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The Role Played by Mass, Friction, and Inertia on
the Driving Torques of Lower-Limb Gait
Training Exoskeletons

Rafhael M. Andrade, Member, IEEE, and Paolo Bonato, Senior Member, IEEE

Abstract—Lower-limb gait training exoskeletons are extraor-
dinary tools used to reduce the burden of locomotor impairments
in patients with neurological diseases. However, the transparent
operation and backdrivability of such systems still needs to be
improved. Moreover, it is not completely understood how the
mechanical design of the robot can interfere with the user’s gait
pattern. Aiming to address these shortcomings, we investigate
the required driving torques and mechanical power to move the
legs under a wide range of actuator’s mass, inertia and friction
and thigh/shank lengths. We used the ExoRoboWalker, a six-
degree-of-freedom lower-limb exoskeleton, to build a framework
model based on the double-pendulum approach integrated with
the actuators’ mechanical impedance. Decoupled joint apparent
inertia and the Rayleigh’s dissipation function were introduced
to the robot’s Lagrangian to consider the effects of gearhead
ratio and joint friction in the model. Firstly, it is presented the
isolated effect of such variables on the required driving torques
of the system. The oscillation frequency for the minimum joint
torque was severely affected by variations of inertia, friction, and
links length. Secondly, the combined effect of the actuator’s mass,
inertia and friction reveled that a heavier exoskeleton with low-
ratio transmission required less torque and mechanical power
than a lighter one with greater reduction ratio depending on
the oscillation frequency, which is remarkable. These findings
have important implications for new designs of lower-limb gait
training systems.

Index Terms—Lower-limb exoskeleton, mechanical impedance,
gait rehabilitation, joint torque, mechanical power.

I. INTRODUCTION

THE NUMBER of lower-limb exoskeleton designs for
rehabilitation has grown over the past two decades [1].
Gait training exoskeletons can be divided in two main
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groups: treadmill-based systems and overground gait train-
ing devices [2]. Treadmill-based exoskeletons, like Lokomat
(Hocoma AG, Switzerland), are lower-limb wearable robots
with a fixed structure mounted over a treadmill used to
assist the user to find a physiological gait pattern [3].
Overground gait training exoskeletons, on the other hand, such
as Indego (Parker Hannifin Corp., USA) [4], HAL (Cyberdyne
Inc., Japan) [5], Ekso (Ekso Bionics, USA) [6], Atalante
(Wandercraft, France) and others [7], can assist the user to
walk while challenging their balance control system [8]. In
this case, the weight of the system is carried by the user.

To improve the outcomes of the lower-limb gait training
robots and following the assistance as needed concept [9],
the system should be “transparent” to the user and just
introduce perturbations to correct the gait when voluntar-
ily generated motor outputs deviate significantly from the
physiological gait [10]. However, the development of a trans-
parent operation mode is still an open problem with several
implementation challenges [11], [12]. Overground gait train-
ers should be as light as possible to reduce the burden of
bearing the system. On the other hand, lightweight actuators
require high-ratio transmission to improve the torque den-
sity of the system, resulting in joints with high friction and
apparent inertia, i.e., high impedance actuators with reduced
backdrivability [13], [14]. This requirement for highly trans-
parent exoskeletons has been addressed in different ways
among research groups. The effect of adding masses on the
user’s legs [15], [16] or exoskeleton [17] on the gait kinemat-
ics has been investigated as the most important criterion to
design transparent lower-limb exoskeletons [15], [18]. Then,
some designs of exoskeleton actuators prioritize low mass and
high torque density [19]-[21]. At the same time, to improve
the system’s compliance and volitional motion of the user,
some research groups prioritize actuators with low impedance
and high backdrivability [22]-[25].

Indeed, an external structure with significant mass and
inertia attached to the legs can unwantedly modify the gait
kinematics and dynamics, spaciotemporal parameters, and
metabolic cost of walking [26] and negatively interfere with
the rehabilitation process. During the gait, conservative poten-
tial and kinetic energy of the limbs’ mass and inertia and
elastic energy stored in muscles and tendons are interchanged
in a complex way to minimize the energy cost of walking [27].
To investigate how extra weight attached to the legs interferes
with gait kinematics, Holt et al. [28] used the simple-pendulum
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model with the same mass of the leg and equivalent length
of the leg’s center of mass (CoM) to predict the self-selected
stride frequency. The authors observed that the participant nat-
urally adjusts their stride frequency to the resonant frequency
of the equivalent pendulum to minimize the hip mechanical
power and the energetic cost of walking. Browning et al. [16]
and Jin et al. [17] investigated the effect of adding mass to
the subject’s legs [16] or to the exoskeleton’s structure [17]
and found an increasing trend in stride time, but no signifi-
cant changes in joint angles of the user. On the other hand,
Rossi et al. [15] did not find significant differences in the
gait parameters of children when adding up to 2.5 kg of
extra weight to their legs. Even not completely understood, the
position of the added mass plays an important role on the resul-
tant gait kinematics [26]. Moreover, the effect of joint friction
on the gait can be somehow equivalent to the drag forces pro-
duced by walking in water. Barela et al. [32] investigate the
implication of walking in water on the gait kinematics. The
authors noted that to minimize the gait cost in this condition,
the subjects reduce their walking speed by dropping the stride
frequency but preserving the step length and joint angles when
compared with walking on land.

