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Using parallel elasticity in back-support exoskeletons: a study on
energy consumption during industrial lifting tasks

Stefano ToxiriA, Tom VerstratenB, Andrea CalancaC, Darwin G. CaldwellA, Jesús OrtizA

Abstract— The potential areas of application for exoskeletons
are expanding as technological advances are made in their
realization. Among the technological challenges still unsolved,
actuator design affects many important properties of the
resulting device, such as weight and user comfort. We consider
here the case of an active exoskeleton designed to assist
the lower back during lifting tasks. In previous studies, a
parallel-elastic actuator was shown to improve torque control
bandwidth over a “traditional” stiff actuator in generating
the required torque profiles, by enabling lower-inertia designs.
This paper reports our results on energy consumption showing
that an appropriately designed parallel spring also substantially
reduces the electrical energy consumption (by well over 50% in
the proposed case), enabling exoskeleton designs with reduced
weight and improved power autonomy.

I. INTRODUCTION
Exoskeletons are being explored for an expanding range

of applications. Along with lack of understanding and reg-
ulation, there are still some technological challenges that
limit their widespread adoption. Among these challenges,
actuator design is of critical importance as it determines a
number of important properties such as weight, cost, and
energy efficiency. User comfort is also strongly affected by
the actuator performance in modulating interaction forces.
For careful design and sizing of actuators, various approaches
accounting for the dynamics of the given task have been
proposed [1], [2], [3], [4], [5]. For example, the use of series
springs (SEA) has been shown to reduce peak motor power
during cyclic motions. By contrast, parallel springs (PEA)
can reduce peak motor torque in cases that display large
static torque components. Recent literature has additionally
considered the electrical energy consumption of elastic ac-
tuators [6], [7], [8], [9].

In previous work [10], we compared two generations of
actuators designed to deliver suitable assistive torques for
our active back-support exoskeleton during lifting motions.
The comparison highlighted that the more recent PEA-based
actuator substantially improves torque bandwidth thanks to
its reduced drive inertia and transparency, which are posi-
tively linked to user experience/comfort. This contribution
completes the previous analysis by studying and quantifying
how the parallel spring affects the energy consumption. The
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approach to estimate energy consumption described in [7]
is adopted here, using reference data (angles and torque)
recorded during an experimental campaign.

This article is structured as follows: Section II describes
the physical task of interest and the exoskeleton designed
to support it. Sections III and IV illustrate the methods and
results of the comparison. Section V discusses the relevance
of these results for the design of exoskeleton actuators and
Section VI provides final conclusions.

II. BACKGROUND

A. Task dynamics

Manual material handling is referred to as a repetitive
activity consisting of picking up, lifting and lowering objects.
This is commonly part of the activities for factory workers
in different sectors, such as car manufacturing and logistics.

The specific sequence of movements considered in our
work is as follows: (a) the user starts in an upright position
and (b) bends forward to reach for the external object, placed
approximately at mid-shin height. Once grasped, (c) the user
goes back to an upright position, and then (d) bends forward
again to put the object back in its orginal position. The task
is complete when (e) the user reverts to an upright position.

During this sequence, large torques (over 200Nm, more
on this below) at the lower back on the sagittal plane
are developed. These torques are generated by the erector
spinae muscles, whose contraction force leads to very large
compressive loading between the vertebrae, which is a risk
factor for back pain and injury [11].

The characteristics of the physical task are studied by
recording motions and estimating forces and torques with
inverse dynamics techniques, employing a multibody muscu-
loskeletal model [12]. Experimental data shows (as described
in [13]) that, in order to lift a 15kg load, the lower back
covers a range of motion of approximately [0,2.8]rad (torso
with respect to thighs on the sagittal plane), with speeds
of [−5,5]rad/s and accelerations of [−10,20]rad/s2. Corre-
spondingly, torques in the range of [0,240]Nm are estimated
at that joint. These torques are only in one direction, i.e.
for the most part against gravity for torso extension (Figure
1, bottom left). As shown by the torque-angle plot on the
right in Figure 1, there is a strong relationship between the
torque and the angle at the low-back joint. In particular,
this relationship appears to have a strong linear component
with additional variability introduced by the presence of the
external object, which shifts the curve upwards. A similar
linear characteristic is seen in other tasks and joints (e.g. the
stance phase of walking in the human ankle [7]) and may
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Fig. 1: The dynamics of the lifting task, shown for one of the three subjects for illustration purposes. On the left, the time
profiles of joint angle (top) and torque (bottom) are shown. Starting and finishing in an upright position, the user bends
forward twice to pick up and then release the external object. The different points (a-e) refer to the task stages described in
Section II. The plot on the right shows the strong relationship between joint angle and joint torque. This characteristic is
exploited in the design of actuators, as described in Section III.

be exploited in designing the actuators as described in the
following.

