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Variable Stiffness Spring Actuators for
Low-Energy-Cost Human Augmentation

David J. Braun”, Member, IEEE, Vincent Chalvet

Abstract—Theoretical studies suggest and experimental
evidence confirms that maintaining and changing human joint
stiffness by coactivated antagonistic muscles are metabolically
expensive, even if muscles do not perform net mechanical
work. Based on this observation, we posit that effective human
augmentation can be achieved by actuators operated in parallel
to human joints, even if these actuators only supplement joint
stiffness without doing net mechanical work. In this article, we
present a prototype variable-length leaf-spring actuator capable of
large-range stiffness modulation. The key feature of the actuator is
that it provides intrinsically low-energy-cost stiffness modulation
even for large output deflection, by keeping the force on the
driving motor low. Variable stiffness actuators use two motors to
provide both stiffness and equilibrium position modulation as they
are designed to do net mechanical work. The proposed actuator
conceptually differs from variable stiffness actuators because
first, it uses a single motor to only provide stiffness modulation,
second, it does not provide equilibrium position modulation, and
third, unless externally loaded, it cannot do net mechanical work.
Using this actuator, we demonstrate stiffness augmentation during
human—machine collaboration in challenging postural stabilization
and weight-bearing tasks. Our results indicate that the proposed
actuator can be used to complement a biological system by
restoring or extending its functionality with low energy cost, and
that variable stiffness spring actuators could effectively augment
humans by doing no or a limited amount of mechanical work.

Index Terms—Compliant joint/mechanism, human perfor-
mance augmentation, mechanism design, physical human-robot
interaction.
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1. INTRODUCTION

ESIGNING artificial systems capable of human augmen-
D tation at a low energy cost may have significant impact on
emerging areas of robotics. Recent studies have demonstrated
such capability using unpowered passive exoskeletons [1], and
active exoskeletons with off-board power [2]. Because humans
modulate limb mechanical stiffness during functional tasks,
stiffness modulation will likely prove crucial to further advances
in human augmentation [3]-[5]. In this article, we show that it
may be possible to realize effective human augmentation using
conceptually simple variable stiffness spring actuators designed
to provide large-range stiffness modulation with low energy
cost.

A biologically inspired means to realize stiffness modulation
is through the principle of antagonistic actuation [6]-[9]. A typ-
ical antagonistic actuator employs two motors to modulate the
equilibrium position and the stiffness of a robot joint, analogous
to how biceps and triceps muscles move the limb and modulate
the stiffness of the elbow joint. Previous studies have shown that
humans are able to modulate the stiffness of their joints, and
that, in tasks involving unstable dynamics, stiffness modulation
is essential [10]-[12]. It has also been pointed out that stiff-
ness modulation is instrumental for stable robot— environment
interaction [13], vital to realize safe human-robot collaboration
[14], and can be exploited to achieve dynamic behavior [15],
[16]. However, stiffness modulation via antagonistic actuation
is energetically expensive [10], and a similar argument carries
over to spring-pretension-based variable stiffness actuators [17]
used to control artificial systems.

The energy required by a variable stiffness actuator is com-
posed of the energy required to do net mechanical work, and the
energy required to hold and modulate stiffness without doing
net mechanical work [18]. Variable stiffness actuators typically
involve at least one large motor that does most of the mechanical
work via equilibrium position modulation, and one small motor
responsible for stiffness modulation, which may only do a lim-
ited amount of mechanical work [19]-[21]. Using two motors,
variable stiffness actuators can augment humans by providing
mechanical work instead of the human. However, recent research
suggests that effective human augmentation may not necessarily
require an actuator capable of providing net mechanical work.
This has been shown not only in zero output work tasks, such
as walking [1], running [22], and squatting [23], but also in a
nonzero output work task [24]. In the latter work, the authors
have theoretically shown that an actuator that could only provide
stiffness modulation could enable a human to accumulate kinetic
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energy to move faster and jump higher beyond the natural capa-
bility of the biological limb. Therefore, it may be promising to
develop conceptually simple variable stiffness spring actuators,
which discard the large motor typically used for equilibrium
position modulation, while retaining the small motor to provide
large-range and low-energy-cost stiffness modulation.

In this article, we present a novel variable-length leaf-spring
actuator, which is designed to provide stiffness modulation with
low energy cost [25]. The actuator is an active spring that can
change stiffness, store energy, provide force, and do mechanical
work by increasing stiffness upon deflection, while it does not
provide equilibrium position modulation. The key feature of the
actuator is that it enables large output deflections for limited
spring deflections, thereby, providing low-energy-cost stiffness
modulation by keeping the force on the driving motor low [23],
[26]-[28]. This feature makes it possible to render a large range
of stiffness modulation at a low energy cost, not only when the
actuator is near to its equilibrium configuration [17], [29]-[32],
but also when it is considerably deflected from its equilibrium
configuration [18]. Such variable stiffness spring actuator can be
used in parallel with human joints to reduce the metabolically
expensive antagonistic muscle coactivation, even if the human
does all the required mechanical work.

The variable stiffness spring actuator presented in this article
does mechanical work when the spring is externally loaded
and the stiffness is increased. The spring may be loaded by
gravity or by an external force as the human interacts with the
environment. The amount of work the actuator can do depends
on the size of the driving motor and the amount of energy that
can be stored by the spring. In this article, we consider human
stiffness augmentation and promote the use of a small motor,
which could do a limited amount of mechanical work [23]-[28].
Using the proposed actuator, we experimentally demonstrate
stiffness augmentation in human—machine collaboration related
to isometric postural stabilization and weight-bearing tasks.
Based on our experimental results, we posit that the proposed
actuation concept could be used effectively to complement a
biological system, by restoring or extending its function, with
low energy cost.

In our previous work [25], we presented the prototype variable
stiffness leaf-spring actuator, a simple analytical model of that
actuator, and reported the results of two single-subject exper-
iments to illustrate the benefit of the actuator. In this article,
we, first, reveal the utility of variable stiffness spring actuators
for human augmentation, second, provide a nontrivial extension
of the analytical model of the proposed leaf-spring actuator,
third, present numerical predictions that illustrate the nonlinear,
large-deflection behavior of the actuator, fourth, present new
experiments of two different human subjects, fifth, compare the
proposed actuator with state-of-the-art variable stiffness actua-
tors, and sixth, identify recently developed actuators that belong
to the class of variable stiffness spring actuators promoted in
this article.

The rest of this article is organized as follows. In Section II,
we investigate the energy cost of stiffness modulation in biolog-
ically inspired antagonistic actuators, and we discuss previously
proposed means to reduce the energy cost by changing the
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Fig. 1.
constant stiffness K oc x = x1 = x2 for a backdrivable antagonistic actuator
where gmax = /2 and zmax = R7r. At the equilibrium configuration, the static
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design of these actuators. In Section III, we recall the features
of an ideal variable stiffness spring actuator, and we present
the mathematical model of our variable-length leaf-spring ac-
tuator. In Section IV, we present the practical design of the
variable-length leaf-spring actuator and we experimentally char-
acterize the energy efficiency and the energy cost of maintain-
ing and changing the stiffness of that actuator. In Section V,
we present two experiments to demonstrate the utility of the
proposed actuator in human augmentation. Finally, Section VI
concludes this article.