Since mass, friction and inertia play a role on the self-
selected stride frequency, employing a transparent operation
strategy that just minimizes the interaction force with the
user [12], [33], [34] is not enough to avoid interfering with
the user’s kinematics. Moreover, despite research in the area,
it is not clear how the actuator’s impedance, i.e., its mass, fric-
tion and apparent inertia created by the gearhead ratio, affects
the driving torques, natural step frequency, and mechanical
power of lower-limb exoskeletons and how it can interfere
with the user’s gait. Bartenbach er al. [35] built a lower-
limb exoskeleton platform to investigate the effect of the
robot’s mechanical design on the user’s gait kinematics, but
no result was reported regarding the effect of mass, inertia,
friction and stride frequency. We suppose that for a long-
term gait rehabilitation, the system should help the user find
a physiological gait pattern with lower metabolic cost than
their pathological condition [36]. For that reason, the system’s
design should take into account the stride frequency of the
minimal required mechanical power of the joints. To address
these assumptions, in this article we investigate the joint driv-
ing torques and mechanical power of lower-limb gait training
exoskeletons under a wide range of actuator’s mass, apparent
inertia and transmission ratio variation based on a model of
the ExoRoboWalker [13], a six degree-of-freedom lower-limb
exoskeleton for overground gait training. As it would not be
feasible to perform these experiments on the physical proto-
type, we modelled the exoskeleton as a double-pendulum and
integrated the actuator’s impedance, which consists of joint
apparent inertia and friction, by introducing the Rayleigh’s
dissipation function into the robot’s Lagrangian. The complete
approach is presented in the Section II. In the Section III, our
data is displayed in terms of driving torques and mechanical
power against the leg oscillation frequency () ranging from
0.1 to 10 rad/s. In the Section IV, we argue how these variables
can interfere with the user’s gait.
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Fig. 1. The ExoRoboWalker mechanics is composed by six small actuators
mounted on the hip, knee and ankle joints joined by lateral bars, lumbar
support, and insoles.

II. METHODOLOGY
A. The ExoRoboWalker

The ExoRoboWalker, shown in Fig. 1, is an overground gait
rehabilitation trainer designed to assist movements of the hip,
knee, and ankle joints on the sagittal plane. The exoskeleton
configuration consists of six small lightweight harmonic-drive
based actuators mounted on the hip, knee and ankle, which are
joined by lateral bars to the thigh, leg, and foot (support and
insole). Each actuator is composed by an EC 45 flat, (70 watts,
brushless, Maxon Motors, Switzerland) and a CSD-20-160-
2a harmonic-drive (HD) (reduction ratio of 160, Harmonic
Drive LLC, Massachusetts, USA), whose mass is displayed in
the figure. The standard lengths of the thigh and shank links
used in this study are 0.42 m, but it can be adjusted to fit
a wide range of leg lengths.

B. ExoRoboWalker Model

To investigate the effects of varying the actuator’s mass,
inertia, and friction on the driving torques and mechanical
power using the physical prototype of the ExoRoboWalker
becomes unfeasible, in view of the wide range of actuator
sizes, motorization and transmission ratio to be tested. To make
such an analysis possible, we built a complete dynamic model
in MATLAB environment (MathWorks Inc, Massachusetts,
EUA) using the real properties of the ExoRoboWalker and
the data from its parts catalog.

To build a complete dynamic model of the ExoRoboWalker,
we considered the robot’s leg behaves like a double-pendulum
integrated to the actuator’s impedance. The double-pendulum
is a simple physic system that can display a complex dynamic.
It is the most used approach to model lower-limb exoskeleton
dynamics [37], [38]. However, the double-pendulum modeling
does not consider the joint friction and apparent inertia cre-
ated by the gearhead ratio, but just the joint mass. To take in
to account the actuator’s properties in the model, firstly, we
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Fig. 2. ExoRoboWalker approached to the double-pendulum model integrated
with the actuator’s impedance. Irpign = 1, Ishank = 2. OHip = 01, Oknee =
0y, mKpee = my and mypg, = mp. The actuator consists of an EC motor
(inertia = Jp,), flange (inertia = Jf), and an harmonic-drive (HD) (inertia =
JHp). The actuator friction is approached to the coulomb (zc) plus viscous
friction model (b6) as a function of the HD reduction ratio (V).

modelled the actuator’s dynamics as a function of the trans-
mission ratio (N), considering the apparent inertia and friction,
as shown in Fig. 2. Then, we introduced the actuator’s appar-
ent inertia to the robot’s kinetic energy and the joint friction
to the ideal double-pendulum Lagrangian using the Rayleigh’s
dissipation function [41].

