and Bj, j = 1, · · · , b
are points on the robot and obstacles, respectively. Then
the sufficient and necessary conditions of obstacle avoidance
problem is that the intersection of A and B is an empty set.
That is to say, for any point pair Ai on the robot and Bj on
the obstacle, the distance between Ai and Bj is always positive,
i.e., ||AiBj||

2
2 > 0, for all i = 1, · · · , a, j = 1, · · · , b, where

|| • ||22 is the Euclidean norm of vector AiBj. For sake of safety,
let d > 0 be a proper value describing the minimum distance
between robot and obstacles, the collision can be avoided b
ensuring ||AiBj||

2
2 ≥ d.

Remark 1. In fact, both SA and SB consist of infinite
points. However, by evenly selecting representative points
from the robot link and obstacles, SA and SB can be
simplified significantly. Besides, the safety distance d can be
appropriately increased. Despite that this treatment will sacrifice
some workspace of the robot (the inequality ||AiBj||

2
2 ≥

d would into account some areas that collisions do not
happen, due to a bigger d is considered), this sacrifice is
meaningful: the number of inequality constraints can be
reduced greatly, which is helpful for constraint description
and solution.

In real applications, the key points of the robot manipulator
is easy to select. Cylindrical envelopes are usually used
to describe the robotic links, then the key points can be
selected on the axes of the cylinders uniformly, and the
distance between those points can be defined the same
as the radius of the cylinder. As to the obstacles with
irregular shapes, the key points can be selected based
on image processing techniques, such as edge detection,
corrosion, etc.

2.3. Problem Reformulation in QP Type
From the above description, the purpose of this paper is to build
a collision-free force controller for redundant manipulators, to
achieve precise force control along a predefined trajectory, in the
sense that F→ Fd, x→ xd, and ||AiBj||

2
2 ≥ d for all i = 1, · · · , a,

j = 1, · · · , b.
As to a redundant manipulator, there exist redundant DOFs,

which can be used to enhance the flexibility of the robot. When
the robot gets close to the obstacles, the robot must avoid the
obstacle without affecting the contact force and tracking errors.
On the other hand, when there is no risk of collision, the robot
may work in an economic way, byminimizing the joint velocities,
energy consumption can be reduced effectively. Therefore, by
defining an objective function as ||θ̇ ||22, the control objective can
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be summarized as:

min ||θ̇ ||22, (5a)

s.t. x = xd, (5b)

F = Fd, (5c)

||AiBj||
2
2 ≥ d, (5d)

where ||θ̇ ||22 is the Euclidean norm of θ̇ . It is noteworthy
that in actual industrial applications, the robot is also limited
by its own physical structures. For instance, the joint angles
are limited in a fixed range, and the upper/lower bounds
of joint velocities are also constrained due to actuator
saturation. By combing (Equation 4), the control objective
rewrites to:

min ||θ̇ ||22, (6a)

s.t. Jθ̇ = K−1
d

F − KpK
−1
d

1x+ ẋd, (6b)

||AiBj||
2
2 ≥ d, (6c)

θ− ≤ θ ≤ θ+, (6d)

θ̇− ≤ θ̇ ≤ θ̇+, (6e)

with θ−, θ+, θ̇−, θ̇+ being the upper/lower bounds of joint
angles and velocities, respectively. However, the optimization
problem is described in different levels, i.e., joint speed level or
joint angle level, which remains challenging to solve (Equation
6) directly. Therefore, we will rewrite this formula in velocity
level. As to the key points Ai on the robot, let xAi be the
coordination of Ai in the cartesian space, both xAi and ẋAi
are available:

xAi = fAi(θ), (7a)

ẋAi = JAiθ̇ , (7b)

where fAi(•) is the forward kinematics of point Ai, and JAi is
the corresponding Jacobian matrix from Ai to joint space. Let us
consider the following equality:

d

dt
(||AiBj||

2
2) = k(||AiBj||

2
2 − d), (8)

in which k is a positive constant. It is obviously that the
equilibrium point of Equation (8) is ||AiBj||

2
2 = d. By letting

d

dt
(||AiBj||

2
2) ≥ 0, the inequality (5d) can be readily guaranteed.

Taking the time-derivative of ||AiBj||
2
2 yields:

d

dt
(||BjAi||

2
2) =

d

dt
(
√

(Ai − Bj)T(Ai − Bj))

=
1

||BjAi||
2
2

(Ai − Bj)
T(Ȧi − Ḃj)

=
−−−→
|BjAi|

TJAi(θ)θ̇ −
−−−→
|BjAi|

TḂj, (9)

where,
−−−→
|BjAi| = (Ai−Bj)

T/||θ̇ ||22 is a unit vector from Bj toAi, and
Ḃj is the velocity of key point Bj on the obstacles. By Equations

(9) and (6c), the inequality description of obstacle avoidance
strategy is

−−−→
|BjAi|

TJAi(θ)θ̇ ≥ k(||AiBj||
2
2 − d)+

−−−→
|BjAi|

TḂj, (10)

Remark 2. In this part, we have shown the basic idea of
obstacle avoidance scheme in velocity level, whose equilibrium
point is described in Equation (8). It is notable that the right-
hand side of Equation (8) is only a common form to realize
obstacle avoidance. Generally speaking, the right-hand side of
Equation (8) may have different forms, such as k(||AiBj||

2
2 −

d), k(||AiBj||
2
2 − d)3, etc. From Equation (10), the value of

the response velocity to avoid obstacles is related to the two
parts, the first part is the difference between the actual and
safety distance, the other part depends on the movement of
the obstacles.

In terms of the physical constraints of joint angles, according
to escape velocity method, inequalities (6d) and (6e) can
be uniformly described as max(α(θ− − θ), θ̇−) ≤ θ̇ ≤

min(θ̇+,α(θ+ − θ)). So far, the position-force control problem
together with obstacle avoidance strategy in velocity level is
as below

min ||θ̇ ||22, (11a)

s.t. Jθ̇ = K−1
d

F − KpK
−1
d

1x+ ẋd, (11b)

max(α(θ− − θ), θ̇−) ≤ θ̇ ≤ min(θ̇+,α(θ+ − θ)), (11c)

Joθ̇ ≤ B. (11d)

where (11c) is a rewritten inequality considering (6d) and (6e)
based on escape velocity scheme (Zhang et al., 2004), Jo =

[
−−−→
|B1A1|

TJA1; · · · ;
−−−→
|BbA1|

TJAb
︸ ︷︷ ︸

b

, · · · ,
−−−→
|B1Aa|

TJTAa; · · · ;
−−−→
|BbAa|

TJAb
︸ ︷︷ ︸

b

]

∈ R
ab×n is the concatenated form of JAi considering all pairs

between Ai and Bj, B = [B11, · · · ,B1b, · · · ,Ba1, · · · ,Bab]
T ∈ R

ab

is the vector of upper-bounds, in which −k(||AiBj||
2
2 − d) −

−−−→
|BjAi|

TḂj. From the definition of Jo, B, inequality (11d) in

equivalent to
−−−→
|B1A1|

TJA1(θ)θ̇ ≥ k(||A1B1||
2
2 − d) +

−−−→
|B1A1|

TḂ1,...
−−−→
|BbAa|

TJAa(θ)θ̇ ≥ k(||AaBb||
2
2 − d) +

−−−→
|BbAa|

TḂb, which is the
cascading form of the inequality description (10) for all points
pairs AiBj, i.e., if (11d) hold, the obstacle avoidance can be
achieved. It is notable that a larger number of key points do help
to describe the information of the obstacle more clearly, but
it would lead to a computational burden, since the number of
inequality constraints also increases. Therefore, the distance of
the key points on the obstacle can be selected similar to those of
the manipulator.

3. RNN BASED CONTROLLER DESIGN

In section II, we have transform the compliance control as well as
obstacle avoidance problem into a constraint-optimization one.
However, because that the QP problem described in Equation
(11) contains equality and inequality constraints, moreover, both
(Equations 11b,d) are nonlinear, it is difficult to solve directly,
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especially in industrial applications in realtime. Based on the
parallel computation ability, a RNN is established to solve
(Equation 11) online, and the stability of the closed-loop system
is also discussed.

3.1. RNN Design
In terms with the QP problem (Equation 11), although the
analytical solution can be hardly obtained, by defining a Lagrange
function as:

L = ||θ̇ ||22 + λT1 (K
−1
d

F−KpK
−1
d

1x+ ẋd − J(θ)θ̇)+ λT2 (Joθ̇ − B),
(12)

where λ1 and λ2 are state variables, respectively. According to
Karush-Kuhn-Tucker (KKT) conditions, the inherent solution of
Equation (11) satisfies:

θ̇ = P�(θ̇ −
∂L

∂θ̇
), (13a)

Jθ̇ = K−1
d

F − KpK
−1
d

1x+ ẋd, (13b)

λ2 = (λ2 + Joθ̇ − B)+, (13c)

where, P�(x) = argminy∈�||y − x|| is a projection operator of

θ̇ to convex �, and � = {θ̇ ∈ R
n|max(α(θ− − θ), θ̇−) ≤ θ̇ ≤

min(θ̇+,α(θ+ − θ))}. In Equation (13c), the operation function
(•)+ is defined as a mapping to the non-negative space. Equation
(13c) can be rewritten as:

{

λ2 > 0 if Joθ̇ = B,

λ2 = 0 if Joθ̇ ≤ B,
(14)

When Joθ̇ ≤ B, the inequality (Equation 11d) holds, then λ2
stays zero. Instead, if the inequality reaches a critical state, λ2
becomes positive to ensure Joθ̇ = B. In order to obtain the
inherent solution in real time, a recurrent neural network is built
as follows:

ǫθ̈ = −θ̇ + P�(θ̇ − θ̇/||θ̇ ||22 + JTλ1 − JTo λ2), (15a)

ǫλ̇1 = K−1
d

F − KpK
−1
d

1x+ ẋd − J(θ)θ̇ , (15b)

ǫλ̇2 = −λ2 + (λ2 + Joθ̇ − B)+, (15c)

with ǫ being a positive constant scaling the convergence of
Equation (15).

The proposed RNN based algorithm is shown in Algorithm 1.
Based on escape velocity method, the convex set of joint speed
can be obtained based on the positive constant α and physical
constraints θ−, θ+, θ̇−, θ̇−. After initializing state variables λ1
and λ2, the reference velocity can be obtained based on the
desired command and actual responses according to Equation
(4). then the output of RNN (which is also the control command)
can be calculated based on Equation (15a), at the same time,
both λ1 and λ2 can be updated according to Equations (15b)
and (15c).

In real applications, the nonlinear system can be hardly
approximated completely. Therefore, the approximate error
is inevitable, which would influence the performance of the
proposed controller. However, the approximate error is a small

Algorithm 1: Collision-Free position-force controller based on
RNN.

Input: Positive control gains α, ǫ, and interaction coefficients
Kp, Kd. Initial states q̇(0) = 0, q(0), desired path xd(t), ẋd(t) and
operation force Fd(t), task duration Te, feedback of end effector’s
coordination x(t) and contact force F, joint angles θ , Jacobian
matrix J(θ), information of the obstacles Bj and Ḃj = 1, · · · , b.
Location of key points Ai, i = 1, · · · , a on the robot, and the
corresponding Jacobian matrices JAi. Physical limitations θ−,
θ+, θ̇−, θ̇+. Safety distance d.
Output: To achieve position-force control without colliding
with obstacles
1. Initialize λ1 = 0, λ2 = 0.%Joint velocity command u.
2. x, q, F, θ̇← Sensor readings
3. Calculate xAi, ẋAi and JAi by Equation (7)
4. Calculate matrices Jo, B by Equation (11d)
5. Update upper and lower bounds of joint velocities by
Equation (11c)
6. Update output of RNN (joint velocity) by θ̈ using
Equation (15a)
7. Update λ1 by λ̇1 using Equation (15b)
8. Update λ2 by λ̇2 using Equation (15c)
Until(t > Te)

value of higher order, and the influence can be suppressed based
on the negative feedback scheme in the outer-loop, as shown in
Equation (4).

Remark 3. The output dynamics of the proposed RNN is given
in Equation (15a), in which the projection operator P�(•) plays
an important rule in handling physical constraints (Equation
11c), the updating of θ̇ depends on three parts: the first part
−θ̇/||θ̇ ||22 in used to optimize the objective function ||θ̇ ||22,
and the second item JTλ1 guarantees the equality constraint
(Equation 11b) by adjusting the dual state variable λ1 according
to Equation (15b), and the last item−JTo λ2 ensures the inequality
constraint (Equation 11d). The RNN consists of three kinds
of nodes, namely, θ̈ , λ1 and λ2, with the number of neurons
being n+ ab+m.

It is remarkable that the proposed controller is based on
the information of system models such as J, Jo, Kp, etc., which
is helpful to reduce computational cost. As to the constraint-
optimization problem (Equation 11), the main challenge is
to solve it in real-time, since the parameters in constraints
(Equations 11b, 11d) are time varying. From Equation (15), the
control effort is obtained by calculating its updating law, which
is based on the historical data and model information, i.e., it
is no longer necessary to solve the solution of Equation (11) as
every step, and the computational cost is thus reduced. In the
following section, we will also show the convergence of the RNN
based controller.

In this paper, we mainly concern the obstacle avoidance
problem in force control tasks. It is notable that force control
is mainly based on the idea of impedance control theory,
which is similar to existing methods in Huang et al. (2019),
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Zhang and Xia (2019). The main challenge of the proposed
control scheme lies in the limitation of sampling ability
of cameras, which are used to capture the obstacles. To
handle the measurement noise or disturbances, a larger safety
distance d can be introduced to ensure the performance of
obstacle avoidance.

3.2. Stability Analysis
Lemma 1: (Convergence for a class of neural networks) (Gao,
2003) A dynamic neural network is said to converge to its
equilibrium point if it satisfies:

κ ẋ = −ẋ+ PS(x− ̺F(x)), (16)

where κ > 0 and ̺ > 0 are constant parameters, and PS =
argminy∈S||y− x|| is a projection operator to closed set S.

Definition 1: For a given function F(•) which is
continuously differentiable, with its gradient defined as
∇F, if ∇F + ∇FT is positive semi-definite, F(•) is called a
monotone function.

About the stability of the closed-loop system, we offer the
following theorem.

Theorem 1: Given the collision-free position-force
controller based on a recurrent neural network, the RNN
will converge to the inherent solution (optimal solution) of
Equation (11), and the stability of the closed-loop system is
also ensured.

Proof: Define a vector ξ as ξ = [θ̇; λ1; λ2] ∈ R
n+m+ab,

according to Equation (15), the time derivative of ξ satisfies:

ǫξ̇ = −ξ + P�̄[ξ − F(ξ )], (17)

in which ǫ > 0, and F(ξ ) = [F1(ξ ), F2(ξ ), F3(ξ )]
T, where

F1 = θ̇/||θ̇ ||22 − JTλ1 + JTo λ2, F2 = Jθ̇ − K−1
d

F + KpK
−1
d

1x −

ẋd, F3 = −Joθ̇ + B. By calculating the gradient of F(ξ ),
we have:

∇F(ξ ) =





I/||θ̇ ||22 −J
T JTo

J 0 0

−JTo 0 0



 . (18)

It is obviously that ∇F(ξ ) is positive definite. According to
Definition 1, F(ξ ) is a monotone function. From the description
of (17), the projection operator PS can be formulated as PS =
[P�;PR;P3], in which P� is defined in (13a), PR can be regarded
as a projection operator of λ1 to R, with the upper and lower
bounds being ±∞, and P3 = (•)+ is a special projection
operator to closed set R

ab
+ . Therefore, PS is a projection operator

to closed set [�;Rm;Rab
+ ]. Based on Lemma 1, the proposed

neural network (15) is stable and will globally converge to the
optimal solution of (11).

Notable that the equality constraint 11(b) describes the
impedance controller, and the convergence can be found in Na
et al. (2015). Similarly, the establishment of inequality constraint
enables obstacle avoidance during the whole process. The proof
is completed.

Remark 4. It is remarkable that the original impedance
controller described in 11(b) bears similar with traditional

methods in Yang et al. (2018a) the main contribution of the
proposed controller is that the controller can not only realize
the force control, but also realize the obstacle avoidance, besides,
the control strategy is capable of handling inequality constraints,
including joint angles, and velocities.

4. NUMERICAL RESULTS

In this part, we carry out a series of numerical simulations
on a planar 4-DOF robot, aiming at verifying the validity of
the proposed control scheme. Firstly, a pure force control
experiment is done to show the effectiveness of the force
controller, and then the control scheme is further verified
by examining the system response after introduction of
obstacles. Then we check the control performance in
more general situations, including model uncertainties and
multiple obstacles.

4.1. Simulation Settings
First of all, the planar robot used in the simulation is show
in Figure 2. The D-H parameters are also listed in Figure 2B.
It is remarkable that in force control tasks, the end-effector
is required to keep in touch with workpieces, which makes it
necessary to distinguish between the necessary contact and the
unnecessary collisions. In this paper, the proposed controller is
capable of handling this problem by selecting the key points
properly. Therefore, the end-effector is not considered as a key
point, to make it possible to contact with the obstacles (or
external environment). In order to avoid obstacles, the set of key
points of the robot is defined as A1, · · · ,A7, in which A1, A3,
A5, and A7 locate at the center of the links, and A2, A4, and
A6 are defined to be at J2, J3, and J4, as shown in Figure 2A.
The lower and upper bounds of joint angles and joint velocities
are defined as θ−i = −3rad, θ+i = 3rad, θ̇−i = −1rad/s,
θ̇+i = 1rad/s for i = 1 . . . 4, respectively. The safety margin
is selected as 0.01 m. The coefficients describing the contact
force are selected as Kd = 50, Kp = 5000. For simplicity,

let b0 = K−1
d

F − KpK
−1
d

1x+ ẋd.

4.2. Force Control Without Obstacles
First of all, an ideal case where there is no obstacles in the
workspace is considered, and the parameters Kd and Kp are
assumed to be known. The robot is wished to offer a constant
contact force on a given plane. The contact force is set to be
20N, while the direction of contact force is aligned with the
y-axis of the tool coordination system. In this example, the y-
axis of is [1,−1]T in the base coordination. The pre-defined
path on the contact plane is xd = [0.4 + 0.1cos(0.5t), 0.5 +
0.1cos(0.5t)]. The initial state of the robot system is set as θ0 =

[1.57,−0.628,−0.524,−0.524]Trad, θ̇0 = [0, 0, 0, 0]Trad/s. The
control gains of the proposed RNN controller are α = 8,ǫ =
0.02, respectively. Numerical results are shown in Figure 3. The
tracking error along the contact plane is given in Figure 3B,
the transient is about 1s. At the beginning stage, since the
end-effector is not in contact with the surface, the contact
force stays zero before 0.5s. As the end-effector approaches
the surface, the contact force converges to 20N, showing the
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FIGURE 2 | The robot to be simulated in this paper. (A) Is the physical structure and the location of key-points. (B) Is D-H parameters.

FIGURE 3 | Numerical results of compliance control without obstacles. (A) Is the robot’s tracking path and the corresponding joint configurations. (B) Is the profile of

position error along the free-motion direction. (C) Is the profile of contact force. (D) Is the profile of ||θ̇ ||22.

convergence of both positional and force errors. The Euclidean
norm of joint velocities (which is also output of the established
RNN) is shown in Figure 3D, ||θ̇ || changes periodically, with
the same cycle as the expected trajectory. The time history
of the end-effector’s motion trajectory and the corresponding
joint configurations are shown in Figure 3A, in which the red
arrow indicates the direction of the contact force, and the blue
arrow shows the direction of the end-effector’s free-motion. All
in all, the proposed controller can achieve the position-force
control precisely.

4.3. Force Control With Single Obstacles
In this section, a stick obstacle is introduced into the workspace,
which is defined as x = −0.05 m. The initial states and expected
values of xd, Fd are the same as section 4.2.

Remark 5. In Equation (10), we have shown the basic idea
of calculating the distance between the robot and obstacles,
i.e., by abstracting key points form the robot and obstacles,
the distances can be the robot and obstacle can be described
approximately at a set of point-to-point distances. In this
example, the distance can be obtained in a simpler way.
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However, the obstacle avoidance strategy is essentially consistent
with (Equation 10).

Simulation results are given in Figures 4, 5. The output of
RNN is shown in Figure 4E, when simulation begins, θ̇ reaches

its maximum value, driving the end-effector to move toward
the desired path. And then the robot slows down quickly (after

t ≈ 0.5s), the robot move smoothly, as a result, the position error

successfully converges to 0, and simultaneously, the contact force
converges to 20N. It is notable that at t = 1.2 s, the key point

A2 of the robot gets close to the obstacle, as shown in Figure 4F.

Based on the obstacle avoidance strategy (Equation 15c), the
state variable λ2(2) becomes positive, and then the output of
the RNN varies with λ2 (Figure 5B). Correspondingly, an error
(about 1 × 10−3 m) occurs in the positional tracking, and so as

the contact force (force error is about 2N). However, the RNN
converges to the new equilibrium point(since the equilibrium

point would change when the inequality constraint works), and

both ex and ef converges to 0. By comparing Figures 3A, 4A,
after introducing the obstacle, the robot is capable of adjusting
its joint configuration to avoid the obstacle. The distances
between the key points A1 − A7 to the obstacle are shown in
Figure 4D, a minimum value of about 0.01 m is ensured during
the whole process. Using impedance model, the force control
problem is transferred into a kinematic control one by modifying
the reference speed (Equation 4). Consequently, the resulting

trajectory xr together with xd are as shown in Figures 5D,E. As
an important index in the proposed control scheme, the norm
of joint speed ||θ̇ ||22 is wished as small as possible. Therefore,
we introduce a comparative simulation, in which the solution
is obtained based on pseudo-inverse of Jacobian matrix and
physical limitations are not considered. Comparative curves
of the objective functions are as shown in Figure 5F. The
RNN based controller can optimize the objective function, it is
remarkable that a difference appears at about t = 1.2−5 s, which
is mainly caused by obstacle avoidance (which is not considered
in JMPI based method). Since the output of RNN θ̇ is used
to approximate the reference speed b0, the approximate error
||Jθ̇ − b0||

2
2 is shown in 4.35(C), demonstrating the effectiveness

of the established RNN.

4.4. Force Control With Uncertain
Parameters
In this example, we check the control performance of the
proposed control scheme in presence of model uncertainties.
Similar with previous simulations, the initial states of the
robot are also θ0 = [1.57,−0.628,−0.524,−0.524]Trad, θ̇0 =

[0, 0, 0, 0]Trad/s. In real implementations, the interaction model
is usually unknown, and the nominal values of Kd and Kp are
not accurate. Without loss of generality, we select the nominal
values of Kd and Kp as K̂d = 80, K̂p = 4000, respectively.In order

FIGURE 4 | Control performance of the proposed controller while avoiding a wall obstacle. (A) Is the robot’s tracking path and the corresponding joint configurations.

(B) Is the profile of position error along the free-motion direction. (C) Is the profile of contact force. (D) Is the profile of joint angles. (E) Is the profile of joint velocities.

(F) Is the profile of the closest distance to the obstacle of each key points Ai , i = 1, · · · , 7.
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FIGURE 5 | Simulation results of the established RNN while avoiding a wall obstacle. (A) Is the profile of λ1. (B) Is the profile of λ2. (C) Is the profile of ||Jθ̇ − b0||
2
2. (D)

Is the profiles of the desired and reference trajectory along x-axis. (E) Is the profiles of the desired and reference trajectory along y-axis. (F) Is the profiles of the

objective function of the proposed controller and JPMI based method.

FIGURE 6 | Control performance of the proposed controller while avoiding a wall obstacle with uncertain Kp and Kd . (A) Is the robot’s tracking path and the

corresponding joint configurations. (B) Is the profile of position error along the free-motion direction. (C) Is the profile of contact force. (D) Is the profile of joint angles.

(E) Is the profile of joint velocities. (F) Is the profile of the closest distance to the obstacle of each key points Ai , i = 1, · · · , 7.
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to handle model uncertainties in the interaction coefficients, an
extra node is introduced into (15). Then the modified RNN can
be formulated as:

ǫθ̈ = −θ̇ + P�(θ̇ − θ̇/||θ̇ ||22 + JTλ1 − JTo λ2),

ǫλ̇1 = K−1
d

F − KpK
−1
d

1x+ ẋd − J(θ)θ̇ ,

ǫλ̇2 = −λ2 + (λ2 + Joθ̇ − B)+,

˙̂W = −Kinη(Fd − F)T,

in which W = [Kp;Kd], η = [x − xd; ẋ − ẋd], and the
positive coefficient Kin scaling the updating rate is defined as
Kin = diag(500, 20). Simulation results are shown in Figures 6, 7.
Although the exact values of Kd and Kp are unknown, the
closed-loop system is still stable, which can be shown from
the convergence of tracking error ex and contact force F in
Figures 6A,B. The change curves of joint angles and joint
velocities with respect to time are shown in Figures 6C,D,
in which the bounded-ness of joint angles and velocities are
guaranteed. The observed interaction coefficients K̂d and K̂p are

shown in Figure 6E, indicating that both K̂d and K̂p converge
to their real values. Figure 7A shows the distances between
the key points and the obstacle, it is obvious that all key
points keep at a safe distance from the obstacle (the closest
key point is A2). Euclidean norm of b0 − Jθ̇ is illustrated

in Figure 7C, despite fluctuation occurs at about t = 1.5 s,
the proposed controller could handle model uncertainties. The
impedance model based reference trajectory and the original
desired trajectory are shown in Figures 7D,E. Although xr and
xd are different, the tracking error ex along the direction of
free motion and force error eF converges to zero, as shown in
Figures 6A,B. The objective function ||θ̇ ||22 to be optimized is
given in Figure 7F. the convergence of the established RNN is
shown in Figure 7C, despite the uncertain parameters, using the
adaptive updating law, the established RNN is capable of learning
the optimal solution. The spikes is mainly because of the change
of λ2 when obstacle avoidance scheme is activated.

4.5. Manipulation in Narrow Space
In this part, we discuss a more general case of motion-force
control task, in which the workspace is defined in a limited
narrow space. The robot is limited by two parallel lines, namely,
y1 = 0.15 and y2 = −0.15 m. Considering the safety distance,
all key points except A8 must satisfy the workspace description
−0.14 ≤ y ≤ 0.14 m. The initial joint angles are set to be θ0 =

[0.393,−1.05, 1.57,−0.785]Trad, and θ̇0 = [0, 0, 0, 0]Trad/s. The
desired path is selected as xd = [0.8 + 0.1cos(0.5t),−0.15]T m,
and the expected contact force is Fd = 20N, with the direction
vector being [0,−1]T. Simulation results are given in Figures 8, 9.
When simulation begins, the initial position error is about 0.1

FIGURE 7 | Simulation results of the established RNN while avoiding a wall obstacle with uncertain Kp and Kd . (A) Is the profile of λ1. (B) Is the profile of λ2. (C) Is the

profile of ||Jθ̇ − b0||
2
2. (D) Is the profiles of the desired and reference trajectory along x-axis. (E) Is the profiles of the desired and reference trajectory along y-axis. (F) Is

the profiles of the objective function of the proposed controller and JPMI based method.
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FIGURE 8 | Control performance of the proposed controller in a narrow workspace. (A) Is the robot’s tracking path and the corresponding joint configurations. (B) Is

the profile of position error along the free-motion direction. (C) Is the profile of contact force. (D) Is the profile of joint angles. (E) Is the profile of joint velocities. (F) Is

the profile of the closest distance to the obstacle of each key points Ai , i = 1, · · · , 7.

m, and the converges to zero, with the transient being about
0.5s. Simultaneously, the contact force also converges to 20N.
In Figure 9A, minimum distances between the key points to y1
and y2 are represented by blue and red curves, respectively. The
tracking trajectory and the corresponding joint configurations
are shown in Figure 8A. During t = 1 − 1.5 s and t = 6 − 13
s, point A2 gets close to y1, during t = 4 − 7 s, A4 is close
to y2. Remarkable that there exist fluctuations in positional and
force errors at t = 1 s and t = 4 s (i.e., when A2 and A4

get close to the bounds), respectively. Similar to the previous
simulations, the reference trajectories are given in Figures 7C,D,
and the objective functions are shown in Figure 7E. Using the
proposed RNN controller, the robot can realize both position and
force control in limited narrow space.

4.6. Comparisons
In this part, comparisons among the proposed control scheme
and existing methods are given to show the superiority of
the RNN based strategy. The comparisons are shown in
Table 1. In Guo and Zhang (2012), a RNN based controller is
designed for redundant manipulators, both obstacle avoidance
and physical constraints are considered. However, the controller
only focus on kinematic control problem. In Nanayakkara et al.
(2001) and Csiszar et al. (2011), force control together with
obstacle avoidance are taken into account, but the physical
constraints are ignored. Xu et al. (2019a) develop an adaptive
admittance control strategy, which is capable of dealing with
force control under model uncertainties, physical constraints

and real-time optimization. It is remarkable that the proposed
strategy focus on real-time obstacle avoidance in force control
tasks, and the controller is capable of ensuring the boundedness
of joint angles and velocities. At the same time, simulations
have shown the potential of optimization ability of norm of
joint speed.

5. CONCLUSIONS

In this paper, a novel collision-free compliance controller
is constructed based on the idea of QP programming and
neural networks. Different with existing methods, in this
paper, the control problem is described from an optimization
perspective, and the compliance control and collision avoidance
are formulated as equality or inequality constraints. The
physical constraints such as limitations of joint angles and
velocities are also taken into consideration. Before ending
this paper, it is worth pointing out that it is the first RNN
based compliance control method, which considers collision
avoidance problem in realtime, and also shows great potential
in handling physical limitations. In this paper, simple numerical
simulations in MATLAB are carried out to verify the efficiency
of the proposed controller. In the future, we will check
the control framework with different impedance models in
physically realistic simulation environments, and then consider
machine vision technology and system delay problem on physical
experimental platforms.
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FIGURE 9 | Simulation results of the established RNN in a narrow workspace. (A) Is the profile of λ1. (B) Is the profile of λ2. (C) Is the profiles of the desired and

reference trajectory along x-axis. (D) Is the profiles of the desired and reference trajectory along y-axis. (E) Is the profiles of the objective function of the proposed

controller and JPMI based method.

TABLE 1 | Comparisons among the proposed controller and existing methods.

Method Convergence Real-time Physical Force control/ Collision

optimization constraints kinematic control free

This paper Yes Yes Considered Force control Yes

Guo and Zhang (2012) Yes Yes Considered kinematic control Yes

Nanayakkara et al. (2001) Yes Yes Ignored Force control Yes

Xu et al. (2019a) Yes Yes Considered Force control No

Csiszar et al. (2011) Yes No Ignored Force control Yes
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We investigate the role of lower leg muscle-tendon structures in providing serial elastic

behavior to the hip actuator. We present a leg design with physical elastic elements

in leg angle and virtual leg axis direction, and its impact onto energy efficient legged

locomotion. By testing and comparing two robotic lower leg spring configurations, we

can provide potential explanations of the functionality of similar animal leg morphologies

with lower leg muscle-tendon network structures. We investigate the effects of leg

angle compliance during locomotion. In a proof of concept, we show that a leg with

a gastrocnemius inspired elasticity possesses elastic components that deflect in leg

angle directions. The leg design with elastic elements in leg angle direction can store

hip actuator energy in the series elastic element. We then show the leg’s advantages in

mechanical design in a vertical drop experiment. In the drop experiments the biarticular

leg requires 46% less power. During drop loading, the leg adapts its posture and stores

the energy in its springs. The increased energy storing capacity in leg angle direction

reduces energy requirements and cost of transport by 31% during dynamic hopping to

a cost of transport of 1.2 at 0.9 kg body weight. The biarticular robot leg design has

major advantages, especially compared to more traditional robot designs. Despite its

high degree of under-actuation, it is easy to converge into and maintain dynamic hopping

locomotion. The presented control is based on a simple-to-implement, feed-forward

pattern generator. The biarticular legs lightweight design can be rapidly assembled and

is largely made from elements created by rapid prototyping. At the same time it is robust,

and passively withstands drops from 200% body height. The biarticular leg shows,

to the best of the authors’ knowledge, the lowest achieved relative cost of transport

documented for all dynamically hopping and running robots of 64% of a comparable

natural runner’s COT.

Keywords: robotics, bioinspired robotics, intrinsic compliance, locomotion, energy efficiency, biarticular, leg

design, series elastics

1. INTRODUCTION

A persistent question in legged locomotion relates to the functional morphology of compliant
elements in segmented leg structures. Elastic elements in legs enhance locomotion performance
in terms of stability, robustness to perturbations and impact mitigation in legged walking systems
(Hurst, 2008; Rummel et al., 2010). Leg elasticity can simplify the control task (Verstraten et al.,
2016; Beckerle et al., 2017) by giving the system favorable natural dynamics. Biological observations

40

https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org/journals/neurorobotics#editorial-board
https://www.frontiersin.org/journals/neurorobotics#editorial-board
https://www.frontiersin.org/journals/neurorobotics#editorial-board
https://www.frontiersin.org/journals/neurorobotics#editorial-board
https://doi.org/10.3389/fnbot.2019.00064
http://crossmark.crossref.org/dialog/?doi=10.3389/fnbot.2019.00064&domain=pdf&date_stamp=2019-08-13
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ruppert@is.mpg.de
https://doi.org/10.3389/fnbot.2019.00064
https://www.frontiersin.org/articles/10.3389/fnbot.2019.00064/full
http://loop.frontiersin.org/people/480328/overview
http://loop.frontiersin.org/people/75906/overview


Ruppert and Badri-Spröwitz Distal Leg Angle Compliance

show that muscles and tendons act like elastic elements
(Biewener, 1998; Alexander, 2002) that enable rich locomotion
skills with high energy efficiency at low control effort (Daley,
2008; Lakatos et al., 2018).

In bioinspired robotics, the concept of elasticity was
first introduced in series elastic actuators (SEA) (Pratt and
Williamson, 1995) and prismatic actuators (Raibert et al.,
1984). Many robotic designs use a minimal order template, the
spring-loaded inverted pendulum (SLIP) model (Blickhan, 1989;
Seyfarth et al., 2001; Geyer et al., 2006), as a design baseline
for walking systems. Based on SLIP models much effort has
gone into designing compliance in virtual leg axis direction for
robots. Compliance is implemented as either motor controlled
compliance (Ding and Park, 2017; Park et al., 2017) or physical
springs (Fukuoka et al., 2003; Renjewski et al., 2015; Semini et al.,
2015). Like the SLIP model, these robots have elastic elements in
their joints to help them achieve the same energy efficient and
robust behavior as their biological role models (Alexander and
Bennet-Clark, 1977).

The primary focus in designing compliance in robots using
physical springs has been on virtual leg axis direction compliance.
We pronounce the influence of additional physical elastic
elements acting in leg angle direction. In a real world locomotion
scenario we show compliance in leg angle direction to be
important as well as compliance in virtual leg axis direction
which has been shown in SLIP model and SLIP-inspired robots.
To achieve intrinsic compliance we implement a mechanism
inspired by a biological blueprint.

In studies of quadrupedal leg morphology, a four-bar-
like mechanism has been observed by Lombard (1903). This
simplified mechanism describes the functional morphology of
lower leg muscle-tendon groups. It was extended by Witte
et al. (2001, 2004) to a pantograph structure, including
muscle-tendon structures. Because of the distal elastic tendon
structures (Roberts, 2016), the simplified pantograph structure
is spring-loaded. The concept implemented in a robot (Spröwitz
et al., 2013), briefly suggested a potential function as an effective
elastic element in leg angle direction (Spröwitz et al., 2014). The
element is oriented so that its elastic elements possess deflection
components orthogonal to virtual leg axis direction. Unlike in
SLIP model, these components do not primarily contribute to
deflection in virtual leg axis direction. However, they deflect
under the presence of hip torque and perturbations that reflect
as a torque to the hip actuator.

This leg morphology has been applied in robots before,
empirically showing its advantages concerning the simplification
in creating stable gaits. However, the general morphology has not
yet been characterized, and the differences and advantages are not
yet documented.

We investigate the effects, leg angle compliance in
combination with virtual leg axis compliance has on spring
behavior and resulting energy efficiency in the leg.

In this paper, we characterize one leg design with virtual
leg axis compliance and one with virtual leg axis and leg
angle compliance. We show the differences in leg morphology
first on a simple kinematic model. To decompose virtual leg
axis and leg angle effects we conduct static experiments to

examine isolated virtual leg axis and torque influence on the
elastic elements. In a drop test experiment, we investigate the
mechanical behavior under dynamic loading without considering
control design. At last, we compare both legs in a monoped
hopping experiment and analyze the differences in dynamic
behavior and energy stored and recuperated in the springs under
a realistic load case.

