IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED OCTOBER, 2023 1
IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2024, Yokohama, Japan. Cite as RA-L paper.

Optimally Controlling the Timing of Energy
Transfer 1n Elastic Joints: Experimental Validation
of the Bi-Stiffness Actuation Concept

Edmundo Pozo Fortunié!*, Mehmet C. Yildirim!*, Dennis Ossadnik!*, Abdalla Swikir!:2,
Saeed Abdolshah!, and Sami Haddadin!

Abstract—Elastic actuation taps into elastic elements’ energy
storage for dynamic motions beyond rigid actuation. While
Series Elastic Actuators (SEA) and Variable Stiffness Actuators
(VSA) are highly sophisticated, they do not fully provide control
over energy transfer timing. To overcome this problem on the
basic system level, the Bi-Stiffness Actuation (BSA) concept was
recently proposed. Theoretically, it allows for full link decoupling,
while simultaneously being able to lock the spring in the drive
train via a switch-and-hold mechanism. Thus, the user would
be in full control of the potential energy storage and release
timing. In this work, we introduce an initial proof-of-concept of
Bi-Stiffness-Actuation, which is implemented using a modular
testbed. We present a hybrid system model, as well as the
mechatronic implementation of the actuator. We corroborate the
feasibility of the concept by conducting a series of hardware
experiments using an open-loop control signal obtained by
trajectory optimization. Here, we compare the performance of
the prototype with a comparable SEA implementation. We show
that BSA outperforms SEA 1) in terms of maximum velocity at
low final times and 2) in terms of the movement strategy itself:
The clutch mechanism allows the BSA to generate consistent
launch sequences, while the SEA has to rely on lengthy and
possibly dangerous oscillatory swing-up motions. Furthermore,
we demonstrate that providing full control authority over the
energy transfer timing and link decoupling allows the user
to synchronously release both elastic joint and gravitational
energy. This facilitates the optimal exploitation of elastic and
gravitational potentials in a synergistic manner.

Index Terms—Clutched-Elastic Actuators, Actuation and Joint
Mechanisms, Optimization and Optimal Control, Contact Mod-
elling, Series-Elastic Actuators

I. INTRODUCTION

NTRINSICALLY elastic joints have been introduced to the
robotics community several decades ago. The capability to
store potential energy in springs allows not only for more
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Fig. 1. Hardware setup (a)-(b) and ideal system model (c). The motor (red)
is connected to the spring inertia (yellow), which can be either braked (violet
clutch) or connected to the link (green) by the cyan clutch.

efficient robot motion but also the generation of explosive
movements [1] achieving (super-)human performance [2]. Op-
timally controlling the energy flow can reduce the energy
consumption of the system [3] or lead to an increase in
output power [4]. Another important property of intrinsically
elastic joints is the increased safety level in scenarios where a
collision between human and robot is possible [5]. An elastic
arm operates more safely than a similar rigid joint robot at the
same velocity [6].

Among the different types of elastic joint architectures,
Series Elastic Actuation (SEA) is one of the most widely used,
as seen in [7]. Here, an elastic element is connected between
the motor and the link. It has been shown that by exploiting
the natural modes of the system via a bang-bang-like resonant
excitation signal [8], much higher velocities can be achieved
when compared to the rigid joint case. This can be utilized to
create highly dynamic kicking, throwing, or jumping motions
[8]-[10]. However, it is not possible to independently control
the timing of energy storage and release, which limits the
usability of such systems [11].

For better control of the energy flow in the actuator, various
efforts have been made to include clutches in the drive train. A
wide variety of combinations of elastic and coupling elements
exists, which can be summarized under the umbrella term
Clutched Elastic Actuation (CEA) [11]. In [12], a differential
clutch was added to the SEA for a robot-assisted rehabilitation
scenario and despite the generated complexity, it provided
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an increased level of controllability. Clutched SEAs are also
used in the development of prostheses and reduced energy
consumption [13], [14].