II. STIFFNESS MODULATION

In the human musculoskeletal system, antagonistic muscle
groups enable stiffness modulation around the joints. A mini-
malistic model of this “biological actuator” is shown in Fig. 1(a).
In this model, two motors are connected in series with two non-
linear springs, which have quadratic force—displacement char-
acteristics [6], [8]. The joint stiffness K, equilibrium position
qo, joint torque 7, and forces imposed on the motor F = [F}, Fy]
are given by the following relations:

T2 — T

K =2kR* (1 +22), qo= 5R (D
T=-K(q-qo) 2
K > [ K 2
_ 2 _ o
F_ KJR (4I€R3 +q QO> ) (4/§R3 q+QO> ]
©)

where ¢ € [—7/2, 4+ /2] denotes the link position, (x1, z3) €
[0, Zmax] X [0, Zmax| denote the motor positions, « is the pro-
portionality constant in the quadratic force—deflection relation
of the springs while R denotes the radius of the pulley as shown
in Fig. 1(a). When the link is displaced from its equilibrium
position, restoring joint torque is generated. When the motors
are simultaneously activated, both the stiffness and equilibrium
position of the joint are changed.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

BRAUN et al.: VARIABLE STIFFNESS SPRING ACTUATORS FOR LOW-ENERGY-COST HUMAN AUGMENTATION 3

In order to hold a nonzero stiffness, the motors are required
to continuously provide a force to counteract the springs. The
corresponding static electrical motor power is given by the
following:

F m 2 B 2 m 2
Py }% n2k12n || H2 a Ps angkrgn || H2 ( )

where k,, is the motor torque constant, Ry, is the winding
resistance, n is the transmission ratio, while ng /B is the forward
(F) or backward (B) efficiency.! The distribution of this power
associated with holding a constant stiffness over the entire
workspace of a typical backdrivable antagonistic actuator is
shown in Fig. 1(b). This plot captures the intrinsic feature of
the antagonistic actuation principle, which implies that holding
a constant stiffness leads to constant power drain. Below, we
buttress this argument assuming that the actuator is implemented
using an alternative nonbackdrivable, possibly clutched-type
drivetrain. The discussion below extends to spring-pretension-
based actuators [6]-[9], [33], [34], and variable moment arm
actuators [17], [29]-[32], [35], [36].

A. Nonbackdrivable Drivetrain

Nonbackdrivable drivetrains, for example, worm gears and
lead screws, have previously been used in spring-pretension-
based antagonistic actuators [6] and variable moment arm actu-
ators [17]. A nonbackdrivable drivetrain can be used to maintain
stiffness at zero energy cost irrespective of the design of the
actuator. This is because, the backward efficiency of a nonback-
drivable drivetrain is zero np = 0, leading to zero static power in
backward drive, (4) p? = 0. This may be anideal design in a task,
where the primary purpose of the actuator is to maintain stiffness.

However energy is not only required to maintain stiffness,
but it is also required to change stiffness, and changing stiffness
efficiently requires an energy-efficient drivetrain. The minimum
power to change stiffness is the power required to change stiff-
ness quasistatically, which is the power in forward drive p (4).
Nonbackdrivable drivetrains, worm gears and lead screws, have
low energy efficiency in forward drive 0 < nrp < 0.5. For this
reason, nonbackdrivable drivetrains used in the aforementioned
actuators cannot provide energy-efficient stiffness modulation
irrespective of the design of the actuator.

B. Back-Drivable Drivetrain

Energy-efficient stiffness modulation may be achieved us-
ing a backdrivable drivetrain because a backdrivable drivetrain
could provide high efficiency in forward drive 0.5 < np < 1.
However, when the drivetrain is backdrivable, the motor has to
counteract the force imposed by the spring F. This may lead
to high energy cost regardless of whether holding or changing
stiffness is considered [18]. A controllable clutch could avoid

'In forward drive (F), the motor deforms the spring such that the power flows
from the motor into the spring. In backward drive (B), the spring helps the
motion of the motor, such that the power flows from the spring to the motor. For
backdrivable actuators the forward efficiency could be as high as ng =~ 0.9 for
planetary gears and ball screw mechanism, while the backward efficiencies is
approximately the same as the forward efficiency g ~ 7. For nonbackdrivable
worm gear and lead screw mechanisms the forward efficiency is limited to 0 <
nr < 0.5, while the backward efficiency is ng = 0.

this limitation by supporting the spring force instead of the
driving motor [37]. However, a controllable clutch increases
design complexity, which may not be required if the spring force
is kept low by the design of the actuator.

Variable moment arm mechanisms [17], [29] could keep the
motor force zero when the actuator is operated at its equilibrium
configuration, and using such mechanism with a backdrivable
drivetrain appears promising to realize both energy efficient
and low-energy-cost stiffness modulation [18]. However, typical
variable moment arm mechanisms have small output deflection
range around their equilibrium configuration (£12°) [29], and
may lead to infinite motor force as the stiffness increases, even
if the output deflection remains within the deformation limit
of the actuator [17], [18]. Therefore, it may be promising to
develop novel actuators that could keep the motor force low
even if the output is considerably deflected from its equilibrium
configuration.

III. ACTUATOR FOR LOW-ENERGY-COST
STIFFNESS MODULATION

An ideal variable stiffness spring actuator is characterized by
compact design, large stiffness range, rapid stiffness change,
no energy to hold stiffness, and an energy-efficient means of
changing stiffness, even under mechanical load. Increasing stiff-
ness under load increases the energy stored by the spring, and
to do so requires external energy. Changing stiffness rapidly
typically requires high power even if the spring is operated at its
equilibrium configuration.

In this section, we propose a variable stiffness spring actuator
that provides stiffness modulation with low energy cost. The
main component of this actuator is a simple variable length
leaf-spring mechanism shown in Fig. 2(a), see [25]. This mech-
anism is composed by the output link AB, a rigid connector
link BC, a leaf spring CD, and a position controlled slider S.
The spring is rigidly connected to the connector link at point C
and is free at the other end D. In what follows, we first present
a mathematical model of this actuator, and then summarize its
theoretical features in comparison to the aforementioned ideal
variable stiffness spring actuator.

A. Model of the Actuator

Using the nonlinear Bernoulli-Euler beam theory, the model
of the actuator shown in Fig. 2(a) is given by the following
equations:

Te—x Oc cos(0)do )
L o/ flme, fees fey, bc,0)
e _ bc sin(0)d6 ©)
L o/ f(me, fee, foy, 0c,0)

where (¢, yc) denotes the location of the end point of the leaf
spring C, O¢c denotes the deflection angle of the spring at point
C, L is the total length of the undeformed leaf spring, f =
mé 4 2 fcz[cos(0c) — cos(0)] + 2 fey[sin(fc) — sin(F)], and
me = +[fcy cos(0c) + feusin(fc)], where fcp, = ]’;:—chE,y
and mc = %MC, denote the dimensionless reaction forces
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Fig. 2. (a) Model of the actuator. The blue line CD denotes the leaf spring. The two black lines, AB and BC, denote rigid links connected with a hinge joint. ¢

is the output angle, 7 is the output torque, x is the input slider position, while " is the input force exerted by the motor to the slider. (b) Output force—deflection
relation of the actuator, where 79 = Ele/ L2. (¢) Input force—deflection relation, where Fy = EI/ L2. In both of these plots, the solid black lines denote the
predictions of the nonlinear model while the dashed black lines denote the prediction of the approximate analytical model. The approximate analytical model is
only valid under small deflections i.e., when ¢ € [0, 7/10] rad. (d) Static power required to hold a given stiffness setting.

and the reaction moment at point C, respectively, F is Young’s
modulus while [ is the area moment of inertia of the leaf spring.

In addition to (5) and (6), the following geometric constraints
define the design of the actuator:

Ic

a
T = =1+ L[l —cos(q)] + f[l — cos(6c)] (7
Yo € . _a .

