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On the importance of a motor model for the optimization of
SEA-driven prosthetic ankles

Tom Verstraten, Glenn Mathijssen, Joost Geeroms, Louis Flynn, Bram Vanderborght and Dirk Lefeber

Abstract— Several examples in literature demonstrate the
potential impact of motor inertia on the electrical energy
consumption of actuators. Nevertheless, optimizations of ac-
tuated prosthetics are often based on the mechanical energy
consumption, disregarding the potential effects of motor iner-
tia. In this short abstract, we simulate the electrical energy
consumption of a powered prosthetic ankle actuated by a
Series Elastic Actuator. Its compliant element is optimized for
mechanical energy consumption, a typical strategy in state-of-
the-art prosthetics. Our results confirm the importance of motor
inertia. Due to the resulting changes in the operating points of
the motor, the average motor efficiency is lowered by 17%.

I. INTRODUCTION

In a previous study on a pendulum, we concluded that
motor inertia plays an important role in the electrical energy
consumption of a stiff actuator [1]. In such actuators, the
operating point corresponding to minimal mechanical energy
consumption does not coincide with the operating point
of minimal electrical energy consumption. The difference
between both can be explained by the power needed to
accelerate the motor’s inertia, leading to an electrical power
profile which is dinstinctly different from the mechanical
power profile.

In compliant actuators, motor inertia also has an impact on
the dynamics of the actuator. While a Series Elastic Actuator
(SEA) with zero motor inertia would have a single resonance
frequency, a nonzero motor inertia introduces a second
resonance frequency and an antiresonance frequency [2][3].
It is the latter which is of importance for the minimization of
electrical peak power and energy consumption [4]. Neverthe-
less, most papers on the optimization of SEAs for prosthetics
have focused on mechanical output energy or peak power, not
including the motor inertia, motor and gearbox efficiency into
their models [5][6][7]. In this extended abstract, we briefly
discuss the consequences of such a simplified approach for
the power and energetics of actuated prosthetic ankles.

II. MATERIAL AND METHODS

In our analysis, we will study a prosthetic ankle actuated
by a SEA. We consider a conceptual SEA consisting of
a torsional spring and a 200 W Maxon RE50 DC motor
with a gearbox (gear ratio n = 319, efficiency ηtr = 68%).
The spring stiffness is will be the output of an optimization
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with the goal of minimizing the absolute mechanical energy
consumption

Emech =
∫
|Pmech|dt (1)

This is the approach followed in most papers. Pmech is
calculated from the torque (Tm) and speed (θ̇m) at the motor
shaft,

Pmech = Tmθ̇m (2)

Tm and θm can be calculated from the desired output torque
and position T and θ , which are obtained from gait data [8]:

Tm = CT/n (3)
θm = n · (T/ks +θ) (4)

where ks is the stiffness of the series spring and C is the
gearbox efficiency function

C =

{
1/ηtr (Pmech > 0)
ηtr (Pmech < 0)

(5)

The electrical power consumption Pelec is then calculated as
the product of motor current (I) and voltage (U). These are
obtained by applying the motor model{

I = 1
kt

(
Jmθ̈m +Tm +νmθ̇m

)
U = Lİ +RI + kbθ̇m

(6)

which requires knowledge of the motor parameters listed in
Table I. A more detailed discussion of this model can be
found in [1].

III. RESULTS AND DISCUSSION

In this section, we will present a motor efficiency map
constructed from Eq. (6). It represents the motor efficiency
as a function of the motor speed θ̇m and the dynamic motor
torque Tm+Jmθ̈m. This is the torque which is relevant for the
energy consumption of the motor, since it is this torque which
needs to be delivered by the motor windings. By plotting the

TABLE I
MOTOR PARAMETERS FOR 200W RE50 MAXON MOTOR

Symbol Name Value
kt Torque constant 38.5 mNm/A
kb Speed constant 248 rpm/V
νm Friction coefficient 1.46e-5 Nms/rad
R Terminal resistance 0.103 Ω