1.1. Related Work
The functional morphology of multiple degrees of compliance
in multi-segmented legs in animals and robotics has not been
understood yet by either biologists nor roboticists. While two-
segmented legs with one degree of compliance have been studied
thoroughly (Raibert et al., 1984; Hutter et al., 2012; Semini et al.,
2015; Park et al., 2017), the placement and interplay between
multiple compliant elements is still an unsolved research topic.

Because of observations in biological examples,
implementations of multi-segmented legs with several
compliant elements have been tested in robotic hardware
as well as in simulations to understand their behavior.
Spröwitz et al. (2013, 2018) implemented a leg with a biarticular
spring to investigate self stabilizing behavior on a quadruped
during dynamic locomotion. They showed, that a simple
sensorless central pattern generator with a position controller
can allow dynamic feed forward locomotion. Iida et al. (2007)
investigated the possibility to create both walking and running
gaits in a humanoid biped with biarticular springs as well as
the ability to create more human-like gaits. Sato et al. (2015)
implemented a robot with only one biarticular spring but no
intrinsic compliant knee. There, the biarticular spring provided
elastic behavior to the leg for jumping and landing motions.

An aspect that has not been in the research focus yet is
the interplay between both an intrinsically compliant knee and
a biarticular spring in a multi-segmented leg. No systematic
and comparative research exists so far comparing multiple
compliant elements in highly under-actuated segmented legs,
specifically for the combination of leg-angle and virtual leg
axis compliance. As energy fluctuates in both directions in
animal legs (Alexander, 1984) one can expect that compliant
passive mechanisms evolved benefiting from these resources, i.e.
energetically. We focus our research on the torque influence
onto a series elastic biarticular spring and the increase in energy
efficiency the additional stored energy provides.

In this paper we present a leg design with compliance in
virtual leg axis direction as well as in leg angle direction. We
show that the element in leg angle direction charges under torque
influence, providing series elastic behavior for the hip. We show
how the implementation of this element can drastically increase
the amount of elastic energy stored in the leg.

2. MATERIALS AND METHODS

2.1. Leg Design and Implementation
The bio-inspired leg designs under investigation (Figure 1)
consist of three segments. A femur segment, a shank segment
with a four-bar structure and a foot segment. The arrangement
of segments and elastic elements (Figure 2B), is inspired by the
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FIGURE 1 | (A) Pantograph leg with one spring around the knee joint and a

rigid pantograph segment. (B) Biarticular leg with one spring around the knee

joint and segment with a biarticular spring. (C) Schematic of three segment leg

with angle definitions and symbol annotations.

FIGURE 2 | (A) Schematic representation of cat leg anatomy for comparison.

Quadriceps originates on the upper femur and inserts into the shank segment

via the patella. Gastrocnemius originates on the lower femur and inserts into

the upper foot segment spanning the knee and ankle joint. (B) Photo of the

biarticular leg mounted on the boom structure. The biarticular spring is hidden

under the two parts of the biarticular segment; the point of contact is visible as

a slit.

leg anatomy of mammalian quadrupeds. The hip joint connects
the femur segment to the trunk; the knee joint connects the hip
and shank segment; the ankle joint connects the shank and foot

segment. Leg segments on these legs represent the major bone
groups of vertebrate animals, namely femur, tibia and fibula and
the bones forming the foot segment. For simplicity, all segments
in both designs have the same length.

Elastic elements in the robot are placed to mimic the
functionality of big muscle-tendon groups in animal legs. In
placement and functionality, the knee spring represents the
quadriceps femoris muscle and patella tendon of the biological
example. On the pantograph leg the segment parallel to the shank
segment of the biarticular leg consists of a rigid element, forming
a pantograph structure (Figure 1A). The segment parallel to the
shank segment consists of a second spring connecting the hip
and foot segment (Figure 1B). This biarticular segment spans
two joints. The biarticular spring models the lower leg muscle-
tendon apparatus of gastrocnemius muscle and Achilles tendon
in a quadrupedal animal (Figure 2A). We refer to the leg with
the biarticular spring as the biarticular leg, to the leg with
the pantograph structure as the pantograph leg. Unloaded, the
biarticular segment has the same length as the shank segment.
The femur and foot segment are parallel when the biarticular
spring is not deflected. Both ankle and knee joint have a hard stop
to prevent over-extension.

The knee joint stiffness is realized by a spring that wraps
around the knee joint on a cam mechanism, inspired by a knee
cap (patella) (Allen et al., 2017; Heim et al., 2018). The knee cam
mechanism linearizes the knee spring deflection over knee angle.
Knee stiffness is designed to provide sufficient torque to hold the
leg during running, exerting ground reaction forces three times
the body weight of the robot at 10% virtual leg length deflection.
The cam radius on the knee is designed to enable 35◦ knee angle
deflection or about 70 mm leg length change. Empirically, we
choose the biarticular spring stiffness similar to the knee spring
stiffness, so the biarticular spring does not saturate, and the
knee spring deflects similar to the pantograph leg. Through the
biarticular spring the ankle joint can deflect by 60◦, equivalent
to 160 mm leg length change. The hip joint is articulated with
a brushless motor. In combination with a 5:1 planetary gear box
the nominal output hip torque is 6.2 Nm. To measure the joint
deflections, all joints on the leg are instrumented with rotary
absolute encoders.

The leg design consists of a hip joint rigidly connected
to an actuator and two passive joints on the knee and
ankle. The leg design builds on previous research on the
Cheetah cub and Oncilla robots. Instead of the servo motors
used in the previous robots we implemented high torque
density brushless motors. To increase the backdriveability of
the gear train a low ratio gearbox was used. This way the
actuator can potentially be used as a proprioceptive actuator
(Seok et al., 2012).The new knee spring placement in our design
largely reduces the nonlinearity of the spring force to joint
angle relationship of the knee joint, compared to the design
used in Cheetah-cub and Oncilla. This simplifies modeling, and
reduces the complexity of the mechanical design. The general
mechanical leg design was improved to be more dureable and
robust while at the same time reducing the complexity of
the design to enable faster prototyping, as well as simplified
manufacturing and assembly. The biarticular leg’s lightweight
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design can be rapidly assembled, and is largely made from
elements created by rapid prototyping. At the same time it
is however robust, and passively withstands drops from 200%
body height.

Here we reduce the investigation to a single leg hopping in
the saggital plane. This is common practice (Semini et al., 2008;
Hutter et al., 2011; Ding and Park, 2017; Liu et al., 2018). It
also reduces the effects of body inertia, multiple legs and the
system complexity.

2.2. Kinematic Model
In this section, we investigate the governing equations describing
the difference in behavior for both legs. All future assertions talk
about joint angles implying resultant deflection of the associated
elastic elements.

By formulating the kinematic equations for the pantograph
leg, we show the basics of our hypothesis. Writing the forward
kinematics to obtain the foot position with the reference
at the hip joint, shows that the system rank r = 2
with 2 parameters (θhip and θknee), since θhip = θankle
because of the pantograph structure. The equation system is
fully defined. In comparison, the pantograph segment in the
biarticular leg is replaced by a biarticular spring. The rank
of the system matrix is also r = 2 but because θhip 6=

θankle, an additional parameter or Degree Of Freedom (DoF)
is added to the leg. Annotations are depicted in Figure 1

and Table 1.
Forward kinematics for pantograph leg:

xfoot = −2 · l · sin(θhip)+ l · sin(θ
g

knee
)

yfoot = −2 · l · cos(θhip)− l · cos(θ
g

knee
)

for θ
g

hip
= θ

g

ankle

(1)

TABLE 1 | Leg parameters and robot implementation components.

Leg Parameters

Segment length l 150 mm

Knee and ankle resting angle 127◦

Resting leg length 408 mm

Knee cam radius rk 30 mm

Knee - pantograph insertion

distance

rpk 30 mm

Mass biarticular leg 0.91 kg

Mass pantograph leg 0.88 kg

Knee spring stiffness kk 10.89 N
mm

Biarticular spring stiffness kbiart 9.8 N
mm

Implementation

Motor TMotors MN7005 KV115 m = 188 g, τmax = 1.3Nm

Motor driver TI TMS320x2806x 24 V/15A max.

Computer pre-empt Ubuntu 14.04 1 kHz control frequency

Joint encoders Broadcom AEAT8800-Q24 12-bit

Planetary gearbox Matex RS3505S gear ratio = 1:5

Schematic in Figure 1C.

Forward kinematics for biarticular leg:

xfoot = −l · sin(θhip)+ l · sin(θ
g

knee
)− l · sin(θ

g

ankle
)

yfoot = −l · cos(θhip)− l · cos(θ
g

knee
)− l · cos(θ

g

ankle
)

(2)

with,

θ
g

knee
= π − θhip − θknee

and

θ
g

ankle
= θ

g

knee
− θankle

(3)

To describe the joint positions of the biarticular leg, an additional
kinetic constraint is necessary to describe the coupling of the
two springs:

rk · Fknee +
−→rpk ×

−−→
Fbiart + τhip

cos(θ
g

hip
)

=

Fx · l · cos(θ
g

ankle
)+−→rpa ×

−−→
Fbiart

cos(θ
g

ankle
)

(4)

Fknee = kk · rk · 1θknee

−−→
Fbiart = kp ·

(

−→
P − l ·

−→
P

||
−→
P ||

) (5)

where, Fknee is the force of the knee spring and Fbiart is the force
of the biarticular spring.

−→rpa =

[

−||rpk|| · sin(θ
g

ankle
)

||rpk|| · cos(θ
g

ankle
)

]

and

−→
P =

[

||rpk|| · sin(θhip)− l · sin(θ
g

knee
)− ||rpa|| · sin(θ

g

ankle
)

−||rpk|| · cos(θhip)− l · cos(θ
g

knee
)+ ||rpa|| · cos(θ

g

ankle
)

]

(6)

where,
−→
P is the position of the biarticular spring insertion into

the foot segment. If we assume the hip and foot fixed with
rotary joints to a global frame (Figure 3), the pantograph leg
cannot change its joint angles. Because of the increased DOF, the
biarticular leg has an infinite number of joint orientations with a
fixed hip and foot point.

By changing the torques and forces acting on the biarticular
leg, the joint orientation can be changed based on the ratio of
chosen stiffnesses. Under hip torque, the pantograph leg increases
the forces on the hip and foot bearings but does not change
joint angles. The biarticular leg orients its joints to satisfy the
kinetic constraint described above. By changing its posture, the
biarticular leg deflects the springs attached to each joint. When
torque is exerted on the hip, the leg can store the energy from hip
actuation in the biarticular spring. The energy storage potentially
enables the biarticular leg to recuperate the energy stored in
the springs.
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Spring energies for leg comparison are calculated as:

Eknee =
(Fknee)

2

2 · kk

and

Ebiart =
(Fbiart)

2

2 · kbiart

(7)

where Ei is the energy stored in the corresponding spring,
kk is the knee spring stiffness, and kbiart is the biarticular
spring stiffness.

2.3. Experiments
During locomotion, legs are subject to dynamic forces in leg
length, as well as leg angle direction. In this section, we investigate
the behavior of both legs under loads in both directions. To
show the basic functionality of the leg we reduce the experiment
complexity compared to a hopping experiment. In a reduced
order experiment, we investigate the effects of virtual leg axis and
leg angle forces separately. Then we investigate the mechanical
leg behavior in a vertical drop test without control influence.
Last we show that the leg shows series elastic behavior in
the biarticular spring under combined loads during dynamic
hopping to provide a realistic locomotion load case.

2.3.1. Static Virtual Leg Axis Forces
First, we implemented a simplified setup neglecting weight and
inertia effects to show the virtual leg axis related behavior clearly.
Both the foot and hip joint of each leg were fixed to a ground
frame by a rotational pin joint. The joint restricts both hinge
points to one rotational DOF (Figure 3A). The ball bearings
used to implement the rotational joints only allow forces to be
transmitted, but no torques. This experiment investigates the
change in joint angles purely based on change in virtual leg
length. We fixed the hip joint to the frame at different virtual
leg lengths in steps of 5 mm from resting leg length to 65 mm
deflection, and measure the joint angles with rotary encoders.

2.3.2. Static Leg Angle Torque
In the next step, we investigated the effects of hip torques on the
legs in the static test stand and observed the joint angles. The legs
were fixed to the same static test setup as before. Both legs were
deflected by 10 mm initial leg length.We applied hip torque from
0 to 2.5 Nm in steps of 0.1 Nm every 2 s to exclude acceleration
effects. We measured the resulting joint deflections as well as the
forces exerted onto the foot fixture with a force sensor (K3D60
me-systeme) to verify the applied hip torque.

2.3.3. Vertical Drop Experiment
After investigating the static behavior of the leg, we focus on
behavior under dynamic loading. We separate the effects of
virtual leg axis forces and leg angle torque for vaulting the
leg during forward hopping with a vertical drop experiment
(Figure 4). Holding the legs at a defined position requires a
motor with a position controller. We want to investigate only the
mechanical response to dynamic virtual leg axis forces without
effects induced by the controller. Using the same controller could

FIGURE 3 | (A) Schematic of the static setup with the leg fixed to a rotary joint

on the foot and hip joint. The fixture on the hip joint can be moved to change

the virtual leg length. (B) Rendered leg test stand with leg fixed into a rotary

joint on hip and foot (red) on force sensor (blue). (C) Photo of the static test

setup with pantograph leg. (D) Photo of the two four-bar segments. Fixed

pantograph segment left. Spring loaded biarticular segment right.

give advantages to one leg, and different controllers for both
legs would be hard to compare in mechanical performance. To
eliminate this potential bias, we implemented a virtual spring
on the hip actuator. The motor mimicked a torsion spring
between the hip joint and a global frame. The virtual spring
had its set point at 17.5◦. At this hip angle, the virtual leg
was vertical. By using a direct drive motor as a proprioceptive
actuator, we avoided measuring inaccuracies through backlash,
friction and reflected gearbox inertia.We used the proprioceptive
actuator as a sensor to directly measure the hip angle deflection
as well as the resulting forces. The virtual spring stiffness was
chosen at 5.8 Nm

rad
to match the position controller gains used

for the hopping experiments. The leg with joint encoders was
connected to a boom structure, to restrict the motion to the
sagittal plane (Figure 2B). The boom was instrumented with
rotational encoders (AMT 102-V) to measure the horizontal
and vertical angle of the boom representing the center of mass
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FIGURE 4 | High-speed snapshots of drop experiment starting from release to next hip apex. Pantograph leg top row, biarticular leg bottom row. Depicted are left to

right: drop, touchdown, maximum deflection, lift-off, apex. Due to the difference in leg stiffness the biarticular leg is on the ground longer. The biarticular spring

deflection is visible in the gap in the biarticular segment at maximum deflection. The biarticular leg adapts its posture, visible in the difference of hip and foot segment

angles at maximum deflection.

position of the robot. The biarticular and pantograph leg were
dropped from 590 mm hip height. We also measured the input
power consumption of the motor driver with a current sensor
(ACS713). Data was normalized from hip dropping height to first
apex (drop cycle) and averaged over 30 drops and displayed with
a 95% confidence interval. Touchdown and liftoff are determined
by when the spring-loaded ankle joint starts to deflect. Hip torque
is calculated from armature motor current as:

τhip = iarmature · kt (8)

where iarmature, is the armature motor current measured on the
motor driver and kt is the torque constant of the motor. Electrical
system input power is calculated as:

Pel = U · I (9)

where U, is the constant power supply voltage of 24 V, and I is
the input current measured from the power supply.

2.3.4. Hopping Experiment
In this section, we provide a realistic locomotion showcase
to investigate the behavior of a single hopping leg under a
combination of virtual leg axis forces and hip torque. The leg
is again constrained to movement in the sagittal plane without
trunk rotation by a boom structure.

Both legs use the same gearbox in this experiment to provide
enough hip torque for forward locomotion. We implemented a
sine wave position controller on the hip actuation resulting in a
hopping gait,

θhipdesired = θ0 + θ1 · sin(2 · π · f · t) (10)

where θhipdesired is the desired hip angle, θ0 is the hip angle offset,
θ1 is the hip angle amplitude, f is the hopping frequency, and
t is time.

A PD position controller calculates the desired current for the
low level current controller on the motor driver according to:

imotordesired (t) = kp · (θhip(t)desired − θhipencoder (t))

+kd ·
d(θhip(t)− θhipencoder (t))

dt
(11)

where kp and kd are the proportional and derivative control
gains, θhipencoder is the measured hip angle and θhipdesired is the
desired hip angle calculated above.

The PD position controller, schematic in Figure 5, of the
motor driver was tuned to the same gains for both legs. Gait
parameters θ0, θ1 and the gait frequency were hand-tuned for
both legs to get stable hopping at 0.99 m

s with f = 2Hz for the
pantograph leg and 0.95 m

s with f = 2.2Hz on the biarticular
leg (Figure 6). We defined stable hopping, if the robot hopped
for trials longer than 2 min, equivalent to ∼= 240 steps. Data
was collected 1 min after the robot achieved a stable gait. All
data sets were normalized over time from hip apex to apex (step
cycle) and averaged over 30 consecutive steps. Average data was
displayed with 95% confidence intervals. Touchdown and liftoff
were determined by when the springs started to deflect. All future
discussions are conducted using the averaged data set to get a
representative picture.
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FIGURE 5 | Controller diagram for the sine wave position controller used for the forward hopping experiments.

FIGURE 6 | High-speed snapshots of both legs hopping forward for one step cycle from release to hip apex. Pantograph leg top row, biarticular leg bottom row.

Depicted are left to right: hip apex, touchdown, maximum deflection, lift-off, second hip apex. The biarticular spring deflection is visible in the gap in the biarticular

segment at maximum deflection. Timing differences stem from different duty factor and difference in gait frequency, 2Hz for the pantograph leg and 2.2Hz for the

biarticular leg. The biarticular leg adapts its posture, visible in the difference of hip and foot segment angles at maximum deflection.

3. RESULTS

In this section, we present data and results from the static leg
force experiment, the static leg angle torque experiment, the
vertical drop test, and the hopping experiment.

3.1. Static Virtual Leg Axis Forces
In the pantograph leg knee and ankle angles change equally
(Figure 7). Because of the parallelogram geometry in the leg’s
four-bar mechanism, knee and ankle angles are kinematically
coupled to be equal. Play in the joints causes the small
deviation between the pantograph knee and ankle angle curve. At
maximum leg deflection, the pantographs knee and ankle angle
deflect by 32◦. The model prediction fits the data, neglecting the
small deviation of ≤ 2◦.

In the biarticular leg, the change in knee and ankle angles are
not equal. Because of the biarticular spring, the ankle deflects
more than the knee. At maximum deflection the ankle in the
biarticular leg deflects by 43◦, the knee deflects to 17◦. This first
experiment shows, that knee and ankle are not kinematically
coupled in the biarticular leg.

3.2. Static Leg Angle Torque
Because of the kinetic coupling, both knee and ankle angles in
the biarticular leg change under torque (Figure 8). The knee on
the biarticular leg deflects by 0.85◦, the ankle deflects by 2.1◦ at
1 Nm. The model shows a reasonable prediction for the angles.
The deviation and flat line stem from the hard stop at the knee
preventing the knee from over-extension over its resting angle.
The hard stop effect is less pronounced in the experimental data,
due to material elasticity. It can be seen as a change in slope. The
knee model is only valid before hitting the hard stop.

This experiment shows that the biarticular leg can store energy
from hip actuation in the biarticular spring. Under the influence
of hip torque, the pantograph leg does not change its joint angles.

We argue that the distal elastic element, mimicking the lower
legmuscle-tendon structures, acts to the hip actuation like a serial
spring. Different from a classical SEA hip actuator, the biarticular
spring has components acting in both virtual leg axis and leg
angle direction. The ratio of components that act in virtual leg
axis or leg angle direction depends on the virtual leg deflection as
well as the resting joint angles, and the chosen spring stiffnesses.

These experiments are abstracted from the behavior of a
hopping robot. Under only hip torque the data shows that the
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FIGURE 7 | Knee and ankle angle changes from resting angles for the static

virtual leg axis experiment with both legs. Knee and ankle angles change

equally because of the pantograph structure. Knee and ankle change not

equally in the biarticular leg because of the additional degree of freedom.

FIGURE 8 | Change in joint angles over hip torque for static torque

experiments for both legs. Hip position was fixed to 10 mm leg length

deflection. Cut-off in the model are due to the hard stop to prevent

over-extension. The cut in the experimental data is only visible as a change in

slope due to material elasticity. The knee model is only valid until hitting the

hard stop. Only the biarticular leg can deflect its joints under torque. Because

of the kinematic coupling in the biarticular leg the knee joint deflects as well

when the ankle joint deflects. In the pantograph leg the hip and foot position

are fixed and the joints do not deflect under hip torque.

biarticular leg has the ability to store hip actuator energy in
its springs. For any given initial posture the leg can adapt its
posture and store energy in the springs that can potentially
be recuperated.

FIGURE 9 | (A) Mean hip angles for vertical drop tests with 95% confidence

levels for 30 drops. Vertical touchdown (left markers) and lift off (right markers)

are plotted for pantograph (dotted) and biarticular leg (dashed). The hip angle

in the pantograph leg deflects more since the leg only has one DOF. In the

biarticular leg, the leg can adapt its internal posture to mitigate the dynamic

forces without reflecting them to the femur segment. (B) Knee and ankle

angles for vertical drop tests with 95% confidence levels for 30 consecutive

steps. Touchdown (left markers) and lift off (right markers) are plotted for

pantograph (dotted) and biarticular leg (dashed). In the pantograph leg, the

joints deflect symmetrically because of the kinematic coupling. In the

biarticular leg, the ankle joint deflects nearly twice as much as the knee joint.

3.3. Vertical Drop Test
During stance phase (Figure 4), the hip angle in the pantograph
leg deflects by 4◦ (Figure 9A). Because of the kinematic coupling
in the leg, any force reflects into the femur segment and
change its angle. Because the biarticular leg has one more
DOF, it adepts its posture (Figure 9B). By changing the ankle
and knee angle the energy is stored in the springs, and the
data shows that the hip angle does not change. As the virtual
spring induces a torque when the hip angle deflects from its
resting angle, the hip torque during stance phase is much higher
in the pantograph leg (Figure 10). Hip torque is calculated
from measured armature current on the motor. The hip torque
on the pantograph leg peaks at 2.2 Nm while the biarticular
leg peaks at 1.2 Nm. Mean hip torque during stance phase
is 0.22 and 0.02 Nm for the pantograph leg and biarticular
leg, respectively.

After liftoff, the torque requirement is higher in the biarticular
leg. Since the biarticular leg has elastic components in leg angle
direction, a force resulting from unloading the joint rapidly
reflects into leg angle direction. The virtual leg shoots forward
when the two parts of the biarticular spring mount collide
due to the hard stop. The collision can also be seen in the
provided high-speed video in the Supplementary Material. We
ignore this reflection effect and do not compensate or utilize
it here.
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FIGURE 10 | (A) Mean hip torque for vertical drop tests with 95% confidence

levels. Vertical touchdown (left markers) and lift off (right markers) are plotted

for pantograph (dotted) and biarticular leg (dashed). Because the biarticular leg

adapts its posture forces are reflected less into the femur segment. This results

in a lower hip angle change. (B) Mean input power consumption for vertical

drop tests with 95% confidence levels. Touchdown (left markers) and lift off

(right markers) are plotted for pantograph (dotted) and biarticular leg (dashed).

In the biarticular leg, the motor does not need additional power to counteract

the force. The biarticular leg requires 81% less motor power to hold the virtual

leg vertical.

The duration of stance phase varies between 27% on the
pantograph leg and 32% on the biarticular leg. We suspect the
difference is due to the higher mass of 29 g as well as the lower
global leg stiffness of the biarticular leg.

Because the drop experiment is not a periodic motion, the
beginning and end points of the graphs do not match as the leg
moves differently for the subsequent lower hops.

As a result of the higher torque requirement, input power
shows that the biarticular leg needs less power during stance
phase to keep the desired leg posture (Figure 10B). After
liftoff, the same rise in power that was explained in the hip
torque curve is visible. Since oppressing the reflection effect
requires high torque at high speed, a drastic rise in power
consumption during swing phase is visible. Over the full step
cycle, mean power consumption for the pantograph leg is 4.6
and 3.9 W for the biarticular leg. Mean power consumption
during stance phase for the pantograph leg is 6.8 W for
the pantograph leg and 3.7 W for the biarticular leg. The
biarticular leg shows a 46% lower power requirement during
stance phase and 15% lower power consumption over the whole
drop cycle.

3.4. Hopping Experiment
During forward hopping (Figure 6) the pantograph and
biarticular leg show a similar trend in torque requirements as
during the drop experiments before. Hip torque is calculated
from measured armature current on the motor. The peak hip

FIGURE 11 | (A) Apex to apex normalized hip torque for both hopping legs

with 95% confidence levels. Vertical touchdown (left markers) and lift off (right

markers) are plotted for pantograph (dotted) and biarticular leg (dashed).

During stance phase, the biarticular leg has lower peak torque requirements

than the pantograph leg. After toe-off, the hip actuator suppresses the

reflection effect shooting the leg forwards. The active suppression increases

the torque requirements on the biarticular leg. (B) Apex to apex normalized

input power for both hopping legs with 95% confidence levels. Touchdown

(left markers) and lift off (right markers) are plotted for pantograph (dotted) and

biarticular leg (dashed). Peak input power for the biarticular leg is 50% lower

and mean power is 31% lower than on the pantograph leg.

torque is 5.2 Nm for the pantograph leg and 2.4 Nm for the
biarticular leg (Figure 11A). Themean torque for the pantograph
leg is 0.19 and 0.05 Nm for the biarticular leg over the whole
step cycle. Mean torque during stance phase is 0.64 and 0.23 Nm
for pantograph and biarticular leg respectively. The biarticular leg
requires 53% less peak torque and 74% less mean torque.

The previously observed difference in knee and ankle angle
between the two legs is also visible during hopping (Figure 12).
While the pantograph leg deflects both joints the same way due to
the four-bar geometry, the ankle deflects more in the biarticular
leg. We observe that the knee joints deflect similar in both legs.
The biarticular leg’s ankle, however, deflects by 45◦ compared to
19◦ on the pantograph leg.

Additionally, the duty factor, the fraction of stance phase over
one step cycle period:

dduty =
tStance

TStepcycle
(12)

is much smaller at 31% of step cycle on the pantograph leg
than on the biarticular leg where the duty factor is 40%. We
assume the duty factor to be higher due to the lower global leg
stiffness resulting in an extended stance phase duration as the leg
deflects more.

Power requirements during hopping are higher in the
pantograph leg than in the biarticular leg (Figure 11B). The
pantograph leg power peaks at 60 W where the biarticular leg
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FIGURE 12 | Apex to apex normalized knee and ankle angle change for both

hopping legs with 95% confidence levels. Vertical touchdown (left markers)

and lift off (right markers) are plotted for pantograph (dotted) and biarticular leg

(dashed). The ankle angle in the biarticular leg deflects by 45◦ compared to

19◦ on the pantograph leg. Knee angles for both legs deflect similarly.

peaks at 20 W during stance and 30 W during swing because of
the reflection effect. Mean input power for the pantograph leg is
14.1 and 9.7 W for the biarticular leg. Mean power requirement
on the biarticular leg is 31% lower and peak power requirement is
50% lower. The difference in input power requirement is evident
in the cost of transport (COT) (Tucker, 1975),

COT =
Pin

m · g · v
, (13)

where Pin is electrical input power to the motor driver, m is the
robotmass, g is the gravitational acceleration, and v is the forward
speed of the robot.

Total COT is calculated using overall input power. The total
COT for the pantograph leg is 1.7 compared to the biarticular leg
at 1.2. COT when substracting 3 W idle power consumption of
the system is 1.3 for the pantograph leg and 0.8 for the biarticular
leg. To investigate this further, we calculate the energy stored in
the springs and compare the two leg designs.

In the biarticular leg, the overall stored energy is considerably
higher than the energy stored in the pantograph leg (Figure 13A).
The maximum total spring energy in the pantograph leg is
0.45 J vs. 1.56 J for the biarticular leg. Mean spring energy is
0.06 and 0.34 J for the biarticular leg. Total spring energy for
the pantograph leg is 82% lower than for the biarticular leg.
As we show a higher energy efficiency in the biarticular leg,
we conclude that the leg design has a higher recuperation rate.
Higher recuperation means the biarticular leg can use the energy
stored in its spring more effectively for locomotion.

To get a clearer picture on the biarticular leg, we also plot
the individual spring energy contribution to the total energy.
The knee spring on the biarticular leg stores roughly the same
amount of energy as the single knee spring in the pantograph
leg. Peak knee spring energy for the biarticular leg is 0.28 J and

FIGURE 13 | Overlaid spring energy (A) and power (B) for pantograph

(orange) and biarticular leg (blue). Due to the biarticular spring, the energy

stored in the biarticular leg is 2.4 times higher. In dashed lines are shown the

energy and power for the individual springs in the biarticular leg. The energy in

the knee springs are similar. The energy in the biarticular spring is ∼= 80%

higher.

peak biarticular spring energy is 1.3 J. Mean energy stored in
the biarticular knee is 0.05 J and mean biarticular spring energy
is 0.28 J. The mean energy stored in the biarticular spring is
82% higher.

The maximum power in the springs in the pantograph leg
at 12.9 W is 62% lower than in the biarticular leg at 34.4 W
(Figure 13B). The maximum released power is –11.7 W in the
pantograph leg and –28.4 W in the biarticular leg.

The biarticular leg stores more energy in its springs due to
the elasticity in both virtual leg axis and leg angle direction.
In the vertical drop and the dynamic hopping experiment, the
leg recuperates more energy from its springs which reduces the
overall required torque and input power.

4. DISCUSSION

The placement and functional morphology of elastic elements in
legs is an important research question in legged locomotion. In
this paper, we show that the biarticular spring, which mimics
the elasticity of lower leg muscle tendon structures, has elastic
components that can provide series elastic behavior to hip
actuation. In a model as well as a static experiment, we show
how the biarticular spring enables the leg to deflect its joints at
a fixed leg length without changing the hip and foot position. We
then show that the additional degree of freedom allows the leg
to store energy provided by hip actuation in this elastic element.
In a vertical drop test with a virtual spring on the hip, we show
that the favorable lower peak torque and power consumption of
series elastic behavior do not depend on the motor controller but
result from leg mechanics. In the drop experiment, we show that
the leg changes its internal posture to adapt to external forces
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instead of reflecting these forces into the hip actuation. As the hip
actuation does not need to compensate for the dynamic loading,
no additional torque and power is required, which increases
energy efficiency.

Last we show that in a combined load case of torque and
virtual leg axis forces, the peak torque and power requirements
are lower for the leg with distal series elastic components. By
reducing the overall leg stiffness, the leg has a smaller leg length
which acts as the lever arm for hip torque to produce a ground
reaction force. The higher leg length deflection of 64 mm on the
biarticular leg vs. 37 mm on the pantograph leg reduces themean
torque requirement for the leg.

Compared to the vertical drop the biarticular ankle joint
during hopping deflects more by 6◦, even though the hopping
height, 490 mm for the pantograph leg and 470 mm for the
biarticular leg, is lower than the drop height for the vertical drop.
The difference in hip angle stems from the deflection under the
additional hip torque to move the leg forward. The higher joint
deflection is the result of the combined load case of virtual leg
axis forces through dynamic loads and the torque required to
vault the leg forward. As expected the biarticular leg stores energy
provided by hip actuation in the biarticular spring even under a
combined load case of virtual leg axis forces and leg angle torques.

Through the implementation of this elasticity, it is possible
to reduce the peak power requirement by 26%, the mean power
requirement by 31%, the peak torque requirement by 53% and
mean torque by 71% in the hopping experiment.

We show that the biarticular leg with elastic components in
leg angle direction possesses the same effects as a series elastic
element, namely reduced torque and power requirements. We
can, therefore, conclude, that the biarticular leg adds series elastic
behavior to the leg. Because the biarticular spring stores 82%
more energy we can further conclude that the biarticular spring
also reduces the mean power and torque requirements of the leg.
The reduced energy requirement shows that in robotic legs leg,
compliance in leg angle direction is an equally important design
parameter to virtual leg axis compliance.

To put the COT of our design into perspective, Figure 14
shows the COT values for a selection of robots as well as
the regression from Tucker (1975) for animal data over their
respective masses. Both the pantograph leg as well as the
biarticular leg are below the line for comparable natural runners.
We include SPEAR (Liu et al., 2018) as a direct comparison
to our monoped hopper. Comparing the COT without base
consumption of our biarticular design to SPEAR, the COT of our
design is lower at 0.8 than SPEAR at 0.86.

Since power, speed andmass do not scale linearly, as shown by
Tucker, we believe that a better comparison than absolute COT
numbers, is the comparison to a natural runner of comparable
weight, the relative COT.We calculate the relative distance of the
biarticular leg’s COT to the COT of a model animal of the same
weight from the Tucker linear regression.

Comparing the biarticular leg’s total COT (including base
consumption) to natural runners, the biarticular leg is still below
the natural runners line and roughly on the same level as the
pantograph leg without base consumption. The relative COT for
the biarticular leg is 64% of a natural runner’s COT. The relative

FIGURE 14 | COT comparison for a selection of legged robots (Spröwitz

et al., 2013, 2018; Bhounsule et al., 2014; Hutter et al., 2014; Renjewski et al.,

2015; Kitano et al., 2016; Park et al., 2017; Liu et al., 2018) compared to the

regression for animal runners from Tucker (1975) that shows a linear regression

for the minimal COT from various running animals. Total COT values are shown

as squares, COT values where base consumption (communication,

electronics, etc.) is substracted, are shown as diamonds. The COT for the

biarticular leg is 64% of the COT of a natural runner with the same weight. All

COT values are listed in the Supplementary Material.

COT without base consumption is at 43% of the comparable
natural runner’s COT. To the best of the authors’ knowledge, the
biarticular leg shows the lowest achieved relative cost of transport
documented for all dynamically hopping and running robots
including MIT Cheetah at 68% relative COT.

The only legged robots with a lower relative COT
are Cornell Ranger (Bhounsule et al., 2014) and Cargo
(Guenther and Iida, 2017). Cornell Rangers COT of 0.19 is
20% of the COT of a comparable natural runner. Cornell Ranger
was optimized for COT efficient walking, unlike the here shown
dynamic hopping locomotion of the biarticular leg. Cargos
COT of 0.1 is 21% of a comparable natural runner. Cargo was
designed to run at its natural frequency to increase COT. We
exclude Cargo because of its non-practical ground clearance of
(Guenther and Iida, 2017, Figure 12).

With the results of this paper we create a novel, robotic
perspective on the placement and functional morphology of
elastic elements in legs. Our research raises the question whether
a transfer from the insights from this abstracted model back
to biology is possible which has not been shown or discussed
in previous research in biology. By showing the same joint
deflection behavior under similar load cases, it might be possible,
to verify the behavior of the biarticular leg in its natural role
models. By finding similar behavior we could then conclude that
the anatomy of vertebrate animals is in parts due to the functional
morphology shown in this paper. During experimentation, we
show a reflection effect that shoots the leg forward at the end of
stance phase. While not considering the effect in this study, we
will focus our future research on implementing controllers that
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utilize the effect to further reduce power requirements during the
swing phase.

Additionally, we will investigate whether the distal series
elastic element increases robustness to perturbations. To follow
up the findings in this paper we want to optimize the energy
recuperation through an investigation into the effects of posture,
segmentation and spring stiffness ratio on the elastic behavior of
the leg.

5. CONCLUSION

In this paper, we investigate the effects of a distal biarticular
elastic element. We show that a bio-inspired distal elastic
element has components that deflect in leg angle direction.
To characterize the leg we provide a mathematical model, to
show the underlying behavior. We then investigate the leg
behavior first under virtual leg axis forces. We show that the
distal elastic element provides an additional degree of freedom
to the leg. In a second step we investigate the leg behavior
under only leg angle torque. The second experiment shows
that the elastic components in leg angle direction deflect under
hip torque and store hip actuator energy. Then we show that
the leg can reconfigure its internal posture during a vertical
drop experiment. The leg adapts its posture to the loading
force, leading to a lower femur deflection. This decreases the
power requirement during drop experiments by 46% compared

to the leg with only virtual leg axis compliance. The leg angle
actuator will therefore require less torque and power to hold
the leg during stance. Last we show that the effects investigated
in reduced complexity experiments are visible in a realistic
monoped hopping experiment with combined leg angle torques
and virtual leg axis forces. In the hopping experiment we show

that the distal elastic element reduces the power requirements
by 31% and the peak torque requirements by 71%. We record a
31% reduced COT of 1.2 for our leg design of 0.9 kg at 1 m

s . The
relative COT of our biarticular leg design is 64% of a comparable
natural runner’s COT.
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A cascade control structure for the simultaneous position and stiffness control

of antagonistic tendon-driven variable stiffness actuators (VSAs) implemented in a

laboratory setup is presented in the paper. Cascade control has the ability to accelerate,

additionally stabilize, and reduce oscillations, which are all extremely important in systems

such as a tendon-driven compliant actuators with elastic transmission. Inner-loop

controllers are closed in terms of motor positions, and outer-loop controllers in terms

of actuator position and estimated stiffness. The dominant dynamics of the system

(position and stiffness), composed of the mechanical part and inner loops, are identified

by a closed-loop auto-regressive with exogenous input (ARX) model. The outer-loop

controllers are tuned on the basis of experimentally identified transfer functions of the

system in several nominal operating points for different stiffness values. After the system is

identified, a controller bank is generated in which a pair of actuator position and stiffness

controllers correspond to a nominal operating point and covers the area surrounding

the nominal point for which it is designed. The controllers used are integral-proportional

differential (I-PD) and integral-proportional (I-P) controllers, which are a variation of the

PID and PI controllers with dislocated proportional and derivative gains from a direct

to feedback branch that result to no overshoot for even fast reference changes (i.e.,

step signal), which is essential for preventing tendon slackening (meeting the pulling

constraint). Analytical formulas for controller tuning based on only one parameter, λ, are

also presented. Since position and stiffness loops are decoupled, it is possible to change

λ for both loops independently and adjust their performance separately according to the

needs. Also, the controller structure secures the smooth response without overshooting

step reference or step disturbance signal, which make practical implementation possible.