Another way to mitigate the dependency of energy storage
and release timing is the use of Variable Stiffness Actuation
(VSA). In [10], using optimal control, it was possible to
maximize the energy transfer from the proximal to the distal
links by approximately decoupling of the link from the motor.
As a result, clear launch sequences instead of resonant swing-
up motions emerged for short end-times. The trajectories
closely resembled the proximo-distal sequence observed in
biomechanics, where each link in the chain contributes at
exactly the right time in order to maximize the energy transfer
— a phenomenon sometimes called inertia timing [15]. To
generate the proximo-distal sequence, two distinct stiffness
modes are required: A high stiffness setting (corresponding
to the maximum stiffness of the VSA) and a very low stiff-
ness setting. However, a clear proximo-distal sequence only
emerges when carefully selecting the final time in the optimal
control formulation: As shown in our previous work [16],
using higher final times in the optimal control formulation
results in resonant excitation as the prevalent strategy, similar
to SEA.

Previously, in [16], we introduced a novel CEA concept
denoted Bi-Stiffness Actuation (BSA). The concept consists of
a motor attached to a spring and a switch-and-hold mechanism.
This mechanism offers two distinct modes: One can brake
the spring element and another couples it to the link side —
resulting in a pre-defined stiffness and a zero stiffness mode.
This setup shares similarities with the ideal VSA with one
notable distinction: The zero stiffness setting replaces the low-
stiffness setting in the ideal VSA. Thus, BSA is able to achieve
full link decoupling. Additionally, the spring can be restrained
while the link is disengaged from the drive train, allowing it to
store potential energy independently from the link’s motion.
So far, the concept was only studied in simulation and no
physical proof-of-concept has been provided.

A. Contribution

Therefore, in this work, we introduce a 1-DoF physical pro-
totype of the actuator concept suggested in [16]. The abstract
switch-and-hold mechanism is interpreted as two individual
clutches (see Fig. 1). We also present the hybrid system model
as well as the mechatronic implementation of the actuator. For
evaluation, we conducted a series of hardware experiments
that compare the performance of the BSA prototype with a
comparable SEA. Using optimal control, we demonstrate that

« Similar to a trebuchet, the actuator can optimally brake and
release the spring element for precisely timing the energy
transfer.

« Using this strategy, a higher link velocity can be reached
in less time and in a much more controlled fashion in
comparison to SEA, which has to rely on lengthy and
possibly dangerous oscillatory swing-up motions to achieve
similar speeds.

o Decoupling can be used for optimally exploiting the syn-
chronous release of both elastic and gravitational energy;
again leading to higher speeds in comparison to the SEA in
a limited time frame.

We not only validate the simulation results (maximization
of the link velocity at different end-times) given in [16] by
conducting experiments on the actual prototype, but we also
provide an in-depth view of the mechanic and electronic
implementation of such a system. Moreover, we show the
differences between ideal and implementation parameters and
further validate the BSA concept in an additional scenario
(maximization of the link velocity with varying initial link
positions). In the remainder of this paper, details of the
BSA concept and its modelling are given in Sec. II. The
implementation of the concept in a prototype is presented in
Sec. III. Then, the prototype is evaluated in Sec. IV. Finally,
the manuscript is concluded in Sec. V by discussing the results
and addressing possible future research directions.

II. MODELLING

In this section, we first describe the architecture of the
actuator in Sec. II-A. Then, we present an idealized model
of the system in Sec. II-B.

A. High-level architecture

We introduce 6, ¢ and ¢, which correspond to the motor,
spring and link position, respectively (see Fig. 1). The as-
sociated mass moments of inertia J are marked with their
corresponding subscripts. The different modes of the actuator
are implemented by engaging and disengaging two mechanical
clutches, ¢; and ¢, which are used to brake the inertia of the
spring (that is, connecting it to a fixed frame) and coupling it
to the link, respectively. The main advantage of the actuator
is the direct control over the energy transfer timing, since the
spring can be loaded while the link is moving due to inertial
coupling or gravity.

B. Modelling

In the following, we derive the hybrid system model of our
actuator. Hybrid systems are characterized by the interplay
between continuous and discrete dynamics. We will derive
expressions for these subcomponents one by one before we
form the full hybrid system model at the end of this section.