L Terminal inductance 0.0717 mH
Jm Motor inertia 536 gcm²



Fig. 1. Efficiency map for the 200 W Maxon RE50 motor, which
includes the Joule losses RI2 and the friction losses νmθ̇ 2

m. The green
trajectory corresponds to the operating points (θ̇m, Tm), the blue trajectory
to (θ̇m, Tm + Jmθ̈m). For reference, the trajectory of a stiff actuator (motor
inertia included) is shown in black. The white lines denote the maximum
permissible motor torque.

operating points of the motor on such an efficiency map, one
can obtain a fairly good idea of how efficiently the motor is
used for a specific motion. As such, efficiency maps can be
a useful tool for tuning the imposed motion or the actuator
design in order to obtain a minimal energy consumption
of the actuator [1]. In the case of an SEA-driven ankle
prosthesis, the motion profile of the motor is determined by
the choice of spring stiffness ks through (4). As mentioned
earlier, stiffness is found by minimizing (1), yielding ks =
375 Nm/rad. This is only slightly different from the value of
ks = 368 Nm/rad found by Grimmer et al. [5], who applied
this exact method for their optimization.

To illustrate the importance of motor inertia, two sets of
operating points for the prosthetic ankle motor are plotted
on the motor’s efficiency map (Fig. 1). The first set (green)
is based on the motor shaft torque Tm, which can actually
be measured by a torque transducer. The second set (blue)
is based on the motor torque with motor inertia included,
Tm + Jmθ̈m. While the optimization is based on mechanical
power, thus on Tm, it is the latter set of operating points which
influences the instantaneous motor efficiency. However, we
can see that both sets of operating points follow completely
different trajectories. The operating points (θ̇m, Tm) are
confined within the recommended operating region of the
motor. They do not exceed the maximum motor speed (9500
rpm) or maximum motor torque (700 mNm), as required for
a good design. Looking at (θ̇m, Tm+Jmθ̈m), however, we find
that the operating points exceed this recommended region by
far, yielding peak torques of up to 1.28 Nm. Furthermore,
commanding high torques at relatively low speeds leads to
poor efficiencies [1]. This is exactly the region in which
the SEA is operating. We can therefore expect the actual
efficiency of the motor to be a lot lower than the catalog
efficiency, with potentially detrimental consequences for the

TABLE II
EFFECT OF MOTOR INERTIA Jm ON THE ENERGY CONSUMPTION OF THE

SERIES ELASTIC ACTUATOR.

Actuator SEA SEA Stiff
(Jm = 0) (Jm = 536 gcm²) (Jm = 536 gcm²)

Emech 21.4 J 21.4 J 21.4 J
Eelec 27.7 J 35.8 J 46.4 J

Average motor eff. 77.1% 59.7% 46.1%

overall efficiency of the actuator. This is confirmed by the
calculated energy consumption, presented in Table II. With a
massless rotor, the calculated electrical energy consumption
would be 27.7J. With motor inertia, the energy consumption
rises to 35.8 J. Still, the SEA clearly outperforms a stiff
actuator, which would consume no less than 46.4 J.

Note that, in a cyclic motion, inertias do not contribute
directly to energy consumption. However, like springs, their
ability to store energy affects the system’s power flows. This
can have a positive or negative influence on the losses in
other components. As seen in Table II, the motor inertia
causes a decrease in average motor efficiency of approxi-
mately 17%. This demonstrates that the SEA’s trajectory (θ̇m,
Tm + Jmθ̈m) indeed passes through regions of lower motor
efficiency.

IV. CONCLUSION

In this short abstract, we have shown that motor inertia
may contribute significantly to the total torque experienced
by the motor. As such, it has a considerable impact on the
energy consumption of the actuator. This could also lead to
differences in the optimized spring stiffness, which is very
relevant for compliant designs. Future research will therefore
focus on quantifying the impact of the motor model on the
optimization of compliant actuators for wearable robotics.
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