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SPIRO: A Compliant Spiral Spring-Damper Joint
Actuator with Energy-Based-Sliding-Mode

Controller
Seyed Amir Tafrishi, Member, IEEE, Yasuhisa Hirata, Member, IEEE,

Abstract—Elasticity in actuators plays a crucial role in en-
abling flexible, efficient, and safe motion in robots. However,
achieving such advanced capabilities also requires the de-
velopment of sophisticated controllers. This paper introduces
”SPIRO”, a novel variable impedance actuator (patent-pending)
capable of dynamically changing its stiffness and damping
profiles to adapt to various tasks. We also propose a new energy-
based-sliding-mode controller that facilitates robust stiffness and
adaptive damping for intelligent actuator execution. Through
experimental examples, we demonstrate how the compliance of
the actuator can be adjusted based on the amount of disturbance
energy, resulting in safer and more efficient motion. Moreover,
the proposed mechanism, coupled with the designed controller,
allows for a trade-off between accuracy and safety, enabling more
dynamic link movements akin to human muscle. The unique
capabilities of SPIRO make it promising for potential applications
such as exoskeleton systems and human-robot interactions.

Index Terms—Elastic joint, variable impedance actuator, spiral
spring, nonlinear control

I. INTRODUCTION

ACTUATORS are integral component of operating robots
providing the necessary power and motion capabilities.

However, conventional electric motors have limitations when
it comes to tasks that require flexibility, energy efficiency,
and safe interaction with the load side. For example, achiev-
ing optimal robot locomotion requires a delicate balance
of stiffness and damping [1], [2]. This challenge becomes
particularly significant when actuators need to directly interact
with humans, such as in manipulators for active task support
[3]–[5] or as assistive mechanisms in human locomotion [6]–
[9]. This demand for a balance between safety and propulsion
power/efficiency has led to the emergence of a new class of
actuators known as variable impedance actuators (VIA).

VIAs are compliant mechanisms that utilize dedicated vari-
able damping and stiffness to affect the transferred torque from
the motor, with the sub-field of variable stiffness actuators
(VSA) specifically focusing on real-time stiffness variation
[10]. VIA offer various benefits for human-robot interaction
applications [3], [11], as these compliant mechanisms can
assist or interact with humans, eliminating the need for fixed
conventional safeguards in classic human-robot interaction
strategies. VIA with their existing spring profile or VSAs (sub-
field mechanism) can conserve energy through compression
of existing springs, enabling fast reactions for tasks such as
throwing items by manipulators [12] or achieving efficient gait
locomotion in legged robots [13].

VSA can conserve energy by utilizing spring deflection, and
there are various strategies for integrating springs between the
load and actuating motors [10]. Safety in this context involves
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redirecting/deflecting external forces that could be human-
applied forces on the load side [3], [14], [15] or impacts from
legged robot locomotion on the ground [1], [16]. However,
spring compression can introduce challenges during the un-
derdamped dynamics stage of the VSA mechanism, potentially
causing instabilities [17]. Issues related to high velocities and
stored energy have also been observed [18]. To address these
challenges, recent studies have focused on developing control
strategies for more efficient and safer VSAs. For example,
Braun et al. proposed a new concept of positive-negative
stiffness to suppress possible oscillations during underdamped
motion [19]. In lower limb locomotion, spring-based compliant
joints have been studied for stable trajectories and regenerative
energy during motion [7]. However, some of these compen-
sation strategies can over-complicate the issue and result in
limited and bulky actuators that are challenging to implement
in practice with to design more compact VSAs using vortex
forms [20], [21].

Researchers have explored various approaches in the design
of VIA to address limitations of VSA mechanisms [22]. For
example, a piezoelectric friction damper integrated with a se-
ries elastic actuator [23] and multi-disc brake damping actuator
[24] have been used as VSA. However, these mechanisms
often require internal re-design of motor mechanics, which can
be a practical drawback. Gunura et al. have developed a hot-
melt adhesive with visco-elastic property as a powder brake to
achieve variable damping [25]. Alternative attempts have been
made to create variable impedance actuators using soft jam-
ming brakes and artificial muscles to conserve elastic energy
[26]. However, these joints are primarily designed as prismatic
linear joint rather than revolute joint ones, which puts them
at a disadvantage compared to conventional rotational joint
actuators’ broad practicality. Moreover, they often require a
significant power source proportional to the load weight.

The presence of a spring component (stiffness) in a system
can make it unstable, posing a classic problem in control
theory [12], [21], [27]–[31]. Optimal controller methods have
been applied to efficiently execute compliant actuators by
releasing saved energy at the right time considering passivity
[12], [27]. Robust sliding mode control, proposed by Wang
[29], and methods combining energy-based approaches [12],
[21], [28] have also been used for complex tasks under dis-
turbance. Spyrakos et al. introduced the concept of passivity-
preservation control (PPC) to address the challenge of variable
impedance control due to induced energy-injecting elements
in compliant systems [32]. While traditional passivity-based
methods center around reducing the total system energy [32],
[33], incorporating passivity with a controller that leverages an
active damper profile has the potential to enhance convergence,
making it more robust and dependable to incoming disturbance
energy. Also, passive stiffness control relies on complex and
bulky joint or end-effector structures, while active stiffness
control demands torque sensing and intricate manipulation to
achieve desired compliance, constraining their practicality and
ease of implementation [34].
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Fig. 1. SPIRO mechanism featuring a variable impedance actuator. The
double-sided spiral spring is secured with sliding locks on both the joint
body and the outer surface of the spiral spring (along the helical line).

In this work, we introduce ”SPIRO,” a compact compliant
actuator capable of dynamically adjusting its impedance in
response to external disturbances. We address limitations of
prior variable stiffness actuators, which faced challenges like
active stabilization issues and lacked easily designable damp-
ing profiles, especially for spiral spring models [3], [10], [14],
[21]. The proposed mechanism achieves continuous stiffness
modulation with precise control at the load-end due to dual-
motor integration. It incorporates a novel variable damping
element that operates efficiently without a need for large power
sources [26]. This mechanism offers straightforward assembly,
distinguishing it from earlier approaches [23], [24], and it
does not rely on complex material compositions [25]. It also
addresses hysteresis and the presence of a static friction band
which was noted as drawback in friction dampers [22].

Moreover, previous studies overlooked the trade-off between
safety and accuracy. This issue, for example, is a critical
aspect of human muscle operation modes from a control
perspective [35]. In that regard, muscles exhibit a dominant
stiffness profile (resembling an under-damped system) for
tasks requiring fast and responsive actions to achieve smooth
and energy-efficient movements. However, for tasks demand-
ing high accuracy and heightened safety measures (which
may arise spontaneously), the damping profile becomes more
persistent with a limited stiffness profile (resembling an over-
damped system). To address this trade-off, we developed a new
energy-based-sliding-mode controller that utilizes the adaptive
impedance capabilities of the SPIRO mechanism to adjust
its profile based on the situation and objective dynamically
keeping the advantage of passivity.

The paper is organized as follows. First, we explain the
mechanism of SPIRO with its model and its capabilities
in Section II. In Section III, the problem statement of our
control strategy is explained and a new energy-based sliding-
mode controller considering a coupled robust stiffness and
adaptive damping is proposed. Section IV demonstrate the
experiment results and performance evaluation of a novel
SPIRO mechanism with a designed new controller in point-to-
point and trajectory tracking tasks. Finally, we conclude our
findings in Section V.
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Fig. 2. Electrical and mechanical design of the SPIRO mechanism including
the control unit box.