Equation of motion. We introduce the vector & = [¢, q]T
and state the actuator’s equation of motion

Jy 01z 0
[ (;b JJ £+ [mgl sin(q)} Ty =
S —— —_——

=B =g(£) =T
Job + 7 = T, 2)
C,¢€ =0. (3)

with the constant mass matrix B, the gravitational vector g(§),
the motor torque 7, and the friction torque 7 ;. The matrix
C, defines the switching through the clutch mechanism and
A is the constraint torque. We assume that the motor coupling
acts solely through the spring (cf. [17]). The spring torque is
given by 7, = K¢, where ¢ := 6 — 1 is the deflection’.

IThe real system exhibits some hysteresis behaviour. However, to simplify
the optimal control formulation, we still assume a linear spring model.
Hysteresis can be modelled by increasing the spring torque by a loss term
h, which yields 7 = K (¢ — h). The dynamics of the nonlinear loss term
can be described by the Bouc-Wen model [18] as h = ap — B|d|h — yP|h/,
where «, (3, and «y are the non-dimensional shaping factors for the hysteresis
model.
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Clutch torque. The role of the clutch in the actuator is to
prevent relative motion between frames. If the spring is braked,
1 = 0 holds. Similarly, if the link is engaged, v = ¢. These
conditions are encoded in the matrices C, and summarized
in Tab. I. Both clutches can be active or inactive at the same
time. Thus, there are two additional modes compared to the
system introduced in [16]. To solve for the constraint torque
A, we differentiate (3), which yields C',§ = 0, since C, = 0.
Substituting (1) in (3) leads to

A=(C,B'C})'C,B  (g(&) + 7y 7o) (@)
For each mode p, we now have obtained an explicit expression
for the clutch torque that has to act to satisfy the constraints.
Next, we show how to deal with switching between modes.

Impact analysis. When the contact situation changes, i.e.,
when the clutch is being engaged or disengaged, the new
constraint is enforced by an impulse. We assume that this
impulse leads to an instantaneous change in the velocity of
the system, leading to the following update law:

£ =& +BCIA,, )

Ay = _(CPB_lc;)_ICp€_7 (6)
where A, is the contact impulse. The superscripts ~ and *
denote the vector before and after the impact, respectively. A
full derivation can be found in [16], [19].

Friction modelling. The friction torque due to the bearings
is modelled by a Coulomb and viscous friction term

TC,’lZJSign(qL) + d«/ﬂﬁ . (7)

T = STV )
f TC,¢Sign(q) + dgg

Here, 7¢ .y and 7¢ 4 are the constant Coulomb friction terms
for the spring- and link-side and dy and d, are viscous damp-
ing terms, respectively. Before we put everything together in
the hybrid system model, we present a method to simplify the
motor dynamics.
Singular  perturbation. Given a  control law
= k(64 — 0), the motor dynamics (2) can be brought in
singular perturbation form (cf. [10])

e(Jmb+71) =04 — 6, (8)

where ¢ = 1/k,. Taking the limit ¢ — 0 leads to § = 6.
We can now define u := 6, as the new control input. Now,
we have all the elements that are necessary to formulate the
hybrid system model.

Hybrid system model. Since the mode transition is charac-
terized by an instantaneous change of velocity, our system falls
into the category of switched-impulsive systems (cf. [20]). We
define the continuous state z == [6, £, £]" € R® and the index
set P := {0,1,2,3}. Continuous dynamics are defined by a
family of vector fields

u
&= f,(z,u) = 3 , )
HCIA T —g(6) — 7))

where p € P. After a mode transition, the state of the system
has to be reinitialized by evaluating a reset map, which is

TABLE I

ACTUATOR MODES. DEC (DECOUPLED), SEA, STG (STORAGE), BRK
(BRAKED STORAGE). IF ¢; = 1 THE CLUTCH IS ENGAGED, ELSE IF ¢; = 0
IT IS DISENGAGED.

