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Abstract— Backdriveable actuators with energy regeneration
can improve the efficiency and extend the battery-powered op-
erating times of robotic lower-limb exoskeletons by converting
some of the otherwise dissipated energy during negative me-
chanical work into electrical energy. However, previous related
studies have focused on steady-state level-ground walking. To
better encompass real-world community mobility, here we de-
veloped a feedforward human-exoskeleton energy regeneration
system model to simulate energy regeneration and storage dur-
ing other daily locomotor activities. Data from inverse dynamics
analyses of 10 healthy young adults walking at variable speeds
and slopes were used to calculate the negative joint mechanical
power and work (i.e., the mechanical energy theoretically avail-
able for electrical energy regeneration). These human joint me-
chanical energetics were then used to simulate backdriving a ro-
botic exoskeleton and regenerating energy. An empirical char-
acterization of the exoskeleton device was carried out using a
joint dynamometer system and an electromechanical motor
model to calculate the actuator efficiency and to simulate energy
regeneration. Our performance calculations showed that regen-
erating energy at slower walking speeds and decline slopes could
significantly extend the battery-powered operating times of ro-
botic lower-limb exoskeletons (i.e., up to 99% increase in total
number of steps), therein improving locomotor efficiency.

I. INTRODUCTION

Robotic lower-limb exoskeletons can replace the propul-
sive function of impaired biological muscles and allow persons
with mobility impairments, due to aging and/or physical disa-
bilities, to perform daily locomotor activities that require
power generation [1]. Most exoskeletons use electromagnetic
actuators for power generation, specifically brushed or brush-
less direct current (DC) motors [1]. These electric motors are
often coupled with a high-ratio transmission (e.g., ball-screw
mechanism or harmonic gearing) to increase the motor torque
output to that needed for human locomotion, which causes the
robotic actuator to have high output impedance [2]. For exam-
ple, the ReWalk and Ekso Bionics powered lower-limb exo-
skeletons use stiff actuators to rigidly track predefined kine-
matic trajectories for precise position control, which can ben-
efit users with limited ability to physically interact with and
control the robotic device (e.g., persons with complete spinal
cord injury) [1].
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However, these traditional stiff actuators cannot exploit the
passive dynamics of human locomotion and/or other energy
storage and return mechanisms, therein often resulting in
heavy and inefficient actuators that require significant energy
consumption and thus provide limited battery-powered oper-
ating times given the finite energy density of rechargeable bat-
teries. Most robotic lower-limb exoskeletons provide only 1-5
hours of maximum battery-powered runtime [1]. Onboard
portable power has often been considered one of the leading
challenges to developing robotic exoskeletons for real-world
mobility [1]. Increased device mass and inertia, due to heavier
onboard motors and batteries, would also require more effort
by the human musculoskeletal system during swing phase,
thus reducing the locomotor efficiency via higher metabolic
power consumption [3]. To address these limitations, research-
ers have been working on designing lightweight and efficient
actuators that more effectively utilize the energetics of human
locomotion.

Torque-dense motors with low-ratio transmissions, known
as quasi-direct drives, have been used to achieve low mechan-
ical impedance and high backdrivability and efficiency [4].
The use of low transmission ratios has largely been driven by
recent advances in torque-dense motors in the drone industry.
These actuators generate high output torque by increasing the
motor torque density rather than the transmission ratio, thus
reducing the effects of high gearing — i.e., increased weight,
backlash, and reflected inertia, which scales with the transmis-
sion ratio squared [2]. Gears also have torque-dependent fric-
tion, which further increase the impedance and reduce back-
drivability and efficiency [5]. High external loads are thus
needed to overcome the impedance to backdrive the actuator.
These characteristics of high gearing can impede dynamic
physical interactions between the human and device and be-
tween the device and environment, which could especially en-
cumber those with partial motor control function (e.g., older
adults and/or persons with osteoarthritis or poststroke) who
may benefit from the ability to actively backdrive the joints.