The apparent inertia of the actuator (Je = 0.745 kg.m?)
can be calculated by (1), where J,, = 1.81E — 05 kg.m2 and
Jup = 9.00E — 06 kg.m2 are the motor and HD inertia taken
from the suppliers catalog, respectively. Jr = 2.0E —06 kg.m?
is the gearbox adapter inertia and N = 160 is the HD
transmission ratio.

Je = (I + Jup + Jr)N? (1)

As the HD is the main responsible for the friction effect
on the exoskeleton [13], we employed data from the CSD-
20-2a harmonic-drive series Catalog (Harmonic Drive LLC,
Massachusetts, USA) to model the actuator’s friction. We
expanded the widely used Coulomb plus viscous friction
model [11], [12], [39] as a function of the gearhead ratio
according (2). Fig. 3 presents the comparison of the proposed
model (yellow line), with the frictional torque according to
the supplier catalog (red line), and the measured torque fric-
tion of the joints for reduction ratio N = 160 (blue line). The
joint friction was gathered by measuring the required torque to
turn the isolated joint without the links for different controlled
angular velocities.

T/ (N) = tcN)sgn(d) + b(N)E
Tc(N) =2.67 4+ 0.0167N 2)
b(N) = 0.0003N% — 0.0064N — 0.0079

where 7 is the frictional torque of the joint as a function of
the reduction ratio N, t¢ is the Coulomb friction, and b is the
viscous friction coefficient.
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Fig. 3. Comparison of the frictional torque on the exoskeleton joint (blue
line), friction from the harmonic-drive catalog (red line), and the proposed
friction model (yellow line) for transmission ratio 160.

As the actuators mass of the ExoRoboWalker are centered
at the joints and the links I7p;g;, and Igpani are lightweight, we
assume that the double-pendulum model has masses m; and
my concentrated at the end of the links /1 and I, respectively.
The robot’s equation of motion can be expressed as:

T =M@®)d +C(0,6)0 +G©) + F(N,6) 3)

where 7 is the required torque to move the joints, 8 is the
relative angle of the links /; and /», M is the mass matrix,
C is the Coriolis and centrifugal matrix, G is the gravita-
tional matrix, and F(N) is the frictional torques matrix of the
exoskeleton as a function of N. Equation (3) can be derived
through the Lagrange’s equations [40] incorporated with the
dissipative forces [41] as:

= i(B_L) _ 8_L+M L) 4)
YT dr 39,’ a0; 86'?,» !
where L is the exoskeleton’s Lagrangian function (5), which
can be derived from the total kinetic energy of the system, T
(6), and the total potential energy, V (7).

Since the transmission ratio (N) can vary independently of
the gearhead mass and inertia, we can have different joint
apparent inertia (Je), given by (1), for the same actuator’s
mass. To investigate the independent effect of inertia on the
exoskeleton’s dynamics, the actuator’s apparent inertia is con-
sidered decoupled from the actuator’s mass. It is done by
introducing the kinetic energy of the joint apparent inertia,
%Jeéz, on T (6). R (8) is the Rayleigh’s dissipation func-
tion, which takes into account just the viscous friction term
of 7. §; (n) (N) (9) includes all generalized non-conservative
forces not considered by the Rayleigh’s term, i.e., the Coulomb
friction term.

L=T-V Q)
1 o1 .
T = 5(mll% +Jer )7 + E(mzlg + Je, )63
1 .
+ Emz[(l% + 2l1lhcos6, + 15)912

- 2<lllzc0s02 + l%)éléz] 6)
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V = —(m +mo)glicosdy — moglycos(61 — 65) @)
1 )

RIN) = 5 ;b(sz? (8)

") = — taiN)sgn(6) ©)

where my = Mmgnee, M2 = Mankie> 11 = lnigh, o = Ishank, 01 =
9Hip7 and 6, = Ogpee.

Then, considering the complete model of the
ExoRoboWalker, the terms M, C, G, and F of (4) can
be calculated as follows:

[ (my +m) B+ Jey + ...