II. SPIRO ACTUATOR MECHANISM

In this section, we explain how the SPIRO mechanism is
designed. Next, we describe the key features of this new
variable impedance actuator.

A. Mechanism Design

The SPIRO mechanism, depicted in Fig. 1, introduces a
novel variable impedance joint actuator. This mechanism com-
prises two main components: rigid double-sided spiral springs
for variable stiffness, and soft inflatable pipes for variable
damping. In Fig. 1, two DC Maxon motors (model: DCX22S
GB KL 12V) equipped with absolute encoders (ENX16
EASY Absolute SSI) are directly connected to the double-
sided spiral spring. Additionally, a current sensor (INA169)
is incorporated for each DC motor. The double-sided spiral
spring integrates two individual spiral springs, coupled at the
outer end (Fig. 2). For this mechanism, a 3D-printed double-
sided spiral spring, reinforced with nano-material within Poly
Lactic Acid (PLA), imparts ample stiffness and facilitates
force transmission between the load and motors. Each spring
within the double-sided spiral configuration can be likened
to a serial elastic actuator, offering the flexibility to adjust
stiffness profiles at the load end (refer to Fig. 2). Furthermore,
the spiral spring design allows for substitution with metal-
based materials, enabling higher torque transfer capabilities.
The stiffness constant of the spiral spring has been determined
using [36]

Kc =
ηbsd

3

t

12Ls

, (1)

where η, bs, dt, Ls are Young’s modulus, the width of spring,
thickness and length of the spiral spring, respectively. Note that
the values of the stiffness Kc = 0.0958 N/rad are validated
with deflection and torque experiments.

The soft actuated element consists of inflatable pipes dis-
tributed along the helical lines of the spiral spring, as depicted
in Fig. 1. These pipes are securely fixed at specific points
(pipe holders) around the spiral spring lines to maintain their
positions. Through a systematic inflation process, the pipes
effectively dampen incoming forces between the joint body
and motors, utilizing the interconnected spiral springs. In other
words, the inflated pipes creates a direct force on helical lines
of spiral spring with keeping high friction along the spiral dis-
tribution. For example, the pipes mostly constraining the inner
helical line while keep the same force when is in tact with
outer helical line (see Figs. 3-5). This damping mechanism
plays a crucial role in achieving rapid stabilization, particularly
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Fig. 3. Different functions by varying stiffness and damping profile of double-
sided spiral spring. Plots illustrate the experiment shown in the video.

in over-damped systems characterized by high stiffness profiles
and substantial noise disturbances. In some sense, this can
resemble the mechanical characteristics of human muscle
operation. The mechanism can work either by changing the
stiffness and damping independently or in a coupled state of
stiffness and damping profiles similar to human muscle. Due
to the simplicity of the primary mechanism, it can easily fit
into conventional DC motors for applications in legged robots,
exoskeleton systems or manipulators.

In this mechanism, DC motors with the angular orientation

of qm = [θ1, θ2]
T

∈ R
2 work in shifting the task of each

side of a double-sided spiral spring as a power transmitter and
impedance profile system or with a combination of all. Also,
we have used an inertial measurement unit (IMU) with the
Bno055 model to track link 2 accurately. From this sensor, we
utilize both angular orientation and velocity (ϕ, ϕ̇) (the main
moving link). Fig. 2 illustrates the mechanical and electrical
integration of the SIPRO mechanism. The spiral spring, as
shown, is actuated by the rotation of two DC motors with

PWM voltage inputs of um = [v1, v2]
T

∈ R
2. Also, the

damping pipes are inflated by using 6 V 3 L/min miniature

pump motors (voltage inputs of up = [vp,1, vp,2]
T

) with
directly connected 6v two-way valves in the line of the fluid
flow. The main reason for switching valves is to keep the
pressure in the inflatable pipes as stable as possible. Because
the aim is to have continuous control of the pressure of pipes to
vary the damping effect with the volume change of soft pipes,
we have created this fast switching valves and an exhaust
valve. The exhaust valve is also used to limit the pressure
while the fluid is pumped or empty a certain pressure level. It
is important to note that these switches are miniature, and our
SPIRO mechanism does not require any bulky compressor to
keep the pressure stable and high in the inflatable pipes.

Next, it is important to explain the double-sided spiral
spring’s functions with attached damping pipes between the
joint body and link 2 (shown in Fig. 1). By actuating electric
motors, pump motors and valves in different ways, we have
to change relative stiffness, damping and various capabilities,

Fig. 4. The experimental identification of stiffness and damping profile of
the SPIRO mechanism with using strain gauge sensor connected on the link.

which is ruled by the following formulations






Joint rotation :







ϕ̇ ≥ 0,
(

θ̇1(t)− θ̇2(t)
)

≥ 0

ϕ̇ < 0,
(

θ̇1(t)− θ̇2(t)
)

< 0

Radius rs variation:

{

ra ≤ rs(t), (θ1(t)− θ2(t)) ≥ 0
ra > rs(t), (θ1(t)− θ2(t)) < 0

Variable stiffness: θ1(t) ̸= θ2(t), Ks ≈ 2Kc +
τm,1−τm,2

θ1−θ2

Variable damping: θ̇1(t) ̸= θ̇2(t), Bs ≈ 2Bc +
2ApraP

θ̇1−θ̇2
d

1

2
p

(2)

where {Kc, Bc} are the constant stiffness and damping values,
P is the pressure in pipes, Ap area surface of the damping
pipe, and ra is the standard outer radius of the spiral spring.
Please note that the following approximately illustrates the
relevant stiffness and damping with primary analytical results.
For instance, the outer radius of the spiral spring is considered
as constant ra value; however, radius ra should be regarded as
variable rs(t) if the current joint body does not exist (similarly
shown in the video and Fig. 3). In the incoming section, we
will obtain a more detailed formulation by considering all the
contributing factors. To show the capability of the proposed
SPIRO mechanism with the analytical formulation in (2), we
present a simple test 1 as depicted in Fig. 3 where springs
are in equilibrium without any external link connection. In
the test, the mechanism is at rest with respect to electric
motors and pumps, shown in case 1. In case 2, the angular
orientation of motors happens in the opposite direction. This
results in varying the stiffness and keeping the double-sided
spiral spring in a new extended radius of rs. The radius rs can
be arbitrarily changed and kept for the rest of the orientation
while the new stiffness is achieved. Another ability is shown in
case 3. The inflatable pipes are pumped with air until they get
into satisfactory volume, which indicates relatively the amount
of torque on the DC motors decreases (lesser current flow in
motors). Thus, the deformed new spiral spring radius is kept
in the same relative angular difference (θ1 − θ2). Also, the
extruded torque between two spiral springs that constructs
the double-sided spiral spring (τm,1 − τm,2) decreases the
burden on the DC motor and changes the damping profile
as another advantage. The overall behaviour of the developed
SPIRO VIA mechanism is demonstrated with confirmed static
experiments in Fig. 3.This validates the real-time adaptability
of the SPIRO mechanism in modifying its stiffness and damp-
ing profiles. Also, the 3D plots depict the range of change in
stiffness Ks ∈ [−15, 15] N/rad and damping Bs ∈ [0.1, 0.4]
N·s/rad profile, including their constant values for currently
designed spiral spring model with inflatable pipes. This range
of variation in impedance profile illustrates the uniqueness of
functional changes for designed SPIRO mechanism. Another

1The full demonstration is provided in the video.
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Fig. 5. a) The schematic of the SPIRO mechanism with connected links where
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approximation model with mass-point particle mρ,i motion with distance rs,i
from the centre of frame Σa for estimating the damping coefficient. Also,
damping inflatable pipes with diameter dp have a radial distance from the
spring by di − dp where di is two helical lines of spiral spring distance.

unique advantage of the mechanism is the ability to change
the outer radius rs(t) (double-sided spiral spring resembles
the wheel), which lets the SPIRO mechanism be both a joint
actuator and a wheel-like actuator. The wheel actuator mode
of the SPIRO and its transformation is a separate study (it is
part of the patent-pending prototype), and we keep it for future
studies for the sake of consistency in the current study.