Backdriveable actuators with low output impedance have
many benefits for control and efficiency, including: 1) free-
swinging dynamic leg motion, which can simplify the control
during swing phase and allow for more energy-efficient loco-
motion; 2) compliant impacts; 3) negligible unmodeled actua-
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tor dynamics, which can further simplify the control; 4) intrin-
sic backdriveability; and 5) energy regeneration during nega-
tive mechanical work [4]. Energy regeneration is the process
of converting some of the otherwise dissipated energy during
negative mechanical work into electrical energy via backdriv-
ing the actuator. In other words, when backdriven by an exter-
nal load, the motor can provide a braking torque to decelerate
the load (e.g., motion control during swing phase) while con-
currently generating electricity [6]. This is analogous to regen-
erative braking in electric and hybrid electric vehicles. Assum-
ing an adequate motor driver, the regenerated energy could be
used for battery recharging and/or transferred to other joints to
support power generation. These design principles were used
in the MIT Cheetah robot [4] and more recently in the weara-
ble robotic devices by Gregg and colleagues [7]-[10].

Although regenerative actuators can improve exoskeleton
efficiency and extend the battery-powered operating times or
decrease the weight of the onboard batteries, previous studies
have focused on steady-state level-ground walking [9], [11],
[12]. However, real-world community mobility involves vari-
able activities like walking at different speeds and inclines as
well as transitions between locomotion modes [13]. Non-
steady conditions such as transitions between locomotion
modes and variations in slopes and speeds are critical to mod-
eling human locomotion and designing wearable robotic de-
vices for real-world mobility. This observation is supported by
our recent development of the ExoNet dataset, which showed
that a relatively small percent (~8%) of real-world walking en-
vironments consist of only continuous level-ground terrain
[14], [15]. Motivated to explore energy regeneration during
other daily locomotor activities, here we developed a feedfor-
ward human-exoskeleton energy regeneration system model to
simulate backdriving a robotic exoskeleton with human joint
mechanical power data while walking at variable speeds and
slopes. We performed benchtop testing with the exoskeleton
device using a joint dynamometer system [ 16], which, together
with an electromechanical motor model, was used to calculate
the actuator efficiency and to simulate energy regeneration and
storage during human locomotion.

II. METHODS

A. Energetics of Human Locomotion

We used the open-source biomechanics dataset recently
published by [17], which was created to aid the development
of biomechanical models of human locomotion and the design
and control of wearable robotic devices; their study was ap-
proved by the review boards at the University of Texas at Dal-
las and the University of Michigan. The dataset includes hip,
knee, and ankle joint mechanical powers of ten able-bodied
subjects (age: 30 £ 15 years; height: 1.73 £ 0.94 m; weight:
74.6 £ 9.7 kg) walking at variable speeds (0.8 m/s, 1 m/s, and
1.2 m/s) and slopes (0° and £ 5° and 10°). 3D kinematics and
ground reaction forces were measured using an optical motion
capture system (Vicon, 100 Hz) and a Bertec instrumented
split-belt treadmill, respectively. Joint powers in the sagittal
plane were calculated from rigid-body inverse dynamics (i.e.,
the dot product of the net joint torque and angular velocity)
{P] =T 9]-}. The joint mechanical power outputs (W/kg) were
normalized to total body mass and percent stride (0-100%) to
allow for between and within subject averaging, and interpo-

lated (i.e., heel-strike to heel-strike) to have the same length
(Fig. 1 and 2).

We integrated the joint mechanical powers over time to
calculate the joint mechanical energy generated and absorbed
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Figure 1. Hip, knee, and ankle joint mechanical power (W/kg) per stride
in healthy young adults walking at 1 m/s on variable slopes (0° and £ 5°
and 10°). Results are normalized to total body mass and percent of stride.
The positive and negative values represent joint power generation and
absorption, respectively. Data were calculated from [17], the trajectories
of which begin and end with heel-strike. The results are averages across
multiple subjects (n=10) and strides.
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Figure 2. Hip, knee, and ankle joint mechanical power (W/kg) per stride
in healthy young adults walking on level ground at variable speeds (0.8
m/s, 1 m/s, and 1.2 m/s). Results are normalized to total body mass and
percent of stride. The positive and negative values represent joint power
generation and absorption, respectively. Data were calculated from [17],
the trajectories of which begin and end with heel-strike. The results are
averages across multiple subjects (n=10) and strides.

during human locomotion (Appendix 1). During energy gen-
eration, the net joint torque and angular velocity have the same
sign direction and positive mechanical work is done (e.g., a
concentric contraction wherein the muscles shorten under ten-

sion). During energy absorption, the net joint torque and angu-
lar velocity have opposite polarities and negative mechanical
work is done (e.g., an eccentric contraction wherein the mus-
cles lengthen under tension); this assumes that the joint torque
generators are independent of adjacent joints such that biartic-
ulating muscles spanning multiple joints are ignored. The net
rate of energy generation or absorption by all muscles crossing
the joint is the joint mechanical power. Note that muscle work,
not necessarily joint work, is associated with the metabolic en-
ergetics of human movement. Therefore, the design and con-
trol of a regenerative actuation system based on joint mechan-
ical work and power alone could bring about a metabolic pen-
alty such that the net joint work is negative but some muscles
crossing the joint could be doing positive work.