+my (211 lhcos0r + 15)
—my (lllzcos92 + l%)

M= —my (lllzc0s92 + l%)

mzl% + Jeo
(10)

_—2m21112sin9292 mzlﬂzsin@zéz (an

i myl11rsin6,0, 0

[ (my + my)l1gsindy + moalrgsin(61 — 62)

i —mplrgsin(6) — 62)

[ tc1(N)sgn(61) + bi(N)6 }

| tc2(N)sgn(62) + ba(N)6s

12)

(13)

To generalize the analysis, our main data is displayed
in terms of magnitude joint torque using as reference the
joint torques of the ideal double-pendulum model. Let 7 be
the dynamic torques generated by the inertial, Coriolis, and
gravitational forces of the ideal double-pendulum as follows:

T =M@+ C(0,0)0 + G©) (14)

where M is the mass matrix of the idealized exoskeleton. As
joint inertia and friction do not change the Coriolis/centrifugal
and gravitational matrixes, C and G are given by (11) and (12),
respectively. Equation (14) can be derived through Lagrange’s
equation as follows:

. dfaL\ oL
T=——|—-—

"Todr\ 86 a0,

where L is the ideal double-pendulum Lagrangian function
and can be calculated by L = T — V. In this case, the total
kinetic energy of the system, T, is given by (16) and the total

potential energy, V, is the same of V (7), which results in M
as follows:

15)

S PRV | .
T= Emﬂ%@% + Emz[(l% + 2l1lhcos0r + 15)012
= 2(bacosty +B)6i6 + 63 |
(16)
(my +mp)l +
+my (211 lhcos0r + 13)
—my (lllzcosez + l%)

2
i — my (lllzcosez + lz) a7

mzl%

The magnitude joint torque of the proposed model, which
considers the joint torques of the ideal double-pendulum as
reference, is given by (18).

max(t;) — min(t;)

4= 20log o (18)

max(z;) — min(T;)

As the amount of swing leg work is quite significant for
the metabolic cost of walking [29], [42], we used in our anal-
ysis a sinusoidal input #; angle ranging from —20° to 20°
degrees with phase ¢ = 180° and 6, angle ranging from
0 to 65° to simulate the leg movement during swing-phase.
Angular velocity (6;) and acceleration (6;) were calculated
using discrete time (#,) derivative function as follows:

. d6i 6 — 6! 19)
Tdr Tty =t
. do; 6 —e!
bj=—="1—"—. (20)

dt Iy — ty—1

III. RESULTS

Mass, inertia, friction, and dimensions play an important
role on the driving torques and mechanical power of lower-
limb exoskeletons as well as on the user’s kinematics. The
effect of such variables can sorely vary depending on the oscil-
lation frequency of the robot’s legs and, consequently, on the
gait training selected speed. To address such an outcome, here
we present the results in two main categories. Firstly, the iso-
lated effects of a single of those variables are investigated.
Secondly, the combined effects of actuator’s mass, friction,
and inertia variation are considered.

To improve the generalization, our main data is displayed
in terms of magnitude joint torque [dB], according to (18),
joint torque [N m] or mechanical power [W] against the leg
oscillation frequency (w) ranging from 0.1 to 10 rad/s.

A. Isolated Effects

To investigate the isolated effect of friction, we display
in Fig. 4 the magnitude torque [dB] as a function of w
for motor-reducer transmission ratio ranging from N=30 to
N=160, and considering Je; = Jep; = 0,m; = mg,,, and
my = Mankie, 11 = Ihigh and I = Ispank. ®1n and @, rep-
resent the resonant frequency of the ideal double-pendulum.
The magnitude torque is greater as N increases and rises fast
when w approaches to the @y,. Due to the greater conservative
forces acting on the hip joint, it is less sensitive to friction, so
that the magnitude torques of the knee joint are greater than
the hip ones. Regarding the isolated effect of changing the
actuator’s mass, as expected, a proportionally greater torque
is required to move the joints for increased actuator’s mass and
no variation on the natural oscillation frequency is observed,
so the results are not shown here.

Fig. 5 shows the isolated effect of the actuator’s apparent
inertia variation on the magnitude joint torques, consider-
ing v = 0,11 = Imnigh, and b = Ispank, M1 = mg,,,
and my = manie. Red line is the magnitude torque for
Jey = Jeyjp,Jes = Jegpee, blue line for half the apparent
joint inertia and yellow line for double inertia. No significant
variation in the magnitude torques is observed when the oscil-
lation frequency is below 0.6 rad/s. However, the magnitude
torque falls when w is close to the corresponding resonant
frequency of the exoskeleton’s model and rises for @ ~ @,
i.e., the natural oscillation frequency of the system decreases
as the joint apparent inertia increases. Moreover, the magni-
tude torque is greater than zero for @ > @,, mainly for the
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knee joint, in which the effect of the system’s mass is less
important.

Finally, Fig. 6 shows the magnitude torque of the hip and
knee joint against @ for a range of links length, considering
7 = 0,Je; = Jeo = 0,m = mg,,,, and my = mappe. We
performed three sets of simulations: varying Iy (I1 = Irnign/2
and 2l7pign) whereas I = Igpank, represented by blue and red
lines; varying [ (l2 = Ispank/2 and 2lspani) Whereas Iy = Irnign,
yellow and purple lines; and finally, for Iy = Igpign/2 and
I = Ispank /2, and I} = 2lgp;en and I = 2lgpani, green and light
blue lines, respectively. As expected, increased links length
requires greater torque on the joints. Moreover, the links length
variation induces different resonant frequencies in the system.
Furthermore, changing the length of the shank plays a more
important role on the hip and knee torques than varying the
thigh length. Combined effects of change the thigh and shank

links length play a more important role on the joint torques
than the variation of a link individually.