Additionally, an identification test (Fig. 4) with an external
link connected to a strain gauge sensor (KERN FH500) was
conducted. Without pressure P in the inflatable damping pipes,
the stiffness profile shifts completely when transitioning from
a double-sided spring (DS) configuration to a single-sided
(SS) one, where one spring is fixed and the other is rotated.
This implies that we can determine a constant stiffness Kc

for each spring (SS); however, the true stiffness Ks requires
modification as presented in (2) when spring deflection shifts
with motor control under different torques. Similarly, the
activation of the damping pipe results in distinct profiles for the
true damping Bs due to varying pressures. This means that the
damping constant Bc contained within the spring will change
relative to the pressure that inflatable pipes exert, as shown in
(2). Additionally, the distance dp between the damping pipes
and spring helical lines is interpreted to accurately track the
effect of damping on double-sided spring.

B. Dynamic Model of Actuator

At first, we find out the dynamics of the SPIRO mechanism
with existing link connections as shown in Fig. 5. Let’s assume
the kinematics of the load on the end of the link Σe with
respect to the actuator frame Σa is presented as Fig. 5. Then,
we define the position of the joint system, including the i-th
spiral spring, as follows:

pl = (ra +
ll
2
)[cosϕ(t)i+ sinϕ(t)j],pe = l[cosϕ(t)i+ sinϕ(t)j],

ps,i = rs,i(t, θi, ϕ)
[

cos(θi(t)− ϕ(t))i+ sin(θi(t)− ϕ(t))j
]

(3)
where l = ra + ll + le is length from center of the joint till
the external load and rs,i is changing radius of mass-point on
the spiral spring. Then, by taking derivative of the Eq. (3), we
obtain the kinematics as follows

vl = (ra +
ll
2
)ϕ̇ [− sinϕi+ cosϕj] ,ve = lϕ̇ [− sinϕi+ cosϕj] ,

vs,i = ṙs,i(t, θi, ϕ)
[

cos(θi − ϕ)i+ sin(θi − ϕ)j
]

+
(

θ̇i − ϕ̇
) [

rs,i(t, θi, ϕ)
[

− sin(θi − ϕ)i+ cos(θi − ϕ)j
]

]

,

ωb = ϕ̇k, ωs,i = (θ̇i − ϕ̇)k.

The link model is derived by using Lagrangian equations to
include the load and connected joint models. Then, the kinetic

energy for the rotating link T and rotating mass-point on spiral
spring Tϱ can be presented as follows

T =
1

2

[

v
T
l

v
T
e

]

[

ml 0
0 me

] [

vl

ve

]

+
1

2
ω

T
b Jbωb +

1

2
q̇
T
mJmq̇m,

Tϱ =
1

2

[

v
T
s,1

v
T
s,2

]

[

mϱ,1 0
0 mϱ,2

] [

vs,1

vs,2

]

,

where Jm = J′

m+n2Jg ∈ R
2×2 that J′

m ∈ R
2×2, Jg ∈ R

2×2

and n = diag{n1, n2} are DC motor inertia, gear inertia and
gear ratio. Next, the potential energy for the link U and mass-
point on the spiral spring Uϱ are

U =
1

2
qT
s Ksqs +mg(1− cosϕ), Uϱ =

1

2
rTs Krrs, (4)

where m = ml(ra + ll
2
) +mel, and Ks = diag{Ks,1,Ks,2},

Kr = diag{Kr,1,Kr,2}, qs = [(θ1 − ϕ), (θ2 − ϕ)]T ,
qm = [θ1, θ2]

T are double-sided spiral spring stiffness on
each side, the linear approximated stiffness of spring with
mass-point model (shown in Fig. 5), relative orientations of
spiral spring and electric motors orientation, respectively. Note
that we have separated the energy of the mass-point system
since this model will be used in the controller system design
for indirect sensory information about spring deformation.
Also, the energy model of the mass-point is very small that
can be ignored for consideration as part of the total energy
model of the system. The Lagrangian functions is found by
L = T − U . Also, the viscous friction with a new definition
of variable damping profiles for SPIRO mechanism Ps and
mass-point Pϱ are defined as

Ps =
1

2
q̇T
mBq̇m +

1

2
q̇T
s Bdq̇s, Pϱ = ṙTs Br ṙs, (5)

while

B = Bm + n2Bg ∈ R
2×2, Bd = Bc +Bp(t) ∈ R

2×2, (6)

where Bm, Bg , Bc and Bp are constant motor and gear damp-
ing coefficients, and the constant damping coefficient in the
spring-pipe model and our designed pipes variable damping
value. Also, Br will be an approximated linear spring-damping
model with a mass-point end shown in Fig. 5 that solving the
model will enable us to find the relative distance between the
helical lines (di) in spiral spring in incoming sections. Then,
the Lagrangian equations can be derived for the considered
configuration of x = [ϕ, qm, rs]

T ∈ R
5 as follows

d

dt

(
∂L

∂q̇

)

−
∂L

∂q
+

∂P

∂q̇
= τ, (7)

where [rs, ṙs] are the displacement and velocity states for
the mass-point mϱi

on the spiral spring. By applying (7) to
the derived Lagrangian functions {L, Lϱ} in L and viscous
friction functions (5), we have following model

M(x)ẍ+ h(x, ẋ) = τ , (8)

where

M =

[
Mb 0 0
0 Jm 0
0 0 mϱ

]

∈ R
5×5, h = [h1, h2, h3, h4, h5]

T ,

τ = [τm,1 + τm,2, τm,1, τm,2, 0, 0]
T , (9)

where Mb = ml(ra+
ll
2
)2+mel

2

l +Jl+Je and also {ml, Jl}
and {me, Je} consist of the mass and inertia of link and
external object, respectively.



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2023 5

C. Electric Motor Model

The designed novel variable impedance actuator has two
DC motors with gears ratios. We can show the motors electric
model with the current states of Im = [I1, I2]

T (as shown in
Fig. 2) as follows

İm = Axm +Bum, (10)

where

A =

[

−R1

L1

0 −
n1 Kb,1

L1

0

0 −R2

L2

0 −
n2 Kb,2

L2

]

,

xm =

[

Im
q̇m

]

∈ R
4, ;B =

[
1

L1

0

0 1

L2

]

, um =

[

v1
v2

]

,

where um, Li, Ri and Kb,i are the i-th DC motor’s voltage
input, the armature inductance and the armature resistance and
back emf constant, respectively.