Figs. 1 and 2 show the calculated hip, knee, and ankle joint
mechanical powers during human locomotion at variable
speeds and slopes, respectively. Generally speaking, the knee
behaves like a damper mechanism, performing net negative
mechanical work with four main power phases: 1) negative
mechanical power absorption at weight acceptance wherein
the knee flexes under the control of an extensor moment; 2)
positive mechanical power generation by the knee extensors
during mid-stance such that the product of the extensor mo-
ment and angular velocity is positive; 3) negative mechanical
power absorption by the extensors as the knee flexes during
early swing; and 4) negative mechanical power absorption by
the knee flexors during late swing to decelerate leg extension
prior to heel-strike. In contrast, the ankle generally behaves
like an actuating motor, performing net positive mechanical
work with two main power phases: 1) negative mechanical
power absorption at weight acceptance wherein the product of
the plantarflexor moment and dorsiflexor velocity is negative;
and 2) a significant positive mechanical power burst by the
plantarflexors during push-off. The hip joint power is rela-
tively small and irregular.

The phases of negative joint mechanical work during hu-
man locomotion present an opportunity to improve exoskele-
ton efficiency by recycling some of the otherwise dissipated
energy using backdriveable actuators with energy regenera-
tion. Next, we used these human joint mechanical energetics
to simulate backdriving an exoskeleton efficiency model and
regenerating electrical energy.

B. Robotic Exoskeleton

We used a research-grade robotic lower-limb exoskeleton
(Exo0-H3, Technaid) as an experimental platform to study en-
ergy regeneration and storage. The device weighs ~12 kg and
includes two leg modules, each with a thigh, shank, and foot
segment, and a torso, which houses an onboard rechargeable
lithium iron phosphate (LiFePOa) battery (22 V voltage at 12
Ah capacity) [18]. Six backdriveable actuators, each consist-
ing of a harmonic drive and a wye-wound brushless DC motor,
provide bilateral hip, knee, and ankle joint actuation in the sag-
ittal-plane (i.e., six degrees of freedom in total). Each motor is
rated at 19 V; has a terminal resistance and inductance phase-
to-phase of 0.207 Ohms and 0.169 mH, respectively; a torque
constant of 0.0375 Nm/A; a speed constant of 225 rpm/V; and
a rotor inertia of 0.044 kg-cm?. The harmonic gearing has a
transmission ratio of 160:1 and weighs ~0.24 kg. The final
peak torque output of motor-transmission system is 152 Nm
with a reflected inertia of 8,346 kg-cm? [18].



We used an external Controller Area Network (CAN) bus
to communicate with the main onboard controller of the exo-
skeleton, which runs real-time control algorithms and interacts
with the electronic drives of each motorized joint by acquiring
sensor feedback and controlling the actuator. Each joint is
equipped with an electronic drive board, which performs data
acquisition of the onboard sensors, including those for joint
angular position, interaction torque, and motor current (Fig. 3).
The main controller and the individual joint controllers com-
municate at | Mbps using a real-time network based on CAN
technology [18]. Each actuated joint can be controlled inde-
pendently. The exoskeleton uses a hierarchical control archi-
tecture. The high-level controller includes separate controllers
for different locomotor activities, which are manually selected
using a mobile user interface. The low-level controller oper-
ates in either position control with prescribed joint kinematics,
torque control, or stiffness control, which emulates a virtual
spring system. According to the exoskeleton manufacturer, the
actuator backdrive torque is ~12 Nm, which is the minimum
torque needed to overcome the mechanical impedance to back-
drive the motor through its transmission.