To compare the isolated effects of friction, inertia, and links
length variation, Fig. 7 presents the frequency of minimum
magnitude torque as a function of the gearhead ratio (R) of
each variable. The friction effect (shown as N = 100R) pro-
duces a minimum magnitude torque just on the knee joint,
that’s why it is not shown on the hip joint graph. Introducing
joint inertia or increasing the links length reduces the system’s
resonant frequency, thereby determining a minimum mag-
nitude torque in a frequency below ®,. However, although
the increased friction on the joints (denoted by increased
N) requires high torque from the hip and knee actuators,
for high frequencies (w > 6 rad/s), the increased joint fric-
tion helps to brake the inertial and Coriolis forces driven by
the thigh movement on the shank [23]. In other words, in
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Variation in oscillation frequency (w) for the minimum value of joint torque as a function of the isolated effects of apparent inertia (Je), friction due

to gearhead ratio (N), and exoskeleton’s links length (/1 and /). (a) hip joint and (b) knee joint.

high frequencies, friction minimizes the out-of-phase effects
of inertia and Coriolis forces from the hip movement on the
knee joint.

B. Combined Effects

Here we present the combined effects of friction, inertia,
and mass on the driving torques and mechanical power of
lower-limb exoskeletons. The effect of the actuator’s mass
variation is shown in Fig. 8. The results are gathered consid-
ering the standard reduction ratio (N = 160) and link length
(l1 = Itnignh and Ip = Igpani) of the ExoRoboWalker, and just
varying the actuator’s mass as: m| = mg,,, and my = Mankie,
red line (standard), m; = 2mg,, and mp 2mAnkle, Yel-
low line and m; = mg,, /2 and my = manke/2, blue line.

nee

Fig. 8(a) and (b) are the magnitude torque in dB of the hip
and knee joints, respectively. The magnitude torque is greater
than zero for all frequency ranges tested. No minimum magni-
tude torque is observed due to the high friction of the actuator.
Fig. 8 (¢) and (d) are the required torque to move the joints;
and lastly, Fig. 8 (e) and (f) are the resulting mechanical power
of the joints. Increased actuator’s mass results in greater mag-
nitude torque, as expected. However, no significant difference
is observed for the magnitude torque for w ~@y, because fric-
tion and inertia do not change, but just the actuator’s mass.
Regarding the joint torque, the actuator’s friction becomes less
important as the actuator’s mass increases and, curiously, for
o = 4 to 8 rad/s on the knee joint, a greater actuator’s mass
required less torque than the lighter one. The greater inertia of
the link, resulted from the increased mass, overcomes the
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Fig. 8. The effect of the actuator’s mass on the driving torques and mechanical power. While the mass changes, motor-reducer transmission ratio (N) and

actuator’s apparent inertia (Je) are kept as N = 160 and Je = Jejyjy. (a) and (b) are the magnitude torques on the hip and knee joints, respectively, and &1, and
@y, represent the hip and knee joint resonant frequencies of the ideal double-pendulum model. (c) and (d) are the resulting joint torques and (e) and (f) are

the mechanical power of the hip and knee joints, respectively.

friction and reduces the required torque to move the joint.
The same effect is observed on the joint mechanical power
(Fig. 8 (e) and (f)), the mechanical power of the increased mass
exoskeleton is even lower than the reduced one. It is worth
noting that, depending on the stride frequency, an exoskeleton
with greater mass can be more transparent to the user than
a lighter one.

The effect of changing the actuator’s reduction ratio (N)
is presented in Fig. 9. The results were gathered considering
the standard mass (m; = mg,,, and my = manke) and links
lengths (I1 = Ignign and I = Igpank), whereas N ranges from
30 to 160. It’s easy to note that by increasing N, the magnitude
torque, torque, and mechanical power increase accordingly. It
is noticeable that changing the apparent inertia and friction of
the actuator, due to the variation of N, produces an U-shaped
torque and mechanical power curves for N = 30, 50 and 80.
The resonant frequencies of the joints of the exoskeleton’s
model are lower than the ones of the ideal double-pendulum
(@1n) due to the increased actuator’s apparent inertia. However,
the frequency of the torque valley on the knee joint is greater
than @p,, so that the friction here plays a more important
role than inertia in changing the minimum torque to drive the
shank. As previously discussed in Fig. 4, for high frequencies

(w >6 rad/s), inertial and Coriolis effects produced by the
thigh movement on the shank increase, and friction plays a role
to minimize the joint torque. For greater N, the friction effect
is higher, and the U-shape is not noticeable. The energetic cost
to move the joints are very sensitive to the system dynamics
and stride frequency, similar minimum force cost is reported
by [28].