T=1 sin(q) 7 sin(fc) (8)

where ¢ is the link position, x is the motor position while e = OB
and a = BC are the lengths of the lever arms connecting the
spring to the output link, see Fig. 2(a).

Finally, the axial force fc, is defined by the following
equation:

fre =) g )" )
CxL

2 2

1
PR W Y

where m = %M denotes the dimensionless reaction moment
of the slider S (see Appendix). Given fc, and mc, it is possible
to determine fc, from this relation. This force is the one imposed
by the elastic element to the motor unit. It may seem that this
force is zero because the end of the leaf spring D is free to move
axially [see Fig. 1(a)]. Despite this freedom in motion, fc, is
not zero when the spring is deflected.

Using (5)—(9), one can numerically compute the output torque
of the actuator as a function of the link angle ¢ and the motor
position x

FEle .

7(¢,2) = -5 [fealg, 2) sinlg) + foy (g, @) cos(g)].  (10)
Fig. 2(b) shows this torque as a function of the output de-
flection for different slider positions (solid black lines). The
output stiffness K (¢, z) = —07(q, z)/0q can also be directly
computed from this relation. Finally, the input force F'(¢q, x) =
% fex(q, ), where fc.(q,z) can be numerically computed
using (9). This force is shown in Fig. 2(c).

The workspace of this actuator (¢,z) € S C R? is defined
by the geometric deflection limit of the output link, the range

limit imposed on the slider position, and the stress limit of the
leaf spring

(—=m/2,m/2) x [0, L] :

(IC )

S = {(Qam) € |0'max(q7‘r)| SUY}
(1D
where  opax(q, ) = Eh st me + foy — fca %] denotes
the maximal stress in the leaf spring, Whlle oy is the yield stress.
The curves in Fig. 2(b) and (c) satisfy these physical constraints.
The nonlinear model presented above accounts for many of
the intrinsic features of this actuator, although the numerical
predictions of this model do not provide insight into the relation
between the design parameters (L, e, a, I, F, oy) and the
input/output relations of the actuator. In order to gain such
insight, we derived approximate analytical relations of the output
moment, output stiffness, and the input force, assuming small
output deflection, as follows:

3EI¢e?

cos ¢ sin g
5 = — 12
T g - (8 .
_3Ele2 (2 )
9EIe? ( +1- %)25111 q
F(qz) = — 14
o0 G- @]

These relations reduce to those presented in [25] when
a = AB = 0. The comparison between the numerical solution
of the nonlinear model (5)—(9) [Fig. 2(b) and (c) solid lines] and
the above-defined approximate analytical expressions [Fig. 2(b)
and (c) dashed lines] indicate a reasonable match for small output
deflections.

B. Physical Attributes of the Actuator

In this section, we aim to use the above approximate analytical
model (12)—(14) to investigate the defining physical attributes of
the actuator. In particular, we aim to investigate: 1) the stiffness
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TABLE I
MOTION RANGE, STIFFNESS RANGE, AVERAGE TIME TO CHANGE STIFFNESS, AND AVERAGE RATE FOR CHANGING STIFFNESS FOR EXISTING ACTUATORS

Actuator? Motion range | Stiffness range Average time to Average rate for

[deg] [Nm/rad] change stiffness™® changing stiffness
[s] [Nm/rad/s]

Leaf-spring® +75 [10,7800] 0.78 9990

vsaUT-II [36]f 445 [0.5,100] - -

Leaf-spring [35] +40 [0.7,948] 0.78 1215

HVSA [30] +30 [0,120] 0.16 750

Leaf-spring IV [41]¢ | £25%1:3:6 [85,24162]%, [34,5340]3, [6,957]¢ | 0.551, 0.723, 0.486 | 437741, 73693, 19826

AwWAS-II [32]9 +18 [10,10000] 2.5 3996

Leaf-spring II [39]°¢ +17 [33,955] 1.5 615

Leaf-spring [29] +12 [252, 3648] 0.3 11320

AWAS [31] +12 [30,1500] 3.5 420

Leaf-spring III [40]¢ | 411, 4 [5,900],[50,1500] 0.79, 0.55 1133, 2637

vsaUT [17] - - - -

VSA HD [20] +60 [0.38, 8360] 0.4 20900

MACCEPA [33] +60 (5,110] 2.36 40.4

Leaf-spring 1 [38]° +40 (5, 360] - -

DLR BAVS [42] +18.2 (3.9, 146.6] 0.014 10193

VSA CUBE [20] +15.8 (3, 14] 0.18 61

DLR FSJ [34] +15 [52.4, 826] 0.33 2344

“The highlighted line refers to the proposed variable stiffness spring actuator, which does not provide equilibrium position modulation. The bold entries denote variable
moment arm actuators that satisfy condition (20) and provide low-energy-cost stiffness modulation. ?Estimated from Fig. 3. ¢Taken from Section II-B. %Estimated from
Figs. 7-10. ©Experimental data not available, values taken from Tables II and III for Joints'+3:6. (The experimental data reported in Figs. 3 and 4 for Joint® show +15°
motion range and [6,60] N-m/rad stiffness range.) / Estimated from Figs. 17 and 18. 9Estimated from Fig. 10. (—) data not reported. *The average time to change stiffness
from minimum to maximum is not comparable between actuators because the minimum and the maximum stiffness is different for each actuator.

range; 2) the speed of stiffness modulation; 3) the motion range,
and 4) the motor force required to hold stiffness of this actuator.

The summary of this investigation is provided below:

1) Stiffness Range: The output stiffness of the actuator can
be modulated over a large range by changing the effective length
of the leaf spring. This may be exemplified by the stiffness range
at equilibrium

3EIe? 1

K(0,z) € [Kmin, Kmax) = 3 (g + 1)3 _
L

@)

15)

Consequently, the output link becomes rigidly connected to
the frame of the actuator, which means infinite stiffness
lim, 7, K(0,z) = Kpax — 00.On the other hand, the actuator
cannot achieve zero stiffness. Nevertheless, the minimum stiff-
ness can be low i.e., lim, .o K(0,7) = Ky, < e?L~3 when
0 <e/L <1, leading to almost free motion [Table I and
Fig. 5(e)]. Also, due to the inverse relation between the minimum
stiffness and the length of the spring, low stiffness can be
afforded by a relatively compact actuator.

We note that infinite stiffness range may require an infinitely
large antagonistic actuator (see Fig. 1), because the stiffness
is quadratically related to the size of that actuator K oc R?
and linearly related to the average displacement of the motors
K %(xl + x2) (1). The same limitations extend to spring-
pretension-based actuators [6]—[9], [33], [34], and some variable
moment arm actuators [31] i.e., they are not capable of infinite-
range stiffness modulation. Nevertheless, there are previously
designed variable moment arm actuators that are theoretically
capable of infinite stiffness [17], [23], [25], [29], [38]-[41]
and zero stiffness [32], [35], [36], and even negative stiffness
is achievable by a nontrivial modification of the proposed

actuator [27], [28]. The stiffness range for a number of
previously designed actuators is provided in Table I.