D. The Spiral Spring Model

To accurately determine the damping effect of inflatable
pipes in the design of our new mechanism, it is essential
to determine the radial distance between the pipes and the
deflecting spiral spring. The spring model plays a pivotal
role in this process. To this end, we propose a solution that
integrates spiral motion kinematics with inverse dynamics of
rotating mass-point on spring to derive an indirect sensory
input for calculating the distance between the helical lines of
the deforming spiral spring. This approach facilitates effective
estimation of the distance between the inflatable pipes and the
spiral spring body.

At first, we use a discrete curve model of the spiral spring
based on Fig. 5-b. The formulation is expressed by the
Archimedean spiral model that the complete varying helical
lines pa,i ∈ R

2×m with a resolution of m are

pa,i = p
0
+Ψ (w̄ rs,i) , (11)

where

pa,i =

[
xs,i

ys,i

]

, p
0
=

[

x0,i

y0,i

]

, rs,i =
Θ

2πns,i

r′s,i(t),

w =

[

1
1

]

, Ψ =

[

cos(Θ+ qs,i) 0
0 sin(Θ+ qs,i)

]

Θ = [0, · · · ,Θm]
T
, w̄ = [ w · · · w ]

T
∈ R

2m×1 (12)

where Θm = 2πnt, Θ ∈ R
m and nt are maximum angle of

spiral, and angular steps vector and number of turns of spiral,
and remaining variables in the model are determined by

ns,i(rs,i) =
Ls

π(rs,i(t)− 2rm)
, r′s,i =

rs,i(t)

ra
, qs,i = θi − ϕ.

(13)

It is important to note that we have considered a homogeneous
distancing in (12); however, one can replace it with nonlinear
forms to get more accurate results based on the material,
tension and stiffness of spiral spring.

Next, to find changing value of rs,i(t) radius, we have
to solve the differential equation for (ṙs,i, rs,i) in (7) with
the moving mass (mϱ,i) on spiral spring. By solving the
following equation, we can have the axial motion toward the
centre of the spiral spring, which gives the values for Eq.
(13) parameters. Next, we should calculate the relative radial
distance di between the inflated pipe and each of the spiral
spring’s helical gaps. This will determine the exerted force on
the spiral spring when the damping pipes are inflated. This

10 20 30 40 50 60 70

1

2

3

4

5

6

7

8

9

Experiment results

Polynomial approximation

Fig. 6. The inflation distance vs the internal gauge pressure of inflatable
damping pipes.

gap is important to know if the changing variable damping
profile by the inflatable pipes is working simultaneously. The
information of exerted forces will later be integrated into
the variable damping coefficient Bp(t,di). In this work, we
assume the spring is deforming uniformly; hence, by taking
two points on the spiral spring, we can determine the gap
between arcs to know how much the inflatable pipes interact.
For chosen arbitrary couple (Θ1, rs,i(Θ1)) and (Θ2, rs,i(Θ2))
of points on spring, we have

dd =

[

dd,1 0
0 dd,2

]

+ dt I2×2, (14)

where dd,i =∥ pa,i(Θ1) − pa,i(Θ2) ∥ is Euclidean distance
between two points {Θ1,Θ2} in i-th spring, Θ2 = 2kπ +Θ1

and dt is the thickness of spiral spring’s lines. As mentioned
earlier, we made an approximation since there is non-linearity
in spiral spring deformation (based on the chosen material).
For instance, the parts near to centre will not have high
flexibility for re-enforced PLA model of the SPIRO mech-
anism. Thus, we consider the maximum change in distance in
our computation. One can obtain a more accurate model by
including the rate of change for deformation to Eq. (12) or
stiffness-dependent curvature parameters [37].

E. Fluid Actuated Variable Damper Model

In this study, the electric pump motors have a model with
a constant fluid flow, while the pressure in pipes is measured
from the pressure sensor. Then, we propose an approximated
damping coefficient between the helical lines of the spiral
spring and inflatable pipes of the SPIRO mechanism.

The damping coefficient Bp in (6) is defined for inflatable
pipes (variable damper) with following

Bp(P̄,dx, q̇s) =

[

Bp,1 0
0 Bp,2

]

≜ raFd
¯̇q−1

s dx

=

[

ra,1 0
0 ra,2

]
(
P̄Ap

)
¯̇q−1

s dx, (15)

where Fd ∈ R
2×2, P̄ = diag{P1, P2}, Ap = diag{A1, A2}

are the force on spiral springs by pipe inflation, pressure in
inflatable pipes and surface area on the pipe that touches the
helical lines surface on spring, and also the true distance ratio
is

dx =
∣
∣I− d−1

r de

∣
∣
1

2 (16)

while dr and de are the standard radial gap distance between
the two helical lines of spring and the true radial distance
between the inflatable pipe and the helical line of spiral spring.

To determine the actual distance de, we need to find the
inflation distance of the pipes dp first. To do this, we use a
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Fig. 7. Block diagram of the Energy-Based-Sliding-Mode Controller.

polynomial approximation model derived from experiments on
a flattened pipe at normal atmospheric pressure of 101 kPa.
Initially, we check the pressure in the internal gauge pressure,
as shown in Fig. 6, for a constant length of pipe Ls. Next,
the length of inflation dp of the i-th inflatable pipe is defined
by a third-order polynomial function approximation, which is
expressed as:

dp,i = c′
1
P 3

i + c′
2
P 2

i ++c′
3
Pi + c′

4
, (17)

where [c′
1
, , c′

2
, c′

3
, c′

4
]=[5.68×105, −0.0089, 0.461, 0.476].

It is also clear from the figure that the pipe can extend
maximum of 8.8 mm distance (semi-minor axis when deflated
pipe is in ellipse form) pipe which is near to the circular
diameter of the inflammable pipe.

Finally, based on the information, we can define the gap
between inflatable pipe and the spiral spring line as follows:

de = dp(P)− d(qs, rs), (18)

where the distance between the inflatable pipes and deforming
spiral spring lines d is defined as d = dd + dsafe where dd

and dsafe are the actual distance of inflation pipe from (14)
and constant of the safe distance of interaction.

III. THE CONTROLLER

The proposed energy-based-sliding-mode controller is in-
tended to control the variable impedance SPIRO actuator
dynamically (refer to Fig. 7). The energy-based controller
is designed to generate an adaptive damping profile on the
actuator in response to different levels of disturbances/devia-
tions, ensuring that the actuator remains stable and accurate
at the desired configuration. The sliding mode controller,
based on feedback from the energy-based controller, aims
to converge the actuator to the desired states with adaptive
stiffness, enabling the creation of safer, smoother, and energy-
efficient motions for the links attached to the SPIRO actuator.

A. Problem Statement

Here, we explain our considered problem statement and
how the controller is expected to work with the given desired
configuration and disturbances.

This motion control problem aims to develop a strategy
that mimics the mechanical behaviour of human muscles,
using the variable impedance property to ensure the safe and
accurate convergence of the SPIRO mechanism’s actuation
when faced with impulse disturbances or large push/pull. In
this context, we define safety as a certain level of stiffness

profile that provides the actuator with flexibility and softness
during external disturbances caused by human/environmental
interactions can be defined as passivity. Given the human-robot
interaction component, this safety definition is particularly
critical to the control strategy. Also, this approach leverages
the physics of spring compression for efficiency, much like
human muscles in cyclic motions such as running or mov-
ing. Accuracy, in turn, refers to point-to-point convergence
(step references) with minimal fluctuation, which limits the
stiffness profile by tuning the damping ratio, much like high-
precision human muscle tasks. To address these requirements,
we propose an energy-based-sliding-mode controller, as shown
in Fig. 7, which enables interchangeably varying impedance
through deviations from the desired configuration and energy
of imposed disturbances.