Finally, to compare the driving forces of exoskeletons
with different sizes of actuators, Fig. 10 displays three com-
binations of mass, apparent inertia, and friction: blue line
represents an exoskeleton with small and lightweight actu-
ators (my = mg,,, /2 and my = manue/2, Jer = Jepip/2
and Jey = Jegnee/2), but high reduction ratio (N = 200).
Red line is for the standard mass and apparent inertia of the
ExoRoboWalker and reduction ratio N = 100. Yellow line
represents the actuator with increased mass (m; = 2mg,,,
and m; = 2mapk.) and apparent inertia (Je; = 2Jep;, and
Jea = 2Jeknee) and reduced reduction ratio N = 50 to sim-
ulate an exoskeleton with a bigger actuator. Remarkably, for
a wide range of frequency the mechanical power (Fig. 10 (e)
and (f)) to move the joints is lower for an exoskeleton with
bigger actuators and low reduction ratio than for one with
lightweight actuators and higher reduction ratio (0.7 to 6 rad/s
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for the hip joint and 0.5 to 9 rad/s for the knee joint). The
difference in mechanical power can reach 9.5 W for the hip
joint and 41.6 W for the knee joint. The shape of the required
joint torque graph is also strongly dependent on the actuator’s
mass, apparent inertia and friction. The increased mass actu-
ator presents a valley of minimum torque near the resonant
frequency (Fig. 10 (c) and (d)) and it can be lower than the
reduced mass actuator by 6.9 N m (hip) and 11.6 N m (knee).

IV. DISCUSSION

The primary interest of this investigation was to explore the
effects of the actuator’s mass, apparent inertia, and friction
on the driving torques and mechanical power of gait training
exoskeletons. Following the assistance as needed concept [9],
here we argue that such exoskeletons should be designed to
be transparent to the user and introduce torques only when
voluntarily generated motor outputs deviate from the healthy
movement [13]. However, the transparent operation of wear-
able robots is still an open problem with several issues to
be overcome [11]-[13]. The best way to have a transparent
system is designing it to minimally interfere with the user’s
natural gait when it is unpowered [35], then a transparent
operation method can be more easily implemented.

The effect of adding mass on the leg [15], [16], [43] or on
the wearable robot [17], [35] has been used as the most impor-
tant criterion to investigate gait variation to design wearable
systems. However, the resonant frequency of the double-
pendulum, used to model the exoskeleton dynamics, play
a crucial role in determining the natural stride frequency of
the user wearing the robot. Previous studies [28], [44], [45]
indicate the self-selected walking speed results in a minimal
metabolic cost of walking and it is associated to the resonant
frequency of the leg as a simple-pendulum with same mass and
equivalent length of its CoM [28]. Mass, inertia, and friction
integrated to the leg by wearable devices change the natural
oscillation frequency of the system as well as the kinemat-
ics, dynamics and metabolic cost of walking [16], [26]. The
user wearing the system will naturally try to find a new stride
frequency corresponding to a minimal metabolic cost [28]. For
that reason, designing a transparent system by just minimiz-
ing the user-robot interaction forces [12], [33], [34] it is not
enough to avoid interfering with the user’s gait.

To clarify the understanding of the actuator’s mass, appar-
ent inertia and friction effects on the driving torques and
mechanical power of lower-limb exoskeletons, we introduce
a simple-pendulum model plus inertia and viscous friction,
presented in Fig. 11. By applying the Newton’s second law for
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rotational systems, the equation of motion for the pendulum is:

r= (ml2+J)é' + b0 + mglsin(0) 1)

where 7 is the driving torque of the joint, m, [ and 6 are
the pendulum mass, length and angle, respectively, b is the
viscous friction coefficient, and J is the inertia added to the
pendulum joint. Considering the free oscillating movement (¢
= 0) and small angular amplitude displacement, Eq. (21) can
be rewritten as:

6 + 6+ w20 =0

_ b
¢ =iy (22)
W, = mgl
N mi2+J

The solution for (22) is a common damped harmonic oscilla-
tor with ¢ as damping coefficient and w,, as resonant frequency.
For the cases where b = 0 and J = 0, Eq. (22) can be reduced
to the idealized simple-pendulum case as:

i+ %9 -0 (23)
where 4/g/l is the resonant frequency of the system.

The results of the isolated effects help us to understand
how the actuator’s apparent inertia and friction and link length

interfere with the driving torques of a gait training exoskeleton.