After all the controllers were designed, the cascade control structure for simultaneous

position and stiffness control was successfully evaluated in a laboratory setup. Thus,

the presented control approach is simple to implement, but with a performance that

ensures a pulling constraint for tendon-driven actuators as a foundation for bioinspired

antagonistic VSAs.

Keywords: antagonistic actuator, tendon-driven actuators, variable stiffness actuators, bioinspired robotics,

physical human–robot interaction, position–stiffness control
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INTRODUCTION

Robotics has made major strides in recent decades. They
began with the deployment of the first industrial robots in
a known environment without humans in their immediate
proximity. These robots had standard stiff actuators, while
elastic deformation in their transmission system was deemed
undesirable. The undesirable elasticity could induce oscillations,
which engineers attempted to eliminate as early as themechanical
system design stage (Potkonjak, 1988). As industry and medicine
developed, and society became more demanding, the need arose
for robots and various types of electromechanical devices and
drives, whose desired features are highlighted in application
areas such as rehabilitation aids, exoskeletons, or service robots.
New-generation robots are expected to operate in the immediate
vicinity of humans or in collaboration with humans under
dynamic conditions where the environment is unknown and
changeable. To that end, a new generation of human-like
(i.e., bioinspired) actuation is required with the first robotics
applications in biologically inspired musculoskeletal humanoids
(Diamond et al., 2012; Nakanishi et al., 2013). A number of
actuation approaches that resemble properties of muscle system
have been developed—tendon-driven and compliant drives that
require both side pulling units (antagonistic actuators). For this
to be feasible, safe interaction needs to be ensured in some way.

Progressively moving toward the next generation of robotic
actuators, the active compliance and stiff actuator shortfalls are
overcome with the development of passively compliant actuators.
Compliant actuators are often designed as serial elastic actuators
(SEAs) with constant actuator stiffness (Pratt and Williamson,
1995; Robinson et al., 1999), or as variable stiffness actuators
(VSAs) that, in addition to the position, can control stiffness at
the actuator output (Vanderborght et al., 2013; Grioli et al., 2015).
Compliant actuators were developed in response to the need
to ensure robot compliance and, consequently, safe interaction
with the environment and primarily with humans. One of
the compliant actuator advantages is that in the event of a
collision with the environment, there is no need to wait for the
controller to react. Instead, the impact energy is instantaneously
absorbed and stored in the actuator’s transmission system
through deformation of elastic elements. This reduces the effects
of interaction forces and ensures safe human–robot interaction.
Compliant actuators are more energy efficient because they can
utilize the stored energy, which is especially useful in the case
of repetitive tasks. When compliant actuators release the stored
energy, they exceed stiff actuator performance with regard to
peak velocity (Lakatos et al., 2014).

Robots, in general, are designed for specific tasks and specific
movements within those tasks. Rigid robots can simultaneously
control position and stiffness only with additional feedback
loops. The solution for this problem is in the biologically
inspired actuator design approach, where actuation is based on
the principles of antagonism (antagonistic controlled stiffness),
copied from humans and animals and implemented in robots
(Migliore et al., 2005; Koganezawa et al., 2006; Jovanovic et al.,
2014). Therefore, antagonistic actuators are the bioinspired

solution for VSAs, which should bring robot actuation closer

to superior human actuation mastered through the evolution.
This approach in actuator design improves the quality and
variety of robotic movements. Results from Migliore et al.
(2005) present loop control of antagonistic VSA, where achieved
and commanded position and stiffness have a high level
of correlation.

Observing the actuation of living creatures evolved through
the centuries, contemporary robot joints are often tendon driven
(Mizuuchi et al., 2002; Potkonjak et al., 2011b). The drives
are relocated from the joints, and the joints are controlled
by tendons wound on reels. The following are some of
the implemented tendon-driven robots: the tendon-controlled
humanoids Kenshiro, with 64 joint degrees of freedom (DOFs);
Kengoro, with 114 joint DOFs without hands (Nakanishi et al.,
2012; Asano et al., 2016, 2017); and ECCEROBOT (Wittmeier
et al., 2013), which is a fully anthropomorphic, compliantly
driven robot. Relocation of the actuators from the arms to the
body of the robot reduces the inertia of the arms, which are then
lighter and require less energy for control, but elastic elements
cause more pronounced oscillations. Some of the challenges
are to design an adequate control strategy for this type of
actuator, taking into account its non-linearity originating from
the condition for the system to have non-linear transmission
so that stiffness can be controlled (Van Ham et al., 2009)
and to avoid slacking through minimal pre-tensioning of the
springs (Potkonjak et al., 2011a). In addition to VSA position
and stiffness control in antagonistic actuators such as dynamic
feedback control law for input–output decoupling and full state
linearization (Palli et al., 2007), or the non-interacting static
feedback linearization (Palli et al., 2008), both only validated
in simulations, it is possible to apply concepts such as puller–
follower (Potkonjak et al., 2011b), where the position and
tension forces in the tendons are controlled instead of the
VSA position and stiffness in order to preserve tension in
tendons. Tendon-drivenmechanisms can offer additional control
flexibility by exploiting configurations with redundant non-linear
elastic tendons, considering conditions under which the joint
stiffness is adjustable (Kobayashi et al., 1998).

Newer research is focusing on deriving the control methods
for simultaneous position and stiffness control such us feedback
linearization for decoupled position and stiffness control with
momentum-based collision detection (De Luca et al., 2009),
impedance control with static decoupling (Wimbock et al., 2008),
or the puller–follower concept where controllability issues are
overcome by switching to force–position control (Potkonjak
et al., 2011b). However, all abovementioned approaches miss
experimental validation, which will make wide use of the
presented research. Adaptive neural network control of tendon-
driven mechanism is experimentally validated (Kobayashi and
Ozawa, 2003), but it highlighted stability issues with the presence
of the unmodeled dynamics.

This research was motivated by the wish to arrive at a
simple, efficient, and robust control system, which can be
applied regardless of the type of antagonistic VSA, based on
the identification/estimation of the model of the system. The
focus of this paper is on the antagonistic tendon-driven type of
VSA. The implementation and testing of the proposed cascade
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control structure with the engineering control approach to an
antagonistic actuator is the first step in controlling the broader
class of VSAs. The objective is for the control structure to
properly control the tendon-driven antagonistic actuator, with no
prior knowledge about the model—only some actuator physical
parameters that are easy to measure are considered known
(i.e., dimensions of motors and actuator pulley radiuses), which
will be discussed below. The motivation also traces to earlier
activities and papers of the authors in the areas of modeling
(Jovanovic et al., 2014) and control (Potkonjak et al., 2011a,b) of
antagonistically driven robots. There is some research presenting
the successful implemented simulations of position–stiffness
control of antagonistic VSA: backstepping control implemented
to an antagonistically driven finger with flexible tendons (Chalon
and d’Andréa-Novel, 2014), or joint impedance controller with
underlying tendon force control that was proposed in Chalon
et al. (2011), in both cases, control structure is derived using the
analytical model. Nowidely accepted practical implementation of
these methods has been accomplished due to major dependence
on the control model, such that the present paper constitutes
an upgrade toward the implementation of simultaneous stiffness
and position control. Issues in practical implementation for
control of antagonistic actuators with the elastic transmission
with cascade scheme were pointed out in Lukic et al. (2018).
In this paper, the issues are resolved by closed-loop parameter
identification and, consequently, the design of robust control
scheme with guidelines for parameter tuning. Control structure
with a decoupler enables independent control loops for actuator
position and stiffness, where controller parameters in each loop
are tuned with a variation of only one tuning parameter λ (in
general, position and stiffness loop have different λ). Therefore,
trade-off between performances and robustness is made by
tuning λ. A more detailed explanation of controller tuning and
its influence on performances will be presented in the section
Antagonistic VSA Cascade Position/Stiffness Control.

In line with all that was previously stated, the presented
research introduces a conventional engineering control approach
to a bioinspired tendon-driven compliant antagonistic actuator
as a concept of new widely accepted safe and efficient
robot solution within a human-centered environment. The
contribution of this paper is an experimentally validated
approach for position–stiffness control of antagonistic VSA. The
control is implemented without knowing the exact mathematical
model of the actuator (i.e., parameters of non-linear spring
characteristics, the transfer function of DC motors, gearbox
efficiency coefficient, friction, etc.) but using widely accepted
model identification tools for actuator system modeling. Thus,
the approach can easily be applied to other types of antagonistic
VSAs since the exact VSA parameters are rarely manufactured
to fully match its mechanical design due to the complexity
of their structure. The paper proposes a control scheme and
procedure for controller tuning of antagonistic VSAs that is easy
to implement while keeping tendons under tension to prevent
slacking. The identified transfer functions present locally linear
behavior of the system; thus, controllers are tuned to satisfy
stability criteria for linear systems with a certain amount of
robustness. The control design is simplified to the selection

of one parameter for trading-off between performances and
robustness, which shapes all the parameters in the introduced
control structure.

In our approach, we presented a cascade control structure for
position–stiffness control of antagonistic VSAs, where controller
tuning is achieved based on an identified system dynamic. The
cascade control structure gives better performance for reference
tracking than the classical single-loop control system (Song et al.,
2003). Our approach gives a simple procedure for control design
through the tuning of free parameter λ. Some papers (Matausek
and Sekara, 2011; Sekara et al., 2011; Boskovic et al., 2017) give
insight into how controller parameters are tuned as a function of
the parameter λ. Our approach requires no prior knowledge of
the system model nor higher-order derivatives, and it is easy to
implement to a real setup.

The decentralized trajectory tracking (Della Santina et al.,
2017; Angelini et al., 2018) is a method where the feedforward
component is learned in an iterative procedure to have a good
trajectory tracking performance while minimizing the influence
of the feedback component. Feedforward control does not
affect robot stiffness; thus, natural robot softness is preserved.
Shortcomings of this method, compared to ours, are that for
every new trajectory, it is necessary to repeat the learningmethod,
which can take a lot of time.

The elastic structure preserving (ESP) and ESP+ control
approaches (Keppler et al., 2018) change plant dynamics less than
feedback linearization-based control and aim to minimize the
dynamic shaping and preserve the elastic structure of the system.
The limitation of this approach is that the model-based control
law requires higher-order derivatives of link positions, while in
our case, a control law ismodel free and exploits only information
of actuators and link positions.

Section Antagonistic VSA Drive: Prototype and Modeling
of the paper describes the general structure, mathematical
model, and physical implementation of the laboratory setup
of the bioinspired antagonistic VSA, as well as the way in
which the system was identified. The cascade control structure
and controller tuning are discussed in the section Antagonistic
VSA Cascade Position/Stiffness Control. The section Experiment
Results contains the experimental results, and the section
Conclusions summarizes the conclusions and directions of
future research.

ANTAGONISTIC VSA DRIVE: PROTOTYPE

AND MODELING

Figure 1A shows the mechanical configuration of an antagonistic
VSA developed in the ETF Robotics Laboratory of the University
of Belgrade. The laboratory setup comprises (1) a link; (2) a non-
linear compression springs with a quadratic characteristic; (3)
two Dunker GR42X25 DC motors with Dunker SG45 gearbox,
ratio 15:1; (4) a sliding mechanism for pre-tensioning; (5)
two TAL501L force sensors made by HT Sensor Technology,
which measure tendon tension; (6) an ISC3806-003E-1000BZ3-
5-24F incremental rotary encoder for actuator position tracking;
and (7) two DHC40M6-2000 incremental rotary encoders for
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FIGURE 1 | (A) Laboratory hardware configuration of the tendon-driven antagonistic variable stiffness actuator: (1) actuator link; (2) non-linear compression springs;

(3) DC motors; (4) sliding mechanism for pre-tensioning; (5) force sensors; (6) actuator incremental encoder; (7) gearbox shaft incremental encoders; (8) magnetic

sensor; (9) magnets; (10) safety circuit; (11) power source; and (12) pedestal. (B) Block structure of the tendon-driven variable stiffness antagonistic actuator. Blue

denotes encoders, red magnets and the magnetic sensor, and orange force sensors. Force (dashed orange lines) and actuator and motor position (dashed blue lines)

measurements are interfaced with the computer via the NI-PCIe6323 acquisition card. Computed control signals are forwarded via analog outputs of the acquisition

card to the safety module. The safety module operates independently and acquires force sensor data and end-position magnetic sensor data (dashed red line).

position tracking at the gearbox outlet; (8) an end-position
magnetic sensor; (9) magnets; (10) a safety circuit; (11) a power
sources; and (12) a pedestal.

The structure of the actuator is attached to a plate acting
as a pedestal of the apparatus. The antagonistic drive itself is
positioned on sliders used to adjust spring pretension. This also
facilitates spring replacement and pre-tensioning, if springs of
different lengths and characteristics are to be used. The apparatus
was sized such that the link radius at the gearbox outlet is rm =

7.5mm and the actuator radius rj = 75mm. Signals are acquired
by a National Instruments NI-PCIe6323 acquisition card with
analog outputs for motor control.

Figure 1B is a block structure of the antagonistic VSA. Force
(dashed orange lines) and actuator and motor position (dashed
blue lines) measurements are interfaced with the computer via
the NI-PCIe6323 acquisition card. Computed control signals are
forwarded via analog outputs of the acquisition card to the safety
module. The safety module operates independently and acquires
force sensor data and end-position magnetic sensor data (dashed
red line). If all signals are within prescribed boundaries, the
control signals are forwarded to the motors, and if the actuator
position or tension exceeds the permissible level, the motors
immediately shut down to prevent damage to the apparatus.
The control structure was implemented in a Matlab/Simulink
Real-Time environment.

MATHEMATICAL MODEL OF

ANTAGONISTIC VSA

The tendon-driven antagonistic VSA operates in such a way that
motor rotation around outlet shaft groves causes the tendons
to wind/unwind and, thus, compress/decompress the springs.
Simultaneous compression increases actuator stiffness, while
winding of one tendon and unwinding of another changes the
position. In order to control antagonistic actuator stiffness, the
stiffness in the transmission mechanism (in this case spring)
between the motor and the link needs to be non-linear, with a
monotonously incremental force relative to extension (Van Ham
et al., 2009). The pair of springs used in the apparatus were
custom-made. The requirements were that they be identical and
have a monotonous growing force/elongation characteristic.

Spring elongations ∆lA and ∆lB of the antagonistic actuator
are defined by:

∆lA = rmθA − rjq (1)

∆lB = rmθB + rjq (2)

where the positions of the actuator, motor A and motor B are q;
θA, and θB, respectively.
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Force/elongation characteristic can be represented in a
polynomial form as:

FA =
∑n

i=0
ki∆l

i
A (3)

FB =
∑n

i=0
ki∆l

i
B (4)

where FA and FB denote forces that compress the springs, where
ki for i = 1 . . . n, polynomial coefficients, and n is the order of
the polynomial.

The schematics of the variable stiffness antagonistic actuator
is depicted in Figure 2, while a model that describes actuator
dynamics and the dynamics of motors A and B is given in
Equations (5) to (7):

Jjq̈+ Bjq̇ = ϕ
(

θA, θB, q
)

(5)

Jmθ̈A + Bmθ̇A + φ
(

θA, q
)

= τmA (6)

Jmθ̈B + Bmθ̇B + ψ
(

θB, q
)

= τmB (7)

where Jj and Jm are actuator and motor inertia, respectively. Bj
and Bm symbolize the equivalent viscous friction in the actuator
and motors, respectively. The torques of motors A and B are
denoted by τmA and τmB, respectively, and can be represented as:

τmA = µN
Kmu

Ls+ R
UA (8)

τmB = µN
Kmu

Ls+ R
UB (9)

where L and R are induction and resistance of a motor,
respectively. Kmu; N, and µ symbolizes the motor torque
constant, gearbox reduction ration, and gearbox coefficient
of efficiency, respectively. UA and UB are voltage inputs
on motor A and motor B, respectively. The s is Laplace
transformation operator.

The equivalent actuator torque and parts of the actuator
torques originating from the elastic springs connected with

FIGURE 2 | Schematics of antagonistic tendon-driven VSA.

motor A and motor B are ϕ; φ, and ψ , respectively (shown in
Equations 10–13):

φ
(

θA, q
)

= rmFA (10)

ψ
(

θB, q
)

= rmFB (11)

ϕ
(

θA, θB, q
)

=
rj

rm

(

φ
(

θA, q
)

− ψ
(

θB, q
) )

(12)

by combining Equations (10) to (12), Equation (13) for actuator
torque follows:

ϕ
(

θA, θB, q
)

= rj (FA − FB) (13)

Actuator’s stiffness S is defined by Equation (14).

S = −
∂ϕ

(

θA, θB, q
)

∂q
(14)

The equilibrium position of the actuator qe for the symmetrical
system shown in Figure 1, based on known geometric relations
and symmetry, is:

qe =
rm (θA − θB)

2rj
(15)

The expression for actuator stiffness is derived by combining
Equations (3) and (4) with Equations (13) to (15):

S = 2r2j

∑n

i=1

i

2i−1
kir

i−1
m (θA + θB)

i−1 (16)

PARAMETER ESTIMATION

In order to make the approach versatile and applicable
to a different kind of antagonistic VSAs, several main
actuator characteristics have to be estimated. Initially, each
individual drives and gearing have to be identified as a
core of the internal loop. Elastic transmission elements
determine the actuator dynamics, and consequently, they
have to be well-estimated for the control purposes as
well as for the evaluation of the actuator performances.
Finally, for the sake of reliable and robust position and
stiffness control, outer loops that comprise inner loops,
elastic transmission, and actuator mechanical design have to
be identified.

Fast system dynamics is determined by the electric drive and
its gearbox. The goal of the control approach is to accurately
and promptly control antagonistic drive positions so the outer
position and control loops are preserved. In order to tune
the inner loop, the parameters of the assumed geared motor
transfer function Gm (s) were identified. The transfer function
was assumed to be a second-order transfer function without
time delay, where voltage is the input and motor position
the output. The parameters were estimated by first estimating
those of the motor speed transfer function, without payload,
described as a first-order transfer function without time delay,
which is a common approximation in engineering. In general,
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velocity/voltage transfer function of the motor gearbox set is a
second-order transfer function with two real poles on the left
side of the complex plane, where one pole is determined by
electric characteristics and the second pole is determined by
mechanical characteristics. The mechanical component of the
system is significantly slower than electrical; thus, its dynamic
behavior is dominant and transfer function can be estimated as a
first-order transfer function (Leonhard, 2001; Ogata, 2009). Gain
Km and time constant Tm were estimated from the input specified
as a step signal and from the motors’ velocity step response.
Then, an integrator was added to the resulting transfer function
because the position is the integral of speed. In accordance with
the adopted first-order transfer function, gain Km is estimated
as the ratio between the input voltage and output velocity,
while time constant Tm presents the time required to motor
reach 63.21% of the steady-state value. Identification experiments
were executed for several input amplitudes. Parameters Km

and Tm were estimated as mean values of all experimental
results, while there were no significant deviations from the
mean values. Hence, the motor transfer function Gm (s) with
estimated parameters is:

Gm (s) =
Km

s (Tms+ 1)
(17)

where Km = 2.86 is the estimated gain factor and Tm = 0.22 is
the estimated time constant.

Actuator dynamics and its stiffness are determined by
elastic elements used in the transmission. In order to estimate
actuator stiffness according to (16), spring parameters need
to be estimated as well. If actuator elastic elements/springs
are changed, spring parameters must be estimated again.
To accurately determine the spring coefficients, the spring
characteristic was captured by measuring forces and spring
elongations at different loads. The fits of the spring function
for 2nd-, 3rd-, and 5th-order polynomial satisfying the least
square error are shown on the top plot, while estimation
errors are shown on the bottom plot in Figure 3. As expected,
with polynomial order increase, estimation error decreases.
From the observation of the measurement and polynomial
approximations, the 2nd-order produces error <0.85N and the
higher polynomial order do not decrease error significantly. For
controlling the tendon-driven actuators, there is always some
minimal tension required in tendons (non-linear springs); thus,
the amplitude of errors will be relatively small in comparison with
the amplitudes of working forces (Potkonjak et al., 2011b). The
2nd-order polynomial model presents the compromise between
the accuracy on the one side and its easy implementation
on the other side. In cases when this error amplitude is
not negligible, the higher-order model must be used. The
resulting coefficients are k0 = −2.498 N, k1 = 331.49N/m,
and k2 = 8543.8N/m2.

Finally, actuator performances depend on its
electromechanical design as a whole. Figure 4 shows the
structure of the system whose dominant dynamics is
identified. The system is composed of the mechanical part
of the antagonistic VSA and motor position inner loops. The

FIGURE 3 | Top plot: The fitting curves for compression spring with non-linear

force/elongation characteristic for 2nd, 3rd, and 5th order polynomial model

satisfying the least square error and. Bottom plot: Estimation errors of spring

force/elongation characteristic for 2nd, 3rd, and 5th order polynomial.

system inputs are reference motor positions, and the outputs
are actuator’s stiffness and position. The transfer functions of
real systems, which are continuous in nature, based on periodic
discrete measured data (from computer or microcontroller),
can readily be represented by a discrete equivalent such as
the ARX model (autoregressive model with exogenous inputs)
(Jansson, 2003). Identification was undertaken in a closed loop
as described in Mataušek and Šekara (2014) and Hjalmarsson
(2005), and it is shown in Figure 5. Close loop identification is
required to reduce the effect of sensor noise and avoid output
drift (Skogestad and Postlethwaite, 2001), which cannot be
achieved through the open-loop identification.

Figure 5 depicts the force control loop used only for
the identification of outer loop transfer functions—actuator
position [Gq (s)] and stiffness [GS (s)]. The control loop for
identification consists of controller Cp(s) and transfer function
Gp (s) that include both actuator position and stiffness transfer
function: Gq (s) and GS (s). Transfer function Gp(s) includes
the mechanical design of the antagonistic actuator with elastic
transmission elements and inner loops as shown in Figure 4.
Controller Cp(s) controls the tendon tension force in the outer
loop around a nominal point. For identification purposes,
controller Cp(s) in the outer loop does not need to be optimally
tuned but stable. In general, the feedback need not to be same as
the output variable, which is being identified, it only needs to be
stable in order to avoid output drift and keep the system around
a nominal setpoint. Also, closed-loop identification is carried out
to reduce the influence of sensor noise and therefore improve
identification. Based on the inputs and the outputs of the system
Gp(s), dominant dynamics of the actuator position and stiffness
is identified.

The system shown in Figure 4 has two inputs: motor positions
θA and θB, and two outputs: actuator position and stiffness q
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FIGURE 4 | Part of the control system whose dominant dynamic needs to be identified. This part of the control structure consists of system mechanics and inner

motor position loops.

FIGURE 5 | Tendon tension force closed-loop. Block diagram for experimental estimation of actuator outer loops—(actuator position and stiffness). Identifying

dominant dynamics represented as a transfer function for the position—Gq (s) and stiffness GS (s) are grouped in Gp (s).

and S. Given that the system is symmetrical and that both inputs
contribute equally to the output, identification is undertaken with
respect to only one motor, while the other is kept still. Without
loss of generality, it is deemed that θB = 0.

Since the system is non-linear, it was identified in the vicinity
of several operating points, for tension forces of 10, 20, 30, and
40N, which correspond to the estimated stiffnesses of 8.24, 10.55,
12.43, and 14.06 Nm/rad, respectively. The stiffness range is
limited by the properties of the actuator design and compression
springs, which are fully compressed at 50N. However, the
proposed control approach is invariant to the stiffness range.

While the outer loop keeps the system at a nominal
tension force, a low-amplitude PRBS (pseudorandom binary
sequence) signal is added to the input-desired motor position,
just enough for its effect to be visible at the output and
distinguishable from sensor noise (Polóni et al., 2008). The
PRBS with a sampling period of 1ms was applied. The
one sequence of the PRBS signal consists of binary signals
generated under defined rules (rules for generating the
PRBS signal refer to the shift registry and polynomial rules
based on the signal length–number of samples within one

period) (MacWilliams and Sloane, 1976), with the property of
constant amplitude spectrum that excites the system on all
frequency equally.

Based on the measured input of the system Gp(s) (motor A
reference position of θAref ) and output (actuator position, q;
stiffness, S; and tendon tension force, F), the ARX model was
used to identify the dominant dynamics for actuator position and
stiffness at each of the nominal values. The dominant dynamics
is the lowest-order polynomial transfer function whose response
adequately mimics the real response of the system. Table 1

shows the estimated transfer functions of the system for position
Gq (s) and stiffness GS (s) of the antagonistic actuator at various
nominal points obtained through identification, whereGq (s) and
GS (s) are grouped in Gp (s) from Figure 5.

Results are divided into two groups: first- and third-order
estimations of the transfer function. All estimated function of
the third order has one real pole and one pair of conjugated
complex poles. A pair of conjugated complex poles produces
some oscillatory dynamics, but the real pole is at much lower
frequencies; thus, this dynamics is dominant and system transfer
function can be approximated as the first-order transfer function.
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TABLE 1 | Estimated transfer functions for actuator position Gq (s) and stiffness GS (s) in various nominal points.

Nominal 1st order estimation 3rd order estimation

Gq(s) GS(s) Gq(s) GS(s)

F = 10N 0.0498
0.64s+1

1.17
0.57s+1

0.0498
(0.64s+1)(7.329*10−5 s2 + 0.05747 s + 1)

1.17
(0.57s+1)(2.3*10−5s2+1.6*10−3s+1)

F = 20N 0.0484
0.78s+1

2.826
1.19s+1

0.0484
(0.78s+1)(4.919*10−5 s2+ 0.04688 s + 1)

2.826
(1.19s+1)(2.1*10−5s2+2.2*10−3s+1)

F = 30N 0.0495
1.58s+1

1.821
0.62s+1

0.0495
(1.58s+1)(3.475*10−5 s2 + 0.03309 s + 1)

1.821
(0.62s+1)(1.3*10−5s2+4.2*10−3s+1)

F = 40N 0.0491
2.98s+1

1.47
0.43s+1

0.0491
(2.98s+1)(2.2*10−6s2+1.07*10−2s+1)

1.471
(0.43s+1)(7.7*10−6s2+7.4*10−4s+1)

The predominance over the oscillatory dynamics could be
explained by the existence of the inner loop controller, which
shapes on overall input/output dynamics.

ANTAGONISTIC VSA CASCADE

POSITION/STIFFNESS CONTROL

The control structure is realized as a cascade control structure
for simultaneous position and stiffness control, which is shown
in Figure 6. Compared to a single feedback loop and having in
mind that the inner and outer loops rely on the same control
elements (DC motors), the cascade structure contributes to
better performance of the system because the inner loop is
designed to act locally and to always be faster than the outer
loop (Skogestad and Postlethwaite, 2001). Furthermore, due to
its faster dynamics, the inner loop adjusts DC motor behavior to
tackle non-linearities (including friction) ahead of the outer loop,
thereby minimizing negative effects of the tendon slackening,
which is a crucial control issue in tendon-driven actuators (Lukic
et al., 2018). The cascade structure removes a disturbance more
effectively, thus achieving a faster response of the entire system
and reducing oscillations, all of which are of major importance
for tendon-driven robots to enable practical implementation.
Thus, since the inner loop makes more rapid adjustments,
the outer loop can be tuned more conservatively (Song et al.,
2003). This is of particular importance since theoretical control
approaches require smooth position and stiffness generation to
the high-order derivatives.

The cascade control structure shown in Figure 6 comprises
(1) a mechanical system with the antagonistic drive; (2) two
motor position inner loops; (3) actuator position outer loop;
(4) actuator stiffness outer loop; and (5) a static decoupler that
computes reference motor positions for the desired actuator
position and stiffness.

All controllers used in the inner and outer loops are integral-
proportional differential (I-PD) or integral-proportional (I-P)
controllers, with a filter (which filters out the sensor noise and
ensures causality of the controller transfer function) (Åström
and Hägglund, 2006; Shamsuzzoha and Lee, 2007). Introduced I-
PD/I-P controllers facilitate appropriate parameter tuning, such
that the performance of the closed-loop systems is satisfactory
in terms of bandwidth, trajectory tracking, robustness, and
disturbance rejection. Note that the bandwidth of the system is

limited, and system response cannot be acceleratedmore than the
mechanical properties allow.

Static decouplerD (Figure 6) reproduces the actuator position
and stiffness at the output of the outer loop controllers qcont
and Scont in reference motor positions θAref

and θBref . It is based
on the estimated relations for the position (15) and second-
order polynomial for stiffness (16) of the actuator in the state
of equilibrium.

θAref
=

rj

rm
qcont +

Scont − 2k1r
2
j

4k2r
2
j rm

(18)

θBref =
−rj

rm
qcont +

Scont − 2k1r
2
j

4k2r
2
j rm

(19)

Equations (17) and (18) can be written in matrix form as:

[

θAref

θBref

]

= D





qcont
Scont
1



 (20)

D =





rj
rm

1
4r2j rmk2

−k1
2k2rm

−rj
rm

1
4r2j rmk2

−k1
2k2rm



 (21)

where matrix D is the system decoupler and 2k1r
2
j is the

minimum actuator stiffness derived from the estimated spring
model under the pulling constraint.

In cases when stiffness is presented as higher-order polynomic
or a complex non-linear equation (Catalano et al., 2011), it is not
possible to present an analytical solution for decoupler function.
Thus, the mapping between motor positions and actuator
stiffness can be achieved with a lookup table or using some
computing tool such as a neural network (Lukic et al., 2016).

The following part of this section introduces guidelines
for inner and outer loop control design using complementary
sensitivity function shaping. Following the control approach
presented in Matausek and Sekara (2011), Sekara et al. (2011)
and Boskovic et al. (2017), dynamic behaviors of the closed-
loop systems are directly affected by the parameter λ as an only
tuning parameter. Therefore, complementary sensitivity function
shaping enables easy control design of the controller, its easy
adaptation to the changes in the system, and its desired behavior
by changing parameter λ. Lower values of λ mean faster closed-
loop dynamics, but higher gains and, therefore, higher amplitude
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FIGURE 6 | Cascade control structure for simultaneous position and stiffness control of antagonistic tendon-driven actuator. The control structure comprises: (1) a

mechanical system with the antagonistic drive; (2) two motor-position inner loops; (3) actuator-position outer loops; (4) actuator-stiffness outer loops; and (5) a static

decoupler that recalculates reference motor positions for the desired actuator position and stiffness.

peaks in the control signal, and lower λ will provide slower
system dynamics with longer but lower amplitude control signals.
Some papers (Matausek and Sekara, 2011; Sekara et al., 2011;
Boskovic et al., 2017) give insight into how controller parameters
are tuned as a function of the parameter λ and its influence on
the closed-loop dynamics. From these papers, rules for controller
parameter tuning and closed-loop dynamics behavior shaping
even for higher-order systems with parameter λ can be extracted.
However, for the purpose of this paper, the only dynamical
behavior of the first- and the second-order systems is required.
The procedure for the derivation of controller parameters is given
in Appendix A.

TUNING OF INNER LOOP CONTROLLERS

This section introduces guidelines for tuning of the inner
control loop–motor position control. Taking the parameters
of the transfer function from Wittmeier et al. (2013), a
robust I-PD controller was designed to reject disturbances and
minimize the integral of the absolute error according to existing
analytical formulas for several typical second-order systems,
introduced and mastered by the third author (Matausek and
Sekara, 2011; Sekara et al., 2011; Boskovic et al., 2017). Table 2
shows the controller parameters as functions of system (motor)
parameters and tuning parameter λ, whose tuning affects system
performance and robustness.

The controller was designed to satisfy the desired sensitivity

function msm, defined as msm = max
ω

∣

∣

∣

1
1+Gm(jω)Cm(jω)

∣

∣

∣
, where

Cm

(

jω
)

is the controller that regulates the operation of the
motor. The actuator range used in the experiments is 180 deg,
which corresponds to 10 times wider motor range according to
joint/motor pulley radius [see Equation (15)]. Another constraint
in the experiments is the stiffness range (8–15 Nm/rad). The
constraints are caused by the mechanical design of the actuator.
Maximal disturbance introduced as an additional spring tension
in robustness testing is 50N, which corresponds to 0.375Nm
torque disturbance at the gearbox shaft. The valuemsm = 1.4 was

TABLE 2 | I-PD and I-P controller analytical formulas for identified motor transfer

function and first-order transfer function without time delay (GS(s) and Gq(s)).

Process Gm (s) GS (s) /Gq (s)

Transfer function form Km
s(Tms+1)

K
(Ts+1)

kp
4T2m

Kmλ2 (4Tm−λ)
2
Kλ

ki
T2m

Kmλ3 (4Tm−λ)
T

Kλ2

kd
6T2m−λ(4Tm−λ)

Kmλ(4Tm−λ)
–

kr bkp; b ∈ [0− 1]

tf
Tmλ

4Tm−λ
–

determined experimentally; in such a way that it is a good trade-
off between trajectory tracking performance and robustness. The
desired value ofmsm for motor transfer function identification is
achieved at λ = 0.0854. The controller parameter kr can be tuned
in the (0 − kp) range, and the value of parameter b is in the (0–
1) range. If b is higher, when the reference changes, the system
will respond more quickly but the overshoot will also be larger.
Without loss of performance in terms of disturbance rejection
and robustness, b = 0 and, hence, kr = 0 is selected. Rejection
of the overshoot is an essential requirement in the inner loop,
which should prevent oscillation in compliant tendon-driven
actuation. Since the system is symmetrical, both motors have the
same controllers.

TUNING OF OUTER LOOP CONTROLLERS

This section introduces guidelines for tuning of the outer
control loops–actuator position and stiffness control. For transfer
functions of the first and third orders for position and stiffness
given in Table 1, in each case, the dominant behavior is well-
defined with its first-order transfer function; thus, the dominant
dynamics can be represented as a first-order transfer function
without time delay, with static gain K and time constant T.

Given that the transfer functions were identified as first-order
transfer functions without time delay, the outer loop controllers
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were tuned like I-P controllers according to Boskovic et al.
(2017). The I-PD/I-P controllers are variations of the PID/PI
controllers, where the proportional and derivative gains from
the direct branch are dislocated to the feedback branch, and
it will reflect to no overshoot even for fast reference changes
(i.e., step signal); thus, it will keep tendons under tension and
prevent the slacking. Here, λ is again a tuning parameter that
can be used to tune the response rate. The advantage of these
controllers is that by tuning just one parameter, it is possible to
make a balance between performance and robustness. The λ is
a monotonic parameter, which means that a lower value always
means a lower closed-loop system time constant and, therefore,
faster response, but less robustness. For higher values of λ,
results are opposite. Another benefit of centralized controller
tuning is the avoidance of actuator saturation, which could
deteriorate pulling constraint and performances of a tendon-
driven system, especially if it comprises elasticity. To that end, a
decrease inλ leads toward actuator limits and uses of full actuator
range. Online changing of λ allows the implementation of gain
scheduling depending on desired performances and response rate
for different operating points. If the identification process reveals
a more complex dominant dynamic, with multiple poles, the
analytical formulas for the controller parameters can be derived
as described in Matausek and Sekara (2011). Table 2 shows
the analytical formulas for I-P controller tuning. To achieve a
satisfactory response rate without overshoot, λ = 0.2 and b = 0
were adopted for all position and stiffness controllers and present
initial tuning.

Given that the decoupler introduces a gain between the outer
loop controller output and the reference positions of the motor,
in order to retain the performance of the designed controllers,
gains kp; ki, and kr need to be divided by the gains introduced
by the decoupler. According to the decoupler values from (20),
actuator position gains should be divided by

rj
rm

and the actuator

stiffness controller gains by 1
4r2j rmk2

.