2) Speed of Stiffness Modulation: The speed of stiffness
modulation at the equilibrium configuration is defined by the
following relation:

dK(0,2)  dK(0,z) dx
dt dx dt

(16)

where the first term on the right-hand side depends on the design
of the actuator, while the second term & = dx/dt is the speed
of the motor. For the proposed actuator, the relation between the
stiffness and the motor position is given by the following:

dK(0,z)  9EIe? (& 41— 2)°
d - IA “ 2\3  ray31%
v [(#+1-%)" - ()]

According to (17), the speed of stiffness modulation tends to
infinity at high stiffness settings

(17)

K
limm—ﬂw

Consequently, the actuator can be used for fast stiffness modu-
lation at large stiffness K| ~r, &~ Kumax, even if the speed of the
motor is limited |#| < @ ax. This is due to the nonlinear motor
position versus output stiffness relation (17), which enables large
stiffness changes using small changes in motor position. We
use this feature to demonstrate fast stiffness modulation at large
stiffness using a relatively slow motor [Table I and Fig. 5(e)].
The same feature may also enable fast stiffness modulation
in previously designed actuators [17], [27], [32], [36], while
it does not apply in spring-pretension-based actuators [6]-[9],
[33], [34]. For example, in antagonistic actuators with quadratic
springs [6], [7], the speed at which stiffness can change is
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dK/dt| =z, —r, = 4xR%i, which means that fast stiffness mod-
ulation requires a fast motor |#| < Zy,ax — 00 oralarge actuator
R — oo. The speed of stiffness modulation for a number of
previously designed actuators is provided in Table I.

3) Motion Range: The motion range of the actuator is lim-
ited by its geometric design, and the deformation limit of the
leaf spring. These limitations are represented by the following
constraint:

20,LLGH1-20 3P

[sing| < min{

where h is the thickness of the spring. Consequently, the the-
oretical motion range of the mechanism may extend to ¢q €
(—7/2,4m/2), when the stiffness is below a certain finite
value0 < = < x; € [0, L].? This allows arelatively large output
deflection (Section IV Fig. 4) compared to most variable stiffness
actuators [17], [29]-[32], [35].

When the stiffness is higher than the critical value (i.e., 0 <
T < x € [0, L), the motion range of the output link is limited
by the stress limit of the leaf spring: |sing| < 2Z¢ £L[(& +
1—2)3 — (£)3]/[% + 1 — £]. According to this inequality re-
lation, the motion range shrinks down to zero as the stiffness
approaches infinity (z — L). This physical limitation is fun-
damental in the sense that it applies to actuators capable of
infinite-range stiffness modulation. The elastic deflection range
for a number of previously designed actuators is provided in
Table 1.

4) Motor Force: The force required by the motor to hold a
certain stiffness setting, fixed slider position, is zero when the
actuator is not loaded externally (i.e., when the actuator operates
at its natural equilibrium configuration ¢ = 0), see (14)

F(0,z) =0. (20)
This feature ensures that, at the equilibrium configuration, the
motor can adjust the stiffness of the actuator without being
opposed by the spring. This is not the case for spring-pretension-
based actuators, where the force increases with the stiffness even
at the equilibrium configuration [18]. This can be seen in the
biologically inspired antagonistic actuator, where Fj o oc K?
even when the actuator is not deflected from its equilibrium
configuration, see (1). On the other hand, (20) represents a
typical feature of actuators based on the variable moment arm
principle [17], [29]-[32]. Variable moment arm actuators that
satisfy condition (20) are denoted with bold text in Table I.

When the actuator is externally loaded (i.e., ¢ # 0), the static
motor force F' remains bounded regardless of the joint deflection
and the stiffness

2

g
F(q,z)| < max |F(q,z)] = Fpax = —— <00 (21)
[Flg.2)] < max |F(q.2)| = Fowx =
>The critical value of the slider position . is defined by:
2d—y££—(%+17%>37<%)3 =1 anditexistsifg”—yéé—(%Jrl)L(%)d >

- = >
TyiIE 3FE he 1
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where A denotes the cross-section area of the spring. This
remains true even if the actuator approaches infinite stiffness

Y(g,x) €S il_I)rll: |F'(q, )| = Fax- (22)
Conditions (20) and (21) show that the proposed variable-length
leaf-spring design [Fig. 2(a)] used an intrinsically low-power
variable stiffness mechanism [18]. This mechanism ensures low-
energy-cost stiffness modulation by keeping the force required
by the driving motor low (highlighted in Table I, and Fig. 4).
We posit that the combination of such intrinsically low-power
mechanism with a backdrivable energy-efficient drivetrain may
be used to design actuators that can provide both energy efficient
and low-energy-cost stiffness modulation.

C. Discussion

Actuators enabling stiffness modulation without requiring
force, and as such input power, to hold a given stiffness at their
equilibrium position (20), have previously been designed [17],
[29]1-[32], [35]. Some of these actuators enable near zero and
near-infinite stiffness, and some previously designed actuators
[19] may also be used to realize high-speed stiffness modulation.
However, we are not aware of an actuator that combines the four
abovementioned features. For example, condition (21) is not sat-
isfied by the stiffness modulating mechanism of many previously
designed antagonistic and nonantagonistic actuators, including
some variable moment arm actuators, see [18]. More generally,
achieving an infinite stiffness range; low energy cost when the
actuator is operated away from its equilibrium configuration;
large kinematic motion range at low stiffness; and high-speed
stiffness modulation at high stiffness, have been recognized as
difficult to achieve within a single design. In the analysis above,
we indicated how, and under what conditions, the presented
actuator could fulfill these requirements.

Many of the previously designed variable moment arm ac-
tuators [17], [29]-[31] satisfy condition (20) required for low-
energy-cost stiffness modulation at equilibrium, but they do not
employ leaf springs. Consequently, it may appear that the use
of a leaf spring leads to the defining features (15)—(22) of the
proposed actuator. However, these features are not inherent to
leaf-spring designs. Leaf springs have been previously used to
construct nonlinear elastic elements for antagonistic actuators
[43], and they have also been used as prestressed elastic elements
in nonantagonistic actuators [38]. The use of leaf springs does
not provide intrinsically low-energy-cost stiffness modulation
partly because (20) does not hold in these actuators. This is
the same reason why antagonistic actuators [6], [7], and other
spring-pretension-based actuators [33], [34], do not provide
intrinsically low-energy-cost stiffness modulation [18].

There are also leaf-spring actuators in which the bending
stiffness is changed by changing the effective area moment of
inertia of the spring. This can be done by rotating the spring along
its longitudinal axis as proposed in [44]. This kind of actuator
satisfies (20) although it cannot provide infinite-range stiffness
modulation because the stiffness is proportional to the second
area moment of the spring.
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motor body leaf spring  linear guide output link

360 mm

d) connector link  leverarm  output link

gear box slider  needle bearings control board

linear
ball bearing

self-aligning plate microcontroller motor driver

Fig. 3. (a) Bench-top prototype, (b) top view, (c) side view. (d) Model of
the actuator. This model shows the practical realization of the variable-length
leaf-spring design. (e) Design of the slider. (f) Electronic control board. The
physical properties of this prototype are shown in Table II.

The leaf-spring design [29] provides low-energy-cost stiffness
modulation within a +12° motion range (see [29, Fig. 9]). The
limited motion range is due to the rigid cantilever support used to
fix the leaf spring. This is a typical design feature of previously
developed leaf-spring actuators [29], [35], [39]-[41]; it leads
to large internal forces in the spring even at small to moderate
output deflections. The design proposed in this article uses a
sliding cantilever support and a kinematic link AOB, where the
spring is connected to the hinge joint B [Fig. 2(a)]. This design
leads to limited spring deflection even for large output deflection,
thereby keeping the force and the power drained by the driving

TABLE II
PHYSICAL PROPERTIES OF THE VARIABLE STIFFNESS SPRING ACTUATOR
Weight? 3 kg
Size? (length X height X width) 90 x 100 x 360 mm
Motion range” +75 deg
Stiffness at equilibrium® [10,7800] Nm/rad
Average time to change stiffness? 0.78 s
Average rate for changing stiffness® 9990 Nm/rad/s
Maximum static power’ 2.25 W
Dynamic power (maximum speed, no load)’ | 8.20 W

“?The weight and size of the prototype can be substantially reduced by design optimization;
see [23], [48] and Section VT for a related discussion.