Whereas the potential and kinetic energy of the actuator’s mass
and apparent inertia are conservative and can be interchanged,
the damping energy due to the friction it is not. Consequently,
unlike the effects of inertia, friction does not change the
frequency of minimum energy cost, instead it increases the
walking cost regardless the speed [31], as presented in Fig. 4.
It can be reasonably well described by the simple-pendulum
plus inertia and friction in Fig. 11 and Eq. (22). In this
case, the resonant frequency is mainly changed by [/ and J,
whereas friction just interferes with the pendulum damping.
Moreover, as the friction is proportional to the joint velocity,
it is expected that the user reduces the walking speed to min-
imize the walking cost, like walking in water [32]. However,
it worth noting that for high frequencies, w > 10 rad/s, as
presented in Fig. 7(b), t<7, i.e., the joint friction minimizes
the out-of-phase inertial and Coriolis effects from the thigh
movement on the shank, resulting in a negative magnitude
torque.

The isolated effect of the actuator’s mass variation does not
change the resonant frequency of the system. It can be inter-
preted based on the simple-pendulum model (23), since the
natural oscillation frequency is regardless the system’s mass.
Although adding mass on the user leg increases the energy cost
of walking, as discussed in [26], if weights are added on the
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Fig. 11.  Oscillating simple-pendulum model (length = 1 and mass = m)
integrated with inertia (J) and viscous friction (b6).

equivalent center of mass of the leg, it will not play a crucial
role on the user’s kinematics and natural stride frequency. This
is in agreement with the experiments carried out by [15]-[17],
[26]. However, the effect of adding inertia to the joint, but not
changing its mass, is quite district. Increasing the actuator’s
apparent inertia reduces the resonant frequency of the system,
as shown in Fig. 5. This effect can also be well explained
by the simple-pendulum model with friction and inertia, Eq.
(22), where the resonant frequency of the system is inversely
proportional to the joint inertia. It means that, increasing the
apparent inertia of the user’s joint will reduce their economi-
cal stride frequency. The same effect was observed by [28]
by adding weights on the subject’s leg far from the joint
center of rotation. From a transparent exoskeleton point of
view, it means that the inertia of the robot plays a more
important role on the gait kinematics of the user than mass.
However, from a metabolic cost point of view, increased mass
or inertia can have the same effect depending on the stride
frequency [26], [42].

The isolated effect of the exoskeleton’s link length variation,
shown in Fig. 6, can be interpreted as the actuator’s CoM loca-
tion in a gait trainer exoskeleton. Increased length of the links
reduces the minimum torque frequency and increases the iner-
tial, Coriolis, and gravitational forces of the joint. The effect
of changing the length of thigh (red and blue lines) and shank
(purple and yellow lines) is similar on the magnitude torque of
the hip joint, but the associated effect of changing I7pg, and
Ishank (light blue and green line) are more important. However,
the knee joint is more sensitive to the shank length variation.
The simple-pendulum model can be used to better understand
these behaviors. Increased / reduces the natural frequency of
the pendulum, which is in accordance with [28], [42], [46],
and increases the required torque to move it (21). Moreover,
it is known that bringing the added weights close to the hip
reduces the metabolic cost of walking and the torques on the
joints [16], [47].

It can be easily seen in Fig. 7 that the frequency of the
minimum torque on the hip joint varies more with the asso-
ciated variation of Irpjgn and Ispaur (green squares) than with

changes of Igpgu (black stars), I7pign (magenta x-marks) or
actuator’s inertia (blue circles). On the other hand, the effects
of minimum torque frequency on the knee joint for links length
variation look similar. In a first glance, it seems to be in
disagreement with the study developed by [15], where they
investigated the effect of adding mass on children’s leg on
the kinematics and spatiotemporal parameters of walking. No
significant variation was observed on the stride frequency of
self-selected speed. However, a detailed look at their exper-
imental protocol revels that the position of the added mass
was exactly at the equivalent CoM of the leg, right below the
knee. It means that no variation of the pendulum length was
caused by the added mass and so no variation on the resonant
frequency. The kinematics variation observed was associated
to the orthosis constraints imposed to the children’s leg and not
by the added mass, as argued by the authors. Remarkably, the
effect of increasing the actuator’s friction on the knee joint
torque, denoted by N = 100R (red 4+—marks) is inverted
compared to the others, i.e., increased friction increases the
minimum torque frequency. It could be wrongly interpreted
as increasing the actuator friction would increase the resonant
frequency of the system and so the natural stride frequency
of the user. However, this minimum torque is just observed
in the knee joint for high frequencies, due to the out-of-
phase Coriolis and inertial torques from the hip joint that is
minimized by the friction, as previously explained.