In the case of non-linear systems, due to different dynamics
in different operating points, controllers can be designed for
a linearized model, for each of the operating points of a set,
thus forming a controller bank or set. The set of controllers can
be used to control the system in such a way that each of the
controllers would be tasked with a part of the operating range,
for example, controller 1 would cover stiffness from S1 to S2,
controller 2 from S2 to S3, controller 3 from S3 to S4, and so on. In
this research, bumpless switching between controllers is used (the
integral component takes over the control value while switching
between two different controllers within the controller bank).
Another application is to use a certain type of gain scheduling,
where controller gains are computed as a linear combination of
the two nearest controllers, depending on the nominal for which
they were designed and on the desired value.

It is of most importance to ensure a pulling constraint and
avoid tendon slacking. Therefore, outer loops could be easily
prioritized to ensure pulling constraint by making position
control slower than stiffness control, which guarantees no
slacking and, thus, allows validation on the laboratory setup. This
can be achieved by adjusting the parameter λ separately for each

of the outer loops, since the response time is proportional to
the parameter λ for each loop individually (Sekara et al., 2011).
Thus, this parameter dictates the response dynamics by trading
off between the robustness and performance.

EXPERIMENT RESULTS

Performances of controllers are verified in two experiments. The
first experiment is position and stiffness tracking while their
references are changing separately. In this scenario, actuator
stiffness is estimated based on (13). In the second experiment,
actuator stiffness/compliance control is validated by tendon force
measurements, and therefore, stiffness is estimated directly from
actuator torque and position measurement (12).

Figure 7 presents the results of the first experiment.
Figures 7A,B show actuator position and stiffness tracking,
where the controller was designed for a nominal operating point
of S = 10.55 Nm/rad. First, the position reference was specified
as a step signal sequence in the range from –π /3 to π /3, while
stiffness remained at 10 Nm/rad, and then, the position was held
constant while stiffness was varied as a pulse signal in the range
from 8 to 14 Nm/rad. Figure 7C depicts the control signals of the
motors. As expected in the case of actuator position tracking, one
motor winds the tendon, while the other unwinds it, as evidenced
by the control signals that have the same amplitude with different
signs. When stiffness changes, both motors have identical control
signal amplitudes because they simultaneously compress and
decompress the springs, such that the results are as anticipated.
Figures 7D–F show the results when the actuator position and
stiffness references were changed consecutively, without time
delay, so that both variables were stationary before the reference
changes. The results depict position and stiffness tracking, as well
as system decoupling, all together with the control effort.

In the second experiment, actuator stiffness tracking is
evaluated by measuring tendon forces and actuator position. To
test the stiffness, the reference actuator position was set at 0
and the reference stiffness at 10 Nm/rad. In this case, only the
stiffness controller is used in the outer loop to achieve compliant
behavior. The actuator position control is in the open loop, where
regulation relies on the geometrical relation (14) implemented
through the static decoupler D. Therefore, outer position loop is
not aware of the externally applied torque. Trajectory tracking
performance will depend on the accuracy of the motor and
actuator radii as geometric actuator parameters, which are easy
to measure. The torque that acts on the link in the state of
equilibrium is equal to 0, such that disturbance Fext , which is a
manually entered force that acts tangentially on the actuator link,
was measured as the difference between the forces that act on the
actuator, measured in the stationary state:

Fext = FA − FB (22)

Instead of a derivative (12), can be represented by means of a
linear approximation, as the quotient of the torque change and
angle change:

S = −
∆φ

∆q
(23)
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FIGURE 7 | Measurements obtained in experimental testing of a cascade control structure. Time profiles of (A) actuator position tracking at constant stiffness;

(B) actuator stiffness tracking at constant position; (C) control signals when position and stiffness are varied individually; (D) actuator position tracking when stiffness

is varied; (E) actuator stiffness tracking when position is varied; and (F) control signals when position and stiffness are varied simultaneously.

Note that externally applied torque is related to externally applied
force by a scale factor rj, so actuator stiffness will be estimated
from the applied force, which could be directly measured by
sensors. Since the nominal angle is 0, and the torque acting on
the actuator is rj (FA − FB ),

S = −
rjFext

qm
(24)

holds for (21), where qm is the instantly measured actuator
position (position displacement due to external force Fext).
Therefore, the externally applied force could be estimated
based on measured actuator position and commanded stiffness
as follows:

Fexpected = −
Sqm

rj
(25)

Given that the actuator radius rj is constant and that the
stiffness is held constant, the correlation between the force
and the position change is also constant. Figure 8A shows
measured actuator positions q. The external force Fext , which
is the difference between measured forces FA and FB, and
the expected force Fexpected based on (23) for the measured
position and commanded stiffness are depicted on Figure 8B.

It is apparent that the shape of all the graphics is the same and
that there is a high level of correlation, but that there are minor
deviations between measured and expected forces, as shown in
Figure 8C. The amplitude of the differences is relatively small.
The differences occur because (22) and (23) are only linear
approximations and the stiffness expression is derived according
to (13), which is based on spring parameter approximation.
The computed root mean square error (RMSE) for the signal
from Figure 8C is 2.239N. This may seem like a relatively high
value, but considering that used force sensors have a time delay
(10–15ms), and expected force is computed based on encoder
measurements that do not have a time delay, these two signals
are not aligned and therefore measured errors and obtained
RMSE are presented larger than they really are. Similarly, the two
springs are not exactly identical and that introduces additional
errors into the modeled system. This experiment demonstrates
the practical evaluation of the antagonist VSA stiffness tracking.

CONCLUSIONS

Looking toward future robot actuators that comprise intrinsic
compliance for safety and energy efficiency, tendon-driven
actuation for reducing robot inertia, and antagonistic
configuration with non-linear transmission for enabling
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FIGURE 8 | Measurements obtained when an external force is applied. Force is applied manually to create displacement from the actuator’s nominal position.

Time profiles of: (A) actuator position; (B) interaction force Fext and expected force Fexpected ; and (C) difference between interaction force Fext and expected

force Fexpected .

bidirectional moves and variable actuator stiffness/compliance,
this paper elaborates design and control of tendon-driven
compliant antagonistic VSA that can be applied on all
antagonistic VSAs. Since the antagonistic design of VSA,
mastered by nature through evolution, presents a foundation for
moving of humans and mammals in general, this is undoubtedly
a design of future robot actuators, which aims to work in
the human-centered environment. This research introduces a
conventional engineering control approach based on cascading
structure to a bioinspired compliant antagonistic actuator.

A cascade structure for simultaneous position and stiffness
control of an antagonistic VSA was presented and experimentally
tested in the paper. A cascade structure contributed to the
stability of the system because a proper inner-loop controller
design reduced oscillations at the output from the system,
which can occur especially in mechanical systems that feature
elastic transmission. Robust controllers were designed for motor
positions on the basis of experimental identification of the
gearbox motor transfer function. In addition, locally linearized
actuator position and stiffness transfer functions were identified
with motor position inner-closed loops, such that the controller

dynamic was included in the identification. The linear system
control theory for controller tuning was applied. A static
decoupler was designed based on an estimated spring model and
a mechanical design of the actuator.

The advantage of this approach involving system
identification is that it requires no previous knowledge
about the model of the system and no information about system
parameters, such as motor and actuator friction and inertia,
gearbox efficiency, force sensor mass, etc. Another advantage
is that it is not necessary to measure or control motor torques.
Control is achieved via voltage, and the connection between
voltage and torque is included in the dynamic that is being
identified. Only a part of the system model is required, related
to actuator stiffness and position (13) and (14), as well as (15),
whose relations were determined experimentally. Consequently,
a similar control system design principle can be applied to
different types of antagonistic VSAs.

The structure of the I-PD/I-P controllers that were used is
selected to satisfy pulling constraint of tendon-driven actuators.
The controllers were designed with the desired robustness, such
that apart from the dynamics disregarded in the identification
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process due to their minor effect, and in the case of non-modeled
dynamics occurring during continuous operation of the system
due to a change in any of the system parameters, the controllers
will maintain stability and good trajectory tracking performance.
The main feature of the applied controllers is the easy tuning
of the system performances as a trade-off between robustness
and speed/performance, by changing only one parameter—
λ. Therefore, by changing λ online, the great flexibility for
the system adaptation to different scenarios and change of
the robustness/performances for different operating points are
feasibly and easy. The robustness is of great importance in
tendon-driven compliant systems so the pulling constraint is
successfully tackled.

In order to control antagonistic VSAs more appropriately,
especially when a broader stiffness range is available, the
controller bank is used. Each controller in the bank is tasked
with covering a span around the nominal point for which it
was designed, while bumpless switching between controllers
is exploited.

Performances of controllers are verified in two experiments:
simultaneous position and stiffness tracking while their
references are changing separately while actuator stiffness is
estimated from the model, and actuator stiffness/compliance
control validated by stiffness calculated from force
measurements directly.

Extending this control structure to the other types of VSAs
requires modification of the current approach. In general, a
VSA is a two-input–two-output system. If the actuator stiffness
and position are not coupled, the actuator can be observed
as two single-input–single-output systems that can be adjusted
independently. In a more complex case, if the actuator stiffness
and position are coupled, a modification of the proposed
approach is needed. The first difference to the presented
approach is the identification procedure since input/output
dynamic behavior is not symmetric, as it is the case of the
antagonistic structure. The same cascade control structure can
be kept, but the identificationmust be conducted from both input
channels. To enable the generalization approach presented in this
paper to the wider class of the VSAs, it is necessary to overcome
the problem of the asymmetric input–output transfer function
of VSAs. This can be achieved by introducing the dynamic
decoupler that will make outer loop control decoupled from
the system. Dynamic decoupler is computed based on locally
identified transfer functions (Nordfeldt and Hägglund, 2006), for
both input–output channels. For this case, outer loop controllers
must be tuned according to the dynamic decoupler values. Now, a
new problem arises, dynamic decoupler is locally valid because it
is computed according to the locally identified transfer functions.
The goal of this paper was to find a simple and yet efficient
method for controlling antagonistic actuator as bioinspired VSA;
thus, the generalization to the wider class of VSA control will

be done in future work, with a focus on how to project robust
controllers with a bank of dynamic decouplers.

Further research will examine additional system identification
methods, which could lead to more flexible actuator
identification procedures and therefore facilitate the broader
use of the presented approach to a wider class of VSAs. Also,
the influence of different non-linear transmission elements
will be evaluated. To increase robustness of the actuator,
different approaches to disturbance rejection would be
considered (Guo et al., 2018; Yuan et al., 2019). Moreover,
the upgrade of the presented results will take into account the
inherent asymmetry of the system because the two motors
and two springs are not exactly identical. In that case, the
elastic elements of arbitrary characteristics can be modeled
as higher-order polynomials, where it is not possible to
analytically implement a decoupler. Instead, a non-conventional
mapping approach would be needed, such as that based on
neural networks and initially validated by the authors in
Lukic et al. (2018).
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Modern engineering problems require solutions with multiple functionalities in order to

meet their practical needs to handle a variety of applications in different scenarios.

Conventional design paradigms for single design purpose may not be able to satisfy

this requirement efficiently. This paper proposes a novel system-of-systems bio-inspired

design method framed in a solution-driven bio-inspired design paradigm. The whole

design process consists of eight steps, that is, (1) biological solutions identification,

(2) biological solutions definition/champion biological solutions, (3) principle extraction

from each champion biological solution, (4) merging of extracted principles, (5) solution

reframing, (6) problem search, (7) problem definition, and (8) principles application &

implementation. The steps are elaborated and a case study of reconfigurable robots

is presented following these eight steps. The design originates from the multimodal

locomotion capabilities of two species (i.e., spiders and primates) and is analyzed based

on the Pugh analysis. The resulting robotic platform could be potentially used for urban

patrolling purposes.

Keywords: bio-inspired design, system-of-systems, multi-model locomotion, reconfigurable robots, mobile

robotics

INTRODUCTION

A design process is a systematic approach followed by designers while trying to solve a problem,
which could be as simple as designing a chair or could be as complex as designing an aircraft (Mas
et al., 2012). Irrespective of the complexity of the problem, looking for inspiration before starting to
design has been a normative step in the world of design (Eckert and Stacey, 2000). Especially when
it comes to exploration and discovery of new ideas (Murakami and Nakajima, 1997). Therefore,
designers have started to follow a systematic approach to seek inspirations outside the problem
domain to find solutions (i.e., domain-independent) where the problems are closely related to the
original problem domain (López-Mesa, 2011).
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The bio-inspired engineering design approach is one of
systematic approaches using analogies from biological creatures
in the nature to develop solutions for handling engineering
problems (Helms et al., 2009; Eroglu et al., 2011a). There
are many practical examples, such as the invention of Velcro
(Versos and Coelho, 2011) and conceptual design of the Bionic
Car project (Vincent and Man, 2002; Floyd et al., 2006). This
also applies to the scientific world, for example, the nano-
scale superhydrophobic coatings inspired by the self-cleaning
mechanism of lotus leaves (Cheng and Rodak, 2005), the
imitation of the pinecones to design clothes that can regulate
body temperature (Groeneveld, 2008), and the design of micro-
robots that can walk on water, mimicking the locomotion of the
basilisk lizard (Zari, 2007).

Modern engineering problems often require solutions with
intrinsic compliance, for better function variety, environment
adaptivity, and structure flexibility. As a result, soft materials
start to emerge in the bio-inspired robotics design, such
as the traditional cable-driven mechanism, spring-damper
structure, and recent pneumatic artificial muscles. But the
intrinsic drawback of using these materials is their lacking
in the accuracy and reliability, making the design loss
in robustness. As an alternative solution, reconfigurable
design in robot becomes appealing, where not only it
inherits the accuracy and robustness of rigid structure, but
also it is able to achieve the compliance as desired using
reconfiguration. In such a case, the intrinsic compliance
roots in the reconfigurability, instead of the materials and
flexible structures.

However, a systematic design methodology for such bio-
inspired design is still missing, making the process deducing
challenging (French, 1994; Benyus, 1997). There are two
main different approaches with respect to different starting
points, that is, the Problem-Based Bio-Inspired Design (PB-
BID) process and the Solution-Based Bio-Inspired Design (SB-
BID) process (Eroglu et al., 2011b). In order to include a
wide variety of functionalities at the beginning of the design
process, here we stick to the SB-BID process since it is more
appropriate to implement the system-of-systems paradigm.
There are a few methods available for the SB-BID process
where most of prominent models belong to the Aalbog’s
method (Colombo, 2007) and Helms’ method (Helms et al.,
2009). In general, both Aalbog’s and Helms’ models begin
with the identification of biological solutions, and then extract
principles from the identified solution. The latter method
involves the reframing and application of extracted principles
to solve a real-world engineering problem. However, these
previous models mainly led to creating a solution inspired by
a single biological species for solving a single problem, with
poor extensibility.

In this paper, we presented a novel BID process to
creating engineering product with multiple functionalities. The
inspiration is originated from multiple biological species to
solve multiple problems. Since the process involves multiple
biological systems (i.e., species), we name it as the System-of-
Systems Bio-Inspired Design (SoS-BID) process. The process
is firstly introduced and a case study will be demonstrated

followed this design process, for designing a reconfigurable robot
called Scorpio, which is able to change its morphologies to
achieve different locomotion modes, namely crawling, rolling,
and wall-climbing.

SYSTEM-OF-SYSTEMS BIO-INSPIRED
ENGINEERING DESIGN PROCESS

Typically, a design process would be dynamic, which changes
frequently based on the context of the problem faced and the
available solution space (Vattam et al., 2007). Thus, the process
undergoes repetitive reformulations of both design problems and
solutions. In the following sections, we present the proposed SoS-
BID process to solve the design problem of interest. The process
is a systematic approach, which includes the following eight steps:

• Step 1: Biological solutions identification.
• Step 2: Biological solutions definition/Champion

biological solutions.
• Step 3: Principle extraction from each champion

biological solution.
• Step 4: Merging of extracted principles.
• Step 5: Solution reframing.
• Step 6: Problem search.
• Step 7: Problem definition.
• Step 8: Principles application & implementation.

A systematic diagram, explaining an overview of the proposed
SoS-BID process framework is shown in Figure 1.

Step 1: Biological Solutions Identification
In the very first step of the SoS-BID process, designers start
with multiple biological solutions of interest as inspiration
sources that will potentially be used to solve a certain problem
(Lindemann and Gramann, 2004). This step involves the search
of biological species which perform desired biologized tasks.
Instead of randomly observing, here we propose to observe the
biological species based on the taxonomy which is the science of
defining biological species based on shared characteristics. The
list of species could be categorized according to their specific
abilities or nature (Huxley, 1875; Shane et al., 1986; Santori et al.,
2005; Alexander, 2006; Manohar et al., 2016) as follows:

• Based on locomotion modes (e.g., crawling, swimming, flying,
and jumping).

• Based on appearances (e.g., size and color).
• Based on living conditions and mediums (e.g., terrestrial,

arboreal, and aquatic).
• Based on scientific classifications (e.g., kingdom, class,

and family).
• Based on social organization patterns (e.g., solitary and social).

Once the categories are defined, the biological solution search is
conducted under each specifically defined category. The output
of this step would be a series of categories and a list of biological
species for each category.
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FIGURE 1 | System-of-systems bio-inspired design process (systematic diagram).

Step 2: Biological Solutions
Definition/Champion Biological Solutions
It is noted that the selection from the biological solutions

identified in Step 1 could be subjective. However, we have defined

a few general selection criteria of the species to assist the designers

in decision making, such as the task performance efficiency,

multi-functional capability, ease of principle extraction, ease

of kinematic study, and practical feasibility. At this step, the
following existing design-concept-selection methods can be
adopted for analysis:

• Pugh’s Concept Selection (Muller et al., 2011).
• Weighted Rating Method (Ulrich and Eppinger, 1995).
• Analytical Hierarchy Process (Saaty, 2013).
• Electre Method (Roy, 1991).
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The selected species is called the champion biological
solution/species. The output of this step would result in a
single champion biological species selected for each category.

Step 3: Principle Extraction From Each
Champion Biological Solution
This step involves a deeper understanding of the selected
biological species regarding their functions and behavior,
and identification of the underlying principles used
to solve a problem in the context of nature. Finally,
through the analysis of the species, the important
fundamental principles are extracted from the champion
biological species.

Step 4: Merging of Extracted Principles
The extracted principles are analyzed for identifying repetitive
principles. This step involves the removal of repetitive
principles and merging of the resulting principles into a
series of unique abstract principles (functions, behaviors, etc.)
in general.

Step 5: Solution Reframing
This step is to transfer the solution from the biological domain
into the engineering domain. In particular, the reframing step
forces the designers to think how humans might view the
significance of the biological principles extracted. The output of
this process would result in a series of useful applications and
related constraints of the biological principles in the human-
society context, which are labeled as “humanized solutions.”

Step 6: Problem Search
Given the generated humanized solution and related constraints,
this step is to find a potential engineering problem that the

solution could be applied to. The problem could be an existing
one or an entirely newly defined problem.

Step 7: Problem Definition
The problem definition plays an important role in the SoS-
BID process, involving deep and higher level understanding
and interpretation of the searched problem. Generally, this step
includes the following sub-steps:

• Generating preliminary design criteria.
• Evaluating intermediate engineering reasonings.
• Generating system requirements.
• Merging of system requirements if needed .

It is worth noting that the resultant criteria generated above may
still be abstract, based on which the specific and detailed system
requirements are to be derived.

Step 8: Principles Application &
Implementation
This step involves the real transformation and implementation
of the principles identified in the biological domain into the
engineering domain. In other words, the biological-solution-
applicable principles have been translated into engineering
terminologies to facilitate the process of implementation. The
output of this step results in an embodied principle of the
engineering concept that satisfies the need of one or several
practical engineering problems as defined in the previous step.

To capture the general features of the SoS-BID process, a
summary of the full process is presented in Table 1 with some
short descriptions.

TABLE 1 | A summary of the system-of-systems bio-inspired design process.

Steps Description

Biological solutions identification Observation, identification, and categorization of a few interesting biological species and record

solutions of interest

Output: a series of categories and a list of biological species for each category

Biological solutions definition/Champion

biological solutions

Understanding the biologized problem that each biological solution is solving and selecting a

single/champion biological solution for each biologized problem space (biologized task)

Output: a single champion biological species selected for each category

Principle extraction from each champion

biological solution

Principle extraction for champion species regarding their functions and behavior

Output: a series of solution-applicable principles for each category (biologized category)

Merging of extracted principles Removal of repetitive principles and mergence of resulting principles

Output: merged principles

Reframe the solutions Reframing the solution and applicable principles in a context useful to human engineers

Output: reframed humanized solutions

Problem search Searching or defining the solution-applicable problem which could be existing problems or

entirely new problems.

Output: solution-applicable problems

Problem definition Higher-level understanding and interpretation of the searched problem and identification of

design criteria;

Derivation of detailed system requirements

Output: system requirements

Principle application & implementation Translation and implementation of the principle into the searched or defined problem

Output: real applications
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DEVELOPMENT OF THE SCORPIO ROBOT
USING THE PROPOSED
SYSTEM-OF-SYSTEMS BIO-INSPIRED
DESIGN PROCESS

Step 1: Biological Solutions Identification
To begin the SoS BID process, we decide to look at the species
with shared characteristics of their locomotion capabilities. The
locomotion aspect of biological species refers to that how
biological species in nature maneuver from one point to another.
Here the locomotion modes are categorized into two major
categories of interests:

• Species which can perform planar locomotion.
• Species which can perform vertical locomotion.

In such manner, the locomotion in space can be seen as the
combination of these two types of locomotion. Based on the two
categories, the biological species are identified using academic
articles from Google scholar and non-academic articles from
other online search engines, and categorized as follows.

Category 1: Species Which Can Perform Planar

Locomotion
It is found that most of the species are capable of performing
multiple locomotion modes (Jenkins, 2012; Lock et al., 2013).
Especially, they perform different locomotion modes based
on the encountered different scenarios (Kuroda et al., 2014).
Some are even capable of changing their shapes in order to
perform multiple locomotion gaits (Prostak, 2014; Nemoto et al.,
2015; Mintchev and Floreano, 2016; Grzimek’s Animal Life
Encyclopedia, 2017). Species in nature such as snakes, lizards,
and insects can adapt their gaits in response to different types
of terrains that they navigate, which vary from smooth terrains
to bumpy ones (Bagheri et al., 2015). Most species switch their
locomotion modes to traverse different terrains, for example,
to overcome obstacles such as pits and bumpy surfaces on
their ways. Hereby, we select five species in nature, which can
change their shape to perform multiple locomotion modes, for
further analysis.

• Mount Lyell Salamander

Salamanders generate tetrapod postures to help them to walk
(Cabelguen et al., 2010). A larger portion of its energy is used up
for lifting their body for walking which results in a slowermotion.

Most salamanders found in nature can partially curl up their
body, tails, and legs as a defensemechanism and limits them from
performing rolling locomotion. The Mount Lyell salamander is a
species found in the northern Sierra Nevada in California, which
can curl up its entire body to form a spherical shape (Mintchev
and Floreano, 2016). Such a spherical morphology enables it to
roll down a slope without getting injured (King, 2013).

• Woodlouse

Woodlouse is an isopod species which belongs to the
Armadillidae family which normally walks most of the time. It
is also capable of rolling up its entire body to form a spherical
shape as a defense mechanism and to roll down a slope without
getting injured (Grzimek’s Animal Life Encyclopedia, 2017).

• Moth Caterpillar

Moth caterpillar belongs to the Lepidoptera family which is also
capable of walking and rolling.While being poked, it will perform
a backward roll by curling up into a ball shape. The curling
movement triggers a momentum for rolling locomotion. Once
it depleted the momentum, it needs to relax and trigger a new
curling movement to perform the rolling locomotion once again
(King, 2013).

• Wheel Spider

The wheel spider is a kind of huntsman spider found in Namib
desert. The spider possesses two types of locomotion modality,
i.e., crawling and rolling (Nemoto et al., 2015). While entering a
slope, it flips sideways and runs cartwheel down the slope, which
can produce around 44 turns per second (Leroy and Leroy, 2003).

• Cebrennus rechenbergi

Cebrennus rechenbergi is found in Morocco deserts, belongs to
the family of huntsman spider, which is also known as the
Moroccan flicflac spider. Like the species mentioned above, such
a kind of spider is also capable of two types of locomotion
modality, namely crawling and rolling. It is also known uniquely
for its rolling locomotion within the spiders’ family. Once
being threatened, it can multiply its speed by performing the
acrobatic flicflac somersault locomotion (Figure 2) which assists
to propel off the ground to go uphill, downhill, and on flat terrain
(Prostak, 2014).

Table 2 showcases the different locomotion modes performed
by the species in Category 1.

FIGURE 2 | The rolling sequence generated by Cebrennus rechenbergi.
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TABLE 2 | Locomotion performed by five species of Category 1.

Species Locomotion type 1 Locomotion type 2

Mount Lyell salamander

Walking Passive rolling down a slope

Woodlouse

Walking Passive rolling down a slope

Moth caterpillar

Walking Active backward rolling

Wheel spider

Crawling Cartwheeling down a slope

Cebrennus rechenbergi

Crawling Active flicflac somersault

Category 2: Species Which Can Perform Vertical

Locomotion
The planar movement on the flat land is much easier for animals
compared to climbing on vertical and inclined surfaces. One of
the reasons is because the planar movement does not require

much work against gravity (Kissling, 2004). Most climbing
species have a unique adaptation to their climbing locomotion in
nature. In general, all of them have strong grasping capabilities
(Gebo and Dagosto, 1988) and locomotion mechanisms that
enable them to keep their body’s centers of gravity as close as
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possible to the object climbed (Clark et al., 2007). Based on the
biological solution searching, we briefly analyzed the locomotion
patterns of five different climbing species in nature as follows:

• Spider

Like many species, spiders possess the ability to walk and climb.
Most spiders’ legs consist of microscopic hair, enabling them to
stick to the wall based on the electrostatic attraction, such as van
der Waals force (Spolenak et al., 2005).

• Snake

Snakes use certain modes of locomotion to move. For example,
they use friction to climb steeper surfaces where part of the
body has a grip on the surface of interest climbed and the other
part extends forward. The alternating between contracting and
extending of their body in such a way assists them in climbing
and descending a wall (Marvi and Hu, 2012).

• Gecko

Gecko’s feet process a lot of microscopic tiny bristles called setae.
Similar to the spider, these setae can leverage the Van der Waals
force to stick to the wall (Sitti and Fearing, 2003).

• Primate

Primates consist of hands, feet, opposable thumbs, and big toes.
They have broader fingertips with nails which can apply great
gripping and grasping strength to objects. These features enable
them to perform climbing (i.e., vertical clinching and leaping)
locomotion. On the other hand, they have other specialized
modes of locomotion other than climbing, which captured our
attention the most such as below-branch and knuckle-walking
locomotion (Jenkins, 2012).

• Snail

Snails move their bodies by gliding through a mucus layer
secreted by one of its glands. This layer combined with its smooth
flat base enables them to climb walls by creating a strong suction
(Chan et al., 2005).

Table 3 below describes the different locomotion modes
performed by the species of Category 2.

Step 2: Biological Solutions
Definition/Champion Biological Solutions
The selection of the champion biological solution for each
category is identified in this step. Each biological species is ranked
based on a few key criteria for selection. For Category 1, we
choose woodlouse as the benchmark option and evaluate the rest
of the candidates against woodlouse for each key criterion. The
key criteria for Category 1 are listed below:

• The ability to travel fast in land terrains using
rolling locomotion.

• The ability to perform active rolling locomotion.
• The ability to navigate is varied speed.
• The ability to overcome obstacles.
• The ability to perform multifunctional task

performance capability.

• The ability to change its heading direction based on its
own will.

• The ability to perform rolling locomotion with minimal rest.
• The stability of performing crawling and walking locomotion.
• The stability of performing rolling locomotion.

For Category 2, we choose the snail as the benchmark option and
evaluate the rest of the alternatives against the snail for each key
criterion. The key criteria for Category 2 are as follows:

• Proof of concept to overcome the gravitational pull.
• Specialized mechanical movements.
• The ease in replicating the biological principle into a working

prototype or product.
• The ability to navigate in varied speed.

These criteria are selected features of the species. In this step
of the design process, we ought to choose one champion
biological species for each category from the list of biological
species. Different selection methods could be used for the
selection process. In this paper, the Pugh analysis is used
to evaluate the candidate species against a baseline species
(benchmark option) to select the champion species. Pugh analysis
is a decision-making model used when a choice has to be
made given a list of candidates (Muller et al., 2011). These
candidates are compared based on the selection criteria, which
are designed and summarized in accordance with the need of
the context. As shown in Figures 3, 5, we use three concept
selection legends, i.e., “+”, “–”, and “S” where the symbol “+”
means that the candidate species is better than the baseline
species’; “–” denotes that the candidate is worse than the
baseline species; “S” represents that the candidate is the same
as the baseline species. Each key criterion can be given a
weight, also known as importance rating. In our case, equal
importance weight was used to all the key criteria. Once the
scores are assigned to each species, the sum and weighted
sum are calculated, and then the candidate with the highest
positive score is selected as the champion species. If all the
final total scores are in negative, then the baseline species is
selected as the champion species. Finally, based on the Pugh
analysis illustrated in Figures 4, 6, “Cebrennus rechenbergi” and
“Primate” are selected as the champion species for Category 1 and
2 correspondingly.

It is worth mentioning that the Pugh analysis used here

is for the purpose of comparing objectively different species,
which is simple and efficient. Of course, Pugh analysis is not

always the best method, but it works and is compatible with
the proposed framework. Other methods can probably also work

and are compatible, and may be better than Pugh analysis in

some cases. Our framework is open and flexible to integrate
any candidate selection methods, because the selection step

is not decided by other steps. Actually, there is very little
study about the general bio-inspired design process. Instead,

most of bio-inspired studies are related to the development

of a specific robot. Therefore, as far as we know, Pugh
analysis is the first one and there is no other available on
selection methods, especially for such a new bio-inspired
design framework.
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TABLE 3 | Locomotion performed by five specie of Category 2.

Species Locomotion type 1 Locomotion type 2

Spider

Walking Climbing

Snake

Walking Climbing

Gecko

Walking Climbing

Primate

Knuckle walking Climbing (Clinching and Leaping)

Snail

Sliding walk Sliding climb
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FIGURE 3 | The Pugh analysis for Category 1.

Step 3: Principle Extraction From Each
Champion Biological Solution
The functions and behavior of the species concerning solving
problems in the context of nature are as follows.

• Category 1: Cebrennus rechenbergi

• Like all the spiders, Cebrennus rechenbergi can locomote in
crawling mode using its eight legs until an external stimulus
provokes and disrupt its motion.

• Once threatened, it can double its speed by switching
from crawling to the forward or backward acrobatic flicflac

somersault movement. Ingo Rechenberg from TU Berlin
discovered this fascinating behavior (King, 2013; Prostak,
2014).

• Category 2: Primates (Apes)

All the primates are natural climbers where some of them possess

specialized attributes to perform other types of locomotion such

as vertical clinching locomotion and knuckle-walking/jumping

locomotion. Identification of underlying scientific principles in

the functions and corresponding behaviors of the species are
as follows:
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FIGURE 4 | The Pugh summary for Category 1.

FIGURE 5 | The Pugh analysis for Category 2.

• Category 1: Cebrennus rechenbergi

a) The acrobatic flicflac somersault movement is an active
rolling locomotion where it does not require any additional
force from the surrounding such as the gravitational pull of
the earth.

b) The species does not require any additional initiation gestures
such as crawling forward to generate the rolling locomotion.

c) Existing research proves that the species forms an abstract
wheel with its legs and rotates its whole body to perform the
rolling locomotion (King, 2013).

• Category 2: Primates (Apes)

a) While performing vertical clinching, the species tends to keep
the center of mass closer to the object it is climbing, which
in return mitigates the energetic expenditure during climbing
(Jenkins, 2012).

b) Knuckle-walking is a form of quadrupedal walking which
is performed by gorillas and chimpanzees. When they walk
forward, the whole-body weight is held on to their knuckles.
When they are threatened, they perform an instant long
jumping locomotion, where both their knuckles are struck
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FIGURE 6 | The Pugh summary for Category 2.

onto the ground together while simultaneously pushing
forward its body to the direction of motion.

The extracted principles from the locomotion patterns of the
species are as follows:

• Category 1: Cebrennus rechenbergi

a) The spider uses eight legs for crawling locomotion.
b) The spider uses four legs for rolling locomotion.
c) The spider forms a pseudo wheel using its half spherical

shaped legs while rolling.
d) The spider performs active rolling.

• Category 2: Primates (Apes)

a) The primate keeps the center of mass close to the object of
interest being climbed to mitigate energetic expenditure.

b) The primate (like gorillas and chimpanzees) performs
knuckle walking locomotion.

Step 4: Merging of Extracted Principles
The previous step extracts the principles of two species,
respectively, but does not merge them. Here the following
abstract principles can be refined based on the two sets
of principles:

• The species uses eight legs for crawling.
• The species uses four legs for and rolling.
• The species forms a pseudo wheel using its half-spherical-

shaped legs while rolling.
• The species performs active rolling.
• The species keeps the center of mass closer to the object of

interest being climbed to mitigate energetic expenditure.
• The species can perform knuckle-walking locomotion.

Merging these different biological principles is our main
contribution that these principles should be reflected in a
single platform. In this case study, the merging of spider and
primate’s locomotive principles is specifically carried out by self-
reconfiguration, through which the different locomotive gaits
switch between each other.

Step 5: Solution Reframing
The above-mentioned principles are analyzed once again
for solving engineering problems in real applications. Then
the corresponding solutions can be obtained after reframing
as follows.

• The spider uses eight legs for its crawling which helps to
distribute its body weight to all eight legs equally. In other
words, a greater number of legs helps for a more stable
crawling locomotion.

• Out of the eight legs, the spider uses only 4 of its legs to
perform the somersault. In other words, in order to perform
a task, it is not necessary to make use of all the available
resources. The resources have to be precisely optimized based
on the required need.

• The spider creates a half spherical shaped wheel with each
of its leg. When two half spherical shaped wheels are put
together, it creates a circular wheel which supports for a rolling
locomotion. In other words, as an engineering designer, it is
possible to create a vehicle or an artifact which can walk as
well as roll by being able to reconfigure its physical structure.

• The spider performs active rolling when on flat terrains
especially when threatened by an external factor. But while
entering down into an inclined slope, it shifts to passive
rolling so that it does not lose its balance on slope. The
same concept can be adopted in engineering design in
deciding on which scenario active and passive motion should
be used.

• The spider rotates its whole body because the rotation causes
a shift of its center of mass. This repeated shift in its center
of mass supports its rolling locomotion. The same mechanism
can be adopted in engineering design where instead of having
side wheels to drive a vehicle, we can roll the vehicle in order
for it to move from one point to another.

• The primate keeps the body close to the tree being climbed.
This helps to keep the center of gravity close to the
object of interest, reducing the amount of energy used for
climbing. Likewise, the same concept could be adopted in
the mechanism design for performing vertical locomotion.
This in return reduces the overall energy used throughout the
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wall climbing locomotion and increases the battery lifetime of
the artifact.

Step 6: Problem Search
Once the merged solutions are reframed, we realized that
most of our observations are more inclined toward locomotion
and maneuverability on different types of terrains. The
response of the species would be closely related to the terrain
conditions. Therefore, one of the potential applications could
be the surveillance task in unstructured environments, such as
exploration of the urban terrorism. Over the past two decades,
deaths due to terrorism have increased dramatically since year
2000. The urban terrorism is probably becoming the new norm
where government authorities are taking prevention actions and
coming up with new innovative ideas to strengthen their security
systems (Muggah, 2016). The reconnaissance and surveillance
tasks bring a huge life risk to ground soldiers, especially when
it comes to urban search and rescue missions where soldiers
need to patrol into buildings and area surroundings where there
is no availability of prior information regarding the activists.
Therefore, Intelligence Surveillance and Reconnaissance (ISR)
systems are taking prominence. Recently the use of unmanned
vehicles such as iRobot PackBot (McPherson, 2011), Roboteam
MTGR (Steigerwald, 2015), Roboteam IRIS (ROBOTEAM,
2012), and CP-ISR nano drones (Menon, 2016) are being used
to replace human soldiers. These robots are sent to the field
to collect information using onboard sensors. However, their
navigation and survival capabilities are restricted due to the
visibility, noise, and types of terrains that they maneuver.

Thus, the aforementioned reframed solutions could be applied
in the context of urban patrolling as the missions in this field
are very unpredictable and require different types of behavior in
order to execute the task. On the other hand, hiring, and retaining
professional security personnel have become a major challenge
for such missions. Therefore, the problem shifts to designing an
unmanned ISR platform to be sent into a multistory building
or space where it could silently navigate on multiple types of
terrains, overcome obstacles, and survive from the eyes of the
hostile force.

Step 7: Problem Definition
Based on the problem scope, five preliminary design criteria are
identified and presented as follows:

• A platform which could navigate through a
multistory building.