Mode | p | a1 co C,

DEC | O 0 0 -

SEA [ 1|0 | 1 | [t

'III [ZZr -/
STG |2 1| 0| [1 0 |\\\\\\E
BRK |3 | 1 | 1 B 31}
defined by
o-
zt =g, (z7) = '3 (10)
&~ +B7'CJA

Given (9) and (10), we define an external switching sig-
nal o : Rt — P in such a way that we create a switched-
impulsive system

&= f,(x,u), 2" =g,(x"). (11)

Please note that the values of all mechanical parameters from
all previous equations are listed in Table II, Sec. IV.

III. IMPLEMENTATION

One of the main contributions of this paper is the physical
implementation of the BSA concept. This allows us to not
only demonstrate its feasibility but also conduct experiments to
show the advantages of the actuator over conventional systems
such as SEAs. For this purpose, we developed a configurable
modular testbed. The modules can be combined to produce
the BSA configuration explained in the previous section.
Additionally, each module, except the motor, can potentially be
connected to any other module sequentially and in any order,
including additional instances of the same type. As a result,
this allows not only for the implementation of, for example, a
BSA or SEA configuration, but also a broad number of other
mechanisms. The modular setup also allows us to operate and
test the effects of each element independently, such as link
decoupling, the performance of the elastic element, stiffness
brake and motor control. This, in turn, leads to a challenging
list of design and implementation requirements. In this section,
we present the essential steps of the system development,
followed up by the necessary identification processes. We
provide a comprehensive description of the specific hardware
components that were used, enabling anyone to replicate our
design.

A. Architecture and Mechanical Design

In the mechanical design process, we focused on two
main paradigms: 1) Maximum modularity, 2) Use of off-the-
shelf components to limit the potential error caused by the
custom hardware. The system consists of five types of mod-
ules: Motor (M™), spring (SM), brake (B*), clutch (CM),
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Fig. 2. Detailed design of the implemented configurable modular testbed in BSA configuration (MM -SM _-BM_.CM_[LM)_(a) Designed spring element. (b)
Section-view of CAD assembly. (c) PC-based main controller. (d) Custom-made electronics. (¢) Low-level Cascaded Controller.

and link (L*). All modules are designed with compatible
af,bf,cf inputs and a™,b™, c™ outputs, where the super-
scripts f and ™ denote a female and male connection, re-
spectively. For example, with a combination of MM -CM-SM
a similar system as suggested in [21] can be obtained. In
the following, we will provide a thorough breakdown of each
module and outline the design choices made for each.

o MM consist of a 3274G024BP4-6356 BLDC motor (Faul-
haber GmbH, Germany) with embedded AEMT-12/16L
magnetic multi-turn absolute encoder and 42GPT 1:108
planetary gearbox and a manufactured adapter part to con-
nect to the rigid frame of the other modules. This combina-
tion was selected due to its high power-to-weight ratio and
wide operational range. The module has an a™-type output.

o SM consists of an inner body with two inputs (a/ and b/)
and one output shaft (a™) that contains a rotational spring
based on Tsagarakis et al. [22] (See Fig. 2(a).), an embedded
single turn AksIM-2 MBO039SPLI9BENTO00 (RLS d.o.o,
Slovenia) absolute magnetic encoder and a TS70a-5Nm
(ME-MeBsystem GmbH, Germany) torque sensor for spring
characterization and monitoring. The advantage of this de-
sign lies in the use of off-the-shelf linear springs allowing
the implementation of multiple stiffnesses. We aimed to
select our stiffness according to the following two criteria:
1) Motion range and 2) energy efficiency. According to the
guidelines in [23] and given the mechanical constraints of
the architecture, K = 15 Nm/rad is selected as a good trade-
off for a wide motion range at a reasonable cost in terms of
energy efficiency. Using this stiffness, we can also exploit
the full deflection range within the given torque sensor limit.

e BM and CM are developed using a normally disengaged
tooth clutch 546.12.3.4 (Monninghoff, Germany), each. On
BM, the clutch has a rigid connection between its a/ input
and a™ output shafts and toggles a connection to the outer
frame of the module, braking and releasing the system,
while the clutch in CM toggles the connection of its b™
output to its rigid connection between the a/ input and
a™ output shafts. Contrary, for example, to friction disc
clutches, a tooth clutch allows for a rapid change of the
contact mode and thus realizes the instantaneous switching
that we presuppose in the hybrid system formulation.

