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A Series Elastic Dual-Motor Actuator Concept for Wearable Robotics

Tom Verstraten1, Raphaël Furnémont, Pablo López-Garcı́a, Stein Crispel, Bram Vanderborght and Dirk Lefeber

Abstract— Series Elastic Actuators (SEAs) are used exten-
sively in the field of wearable robotics because of their energy
efficiency. Redundant drivetrains enable a further reduction in
electrical energy consumption, as they use the actuator’s motors
in a more energy efficient way. In this work, we present a
Series Elastic Dual-Motor Actuator (SEDMA), a kinematically
redundant actuator with series elasticity. We simulate its use in
an ankle prosthesis and compare its energy efficiency to that
of a traditional SEA. Results indicate an energy reduction of
16% compared to the SEA.

I. INTRODUCTION

The use of Series Elastic Actuators (SEAs) has sparked
major advances in the development of robotic prostheses,
exoskeletons and other wearable robots. A properly tuned
series spring can reduce motor speed requirements and,
as a side-effect, the energy-efficiency of the actuator. In
wearable robotics, however, the motor also tends to be
operated at low powers [1], where it is the least efficient.
Moreover, in an SEA, the motor bears the entire output
torque, resulting in the need for high gear ratios which lead
to a high reflected inertia of the drivetrain. This reflected
inertia is the cause of high electrical power peaks which
often occur during late stance and swing [2]. A potential
solution to these problems is the introduction of a redundant
drivetrain. Continuously variable transmissions, for example,
have been identified as having great potential for ankle and
knee prostheses and exoskeletons, especially when combined
with energy buffers such as springs and flywheels [3][4]. In
this work, we study the energetic benefits of an actuation
concept which combines springs and kinematic redundancy:
the Series Elastic Dual-Motor Actuator (SEDMA).

II. SERIES ELASTIC DUAL-MOTOR ACTUATOR

A schematic of the SEDMA is shown in Fig. 1. The dual-
motor actuator itself was described in [5], where its energy
efficiency was studied. Its main component is a planetary
differential. The inputs of the differential are its ring and sun
gear wheel, its output is the carrier. A drivetrain is connected
to each input, according to the specifications listed in Table I.
Finally, the output is connected to the load through a series
elastic element with stiffness ks = 382 Nm/rad. This is the
energy-optimal value for an ankle prosthesis designed for
walking according to [6].
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Fig. 1. Schematic of the dual-motor actuator with its main parameters.

For comparison with the SEDMA, the electrical power and
energy consumption of a reference SEA driven by a 200 W
Maxon RE50 DC motor with 257:1 reduction will also be
calculated. This drivetrain is the smallest drivetrain which
enables the SEA to perfectly track the imposed output [6].
Its specifications can be found in Table I as well.

III. METHODS

A. Equations

The relationship imposed by the series spring is

To = TC = kS (θC − θo) (1)

The two input speeds θ̇S and θ̇R of the sun and ring motor,
respectively, are linked to the output speed of the carrier θ̇C :

θ̇C =
1

nC

[
1

nS(1+ρ)
ρ

nR(1+ρ)

] [ θ̇S
θ̇R

]
(2)

where nS and nR are the reductions of the gearboxes of the
sun and ring drivetrain specified in Table I; nC = 40:1 that
of the gearbox on the carrier (efficiency ηC = 98%). The re-
duction offered by the planetary differential is characterized
by ρ. In this work, ρ = 7.

TABLE I
SPECIFICATIONS OF SUN, RING AND REFERENCE DRIVETRAIN.