The energy-based controller part is expected to minimize
the incoming disturbances and increase the motion’s accuracy
by decreasing the spiral spring’s effect during joint movement.
The energy in the system is considered to be minimized in the

spiral spring toward the desired values
(

Ed, Ėd

)

by

Ed =
[
ml(ra +

ll
2
) +mel

]
g(1− cosϕd(t)), (19)

where system total energy E(t) is the potential energy of the
double-sided spiral spring besides the energy due to the inertia
and inductance of the motor {Ks,Jm,Lm}. Also, we expect
the spiral spring deflection in each motor will reach to desired
angular deflection and velocity values

(
qs,d, q̇s,d

)
.

Next, the sliding-mode controller is expected to converge
the desired states (ϕd, ϕ̇d) of the link 2 , DC motors current
Im,d, and spring deflection states

(
qs,d, q̇s,d

)
with chang-

ing the bounded voltage input in the DC motors um ∈
[−um,min, um,max]. The spring deflection states (qs, q̇s) are
important since the sliding-mode controller aims to vary the
spring deformation based on the current state of the SPIRO
mechanism ∀{x,xm} ∈ R

9 to achieve variable stiffness. This
problem requires the energy-based controller to adapt to the
real-time variations of the spring deflection by changing the
pressure input up ∈ [0, up,max] in damping pipes.

B. Energy-Based Controller for Adaptive Damping

The primary role of the energy-based controller is to adjust
the damping of the SPIRO actuator in real-time as the con-
nected link moves towards the desired configuration. The level
of fluctuation in the convergence and the energy of external
disturbances are used to generate a variable damping profile
that gives a safe and robust convergence under disturbance
considering passivity.

To derive the controller, we define the total energy of the
system, including the kinetic and potential energies of the DC
motor and the elastic joint connection as follows

E =
1

2
[qs q̇m Im]T

[
Ks 0 0
0 Jm 0
0 0 Lm

][
qs
q̇m
Im

]

, (20)

where Lm= diag{L1, L2}. And, one will have the derivative
of the energy function as

Ė = [qs q̇m Im]T

[
Ks 0 0
0 Jm 0
0 0 Lm

][
q̇s
q̈m

İm

]

. (21)



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2023 7

Next, to stabilize the SPIRO actuator and utilize a passivity
in system behaviour, we propose following Lyapunov function
for each pump motor Ve ∈ R

2 as follows

Ve =
1

2
keẼ

2 +
1

2
kdBd( ˙̄qs − ˙̄qs,d)

2 +
1

2
kpKd(q̄s − q̄s,d)

2,

(22)

where Ẽ = E−Ed and we have introduced a robust stiffness
Kd and adaptive damping Bd that are designed with respect
to the controlled pressure in pipes by

Kd ≈ Kc + q̄−1

s ApP̄, Bd ≈ Bc + ˙̄q−1

s ApP̄. (23)

Then, by differentiating the Lyapunov function (22), we have

V̇e = keẼ
˙̃E

︸ ︷︷ ︸

ϑe

+
1

2
kdḂd( ˙̄qs − ˙̄qs,d)

2

︸ ︷︷ ︸

ϑd,1

+kdBd( ˙̄qs − ˙̄qs,d)¨̄qs
︸ ︷︷ ︸

ϑd,2

+ kpKd(q̄s − q̄s,d) ˙̄qs
︸ ︷︷ ︸

ϑp

. (24)

After including pressure equations through the variable damp-
ing to the Eq. (24) one has

V̇e = keẼ
(

qT
s Ksq̇s + q̇T

m (KmIm − hm) + ITmLm (Axm +Bum)

− Ėd

)

+ kd

[

(

Bc + ˙̄q−1

s ApP̄
)

( ˙̄qs − ˙̄qs,d)q̄sx

+
1

2

(

−q̄sx
˙̄q−2

s Ap + ˙̄q−1

s Ȧp +
1

T
˙̄q−1

s Ap

)

P̄( ˙̄qs − ˙̄qs,d)
2

−
1

2
˙̄q−1

s ApP̄k−1( ˙̄qs − ˙̄qs,d)
2

]

+ kp

(

Kc + q̄−1

s ApP̄
)

(q̄s − q̄s,d) ˙̄qs,

where

Km =

[

km,1 0
0 km,2

]

, qsx = ¨̄qs,

q̈s = J−1

m (KmIm − hm)−w
(

KT
mIm − h1

)

.

while P̄ = P̄k and P̄k−1 is the previous step’s pressure in
inflatable damping pipes and we assume the rate of change
in pressure based on sampling frequency is lower, hence, one

has ˙̄P = 1

T

(

P̄k − P̄k−1

)

. By finding the Lyapunov function as

V̇e = 0 for the pressure P̄, we have

P̄ = −

[

kd ˙̄q
−1

s A( ˙̄qs − ˙̄qs,d)q̄sx + kpq̄
−1

s A(q̄s − q̄s,d) ˙̄qs

+
1

2
kd

(

− q̄sx
˙̄q−2

s A+ ˙̄q−1

s Ȧ+
1

T
˙̄q−1

s A

)

( ˙̄qs − ˙̄qs,d)
2

]

−1

·

[

keẼ
(

q
T
s Ksq̇s + q̇

T
m (KmIm − hm)

+ I
T
mLm (Axm +Bum)− Ėd

)

+ kd

[

Bc( ˙̄qs − ˙̄qs,d)q̄sx

−
1

2
˙̄q−1

s AP̄k−1( ˙̄qs − ˙̄qs,d)
2

]

+ kpKc(q̄s − q̄s,d) ˙̄qs

]

.

The variable damping with pressure control has singular points
(resulting the control input P̄ to converge to zero even when
[qs, q̇s] < ϵ]) that requires to be eliminated during the

execution; hence, we have come up with following conditional
formulation of

P̄ = −
(

kdQ̇s + kpQs

)

−1
[

keẼ
(

q
T
s Ksq̇s + q̇

T
m (KmIm − hm)

+ I
T
mLm (Axm +Bum)− Ėd

)

+ kd

[

Bc( ˙̄qs − ˙̄qs,d)q̄sx

−
1

2
˙̄q−1

s AP̄k−1( ˙̄qs − ˙̄qs,d)
2

]

+ kpKc(q̄s − q̄s,d) ˙̄qs

]

.

(25)
where

Qs ≜

{
q̄−1

s A(q̄s − q̄s,d) ˙̄qs, |qs(t)| ≤ qs,max

q̄−1

s,max
A(q̄s − q̄s,d) ˙̄qs, |qs(t)| > qs,max

Q̇s ≜















˙̄q−1

s

[

A( ˙̄qs − ˙̄qs,d)q̄sx + 1

2

(

− q̄sx
˙̄q−1

s A+ Ȧ

+ 1

T
A
)

( ˙̄qs − ˙̄qs,d)
2
]

, |q̇s(t)| ≤ q̇s,max

˙̄q−1

s,max

[

A( ˙̄qs,max − ˙̄qs,d)q̄sx + 1

2

(

− q̄sx
˙̄q−1

s,maxA

+Ȧ+ 1

T
A
)

( ˙̄qs,max − ˙̄qs,d)
2
]

, |q̇s(t)| > q̇s,max

Eq. (25) can present the direct pressure control through the
following up = Rs P̄w ∈ R

2 where Rs is the softness ratio.
The softness ratio Rs allows for different flexibility ranges for
the SPIRO mechanism based on the task.