®[@min s qmax] is the output motion range at minimum stiffness.

“The stiffness tends to infinity as the length of the spring approaches zero, see (15). This
is shown in Fig. 5(e). As the length of the spring reduces to zero, the output link becomes
kinematically locked. In this case, the output stiffness is the structural stiffness of the
device, and the restoring torque is limited by the torque required to break the output link.
9The time to decrease stiffness from maximum to minimum and to increase stiffness from
minimum to maximum is shown in Fig. 5(e).

©The rate of decreasing and increasing stiffness is shown in Fig. 5(e). The rate of change of
stiffness tends to infinity as the length of the spring reduces to zero, see (18) and Fig. 5(e).
I The static and dynamic power is shown in Figs. 4 and 5(f).

motor low (Section IV Fig. 4). This design also alleviates mo-
tion range limitations present in previously designed variable
moment arm actuators (highlighted in Table I); the large output
motion range +75° with low stiffness makes it possible to use
this actuator without an extra motor dedicated to equilibrium
position modulation.

We note that there are at least three distinct ways a dynam-
ical system can be actuated. The first is force or equilibrium
position modulation commonly implemented using motors or
series elastic actuators [45], the second is equilibrium position
and stiffness modulation, which is realized by variable stiffness
actuators [46], while the third is stiffness modulation [47] im-
plemented by the proposed variable stiffness spring actuator.
Previous stiffness modulating mechanisms were developed and
used as subcomponents that make variable stiffness actuators
out of simpler series elastic actuators. This article does away
with this notion and proposes controlled stiffness modulating
mechanisms as independent actuators.

IV. MECHANICAL DESIGN

A bench-top prototype has been designed and fabricated, see
Fig. 3. The kinematic realization of this prototype resembles
the minimalistic model shown in Fig. 2(a) with the output link,
leaf spring, and the position controlled slider. The weight, size,
and the shape of this device has not been optimized for portable
applications, see Table II. A discussion on such optimization is
deferred to Section VI. Here, we detail the mechanical design
and present the experimental characterization of the actuator.
Subsequently, in Section V, we use this actuator for human
augmentation.

A. Design

The actuator has a rectangular body. This body houses the
slider, the drivetrain, the leaf spring, and the output link. In the
following, we describe these components in detail.
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The slider Fig. 3(e) is used to change the effective length of
two springs Fig. 3(b). The motion of the slider is supported by
two 8 mm diameter linear guides made of hardened SUS440C
steel. These linear guides are fixed to the body of the device as
shown in Fig. 3(c). The friction between the slider and the linear
guides is minimized using linear ball bearings SKF LBCR8
2L.S/HV6 (see Fig. 3(e) and Section I'V-B for more details). The
slider is driven by a 10 x 2 mm Maxon ball-screw. The ball
screw is actuated by a brushless dc motor (Maxon EC-max 24 V
and 40 W) via a one-stage 4.8 : 1 gear ratio planetary gearbox
[Fig. 3(b)]. The latter three components comprise the drivetrain
of the actuator. The drivetrain has a maximum electrical input
to mechanical output efficiency of 7. = 67% (according to
factory specifications, the efficiency of the motor is 89%, while
the efficiency of the ball screw and gearbox assembly is 75%).

The elastic element is implemented by two stacks of leaf
springs connected to the output link as shown in Fig. 3(a)—(d).
These composite springs, of width b =20 mm, are assem-
bled from five n; =5, hy =1 mm thick and nine ny =9,
ho = 0.5 mm thick full-hard AISI 301 stainless steel leaves.
The yield stress of the springs is oy = 1250 MPa. The torque,
stiffness, and the motor force can be calculated using previously
derived formulas (12)—(14), where the total area moment of in-
ertia of the two composite leaf springs is given by the following:

I =— (nih? +noh3). (23)

| o

According to this relation, the torque depends on the cube of the
individual spring thickness. As such, by changing the thickness
h1 and hy of individual leaves, as well as the number of leaves
n1 and ny, the force—deflection characteristic of the actuator can
be tuned.

The leaf springs are connected to the output link via a hinge
joint and a two-link mechanism. This mechanism closely resem-
bles the kinematics of the ideal design (see Fig. 2(a) OBC). On
the opposite end, the springs are interfaced with the slider via a
sliding cantilever support. In order to eliminate sliding friction,
the interface between the springs and the slider is realized using
needle bearings SKF HK 0609 (see Fig. 3(d) and (e) and Section
IV-B for more details). This connection enables the output link
to undergo large deformations while keeping the deflection of
the springs limited.

We use closed-loop position control to set the effective length
of the leaf springs, and consequently, the stiffness of the actuator.
The controller uses the actual position of the slider « provided by
the motor encoder Fig. 3(b). The control board used to drive the
motor is shown in Fig. 3(f). The practical implementation con-
sist of an ARM Cortex-M4 microcontroller, a Maxon ESCON
50V/5A 4-Q motor driver used in current control mode, and a
custom-made printed circuit board. The system was operated
with 500 Hz sampling rate. The power drained by the motor was
recorded with a dedicated power measuring circuit (TTINA219).
The resolution of the power measurement was 0.025 W. The
motion of the output link ¢ was measured using a 12-b off-axis
absolute magnetic position sensor (AMS, AS5045).
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B. Practical Consideration

There are four practical limitations that impede exact real-
ization of the conceptual design shown in Fig. 2(a). The first
stems from the difficulty of realizing an ideal cantilever support
Fig. 3(d), the second is caused by friction between the slider and
the leaf springs Fig. 3(c)—(e), the third is caused by backlash at
the output link, while the fourth is due to the friction between the
slider and the linear guides Fig. 3(b)—(e). These practical issues
were mitigated in the following way:

1) The ideal cantilever support used in the model [Fig. 2(a)]
was realized by roller-cantilever support, see Fig. 3(d)
and (e). This design was adapted to avoid sliding friction
as discussed below. Due to the introduction of the rollers,
the model (14) overestimates the motor force.

2) The roller bearings eliminate the undesirable sliding fric-
tion between the slider and the springs Fig. 3(d) and
(e). Due to the introduction of the rollers, the interface
between the slider and the rollers is only affected by rolling
friction, which remains low even if a large normal force
acts between the springs and the slider. Consequently, the
normal reaction force does not lead to high frictional force
and stick—slip effects in this actuator.

3) Backlash was observed at the output link when the actuator
was not loaded. In order to minimize this effect, the
distance between the rollers has been precisely defined
to reduce the free-play of the springs [Fig. 3(d)]. Alterna-
tively, one could make the distance between the rollers
adjustable. This design could be used to eliminate the
free-play between the rollers and the leaf springs.

4) Friction between the linear guides and the slider is re-
duced using linear ball bearings [Fig. 3(e)]. Reducing the
internal friction is essential in compliant actuators. This is
because friction leads to energy dissipation, which could
become dominant when considering intrinsically efficient
actuators. Using ball bearings and roller bearings, instead
of plain bearings, one can reduce friction by reducing the
coefficient of friction. However, rolling friction depends
on the normal forces in the actuator, similar to how sliding
friction depends on the normal force in plain bearings.
Eliminating these forces is not possible, but reducing them
in a way that does not affect stiffness modulation can
alleviate frictional losses.