C. Dynamometer Testing

We used a joint dynamometer system (Biodex) to measure
the mechanical power output of the exoskeleton, similar to the
setup in [16]. These dynamometers are commonly used in
physical rehabilitation for isolated, single-joint testing to eval-
uate torque-angle (tr — @) and torque-angular velocity (t —
w) relationships [19] from which joint mechanical work and
power can be calculated. The left exoskeleton knee was used
for testing. Straps were used to secure the exoskeleton leg to
the dynamometer attachment and the trunk segment to the seat.
This helped prevent relative movement and misalignment be-
tween the rotational axes of the exoskeleton knee and the dy-
namometer shaft, which can cause errors in the torque meas-
urements [19]. Using an upright seated posture, the exoskele-
ton knee was kinematically driven through 12-sinusoidal flex-
ion and extension movements using position control (Fig. 3).
The experiment was repeated four times with 10-minute
breaks in between to prevent the exoskeleton motor from over-
heating (n = 48 total trials). The isokinetic mode of the dyna-
mometer was selected such that the exoskeleton could drive
the shaft throughout the range of motion without interference
since the controlled speed threshold far exceeded that of the
exoskeleton joint.

During benchtop testing, the exoskeleton battery voltage
and knee actuator torque were measured by onboard sensors,
and the joint torque and angular velocity were measured by the
dynamometer with a torque measurement accuracy of = 1% of
full scale (678 Nm). The dynamometer performed an auto-
matic gravity correction on the measured joint torques by
measuring the combined exoskeleton-dynamometer segment
weight and applying the gravity correction based on the direc-
tion of shaft rotation. The weight was taken with the dyna-
mometer such that the leg was positioned horizontally (i.e.,
maximum knee extension), wherein the gravity effect was
highest, and a torque measurement was made. Depending on
the exoskeleton leg orientation with respect to gravity during
testing, the weight correction was either added or subtracted to
the measured joint torques. Data were sampled at 100 Hz and
filtered during postprocessing using a 10th-order low-pass
Butterworth filter with an 8 Hz cut-off frequency and normal-

ized to 0-100% of the movement duration. Since accelerations
of the combined exoskeleton-dynamometer segment could
produce unwanted inertial loads at the beginning and end of
flexion and extension, only the middle portions of each move-
ment, which were relatively constant speed, were used for data
analyses (i.e., 15-35% and 65-85% of the overall sinusoidal
movement).

D. Actuator Efficiency

We calculated the exoskeleton actuator efficiency based on
data from the dynamometer and onboard sensors, in addition
to an electromechanical motor model. During standard motor-
ing operation, the exoskeleton motor converts electrical power
(P,) into mechanical power (P,,). The mechanical power out-
put is the product of the joint torque (‘[j) and angular velocity
(9]-) and the electrical power input is the product of the motor
winding current (i,,,) and voltage (v). When backdriven by an
external load, the motor can operate like a generator, convert-
ing mechanical power into electrical power. The actuator effi-
ciency (1,) during motoring operation is the ratio of electrical-
to-mechanical power conversion {na = l(M) X 100%

T \[ imvpdt

and vice-versa for energy regeneration when backdriven. The
average instantancous mechanical power output of the exo-
skeleton actuator was calculated as the product of the joint
torque and angular velocity measured by the dynamometer
{Pm = rjéj} at each time step and averaged over the steady-
state time intervals. Determining the average instantaneous
electrical power input required additional consideration, as
subsequently discussed.

Previous exoskeleton and wearable robotics studies [12],
[20]-{22] have used the standard brushed DC electromechan-
ical motor model governed by electrical and mechanical state
equations. The motor winding voltage (v,,,) can be mathemat-
ically modelled by applying Kirchhoff’s voltage law:

Uy % kB + iRy + L2 (1)

T %Kil @)

where i, is the motor winding current, k. is the motor torque
constant, R, is the phase resistance of the motor windings, and
T, and 8,, are the motor torque and angular velocity, respec-

tively. The motor inductance (L d;—’t") is relatively small and

thus often omitted. The relationships between the torque-cur-
rent and velocity-voltage data characterize the motor torque
constant and back EMF constant, respectively; these constants
are device-specific and depend on the motor topology and ma-
terials. Although the exoskeleton has onboard motor current
sensors, the raw data are not available from the external CAN
bus. However, the actuator torque (i.e., the combined motor-
transmission system output) is provided. The motor phase cur-
rent (i,,) was thus back-calculated according to