B. Back-support exoskeletons

The aim of back-support exoskeletons is to contribute to
torso extension by providing a portion of the torques at
the lower back, thereby reducing overloading of that joint.
The extent and modulation of this contribution is established
in such a way that the user can move comfortably while
wearing a device that is reasonably lightweight and intuitive
to use. Note that passive back-support exoskeletons (i.e. that
generate supports via springs only) have been proposed to
address this application [14], [15] as they are capable of
addressing the linear component of the torque-angle rela-
tionship shown in Figure 1. While simpler in their design,
these are limited by the fact that the assistance they provide
is predetermined at the design stage. By contrast, active
devices offer superior versatility compared to passive ones
[16], [17]. Besides relying on appropriate assistive strategies
to modulate their contribution to the task, the design of
active exoskeletons poses new challenges connected to the
performance of actuators as well as their power autonomy,
addressed in this work.

As part of the Robo-Mate EU project, our group developed
an active back-support exoskeleton (see Figure 2). The device
provides actuation on the sagittal plane with one actuator
on each side approximately aligned with the corresponding
hip joint. A set of unactuated joints allow nearly unrestricted
movements outside the sagittal plane to promote user comfort
during use. As in our previous work, the exoskeleton is
considered to contribute up to approximately a third of the
total torque, resulting in a target torque output of up to
around 40Nm for each of the two actuators. In its first
iteration (Mk1), the exoskeleton was actuated with high-
torque motors coupled to high-ratio reduction gears, which
proved to be sufficiently strong but too slow for actual

Fig. 2: The exoskeleton prototype in its Mk2 version, as
worn by a user. It consists of a backpack, connected to a
rigid structure that holds the two actuators approximately
aligned with the two hip joints on the sides. The actuators’
outputs are connected to the corresponding thighs via custom
velcro straps. Unactuated joints to allow unrestricted move-
ments outside the sagittal plane are implemented behind the
shoulder straps as well as connecting the actuators to the
thighs.



use. Seeking to improve the actuators’ dynamics as well as
their overall weight, the following iteration (Mk2) adopted
a PEA-based approach. This solution employed a lower-
torque motor and lower-ratio reduction gear, resulting in
substantially better force controllability and lower output
impedance [10].

III. METHODS

This contribution follows up on our previous work [10],
[18] and compares the energy consumption of two possible
actuation solutions. The approach is to use the recorded
movements of real users during the target task. We assume
that the actuators generate the interaction torque as a portion
of the full torque calculated with inverse dynamics (see
previous section). Actual angle and reference torque trajec-
tories are taken from data recorded during experiments (as
explained in Section II) from three different subjects.

The two actuators compared in this article are referred
to as SA (stiff actuator, a modification of our first Mk1
implementation using the more recent lower-ratio harmonic
drive) and PEA (parallel-elastic actuator, the Mk2 actuator).
Their components and properties are summarized in Table I.
The two solutions use the same reduction gear but different
motors, the one in SA having twice the nominal torque
compared to the one used in PEA. The result is that PEA,
combining the output of the lower-torque motor with the
parallel spring, covers an output torque range comparable
to that of the SA. The parallel spring, having an equilibrium
point at 0°and a stiffness of 8Nm/rad, is designed to “center”
the actuator torque around the desired profile in Figure 1.
In short, it is implemented routing a elastic bungee cord
via metal pins, which results in a remarkably linear relation
between angular displacement and torque. Further details on
the implementation of the spring can be found in [10].

Below, we describe the model which is used to compare
the two actuators in terms of energy consumption and power
losses.