• A platform which could navigate through multi-type terrains.
• A platform which could navigate freely through overcoming

or avoiding obstacles.
• A platform which could survive from the eyes of the

hostile forces.
• A platform which could maneuver silently.

The above-mentioned design criteria undergo an intermediate
engineering reasoning step for further analysis, based on
which the system requirements for the robot are generated.
The requirements are a set of specifications of the robotic
platform to behave in a certain fashion and will be used as
the foundation in the principle application and implementation

phase. The summary of the preliminary design criteria,
engineering reasonings and system requirements for the robot
are presented below:

• A platform can achieve silent motion through its capability to
maneuver in slow motion.

• Most robots are unable to navigate through multi-type
terrains due to their fixed morphologies. A wheeled robot
can move freely on smooth and obstacle-free terrains based
on its wheeled mobility, but the motion becomes highly
restricted in marsh and tundra terrains like in a forest area.
In contrast, legged robots can move freely in such terrains
compared to wheeled robots, but their motion is not efficient
enough on smooth terrains due to its speed. Therefore,
designing a platform capable of changing its morphology
through reconfiguration would be able to solve the problem
of maneuvering through multi-type terrains.

• Most fixed morphology robots motion becomes restricted
when they encounter obstacles such as hump and get cornered
into a position where it cannot recover itself. Therefore,
designing a platform which can reconfigure itself by changing
its morphology would be able to solve the problem of
overcoming a series of obstacles during its motion.

• For a robot to survive from the eyes of the activists, it is a
compulsory requirement for the robot to be smaller.

• A robot can achieve multistory navigation in an indoor
setting only by flying, staircase climbing, and wall climbing.
Flying would create more visibility and could eventually
alert the activists. Staircase climbing is challenging due to
the miniaturized version of the robot. In other words, the
step size of the staircase would restrict the robot’s motion
which makes wall climbing as the only choice for navigation
through amultistory building. Therefore, designing a platform
which can wall climb would be able to solve the problem of
multistory navigation.

The following system requirements are generated based on
these reasonings.

• SR1: Design a robot platform capable of overcoming obstacles
through its ability to reconfigure its morphology and perform
multiple modes of locomotion in multi type terrains.

• SR2: Design a robot platform which can perform
wall climbing.

• SR3: Design a robot which can navigate at variable speeds.
• SR4: Design a robot platform that is compact, lightweight

and portable.

The most challenging part of throughout this design process is
designing a single robotic platform that can fulfill all the system
requirements mentioned above. Based on these requirements,
SR3 and SR4 are inherent properties of SR1 and SR2. As a result,
the achievement of SR1 and SR2 is more than sufficient to satisfy
the overall success criteria.

Step 8: Principles Application &
Implementation
Once the system requirements are defined, we analyze the
reframed solutions which we extracted from our biological search
at the beginning of our process. Then we apply those reframed
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solutions to create an engineering artifact [i.e., Scorpio (Tan
et al., 2016)] that meets the system requirements which satisfy
the overall design criteria in the problem definition.

Principle Application
A summary of the extracted principles, reframed solutions, and
its applications in the development of the Scorpio robot and the
connections to the system requirements is presented below:

• Cebrennus rechenbergi forms an abstract wheel using its half
spherical shaped legs while rolling. This formation helps for
an efficient rolling locomotion. Based on this observation,
Scorpio’s legs are designed to be in half-spherical shape.

• The spider uses eight legs for crawling which gives a stable
walk. Based on engineering principles, minimum three legs
are required to support a three-dimension object. The spider
requires four legs to perform its rolling locomotion due to its
spherical formation. Based on this observation, Scorpio will
have four legs in total, which are sufficient for stable crawling
as well as effective rolling.

• The spider performs an active rolling, whichmeans that it does
not require an external force to activate the rolling locomotion.
The somersault motion generates a shift in its center of gravity.
Similarly, Scorpio uses its legs to push itself to propel from
the ground which will shift its center of gravity to achieve the
rolling locomotion.

• The somersault performed by the spider makes the whole body
to rotate. Based on this, Scorpio’s rolling locomotion involves
rotating the whole body.

• Primates keep their body closer to the object of interest
climbed. This helps to keep the center of gravity close to
the object, which can reduce the amount of energy used for
climbing. Likewise, Scorpio’s wall climbing mechanism design
keeps the body as much as close to the wall. This in return
reduces the overall energy used throughout the wall-climbing
locomotion and thus increases the battery lifetime.

• Scorpio’s wall climbing mechanism is a complete adaptation of
gorilla’s knuckle-walking locomotion along with an additional
commercial adhesive (adhesive which uses micro-suction cups
to stick to the wall). The gorilla uses its two arms together to
struck on the ground while simultaneously pushing forward
its body to the direction of motion while performing jumping.
The same motion is repeated multiple times to perform wall
climbing for Scorpio. The wall-climbing unit involves three
pedals where the center pedal is part of the body, and the other
two are its arms. A single DC motor coupled with a series of
gears and linkage mechanism is used to drive the wall climbing
locomotion. This motion can generate the optimal sticking
force and the optimal peel of the force required for the stable
wall climbing and descending.

Implementation
Figure 7 demonstrates the design and physical prototype of
the Scorpio robot. The robot body is surrounded by four legs
named as the tibia, four servo covers named femur, four main
joints named as coxa, and a wall climbing mechanism attached
underneath. The whole prototype is fabricated through 3D
printing with PLA (Poly Lactic Acid) material. The legs are

FIGURE 7 | The rendered virtual design (A) and physical prototype (B) of the Scorpio robot.
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FIGURE 8 | The Scorpio robot performing transformation from crawling to rolling and from rolling to crawling gaits.

curved inward which helps for a circular formation for rolling.
The weight of the legs is reduced by creating structural holes on
the surface of each leg. Each leg has a protruded structure which
is appropriate for standing. Three servo motors are attached
to each leg. This gives 3 DoFs (Degrees of Freedom) to each
leg. The crawling motion involves 2 DoFs for each leg, and the
crawling-to-rolling transformation involves 3 DoFs for each leg
(transformation from crawling to rolling and rolling locomotion
gaits are shown in Figure 8). Once the robot transforms into the
rolling gait, the legs are responsible for pushing forward the body
which shifts the center of gravity of the robot. This trigger is used
to achieve the rolling locomotion with 1 DoF.

The wall-climbing module attached underneath the body is
composed of three pedals. The mechanism involves a series of
gears and linkage mechanisms. A single DC motor is used to
drive this mechanism where the motion generated can achieve
an optical sticking force and an optimal peel-off force required
for a stable wall climbing and wall descending. Figure 9 shows
the snapshots of wall climbing performed by the Scorpio robot.
Because the focus of this paper is not autonomy, the current
version of the robot is controlled manually. The readers are
encouraged to refer to Tan et al. (2016) and Yanagida et al. (2017)
for details of realization of the Scorpio robot, which are not
to reiterate here because they are outside of the scope (i.e., the
design process) of this paper.

CONCLUSION AND DISCUSSION

In this paper, we proposed a novel solution-based process
named “System-of-Systems Bio-Inspired Design” process where
the inspiration of the engineering product is originated from

multiple biological species to solve multiple problems. The
goal is to search through available biological solutions in the
features of interests, in order to extract principles that can
be translated into engineering context. The framework allows
multiple features to be considered withmultiple categories, which
offers a systematic approach in bio-inspired design with intrinsic
compliance. Using the proposed SoS BID process, conceptual
design and implementation of a reconfigurable robot with
multiple locomotion modes were presented and demonstrated.
It is shown that the proposed framework provided a step-
by-step guideline in developing a robotic platform which can
satisfy most of the essential criteria identified in the problem
definition, such as navigation through multistory buildings
using its multi-modal locomotion capabilities such as crawling,
rolling, and wall-climbing. Through different modes of gait, the
Scorpio robot was able to achieve stable crawling and rolling
locomotion to maneuver in multi-type terrains such as smooth
and rough terrains while overcoming obstacles. We believe that
the proposed method can simplify the design process, improve
the overall efficiency and efficacy, and thus benefit the designers
in designing novel bio-inspired robotic platforms with high
compliance in terms of the desired features of interests.

It worth pointing out that the proposed framework including
eight steps depicts the system-of-systems design process in a
generic way, in order to fit in more application cases. The
development of the robot in the case study was basically
following these eight steps, and of course, the real development
process involved some detailed sub-steps in between the eight
steps, which are not treated as the skeleton elements of the
main framework. These sub-steps might involve specific issues
such as material, power, kinematics and dynamics, which
should be considered case by case. Here, we are focused on
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FIGURE 9 | A sequential snapshots (A–C) of the wall-climbing scenario of the Scorpio robot.

proposing a generic framework which is concise and flexibly
open to further add-on treatments. Actually, satisfying both
more general and detailed is somehow contradictory. In this
paper, we choose the former, namely a general framework,
to describe this new design concept and framework for bio-
inspired robots, which brings inspiration from multiple species.
On the other hand, the most of current available bio-inspired
robots in the state of the art are engineering implementations
using single species, which adopts different design philosophies
from our approach. Thus, if we want to improve the design
of such robots in the sense that to integrate more biologically
inspired features, the proposed methodology could be used
by following the eight steps with certain degree of variation.
The key strength of the proposed design process is that
it can integrate different inspiration sources. Then, different
locomotion modes can be performed by such a unified robot,
which outperforms the single-species-inspired robot in versatility
of mobility.

The limitation of the proposed framework is 2-fold.
Firstly, there are some subjective treatments involved in the
implementation of the proposed framework, especially, the
selection step of the design process is relatively subjective. This
is determined by the nature of the bio-inspired design where
different biological sources may lead to similar functionalities.
The researchers or designers may select the inspiration sources
according to their interests, which is fine as long as the problem
can be solved. However, it’s hard and somewhat impossible to
evaluate all the potential designs with similar functionalities for
a specific application (and there is no such work so far) and
decide which one is the best compared with others. Secondly,
we propose this system-of-systems design framework including a
critical step of merging different biological principles. However,
how to merge these bio-principles systematically and regularly
or handling differences in the requirements when merging
different biological principles is a huge theme which need to
be explored dedicatedly. Merging different biological principles
indeed should be treated case by case, and more importantly,
so far, there is no matured principle or guidance on how to
merge the principles of different species. We put forward the

self-reconfiguration as a powerful merging approach, but haven’t
studied other alternatives deeply enough yet.

In the future work, we will improve the framework with
more strictly structured elements in a more quantitative fashion.
In addition, we will investigate more merging methodologies
of different biological principles except for the reconfiguration
fashion adopted in this paper. Furthermore, the Pareto frontier
and multi-objective optimization method will be explored to
optimize the design parameters of the robot.
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Adaptive robot hands are typically created by introducing structural compliance either in

their joints (e.g., implementation of flexures joints) or in their finger-pads. In this paper,

we present a series of alternative uses of structural compliance for the development

of simple, adaptive, compliant and/or under-actuated robot grippers and hands that

can efficiently and robustly execute a variety of grasping and dexterous, in-hand

manipulation tasks. The proposed designs utilize only one actuator per finger to

control multiple degrees of freedom and they retain the superior grasping capabilities

of the adaptive grasping mechanisms even under significant object pose or other

environmental uncertainties. More specifically, in this work, we introduce, discuss, and

evaluate: (a) a design of pre-shaped, compliant robot fingers that adapts/conforms to

the object geometry, (b) a hyper-adaptive finger-pad design that maximizes the area of

the contact patches between the hand and the object, maximizing also grasp stability,

and (c) a design that executes compliance adjustable manipulation tasks that can be

predetermined by tuning the in-series compliance of the tendon routing system and

by appropriately selecting the imposed tendon loads. The grippers are experimentally

tested and their efficiency is validated using three different types of tests: (i) grasping

tests that involve different everyday objects, (ii) grasp quality tests that estimate the

contact area between the grippers and the objects grasped, and (iii) dexterous, in-hand

manipulation experiments to evaluate the manipulation capabilities of the Compliance

Adjustable Manipulation (CAM) hand. The devices employ mechanical adaptability to

facilitate and simplify the efficient execution of robust grasping and dexterous, in-hand

manipulation tasks.

Keywords: structural compliance, adaptive grippers, grasping, manipulation, dexterity

1. INTRODUCTION

Robotic end-effectors have evolved over the past few decades from simple, parallel jaw grippers to
dexterous hands that require complicated control laws and sophisticated sensing. The control of
such devices is typically computationally expensive when performing versatile object manipulation
and grasping (Ma et al., 2013; Odhner et al., 2014). By introducing elastic elements into traditional
robotic structures, the successful execution of robust grasping tasks under object pose uncertainties
in unstructured environments can be achieved (Odhner and Dollar, 2011; Kim et al., 2013). This
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added elasticity, or structural compliance, is a key characteristic
that increases grasp stability and conformability of the
gripper/hand to various object shapes. Early research focused
on creating flexible parallel jaw grippers that could conform
to various objects (Schmidt, 1978), and more recent research
explores applications outside of industrial settings that involve
interactions with soft, biological materials (Tai et al., 2016).
Structural compliance increases grasping robustness, allowing
end-effectors to deal with uncertainties in object positioning and
surface geometries (Liarokapis and Dollar, 2017), and increases
contact friction through compliance matching (Majidi, 2014).

Object stability within the gripper is usually maintained by
the friction force between the gripper surface and the object
during grasping. In order to increase this friction force without
increasing the applied gripping force, structurally compliant
grippers could exploit an increase of the contact area and use
surface materials with high friction coefficients to provide better
non-permanent adhesion between the object and the gripper. The
added elasticity facilitates the accommodation of uncertainties
and errors in object and hand positioning, which is of paramount
importance when interacting with unstructured environments
(Niehues et al., 2015; Liarokapis and Dollar, 2018).

Alternatively, structural compliance could also be used for in-
hand manipulation. Traditionally, tendon driven underactuated
systems have rigidly anchored tendons, and any attempt at
increasing the tendon tension upon object contact would result in
vast finger reconfiguration (change of finger configuration/pose).
However, the use of non-rigidly anchored tendons (in-series
compliance) could facilitate the actuation of other mechanisms
such as rotating finger pads or fingernail extensions for in hand
manipulation or enhancement of the grasping capacities. The
compliance based mechanical adjustment of the motion of these
mechanisms depends on the stiffness of the joints.

Over the last decades, various designs of adaptive grippers
have been proposed that facilitate the execution of robust
grasping and dexterousmanipulation tasks. These designs exhibit
some form of structural compliance, and most of them are also
underactuated. An underactuated design provides simplicity in
operation and control and significantly reduces development cost
as the number of motors is minimized. Significant research effort
has also been put into investigating alternative hand geometries
and kinematics, which led to non-conventional hand designs.
There have also been significant effort in making those hands
freely available, using open-source dissemination and providing
adequate documentation for design replication (Zisimatos et al.,
2014; Kontoudis et al., 2015; Ma and Dollar, 2017).

Design approaches to implement structural compliance can
roughly be categorized into two major approaches: adaptive,
tendon-driven mechanisms employing structural compliance in
the joints and finger-pads levels and soft robotic mechanisms
using fully compliant structures and pneumatic or hydraulic
actuation paradigms. Designs such as the Yale Open Hand
project devices (Ma et al., 2013) use fingers with multiple elastic
joints and soft finger-pads to increase their gripping capabilities
and conformability to the shapes of the grasped objects. Other
designs such as the robot gripper from Robotiq’s adaptive gripper
range (Robotiq, 2019a,b) or Festo’s adaptive finger gripper

(Festo Coorporate, 2019) employed series elastic differential
transmissions. Highly structural compliant soft continuum
grippers like the Versaball (Empire Robotics, 2019) from
Empire Robotics, Ocean One’s soft grippers (Stuart et al., 2017)
or Soft Robotics’s soft gripper (Robotics, 2019) are capable
of grasping objects of various geometries by conforming to
the objects exterior hence increasing the number of contact
points. Limitations of such designs are usually observed
when manipulating very small or very soft objects where the
membrane cannot form a stable contact (Brown et al., 2010).
This trade-off between soft and rigid grippers outlined by Hughes
et al. describes the relationships between precision, structural
compliance, DOF, and force exertion (Hughes et al., 2016). Soft
and continuum body manipulators benefit from high DOF
and large deformation capacities. Comparatively, adaptive,
tendon-driven mechanisms are more robust, have better force
exertion capabilities, and achieve higher precision. Traditionally,
for the creation of adaptive, tendon driven hands, structural
compliance is introduced either in the joints (e.g., flexure
joints) (Dollar and Howe, 2006; Odhner et al., 2014) or in their
finger-pads (Shimoga and Goldenberg, 1996; Carpenter, 2014),
increasing the mechanical adaptability and contact surface
compliance of the overall grasping mechanism (Figure 1). Joint
compliance in underactuated designs allows grippers to grasp
objects with unknown object poses using minimalistic control
schemes and reduced number of actuators.

In this paper, we present alternative uses of structural
compliance for the development of adaptive robot grippers
and hands and we evaluate the performance trade-offs when
using such design approaches for robust grasping and dexterous
manipulation. More precisely, we propose a gripper that executes
compliance adjustable manipulation motions and two different
adaptive robot grippers with pre-shaped fingers and hyper-
adaptive finger-pads. Both designs were developed in order to
maximize the area of contact patches between the fingers and
the grasped objects. This also maximizes specific grasp quality
measures, extracting more robust and stable grasps. The hyper-
adaptive finger-pads rely on a pin array design, similar to the
design presented by (Flintoff et al., 2018; Mo et al., 2018). With
these simple elastic modules, high deformation and ability to
conform to the object shape are achieved. Furthermore, due
to the continuum elastic behavior of these padded surfaces,

FIGURE 1 | Typical uses of structural compliance in adaptive robot grippers

and hands: Finger-pad compliance, joint compliance and combined joint, and

finger-pad compliance.
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object reconfiguration or slippage may occur during grasping
or manipulation. Also, for irregularly shaped objects, the
contact surface deforms in a non-uniform manner. The multi-
material pre-shaped finger design relies on the combination of
various elastic elements. The polyurethane core provides a stiffer
backbone that increases force transmission while the pre-shaped
curvature enhances the ability of the finger to conform to the
object geometry. The silicone skin increases the surface friction
coefficient and gripping when grasping everyday life objects. The
pre-shaped finger design aims to increase the total area of the
contact patches during grasping. Regarding dexterous, in-hand
manipulation, we propose an adaptive robot hand that takes
advantage of compliance adjustable manipulation motions. The
hand can be equipped with rotation and translation modules on
the distal phalanges of the fingers that facilitate the execution of
local manipulation motion. The timing of the triggering of the
manipulation motions depend on the stiffness of the joints and
is facilitated by the introduction of in-series compliant elements
in the tendon routing system. All the proposed robot hand and
gripper designs are underactuated and of minimal cost, weight
and complexity. The efficiency of the proposed mechanisms is
experimentally validated with a variety of experiments involving
robust grasping with everyday life objects. All designs will be
made publicly available (in an open-source manner) to facilitate
replication by other research groups.

The rest of the document is organized as follows: section
2 presents the employed grasp quality measures, section 3
focuses on a series of alternative uses of structural compliance
and designs of adaptive robot hands, section 4 presents the
experimental procedures, section 5 presents and discusses the
results, while Section 6 concludes the paper and discusses
possible future directions. A list of abbreviations and acronyms
used throughout the paper is provided in Table 1.

2. GRASP QUALITY MEASURES

Task execution with a robotic hand is primarily dependent on
the robust grasping of an object, which can be defined as the
hand’s ability to constrain the object motion. An effective grasp
is characterized by the ability of the hand to withstand external
disturbances while maintaining stable object contact. In general,
a hand can grasp a given object in multiple ways. Quantifying
the grasp quality is essential for the optimization and selection of
appropriate grasp types. In this study, we use the Grasp Wrench

TABLE 1 | List of acronyms and abbreviations.

CAM Compliance Adjustable Manipulation

GWS Grasp Wrench Space

HA Hyper Adaptive

P-HA Parallel Jaw Hyper Adaptive

HDM Hybrid Deposition Manufacturing

MS-PSA Multi-Segmented Core Pre-Shaped Adaptive

PSA Pre-Shaped Adaptive

PDE Partial Differential Equations

YCB Yale-CMU-Berkeley

Space quality measure to quantify and visualize the effects of
increased size of the contact patches on the effectiveness of
the grasp.

The torques applied at each one of the joints generate a finger
force fi at the fingertip i. The force fi applied on the object at a
point pi generates a torque τi with respect to the object’s center
of mass. A wrench vector ωi is the combination of these force
and torque components defined as ωi = (fi, τi/ρ), where ρ is a
constant used to define the metric of the wrench space (Roa and
Suárez, 2009). A grasp G is defined as the set of all the points on
the object surface that are in contact with the fingers. Consider an
object O as shown in Figure 2 that is being grasped by fingertips
at the points p1, p2, p3. A point contact model provides the forces
and twists acting at each of these points. We adopt Coulomb’s
friction model by approximating the friction cone at the contact
point pi by a pyramid withm edges. The finger force fi exerted by
the finger i at this point can be expressed as a linear combination
of primitive forces fij, j = 1, ...,m along the pyramid edges and
wrenchwi produced by fi at pi can be expressed as a positive linear
combination of primitive wrenches wij. The resultant wrench
produced by the n fingers can be calculated as,

W[G] =

n
∑

i=1

ωi =

n
∑

i=1

m
∑

j=1

αijωij

with αij ≥ 0,

n
∑

i=1

αij ≤ 1

(1)

where W[G] denotes the set of all wrenches associated with the
contact points of grasp G. The set of all the wrenches that can
be applied to the object through the grasp G is called the Grasp
Wrench Space (GWS). GWS is defined as the convex hull of the
primitive wrenches associated to the contact points in G

GWS = ConvexHull(W[G]) (2)

The GWS can be described as the largest perturbation wrench
the grasp can resist in any direction (Roa and Suárez, 2014). The

FIGURE 2 | (A) Depicts an object O being grasped at contact points p1, p2,

p3 using a point contact model. (B) Presents the Grasp Wrench Space (GWS)

generated by this grasp G and wrenches w1,w2,w3.
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higher the volume of this grasp wrench space, the better the grasp.
In order to visualize the effect of increased size of the contact
patches provided by the hyper adaptive fingers defined in this
paper, we calculate the GWS of patch contacts instead of the point
contact model (Charusta et al., 2012). If the hand makes a patch
contact centered at point pi, the patch is defined as

P(i, r) = {z : δzi ≤ r, z ∈ O} (3)

where r ≥ 0 is the parameter that bounds the size of the patch
and δzi is the shortest edge between the points with indices i
and z. This means that the point pz qualifies to be a member
of a patch around pi if the distance between pi and pz is less
than or equal to r. The physical significance of this adapted
quality measure is that a bigger contact patch would provide a
higher number of contact points, thereby significantly increasing
the wrenches exerted on the object and grasp quality (stability
of grasp). Figure 3 demonstrates the effect of the additional
wrenches exerted on the volume of the GraspWrench space. The
new wrench space GWS′ formed using patch contact is a superset
of the GWS formed by the single point contacts. The compliance
of the hands discussed in this paper allows them to conform to the
shape of the objects being grasped thereby generating very large
contact patches and increased GWS. This ensures the stability of
the grasp and its ability to resist disturbances.

3. ALTERNATIVE DESIGNS AND USES FOR
STRUCTURAL COMPLIANCE

In this section, we introduce three different designs employing
alternative uses of structural compliance for the development of
adaptive robot hands.

3.1. Pre-shaped Adaptive Robot Fingers
The Pre-Shaped Adaptive (PSA) finger is an elastic, compliant
robot finger designed for maximizing the contact area between

FIGURE 3 | (A) Presents an object O being grasped at contact points p1, p2,

p3 using a patch contact model. The inset figure shows the additional points

with-in the patch that are being included, while (B) demonstrates that the

grasp wrench space GWS′ generated by the contact patch with additional

points is significantly higher than the GWS generated by the initial points.

the object and the finger during grasping (see Figure 4). The
finger employs a pre-shaped structure that increases its ability
to conform around multiple object shapes. After contact with
the object surface the finger starts straightening conforming
also to the object shape. Two types of PSA fingers were
developed, a single core PSA finger and a multi-segmented core
version (MS-PSA), as shown in Figure 5. Both fingers consist
of a polyurethane rubber (Smooth-On PMC-780) core with
a Polylactic Acid (PLA) fingernail and a mounting base. To
increase surface friction and the compliance of the finger, theMS-
PSA finger is covered by a layer of Vytaflex-30. The five cavities

FIGURE 4 | Example of a gripper equipped with single core Pre-Shaped

Adaptive (PSA) robot fingers with different curvatures and rigid fingernails

embedded in the elastomer material (Left). Example of a parallel jaw gripper

equipped with Multi-Segmented core Pre-Shaped Adaptive (MS-PSA) fingers

with rubber skin and L shaped mounting bases (Right).

FIGURE 5 | 3D model of a parallel jaw gripper equipped with two MS-PSA

fingers. The Multi-Segmented core Pre-Shaped Adaptive (MS-PSA) finger is

composed of an inner segmented core, exterior silicone skin that has good

gripping properties (high friction with plastic), a plastic fingertip, and a base.

The segmented core provides anchors for the skin layer material to take the

desired shape and prevents layer peeling. The base and the fingertip have

appropriate hollowed arches that provide mounting points for the elastic

elements, using the concept of Hybrid Deposition Manufacturing (HDM) (Ma

et al., 2015). The main source of force transmission and compliance comes

from the segmented core while the skin provides a higher friction coefficient

with plastic when grasping.

Frontiers in Neurorobotics | www.frontiersin.org 4 November 2019 | Volume 13 | Article 9188

https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles


Chang et al. Structural Compliance in Robot Hands

in the polyurethane rubber core provide anchors for the urethane
rubber (Smooth-On Vytaflex-30) skin and act as segmented
regions with different elastic properties during reconfiguration
for the MS-PSA finger.

The reconfiguration of the finger allows it to also conform
to rectangular and non-round objects according to the forces
exerted on their surface. Notably, PSA robot fingers cannot
fully resist shear forces as they experience out of plane motions
during grasping. Also, for small objects, grasping is commonly
performed near the rigid fingertips where the grasp force is more
dependant on the elastic properties of the fingers. Depending
on the object parameters, during fingertip grasping or pinching,
the object may reconfigure into the most elastic regions of
the finger. It was more reliable to grasp objects within the
elastic regions of the PSA finger to allow the finger to conform
to the object geometry. The PSA finger was mounted with a
pivoting base to increase the grasp area. The MS-PSA model
was mounted on a rigid base onto the parallel jaw gripper.
Pre-shaped adaptive robot fingers can be easily controlled
since the finger does not have multiple joints and phalanges,
relying on a single motor for actuation. For the modeling

of the preshaped finger, the behavior is similar to a curved
and tapered cantilever beam. The effects of various simulated
loads on different parts of the finger are simulated using finite
element analysis. We used Matlab’s Partial Differential Equations
(PDE) ToolboxTM to perform the finite element analysis and
analyze the structural mechanics of the finger assuming single
material. A 3D model of the finger is imported to Matlab and
associated with a PDE model object, the PDE toolbox recognizes
the various surfaces of the object and marks them as faces.
All the faces associated with the base of the finger used to
mount it on the robotic hand are set to “Fixed” cantilevering
the fingers. The Young’s modulus (E) of PMC 780 Wet is
400 psi, and a Poisson’s ratio (v) of 0.49995 is set for the
compliant section of the finger structure. The magnitude and
face (surface) of the load (f = body force) are specified as
boundary conditions. The toolbox then generates a tetrahedron
mesh of the finger consisting of 2,211 nodes and 8,676 elements.
The partial differential equations are solved for the nodes to
provide the effective stress, displacement, and deformation.
Figure 6 compares the displacement predicted by the FEM
model against the actual displacements measured on the finger

FIGURE 6 | FEM analysis of a PSA finger (Left top) and simulated vs. measured structural deformation (Left bottom). Weights were mounted at 10, 30, 70, and 100

mm from the tip and the tip displacement was recorded. Time lapse of CAM finger motion (Right top) and joint behavior (Right bottom). Model simulated cable

forces had to overcome a friction force of 4.905 N before finger motion occurred.
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when incremental loads are applied at various positions on the
finger surface.

For a given stress σ , body force (f ), strain (ǫ), and
displacement u, the equilibrium equation is given by

−∇ .σ = f (4)

The toolbox form of the equation for the given 3D problem is
given by

−∇ .(c⊗∇u) = f , (5)

and the strain-displacement relationships is

ǫ =
1

2
(∇u+∇uT) (6)

Equations (4)–(6) are solved for each node in the mesh to provide
the resultant displacement of the finger and Von Mises stress, as
shown in Figure 6.

The forces can only be applied to the faces recognized by the
PDE toolbox. However, when the 3D file is imported, the toolbox
ignores the faces separated by small angles and merges them as a
single face. This limits us from applying forces to various sections
of the finger separately as the entire top of the finger is recognized
as a single face. In order to overcome this limitation, we have
added ridges to the area of the finger model we need to apply
the forces to create faces recognizable by the toolbox.

3.2. Hyper Adaptive Finger
Similarly to the pre-shaped robot fingers concept, the motivation
for the development of the hyper-adaptive finger-pads comes
from the desired maximization of the contact areas between
the hand finger-pads and the object surface. This concept uses
adaptive micro-structures that conform to the object’s geometry
in a “divide and conquer” manner and constrains the object
inside the grasp. The distributed forces across the finger pad
during the grasp reconfiguration ensure a stable grasp, as shown
in Figure 7. It must be noted that the hyper-adaptive finger-
pads are compliant only in one direction, and thus they resist
shear forces. This differs from traditional, compliant structures
that deform equally in all directions, such as foam, silicones, and
other soft materials. The Hyper Adaptive (HA) finger, shown in
Figure 8, is composed of pin array pads, acrylic plates, polymer
springs, and plastic phalanges. The pin array pads consist of 48
pins (6 × 8 array) of 1.1 mm diameter made out of steel (each
finger has two pin arrays). Each pin has a compliant rubbery
tip made out of Smooth-On PMC-780 that increases the friction
between the finger and the object. The pins are mounted onto
a 10 mm thick acrylic guide plate that is connected to the
plastic phalanges. The acrylic plate is used to maintain a tight
tolerance between the plate and the pins, guaranteeing stable
and unidirectional motion. In order to reduce the weight and
complexity of the system, traditional return springs were replaced
by an elastic polymer tube array made of Smooth-On Ecoflex
00-30. This design choice also reduces the final cost and weight
of the hyper adaptive finger. The compliance of the finger pads
allows the finger to reconfigure to the object shape. Doing so,

FIGURE 7 | A comparison between the hyper-adaptive finger-pad

design/concept and a classic adaptive finger-pad with increased compliance.

The classic design (e.g., finger-pad employed by Ma and Dollar, 2017) exhibits

local deformability while the hyper-adaptive paradigm conforms to the exact

object shape. The hyper adaptive design reduces the shear stress and

slippage of the object grasped due to independent contact regions between

the object and the finger-pad.

the adaptive finger distributes the contact forces to each pin,
ensuring stability and robustness at each grasp executed. The
hyper adaptive fingers use a torsion spring at the pin joint and
a flexure joint (made out of Smooth-On PMC-780) between the
two phalanges of each finger. The finger pads and the fingers
were designed to be easily replaced if a different base or mount
is needed. In the experiments, the gripper was tested using
two different bases: a base adapted from the Yale Open Hand
Model T42 (Ma and Dollar, 2017) and a base of a parallel jaw
gripper. The Hyper-adaptive fingers are controlled similarly to
the traditional adaptive robot fingers, with the advantage of more
stable grasp, as they increase the contact area between object
and finger.

The behavior of the pin array design that is used on the hyper
adaptive fingers can be described using parallel coupled springs.
Each pin receives the grasping force from the fingers resulting in
different levels of deformation. The force is distributed among the
contact pins.The force exerted by an individual pin is given by,

fi = K△x (7)

where K is the spring constant, and△x is the change in length of
the compliant cover of each pin.

The spring constant K is the result of the elastic modulus y of
Smooth-On Ecoflex 00-30. It can be calculated as

K = YA/L (8)

where Y is 10 psi, and it is the elastic modulus of Ecoflex, L is 2
mm and is the length of Ecoflex layer and A is 12.57 mm2, and
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FIGURE 8 | The Hyper Adaptive (HA) finger consists of pin array pads

(hyper-adaptive finger-pads), acrylic plates, polymer springs, and plastic

phalanges that support the pads. The pin array pads consist of 48 pins each.

Each pin has a compliant rubbery tip to increase the friction between the tip

and the object. The pins are mounted onto a 10 mm thick acrylic guide plate

that is connected to the plastic phalanges. The compliance of the finger pads

allows each finger to reconfigure to the exact object shape. The HA finger

distributes the contact forces to each pin, ensuring the stability and

robustness of the grasps executed.

is the area of the pin head. As the pins act as parallel springs, the
effective spring constant can be calculated by

K = k1 + k2 + ...+ kn (9)

The effective force exerted is further increased by the PMC 780
coating on the grasp surfaces which increases the friction force
as follows

Ff = µFg (10)

where, Ff is the frictional force, µ is the co-efficient of friction of
PMC 780, and Fg is the gripping force exerted by the fingers. The
gripping force Fg required to grasp a given object of mass M is
provided by the equation

Fg =
MgSF

2µ
(11)

where µ is the co-efficient of friction and SF is the safety factor.

3.3. Compliance Based Adjusting of
Grasping and Manipulation Motions
The concept of compliance based adjustable motions focuses on
introducing in-series compliance in the tendon routing system
(see Figure 9) that facilitates the execution of dexterous, in-
hand manipulation tasks. The CAM gripper design allows us
to execute both grasping tasks (through simple finger flexion)
and dexterous, in-hand manipulation tasks employing a single
actuator per finger (for both cases). This was done through the
appropriate displacement of an extra DOF the motion of which
is affected by the tuning of the in-series compliance. It must be
noted that a careful selection of the joint stiffness and the in-
series compliant elements can change the tendon loads required

FIGURE 9 | A two-fingered Compliance Adjustable Manipulation (CAM)

adaptive hand with a rotation module per fingertip. The development of the

hand is based on the Hybrid Deposition Manufacturing (HDM) technique (Ma

et al., 2015). The base of the hand is the base of model T42 of the Yale

OpenHand project (Ma and Dollar, 2017).

to trigger the grasping and themanipulationmotions (Figure 10)
and the timing of their triggering. Thus, the particular concept
allows us to pre-adjust the hand motions by selecting the stiffness
values of the compliant elements. The extra DOFs can facilitate
the execution of a variety of dexterous manipulation tasks (e.g.,
in-hand manipulation, extrinsic dexterity tasks, flip-n-pinch,
etc.). More details can be found in Figures 9, 14.

The CAM gripper proposed has an extra rotation and
translation degree of freedom located at the fingertip. An
elastic band is connected in series with the tendon routing
for both cases. For the rotation module, the elastic band is
wrapped around a pulley connected with the ball bearing and
the rotating part. When the tendon is tensioned, the finger
closes until it touches the object. Then, the tendon tension
increases, unwrapping it around the pulley connected to the
rotation module, promoting rotation of the object grasped. For
the translationmodule, the elastic band connects the moving part
(that moves along appropriate slides) with the fingertip. When
the tendon is tensioned, the finger closes until it touches the
object. Then, the tendon tension increases, pulling the translation
module at the distal phalanx, sliding the object grasped. The
behavior of CAM gripper is determined by a torsional spring, an
elastic flexure joint, and a elastic element loaded linear-rotational
joint (extra DoF). The base of the finger is loaded by a torsional
spring, by taking the sum of moment about each joint:

∑

MA = τcable − τspring (12)

where the cable tension moment τcable must be greater than τcable
for the finger to initiate grasping motion. The expected angle
from given cable tension is given by:

△θA =
ra(Fcable − Ffriction)

ka
(13)
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FIGURE 10 | Finger structures of the Compliance Adjustable Manipulation (CAM) gripper for the case of an extra rotation and translation degree of freedom located at

the fingertip. An elastic band is connected in series with the tendon routing for both cases. For the extra rotation finger (Top), the elastic band is wrapped around a

pulley connected with the ball bearing and the rotating part. When the tendon is tensioned, the finger closes until it touches the object. Then, the tendon tension

increases, unwrapping it around the pulley connected to the rotation module, and promoting rotation of the object grasped. For the extra translation finger (Bottom)

the elastic band connects the moving part (that moves along appropriate slides) with the fingertip. When the tendon is tensioned, the finger closes until it touches the

object. Then, the tendon tension increases, pulling the translation module at the distal phalanx, sliding the object grasped.

where θA is the amount of rotation of the extra DoF pad, ka is
the elastic constant of the torsional spring and ra is the radius
or distance between the cable mount and the center of the
joint. The second joint is composed of a flexure joint and can
be approximated by the smooth curvature model described by
Odhner and Dollar (2012). The joint behavior is given by:

△θB

cos(△θB/2)
=

2lbrb(Fcable − Ffriction)

EI
(14)

where E is the Young’s modulus of Smooth-On PMC-780, I is
the second moment of area of the flexure joint, lb is the length of
the flexure joint and rb is the distance between the flexure joint
and cable anchor. The fingertip joint composed of a linear elastic
element connected to a pulley with the tendon cable pulling
the pulley in the opposite direction. The joint behavior can be

described by:

△θC =
360(Fcable − Ffriction)

2πkcrc
(15)

where kc is the elastic constant of the linear elastic element, rc is
the radius of the pulley. The linear fingertip version performance
can be described by Hooke’s law. Each joint is connected to
the same tendon, hence, each joint will move slightly when
cable tension is applied to the tendon. For compliance based
adjustment, we select the stiffness of the in hand manipulation
joint. As long as the tension of the tendon is less than the required
amount to overcome the stiffness, the in hand manipulation
DOFmoves negligibly compared to the other joints. The in-hand
manipulation, therefore, relies on the inhibition of movement
in the finger joints. Notably, due to the structure of the tendon
routing, there is considerable friction within the underactuated
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system. The simulated model and measured results for the PSA
finger and the CAM finger are presented in Figure 6. For the
PSA finger, the weighted masses were mounted on the finger
surface at distances 10, 30, 70, and 100 mm from the tip. The
fingertip and the contour of the finger were traced onto paper
and the displacements were measured at the location of the mass
mount. The model can predict the displacement with a residual
standard deviation of 1.5 mm. For the rotatory tipped CAM
finger, weighted masses were attached to the cable and results
were recorded with a camera at a set distance. Masses were added
in increments of 50 g and changes in individual joint angle were
estimated from the images taken. In Figure 6, the friction was
estimated at 4.41 ± 0.49N taken from the experiment. Of the
three joints, joint A, joint B and joint C has a residual standard
deviation of 1.77 N, 1.44 N, and 2.04 N per, respectively. Errors
were due to the friction of the tendon routing. Other sources may
include camera lens magnification and diffraction.