The use of prestressed springs in variable moment arm ac-
tuators leads to persistent internal forces even if the actuator
is not displaced from its equilibrium configuration (¢ = 0).
These internal forces make many of the previously designed
variable moment arm actuators vulnerable to increased friction
and increased energy cost in practical application (see [17]
Section VIII). In the proposed actuator, the leaf springs are
not prestressed and internal forces are only present when the
output link is displaced from its equilibrium position (g # 0).
When the output link is not displaced (¢ = 0), the leaf spring
remains unloaded, and stiffness can be changed from near-zero
to near-infinity without resulting in losses due to the increased
rolling friction caused by internal forces. Indeed, the normal
reaction force between the leaf spring and the slider remains zero
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Fig. 4. Experimental data measured for ¢ € [0, 75°] and extrapolated to ¢ €
[—75°,75°]. Static electrical motor power over the workspace of the actuator.
The total power ps = pp + Ap is the sum of the baseline power pg ~ 1 W
(required by the supporting electronics) and the power required to hold a given
stiffness setting Ap.

in this case, regardless of the stiffness setting of the actuator, see
Fig. 3(d).

C. Characterization

In this section, we report: 1) the power required by the
actuator to hold stiffness under external load and no load; 2) the
speed of stiffness modulation; 3) the power required to change
stiffness under no external load, the power required to change
stiffness and do mechanical work under external load; and 4) the
energy efficiency of the actuator while changing stiffness under
load.

The reported experimental data reflect all the energy losses in
the actuator, including friction, which is challenging to estimate
using model-based calculations.

1) Static Motor Power: Fig. 4 shows the static electrical mo-
tor power p; < 2.25 W required to hold stiffness over the entire
workspace of the actuator (x,q) € [0, Zmax] X [¢min, Gmax] =
[0,0.08] m x[—75,75]°. The plot also shows the baseline
electrical power pg ~ 1 W taken by the electronics when the
motor was stationary & = 0, and the link was at its equilibrium
configuration (¢ = 0). The data indicate a low-static mechanical
power max Ap = ps — pg < 1.25 W in the entire workspace of
this backdrivable actuator. The power remains low even when
the output link is deflected from the equilibrium configuration
(¢ # 0) and regardless of the stiffness setting. This is due to
the particular way this actuator is designed, which prevents
the external load from propagating to the motor. For example,
Fig. 5(a) and (b) shows the behavior of the actuator under load
(=5N-m) at low- and high-stiffness settings. In both cases, the
right panel of the power supply indicates the voltage (24 V) and
the current (0.06 A) taken by the device. According to these
readings, the total electrical power is below 1.5 W.

According to the experimental data (see Figs. 4 and 5), the me-
chanical power (< 1.25 W) required by the actuator was nearly
the baseline electrical power (1 W) drained by the minimalistic
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Fig.5. Behavior of the actuator under =~ 5 N-m external load. (a) Low-stiffness

setting. (b) High stiffness setting. (c) Link angle ¢. (d) Slider position z (black
lines), step command (dashed lines). (e) Stiffness K (13) and the rate of change of
stiffness (inset). (f) Electrical power p; instantaneous power (gray lines), average
power (black lines). (¢)—(f) show the data of the same experiment repeated four
times.

electronics and the Maxon ESCON 50/5 motor controller [see
Fig. 3(f)]. Similar power consumption was previously reported
for a stiffness modulating mechanism used in [31], where the
output motion was limited to small angles (£12°), as opposed
to (£75°) in the proposed actuator (see Fig. 4). We note that
holding stiffness should require zero power by an ideal actuator
because in this task no mechanical work is done by the actuator
[18]. This theoretical limit has recently been approached by an
electro-adhesive clutch spring [49]. This clutch can be used
for ON—OFF type stiffness modulation when the spring is not
externally loaded (¢ = 0), but since neither the clutch nor the
spring can do work, the clutch spring cannot increase stiffness
when externally loaded (¢ # 0).
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2) Speed of Stiffness Modulation: Fig.5(c) and (d) shows the
behavior of the actuator under load (=~ 5 N-m) while the slider
is subject to a step command. At the minimum position of the
slider [see Fig. 5(a)], the stiffness of the output is low for this task
(=6 N-m/rad). This is why, despite the low damping, the motion
of the joint appears to be over-damped (see Fig. 5(c) ¢ € [4, 5] s).
When the position of the slider is at its maximum [see Fig. 5(b)],
the stiffness is high (= [7700, 7875] N-m/rad) and the output link
is close to being rigid. In this case, the joint is under-damped
and exhibits fast oscillations (see Fig. 5t € [7,10] s). According
to Fig. 5(d), changing from minimum to maximum stiffness
or vice versa is relatively slow, i.e., it requires ~ [0.7,0.8] s.
This may suggest that fast stiffness modulation is not attainable.
However, due to the approximate inverse square relation (17)i.e.,
dK(0,7)/dz|s1, o (1 — 2/L)~2, the stiffness can be changed
rapidly (18) in high stiffness domains [see Fig. 5(e)], even if the
slider moves slowly [see Fig. 5(d)]. In turn, the rapid change in
stiffness results in under-damped oscillations as the output angle
returns to the equilibrium position (see Fig. 5 ¢ € [7,10] s). A
faster motor could provide faster slider motion and thus a faster
overall stiffness change in this actuator. However, increasing the
speed of the motor would require more power, regardless of the
design of the actuator.

3) Power to Change Stiffness and do Mechanical Work:
Fig. 5(e) (t € [1,2]s and t € [4,5] s) shows that the average
electrical power (p = ps + Ap € [7.8,8.2] W) required to in-
crease or decrease stiffness under no-load is higher than the
largest static power (2.25 W). The difference between these
numbers depends on the speed of the motor; it can be lower
if the motor moves slower, and can be higher if the motor
moves faster. Fig. 5(e) also shows that increasing stiffness under
load requires power. For example, in the experiment shown in
Fig. 5(e) t € [7,8] s, the increase in stiffness generates output
force. In order to generate this force, the actuator requires power
(on average p ~22 W). This is the electrical power required to
hold stiffness, move the slider, and deform the spring. We note
that this power depends on the mechanical requirement imposed
by the task i.e., here it is to lift the weight [see Fig. 5(a) and (b)].
This mechanical requirement cannot be reduced. This is why a
controllable clutch attached to a spring [49] that cannot do net
mechanical work, would not be able to perform this task.

4) Energy Efficiency of Stiffness Modulation: Energy effi-
ciency is defined by the ratio of the mechanical power at the
actuator’s output and the electrical power at its input. Factory
specifications of electric motors report the largest efficiency
obtained under a nominal, constant speed, operating condition.
This efficiency is % = 89% for the motor used in the present
actuator. However, constant speed operation is uncommon in
applications, and as such a typical efficiency is considerably
lower when it comes to robotic applications. For example, an
energy-efficient quadrupedal robot locomotion was character-
ized by nn = 24% according to a recent report [50]. This seem-
ingly low efficiency is comparable to the maximal efficiency of
a human muscle nin® = 29% [51].