A. Modelling energy consumption

The calculation of the power and energy requirements
relies on an inverse dynamics approach, as in previous works
[4], [7]. Actual angle and reference torque trajectories are
converted into motor torques, speeds, currents and voltages
by applying a model of the actuator. The torque on the motor
shaft Tm, for a given output torque T and output position θ ,
is given by

Tm =
C
n
[T + kpθ ] (1)

Note that the parallel spring (stiffness kp) is in fact unidirec-
tional, i.e. it does not provide torque below the equilibrium
angle of 0°. However, because the output angle θ in the
dataset is always above 0°, Equation (1) is used within the
scope of this paper. The gearbox is a harmonic drive char-
acterized by a reduction ratio n and the efficiency function
C, given by

C =

{
1/ηtr (Tmθ̇ > 0)
ηtr (Tmθ̇ < 0)

(2)

TABLE I: Motor and gearbox parameters.

SA PEA
Torque constant kt (mNm/A) 109 53.4

Damping coefficient νm (Nms/rad) 1.71e-3 6.49e-4
Terminal resistance R (Ω) 0.522 0.307

Terminal inductance L (mH) 0.625 0.188
Motor inertia Jm (gcm²) 3060 1210
Maximum efficiency ηm 87% 86%

Gear reduction ratio 100
Gearbox inertia Jtr (gcm²) 90
Parallel stiffness (Nm/rad) 0 8

where ηtr(Tm, θ̇) is the torque- and speed-dependent effi-
ciency of the harmonic drive. To calculate the value of
ηtr(Tm, θ̇), we follow the instructions given by the manu-
facturer [19] assuming an ambient temperature of 20°C.

To convert motor torque Tm and speed θ̇m = n · θ̇ to current
I and voltage U , we apply the motor model{

I = 1
kt

(
(Jm + Jtr) θ̈m +Tm +νmθ̇m

)
U = Lİ +RI + kbθ̇m

(3)

The parameters in these equations are defined in Table I,
along with their values for the actuators under comparison.
The term (Jm + Jtr) θ̈m takes the dynamics of the motor and
gearbox into account, while the term νmθ̇m accounts for
friction and eddy current losses in the motor.

Having defined motor current I and motor voltage U , the
electrical power at the motor terminals can be calculated by
multiplying the two quantities:

Pelec =UI (4)

Electrical energy consumption is then found through integra-
tion

Eelec =

ttot∫
0

Pelecdt (5)

where ttot is the total duration of the task.
The electrical power is the sum of the required mechanical

output power and all the actuator losses. In this manuscript,
we define three major loss categories:
• Gearbox losses: these depend on the mechanical power

Pmech,l = (T + kpθ) θ̇ and, in accordance with (2), the
direction of power flow:

∆Pgearbox =

{(
1− 1

ηtr

)
Pmech,l (Pmech,l ≥ 0)

(ηtr−1)Pmech,l (Pmech,l < 0)
(6)

• Copper losses (also known as Joule losses, resistive
losses, etc.): ∆Pcopper = RI2

• Iron losses: these consist mainly of eddy current losses,
but here, they also include other speed-dependent motor
losses such as hysteresis losses and friction. In accor-
dance with (3), iron losses are given by ∆Piron = νmθ̇ 2

m
Finally, for comparison purposes, we calculate the average

power flow at the output as

Pmech,avg =
1

ttot

ttot∫
0

abs
[
(T + kpθ) θ̇

]
dt (7)
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Fig. 3: Electrical power consumption of the two actuators for
subject 1. The required mechanical output power is plotted in
dashed gray as a reference. The solution with parallel spring
(PEA) consumes more than two times less than the solution
without spring (SA).

The instantaneous motor efficiency ηm(Tm, θ̇m) is calculated
by comparing the mechanical power

Pmech,m =
[
Tm +(Jm + Jtr) θ̈m

]
θ̇ (8)

to the electrical power Pelec. It is defined as

ηm(Tm, θ̇m) =


Pmech,m

Pelec
(
∣∣Pmech,m

∣∣< |Pelec|)
Pelec

Pmech,m
(
∣∣Pmech,m

∣∣> |Pelec|)
0 (sgn

(
Pmech,m

)
6= sgn(Pelec))

(9)

where an efficiency of zero is assigned whenever, due to
motor losses, a positive electrical power Pelec is needed to
provide a negative mechanical output power Pmech,m. This is
explained in [20].