Fig. 3.
to reflect the real components of the modular testbed. Thus, it can be converted
to its equivalent model, as in Fig. 1(c).

Implementation model of the BSA concept. New elements are added

o LM consists of a series of cross-roller bearings and an
embedded absolute magnetic encoder, as in S™ . Its b7 input
is connected to its ¢™ output and its af input is connected to
a free-running bearing. L™ can also be assembled to have
its af input rigidly connected to its output too, providing
some additional flexibility in possible future developments.

To construct a BSA configuration, a permutation of M -SM.
BM-CM-LM is assembled as depicted in Fig. 1.(a)-(b). The
section view of the CAD assembly can be seen in Fig. 2.(b).
The rigidly connected parts are highlighted with the same
colour code seen in Fig. 1 to maintain consistency. By doing
so, the implementation model of the BSA, which reflects the
real components present in the assembled actuator, is obtained,
as depicted in Fig. 3. The relationship between the parameters
of the modular-based implementation model and the ideal
model parameters can be seen in Table II. Given that the
definitions of the inertial bodies and the external disturbances
are defined according to each module, the resultant values
for the different permutations can be calculated in a simple
manner.

B. Electronics and Control

The software, electronics, and control architecture are de-
picted in Fig. 2(c)-(e).

Main Controller. For quick employment of our optimal
controllers (in IV-A), we use an EtherCAT framework (cf.
Fig. 2(c)). A control PC (x64 running an Ubuntu 20.04) hosts
the high-level control routine using a Matlab / Simulink envi-
ronment (MathWorks, MA, USA). It also hosts an EtherCAT
master controller using Etherlab (Ingenieurgemeinschaft IgH,
Germany) at 1 kHz, including the submodule for interfacing
the EtherCAT slave devices (ESD).

Embedded Controller Hardware. To reduce the electronic
footprint, we developed a custom low-level slave device sub-
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system, composed of a custom-made embedded brushless DC
motor controller board, as shown in Fig. 2(d). It is based
on an ARM Cortex-M4F microcontroller (¢C) with a single-
precision floating-point unit (FPU) running at 100 MHz. Two
ACS71240KEXBLT-010B3 giant magneto-resistant (GMR)-
based current sensors are located in line to phases A and C of
the motor and connected to two independent 12bit analogue-
to-digital converters (ADC) to read currents ¢, and ¢., respec-
tively. A strain gauge Wheatstone full-bridge torque sensor
differential amplifier circuit is connected to an additional
channel of an ADC to read 7, from S™ . One Serial-Peripheral-
Interface (SPI) bus is used to communicate with the magnetic
encoders and read ¢ and ¢ from SM and LM, respectively,
and an additional SPI bus with a BiSS-C transceiver is used
to receive data from the BLDC rotor position, 6,.. Both the
ADCs and SPI modules are synchronized with the Pulse Width
Modulation (PWM) module used for driving the motor via
three half-Bridge inverters. A 12.5 kHz sampling and PWM
frequency is selected as the best alternative considering: PWM
resolution, sensor sampling frequency and the execution of
the embedded controller firmware. Additionally, two digital
channels are provided to turn on/off up to two clutch/brake
actuators using CPC1002N miniature DC solid state relays
(SSR). The system also comprises a real-time EtherCAT-based
slave communication sub-module running at 1kHz using a
LANO9253 slave controller.