Sun (S) Ring (R) Reference
Gear ratio nλ 1:1 (direct) 33:1 257:1

Gear efficiency ηλ 100% 75% 68%
Drivetrain inertia Jλ (gcm2) 33.5 35.1 575
Viscous friction νλ (Nms) 4.63E-7 4.63E-7 1.46E-6

Nominal current Iλnom (A) 3.47 3.47 10.8
Max. speed ωλmax (rpm) 12 000 12 000 9500
Winding resistance Rλ (Ω) 0.611 0.611 0.103

Torque const. kTλ (mNm/A) 25.9 25.9 38.5



The motor torques are given by

TmS = δS

(
JS θ̈S + νS θ̇S +

CC
nC

CS
nS

1

ρCPG + 1
TC

)
(3)

TmR = δR

(
JRθ̈R + νRθ̇R +

CC
nC

CR
nR

ρCPG
ρCPG + 1

TC

)
(4)

where we defined the efficiency functions of the gearboxes

Cλ = η
−sign(Toλθ̇λ)
λ (5)

and the efficiency function of the planetary differential:

CPG = η
sign

[
TC
(
θ̇S
nS

−θ̇C
)]

PG (6)

with λ = R,S,C an index corresponding to the ring, sun
and carrier, respectively, and with ηPG = 97% the meshing
efficiency of the composing gear pairs. An explanation and
derivation of these formulas can be found in [5]. The pa-
rameters of the actuator are listed in Table I. The parameters
δλ (λ = R,S) represent the brakes: when the ring brake
is engaged, δR = 0; an engaged sun brake corresponds to
δS = 0. In all other cases, δλ = 1.

The electrical power Pelec,λ of a drivetrain is the product
of its current Iλ and voltage Uλ. They are determined by
means of the motor model{

Iλ = Tmλ/kTλ

Uλ = kTλθ̇λ +RλIλ
(7)

Finally, the electrical energy consumption of the SEDMA is∫
cycle

(Pelec,S + Pelec,R) dt (8)

B. Optimization

The optimization software GPOPS is used to optimize the
SEDMA and the reference SEA for walking at a natural
cadence. The imposed output torque and speed correspond to
Winter’s gait data for the human ankle, for a 75 kg person [7].
The speed distribution and the braking instants are optimized
according to the method presented in [8]. Motor voltage
is limited to 48 V. According to the specifications of the
manufacturer, motor speed is limited to ωλ,max and the rms
value of Tmλ to Tλnom (see Table I).

IV. RESULTS AND DISCUSSION

The electrical powers of the reference SEA and the
SEDMA are shown in Fig. 2. Interestingly, the two motors of
the SEDMA are never used at the same time. The SEDMA
offers a considerable reduction in electrical power during late
terminal stance (42-52% GC). This is reflected by an overall
decrease in electrical energy consumption. The SEDMA
consumes 30.3 J/cycle, a reduction of 16% w.r.t. the reference
SEA (36.2 J/cycle). This can be explained by the fact that the
two motors of the SEDMA can be optimized for a specific
part of the gait cycle. This has several advantages. First,
it enables the use of smaller and therefore more efficient
gearboxes (see Table I). Secondly, the motors are operated
less in their inefficient low-power regions. And finally, high
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Fig. 2. Electrical power consumption of the reference SEA (red) and the
SEDMA (green). The biological power profile of the ankle is shown in blue.
The period during which only the sun motor is used (ring brake engaged) is
shaded; only the ring motor is used in the white area (sun brake engaged).
The power consumption of the SEDMA is particularly lower than that of
the reference SEA during late terminal stance.

inertial torques can be avoided by deploying a low-inertia
drivetrain in the low-torque phases of the gait cycle. A high-
inertia drivetrain (i.e. high gear ratio, high motor torque, so
high output torque) can be deployed when higher torques
are required. Although this advantage is not exploited by
the proposed SEDMA – high power peaks still occur during
swing in Fig. 2 – an optimized design can probably do better.

V. CONCLUSION AND FUTURE WORK

The optimization presented in this work proves the po-
tential of dual-motor architectures for reducing the energy
consumption of series elastic actuators. In future work, we
will evaluate other combinations of motors, gearboxes and
springs. By optimizing them concurrently, we expect even
greater reductions in energy consumption.
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