IV. RESULTS

Figure 3 shows the electrical power consumption of the
PEA and the SA for subject 1. The required mechanical
output power is shown in dashed gray for reference. This
figure clearly demonstrates that the parallel spring allows for
a considerable reduction in energy requirements. Electrical
power peaks are reduced by more than half, and the required
energy for the task is reduced from 699 J to 284 J (see
Table II) for this particular subject. Similar reductions in
energy consumption were observed for the other test subjects.
The difference in electrical energy consumption is therefore
completely determined by the energy losses in the actuator’s
components. Below, we will analyze these energy losses in
more detail.

A. Component efficiencies and power losses

Table II provides an overview of the efficiencies of the
principal components of the actuator, as well as the energy
losses associated with them. These energy losses are not only
related to the component efficiency, but also to the power
flow through the components. The average mechanical power

flow at the output Pmech,avg, defined in (7), is directly related
to the power flow through the components. It was shown to
be a good indicator for the electrical energy consumption
of an active ankle prosthesis in [4], and the same appears
to be true for the exoskeleton studied in this work. Table
II indicates that, on average, Pmech,avg drops from 29.8W to
11.8W thanks to the torque reduction offered by the parallel
spring, and a similar reduction is observed in the overall
electrical energy consumption.

Although the harmonic drive, whose efficiency strongly
depends on the output torque, is used less efficiently in the
PEA, it enjoys an overall decrease in energy losses due to
the considerably lower power flow. On average, the gearbox
losses are reduced by 40% by adding a parallel spring.

The actual motor efficiencies are similar; they are, in both
cases, considerably lower than the catalog efficiencies (SA:
87%, PEA: 86%, see Table I). Here as well, the motor of
the PEA enjoys a considerable reduction in energy losses
compared to that of the SA. The gain can be traced back to
a decrease in iron losses (Fig. 4): the loss coefficient νm of
the PEA motor is, indeed, 2.6 times lower than that of the SA
motor. As the gearboxes, hence speeds of both motors are
the same, this factor is reflected directly in the iron losses.
Interestingly, Fig. 4 shows that copper (Joule) losses are only
slightly lower for the PEA. This may be surprising, as Joule
losses are directly proportional to the square of the motor
torque, which is reduced considerably by the parallel spring.
The explanation lies in the proportionality factor R/k2

t , also
called “torque production efficiency” [21]. This factor is 2.5
times lower for the SA, which compensates for the higher
motor torque.

B. Inertial torque

Another important difference between both solutions is the
reflected inertia of the drivetrain. As discussed in [10], the
parallel spring enables a reduction in reflected inertia of the
drivetrain. The drivetrain inertia places an additional load
on the motor (see (3)), which may result in increased Joule
losses. In cases where accelerations are considerable, such
as this specific case study, a reduction in drivetrain inertia
may therefore improve the energy efficiency of the actuator.

As shown in Fig. 5, the power flow (Jm + Jtr) θ̈mθ̇m related
to the inertia of the drivetrain constitutes a relevant part of
the total mechanical power. For the SA, the peaks in the
inertial power flow are generally of similar magnitude or
even higher than the power peaks of the required output.
The inertial power of the PEA is 2.4 times lower than that
of the SA, in line with the reduction in (reflected) drivetrain
inertia.

While, in some cases, the energy-storage capability of
inertia can be exploited to make the system more energy-
efficient – e.g. in a pendulum [20] – this is not the case for the
back-support exoskeleton. Certain peaks of the mechanical
output power (at approximately 0.8 s, 1.9 s, 3.5 s and 4.8 s)
are in phase with the peaks in inertial power. As a result,
they will add up to a higher overall power flow seen by the
motor and gearbox. As explained in Section IV-A, reducing



TABLE II: Electrical energy consumption, average mechanical power flows and efficiencies and power losses of the principal
components of the actuator, for both actuator designs and for the three different subjects. The average across subjects is
shown in the last column for reference.