Embedded Controller Firmware. Within the pC, a pro-
grammable multilevel cascaded controller runs and controls
the actuators as shown in Fig. 2(e). This controller provides
ease of use for presetting modes (e.g. initial position ad-
justment, calibration, etc.) or running modes such as those
required by our optimal control trajectory generator. The inner
loop (yellow) runs a current controller using PI-based Field
Oriented Control [24], the middle loop (cyan) is a PI-based
speed controller with anti-windup, and the outer loop (green)
is P-based position control. Three discrete estimators are used
to estimate ¢, ¢, and . A low pass filter (LPF) is also
implemented to filter the acquired 7, signal. # and 6 are
calculated using the gearbox ratio g,, of M™. All control
parameters, proportional and integral gains, cut-off frequency,
etc. are sent to the system from the main controller via
the EtherCAT bus. Both the outer and middle loops can be
bypassed with 0t and 65", respectively. the system can be
controlled by an external reference signal via the EtherCAT
bus when required. All measured and estimated variables such
as 6,0, q, 4,v, v, iq, T, etc. are provided to the main controller
via the EtherCAT bus.

TABLE I
SYSTEM PARAMETERS OF THE PROTOTYPE WITH CORRESPONDING
HIGH-LEVEL COUNTERPARTS.

Low-Level

High-Level

Parameters Sym. Param. Unit Value
Motor Inertia M J kgm? 3.7e-07
Spring input inertia S; m kgm? 5.3e-04
Spring output inertia So kgm? 5.8e-03
T/S input inertia T; kgm? 6.4e-04
T/S output inertia T, Js kgm? 1.4e-04
Brake Inertia B kgm? 7.0-04
Clutch Inertia C; kgm? 1.0e-03
Link Inertia L J; kgm? 5.2e-01
Link Mass Lo kg 1.2
Link CoM Lem m 0.2
Link Coulomb friction TC.q Nm 0.28
Link viscous damping dq kgm? /s 0.08
Spring Coulomb fric. O Nm 0.11
Spring viscous damp. dy kgm? /s 0.04
Motor Torque Tm Nm +5
Joint Angle Range 0 rad +1.2
Max Spring Defl. Gmax rad +0.3
Max Spring Torque Ts,max Nm +4.5
Spring Stiffness K Nm/rad 15

o 0.08
Spring Hysteresis B - 2.00

v 0.60
Current Control K Ky V/A 1-0e-01
Current Control T} T! Vs/A 3.6e03
Speed Control K, K rad/As | 4.0e0
Speed Control T; 7?9 rad/A 1.0e02
Position Control K, Kg 1/s 6.0e01
Motor Gear ratio ar - 1:108
T/S LPF frequency 4 Hz 1.0e03

C. Operating Modes

5

As given in Tab. I, up to four operating modes can be used
with the given configuration of our testbed.
DEC Mode (p = 0) has both clutches disengaged, which
means that no energy can be transferred to or from L.
Additionally, if energy was previously stored in SM, it gets

dissipated by the free-unwinding spring.

SEA Mode (p = 1) has only LM engaged, which means
that energy can now be transferred from M to LM via
SM | effectively creating an SEA system.
STG Mode (p = 2) has only the break engaged, which
means that now energy can be stored in S without inter-

ference from LM,

BRK Mode (p = 3) has both modules engaged. Thus,
energy can be stored in S™ while LM is forced to stop

or hold in position.

These four operation modes, compared to the only two ideal

modes (p = 1, 2) presented in [16] (due to the reinterpretation
of the switch-and-hold mechanism), allow us not only to
operate the system as a BSA but also gives us additional
versatility while operating including testing possible future
BSA operations.

D. Identification

As mentioned in Sec. II-B, the prototype includes several
independent systems with performance-effecting parameters,
although most of these parameters can be obtained directly
from manufacturers and CAD models, some need further ex-
perimentation to be identified. In our current system, the delay
between the control command and the physical engagement of
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the clutch and the exact hysteresis parameters of the S™ are
needed to be identified.

Clutch Delay. Engaging and disengaging tests were done to
find the electromechanical delays for B and C™. For CM,
we start in DEC and set L manually to ¢ = 5 rad. BRK was
engaged to hold the system in place before moving to STG.
LM drops due to gravity and the mode is changed back to BRK
when ¢ < 0. For BM, we start in DEC and set M in speed
control with a relatively low set-point §¢ = 0.5 rad/s starting
at 6 = 0. We switch to STG mode between 6 = [0.05, 0.25]
rad, considering the maximum spring deflection, ¢yax = 0.3
and then back to DEC with #¢ = 0 rad/s. Offline analysis
evaluated ¢; and ¢, against 7 and ¢, showing B and CM
delays of 22 and 23 ms, respectively.