. ~Ta

Iy = E (3)
where 7, is the actuator torque at each time step, 1; is the fixed
transmission ratio of the harmonic gearing (160:1), and k; is
the motor torque constant (0.0375 Nm/A) estimated by the mo-
tor manufacturer. The motor winding voltage (v,,,) could not
be directly solved for using equation (1) since the onboard ex-
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Figure 3. Exoskeleton benchtop testing with a joint dynamometer system to calculate actuator efficiency. The exoskeleton knee was kinematically driven
through sinusoidal flexion and extension movements while the dynamometer measured the joint torque and angular velocity (i.e., the mechanical power
output). The onboard exoskeleton sensors, and an electromechanical motor model, were used to estimate the motor voltage and current (i.e., the electrical
power input). The actuator efficiency is the ratio of the average instantaneous power outputs to inputs over the steady-state time intervals. The nomen-
clature are described in the text. Details regarding the exoskeleton control architecture were taken from [18].

oskeleton sensors do not measure the motor angular velocity
(ém) and the resolution of the joint angular position data was
insufficient to back-calculate 6,,, using the transmission ratio
(r). For simplicity, we assumed the measured battery voltage
was equal to the voltage between the motor phases. The elec-
trical power input used to drive the exoskeleton knee through
flexion and extension was estimated by {P, = i,,v,}, where
v, is the measured battery voltage as reported by the external
CAN bus. The reference axes of the motor variables and pa-
rameters were assumed to be equal since this information was
not provided by the manufacturer. In other words, the three

phase windings were assumed to be identical and a single set
of parameters was used.

In theory, power losses (P, ) are mainly due to Joule heat-
ing, which is expressed by {P,,ss = i3,R,,}. For example, in
the MIT Cheetah robot, ~76% of the energy dissipation was
attributed to Joule heating [4]. Power losses from battery self-
discharging and heating of the motor driver are relatively small
and thus often ignored [21]. The actuator efficiency between
trials (n =48) was recorded to account for winding temperature
changes over time. Although the exoskeleton is somewhat



backdriveable, and thus theoretically capable of energy regen-
eration during negative mechanical work, the motor driver
does not allow for electrical power flow back to the onboard
battery. Therefore, we assumed that the power regeneration ef-
ficiency during backdrive operation was equal to the power
generation efficiency during forward operation. There are on-
going discussions with the exoskeleton manufacturer as to how
to safely and effectively regenerate energy without potential
damage to the actuator, motor driver, and/or battery.

III. RESULTS

The human joint mechanical work, in addition to the cal-
culated exoskeleton actuator efficiency from the benchtop test-
ing (~41%), were used to simulate power generation and re-
generation. Appendix 1 shows the calculated hip, knee, and
ankle joint mechanical work during human locomotion at var-
iable speeds and slopes. Assuming a 75-kg user, the robotic
exoskeleton could theoretically regenerate 6.3 J of total elec-
trical energy per step during level-ground walking at 1 m/s
since the corresponding total negative lower-limb joint me-
chanical work backdriving the actuators is 15.4 J/step. In com-
parison, walking downbhill (e.g., -10° slope) at the same speed
would require more negative joint mechanical work (27.8
J/step) for system deceleration and thus has greater potential
for energy regeneration (11.4 J/step). Table 1 shows the esti-
mated regenerated electrical energy for each combination of
speed (0.8 m/s, 1 m/s, and 1.2 m/s) and slope (0° and £ 5° and
10°). Generally speaking, energy regeneration was inversely
related to the incline slope but positively correlated to walking
speed (i.e., faster walking down steeper slopes theorectically
regenerates more electricity). Independent of speed and slope,
the knee joint absorbed the most mechanical energy per step
and thus has the greatest potential for energy regeneration.

Our performance calculations assume 1) regenerative
braking from bilateral hip, knee, and ankle joints; 2) bidirec-
tionally symmetric and constant (i.e., torque and velocity in-
dependent) exoskeleton actuator efficiencies; 3) power losses
only from the motor-transmission system; 4) energy regenera-
tion over the entire negative joint mechanical power range; and
5) identical actuator efficiencies at the hip, knee, and ankle
joints. The exoskeleton and human joints were assumed to be
kinematically constrained together, thereby ignoring any rela-
tive translations and rotations.