Subject 1 Subject 2 Subject 3 Average
SA PEA SA PEA SA PEA SA PEA

Electrical energy consumption 699 J 284 J 520 J 210 J 691 J 290 J 637 J 261 J
Avg. power flow Pmech,avg 32.4 W 11.7 W 25.9 W 9.6 W 31.2 W 14.5 W 29.8 W 11.8 W
Gearbox Avg. efficiency 61.5% 43.3% 59.8% 44.6% 58.3% 47.2% 59.8% 45.0%

Energy loss 82.3 J 47.5 J 64.3 J 33.3 J 59.8 J 43.6 J 68.8 J 41.5 J
Motor Avg. efficiency 29.9% 31.64% 27.8% 27.9% 32.1% 34.5% 29.9% 31.3%

Energy loss 616 J 236 J 455.8 J 176 J 631 J 246 J 568 J 219 J
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Fig. 4: Main power losses for (a) The actuator without parallel spring (SA) and (b) the actuator with parallel spring (PEA).
Iron losses in the motor are the dominant loss mechanism for both actuators.

this power flow is key towards achieving a lower energy
consumption. A low-inertia design of the actuator thus plays
an important role for the lifting task presented here.

V. DISCUSSION

A. Benefits of the parallel spring

For an active exoskeleton designed to assist lifting tasks,
a strong advantage of using parallel-elastic actuators over
more “traditional” stiff actuators emerges. The presence of an
appropriately designed parallel spring enables the selection
of a lower-torque motor and – although this option was
not explored in this paper – a lower gear reduction, which
has a number of advantages. Our previous work already
identified increased bandwidth and backdrivability as well
as lower power requirements as major advantages, ultimately
leading to improved user comfort and experience [10], [18].
In addition to these two benefits, the present contribution
clearly indicates that the PEA requires a substantially lower
amount of electrical energy than the SA in order to generate
the same reference torque profiles. The predicted total energy
reduction is well over 50% for all three subjects, as reported
in Table II. Interestingly, individual components – in this
particular case the gearbox – may be used less efficiently in
the PEA compared to the SA. As we have shown, however,
this is largely overcome by the reduced power flow due to the
lower required motor torque, resulting in considerably lower
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Fig. 5: Power flows related to the inertia of the drivetrain, i.e.
gearbox and motor, for the solution without (SA, red) and
with parallel spring (PEA, blue). The imposed mechanical
output power is shown in dashed gray for reference. Inertial
power flows are non-negligible with respect to the output
power, demonstrating the importance of inertia in the design
of the actuator.



energy dissipation in the components. The improvement in
terms of energy consumption has strong implications for
the potential power autonomy of a PEA-powered wearable
exoskeleton. By reducing the required energy to generate
given assistance profiles, a given battery could last longer
or a lighter battery could be chosen. Both choices have a
positive effect on the resulting device and its use in the field.

B. Limitations and future work

Despite the stark evidence, the generality of these findings
is limited by some assumptions. Firstly, the torques that
describe the dynamics of the task (Figure 1) are based on a
simplified multibody musculoskeletal model that describe the
relevant human joints [12]. While perhaps not fully accurate
due to parameter uncertainties and signal noise, these models
are considered appropriate for qualitative understanding of
human tasks. Also, only the task of lifting was considered,
while a device should ideally be able to accomodate comple-
mentary tasks (e.g. unhindered walking) during its operation
with factory workers.

The calculations in Section III do not account for the
dynamics of the controller and for the related dissipation
which, however, are usually considerably lower than the
energy losses considered in this work. Also, control dissipa-
tion may significantly depend on the controller structure and
parametrization which determine not only properties such
as performance and robustness but also energy efficiency.
However, considering a specific controller structure and
parametrization would lead to a loss of generality. Therefore,
in this work we preferred to neglect the control dynamics and
assume perfect force tracking.

In addition, the model does not include mechanical friction
in components other than the motor and drivetrain (e.g.
bearings, pulleys, bungee cord, etc.).

Lastly, the analysis presented indicates a reduction in
electrical energy consumption, but does not consider the
added cost, weight, and complexity associated with the PEA
implementation, compared to the spring-less SA. Indeed,
different possible designs may have very different impacts
on the resulting device. In loose terms, it may be said that
the physical implementation of the parallel spring must be
worth the advantage in terms of energy consumption, and
selecting the most appropriate trade-off is up to the designer.

VI. CONCLUSION

A parallel-elastic actuator design has several advantages
over a traditional spring-less actuator in generating the
required torques profiles on a back-support exoskeleton to
assist lifting tasks. While our previous work analyzed the
benefits of PEA in terms of force controllability, this study
shows a substantial reduction in the electrical energy con-
sumption and therefore improvements in power autonomy
of the resulting device.
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