We now check the stability of the adaptive damper with
the given energy-based controller in the proposed Lyapunov
function (24). Let’s assume the function’s energy term is
bounded (21) due to the maximum deflection angle qs ∈
[−qs,max,qs,max] and velocity q̇s ∈ [−q̇s,max, q̇s,max] and
similar properties on the motor states xm ≤ xmax; then, the
function candidate Ve should be stable around equilibrium
{qs,d, q̇s,d} with satisfying LaSalle’s theorem. It can be seen
the function in Eq. (22) is positive definite; thus, we can have
the following condition for stable convergence

V̇e(x,xm) ≤ 0, ∀{x,xm} ∈ R
9. (26)

Eq. (24) gives a better understanding of which terms are
negative with considering the inequality (26). In (24), we have
the energy term as ϑe ∈ R

2 < 0 since the desired energy Ed

will have certain positive value due to gravity on the link.
Another term about the variable damping that is designed
by Bd shows that ϑd,1 ∈ R

2 < 0 term is strictly negative

because its sub-term is Ḃd < 0. The term ϑp is a variable
with the continuous sign change, which confirms a gain design
inequality as kp < ke + kd. This gain condition will make
the controller stays in a stable region while disturbance or
deflection exists in the spiral spring.

C. Sliding Mode Controller for Adaptive Stiffness

The main link connected to the SPIRO mechanism is
controlled using a new adaptive sliding mode controller that
adjusts its internal variables. We employ this controller for the
DC motors to ensure convergence of the link configuration
(ϕ, ϕ̇), motor states (Im, q̇m), and spring deflection (qs, q̇s)
to desired states. Subsequently, we define our sliding surface
as follows:

S =

[

s1
s2

]

= C1w (ϕ− ϕd) +C2w (ϕ̇− ϕ̇d)

+C3 (Im − Im,d) +C4

(
qs − qs,d

)
+C5

(
q̇s − q̇s,d

)
,

where the gain Ci for each term is presented as follows

Ci =

[

ci,1 0
0 ci,2

]

∈ R
2×2. (27)



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2023 8

Note that we assume the motor final position is not impor-
tant in this problem. Then, by taking the derivative we have

Ṡ = C1w (ϕ̇− ϕ̇d) +C2w ϕ̈+C3

(

İm − İm,d

)

+C4

(
q̇s − q̇s,d

)
+C5

(
q̈s − q̈s,d

)
. (28)

Now, one can design the control input with the following
definition of sliding surface

Ṡ = −K sgn(S), (29)

where K ∈ R
2×2 is the positive gain. Now, by equaling (28)

and (29), one can find the controller for the motors

um = −LmC
−1

3

[

K sgn(S) +C1w (ϕ̇− ϕ̇d) +C2w
(

wTKmIm − h1

)

+C3

(

Axm − İm,d

)

+C4

(

q̇s − q̇s,d

)

+C5

(

J−1

m (KmIm − hq)

−
1

Mb

w
(

wTKmIm − h1

)

− q̈s,d

)]

,

where hq = [h2, h3]
T .

The stability of the proposed control strategy can be con-
sidered first based on the singular point that we have, which
is only on the motor inductance and electrical motor term that
create a direct constraint on the value of C3 ≪ Lm/σ gain

LmC−1

3
≪ σ, (30)

where σ ∈ R
2 is a small value. Then, supposing the

boundedness of states, the stability of the controller with
continuously changing values in the two variables of the
desired angular deflection and adaptive damping

(
qs,d, Bp

)

the chosen Lyapunov function can look at

Vs =
1

2
S
2(qs,d), (31)

then, taking the derivative of the function results in following

V̇s = S(qs,d)Ṡ(Bp) = S(qs,d)
[

C1w(ϕ− ϕd) + (C2 −C5)wϕ̈(Bp)

+C3İm +C4q̇s +C5q̈m(Bp)
]

≤ −K sgn(S).

It is straightforward to verify whether the changing de-
sired deflection is bounded, as the springs have a maximum
deflection of qs < qs,max. This implies that S(qs,d(t)) ≤
S(qs,max). Consequently, −Ksgn(S) will always follow the
same direction of convergence with S(qs,d), but the gain K

must satisfy the constraints of the remaining terms in Ṡ(Bp),
which are limited by the maximum damping torque exerted on
the joint, Bp,max. Therefore, taking into account the bounded
changes in terms resulting from the energy-based controller,
we obtain the following inequality:

S(qs,d)
[
C1w(ϕ̇− ϕ̇d) + (C2 −C5)wϕ̈(Bp) +C3İm

+C4q̇s +C5q̈m(Bp)
]
≤

∣
∣S(qd,max)

∣
∣
[
(C1 −C4)wϕ̇

−C1wϕ̇d + (C2 −C5)wϕ̈(Bp,max) +C3İm +C4q̇m

+C5q̈m(Bp,max)
]
≤ K, (32)

and, designing the gains as C2 < C5, C4 < C1 and C3 < σ,
we can the simplify inequality shown in (32) in a reduced
form as follows
∣

∣S(qd,max)
∣

∣

[

− |C1wϕ̇d +C4q̇m +C5q̈m(Bp,max)|
]

<
∣

∣S(qd,max)
∣

∣

[

−C1w |ϕ̇d|+C4 |q̇m|+C5 |q̈m(Bp,max)|
]

≤ K.

It is clear that the motor velocity and current are the main
factors in finding the maximum values for the left-hand side
of inequality (33). Since we already know the current Im
and motor velocity qm is bounded, the variables i.e., K,

C4 and C5, should be chosen properly to keep always the
sliding controller in stable convergence while the energy-based
controller varies

(
qs,d,Bp

)
parameters internally.

One of the key tasks of the proposed sliding controller is
to adjust the desired deflection angle qs,d to align/contact the
inflatable pipe dp diameter with the spiral spring line ds, which
needs to be tuned based on the change in qs(t). When there
is a gap between dp and ds in the radial axis (i.e., ds > dp),
the energy-based controller for inflatable pipes can become
ineffective (see Fig. 5 for details), as the inflated damping
pipes with existing gaps may not generate enough friction
or impact force to deflect the spring. To address this issue,
we have designed the sliding-mode controller in such a way
that the springs are deflected relative to each other based on
the computed distance gap and given disturbance, in order to
compensate for this gap. Since there is no direct sensory input
available to measure the distance between the two lines of the
spiral spring, we approximate it from a discretized model of
(9) for the i-th spring, as follows

mρ,i

∆ṙs,i(k)

T
−mρ,irs,i

(
∆θi(k)

T
−

∆ϕ(k)

T

)2

+Br,i

∆rs,i(k)

T
+Kr,irs,i(k) = 0, (33)

where ∆ṙs,i(k) = ṙs,i(k)− ṙs,i(k − 1), ∆rs,i(k) = rs,i(k)−
rs,i(k− 1), ∆θi(k) = θi(k)− θi(k− 1) and ϕi(k) = ϕi(k)−
ϕi(k − 1). One by knowing that qs,i(k) = θi − ϕ the model
can be re-ordered for ∆qs,i(k) as

∆q2s,i(k) =
T

mρ,irs,i(k)

[
mρ,i∆ṙs,i(k) +Br,i∆rs,i(k)