The energy efficiency discussed above has not been reported
for prior variable stiffness actuators [17], [31]. Also, this
efficiency cannot be defined meaningfully when stiffness is
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modulated at the equilibrium position, because, in that case, the
output mechanical power of the actuator is zero [18]. Neverthe-
less, the efficiency of stiffness modulation can be defined for a
task where the actuator is externally loaded, and the stiffness is
increased from a low to a high value. In this case, the efficiency
is defined by the ratio of the mechanical energy output F,,
and the electrical energy input E. i.e., n = (E,,/E.) x 100%.
This efficiency is not the maximal efficiency of the actuator, but
instead, it is the typical efficiency associated with the considered
task. Also, this efficiency includes all the losses in the actuator;
the energy losses in the ball screw, bearings, gearbox, motor,
and the losses in the supporting electronics.

In order to calculate n = (E,,/E.) x 100%, we revisit the
experiment shown in Fig. 5(a) and (b) and (¢)—(e) t € [to,t1] =
[7,7.6] s. In this experiment, the stiffness was initially low and
the output was deflected from the equilibrium ¢(tg) ~ 37° =
0.65 rad (see Fig. 5(c) tg = 7 s). Subsequently, the motor was
used to increase the stiffness (see Fig. 5(d) t € [7,7.6] s). Due
to the increase in stiffness, the output link moved back to
the equilibrium position ¢(t1) = 0 (see Fig. 5(c) t; = 7.6 s).
The electrical energy input was calculated by the integral of
the measured electrical power F, = f:ﬂl [p(t)|dt = 13.9 J [see
Fig. 5(e)]. The mechanical work was calculated by the neg-
ative potential energy difference between the initial and the
final configuration FE,, = mgL[sinq(t1) —sinq(tg)] = 2.1 x
9.81 x 0.25sin(0.65) ~ 3.1J. Based on these calculations, the
efficiency was estimated® 7 ~ 22%. This efficiency is similar
to the previously reported typical efficiency for state-of-the-art
quadrupedal walking robots (24% [50]), and is comparable to
the maximal efficiency of human muscles (29% [51]). With
further design optimization [52], we foresee higher efficiency
achievable with this actuator.

V. STIFENESS AUGMENTATION

In various natural tasks, including standing and locomotion,
weight-bearing, and postural stabilization are vital. Closed-loop
force control and open-loop stiffness control are both viable
approaches to achieve these tasks. Humans are able to utilize
both of these control modalities, and it has been shown [12] that
they may prefer one over the other, depending on the control
task.

It has been previously argued that the ability of humans
to cope with challenging stabilization tasks, under inevitable
feedback delays of a biological motor-control system, is funda-
mentally limited [10]. Theoretical studies have also shown why
modulating the output stiffness of compliant actuators through
force-feedback, is not only energetically expensive, but severely
limited if the passivity of the overall closed-loop system is to be
preserved [53]. While the challenges in providing stable and
passive response of feedback controlled dynamical systems can
be avoided using open-loop stiffness control, modulating joint
stiffness through biological antagonistic actuators is energeti-
cally expensive.

3This efficiency is lower than the upper bound calculated based on factory
specifications 1max = 67% (see Section IV-A).
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In the previous section, we showed how to avoid this lim-
itation using a nonbiologically inspired actuator that enables
open-loop stiffness modulation with low energy cost. Here, we
present experiments to test the suitability of our actuator in
low-energy-cost and high-range stiffness augmentation. In these
experiments, the actuator was used in parallel to a human to
realize a stabilization and a weight-bearing task. We consider
these to be two canonical tasks. During the experiments, the
behavior of the device was characterized by its output position
q, output stiffness K, restoring torque 7, and the motor power
p required to modulate or hold the stiffness setting. Human*
response was quantified through measurement of muscle surface
electromyography (EMG) [54].

Raw EMG signals indicate muscle activity; their magnitude
is related to the joint torque, joint stiffness, and metabolic
power expended by muscles. However, the relation between
EMG signals and joint stiffness, torque, and muscle power is
nonlinear and challenging to define precisely. In order to provide
an estimate of these quantities, the measured EMG signals were
processed i.e., rectified, filtered with a 5-100 Hz bandpass filter,
and a zero-lag | s moving-average filter, and finally normalized.
As a first approximation, we assumed that the processed EMG
signals corresponded to the two position inputs x; and x5 of
the antagonistic actuator shown in Fig. 1(a). Consequently, the
stiffness of the human limb, the restoring joint torque, and the
muscle power are proportional to: K < x1 + 22, T X X1 — X2
and p o (1 4 x2)*, respectively. These formulas were used to
provide a qualitative interpretation of the experimental data in
the following way:

1) stiffness is an increasing function of antagonistic muscle

coactivation,

2) joint torque depends on the difference of the antagonist

and agonist muscle activation, and

3) power is an increasing function of muscle activation.

In the experiments below, we rely on this interpretation to
understand the contribution of the human when augmented with
the actuator.

A. Postural Stabilization Task

In the following, we report experimental data obtained for
two subjects (subject A—female: age 22 year, mass 63 kg,
height 1.66 m and subject B-male: age 21 years, mass 88 kg,
height 1.80 m). In the first experiment, subjects were asked to
keep the inverted pendulum in its unstable vertical configuration
[see Fig. 6(a) and (al)]. The actuator was also connected to the
inverted pendulum setup and depending on its stiffness setting,
it could help subjects achieve the task.

At the beginning of the experiment (¢ € [33, 53] s), the stiff-
ness of the actuator was set to minimum [see Fig. 6(a2) and (a3)
black lines]. In this case, the vertical equilibrium of the pendu-
lum was strongly unstable and active involvement of the subjects
was required to keep the pendulum in an upright position. This
is evident from the EMG recordings [Fig. 6(a2) blue and red

4Participants provided written informed consent before the experiment. The
study protocol was approved by the Institutional Review Board at the Singapore
University of Technology and Design.

lines]. In this case, the task was realized by the human and the
energy required by the actuator was low [Fig. 6(a4) black lines].

In the second part of the experiment (¢ € [63,83] s), the
stiffness of the actuator was increased until the actuator alone
could achieve the task [Fig. 6(a2) and (a3) black lines]. Through
this adaptation, the muscle activity of the person [monitored
by the EMG recordings Fig. 6(a2)] decreased. When stiffness
changed (transient ¢ € [53,63] s), the actuator consumed more
power [Fig. 6(a4) black lines]. However, holding the stiffness
to stabilize the task by the actuator alone required low power.
Fig. 6(a3) (t = 63 s) also shows rapid stiffness change indicating
the capability of the actuator to realize fast stiffness modulation
at high stiffness settings.

This experiment illustrates how the proposed actuator com-
plements the human when the task is to achieve postural stabi-
lization with low energy cost.

B. Weight-Bearing Task

In the second experiment, the same setup was connected
horizontally to a desk [Fig. 6(b)], and subjects were asked
to keep the position of the output link fixed. Unlike in the
first experiment, here the actuator was operated away from its
equilibrium configuration [Fig. 6(bl)], and the task required
output torque [Fig. 6(b2) and (b3)]. At the beginning of the
experiment (¢ € [0, 23] s), the device was set to a high stiffness
mode. Under this setting, the output link was deflected due to
the effect of gravity. Maintaining this configuration [Fig. 6(b1)
dashed lines] required relatively low power by the actuator and
minimal involvement by the subject [Fig. 6(b4)].

Subsequently, the stiffness of the device decreased to its
minimum value (transient ¢ € [23,33] s). When stiffness de-
creased, keeping the output link at its original position required
substantial involvement of the human. In particular, the EMG
recordings show higher activation of the agonist (biceps) muscle
[Fig. 6(b2) blue and red lines], indicating that fulfillment of
this task required torque [Fig. 6(b3)]. This experiment illustrates
the ability of the proposed actuator to complement a human by
providing stiffness augmentation even if the actuator is deflected
from its equilibrium configuration.