Stiffness. The stiffness model for the integrated spring
mechanism is provided in [22]. However, the effects of the
loading rate and the loading cycle have not been investigated.
Due to the system’s design, it is susceptible to spring buckling
and bending, which can cause a change in stiffness at different
loading rates [7]. In order to identify the characteristics of
our SM, a series of experiments were conducted. The MM
is set in speed control while BM is engaged. The 6¢ is
alternated between +0°¢' rad/s when it reaches the limits
g'"m = [—0.29,0.29] rad for 10 consecutive cycles in order to
load and unload the SM while #%¢* = 1,2, 3,4 rad/s in each
experiment, respectively. We derived both a linear stiffness
model and a model including hysteresis losses. The derived
spring characteristic can be seen in Fig. 4.

IV. EVALUATION

To assess actuator performance, we conducted a series of
experiments exploring various BSA modes. These experiments
involve solving an optimal control problem (OCP), which we
detail in the following section before describing and discussing
the conducted experiments.

A. Optimal Control

The actuator dynamics’ hybrid nature requires special treat-
ment. We deal with it through a multi-phase optimization
approach, where the mode sequence is defined a priori by
the user. Using a direct collocation method [25], we consider
the time-series of states @(t), control input u(t), and phase
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4
4
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Fig. 6.  Statistical evaluation of the Maximization of ¢ for varying final
times ty experiment. The acquired data from the system (blue) and the online
simulation data (red) are shown for the BSA (top) and SEA (middle) cases.
A polynomial fit (bottom) of the mean velocities of the experimental data is
shown.
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Fig. 7. Evolution of the potential F, and kinetic Ej energy for the
Maximization of q for varying final times t; experiment. The plots are the
superimposed cases of ty = {0.3,0.7,1}s.

duration 7}, as decision variables. The reset map is evaluated
at each T}, to initiate optimization for the subsequent phase.
We define the sets X' and U/ as the admissible sets for state
and control inputs. The OCP can now be formulated as

w(t)TLi(?LTp J (a(t), u(t))
st @(t) = f,(x(t),ut), t<T, 1)
2 () = g, (@ (1), 1=T,

x(t) e X, u(t) €U,
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Fig. 8.

Experimental results - Maximization of q for an initial position qo = 30 deg. The top and bottom rows show the BSA and SEA cases, respectively.

The background colour indicates the operation mode (yellow for STG and turquoise for SEA). All plots show the acquired data (solid line) and simulation
data (dotted line). The left plots show the changes in motor angle 6 (red) and link angle g (blue). The middle plots show the change in spring angle ¢ (black).
The right plots show motor speeds 6 (red) and link speed ¢ data: raw (light blue) and filtered (blue).

where J(x(t),u(t)) is the cost function. As our main perfor-
mance metric, we select the maximum reachable link velocity
g at a defined final time ;.

J(@(t), u(t)) = —q4(ty)-

The optimal control problem is formulated in CasADi [26]
and solved using Ipopt [27].

13)

B. Maximization of link velocity for varying final times 1y

In the first set of experiments, we assess the actuator’s
ability for explosive motions. Beginning from equilibrium at
& = 0, trajectories are optimized to maximize link velocity
¢ within fixed final times ¢; € [0;1.0] s. The sequence
BRK — SEA is encoded in the optimization. This way, the
spring can be loaded with maximum speed and, when the
brake is released, the stored potential energy can be quickly
converted into kinetic energy. The BSA trajectories for £y = 1s
are shown in Fig. 5. After loading the spring, at around
t = 0.7s, the brake is released and the motor works in liaison
with the spring to first accelerate in one direction, then in the
other (essentially doing a single “bang”).

On the other hand, if only the SEA mode is used, the
actuator employs a resonant excitation strategy — using a bang-
bang-like signal which is typically associated with this type of
actuator [8]. In this particular run, the BSA reaches a velocity
of 6.11 rad/s whereas the SEA reaches 5.58 rad/s.