Integrating the positive joint mechanical power curves in
Figs. 1 and 2 can provide insight into the electrical energy con-
sumption during human-exoskeleton locomotion such that
electrical energy from the onboard battery is used by the actu-
ators to generate positive mechanical power. Table 2 shows
the estimated electrical energy consumption for each combi-
nation of speed and slope. For example, level-ground walking
at 1 m/s would require 21.4 J of total positive lower-limb joint
mechanical work per step, therein equating to ~52 J of total
electrical energy consumption by the exoskeleton, assuming a
75-kg user and the actuator efficiency model. Using the pa-
rameter values of the lithium iron phosphate battery of the ex-
oskeleton (22.4 V at 12 Ah for a total battery capacity of
967,680 J), the device could theoretically walk 18,624 steps
per battery charge on level-ground at 1 m/s (Table 3). In com-
parison, with energy regeneration, the battery-powered oper-

Table 1. Estimated electrical energy regeneration (J) per step based on
the exoskeleton actuator efficiency and negative joint mechanical work
while walking at variable speeds (0.8 m/s, 1 m/s, and 1.2 m/s) and slopes
(0° and £ 5° and 10°).

-10° -5° 0° 5° 10°
0.8 m/s 10.0 7.0 5.4 34 2.8
1 m/s 11.4 8.3 6.3 4.2 3.7
1.2 m/s 12.8 9.4 7.4 53 4.7

Table 2. Estimated electrical energy consumption (J) per step based on
the exoskeleton actuator efficiency and positive joint mechanical work
while walking at variable speeds (0.8 m/s, 1 m/s, and 1.2 m/s) and slopes
(0° and £ 5° and 10°).

-10° -5° 0° 5° 10°
0.8 m/s 19.9 20.6 41.4 63.8 81.6
1 m/s 26.9 28.7 52.0 75.1 98.8
1.2 m/s 32.0 36.2 65.0 93.2 117.3

Table 3. Estimated number of steps per battery charge while walking at
variable speeds (0.8 m/s, 1 m/s, and 1.2 m/s) and slopes (0° and + 5° and
10°) without energy regeneration. Calculations were based on the exo-
skeleton battery parameters and results in Table 2.

-10° -5° 0° 5° 10°
0.8 m/s 48,533 47,048 23,400 15,177 11,858
1 m/s 35,987 33,726 18,624 12,892 9,795
1.2 m/s 30,260 26,734 14,898 10,382 8,248

Table 4. Estimated number of steps per battery charge while walking at
variable speeds (0.8 m/s, 1 m/s, and 1.2 m/s) and slopes (0° and + 5° and
10°) with energy regeneration. The percent (%) increase in step count is
also provided. Calculations were based on equation (4).

-10° -5° 0° 5° 10°
0.8m/s | 96,900 | 71,283 | 26914 | 16,029 | 12,274
+99%) | (+52%) | (+15%) | (+6%) | (+4%)
1 m/s 62,662 | 47,537 | 21,199 | 13,666 | 10,177
(+74%) | (+41%) | (+14%) | (+6%) | (+4%)
12m/s | 50382 | 36,051 | 16,814 | 11,011 | 8,592
(+66%) | (+35%) | (+13%) | (+6%) | (+4%)

ating time could be extended by an additional 14% (i.e., 2,575
additional steps for 21,199 total steps (Tsteps)) such that

Cp .
(E—e—Eqe)

Tsteps = 2 (4)
where C,, is the total capacity of the lithium iron phosphate
battery, E_, is the total electrical energy consumption per step
by the exoskeleton, and E, is the total electrical energy that
could theoretically be regenerated per step. Here the negative
and positive signs represent the electrical power flowing in and
out of the battery during power generation and regeneration,
respectively. These performance calculations assume an ade-
quate motor driver to control the bidirectional flow of electri-
cal power between the motor and onboard battery. The electri-
cal-to-chemical energy conversion efficiency of the battery
was ignored.

Table 4 shows the estimated number of steps per battery
charge with energy regeneration for each speed and slope com-
bination. The greatest performance benefits were observed
while walking at the slowest speed (0.8 m/s) and steepest de-



cline (-10°), where the battery-powered operating time could
theorectically extend by 99% compared to not regenerating en-
ergy. Although negative joint mechanical work increases with
walking speed, and thus absorbs more energy and increases the
potential for energy regeneration, the positive joint mechanical
work used for forward propulsion, and thus the electrical
power consumption by the exoskeleton, disproportionally in-
creases. Therefore, the locomotor efficiency is theorectically
greater at slower walking speeds due to the ratio of negative-
to-positive joint mechanical work, therein yielding longer bat-
tery-powered operating times.