4. EXPERIMENTS

In this section, we present the experiments that were conducted
in order to validate the efficiency of the proposed concepts
and designs.

4.1. Grasping Experiments
• Object Grasping: The first robust grasping experiment

focused on evaluating the proposed designs by assessing
grasp stability using objects from the Yale-CMU-Berkeley
(YCB) object set (Calli et al., 2015). A selection of daily
objects shown in Figure 11 was used. Individual objects were
placed on a flat surface and the grippers were attached
to a robot arm (UR5) for grasping. For each object, the
gripper executes a grasp, and the robot arm then lifts
the object and hold for 5 s. The object then experiences

FIGURE 11 | Twelve objects from the YCB object set (Calli et al., 2015) were

used in the experiments: a master chef can, a soft ball, a mustard bottle, a

chain, a credit card, a fork, a small cup, a jello box, a wooden cube, a plastic

banana, a racquetball, and a marble.

disturbances from the armmoving repeatedly in the horizontal
direction and finally placed back on the surface. Assessment
of grasp stability was based on a successful grasp with no
visible object reorientation (motion in any direction) or
slippage during the task execution. Further grasp stability
evaluation following the YCB gripper assessment protocol and
benchmark (Calli et al., 2015) was conducted.

In Figure 12, we present a grasping experiment comparing
how different grippers conform around objects. The objects
were randomly placed within the grasping range of the
grippers. Stable grasps were achieved when the object center
of mass was within the grasping range of the grippers over
ten trials. The sponge finger demonstrated extreme padding
compliance, where large deformation occurs. The lack of shear
resistance made lifting heavy objects difficult.

In Figure 13, we demonstrate how PSA grippers adapt
to non-spherical objects. Although the initial shapes of the
fingers are optimized for grasping round objects, the PSA
fingers were able to reconfigure the finger structures to
conform to the dice geometry. Similarly, the MS-PSA gripper
could adapt to various object geometries and the additional
skin layer provides extra stability for the grasped objects.

• Contact Area: The second robust grasping experiment
focused on measuring the contact surface area of the grippers
using chalk and acrylic paint residues on a layer of paper that
was wrapped around the selected objects. The small cup and
mustard bottle were chosen over the other objects due to their
size, that fits within all grippers. Objects were placed in the
same initial position.The contact area was then obtained by
measuring the estimated squares that best fitted the sample
as shown in Figure 15. Surface contact transfers the paint on
the grippers onto the paper highlighting the respective contact
surface areas. The robot arm raises the gripped object after a
stable grasp is achieved and places the object back on the table
surface for grasp release. The painted areas of the paper are
then measured. Results are reported in Table 3.

• Clench Force: The maximum clench force was also measured
for each gripper. A BioPac SSLA25 dynamometer was placed
within the grasping workspace of each gripper and the device
was actuated until motor stall. The maximum clench force was
recorded for each gripper and estimated from 10 trials. The
parallel jaw gripper had a single Dynamixel high torque XM-
430 smart motor while the Yale Open Hand Model T42, the
HA, and the rotary fingertip module grippers utilize two of
these motors. Results are reported in Table 3.

4.2. Dexterous Manipulation Experiments
In this subsection, we evaluate the manipulation capabilities of
the CAM hand. The hand can be equipped with a variety of
extra DoFs on the fingertips that can execute translational or
rotational motions. In Figure 14A, a gripper that has a passive
finger (e.g., thumb) and an active finger with an extra DoF that
implements a local rotation of the contact was used to grasp a
sphere firmly and then to rotate it using the same motor. In
Figure 14B, a rotationmodule is used to rotate a bottle ofWindex
spray using the concept of extrinsic dexterity (Dafle et al., 2014).
In Figure 14C, a translation module is used to unscrew the
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FIGURE 12 | Grasping capabilities comparison of: (A) parallel jaw gripper with Hyper-Adaptive fingers (Parallel jaw HA), (B) a parallel jaw gripper with

Multi-Segmented core Pre-Shaped Adaptive (MS-PSA) fingers, (C) a Hyper-Adaptive hand (HA) with fingers based on flexure and spring loaded pin joints, (D) a

parallel jaw gripper with sponge-like, compliant finger pads, and (E) the model T42 of the Yale OpenHand project (Ma and Dollar, 2017). The objects used are: a small

ball, a wooden cube, a mustard bottle, a marble, a small cup, and a jello box. All objects are included in the YCB object set (Calli et al., 2015). (D,E) (enclosed in a

black frame) focus on grippers that are used for comparison purposes.

Frontiers in Neurorobotics | www.frontiersin.org 10 November 2019 | Volume 13 | Article 9194

https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles


Chang et al. Structural Compliance in Robot Hands

FIGURE 13 | A robot gripper equipped with two Pre-Shaped Adaptive (PSA) robot fingers performing reaching, contacting, and grasping tasks with a dice. Upon

contact, the PSA fingers adapt to the object geometry, maximizing the area of the contact patches between the hand and the object surface.

lid of a jar. In all cases, upon contact with the object surface,
the load exerted on the finger motors becomes an equivalent
displacement of the extra DoF, executing the corresponding
manipulation task. Although the CAM gripper was characterized
by a significant post-contact reconfiguration of the extra DoFs,
the grasped object remains constrained and the grasping task is
executed successfully.

5. RESULTS AND DISCUSSION

In this section, we present the performance of the hyper
adaptive, adaptive and compliance based adjustable designs. The
accompanying video presents a comprehensive set of grasping
and manipulation tasks executed with the proposed robot
grippers. During the experiments, a wide range of everyday life
objects was used.

www.newdexterity.org/hyperadaptive

5.1. Robust Grasping
• Object Grasping: Compliance, in general, increases grasp

stability, reduces the required grasping force that should act
on the object and increases the ability of a gripper to conform
to the shape of the objects being grasped. The compliance also
increases the area of the contact patches, increasing also the
GWS. This ensures the stability of the grasp and its ability
to resist disturbances. In Table 2, we present the results of
grasping benchmark on various adaptive fingers in order to
evaluate the grasping capabilities and compare them with
other adaptive robot hands. The sponge finger and the T42
gripper were included in this study for comparison purposes.
With T42 representing traditional soft padding approaches
and the sponge as an example of extreme compliance. With
excessive compliance, as demonstrated in Table 2, the sponge
finger failed to provide a stable grasp on objects that are
heavy and had small contact areas. The loss of resistance
to shear forces requires higher force exertion. Reduced force
transmission also increases the gripper profile and reduced
grasping workspace.

The HA and PSA designs focused on finger pad compliance
and joint compliance, respectively. Comparing T42, HA and

sponge finger pad compliant solutions, the HA mechanism
allowed for decoupled surface geometry conformity. Typical
finger pads are made of singular elastic materials which have
local coupled area deformation. The matrix of pins conforms
to largely irregular shapes and provides shear resistance.
Furthermore, unused pins provide perpendicular support
when in contact with objects, increasing object stability.

Of the proposed grippers, theMS-PSA scored the highest in
the YCB benchmark. This gripper was able to provide a stable
grasp for a large range of object shapes and sizes. It lacked
the ability to pickup the flat laid hammer securely due to the
loss of clench force further away from the finger base. The
YCB benchmark awards points for grasping flat, spherical, and
irregular shape objects from a flat surface. The HA and P-HA
grippers failed to pick up any of the flat objects. For this reason,
they have a significantly lower score due to a lack of fingernail
design (grasps of flat objects represent 96 out of 404, or 23.8%
of the total YCB score).

• Contact Area: Results on surface contact area showed that for
grasping the mustard container, the sponge had the largest
conformity and surface contact area, followed by HA, T42,
parallel jaw HA(P-HA), and the MS-PSA gripper. While
grasping a smaller and lighter cup, the HA gripper had the
largest contact area followed by the P-HA, parallel sponge,MS-
PSA gripper, and the T42. From Figure 15, for the parallel jaw
HA and HA grippers, the contact area was estimated using the
red boundaries. The actual contact area would be less than the
estimated area due to the gaps between the pin pad.

The PSA design focused on joint compliance while the
MS-PSA incorporated surface compliant concepts. Pre-shaped
design mitigates partially the problems faced with traditional,
flat finger pads. Without any rigid structure within the bodies,
force transmission depended on the material’s elastic modulus.
Non-uniform curvature in the PSA design reduces weight
and variant compliance depending on object contact position.
Similarly, shear resistant and finger robustness are dependants
on finger geometry and material. The segmented core and
added skin in the MS-PSA design provided more options
for PSA fingers. Near the fingertip of PSA fingers, high
compliance results in loss of grasp stability. Rubber skins
provided extra friction to the finger while the segmented
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FIGURE 14 | (A) presents a dexterous, in-hand manipulation experiment executed with a Compliance Adjustable Manipulation (CAM) hand, equipped with a rotation

module in the distal phalanx of the moving finger and a steady thumb. The robot hand performs an in-hand rotation of a 3D printed sphere. (B) presents a dexterous,

in-hand manipulation experiment conducted with a CAM hand equipped with one translation module and one rotation module. The gripper uses the concept of

extrinsic dexterity to rotate a bottle of Windex spray using the table surface and the rotation module of the right finger’s distal phalanx. The center of mass of the

object was aligned to the finger pads to successfully rotate the object. This is a classic example of how the exploitation of certain environmental constraints may

facilitate the execution of manipulation tasks (Dafle et al., 2014). (C) presents a dexterous, in-hand manipulation experiment conducted with a CAM hand equipped

with one translation and one rotation module. The robot hand uses the translation module of the distal phalanx of the left finger and the proximal phalanx of the right

finger to unscrew the lid of a jar bottle.

core was intended to decouple local structural reconfiguration.
No visible difference in deformation was observed between
PSA and MS-PSA grippers. However, the additional rubber
skin provided higher shear resistance allowing heavier objects
to be lifted with less deformation. Two types of gripper
base were used in this paper, a simple parallel gripper
and a hyper adaptive gripper. Parallel jaw grippers have
a smaller grasp area compared to a similar sized hyper

adaptive gripper. However, due to cable tension and gripper
mechanism geometries, the parallel jaw gripper was able
to exert more force to the fingers than the hyper adaptive
gripper. The HA mechanism was considerably more complex
to manufacture and assemble. Also, for both P-HA and
HA finger grippers, there were no fingertips designed for
picking up a small or flat object. This lead to failure
in performing grasp on the credit card blank for both
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TABLE 2 | Grasp stability results comparison. Stability is assessed as the ability of the hand/gripper to retain a stable grasp during the execution of an arm trajectory that

introduces significant disturbances (as seen in the video).

YCB objects

Grippers

Parallel jaw gripper Adaptive gripper

Sponge MS-PSA P-HA HA T42

Grasp Stability Grasp Stability Grasp Stability Grasp Stability Grasp Stability

Master chef can N* N* Y Y N* N* Y Y Y Y

Soft ball N* N* Y Y N* N* Y Y Y Y

Mustard bottle Y Y Y Y Y Y Y Y Y Y

Chain Y N Y Y Y Y Y Y Y Y

Credit card blank N N Y Y N N N N N N

Fork N N Y Y Y Y Y Y Y Y

Small cup Y Y Y Y Y Y Y Y Y Y

Jello box Y Y Y Y Y Y Y Y Y Y

Wooden cube Y Y Y Y Y Y Y Y Y Y

Plastic banana Y N Y Y Y Y Y Y Y N

Racquetball Y Y Y Y Y Y Y Y Y Y

Marble Y N Y Y Y Y Y Y Y Y

YCB Score N/A 392/404 304/404 273/404 356/404

*Grasps were not possible, as the object dimensions exceed the gripper aperture.

grippers. The MS-PSA finger was slightly more complicated
to manufacture due to the two-part process of molding.
PSA fingers were made from a single mold but adhesion
between PMC 780 and the 3D printed PLA parts was weak.
Even with the reinforcing arch structures introduced in
the MS-PSA design, fatigue and wear were observed near
the thin connective sections which may pose a source for
structural failure. Unlike traditional pinned joints, PSA fingers
rely on the elastic material tensile strength to maintain
structural integrity. However, MS-PSA finger’s exterior skin
provides extra thickness and was more durable than the initial
PSA design.

• Clench Force: The maximum clench forces were all measured
near the base of the fingers. The results are shown in
Table 3. The parallel gripper delivered a much higher
gripping force than the hyper adaptive gripper. Due to
cable routing in the hyper adaptive gripper, clench force
is limited by cable friction and gripper geometry. The
parallel sponge had the least base clenching force. Highly
compliant sponge compression during grasping potentially
increased the parallel structure deformation. This was similar
to grasping a larger, heavier object, the contact surface
vastly increased. Overall, the parallel gripper was capable
of exerting between 31 N to 28 N with the fitted fingers.
For small cup, the HA provided the largest contact surface
followed by the P-HA and sponge. For the heavier and larger
flat surfaced mustard container, the sponge had the largest
contact surface followed by HA and T42. Considering the
9 N provided by the HA gripper and 12 N by the T42,
we can compare the performance of these grippers with
Table 2. With the lowest clenching force, the HA gripper
was able to successfully grasp and maintain stability on

most objects. With the exception of credit card blank, which
was due to missing a fingernail design. Similarly, the P-HA
gripper was unable to pick up the card due to fingertip
design and frame clearance with the pin pads. Also, the
limited grasp workspace of the parallel grippers constrained
their capability to grasp large objects. The MS-PSA gripper
was able to grasp all selected objects but operated with a
higher force exertion capability. These observations support
the trend where increased compliance decreases required
grasping force.

• Summary of Design Considerations: Table 4 presents the
comparison of some of the gripper specifications. The CAM
was the lightest finger when compared with MS-PSA and
the heavier HA mechanisms. However, the lightest finger
was the parallel jaw with sponge padding. The MS-PSA
had the longest fingers out of the fingers compared. Fingers
based on the T42 had relatively short overall finger length
compared to the MS-PSA. Notably, this length was measured
from the fully extended position for all fingers and the
pre-shaped finger’s curvature provided extra length. HA
and CAM had different phalanges lengths to the T42. HA
has a longer total finger reach of around 135 mm while
the T42 and CAM have around 110mm. Combining these
information with results from Tables 2, 3, the HAmechanism,
while being slightly heavier, was able to provide a higher
contact surface and conformity when grasping objects. It
is hard for the HA grippers to pick up small objects such
as credit cards due to the lack of a finger nail design.
However, with the lighter, lower conformity and smaller
contact surface MS-PSA gripper, objects such as the credit
card could be picked up with the embedded fingernail
design. Furthermore, the CAM finger design was able to
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FIGURE 15 | Example of identification and comparison of contact areas for

different types of hands and grippers grasping two different objects: a small

cup (Top) and a bottle of mustard (Bottom). Green acrylic paint was applied

to the finger-pads of the examined robot grippers and hands while yellow

chalk was applied onto the sponge and T42 gripper finger-pads (maintains

better contact). The red boxes enclose the estimated surface areas of the

contact patches during grasping. The results demonstrate that for grasping

the mustard container, the sponge had the largest surface contact area,

followed by HA, T42, P-HA, and MS-PSA gripper. While grasping a smaller

and lighter cup, the HA gripper had the largest contact area followed by the

parallel jaw HA, parallel sponge, and MS-PSA gripper. T42 had the least

contact surface with the object.

TABLE 3 | Comparison of different grippers and hands in terms of achievable

contact surface area and clench force.

Gripper
Contact surface Max clench force

at base
Small cup Mustard

Parallel jaw MS-PSA 1,971 mm2 2,295 mm2 31 N

Parallel jaw HA 2,754 mm2 3,267 mm2 30 N

Parallel jaw Sponge 2,250 mm2 4,260 mm2 28 N

HA 3,186 mm2 3,645 mm2 9 N

T42 896 mm2 3,360 mm2 12 N

provide an extra DOF for in-hand manipulations without
increasing the weight of the finger. In general, the proposed
underactuated designs demonstrate that the use of structural
compliance reduces the number of required motors to achieve
precise and stable grasps. Consequently, the cost of the final
device is reduced as well as the complexity to control the
robot hands.

5.2. Dexterous, In-hand Manipulation
Preliminary experiments on the CAM fingers demonstrated
the potential applications of utilizing structural compliance.
Exploiting compliant surfaces for reduced grasping force
requirement, the excess motor capacities could be used for
other coupled actuation. This design requires redundant motor
capacities either by increased motor capabilities or increased
passive compliance to reduce required grasp forces on objects.
As an extended application of underactuation, we presented the
CAM fingers with rotational and linear in hand manipulation
capabilities. In Figure 14, manipulation of objects for both in
hand grasp and non grasped objects were demonstrated. This
design allows dexterous manipulation of objects without external
aid from the robot arm. Also, the increased functionality can be
easily integrated into existing underactuated designs and does not
add extensive weight. The added rotational or translation DOF
facilitate the execution of dexterous, in hand manipulation tasks
that do not require complex planning. Traditionally, in order to
rotate an object similar to operation (b) shown in Figure 14, a
robot gripper must grasp the object and re-orient via external
arm motion. For a CAM finger, this can be achieved with greater
efficiency by applying appropriate tendon forces.

6. CONCLUSION

In this paper, we introduced, analyzed, and experimentally
validated a series of alternative uses of structural compliance for
the development of simple, adaptive robot hands. Exploratory
designs focused on new alternatives to finger pad compliance and
joint compliance were presented.

These hands can facilitate and simplify the execution
of dexterous tasks (e.g., grasping or dexterous, in-hand
manipulation tasks), without requiring sophisticated sensing
elements or complicated control laws. More specifically,
we proposed pre-shaped, compliant robot fingers that can
adapt to different object geometries, extracting robust grasps.
Subsequently, we presented a design of hyper-adaptive finger
pad that facilitates the maximization of the area of the contact
patches between the robot finger and the grasped object,
maximizing also the stability of the grasps. These alternative uses
of structural compliance designs focusing on increasing grasp
stability provided new possibilities from traditional padding
approaches. Finally, we introduced the concept of the compliance
adjustable manipulation by introducing compliant elements
in-series with the robot hand’s tendon routing system. The
concept extends underactuated mechanisms by appropriately
selecting the imposed tendon loads and taking advantage of
the adaptive behavior of the system. The efficiency of the
proposed concepts and designs was experimentally validated with
a variety of experimental paradigms involving the execution of
robust grasping and dexterous, in-hand manipulation tasks with
both model and everyday life objects. The adaptive behavior of
underactuated and compliant robot hands reduces the weight,
control complexity, and, consequently, cost of the final device.

In terms of future work, further studies into individual
proposed designs are required. Also, validation and analysis
of proposed alternative use of structural compliance design
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TABLE 4 | Comparison of the proposed grippers and hands in terms of finger-pad material, type of compliance, weight, link lengths, and number of joints.

Gripper
Finger-pad

material

Type of

compliance
Weight

Phalanx length # of pin

joints
Distal Proximal

Parallel jaw

MS-PSA
Vytaflex 30 Compliant finger 540 g 180 mm – 0

Parallel jaw

HA
PMC-780 Elastic pin array 625 g 140 mm – 0

Parallel jaw

Sponge
Polyurethane Sponge pad 468 g 140 mm – 0

HA PMC-780
Elastic pin array

and finger joints
627 g 65 mm 70 mm 2

T42 Vytaflex 30
Compliant pad

and finger joints
503 g 48 mm 63 mm 2

CAM Vytaflex 30

Compliant pad,

finger joints and

manipulation mechanisms

478 g 45 mm 65 mm 2

should be further investigated. Items such as contact force,
minimal contact surface for stable grasp and full YCB benchmark
on grippers would be investigated. Finally, we will evaluate
adjustable pad applications on proposed alternatives to structural
compliance designs in the future.
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This paper focuses on the design, modeling, and control of a novel remote actuation,

including a compact rotary series elastic actuator (SEA) and Bowden cable. This kind

of remote actuation is used for an upper limb rehabilitation robot (ULRR) with four

powered degrees of freedom (DOFs). The SEA mainly consists of a DC motor with

planetary gearheads, inner/outer sleeves, and eight linearly translational springs. The

key innovations include (1) an encoder for direct spring displacement measurement,

which can be used to calculate the output torque of SEA equivalently, (2) the embedded

springs can absorb the negative impact of backlash on SEA control performance, (3)

and the Bowden cable enables long-distance actuation and reduces the bulky structure

on the robotic joint. In modeling of this actuation, the SEA’s stiffness coefficient, the

dynamics of the SEA, and the force transmission of the Bowden cable are considered

for computing the inputs on each powered joint of the robot. Then, both torque and

impedance controllers consisting of proportional-derivative (PD) feedback, disturbance

observer (DOB), and feedforward compensation terms are developed. Simulation and

experimental results verify the performance of these controllers. The preliminary results

show that this new kind of actuation can not only implement stable and friendly actuation

over a long distance but also be customized to meet the requirements of other robotic

system design.

Keywords: series elastic actuator (SEA), rehabilitation robot, bowden cable, torque control, impedance control,

disturbance observer (DOB)

INTRODUCTION

People with neurological disorders, such as stroke and spinal cord injury (SCI), usually have
weakened function or dysfunction on upper limbs or lower limbs, which have significantly impeded
the normal activities of daily living (ADLs) (Mackay, 2004). In recent years, much attention has
been paid toward exoskeleton rehabilitation robots or devices. The most existing rehabilitation
training devices introduce rigid actuators on active joints as the power generator, and they
contribute to achieving more precise position movement and easier trajectory tracking control,
as well as high response frequency (Ham et al., 2009; Kim and Bae, 2017). However, these robotic
rehabilitation devices with rigid actuators have bulky structure and low back-drivability, which
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causes direct physical interaction with wearers when unexpected
external impacts occur. Therefore, the interaction adaptability,
safety, and robustness of rehabilitation devices with rigid
actuators are significantly limited. Compared with rigid
actuators, compliance is a typical characteristic of elastic
actuators, and it has been introduced to guarantee the safety
and comfort functionalities between human and robotic devices.
The compliant actuators have several unique properties, such as
low output impedance, passive mechanical energy storage and
release (Zhang et al., 2015; Sun et al., 2017, 2018a,b). Instead of
using force/torque sensor on a human joint, compliant actuators
can be used to measure interaction forces directly (Yu et al.,
2015; Pan et al., 2018b), which can be easily extended to estimate
human motion intention for achieving assist-as-needed control
strategy. Compared to the neuromuscular signals in Zhang et al.
(2019a,b, 2020), force/torque can be acquired without complex
signal processing, and it is much easier to achieve intention
control in real-time.

One typical category of compliant actuators is the series elastic
actuator (SEA), which includes a servo motor, translational or
torsional springs, and an output mechanism. In general, the
configuration of an SEA is shown in Figure 1, where Jm and JL
are the rotational inertia of the motor with gearheads and the
output link, Tm is the motor’s input torque, θm and θL are the
angular position of the motor side and the link side. The spring’s
stiffness coefficient and angular deflection are represented as Ks

and θs, respectively.
SEAs have been developed for upper or lower limb

rehabilitation devices (Kong et al., 2012; Wang et al., 2015). For
example, Pratt et al. (2004) presented a linear SEA based on a
linear spring coupled to a ball screw for knee exoskeleton design.
A rotary SEA was proposed by Kong et al. (2009) to assist a lower
limb movement. This kind of SEA included a torsional spring
and two rotary potentiometers detecting the output position of
the shaft and the deformation of the torsional spring. Accoto
et al. (2013) presented an SEA for a lower limb exoskeleton-type
robot. In this SEA, a novel torsional spring was implemented
together with a set of bevel gears to handle the heavily loaded
conditions. In actual application, torsional springs supporting
large output torques are usually stiff, which results in lower
torque control accuracy. In Carpino et al. (2012), the torsional
spring constant for gait assistance usually reached the range from
100 to 300 N·m/rad, which generated the maximum torque with
the range from 10 to 100 N·m. Yu et al. (2013) designed a
compact compliant SEA, which could achieve reasonable force
tracking at both low and high force range by using a set of
translational springs and one torsional spring. Zhang and Collins
(2017) found that the optimal passive stiffness matches the
slope of the desired torque-angle relationship through walking
experiments; therefore, they confirmed that the optimal passive
stiffness benefits for lower-limb exoskeleton design.

In terms of the force/torque control of SEA, Pratt and
Williamson (1995) proposed a linear compensator system to
control themotor current with spring force feedback to guarantee
an adequate torque. In Pan et al. (2018a), a second-order
sliding mode control (SMC) law was proposed to guarantee the
semi-global exponential stability of the robot dynamics. Most
SEA controller design was a dynamic model-based approach;

FIGURE 1 | Schematic of the SEA concept.

however, external disturbances and unexpected resonances could
deteriorate the tracking performance or even cause instability.
In Wang et al. (2019), by designing a sliding surface, a
generalized proportional integral observer (GPIO)-based SMC
was developed to track the desired trajectory while estimating
the time-varying disturbance. A robust regulator for Markovian
jump linear systems was proposed for SEA to guarantee the
force control robustness in Jutinico et al. (2017). In Dos Santos
and Siqueira (2014), the desired pole positions for an adaptive
controller were determined in consideration of the disturbances
on ideal torque source behavior. Another major problem in SEA
control is the unknown load dynamics. A linear PID controller
was formulated into a three-time-scale singular perturbation
formula in Pan et al. (2019), and the advantages included simple
structure and robustness for external disturbances and parameter
variations. Paine et al. (2014) came up with the use of disturbance
observers (DOB), and in that work, the controller was a state
feedback controller with an integrator; also, the online parameter
estimation was utilized to improve performance.

Although recently upper limb rehabilitation robotic devices
have gained significant achievements, there are some drawbacks.
Some rehabilitation devices are too large, heavy, and complex
for medical and clinical applications because the actuators are
usually installed precisely on the rotation joint or limb frames,
which makes the joints heavier, more bulky, and stationary.
In this work, our emphasis is to develop a novel kind of
remote actuation, including a modular SEA with compactness
and easy installation for an upper limb rehabilitation robot
(ULRR). Besides, one challenge of this remote actuation is the
accurate torque measurement on each degree of freedom (DOF)
of ULRR. The installation of a torque sensor on each DOF is
not practical due to space and mass limitation. Therefore, one
sensorless approach is desired to compute the torque on each
DOF. Once the transition model from the DC motor to each
joint is known, torque on each joint DOF can be controlled
by a specific controller. The essential inventions in this paper
include: (1) only one rotary encoder is involved in measuring
the spring’s deflection based on the newly designed structure, (2)
Bowden cable is utilized to implement remote actuation function
and effectively reduce the weight of the wearable device, (3)
torque controller consisting of DOB, feedforward friction and
movement compensation is robust for unknown disturbance.

This paper is organized as follows: section Descriptions
of Rotary SEA and ULRR presents the mechanical design
description of the proposed SEA and its implementation on
the ULRR. The kinetic model of the remote actuated system
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is described in section Modeling of the Remote Actuation,
including the SEA’s rotary stiffness coefficient, the Bowden cable’s
transmission model, and the SEA’s dynamic model. Section
Controller Design presents the torque and impedance controllers
of this compliant actuator. Section Simulation Results presents
the experimental results on the elbow joint by the remote
actuation method. Section Experimental Results and Discussions
presents conclusions and future work.

DESCRIPTIONS OF ROTARY SEA AND
ULRR

Compact Rotary SEA
Existing SEAs usually put elastic elements, such as linear
translational or torsional springs, between the servo motor
and outer load, and the output torque can be determined by
controlling the deflection of the springs. In general, the SEA’s
servo motor housing is stationary, and its output side is away
from the servo motor. Take the SEA proposed by Pratt et al.
(2004) as an example, and its mechanical configuration is shown
in Figure 2A. Although the rotation inertia is small in this design
(only motor shaft, reducer shaft, and gears in reducer), the series
components result in a longer structure. Also, due to the difficulty
of directly measuring spring deflection, two encoders are needed.
In this work, to address these two problems above, a novel
structural arrangement of rotary SEA is proposed, as shown in
Figure 2B.

Compared to Figure 2A, in the newly proposed structure, the
position of the elastic element is changed from middle to the
left, and the servo motor with reducer, inner sleeve, and pulley
winded with steel cable are connected. The symbolic definition in
Figure 2 will be explained in the modeling and controller design
section. Figure 3 shows the 3-D CAD model and the machined
SEA’s prototype. There are two cylinder layers in this design,
where themain components are the outer sleeve and inner sleeve,
respectively. The gap on the outer sleeve is designed for the easy
installation of deep groove ball bearings.

Our design of the novel SEA is based on the concept of closed-
loop circuity, which can reduce the length of the traditional
structure. As shown in Figure 3, the main components in the
SEA include: (a) DC servo motor with planetary gear reducer,
(b) rotary encoder, (c) four-spoke module, (d) linear springs, (e)
deep groove ball bearings, (f) output pulley, (g) inner sleeve, and
(h) outer sleeve. Here, it is assumed that the front side of the
SEA is the rotary encoder, and the end side is the output pulley.
Overall, the entire length of the SEA is 140mm (plus the encoder
on the front side), the maximum diameter is 80mm, and the
weight is 0.85 kg. There are two separate groove channels on the
output pulley along its circumferential surface, where a pair of
transmission Bowden cables are winded and fixed onto the two
groove channels.

The power of this SEA comes from the electrical DC motor,
whose output shaft is fixed with (c). Between (c) and (h), there
are eight uniform components (d). The housing of the motor
and reducer is installed coaxially with (g) through screws, and
(g) is connected with (f) through geometric constrains. Two
(e) are utilized to guarantee the coaxial property and smooth

rotation motion between (g) and (h). The SEA can be regarded
as a closed-loop kinematic chain in series. Moreover, when it
works, the torque generated by the servo motor is transmitted
to the joint through Bowden cables. Also, when external load
occurs on the joint, the external torque is sent back to the SEA
through Bowden cables. The torque loaded on the front side of
the inner sleeve is equal to the torque generated by the linear
springs’ compression, and by measuring linear springs’ deflection
θs, which is multiplied by the rotation stiffness coefficient, then
the input torque of the inner sleeve is obtained. By subtracting
the torque consumed by the inner sleeve, the output torque of
the SEA on the output pulley is obtained.

ULRR Actuated by SEA
A lightweight, compliant, and power-efficient ULRR that can
fulfill the task of upper limbmotion assistance has been proposed,
as shown in Figure 4. The hardware of ULRR mainly consists of
machine frame, SEAs, embedded controller NI Single-Board RIO
(sbRIO) 9637, DCmotor drivers, and a PC, as shown in Figure 4.
The structures of the upper arm and forearm are designed to
be length-adjustable to satisfy the length requirements from
different wearers with consideration of the ergonomics and
biomechanics of the wearers.

This upper limb exoskeleton robotic device has four active
DOFs, including three on the shoulder and one on the elbow.
They are shoulder flexion/extension, adduction/abduction,
internal/external rotation, and elbow flexion/extension,
respectively. In the meanwhile, there are two passive DOFs
on the wrist for its flexion/extension and supination/pronation
rotation. For safety, mechanical stop constraints are designed
for each active DOF on the extreme ends of the available range
of motion. A special six-link structure is designed for the DOF
of internal/external rotation on the shoulder, which increases
the motion space of the ULRR as well as avoids the motion
interference with wearers. When the shoulder joint works,
three central axes from these three DOFs intersect on the same
point, which is the same as the should ball joint center. This
design can guarantee the motion alignment of the shoulder joint
between the wearer and the robotic device. Each active DOF
is powered by one SEA through a pair of Bowden cables. In
order to reduce the weight and rotational inertia of each active
DOF, instead of putting the SEAs on the links of the ULRR, the
SEAs are installed on the back of the subject, away from joints
and links. Between each SEA and joint DOF, there is a pair of
Bowden cables delivering energy and motion for clockwise and
counterclockwise rotation (Veneman et al., 2006). Due to the
different power consumption for shoulder DOFs and elbow
DOF, the DC motor’s continuous maximum torques are not
uniform. For the three DOFs on the shoulder, SEAs can provide
maximum assistive torque 20Nm, while for the elbow joint, SEA
can provide maximum assistive torque 10 Nm.

MODELING OF THE REMOTE ACTUATION

Rotary Stiffness Model of SEA
The eight translational springs are the elastic module in
the proposed SEA, the transformation from springs’ linear
compression stiffness to SEA rotary stiffness is derived in
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FIGURE 2 | Structural configuration of traditional SEA and proposed SEA. (A) Pratt’s general model. (B) Modified model.

FIGURE 3 | The prototype of the rotary SEA. (A) The CAD model for the rotary SEA built in SolidWorks. (B) The assembled prototype by using machined components.

this section, and it is vital for the SEA torque control. The
approximate SEA rotary stiffness model was presented in
our previous work (Zhang et al., 2017), where the output
torque of SEA is linearly related to θs. Here, to eliminate
the approximation error and improve the accuracy of torque
control, we build the precise non-linear rotary stiffness model.
Figure 5 shows the working mechanism of the eight springs
embedded in SEA, which experience a pre-compression that
equals to half of the maximum allowable compression within
the elastic limit. Furthermore, the geometry design in Figure 5

guarantees the eight springs are compressed all the time
when SEA works at the available angular deflection range.
Due to the compactness and mechanical restriction of the
SEA, the available deflection range is limited from −10 to
10, which means there is no more springs compression when
θs reaches −10 or 10. No matter the four-spoke component
rotates (clockwise or counterclockwise) relative to the outer
sleeve, there are only four springs (right side or left side)
experiencing more compression than the other side, as shown in
Figure 6.
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FIGURE 4 | Physical prototype of upper limb rehabilitation robot (ULRR).

FIGURE 5 | The compression of linear translational springs in SEA.

FIGURE 6 | Antagonistic compression of one pair springs during SEA working.

To derive the relationship between the angular deflection of
the springs and the generated torque, the upper half of Figure 5
is enlarged, as shown in Figure 6. L0 is the length of springs
after pre-compression, and the pre-compression length can be
represented as 1x. Then the original spring length L is given as

L = L0 + 1x. (1)

In Figure 6, the four-spoke component experiences an
angular deflection of θs. Moreover, the center axes of the spring
pair will no longer stay along the primary axis. The solid red line
represents the original axis of the spring pair without any angular
deflection, the left and right solid black lines represent the center
axis of the spring with smaller compression and the center axis
of the spring with higher compression, respectively. Based on
Cosine theorem, the current length of two springs in Figure 6

can be written as

L1

=

√

(

R

cos θs
− R

)2

+ (L0 + Rtanθs)
2 − 2(

R

cos θs
− R)(L0 + Rtanθs)sin θs

(2)

L2

=

√

(

R

cos θs
− R

)2

+ (L0 − Rtanθs)
2 + 2(

R

cos θs
− R)(L0 − Rtanθs)sin θs

(3)

where R represents the length of each four-spoke arm, L1 and L2
represent the length of the springs with smaller compression and
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TABLE 1 | Geometric parameters of the SEA.