In the experiments above, stiffness modulation of the subjects
could have emerged due to the mechanical requirement of the
task, low confidence level of the human, or due to an unnatural
posture of the limb while interacting with the robotic setup.
According to Fig. 6(a), (a2), (a3), cocontraction of the muscles
emerged while the load imposed on the limb was the same
and the posture of the limb did not change, indicating that the
observed cocontraction was strongly related to the mechanical
requirement of the task. This is because, without substantial
involvement of the subject, the considered tasks were not re-
alizable. Despite this, the interaction of the human and the
robotic device is complex. For example, the reason for the rapid
stiffness adaptation, observed in the stabilization experiment
under changing mechanical demands, is not well-understood.
Further investigation of this effect requires an extensive human
study, which is beyond the scope of this article.
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(a) and (b) Stabilization and weight-bearing tasks. The experiments were performed by two subjects (A and B). Each experiment was repeated five times.

The data were subsequently averaged and normalized across the five trials. These data are shown in the plots. (a) Experimental setup for the stabilization task.
The setup contains the actuator (I), the link (II) OH=0.4 m, and the mass (IIT). The mass was 2.5 kg for subject A and 3.75 kg for subject B. The setup was made
strongly unstable by the preextended spring (IV) shown with gray. The spring generated a destabilizing negative torsional stiffness (—70 N-m for subject A and
—110 N-m for subject B). (b) Experimental setup for the weight-bearing task. This setup did not contain the destabilizing spring. (al) and (b1) Joint angle (blue
and red lines) and the target joint angle (dashed gray, blue, and red lines). (a2) and (b2) Processed biceps (solid lines) and triceps (dashed lines) EMG signals
indicating muscle activity during the experiment. The same figure contains the normalized slider position (black lines). (a3) and (b3) Normalized joint stiffness
provided by the actuator (black lines) and the human subjects (blue lines). The normalization for the human data is done with respect to the maximum value of the
signals excluding the transient (shaded gray area). (a4) and (b4) This plot shows the normalized motor power by the actuator (black lines) and the estimated power

by the subjects (blue and red lines).
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VI. CONCLUSION

The idea of human augmentation with robotic devices is not
new [55]. Robotic systems designed for this purpose have been
developed by many [3], [56]-[58]. The use of control-generated
active compliance [59], or passive physical compliance [45],
[46], has been recognized as essential in these systems for
decades. Compliance is vital to maintain a desirable interaction
between the robot and the environment [13], essential to realize
a safe human—robot interaction [14], and useful to achieve dy-
namic behavior [15], [16]. Furthermore, with physical human—
machine interaction, it vastly simplifies the coordination of
natural and artificial degrees-of-freedom [13]. However, though
there have been a number of new developments in this area over
the last decade, especially in the design of different types of
compliant actuators [19]-[21], it remains challenging to realize
effective human augmentation in practical applications.

Series elastic actuators [45] introduce series compliance into
the system, a spring placed between the motor unit and the
external load, and are capable of modulating the elastic force
at the actuator’s output using motor position control at its input.
These actuators can provide a compliant interface between the
robot and the human. This has been recognized as useful in
safe human-robot interaction and rehabilitation [60]. These
actuators can also store and reutilize elastic energy, and as such
enhance power performance over and above what is achievable
using rigid actuation [61], [62]. However, series elastic actuators
are designed for equilibrium position modulation, and as such,
to actively modify the apparent output stiffness, they require
closed-loop feedback that can be energetically expensive, and
limited by the stability of the controlled system [53].

Variable stiffness actuators [46] are characterized by an open-
loop tunable force—displacement relation. In order to provide
both equilibrium position and stiffness modulation, these ac-
tuators employ motor redundancy and geometric or material
nonlinearity by design [43]. For example, by modulating the
internal geometry of a variable stiffness design via two position
control inputs, these actuators are able to provide a range of equi-
librium positions and stiffnesses at their output [15]. However,
due to mechanical design, changing the output stiffness of these
actuators can be energetically expensive [17], [18]. Furthermore,
since these actuators aim to achieve both equilibrium position
and stiffness modulation, their design can be more complex, and
consequently, less well-suited to develop minimalistic devices
aiming to provide human augmentation [1], [23], [48], [63].
Due to these reasons, as of now, the use of variable stiffness
actuators for simultaneous equilibrium position and stiffness
augmentation remains limited in human augmentation.

In this article, we presented a variable stiffness spring actuator
capable of wide-range stiffness modulation with low energy cost.
When used in parallel to a human (see Section V), this actuator
can provide controllable stiffness augmentation. In this way, it
can reduce metabolically expensive muscle coactivation even if
it does not provide equilibrium position modulation and does not
do net mechanical work. Compared to series elastic actuators, the
proposed actuator provides open-loop tunable output stiffness
over a large range. In this way, it bypasses stability issues
affecting devices that implement closed-loop force control to

realize active stiffness modulation. Compared to variable stift-
ness actuators, the proposed actuator does not provide equi-
librium position modulation. Consequently, a variable stiffness
spring actuator does not require two motors for redundant ac-
tuation and may afford reduced-complexity design realization,
essential for controllable autonomous human augmentation.

Examples of reduced-complexity designs of tunable variable
stiffness spring actuators have been recently developed [23],
[251, [27], [28], [48], [63]. In [48], a fiberglass leaf spring was
used to develop a variable stiffness ankle prosthesis that weighs
1 kg (not including battery). In [23], a lightweight 1 kg variable
stiffness knee exoskeleton has been developed with on-board
power that weighs 1 kg (including battery). In [63], the authors
presented a variable stiffness ankle, which weighs less than 1 kg
(including battery). These works show how design optimization
may enable a compact, wearable, and portable implementation
of variable stiffness spring actuators.

APPENDIX

In this section, we derive the horizontal reaction force in the
sliding cantilever support (9). Fig. 7 shows the slider modeled by
two parallel plates within a small finite distance A. The reaction
forces Ry and R are applied by the slider on the leaf spring,
while I, F,,, and M are the forces and the moment, which
represent part of the beam outside the slider.

In static equilibrium, the following equations hold:

Ry — Rycosf+ F, =0
Rosind+ F, =0
M—Rlazo

(24)

where 0 is the deflection angle of the beam as shown in Fig. 7.

Using the Bernoulli-Euler equation, and assuming that the
gap between the two plates is A, and the deformation angle 6
are small enough to apply small deflection approximation, the
relation between the geometry of the support and the reaction
forces are given by the following:

Ria? B Ma? - Ria? ~ Ma
6EI  6EI’ = 2FEI  2EI’
In order to determine the axial reaction force in the ideal slider
support, F, is calculated as the gap between the two plates

A tends to zero. Using (24) and (25) under small deflection
assumption (sin # =~ 6 and cos 6 ~ 1) we obtain

A= 6 (25)

F, = kgrb —Rysinf ~ kgrbf(Rl + F,)0
| M [BMA) M
S a-0 |2B1 UV 2BI | 2EL (g6

This relation is used to calculate the dimensionless axial reaction
force in the sliding support (9).

Taking the limit A — 0 in (26) allows us to predicts the
deformation of the neutral axis, and the forces in the spring.
This assumption does not imply that the second area moment
1 of the spring is zero. The assumption A — 0, together with
other standard assumptions used in the Bernoulli-Euler beam
theory, make the analytical expressions presented in this article
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reasonably simple, but they also make the analytical expressions
approximate. For this reason, we used the models to provide
qualitative predictions, while we used experiments to verify and
quantify these predictions. The experiments are not subject to
modeling assumptions.
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