IV. DiscusSIiON

In this study, we present the development of a feedforward
human-exoskeleton energy regeneration system model to sim-
ulate energy regeneration and storage during daily locomotor
activities. Data from inverse dynamics analyses [17] of walk-
ing at variable speeds and slopes were used to calculate nega-
tive joint mechanical power and work (i.e., the mechanical en-
ergy theoretically available for electrical energy regeneration).
These human joint mechanical energetics were then used to
simulate backdriving an exoskeleton and regenerating energy.
An empirical characterization of the exoskeleton device was
carried out using a joint dynamometer system and an electro-
mechanical motor model to calculate the actuator efficiency
and to simulate energy regeneration. Our performance calcu-
lations showed that regenerating energy at slower walking
speeds and decline slopes could significantly extend the bat-
tery-powered operating times of robotic lower-limb exoskele-
tons (i.e., up to 99% increase in total number of steps), therein
improving locomotor efficiency. In addition to exoskeletons,
these principles of energy regeneration and storage could ex-
tend to robotic leg prostheses, powered wheelchairs, and other
mobility assistive devices.

Our calculations also showed that, independent of speed
and slope, the knee absorbs the most mechanical energy during
human locomotion and thus has the greatest potential for en-
ergy regeneration. This differs from our previous simulation-
based research on human-exoskeleton stand-to-sit movements,
which showed that the hip undergoes the most negative joint
mechanical work [23]. Most exoskeletons with regenerative
actuators have focused on knee designs [6], [11], [12], [21]. In
addition to having more favorable mechanical energetics, the
knee is typically preferred for energy regeneration since 1) the
hip is more structurally complex, and 2) many wearable ro-
botic devices, especially prosthetic legs, do not include a hip
joint. For optimal efficiency and battery performance, robotic
exoskeletons should be designed to recover the otherwise dis-
sipated energy at each motorized joint during periods of nega-
tive mechanical work.

One of the biggest limitations to energy regeneration is the
relatively low efficiency of most motor-transmission systems.
The calculated exoskeleton actuator efficiency from our
benchtop testing was ~41% during forward operation (i.e.,
electrical-to-mechanical power conversion); we assumed bidi-
rectional symmetry of the actuator efficiency to simulate en-
ergy regeneration when backdriven. In comparison, the MIT
Cheetah robot [4] and the biomechanical energy harvesting
knee exoskeleton by Donelan and colleagues [11], [12] both
achieved ~63% actuator efficiency during mechanical-to-elec-
trical power conversion. To our knowledge, these energy re-

generation efficiencies are some of the highest reported in the
literature for legged systems.

Two of the leading sources of energy losses are Joule heat-
ing in the motor windings and friction in the transmission [2],
[5]. High transmission ratios can reduce the motor torque
needed for legged locomotion, and thus decrease the motor
current and Joule heating losses. However, high gearing tends
to increase the actuator weight, friction, and reflected inertia,
which increase impedance and decreases backdrivability and
the potential for energy regeneration [2]. Alternatively, high
torque-density motors can decrease the needed transmission
ratios by generating high output torques, thus circumventing
the inefficiencies of high gearing, although at the expense of
more motor current and higher Joule heating losses [5]. For
example, ~76% of the energy losses in the MIT Cheetah were
attributed to Joule heating, which was designed with quasi-di-
rect drives (6:1 ratio with planetary gearing) [4]. Note that the
selection of gearing, in addition to increasing the gear ratio,
can increase the energy losses due to friction.

An open challenge for the research community is to opti-
mize the tradeoff between actuator output torque and back-
drive torque in terms of efficiency (including energy regener-
ation) and performance. However, given the complex interac-
tions between different actuator design parameters, determin-
ing the optimal system design via experimental trial-and-error
would be difficult. Modelling and simulation of an integrated
human-exoskeleton system [16] could allow for efficient test-
ing and co-optimization of different actuator design parame-
ters while also taking into consideration changes in human bio-
mechanics and metabolic energetics. This differs from our
study, which used independent models of the human and exo-
skeleton systems without including closed-loop interactions.
This a computational framework with a higher-fidelity actua-
tor model could help address some of the simplifying assump-
tions made in our performance calculations such as bidirec-
tionally symmetric and constant (i.e., torque and velocity in-
dependent) actuator efficiencies.