Parameter L0 (mm) 1x (mm) R (mm) K (N/mm)

Value 11 11 20 14.625

higher compression, respectively. As mentioned before, the pair
of springs are always compressed within the available angular
deflection range. Thus, the new compression length of the two
springs in Figure 6 now can be given as

1x1 = L0 + 1x− L1 (4)

1x2 = L0 + 1x− L2. (5)

The directions of the anti-compression forces of each spring
are on the same line along their center axes, respectively.
Therefore, the force perpendicular to the four-spoke arm can be
expressed as

F = F2sin θ1 − F1sin θ2 (6)

where

F1 = K1x1, F2 = K1x2

sin θ1 =
L0 − Rtanθs

L2
cos θs

sin θ2 =
L0 + Rtanθs

L1
cos θs

where K is the spring stiffness constant, and the eight springs
have the same K.

After the derivation of the above equations, the equivalent
torque on the four-spoke component is given as

Ttotal = 4KR(1x2sin θ1 − 1x1sin θ2). (7)

Then after taking the partial derivative of Equation (7)
concerning θs, the rotary stiffness coefficient of the four-spoke
component can be expressed as the following non-linear function

KA(θs) =
∂Ttotal

∂θs
= f (L0,1x,R,K, θs). (8)

The above equation expresses the non-linear relationship
between the torque loaded on the four-spoke component
and the four-spoke angular deflection. Based on the
physical parameters of the SEA listed in Table 1, the
fitted non-linear curve between rotary stiffness coefficient
KA(θs) and four-spoke angular deflection θs is presented
in Figure 7.

Correspondingly, the torque on the four-spoke can be
calculated by the multiplication of KA and θs. In Figure 8, the
fitted non-linear curve between output torsional torque Ttotal and
four-spoke angular deflection θs is presented.

According to the above fitted non-linear curve, the output
torque Ttotal of the elastic element has a continuous relationship

FIGURE 7 | SEA rotary stiffness coefficient vs. four-spoke angular deflection.

FIGURE 8 | Torque on the four-spoke component vs. four-spoke

angular deflection.

with the angular deflection θs. The non-linear function between
Ttotal and θs can be simplified as

Ttotal = g(θs) (9)

where g(θs) is a continuous invertible function of θs, which can
be regarded as

g (θs) = KA(θs)θs. (10)

The Transmission Model of Bowden Cable
In this paper, the Bowden cable is used for energy and motion
transmission, which is a common method for remote actuation
(Kong et al., 2010; Asbeck et al., 2014). More specifically, the
functionality of the pair of Bowden cables for each SEA is to
transmit the output torque on SEA pulley to the corresponding
DOF on the joint in a positive or negative direction. However,
the introduction of the Bowden cable will cause some additional
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FIGURE 9 | Forces diagram of the infinitesimal steel cable unit inside

Bowden cable.

problems for the system, such as friction between steel cable
and sheath, dead zone, and hysteresis, where friction is the
most troublesome factor. Here, to compensate for the friction,
the Bowden cable’s transmission model is considered. Take an
infinitesimal unit of the inner steel cable as a target, as shown in
Figure 9, the forces and deflection diagram are presented below.

The friction of the steel cable unit results from the normal
force, so the below equations can be obtained

Ff = µNsign (v) =

{

µN, v ≥ 0
−µN, v < 0

(11)

1T = −Ff (12)

ε =
1L

L
=

1

EA
T = ρT (13)

µ =

{

µs, v = 0
µd, v 6= 0

(14)

where E, A, and ε are Young’s modulus, cross-area, and strain,
respectively. v is the velocity of cable, and T is the tension force on
the cable. Ff and N are the friction force and normal force acting
on the cable, respectively. µ is the Column friction coefficient.
Suppose there is a relative sliding between the inner cable and its
sheath, and v has the same direction along the entire cable. Then
the infinitesimal cable unit will satisfy the following equations

N = Tdγ = T
ds

R
(15)

dT = −Ff = −µT
ds

R
sign(v) (16)

where ds is the arc length corresponding to the central angle dγ.
R is the radius of the curvature of the steel cable unit.

Now, the above equations can be re-written in matrix form
as follows

[

dT
ds
dε
ds

]

=

[

−
µ
R sign(v) 0

1
EA 0

] [

T
ε

]

+

[

0

− 1
EA

]

T0 (17)

where T0 is the pre-load tension on the steel cable. In the above
augmented state-space equations, only the tension problem is

addressed, and the solution of the tension differential equation
is given as

Tout (s) =

{

Tin exp
[

−
µs
R sign (v)

]

, s < L1
T0, s ≥ L1

(18)

where L1 represents the length of the steel cable with
displacement, which is a time-related variable. And it depends on
the following conditions:

(1) When the input tension of the cable is between T0 to Tin,
the length of the cable with displacement is within 0 and L1.

(2) When the deformation of the cable exceeds L1, the tension
of the cable does not increase but maintains a constant value.

We assume that as the input cable tension increases, L1
increases and eventually L1 becomes L (the length of the entire
Bowden cable). From Equation (18), it is clear that Tout changes
instantly with the change of Tin. Tout will be loaded directly on
the DOF to act as the input torque of the DOF. As designed, the
radius of SEA output pulley equals to the radius of joint pulley.
Therefore, the relationship between input tension Tin and output
tension Tout on Bowden cable can be regarded as

Tout = Tin exp

[

−
µL

R
sign (v)

]

. (19)

The above equation shows that if the radius of curvature remains
constant, there is a linear function between Tin and Tout . In the
real Bowden cable system, since the friction force on Bowden
cable is caused by the normal force, and only the tense cable could
generate normal force between the inner cable and outer sheath.
Therefore, no matter which direction of the cable input torque,
the output torque of the Bowden cable end side is given as

Tout = Tine
−µθ(L), v > 0. (20)

Based on the above equation, the transmission model of the
Bowden cable only depends on the Column friction coefficient µ
and the central angle θ(L) corresponding to the entire length of
the Bowden cable.

Dynamic Modeling of the Remote
Actuation System
In the configuration of remote actuation, it is elaborately
designed that the cable directions of the beginning side and the
end side are the tangential directions of their corresponding
pulleys. Also, the cable center axis and the sheath center axis
are aligned. Therefore, no additional friction force caused by the
misalignment exists during the energy and force transmission on
the Bowden cable. The torque overcoming the friction between
Bowden cable and outer sheath can be written as

fc = τcin − τcout (21)

where τcin = Tinr1 and τcout = Toutr2 represent the equivalent
output torque on SEA pulley and input torque on the joint pulley.
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FIGURE 10 | Dynamics diagram of the remote actuation method with SEA.

Additionally, by neglecting the friction effect, the single SEA’s
dynamics can be expressed as

Jinq̈+ Dqq̇+ τcin = τe (θs)

Jmθ̈ + Dθ θ̇ + τe (θs) = τ (22)

g (θs) = τe (θs)

where q and θ are the SEA output pulley angular position and
gear reducer shaft angular position, respectively. The four-spoke
angular deflection is defined as θs = θ−q, and it can bemeasured
directly through the rotary encoder fixed on the head of the
SEA. Jin is the inertia of the inner sleeve, and Jm is the inertias
of servo motor with planetary gear reducer. Dq and Dθ are the
viscous coefficients of the inner sleeve and the servo motor with
reducer. τcin is the output torque of SEA pulley (at the same
time input torque of Bowden cable starting side). τ and τe (θs)

are the output torques from the motor reducer and the elastic
element, respectively.

Furthermore, the dynamics of the system in Equations (21)
and (22) are illustrated in Figure 10, where the input is the torque
from reducer connected with the servo motor, and the output is
the equivalent torque on the joint pulley.

CONTROLLER DESIGN

Torque Control
The objective of the torque control is to design a closed-loop
system and make the actual output torque on the end side of
Bowden cable track the desired torque reference. By combining
the equations in Equation (22), the following equation can be
derived as

Jmθ̈ = τ − Dθ θ̇ − Jinq̈− Dqq̇− τcout − fc. (23)

The joint input torque τcout is the variable that needs to track
the reference torque signal, which is also the feedback. By
substituting (21) and (22) to (23), the following equation can be

obtained corresponding to τcout

τ̈cout =
KA

Jm
τ −

Dθ

Jm
τ̇cout −

KA

Jm
τout − Jinq

(4)

−

(

Dq +
Dθ

Jm
Jin

)

q(3) −

(

KA +
DθDq

Jm
+

KA

Jm
Jin

)

q̈

−
KA

(

Dθ + Dq

)

Jm
q̇−

Dθ

Jm
ḟc −

KA

Jm
fc − f̈c (24)

where the derivative of q with different orders reflects the motion
of the joint. To control the input torque of the joint, we propose
a complex controller containing four terms as described in
Yu et al. (2015)

τ = τh + τf + τd + τfb (25)

where τh is used to compensate for the error caused by the joint
motion. τf is used to compensate for the error caused by friction.
τd is used to eliminate external disturbance. τfb is the feedback
term. Substitute (25) to (24) and the following equation is derived

τ̈cout =
KA

Jm
(τh + τf + τd + τfb)−

Dθ

Jm
τ̇cout −

KA

Jm
τout − Jinq

(4)

−

(

Dq +
Dθ

Jm
Jin

)

q(3) −

(

KA +
DθDq

Jm
+

KA

Jm
Jin

)

q̈

−
KA

(

Dθ + Dq

)

Jm
q̇−

Dθ

Jm
ḟc −

KA

Jm
fc − f̈c. (26)

The block diagram of the torque controller for the remote
actuation system is presented in Figure 11, where the red dashed
line part represents the remote actuation dynamics, as shown in
Figure 10. Then the next step is to determine the four terms in
Equation (25) to simplify the closed-loop system.

(1) Compensation for the joint motion

The compensation term should include all factors associated
with q, which can minimize the force between the human arm
and exoskeleton robot during the joint movement. Then based
on (26), the term is designed as

τh =
Jm

KA
Jinq

(4) +

(

Jm

KA
Dq +

Dθ

KA
Jin

)

q(3)

+

(

Jm +
DθDq

KA
+ Jin

)

q̈+
(

Dθ + Dq

)

q̇. (27)

(2) Compensation for the friction

In the same way, the friction compensation term can be
derived as

τf =
Jm

KA
f̈c +

Dθ

KA
ḟc + fc. (28)

(3) Design of DOB

Since the compensation of jointmotion and frictionmay cause
additional noise and error due to the high order time derivative
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FIGURE 11 | Block diagram of the proposed torque controller with motion compensation, friction compensation, feedback control, and DOB.

terms, a DOB is designed for the system to deal with the noise
and error. After substituting (27) and (28) to (26), the system (26)
with remaining disturbance can be given as

τ̈cout =
KA

Jm

(

τd + τfb
)

−
Dθ

Jm
τ̇cout −

KA

Jm
τout + d (29)

where d is the unknown disturbance of the entire system.
An estimation of the actual disturbance is recruited to

determine the expression of the DOB, which is represented as

d̂ in Figure 11. Besides, P(s) is the actual systemmodel, and Pn(s)
is the nominal model without any disturbance.

From Equation (29), the nominal model of the system can be
expressed as

Pn =

KA
Jm

s2 + Dθ

Jm
s+ KA

Jm

. (30)

Due to the inverse of Pn is not a rational function, a low-
pass filter is added to make the multiplication between Pn

−1 and
the filter implementable. The second-order low-pass filter can be
selected as the following format

Q (s) =
δ2

s2 + δ1s+ δ2
(31)

where the coefficients of δ1 and δ2 should be adjusted to satisfy
the characteristic of disturbance suppression. Based on the above
analysis, the DOB is given by

τd = −
δ2

s2 + δ1s+ δ2
d̂. (32)

(4) Feedback control

Define the torque tracking error between the reference and
actual values as e1 (t) = τr (t) − τcout(t), and then define

e2 (t) = ė1 (t) = τ̇r (t) − τ̇cout(t), then the equation (29) can be
written as

ë1 = τ̈r +
KA

Jm
τr +

Dθ

Jm
τ̇r −

KA

Jm

(

τd + τfb
)

−
KA

Jm
e1 −

Dθ

Jm
ė1 − d.

(33)

The state vector is defined as e = [e1, e2]
T , then the state space

equation of the differential equation can be given as

ė = A1e− B1τfb + B1(
Jm

KA
τ̈r +

Dθ

KA
τ̇r + τr − d) (34)

A1 =

[

0 1

−KA
Jm

−Dθ

Jm

]

,B1 =

[

0
KA
Jm

]

, d = τd +
Jm

KA
d.

Therefore, the feedback control term is given by

τfb =
Jm

KA
τ̈r +

Dθ

KA
τ̇r + τr + Ke (35)

where K ∈ R
1×2 represents the feedback gain matrix.

Impedance Control
Impedance control is not to control the position or force/torque
directly, but to satisfy the dynamical correspondence between
the force/torque and desired position through adjusting the
impedance (Hogan, 1985). For the ULRR proposed in this paper,
only impedance control in the joint space is considered. In
other words, each actuated DOF has an individual impedance
controller. The design of the impedance controller structure on
each DOF remains the same, but with different gains, and the
block diagram is shown in Figure 12. In order to illustrate the
impedance controller design, the DOF of elbow flexion/extension
is taken as an example.

In Figure 12, it is clear that there are two main loops, where
the inner loop is the torque controller designed in the last section,
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FIGURE 12 | Impedance control diagram based on torque control.

while the outer loop is the impedance controller, which appears
as a proportional-derivative (PD) position feedback controller. qd
and qa represent the desired and actual angular trajectories of the
targeted joint DOF, respectively. The external position feedback
controller determines the desired input torque τr , and the desired
input torque can be given by

τr
(

qa, q̇a
)

= Kj

(

qd − qa
)

+ Bj(q̇d − q̇a) (36)

where Kj and Bj represent the virtual stiffness and damping
coefficients, respectively.

SIMULATION RESULTS

Torque Control
For evaluating the torque controller, the simulations for tracking
desired sinusoidal torque signals with different frequencies were
performed on elbow flexion/extension DOF. Commonly, the
maximum periodic motion frequency of the human elbow
joint is 2Hz, so the frequencies of desired torque trajectory
were set to be 0.5, 1.0, and 2.0Hz, respectively. Also, the
amplitude of the sinusoidal signals was set to be 2.0Nm
for different frequencies. In Figure 13, the torque tracking
simulation results without disturbance are presented, where the
solid red line, dashed blue and dotted blue lines represent
the desired torque, actual output torque, and torque tracking
error, respectively.

The tracking performance at a low frequency is better than
that at high frequency. Root mean square errors (RMSE) between
the desired and actual torque for the three frequencies were
calculated: 0.062, 0.118, and 0.197Nm. In addition, the peak
relative error was always <5%, which shows that the proposed
torque controller can achieve excellent fidelity while tracking the
desired torque. To simulate the external disturbance, a constant
torque signal with an amplitude of 1.0Nm was added into
the closed-loop system at 1.5 s. Take the desired torque signal
with 2Hz in Figure 13 as an example, and the torque tracking
simulation result with disturbance is shown in Figure 14.
The result shows that the proposed torque controller can
effectively eliminate the external torque disturbance and force the
tracking error back to the level before the disturbance within a
duration of 0.04 s.

Impedance Control
The impedance controller in this paper is used to switch
the exoskeleton working mode between human-in-charge and

FIGURE 13 | Torque tracking simulation results on elbow joint

without disturbance.

FIGURE 14 | Torque tracking simulation results on the elbow exoskeleton with

torque disturbance at 1.5 s.

robot-in-charge by adjusting both the virtual stiffness and
damping coefficients. As can be seen in Figure 12, to implement
impedance control, the desired angular trajectory on the elbow
joint was designed as a sinusoidal signal with an amplitude of 10
and a frequency of 0.5Hz. Similarly, a constant external torque
disturbance with an amplitude of 0.5Nm was also applied to the
elbow joint at 3.0 s. By adjusting the virtual stiffness coefficient,
the impedance control results are shown in Figure 15. The tiny
influence of the virtual damping coefficient changing from 0
to 0.01 Nms/rad on the results of impedance control can be
neglected, so no such results are presented here.
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FIGURE 15 | Impedance control results of the elbow exoskeleton with a sinusoidal reference joint trajectory and a constant external torque disturbance at 3.0 s. (A) Kj
= 0.5 Nm/rad, Bj = 0 Nms/rad. (B) Kj = 1.0 Nm/rad, Bj = 0 Nms/rad. (C) Kj = 1.5 Nm/rad, Bj = 0 Nms/rad.

As shown in Figure 15A, when the virtual stiffness is at a small
level, the elbow joint trajectory tracking error is relatively high,
especially around 3 s due to the induce of torque disturbance.
But after 3 s, the tracking error is forced back to the level before
the disturbance time point by applying the impedance controller.
With the increase of the coefficient Kj, the elbow joint tracking
error is reduced and the capability of resisting torque disturbance
is enhanced. In Figure 15, with the increase of Kj, the RMSE
between the actual joint angle and reference are 3.85, 2.26, and
1.52, degrees respectively. However, Figure 15 shows that there
is no significant change for the torque tracking performance
due to the increase of Kj. Although the high impedance
coefficients, especially high virtual stiffness coefficient Kj, are
beneficial for external disturbance resistance and angle trajectory
tracking performance; they could limit interaction adaptability
between the robotic device and human wearer. Therefore, two
assistive patterns based on the impedance control are established,
including human in-charge control (low impedance coefficients)
and robot in-charge control (high impedance coefficients). In
the clinical application, these two assistive patterns can be
customized according to the rehabilitation stages of the patients.

EXPERIMENTAL RESULTS AND
DISCUSSIONS

Validation of the Mathematical Model
The aforementioned modeling and simulation sections are based
on the mathematical model (22). To solidify the correctness
of the mathematical model, an open-loop experiment on the

elbow testbed was performed. Instead of defining a random input
torque for the test, the input torque was calculated based on

(36) offline by using the same desired elbow joint trajectory and
setting Kj = 0.3 Nm/rad, Bj = 0 Nms/rad. The computed torque

was applied on both the physical elbow exoskeleton and the
mathematical model for evaluation. The joint angle trajectories
in the elbow joint and the simulation are shown in Figure 16.
The solid red line represents the analytical simulation, while

the dashed blue line represents the real angular position of the
elbow joint. The results indicate that although the amplitudes
and frequencies of two trajectories are similar, there exists a phase
shift for the experimental results, as well as time delay during the
movement starting period. The RMSE is 4.06, degrees and the
correlation coefficient (CC) between these two trajectories is 0.82.
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FIGURE 16 | Analytical and experimental angle trajectories on the elbow

exoskeleton in the open-loop test.

FIGURE 17 | Torque tracking experimental results on the elbow exoskeleton

without torque disturbance.

One possible reason for the trajectory difference is the
modeling uncertainties for the force transmission model in
Equation (20). Since we did not consider the hysteresis of the
Bowden cable in the simulation, when implementing the same
input, the physical position would lag behind the simulation
output. In addition, we hypothesize that there exist constant
friction coefficient µ and constant central angle θ(L) for Bowden
cable, however, it exhibits non-isotropic µ and θ(L) along the
length of the Bowden cable. Therefore, only from open-loop, it
would be difficult to accurately track a specific trajectory. The
closed-loop position controller is required, which is referred

TABLE 2 | Torque tracking error for references with different frequencies in

experiments.

Frequency/Hz Average error

(N·m)

Average relative

error (%)

Peak error

(N·m)

Peak relative

error (%)

0.5 0.078 3.9 0.382 19.1

1.0 0.130 6.5 0.454 22.7

2.0 0.250 12.5 0.494 24.7

FIGURE 18 | Torque tracking experimental results of a sinusoidal signal of

2Hz on the elbow exoskeleton with torque disturbance around 1.5 s.

impedance controller in this paper. The evaluation of the closed-
loop system with the impedance controller is given in the
subsequent section.

Torque Control
Like in simulation, the desired sinusoidal torque signals with
the same amplitude and frequencies were utilized to test the
torque controller on the elbow joint platform. The experimental
results to track desired sinusoidal torque signals without external
torque disturbance are shown in Figure 17. The average error,
average relative error, peak error, and peak relative error between
the desired and actual torque signals with different frequencies
are listed in Table 2. The results show that the torque tracking
error is sensitive to the frequency of the sinusoidal torque
signals, and with the increasing of the frequency, the tracking
performance becomes worse, which corresponds to the results
in the simulation. When the frequency of the desired sinusoidal
torque signal is <1.0Hz, the tracking performance is acceptable,
with an average relative error of <10%.

The same external torque disturbance mentioned in
section Torque Control was added into the closed-loop elbow
exoskeleton system around 1.5 s. Similarly, take the desired
torque signal with 2Hz in Figure 17 as an example, and
the torque tracking experimental result with external torque
disturbance is shown in Figure 18. The result shows that the
proposed torque controller can also effectively eliminate the
external torque disturbance and force the tracking error back to
the level before the disturbance within a duration of 0.05 s.
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FIGURE 19 | Experimental results of impedance control on the elbow by changing stiffness coefficient. (A) Kj=0.5 Nm/rad, Bj = 0 Nms/rad. (B) Kj=1.0 Nm/rad, Bj =

0 Nms/rad. (C) Kj=1.5 Nm/rad, Bj = 0 Nms/rad.

Impedance Control
In the impedance control experiments, the desired trajectory for
the elbow joint was set as the same sinusoidal single defined in
the simulation. The initial angular position of the elbow joint was
set at the middle point of the joint movement range. Different
trials were operated by changing the values of Kj and Bj. For each
trial, the actual elbow joint trajectory was measured by the joint
encoder, the desired torque on elbow joint pulley was calculated
by using (36), and the actual torque loaded on the joint pulley
were calculated based on the remote actuation system dynamics.
By applying the same external torque disturbance described in
section Impedance Control, the experimental results of torque
tracking and joint trajectory tracking concerning each pair of
Kj and Bj in impedance control are shown in Figures 19, 20,
where the solid red lines, dashed blue lines, and centered blue
lines represent the desired signals, actual output signals, and
tracking errors.

The elbow joint with zero impedance (both stiffness and
damping coefficients are set to 0) is the pure human in-charge
control mode and extremely compliant, which has the least
disturbance resistance capability. The tests on Kj and Bj are
separated into two sections. Firstly, as shown in Figures 19A–C,
Bj is set to 0 Nms/rad all the time, while Kj is set to
0.5, 1.0, and 1.5 Nm/rad individually. The results show that

with the increase of Kj, although the joint trajectory tracking
performance is improved, oscillation with high frequency occurs
in the desired torque on the elbow joint. Besides, the torque
tracking performance is deteriorated by the increased Kj. The
RMSE between the desired and actual elbow joint trajectories is
decreased with the stiffness coefficient increase, which is shown
in Figure 21A. However, when Kj continues increasing after
1.5 Nm/rad, the oscillation frequency of the desired torque on
the elbow joint is too high, so the performance of the torque
tracking becomes much worse due to the limited torque control
bandwidth. Figures 19A,B also shows that the external torque
disturbance around 3.0 s is addressed by the proposed torque
controller, and the torque tracking error is forced back to the
level before applying the disturbance. The short time duration
to address the disturbance enables the stable joint trajectory
tracking, so there is no significant angle change at 3.0 s for those
three situations.

Secondly, as shown in Figures 20A–C, Kj is set to 1.0 Nm/rad,
while Bj is set to 0.001, 0.005, and 0.01 Nms/rad individually.
The results show that with the increase of Bj, although there
is no obvious change for the elbow joint trajectory tracking
performance, the oscillation frequency and amplitude in the
desired torque are both increasing, which results in the bad
desired torque tracking performance, as shown in Figures 20B,C.
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FIGURE 20 | Experimental results of impedance control on the elbow by changing the damping coefficient. (A) Kj =1.0 Nm/rad, Bj = 0.001 Nms/rad. (B) Kj =1.0

Nm/rad, Bj = 0.005 Nms/rad. (C) Kj =1.0 Nm/rad, Bj = 0.01 Nms/rad.

FIGURE 21 | Effect of stiffness or damping coefficients change on the elbow

joint angular position tracking or angular velocity tracking. (A) Change of

stiffness coefficient. (B) Change of damping coefficient.

However, the joint angular velocity tracking performance is
improved with the increase of the damping coefficient, which is
shown in Figure 21B that the RMS error between the desired and
actual joint angular velocities is decreased.

DISCUSSIONS

A novel cable-driven remote actuation approach consisting of
SEA and Bowden cables was proposed in this paper, which was

applied in the ULRR design with four powered DOFs. The torque
controller, composed of joint motion compensation, friction
compensation, feedback, andDOB terms, was designed to test the
practicability of this remote actuation method. Considering the
torque controller as the inner loop, the impedance controller was
designed by adding the PD-like outer loop. The torque tracking
performance was validated on the ULRR elbow joint both in
the simulation and experiments, and the effect of impedance
coefficients on torque tracking and joint trajectory tracking
were investigated on the elbow joint both in the simulation
and experiments.

In the validation of the proposed torque controller, the results
showed that the tracking error was sensitive to the frequency of
the desired torque, and the tracking error was positively related
to the frequency. Under the same desired torque, the torque
tracking error in the simulation was less than that in experiments,
as shown in Figures 13, 17. The possible reason is that for the
real physical system, the modeling is much more complicated
than the simplified simulation model. Although the proposed
torque controller was robust to external torque disturbances,
as shown in Figures 14, 18, it could not deal with the system
modeling uncertainties. Recent studies Sun et al. (2019) and Yang
et al. (2019) provide significant potentials to address unmodeled
system dynamics, like input saturation and input delay, by using
neural networks and integral terms.
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TABLE 3 | Quantification results of the closed-loop system in simulation and

experiment.

Impedance

coefficients

Closed-loop system in

simulations

Closed-loop system in

experiments

RMSE CC RMSE CC

Kj = 0.5 Nm/rad

Bj = 0 Nms/rad

3.85◦ 0.85 4.28◦ 0.66

Kj = 1.0 Nm/rad

Bj = 0 Nms/rad

2.26◦ 0.95 2.62◦ 0.89

Kj = 1.5 Nm/rad

Bj = 0 Nms/rad

1.52◦ 0.99 1.95◦ 0.93

In the validation of the impedance controller, both simulation
and experimental results showed the change of impedance
coefficients would affect the torque and elbow joint trajectory
tracking. To mimic the external disturbance on the elbow joint,
the constant external torque signal with a certain amplitude and
at a certain time point was loaded on the elbow joint in both the
simulation and experiments. The elbow joint was positioned to
rotate in the horizontal plane, so the gravitational effect from
the forearm was not considered in this work. With the increase
of stiffness coefficient, the joint trajectory tracking error was
decreased both in the simulation and experiments, while with
the increase of damping coefficient, there was no clear change
for the tracking error. However, during experiments, the stiffness
or damping coefficients should not be set too large, because
the large coefficients introduced desired torque oscillation with
high frequency, and the proposed torque controller performance
was deteriorated due to high signal frequency, as shown in
Figures 19C, 20B,C.

As discussed in section Validation of the Mathematical Model,
the accuracy of the mathematical model was quantified by the
open-loop test. After presenting the results from the closed-loop
system (with the impedance controller), the quantification results
of the accuracy between the desired and actual trajectories in both
simulation and experiments are listed in Table 3.

When Kj was set as a small value, like 0.5 Nm/rad, the
experimental trajectory tracking performance of the closed-loop
system was not as good as the open-loop system. But with the
increase of Kj, the experimental trajectory tracking performance
of the closed-loop system was better than the open-loop system.
However, in simulation, the trajectory tracking performance of
the closed-loop system was better than the open-loop system for
the three sets of impedance coefficients we selected.

From the results of impedance control, although we only
focused on the elbow joint of the ULRR, without loss of
generality, the interaction between human wearers and the ULRR
can be categorized into two assistive patterns, human in-charge
control, and robot in-charge control. To avoid oscillation, the
damping coefficient should not be set too large. Furthermore,
according to the rehabilitation stages of the patients, the assistive
ratio could be set from zero to one corresponding to human in-
charge control and robot in-charge control mode. Therefore, the
design ULRR could be customized based on different clinical
requirements. However, there also exist several limitations in

the current work. For example, some modeling uncertainties
were not considered, like the hysteresis of the Bowden cable
when building the power transmission model and the non-
isotropic µ and θ(L) along the length of the Bowden cable,
as shown in Figure 16. Furthermore, although in simulation,
shown in Figure 15, the effect of damping coefficient modulation
to the impedance control performance was neglected, the
noisy joint angular position signals along with the first-order
time derivative signals (angular velocity) in the impedance
control experiments limited the damping coefficient modulation
as shown in Figure 20, where the higher damping severely
deteriorated the torque tracking performance.

CONCLUSION

In this paper, a novel cable-driven rotary series elastic actuator
(SEA) was proposed to implement remote actuation. First,
the new structural configuration of the novel remote actuator
and its work mechanism were presented, after which the
implementation of the upper limb rehabilitation robot was
introduced. Based on the dynamical model of this remote
actuation system, the torque controller with joint motion
and friction compensation, PD feedback, and disturbance
observer (DOB) terms were proposed. The impedance controller
was also proposed to test the remote actuation’s ability of
disturbance resistance. Finally, the performance of both the
torque and impedance controllers were verified in simulation
and experiments. The results showed that this novel SEA with
Bowden cable could achieve stable actuation for long-distance,
which can be customized to meet the requirements of a wide
range of implementations. In the future, we will focus on the
impedance control of the full ULRR with four DOFs. Also, due to
the non-linearity in the ULRR system, more advanced non-linear
controllers need to be developed for better implementations.
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In physical human–robot interaction environment, ankle joint muscle reflex control

remains significant and promising in human bipedal stance. The reflex control mechanism

contains rich information of human joint dynamic behavior, which is valuable in the

application of real-time decoding motion intention. Thus, investigating the human muscle

reflex mechanism is not only meaningful in human physiology study but also useful

for the robotic system design in the field of human–robot physical interaction. In this

paper, a specialized ankle joint muscle reflex control algorithm for human upright

standing push-recovery is proposed. The proposed control algorithm is composed of

a proportional-derivative (PD)-like controller and a positive force controller, which are

employed to mimic the human muscle stretch reflex and muscle tendon force reflex,

respectively. Reflex gains are regulated by muscle activation levels of contralateral ankle

muscles. The proposed method was implemented on a self-designed series elastic robot

ankle joint (SERAJ), where the series elastic actuator (SEA) has the potential to mimic

human muscle–tendon unit (MTU). During the push-recovery experimental study, the

surface electromyography (sEMG), ankle torque, body sway angle, and velocity of each

subject were recorded in the case where the SERAJ was unilaterally kneed on each

subject. The experimental results indicate that the proposedmuscle reflex control method

can easily realize upright standing push-recovery behavior, which is analogous to the

original human behavior.

Keywords: muscle reflex, ankle joint, upright standing, push-recovery, series elastic actuator

INTRODUCTION

The mechanical ability of the ankle joint to stand upright steadily is of great significance
in human daily lives. However, due to the high center of mass (about 64% of body height
aboveground) and the disproportionately small supporting feet, it is not easy for human
beings to stably maintain upright stance (Roberts, 2002). So far, it has been discovered
that the reflex control mechanism plays an important role in guaranteeing the outstanding
performance of ankle joints in standing in the presence of external disturbances (Loram
and Lakie, 2002). The reflex component contributes 10–40% resistance torque to the gravity
destabilizing effect (Vlutters et al., 2015), and it may reflect the potential mechanism of
upright stance postural sway. Maintaining upright stance is a fundamental and challenging task
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for wearable robotic devices, especially for powered ankle joint
prosthetics (Buckley et al., 2002; Emmens et al., 2018). Studying
the muscle reflex control on human upright standing push-
recovery not only promises to increase visibility of ankle joint
dynamic properties for decoding motion intention but also is
meaningful to achieve a bio-inspiration-based control method
for the wearable robotic system in the field of human–robot
interaction control.

Human upright standing push-recovery results from additive
interactions of the senses, including vestibular, tactile, and
proprioception, under the neuromuscular control mechanism.
The muscle reflex, such as stretch reflex, is independent from
cortical involvement and works as the most basic control
mechanism of the central nervous system (CNS). Hence,
the muscle reflex has relatively short afferent and efferent
transmission delays, which consequently enhances the fast
response ability of human muscle to external disturbances. The
muscle reflex alone is powerful to maintain human upright
balance during quiet standing in the case where only small
environmental interference is considered (McMahon, 1984).
In the muscle reflex control mechanism, body sway velocity
and angle have profound effects on ankle extensor activities
during quiet stance (Masani et al., 2003). During human
maintaining upright balance, body sway kinematics contains
motion information on the sequence state of body for real-time
decoding motion intention. Apart from the negative feedback,
such as the negative angle feedback and the negative velocity
feedback, some researchers suggested that the positive feedback
also appears in the muscle reflex and can provide stable load
compensation during human locomotion (Prochazka et al.,
1997). Despite the muscle reflex alone is able to compensate small
disturbances, a feed-forward mechanismmodified by the cortical
involvement can considerably improve human balance recovery
ability even under strong disturbances since it can change the
muscle reflex gains during push-recovery movement (Fitzpatrick
et al., 1992). Consequently, the behavior of ankle can be varied
from stiff to compliant so as to make it alterable under different
environmental interactions.

Since the muscle reflex mechanism can not only provide
insights to the study on human ankle joint properties but also
suggest clues to the intelligent control of bionic robots physically
interacted with humans tomaintain upright stance, it has aroused
extensive research interests of different researchers from the fields
of human physiology and robotics. Winter et al. (1998) have
proposed a stiffness model for quiet standing. In their work,
muscles are assumed to act as springs and can create restoration
torque determined by the ankle joint stiffness when body sways
deviate from the desired position. As an extension, simple ankle
joint stiffnessmeasurement results have been provided to support
the “stiffness control” assumption (Winter et al., 2001). In order
to maintain balance during human bipedal quiet stance, Masani
et al. (2006) have presented a feedback proportional-derivative
(PD) controller to efficiently generate a desired preceding motor
command. Later on, Loram et al. (2007) have proven that a
constant stiffness could be insufficient to maintain upright stance
balance. For the sake of meeting higher control requirement,
Vallery et al. (2008) have designed the compliant actuation and

assistance as needed (AAN) algorithms applied in rehabilitation
robots for neural recovery of locomotion, where the apparent
mechanical impedance of devices is programmable to achieve
the desired interaction control. In 2013, Rouse et al. (2013)
have elucidated the stiffness and quasi-stiffness and also clearly
interpreted the differences and similarities between these two
concepts in the context of biomechanical modeling. The muscle
reflex control is one of the paramount elements composing
the mechanism of apparent angle–torque regulation relationship
during dynamic movement.

Developing a bio-inspiration-based controller to maintain
upright stance in the present of external disturbance for a
unilateral prosthetics is meaningful as the robotic device should
not only provide enough recovery torque but also follow
the regulation mechanism of human to achieve a successful
cooperation movement (i.e., to pull the torso back to the balance
state together with the contralateral lower limb). Aiming at
effectively achieving human upright standing push-recovery,
this paper first proposes a specialized ankle joint muscle reflex
control algorithm. Afterward, the proposed control algorithm is
employed on a self-designed compliant actuation device which
is named series elastic robot ankle joint (SERAJ) to mimic
the muscle–tendon unit (MTU). Lastly, the feasibility of the
proposed control algorithm is verified via experiments from
four aspects: relationship between ankle torque and sway angle,
stability faced with external disturbances, influence on the other
ankle muscles, as well as ankle joint dynamic properties during
upright standing push-recovery. The experimental results reveal
that the proposed reflex control algorithm can easily achieve
human upright standing push-recovery, analogous to the original
human behavior.

The remainder of this paper is organized as follows.
The Muscle-Tendon Unit and Muscle Reflex Control section
introduces MTU and human muscle reflex for push-
recovery. The mechanical design of the SERAJ is stated
in the Mechanical Design of Robot Ankle Joint section.
The Reflex Control Strategy section describes the proposed
reflex control strategy. The experimental tests and results
are shown and analyzed in the Experimental Setup and
Experimental Results sections, respectively. The last section
concludes this study and shows some future works pertaining to
this paper.

MUSCLE–TENDON UNIT AND MUSCLE
REFLEX CONTROL

The function of MTU during locomotion and the schematic of
muscle control for upright standing push-recovery are stated
in the hereafter contents of this section due to the fact
that they contain important inspirational functions for the
mechanic design of the compliant robot ankle joint and reflex
control strategy.

Compliance of Muscle–Tendon Unit
In addition to the muscle function, the tightly integrated
and complementary function of tendon remains necessary
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and essential for generating joint torque and power during
human push-recovery movement. The mechanical role of MTU
provides a key energy-conserving mechanism that the elastic
energy storage and recovery process is achieved in tendon
from the body movement (Cavagna et al., 1964; Alexander and
Bennet-Clark, 1977; Alexander, 1984). MTU exhibits significant
viscosity due to the tendon’s elastic behavior, where the length
of tendon varies in proportion to the applied load. This
implies that the muscle and tendon can be regarded as the
torque generation element and compliance element, respectively.
This combination is the original design idea of series elastic
actuator (SEA).