The combined effects of mass, inertia and friction are
quite interesting. It is natural to think that the mass of the
exoskeleton is the most important criterion for transparent
operation and over the years it has been used to reduce the
impact on the user’s kinematics [15]-[17], [43]. However, our
data have shown that the effects of the apparent inertia and
friction, created by the high reduction ratio, typically used
in exoskeletons [11], [13], [19], [20], also plays an essential
role on the user’s gait. In Fig. 8 (c¢) and (d) it is possible to
check the absolute torques on the joints and, depending on
the oscillation frequency of the system, the actuator’s mass
has little importance, mainly for the knee joint. The results
of mass variation are even more interesting when we observe
the joint mechanical power. It is worth noting that the joint
mechanical power has been associated with the metabolic cost
of walking [26] and energy consumption of the system [49].
Remarkably, a greater actuator’s mass can require less mechan-
ical power on the knee joint. It is not possible to be noticed
when the effects of inertia and friction are neglected. Clearly,
in a general analysis, greater mass requires greater torque and
mechanical power of the joint. However, for a system where
the friction is not neglected, great mass and inertia create
greater conservative forces mainly in high frequencies, so the
effect of dissipative forces becomes less important. Such argu-
ment can also be explained by the simple pendulum model
with friction and inertia. The damping coefficient ¢ (22) is
inversely proportional to the mass. It means that the effect
of friction on the driving toques becomes more important for
lightweight exoskeletons.

This arguing agrees with the results shown in Fig. 9, where
the effects of increased reduction ratio ranging from 30 to
160 were evaluated for the same actuator’s mass (m| = migyee
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and my = myppe). High reduction ratio produces high friction
and apparent inertia in the actuator and requires high torque
and mechanical power to move the joints. Interestingly, an
U-shaped curve of minimum joint torque is observed for low
reduction ratio (N = 30, 50 and 80). However, it is not appar-
ent in high friction actuators. The behavior is supported by
previous studies [28], [46], where the authors argued that the
effect of the stride frequency becomes crucial to find a mini-
mal walking cost for low non-conservative forces and greater
mass. It means that low reduction ratio actuators can be used
to adjust the stride frequency of the user for a low metabolic
cost. High reduction ratio actuators, on the other hand, pro-
duce results like those where people walk in water [30]-[32].
The drag forces of the water and apparent body-weight reduc-
tion reduce the conservative forces and improve the damping
ones, so that the effect is a lower stride frequency and walking
velocity, but not lower joint range of motion [32].

Finally, the results shown in Fig. 10 are remarkable. For
a wide range of operation frequencies, the high mass and low
friction actuators (yellow line) presented considerably lower
joint torque and mechanical power than the low mass and high
reduction ratio actuators (blue line). In general, better results
are observed for the standard actuator’s mass and apparent
inertia and considering the friction form a N = 100 harmonic-
drive. The increased mass and low friction improved the
U-shaped curve for torque (Fig. 10(c) and (d)) and mechani-
cal power (Fig. 10(e) and (f)) in both joints. It means that it
is easier to adjust the stride frequency of the system to find
a low metabolic cost of walking when the conservative forces
are greater and the dissipative ones are lower [28], [46].

These findings have several implications for lower-limb gait
training exoskeletons: First of all, the actuator’s mass and
center of mass position does play an important role on the
driving torques and mechanical power, however to understand
the real behavior of the analyzed system, friction and apparent
inertia should be suitably integrated to it. Secondly, to design
a transparent lower-limb wearable robotic system, the stride
frequency should be taken into account to adjust the system’s
parameters to a minimum metabolic cost of walking. In this
way, it will be easier to make the system transparent to the
user. Lastly, since friction damps the lower-limb movements
and joint apparent inertia reduces the stride frequency of walk-
ing, the actuator’s reduction ratio should be as low as possible
to reduce its associated friction and apparent inertia. Direct-
drive [50] or quasi-direct-drive actuators [22] located near the
hip [16], [47], even with high mass, seem to be the best option
to minimally interfere with the user’s gait.

V. CONCLUSION

This article presented an analysis of the required driving
torques and mechanical power for lower-limb gait training
exoskeletons under a wide range variation of the actua-
tor’s mass, apparent inertia, friction, and thigh/shank length.
To make this analysis possible, we built a model of the
ExoRoboWalker, a lightweight six-degree-of-freedom lower-
limb exoskeleton for overground training, using the double-
pendulum approach integrated to the actuator’s impedance.

Joint apparent inertia was considered decoupled from the actu-
ator’s mass and friction was introduced by the Rayleigh’s
dissipation function on the robot’s Lagrangian. The results
were displayed in two main categories: isolated effect and
combined effect of actuator’s mass, apparent inertia, friction,
and thigh/shank length. The isolated analysis was focused
to investigate how such variables interfere with the joint
frequency of minimum torque. It was important to help under-
stand in what manner the exoskeleton can interfere with the
user’s natural stride frequency. The combined effect, on the
other hand, remarkably revealed that a heavier exoskeleton
with low transmission ratio, can require lower joint torques
and mechanical power than a lighter one with high trans-
mission ratio, depending on the stride frequency. It means
that, depending on the exoskeleton’s actuator design, a heav-
ier system can be more transparent to the user than a lighter
one. These findings are essential to help improve designs of
lower-limb wearable robots for gait training, and motivate us
to explore new analysis and experiments in future works to
improve the transparency of such systems.
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