+ T · Kr,irs,i(k)
]
. (34)

Since we have two models (34) for each motor and we need
to determine the relevant difference between the two motors in
order to obtain the desired deflection, we subtract the models

qs,d(k) = qs,1(k − 1)− qs,2(k − 1)

+

[

( T

mρ,1rs,1(k)

)

[

mρ,1∆ṙs,1(k)Br,1∆rs,1(k) + T kr,1rs,1(k)
]

] 1

2

−

[

( T

mρ,2rs,2(k)

)

[

mρ,2∆ṙs,2(k) +Br,2∆rs,2 + T kr,2rs,2(k)
]

] 1

2

Finally, we can divide the desired deflection (35) equally, with
assumption of equal amount of angular deviation for each
motor, between the motors:

qs,d(k + 1) =



















[

+qs,d/2 0
0 −qs,d/2

]

, qs,d > 0

[

−qs,d/2 0
0 +qs,d/2

]

, qs,d ≤ 0

(35)

Note that when qs,d > 0 mean expansion of spiral springs
and qs,d ≤ 0 compression of the spiral springs.

IV. EXPERIMENT RESULTS

In this section, we evaluate the behavior of the SPIRO
mechanism in various cases to determine its performance and
evaluate the abilities of the system. Different motion scenar-
ios are chosen to assess the performance of the introduced
adaptive impedance controller. Table I presents the parameters
for the SPIRO mechanism and the proposed energy-based-
sliding-mode controller. The double-sided spiral spring stiff-
ness constant Kc is determined with tests as shown in Fig.
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Fig. 8. (a) Results for impulse disturbances, (b) Results for large gripping disturbances. The same results captured from experiment video.

4 [36]. Damping constant Bc is approximated with value that
exists when there is not pressure in inflatable pipes. {Kr,Br}
are the mass-point impedance profile approximation values
from experimental tests in axial direction as shown in Fig.
5. The DC motor characteristics are elaborated for the rest
of parameters. The controller operates according to the block
diagram shown in Fig. 7, utilizing Eqs. (25), (30), and (35).

A. The Point-to-point Performance

At first, we check the point-to-point convergence. In this
study, we have chosen the initial states as x0 =

[
− π/4, 0,

0, ra, ra
]
, xm,0 =

[
0, 0, 0, 0

]
, and the desired states for

the SPIRO mechanism are given as follows {ϕd, ϕ̇d, Im,d} =
{2.3, 0, 0, 0}. In this part, we look for two different cases:
1. fast and sharp impulse disturbances, 2. large deviations
through gripping. The evaluation happens by comparing the
conventional tuned PD controller and our proposed strategy in
different softness ratio Rs of the adaptive damper by energy-
based controller up. To clarify, the PD controller is tuned to
converge the link of the SPIRO mechanism using the motor
rotations um only that connects through the double-sided
spring and damping inflatable pipes has constant inflation
P ∈[5-10] kPA.

TABLE I
SPIRO MECHANISM AND CONTROLLER PARAMETERS .

Variable Value Variable Value

Rm 1.02 I2×2 Ω Kr 0.6 ×10−3 I2×2 N/rad
Lm 0.0576 I2×2 mH Br 0.1 ×10−3 I2×2 Ns/rad
n 111 I2×2 mϱ 0.001 I2×2 kg
J′

m 5.05×10−6 I2×2 kg·m2 C1 2.2 I2×2

Jg 1.282×10−6 I2×2 kg·m2 C2 0.02 I2×2

Kc 0.095 I2×2 N/rad C3 0.005 I2×2

Bc 0.12 I2×2 Ns/rad C4 0.4 I2×2

Bm 8.05×10−4 I2×2 Ns/rad C5 1.1 I2×2

Bg 1.282×10−5 I2×2 Ns/rad K 297 I2×2

Kb 240×10−4 I2×2 Nm/A ke 3 I2×2

Ap 0.0103 I2×2 m2 kd 5 I2×2

ra 0.044 I2×2 m kp 4 I2×2

Ls,i 0.12 m ll 0.11 m

ns,i 7.04 le 0.03 m

dt 0.0015 m dsafe 0.0014 m

rm 0.0041 m ml 0.5 kg
bs 0.0117 m me 0.25 kg
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Fig. 9. Stiffness and damping profiles for stiff and soft modes with various
disturbance ranges: a) The exerted torque versus the relative angular deflection
in soft mode b) The exerted torque versus the relative angular deflection in
stiff mode c) The exerted torque versus the relative angular velocity in soft
mode d) The exerted torque versus the relative angular velocity in stiff mode

In the first case, the example results are depicted in Fig. 8-a
2. After the link of the SPIRO mechanism reaches a steady-
state, an impulse is applied to the link. With the PD controller,
significant fluctuations and overshoot are observed before
eventually converging to the desired values. This behaviour
indicates that managing the spring stiffness is challenging
when ignoring the dynamic properties of the SPIRO mech-
anism, particularly the deflection angle. Next, the proposed
controller is evaluated with different softness ratios. The
results demonstrate that SPIRO exhibits improved disturbance
rejection for both Rs values. However, when the softness ratio
is higher, i.e., Rs = 1.6, the disturbance in the link’s states
[ϕ, ϕ̇] is mitigated more effectively with minimal overshoot,
attributed to the higher effect of the damping profile. It is worth
noting that a higher value of Rs does not necessarily imply

2The video demonstration shows the experiment.
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Fig. 10. The swing motion results.

a stiffer or more rigid motion, which confirms the adaptive
impedance profile.

In addition, the proposed controller operates as expected by
monitoring the relative angular deflection (θ1 − θ2) between
the motors’ orientations qm. When a disturbance is applied,
the angular orientation of the motors generates a relative de-
flection to conserve the introduced energy of the disturbance.
Furthermore, as the softness ratio Rs increases, the damping
ratio limits the magnitude of larger relative deflections, as
evidenced in the case of Rs = 1.6. In contrast, with the
PD controller, this property is not prominent, and motors
at both ends tend to work similarly, resulting in internal
velocity fluctuations. As the softness ratio Rs decreases, the
convergence time becomes longer since the controller aims
to minimize fluctuations for safety reasons during human
interaction and utilises the deflected springs energy more. On
the other hand, larger values of Rs result in quicker and
more accurate convergence. Additionally, the results show the
control inputs um, up, indicating that the motor burden is
reduced when the variable damping via up is more active. In
addition, the energy-based-sliding-mode controller effectively
modulates the pressure in the inflatable pipes P to adapt the
damping profiles and relative desired deflection angle qf . It
is important to note that in this setup, both spring’s inflatable
pipes are connected together, resulting in a single pressure.

The next case involves a more challenging scenario where a
human grips the link and applies a long-lasting force to deviate
the link states deliberately. The results are presented in Fig.
8-b. It is evident from the angular orientation and velocity of
the link that the PD controller generates a significant reaction
torque, causing the link to rapidly and uncontrollably come
down (as shown in the video), posing serious risks. Moreover,
the deformation of the spring also leads to a drift in the proper
steady-state convergence of the PD controller. In contrast, our
proposed controller dissipates the energy transferred due to the
disturbance smoothly and flawlessly by effectively managing
the spring energy. Notably, in cases of lower softness ratios
(Rs) (i.e., higher stiffness), the desired deflection value can
reach as high as 1 rad due to the effect of the disturbance.
However, the adaptive damping profile of our controller with
higher Rs values can significantly reduce this deflection angle
to less than 0.3 rad with minor fluctuations. The sensitivity of
the PD controller to large disturbances is also evident from
the motor control inputs um that occur in the time interval
t ∈ [12-15] s.