Lastly, our performance calculations were based on data
from healthy young adults [17], thus requiring several assump-
tions and extrapolations to aging and rehabilitation popula-
tions. Healthy young adults typically walk ~1.4 m/s and take
6,000-13,000 steps/day [24]. However, persons with mobility
impairments tend to walk slower and take fewer steps per day.
For example, the average self-selected walking speed in adults
over 75 years age is ~24% slower compared to those 25 years
age [24]. The joint energetics during locomotion also differ be-
tween these populations [25]. Slower walking speeds have im-
plications on energy regeneration since faster walking tends to
generate more electricity and more efficiently [12]. Slower
walking would backdrive the actuator with lower rotational
speeds and thus generate less electricity. Motors are also typi-
cally less efficient when generating torques at low speeds due
to Joule heating [5]. Given these biomechanical and activity
level differences between healthy young adults and persons
with mobility impairments, and the implications of such dif-
ferences on the actuator performance, future research should
study older adults and/or those with physical disabilities to im-
prove our energy regeneration performance calculations.
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Appendix 1. Hip, knee, and ankle joint mechanical work (J/kg) per stride in healthy young adults walking at variable speeds (0.8 m/s, 1 m/s, and 1.2
m/s) and slopes (0° and + 5° and 10°). The results are averages across multiple subjects (n=10) and strides and normalized to total body mass. Data were
calculated from [17]. “Total Work” is the combined mechanical energies from the hip, knee, and ankle joints and “Net Joint Work” is the net mechanical
work on each joint. The total negative lower-limb joint mechanical work represents the amount of mechanical energy theoretically available for electrical
energy regeneration. The results are for individual legs and are reported for (-10°, -5°, 0°, +5°, +10°) slopes.

Speed (m/s) Positive Work (J/kg) Negative Work (J/kg) Net Joint Work (J/kg)
Hip 0.8 (0.09, 0.09, 0.20, 0.32, 0.44) (-0.03, -0.04, -0.02, -0.03, -0.03) (0.06, 0.05, 0.18,0.29, 0.41)
1 (0.12,0.13, 0.24, 0.38, 0.56) (-0.06, -0.06, -0.03, -0.04, -0.04) (0.06, 0.07,0.21, 0.34, 0.51)
1.2 (0.15, 0.16, 0.30, 0.48, 0.63) (-0.09, -0.08, -0.05, -0.06, -0.06) (0.06, 0.07, 0.25, 0.42, 0.57)
Knee 0.8 (0.03, 0.02, 0.06, 0.10, 0.13) (-0.37,-0.23,-0.16, -0.14, -0.12) (-0.34, -0.20, -0.09, -0.04, 0.01)
1 (0.05, 0.04, 0.09, 0.12, 0.15) (-0.45, -0.29, -0.22, -0.18, -0.17) (-0.40, -0.25, -0.13, -0.07, -0.02)
1.2 (0.06, 0.07,0.12,0.14, 0.16) (-0.51, -0.35, -0.28, -0.25, -0.22) (-0.44, -0.28, -0.16, -0.10, -0.06)
Ankle 0.8 (0.10,0.11, 0.19, 0.28, 0.32) (-0.25,-0.19, -0.18, -0.05, -0.03) (-0.15, -0.08, 0.01, 0.23, 0.29)
1 (0.13,0.14, 0.24, 0.32, 0.37) (-0.24, -0.19, -0.16, -0.05, -0.03) (-0.11, -0.05, 0.07, 0.27, 0.34)
1.2 (0.14, 0.17, 0.29, 0.40, 0.49) (-0.23,-0.17,-0.15, -0.04, -0.03) (-0.09, 0.00, 0.14, 0.36, 0.47)
Total Work 0.8 (0.22, 0.22, 0.45, 0.70, 0.89) (-0.65, -0.45, -0.35, -0.22, -0.18) (-0.43, -0.23, 0.10, 0.48, 0.71)
1 (0.29,0.31,0.57,0.82, 1.08) (-0.74, -0.54, -0.41, -0.28, -0.24) (-0.45, -0.23, 0.16, 0.54, 0.84)
1.2 (0.35,0.40,0.71, 1.02, 1.28) (-0.83, -0.61, -0.48, -0.35, -0.31) (-0.48, -0.21, 0.23, 0.67, 0.98)