Fig. 6 depicts the statistical analysis of the experiment. With
10 repetitions for each ty, the plot illustrates the mean and
standard deviation for both the actual system (blue) and online
simulation (red). Consistently, for ¢y > 0.45 s, BSA achieves
final velocities above ¢ = 5 rad/s. While maintaining good
performance at higher ¢; values, SEA falls short in achieving
comparable velocities at small ¢¢.> Notably, for t; < 0.4 s,
the BSA solutions lack time for bidirectional acceleration
(previous “single bang”), leading to slightly lower final ¢. The
choice of stiffness value and end-time could be suboptimal for
the SEA. For optimal performance, the resonance frequency of
the system has to be aligned with the designated time window.
While the SEA would excel in this specific combination, its

2Both BSA and SEA reach their peak velocity at some ty < 1s. In this
case, the optimal control algorithm found a slightly better local minimum.
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Fig. 9. Statistical evaluation of the Maximization of ¢ for varying initial
position qo experiment. The acquired data from the system (blue) and the
online simulation data (red) is shown for the BSA (top) and SEA (middle)
cases. A polynomial fit (bottom) of the mean velocities of the experimental
data is shown.

performance would be less satisfactory for every other time
window.

Next, we will examine the kinetic (£}) and potential (E})
energy evolution for BSA and SEA at ¢ty = 0.3,0.7,1s,
as depicted in Fig. 7. We can see how the BSA generates
consistent launch sequences (slow build-up and rapid release).
When examining SEA signals, potential and kinetic energy
oscillate for all end times, indicating resonant excitation.

The experiment confirms two of the main advantages of the
BSA concept: 1) The timing of energy storage and release can
be precisely controlled. 2) By avoiding resonant excitation, and
thus lengthy swing-up motions, the actuator can reach a higher
end-velocity in shorter periods of time.

C. Maximization of the link velocity for varying initial posi-
tions qo

As described in [28], the initial position of the link can
greatly influence the performance of an SEA. Therefore, we
conduct another series of experiments, in which we again aim
to maximize the link velocity, but start from an inclined angle
go = 10...50 deg. We generate optimal trajectories for a free
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end-time ¢; € [0 0.5]s. As before, each experiment is repeated
10 times.

An exemplary result for the BSA is shown in Fig. 8. Here,
the system is started from an initial angle of gy = 30 deg.
First, while in STG mode, the actuator decouples the link and
locks the spring. As the link is accelerated by gravity alone,
the motor simultaneously loads the spring. At ¢t = 0.126 s, the
mode is changed to SEA. The potential energy stored in the
spring is converted to kinetic energy, further accelerating the
link.

In the SEA case, the motor moves with the link, but it cannot
contribute much to accelerate it. This becomes also evident
when viewing the spring deflection ¢, whose magnitude is
relatively low compared to the BSA case. In the end, the BSA
reaches a velocity of 4.88 rad/s, whereas the SEA only reaches
3.44 rad/s.

With the BSA’s decoupling capability, we are not only
able to precisely time the release of joint potential energy
but also synchronize its release with the gravity potential.
In Fig. 9, the reached end velocity is plotted against the
initial positions gqg. With increasing joint initial positions, the
BSA also proportionally outperforms the SEA in terms of end
velocity, exploiting the aforementioned synchronicity effect.

V. CONCLUSION

In this study, we implemented and validated the novel
BSA concept using a new re-configurable testbed. Confirming
our earlier hypotheses, we demonstrated BSA’s ability to:
1) achieve higher velocity than traditional SEAs in a lim-
ited time, and 2) generate clear launch sequences instead of
harmonic oscillations. We also showcased BSA’s capacity to
synchronously release joint and gravity potential.

Future work involves designing and testing a multi-DoF
BSA system. In this respect, we will especially focus on
the effect of link decoupling, which leads to underactuation
and therefore potential limitations in terms of controllability.
Furthermore, we aim to design closed-loop controllers that
allow fully directed explosive motions. We believe that torque-
controlled strategies are within reach now, too.
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