To clearly demonstrate the capability of the SPIRO mecha-

nism with the energy-based sliding-mode controller, we con-
ducted an extensive experiment with varying disturbance levels
for both soft and stiff modes. We considered Rs values in the
range of [0.6− 1.1] for the soft mode and [1.2− 2.2] for the
stiff mode. Please note that the experiment was conducted with
angular disturbances ranging from [0, π/4] rad for impulse
and [0, π/2] rad for gripping forms, involving a maximum
direct force of 15 N . We performed over ten experiments
for each mode with different disturbance levels, assuming
a standard Gaussian distribution for the applied forces. The
results of these experiments are summarized in Fig. 9. The
plot depicts the stiffness and damping profiles expressed in the
3-D manifold as a function of the probability. The probability
distribution pattern clearly indicates that the relative stiffness
behaviour changes significantly based on the choice of the
adaptive damper profile (Rs). This validates that our proposed
strategy can dynamically adjust the stiffness profile based on
the task requirements. For instance, in the stiff mode, when a
more significant torque τm,1 + τm,2 is exerted on the double-
sided spiral spring, the relative angular deflection θ1 − θ2 is
smaller. On the other hand, the soft mode allows for more
flexibility in deflection angles. A similar pattern is observed
for the relative damping profile, which depicts the relationship

between the relative angular velocity θ̇1 − θ̇2 and the exerted
torque τm,1 + τm,2. The probability distribution for damping
also changes significantly between the soft and stiff modes.
This provides evidence that our proposed controller with
adaptive impedance can exhibit a wide range of stiffness and
damping variations based on the specific scenario, problem,
or task requirements.

B. The Swing Motion

In the last case, we check the performance of the SPIRO
mechanism in the swing motion. The initial states are con-
sidered as same as in the previous case. However, we assign
a sine trajectory and its derivative for the link to follow as
[ϕd(t), ϕ̇d(t)] where ϕd(t) = ϕd,0+λφ sin(ωφ t) where ϕd,0,
λφ and ωφ are the initial angle, the gain/rate of change and
angular frequency, respectively.

Fig. 10 presents the performance of the SPIRO mechanism
with three different strategies. In the first strategy, the con-
troller is operated in the soft mode without any disturbance.
The results demonstrate that the swing motion is executed suc-
cessfully. The impulse and gripping disturbance responses for
the rest of the experiments demonstrated satisfactory conver-
gence (please refer to the video presentation). An interesting
observation is the energy-based controller that dynamically
adjusts the pressure (adaptive damping and robust stiffness)
based on the angular orientation of the link. Specifically, as the
angle with respect to gravity increases to minimize fluctuations
due to stiffness, the pressure also increases. And, when the link
comes down, the double-sided spring is deflected to increase
the potential energy for an easier transition when links expect
to rise.

V. CONCLUSION

In this paper, we introduced ”SPIRO”, a novel compliant
actuator with a compact mechanism design that includes a
variable stiffness profile using a spiral spring design and
a variable damping profile with inflatable soft pipes. The
unique feature of SPIRO is its ability to interchangeably
change the stiffness and damping profiles with independent
control inputs, making it highly versatile. Also, SPIRO has a
compact design that can be easily implemented in conventional
electric motors. To fully utilize the capabilities of SPIRO
as a variable impedance actuator (VIA), we also proposed
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a new energy-based-sliding-mode controller with an adaptive
variable impedance, based on the disturbance energy. The
proposed controller opens up possibilities for versatile and
adaptable actuator performance, offering the potential for
various applications in robotics, exoskeletons, and other fields.
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“Simultaneous motion tracking and joint stiffness control of bidirectional
antagonistic variable-stiffness actuators,” IEEE Robot. Autom. Lett.,
vol. 7, no. 3, pp. 6614–6621, 2022.

[32] E. Spyrakos-Papastavridis, P. R. Childs, and J. S. Dai, “Passivity preser-
vation for variable impedance control of compliant robots,” IEEE/ASME
Transactions on Mechatronics, vol. 25, no. 5, pp. 2342–2353, 2019.

[33] Z. Jin, D. Qin, A. Liu, W.-a. Zhang, and L. Yu, “Model predictive
variable impedance control of manipulators for adaptive precision-
compliance tradeoff,” IEEE/ASME Transactions on Mechatronics,
vol. 28, no. 2, pp. 1174–1186, 2022.

[34] C.-H. Huang, K.-W. Chiao, C.-P. Yu, Y.-C. Kuo, and C.-C. Lan, “A
variable-stiffness robot for force-sensitive applications,” IEEE/ASME
Transactions on Mechatronics, 2023.

[35] D. Bennett, J. Hollerbach, Y. Xu, and I. Hunter, “Time-varying stiffness
of human elbow joint during cyclic voluntary movement,” Experimental
brain research, vol. 88, pp. 433–442, 1992.

[36] Y. Kim, J. Lee, and J. Park, “Compliant joint actuator with dual spiral
springs,” IEEE/ASME Transactions on Mechatronics, vol. 18, no. 6, pp.
1839–1844, 2013.

[37] J.-S. Chen and I.-S. Chen, “Deformation and vibration of a spiral spring,”
International Journal of Solids and Structures, vol. 64, pp. 166–175,
2015.

Seyed Amir Tafrishi (M’18) received his M.Sc.
degree in control systems engineering from the Uni-
versity of Sheffield in 2014, UK, and Ph.D. degree
in mechanical engineering from Kyushu University,
Japan in 2021.

He is currently Lecturer at Engineering School,
Cardiff University, UK. He was a Specially Ap-
pointed Assistant Professor working on Mooonshot
R & D project JST at Tohoku University, Japan,
between 2021-2022. Since 2014, he has been a
visiting researcher at University of Sheffield, the
Mechatronics Lab at METU, Turkey, and the Fluid

Mechanics Lab at the University of Tabriz, Iran. His research interests
include robotics, mechanism design, geometric mechanics and under-actuated
systems.

Yasuhisa Hirata (M’98) received the B.E., M.E.,
and Ph.D. degrees in mechanical engineering from
Tohoku University, in 1998, 2000, and 2004, respec-
tively.

He is currently a Professor at the Department
of Robotics, Tohoku University, Sendai, Japan. He
is currently working as a Project Manager of The
Moonshot Research and Development Program, JST,
an AdCom Member of the IEEE Robotics and
Automation Society (RAS), the Associate Vice-
President of the Technical Activity Board of IEEE
RAS, and the Co-Chairs of IEEE RAS Technical

Committee on Rehabilitation and Assistive Robotics. His research interests
are passive robots, assistive robots, cooperative robotics and human-robot
interaction.


	Introduction
	SPIRO Actuator Mechanism
	Mechanism Design
	Dynamic Model of Actuator
	Electric Motor Model
	The Spiral Spring Model
	Fluid Actuated Variable Damper Model

	The Controller
	Problem Statement
	Energy-Based Controller for Adaptive Damping
	Sliding Mode Controller for Adaptive Stiffness

	Experiment Results
	The Point-to-point Performance
	The Swing Motion

	Conclusion
	References
	Biographies
	Seyed Amir Tafrishi
	Yasuhisa Hirata