The ability to enhance muscle performance of MTUs depends
on the mechanical behavior of compliant structure, where
energy store is an important ability and forms the fundamental
mechanism of movement dynamic behavior (Alexander and
Bennet-Clark, 1977). In a so-called “fixed-end contraction”
(Jacobs and Horak, 2007), the tendon compliance is expressed
in terms of its potential influence on muscle fiber shortening.
In such a case, MTU has a tendency to expend a large fraction
of its shortening capacity on stretching tendon compared to
muscle contractile elements (Jacobs andHorak, 2007). It has been
demonstrated that MTU as an integrated actuator can exhibit
promising performance for a wide range of locomotion activities
(Jacobs andHorak, 2007). This indicates that the compliantMTU
can be considered as a force-producing spring and its elastic
mechanism acts as muscle power amplifiers by directly storing
the work done by tendon stretching during human locomotion.
This dynamic function of MTU is consistent with Winter et al.’s
(1998, 2001) spring control model at the ankles.

Muscle Reflex for Upright Standing
Push-Recovery
Many elaborate impedance control-based algorithms have been
proposed for powered prosthesis to achieve movement ability
such as locomotion, up-down stairs, and sit to stand. However,
upright standing push-recovery during small balance (i.e.,
using ankle strategy) is quite different. There is much less
movement involved in ankle strategy standing balance. Although
inconspicuously, muscle reflex compensation is necessary as
intrinsic stiffness is not enough to keep upright stance balance
(Loram et al., 2007). Furthermore, it is useful to utilize the
inherent reflex control mechanism of human to fulfill a human-
like behavior to realize a reliable push-recovery movement,
cooperating with the contralateral lower limb.

Based on the research work done by Fitzpatrick et al. (1996),
the schematic of upright standing feet-in-place push-recovery
is presented in Figure 1. In this figure, “a” is muscle activation
level. “τankle” denotes ankle torque. “Disturbance” stands for the
external force exerted on backs of subjects. The “musculoskeletal
model” includes Hill-type muscular model and muscle-skeleton
anatomy structure. Information of muscle torque arm can be
obtained from the anatomy structure. “Reflex control” generally
includes proprioceptive, visual, and vestibular reflexes. Only
muscle reflex is considered in this study. “Time lag” contains
reflex pathway and muscle biomechanical dynamic time lag. The

motor command stems from high-level nervous system where
the cerebral cortex is involved. When external disturbances
occur, the reflex control loop (maybe together with some motor
commands) activates muscles around the ankle joint, so that
torques pulling the body back to an upright posture can be
yielded. Note that the block “switch” in Figure 1 is designed to
trigger different muscle reflexes.

It is worth mentioning that the push-recovery schematic
displayed in Figure 1 can be separated into two parts, that is, the
muscle activation generation part (from 1 to 2) and the ankle
torque generation part (from 2 to 3). The first part describes
the generation mechanism of muscle activation by muscle reflex.
The second part depicts the impacts of the muscle activation and
ankle joint on the ankle torque. Muscle activation level is the
connection of these two parts and can be calculated by surface
electromyography (sEMG).

During human upright standing push-recovery movement,
muscle reflex responds to joint or body kinematics/kinetics state
variations. Muscle spindle is sensitive to the fiber length change
and its change rate. When muscle is stretched, the spindle
generates corresponding bio-electrical signal transmitting to
spinal cord. Spinal cord generates feedback signals to activate
muscle fibers. Muscle fibers contract to against the stretch. The
following PD-like mathematic form is often used to describe this
function (Fitzpatrick et al., 1996):

a(t) = a0 + pa(LCE0 − LCE)+ daVCE (1)

where a0 is the initial muscle activation level. LCE0 and
LCE represent fiber optimal and current lengths, which are,
respectively, calculated from the ankle torque generation part and
the ankle joint angle. VCE indicates the fiber length changing rate
and is replaced by ankle joint angular velocity for simplicity in
the following reflex controller design.

Many factors affect muscle reflex control, such as visual and
vestibular processing system (McMahon, 1984). However, these
factors influence more likely the reflex gains, rather than the
form (Welch and Ting, 2008). In this study, we try to keep
influences from visual and vestibular system unchanged by using
a constant eye-open operation condition and applying a “ball
release” disturbance in which acceleration of the head is small.
In this case, the main factor involving reflex control is the ankle
joint state. This disturbance is very common in daily lives, such
as pushing a light door or holding a small stuff in the arm. For
more details about contributions of different reflexes on upright
standing push-recovery, the reader can refer to Peterka (2002)
and Jacobs and Horak (2007).

This paper selects and applies the sEMG signals of SOL and
GAS to quantify the muscle activation level because these two
muscles have been found to play important roles in human
push-recovery movement. When converting sEMG signals into
the muscle activation level, this paper adopts a commonly used
method proposed by Jacobs and Horak (2007) to process the
raw sEMG signals of the three targeted muscles. The process
method can be summarized as follows: (1) a fourth-order high-
pass Butterworth filter with cutoff frequency of 10Hz is then used
to remove direct current noise; (2) the reprocessed signals are
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FIGURE 1 | Upright standing push-recovery model with reflex control.

rectified; (3) a low-pass Butterworth filter with cutoff frequency
of 5Hz is finally applied to obtain the envelope e(t).

After processing the raw sEMG signals following the method
stated above, the muscle activation level a(t) is calculated
as follows:

u(t) = αe(t − d)− β1u(t − 1)− β2u(t − 2) (2)

a(t) = (eAu(t) − 1)/(eA − 1) (3)

where Equation (2) represents the muscle activation dynamics,
and Equation (3) is used to non-linearize the results. Equation (2)
represents a discretized second-order relationship between e(t)
and u(t), which is the dynamic between muscle activation and
muscle force generation. According to Buchanan et al. (2004),
it needs to guarantee that Equation (2) is critically damped and
stable. In this paper, parameters α, β1, and β2 are set as 2.25,
0.5, and 0.5 following our previous study (Pang et al., 2019). d is
the electromechanical delay and set to be 10ms as reported in
Corcos et al. (1992). Equation (3) is used to non-linearize muscle
activation results. Parameter A could be set to be a constant in
the range of [−3,0]. Moreover, according to our pilot test, the
amplitude of muscle activation would exceed 1, which is not
allowed as the range of muscle activation is from 0 to 1 in the
case where A is set too small. To obtain a little non-linear effect,
A is empirically set to be −0.5 in this paper. It is notable that
different settings of these parameters can affect the relationship
between muscle activation and muscle force. However, this effect
can be regulated by a constant or variable gain in robotic control
frame, which is to say the trend extracted by Equations (2, 3) is
more meaningful than the amplitude in this work.

Hill-type muscular model is implemented to calculate tension
of MTUs. Tensions of MTUs are summed to predict ankle
torque. This paper borrows the conventional form described in
Fitzpatrick et al. (1996) to calculate the tensions of MTUs. There
are two parts in the conventional form which are, respectively,
the passive serial element and the contractile element parts
(Buchanan et al., 2004, 2005). The passive serial element part (SE)
represents the muscle-tendon elastic property. The contractile
element part is composed of a contractile element (CE) and a

passive element (PE), representing the muscle fiber active and the
passive force properties, respectively. The calculation of muscle-
tendon FMTU force can be mathematically given by:

FMTU = FT = (FCE + FPE) cos θp (4)

where FT is the tendon tension. FPE and FCE are the passive
and the active forces generated by muscle fiber, respectively.
θp indicates the current pennation angle. Note that θp can be
regarded as constant in this study since the variation of ankle
joint angle is small enough.

Moment arms (r) of different muscles are obtained from
OpenSimmodel1 and linearly scaled by the height of each subject.
As ankle joint angle changes in a small range (within 0.1 rad),
values of moment arms are set as constants. Then, the total ankle
joint torque can be computed as follows:

FT = [Fmax/e
S − 1][e(SL/Lmax ) − 1] (5)

where Fmax is the maximummuscle fiber force exerted at optimal
fiber length. S is a shape parameter. L and Lmax are the current
length and the slack length of the tendon, respectively.

Covariance matrix adaptation-evolution strategy (CMA-ES)
optimization method (Hansen, 2016) was used to find the proper
parameters of the model. Under the ankle-strategy condition, the
body can be regarded as a first-order inverted pendulum and the
dynamic equation can be expressed as:

Iθ̈ = τankle −mgI sin θ − τe (6)

where τankle is ankle torque. τe denotes disturbance torque. I and
m are the inertia and mass of the body, respectively. Ankle joint
angle θ can be read from the angular transducer or the motion
capture system.

1https://simtk-confluence.stanford.edu/display/OpenSim/Musculoskeletal+

Models#MusculoskeletalModels-OpenSimCoreModels
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MECHANICAL DESIGN OF ROBOT ANKLE
JOINT

In order to evaluate the proposed reflex control algorithm, there
exists a necessity to design a wearable robotic device to mimic
the human ankle joint neuromechanical properties. To this end,
this paper designs a SERAJ. For guaranteeing the wearable
suitability of the designed robotic device, the SERAJ device is
designed with similar size to human lower limb (mechanical
specifications are listed in Table 1). As visualized in Figure 2, the
mechanical structure of the designed SERAJ mainly includes the
foot, shank, and the ankle joint. The mechanical foot is designed
as a support polygon for upright standing with similar size of
human foot. The top of the mechanical shank is connected to
a knee crutch [iWalk2.0 Hands Free Crutch (1 in Figure 2A)],
which allows the device to be wearable on the knee of human.
The mechanical ankle joint acts as a connection between the
mechanical foot and shank. In order to minimize the inertia of
the movement segments with a promising structural strength,
all these three aforementioned parts are constructed from
lightweight aluminum. The motor (7 in Figure 2A) and reducer
(6 in Figure 2A), coupled by a belt pulley (2 in Figure 2A) as
an integrated actuator, are positioned on the lateral mechanical
shank surface, where the output end of reducer is connected to
the shank-rotary-disk (SRD) (8 in Figure 2A) through a coupling
(5 in Figure 2A). The rotation of the SRD drives foot-rotary-
disk (FRD) (9 in Figure 2A) synchronously by steel cables (3 in
Figure 2A), which further results in movement of slider (5 in
Figure 2A), connecting with FRD via cables, to compress spring
(6 in Figure 2A). Consequently, robot ankle joint is driven under
the torque action, which allows bodies of wearers to sway back
or forth in a very narrow range. In summary, the self-designed
SERAJ is characterized by (1) a self-contained single degree-of-
freedom (DOF) joint which allows for a 90◦ of rotation in the
sagittal plane and (2) the intrinsic compliance to allow adaptable
performance in external physical interaction.

It is worth noting that the purpose of designing SERAJ is
neuromechanical to provide a platform to test control algorithm
which mimics human push-recovery strategy.

Series Elastic Structure
In contrast to traditional stiff robotic joint design, whose actuator
merely includes a motor and a reducer, the designed SERAJ is
intrinsically compliant, similar to AMP-Foot 2.0 presented in
Cherelle et al. (2012). The designed robotic device features the
SEA proposed by Pratt and Williamson (Pratt and Williamson,
1995) to provide back-drivable ability and position-based force
control with highly geared motor. As shown in Figure 2B,
two compression springs are mounted as elastic elements and
added between the reducer and the load to form the series
elastic structure. The stiffness of the spring is 76.59 N/mm and
the maximum compressed length is 16mm. According to the
mechanical design of SERAJ, the spring compression ls can be
calculated as follows:

ls = (θa − θr)R (7)

TABLE 1 | Mechanical specifications of the series elastic robot ankle joint (SERAJ)

(where F, S, and J are the SERAJ’s foot part, shank part, and joint part,

respectively.

Dimensions F l 23.8 cm

w 7.8 cm

S l 33.3 cm

w 3.9 cm

J r 5 cm

W h 40 cm

Mass W 3.3 kg

Material F Aluminum allory

S Aluminum allory

J Stainless steel

Range of Motion F −90◦ to 90◦

S Immovable

J 360◦

Degree of Freedom Single

W, whole robot. l, w, r, and h, length, width, radius, and height, respectively.

where θa and θr are the rotation angle of ankle joint and rotation
angle of reducer output shaft, respectively. R is designed to be
0.05m in the SERAJ, denoting the radius of the FRD.

Separate Structure
In terms of muscle reflex control, the actuators are required to
be high-precision force sources (Vallery et al., 2008). To this
end, mass and inertia of the actuated construction need to be
minimized. However, the means of effectively reducing negative
impacts of these problems via control technologies are quite
limited since control technologies mainly concentrate on control
stabilities rather than the mechanical structure of the device
(Vallery et al., 2008). To handle this issue, we applied steel cables
to achieve a more flexible transmission in the actuator in self-
designed SERAJ, instead of the general rigid connecting rods.
Thus, the motor and reducer in the actuator can be placed far
from the ankle joint, which can reduce the physical dimensions
of the ankle joint and weaken the negative effects of their mass
and inertia, to a large extent. One of the two springs is under
compression and tries to expand, so that the cables always stay
in tension during operation. Table 2 reports the specifications of
the actuator in our self-designed SERAJ.

REFLEX CONTROL STRATEGY

The proposed ankle joint muscle reflex control strategy is
multilayered and includes five feedback loops, as well as one
feed-forward loop. Multi-feedback closed loops consist of a reflex
control loop, a torque control loop (position control loop), a
speed control loop, and a current control loop. A feed-forward
mechanism is used to change reflex gain in reflex control for
adaptable compliance of SERAJ. The control scheme of the
proposed ankle joint muscle reflex control strategy is shown
in Figure 3. The control strategy of each loop in the proposed
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FIGURE 2 | Design of the series elastic robot ankle joint (SERAJ). (A) Structural schematic of SERAJ: (1) iWalk2.0 Hands Free Crutch, (2) belt pulley, (3) steel cables,

(4) pulley, (5) coupling, (6) reducer, (7) motor, (8) shank-rotary-disk (SRD), (9) foot-rotary-disk (FRD), (10) experimenter’s lower limb. (B) Design of the series elastic

actuator (SEA): Steel cables connect the springs to the actuator, which is detached from the ankle joint. (C) Photographic impression of SERAJ in operation.

TABLE 2 | The specifications of the actuator in the designed series elastic robot

ankle joint (SERAJ).

Motor maxon RE 40−148867

Torque Constant (motor) 30.2 mNm/A

Spring Stiffness 76.59 N/mm

Gear Ratio (reducer + belt pulley) 72: 1

Nominal Torque 15.744Nm

Nominal Speed 105.287 rpm

Stall Torque 174.24Nm

Power Voltage 24V

Current (max) 5 A

Communication RS-232

Sensing angular position

angular velocity

voltage

current

reflex control strategy is individually interpreted in the following
contents of this section.

Muscle Reflex Control Loop
In this paper, similar to the study conducted by Winter et al.
(1998, 2001), human ankle joint is simplified as a single DOF
joint in the sagittal plane and regarded as a pivot point. Once a
human is subjected to an external disturbance in quiet standing,
the center of mass (COM) deviates away from the equilibrium
position, which results in an undesired torque on the body and
causes the body to lean forward or backward. The undesired
torque caused by COM shifting increases with the body sway
angle increasing. To regain standing balance, muscles around

the ankle joints contract to yield the restoration torque, so that
impacts of body sway can be resisted during quiet standing. In
this paper, the ankle joint angle is supposed to be equivalent to
the body sway angle according to Gatev et al. (1999).

To mimic stretch reflex control, a PD-like form is adopted,
in which the proportional part stands for the response of muscle
spindle to muscle fiber length change and the derivative part
represents the response to fiber length changing rate. According
to the structure design of SERAJ, the deformation of spring,
which can be calculated by the joint angle, is regarded as the
muscle fiber length change. As a consequence, joint angular
velocity represents the fiber length changing rate. A variation
in ankle angular velocity indicates the direction and intensity of
restoration torque at the ankle joint in the next time instant. The
desired restoration muscle activation level used in the developed
reflex control loop is given as follows:

Ar = Ks(θa − θ0)+ Dθ̇a (8)

whereAr is the restorationmuscle activation level.Ks andD stand
for the proportion and derivative reflex gains, respectively.

In order to provide a stable force compensation in the
developed muscle reflex control framework, similar to Prochazka
et al. (1997), a positive force feedback control loop is involved in
this framework to compensate for the ankle torque as follows:

Ta = Tr + Tc (9)

where Taindicates ankle torque. Tr stands for the restoration
torque produced by Equations (4, 5) using Ar as the input. Tc

denotes compensation torque and can be obtained as:

Tc = CTs (10)
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FIGURE 3 | The control scheme of the proposed ankle joint muscle reflex control.

where C represents the compensation coefficient, and Tsis the
mechanical torque generated by compression spring.

Torque Control Loop
As stated above, a compression spring is added between the
reducer output end and the load to increase the compliance of the
self-designed SERAJ. Apart from this advance, such a structure
design also increases the shock tolerance of the device and turns
the torque control problem into a position control issue, so that
the torque accuracy can be improved. Since the ankle torque in
SERAJ is proportional to the spring compression multiplied by
its spring constant and moment arm, the ankle torque can be
obtained by:

Ts = KelsR (11)

where Ke is spring constant and set to be 76.59 N/mm. ls is the
spring compression and can be gained via Equation (7).

During the application of the self-designed SERAJ, a maxon
RE 40 motor driver is applied as the driving source. Since
the maxon EPOS2 controller offers a fast and reliable way
to automatically tune the regulation gains of the current and
velocity and can easily adaptively adjust its parameters online,
which is in full compliance with the control requirements of the
maxon RE 40 motor, this controller is selected to control the
speed and current of the motor applied in SERAJ.

Stiffness Regulating Loop
During upright standing push-recovery, the ankle joint stiffness
needs to constantly change with the variation of the compliant
actuation. In this paper, we assume that each subject has the same
stiffness on two ankle joints. Due to the SERAJ being equipped
on the right knee of each subject, rather than the function of the
right ankle in quiet standing, the stiffness of the left ankle joint is
referred by SERAJ to adjust the stiffness or proportional gain in
the reflex control loop. Recall that, as stated in theMuscle-Tendon
Unit and Muscle Reflex Control section, the reflex proportional
gain is numerically related to the muscle activation, and muscle
activation can be obtained by the processed sEMG signals. The
left ankle reflex proportional gain used in the stiffness regulation

loop can be obtained as follows (Pang et al., 2017):

Ks = K1u1 + K2u2 (12)

where K1 and K2 are the GAS stiffness and SOL stiffness,
respectively; u1 and u2 are the corresponding muscle
activation levels.

EXPERIMENTAL SETUP

The complexities and variations of the external environment
lead to unexpected involvement of various reflexes, not least
to muscle reflexes. In order to focus on muscle reflexes, it is
paramount that experiments need to be conducted in a controlled
procedure. To this end, as shown in Figure 4, this study designs
a “Ball-disturbance” platform, in which a rubber ball (weight:
0.38 kg; diameter: 10 cm) is connected to an aluminum frame via
a rope and released from the height of 2.5m above the ground.
Releasing from this given height, the ball impacts on the back
of each subject to yield an external disturbance force. During
the crash process, each subject is required to stand quietly.
Moreover, the connecting rope is released from a tight initial
state. Note that, based on our pilot test, by adopting the weight
parameter and releasing height of the ball mentioned above, each
subject could be guaranteed to lean within a tiny range (∼-0.1–
0.1 rad) and only muscle reflex control is included (Pang et al.,
2017). In terms of the ankle angle data collection conducted in
the pilot test, as visualized in Figure 5, an optical incremental
encoder (NEMICON OVW2-36-2MD, resolution: 0.0008 rad) is
fixed on the right ankle joint of each subject by two brackets and
implemented as an assistant ankle angle measurement device to
measure the subject’s ankle angle. The e pressure sensor insoles
(MOTICON) are placed in the subject’s shoes for collecting
ankle torque.

Based on the size and stiffness characteristics of the SERAJ,
participants who were taller than 1.70m, weighed <70 kg, and
had an EU shoe size between 40 and 42 were selected. Therefore,
six male subjects who have similar statures (mass 63.5 ± 2 kg,
height 1.74 ± 0.03m, thigh girth 0.42 ± 0.04m, EU shoe
size 42 ± 0.5) have been recruited in the experiment study.
Each subject has signed a written informed consent proved
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FIGURE 4 | Experimental setup. (A) Structural schematic of experimental setup: (1) rubber ball, (2) connecting rope, (3) aluminum frame. (B) Photographic impression

of experimental setup in operation.

FIGURE 5 | An assistant ankle angle measurement device: (1) shank bracket,

(2) sole bracket, (3) optical incremental encoder.

by Wuhan University of Technology on the usage of humans
as experimental participants for the experimental study prior
to participating. Prior to conducting the human push-recovery
experimental tests, the feasibility of proposed control algorithm
on the designed SERAJ needs to be experimentally tested.

During the device experimental test, the SERAJ is horizontally
fixed at one test-bed to ensure that the foot of this device is the
only movable part. The foot is manually rotated within a certain
range, creating ankle torque under the reflex control. The ankle
angle and torque data of the device are collected by an optimal
incremental encoder. After collecting these data of the device,
they are sent to a laptop via a serial port to examine whether
or not the ankle angle data and torque are linearly related to
each other.

Aiming to test the response ability of the device to external
disturbance, another experimental test needs to be conducted
on the device with the control algorithm prior to the human-
including push-recovery experimental test. In this experimental
test, the SERAJ is also fixed the same way as described in the
first device experimental test. Then, a small transient force is

applied on the toe of the device. Again, the ankle angle and
torque data of the device are collected through three optimal
incremental encoders. Then, both of these two collected data
are sent to a laptop to examine (1) whether or not the ankle
angle and torque can be fast responsible to external disturbance;
(2) whether or not the static errors of these two data can
be acceptable.

During conducting the human push-recovery experimental
tests, the SERAJ device is kneed on the right ankle of each
subject and the “Ball-disturbance” platform described in Figure 4
is used to generate external disturbance on the back of each
subject. A pressure sensor (DYMH-103) fixed to the ball’s
surface is utilized to collect the disturbance force. Three optical
incremental encoders are, respectively, mounted on the motor
output shaft, reducer output shaft, and robot ankle joint in
SERAJ to collect the ankle motion angle and spring compression.
The EMG (ELONXI EMG 100-Ch-Y-RA) with eight channels
is used to collect the sEMG signals of SOL and GAS. Then,
all the collected data are processed by STM32 controller with
suitable sampling frequency (1 kHz). Moreover, a MATLAB
custom software run on a laptop is programmed to record and
analyze the data.

T-tests were used to verify differences in mean ankle angle,
ankle torque, and muscle activation level between different
conditions. Differences among subjects are not considered in this
paper as joint-level dynamic variation commonly existed during
movement. p < 0.05 is considered statistically significant for
all tests.

EXPERIMENTAL RESULTS

In this section, experimental results are discussed from four
perspectives to test the feasibility of the proposed reflex control
algorithm. The four perspectives are (1) the relationship between
the ankle torque and sway angle; (2) response faced with external
disturbances; (3) ankle joint dynamic properties during upright
standing push-recovery; and (4) influence on the contralateral
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FIGURE 6 | The relation curves that ankle torque varies with sway angle with different ankle joint quasi-stiffness settings.

ankle muscles. Note that the first two perspectives are carried
out in the case where only the proposed control algorithm is
inserted into the SERAJ without the subject being included. The
last two perspectives are executed under the circumstance where
the proposed control algorithm is inserted into the SERAJ with
the subject being included.

Relationship Between Ankle Torque and
Sway Angle
Following the first device experimental test depicted in the
Experimental Setup section, the relationship between ankle
torque and sway angle under different stiffness settings is
visualized in Figure 6. Four different quasi-stiffness values (50,
100, 200, and 300 Nm/rad) are tested to verify the design and
control effect. One can make an observation from Figure 6 that
the ankle torque is linearly related to the sway angle within a
few tiny angles and the intensity of ankle torque depends on
joint stiffness at the same angle, which, to some extent, can
support the early assumption mentioned early in this paper.
Moreover, the spring-like action characteristic can be proven
through this experiment. Another point about that is the actual
measured ratios of ankle movement to swag angle generally
remain in line with the settings (R2 > 0.9) and the error is
limited within 5%, which is a completely acceptable error. In
other words, operation characteristics of the SERAJ can meet the
anticipated effectiveness requirement in the “ball disturbance”
push-recovery application.

Responding to External Disturbance
The dynamic responses of SERAJ to external disturbance
controlled with different reflex proportion parameters are
depicted in Figure 7. The unit of the proportion parameter
is defined as Nm/rad because we assume a linear relationship

between muscle activation and muscle force in upright stance
(Pang et al., 2019) and the gain of muscle activation to
muscle force is multiplied implicitly in the reflex parameters.
The prefix “quasi” in the figures means to distinct from the
mechanical stiffness as the “reflex stiffness” behavior is controlled
by algorithm (Rouse et al., 2013).

With the increasing of quasi-stiffness, the response oscillation
and peak–peak joint deviation amplitude are attenuated. When
the quasi-stiffness is set as 300 Nm/rad, the foot of the SERAJ
device first vibrates twice about original position and the
magnitude of ankle joint angle is about 0.025 rad when the
external force is acted on the device. Then, the disturbed device
can return to the original balance state around in 200ms without
deviation. This implies that the SERAJ can fast reply to the
external disturbance with a zero static error when the device
is controlled by our proposed control algorithm. This, to a
certain degree, can further confirm the feasibility of the proposed
method on the device in the case where no subject is involved.

Ankle Joint Dynamic Properties During
Upright Standing Push-Recovery
The “ball-disturbance” exerts an impulse-like perturbation (as
shown in Figure 8) with amplitude of about 25N and duration of
about 10ms to the subject. The experimental results of ankle joint
sway angles and torques of subject C are depicted in Figure 9. The
start point of the time interval is set as 50ms before disturbance
arrives, and the length of the time interval is selected as 1 s as it
is long enough for subjects to complete the task. The features to
describe “ball-disturbance” push-recovery are defined as duration
of leaning forward and return back, peak angle of left and right
ankle, and peak torque of left and right ankle in this paper.

It can be seen that the body of the subject starts to move
back to the balance position after the sway angle reaches about
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FIGURE 7 | The relation curves that ankle torque and swag angle change over time. The blue solid line represents the sway angle, and the red dotted line is the joint

torque.

FIGURE 8 | Disturbance force in “Ball-disturbance” trials (where the blue line

and gray-shaded area represent the average and standard deviation of

measurement results of many experiments, respectively).

0.045 rad when SERAJ is not mounted. The maximum lean
forward angle of the left ankle increases to 0.058 when SERAJ is
mounted on the right knee. The same peak amplitude increase
induced by SERAJ in ankle torque (28.5Nm vs. 35.1Nm) can
be found. The increasing trend is significant (p < 0.05) in
all the five subjects except subject A. There are significant
differences in leaning forward duration (p = 0.026) and return
back duration (p = 0.037) between SERAJ unmounted and
mounted cases for subject C. However, the correlation values of
leaning forward curve and return back curve between SERAJ
unmounted and mounted case are 0.91 and 0.87, respectively.
These high correlation values indicate that the trends of leaning
forward when SERAJ is mounted are similar to the trend when
SERAJ is not mounted. The correlation values of leaning forward
and return back are relatively high among all the six subjects
(as shown in Table 4). Experimental results of all six subjects are
listed in Table 3 in the form of mean± SD.

Muscle Activation on Contralateral Ankle
Muscles
The purpose of the exoskeleton device is to enhance the human
joint, whereas the prosthesis intends to replace the joint and
replicate the original biomechanical function. So, the question
remains: Is there an additional effect on the subject’s contralateral
ankle motion with the use of SERAJ? Interestingly, sEMG
as the electrical manifestation of muscle contraction contains
rich information for decoding motion intention, including the
simultaneous recognition of both motion types and developed
force (Au et al., 2007; Darak and Hambarde, 2015). So different
sEMG signals are collected in two groups of experiments
performed in the platform introduced in the Experimental Setup
section to address the concern. In the first group, a subject
(subject C) alone, without the SERAJ kneed on his right ankle,
is impacted by a rubber ball from 2.5m height on the back. The
sEMG signals of the subject’s left ankle muscle are measured to
analyze muscle activation. In the second group, the same subject
repeats the experiment mentioned above in equal conditions
except that the SERAJ is kneed on the right ankle this time.
The activation of the subject’s left ankle muscle also is analyzed
to compare it with the last experimental result, as shown in
Figure 10.

Compared with no SERAJ case, muscle activations of Gas and
Sol averagely increase significantly (Gas: p << 0.05, Sol: p <<

0.05) by 0.13 and 0.06, respectively. As the same in sway angle
and ankle torque situation, correlation values of Gas and Sol
between SERAJ mounted and unmounted are close to 1 (0.91 and
0.92, respectively). The increased trend can be found in all the
six subjects, except that Gas activation value decreased in SERAJ
mounted case for subject B. It can be indicated that subjects
intend to activate contralateral joint muscles (the left ankle) more
when the right ankle is replaced by SERAJ, whereas the activation
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FIGURE 9 | Experimental data of a representative subject in “Ball-disturbance” trials. Upper and lower panels show experimental results without and with SERAJ,

respectively (where the red/purple lines and the gray-shaded areas represent the average and standard deviation of measurement results of experiments,

respectively). Maximum values of each curve are attached in the panel.

dynamic profiles trend keep the same. All the six subjects muscle
activation values are listed in Table 4 in the form of mean± SD.

DISCUSSION

Ankle joint active reaction to perturbation is important to
maintain an upright stance postural. The movement of amputees
with passive ankle joint is heavily limited, and the intact limbs
have to provide more compensation and cost more metabolic
energy to realize standing balance. The experimental results show
that our proposed muscle reflex algorithm can achieve upright
standing push-recovery movement on a unilateral mounted SEA-
based ankle joint emulator. The “Ball release” task aims to mimic
the common but not easy to perceptible disturbance in daily lives,
which can break the balance if there is only intrinsic stiffness.

The torque control ability within tiny angles indicates that
the cable-driven design is valid and SERAJ can produce accurate
torque commanded by the reflex controller within a human
upright standing sway range. It is vital for powered ankle
prosthesis to regulate torque precisely in a relatively small range
(2–5◦) because the base of support of human is limited in
foot-in-place upright stance (Hof and Curtze, 2016). The quasi-
stiffness of 300 Nm/rad for one ankle joint is similar to the
“reference stiffness” (Vlutters et al., 2015) of a person with
60 kg weight, which verifies the ability of SERAJ to provide
enough resistance torque to keep balance. The capability to
regulate variable stiffness is necessary for a powered ankle
prosthesis as human adjusts joint intrinsic stiffness or quasi-
stiffness to achieve different tasks when interacting with the

physical environment. Although the movement range is not large
for ankle joint in upright stance, the variable quasi-stiffness is also
needed as the intrinsic stiffness of each individual is different in
standing postural.

The results conducted from the external disturbance
experimental tests indicate that the reaction frequency of
SERAJ is around 3Hz, which is analogous to the human joint
(Hogan, 2017). For a unilateral mounted prosthesis, it is helpful
to regulate the reaction response to be consistent with the
contralateral intact lower limb to fulfill a cooperation movement.
Too fast or too slow motion of robotic device would make a
conflict with the intact limb and bring another disturbance
to the torso. The conventional trajectory following method,
such as position (Scherillo et al., 2003) or impedance trajectory
(Dhir et al., 2018), is not suitable in standing push-recovery task
because there is no obvious rhythm motion and torque–angle
relationship varies with unpredictable external disturbance.
The impedance control-based algorithm is preferred in such
a case. An impedance controller is designed for a powered
ankle–foot orthosis to maintain upright standing balance
(Emmens et al., 2018). The variables in the controller are the
COM position and velocity, which are acquired by a four-
link human body model and the impedance parameters are
constant. For an exoskeleton device or orthosis, it is not required
to replace the original body part to fulfill the task, whereas
the prosthesis has to reproduce the full motion function or
provide enough support, passively or actively, to realize a stable
motion. The human-like response of SERAJ is achieved by the
combination of the muscle reflex controller, whose form and
parameters are designed referred to the ones of human, and
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7 TABLE 4 | Muscle activations of left ankle during the experiment (GAS,

gastrocnemius muscle; SERAJ, series elastic robot ankle joint; SOL, soleus

muscle).

Subject Left GAS Left SOL

No SERAJ With SERAJ No SERAJ With SERAJ

A 0.55 ± 0.15 0.57 ± 0.11 0.57 ± 0.01 0.58 ± 0.09

B 0.41 ± 0.35 0.31 ± 0.21 0.48 ± 0.13 0.53 ± 0.12

C 0.44 ± 0.05 0.59 ± 0.02 0.52 ± 0.05 0.59 ± 0.04

D 0.28 ± 0.02 0.35 ± 0.21 0.44 ± 0.06 0.48 ± 0.18

E 0.50 ± 0.22 0.54 ± 0.15 0.55 ± 0.03 0.54 ± 0.05

F 0.50 ± 0.11 0.64 ± 0.04 0.59 ± 0.04 0.55 ± 0.01

the compressed spring, which forms the intrinsic stiffness. The
stretch or PD parameters are regulated online by calculated
muscle activation levels of contralateral ankle joint muscles.
As constant impedance is not enough to keep upright balance
for human, the controller has to be able to compensate the
required additional torque to stop body leaning forward trend.
Taking the contralateral joint dynamic property as the reference
(we adopt a linear relationship between muscle activation
and joint stiffness) is helpful, as shown by the experimental
results, to realize a stable prosthesis-to-intact limb cooperation
work. The linear relationship is similar with the reported
behavior of human that ankle joint intrinsic stiffness increases
linearly with ankle joint sway angle (Amiri and Kearney, 2019),
which is helpful to guarantee postural stability as the center of
pressure moves toward the edge of the base of support. The
intrinsic stiffness which is similar to the one of human joint and
much lower than traditional robotic system, is also necessary
in prosthesis design, like SERAJ. Besides the advantages of
compliance in joint, such as energy efficiency and impact
protection, it is the fundamental part forming human dynamic
behavior. Although the compliance property can be realized
by control algorithm (Calanca et al., 2016), the controlled
behavior may be unable to match with the natural response of
the physical system as the response frequency of the actuator
is limited.

The experimental results show that activations of SOL and
GAS in two cases all feature the similar profile, but activation
levels of SOL and GAS have upward trends when wearing
SERAJ although subject’s ankle joint angle and torque are similar
(almost the same range of ankle angle and ankle torque) in two
conditions. The same profiles of left ankle joint indicate that
the dynamic behavior of the SERAJ performed during push-
recovery task is similar with the right ankle. As a consequence,
the proposed muscle reflex control realized on SERAJ could
be analogous to the human behavior intention. The increasing
muscle activation and joint torque imply that contralateral ankle
output more work when wearing SERAJ. Subjects seem to intend
to rely on their own ankle which can be controlled by themselves.
Due to several objective factors, such as SERAJ’s weight, which is
not quite identical to the own leg of subject, and how the SERAJ is
worn, there is no doubt that subject’s left ankle could have to face
extra burden that can be seen from the difference of activation
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FIGURE 10 | The muscle activation curves at the left ankle joint. Right column shows the gastrocnemius muscle activation without and with the series elastic robot

ankle joint (SERAJ) kneed on the subject’s right ankle. Left column shows the soleus muscle activation without and with the SERAJ kneed on the subject’s right ankle.

Solid lines represent average values, and gray-shaded areas show standard deviation.

level in the samemuscle for upright push-recovery when wearing
SERAJ. Most likely due to the higher activation level of the left
ankle, the torque of the left ankle joint built up more rapidly and
greater when wearing SERAJ. Moreover, subjects tend to utilize
muscle synergy to coordinate muscles to keep balance, in which
sensory information from whole body are input for the CNS. In
our experimental protocol, each subject is required to knee on
SERAJ. This may influence the sensation system as the right foot
of each subject is suspended. As a consequence, each subject may
adopt an alternation synergy in which the left ankle muscles are
activated more.

The drawback of SERAJ structure is that electric motor is
hanging on the leg part which removes the inertia of SERAJ
from the vertical line of the subject’s thigh. However, the effect
is limited to our experiments as the push is in a sagittal plane
and the entire weight of SERAJ is smaller than that of each
subject’s leg. Moreover, the target of this study is to test the
proposed muscle reflex controller, rather than a novel prosthesis
design used in daily life. The improvement of the device can be
considered as an extension of this study in the near future.

CONCLUSION

In this study, a specialized muscle reflex control for robot
ankle joint is presented to complete upright standing push-
recovery during “ball-disturbance.” The dynamic properties of
the unmounted SERAJ ankle joint are analyzed to assess the
feasibility of the control. Experiments have shown that the
dynamic performance, especially the trend of the dynamic
profile of the contralateral ankle joint is almost consistent
before and after using SERAJ. As many studies focus on large
disturbance push-recovery using exoskeleton device or under

locomotion circumstances, our results show that the proposed
reflex control algorithm can guarantee upright standing balance
using unilateral powered ankle joint prosthetics in ankle strategy
situation, which is a common situation during daily living.
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