Elastic Structure Preserving Impedance Control of Bidirectional
Antagonistic Variable Stiffness Actuation

Xuming Meng, Manuel Keppler and Christian Ott

Abstract— We propose an impedance controller for artic-
ulated soft robots implemented by bidirectional antagonistic
variable stiffness (BAVS) actuation, where two motors are
connected via nonlinear elastic elements to a single link allowing
for a joint stiffness modulation. Naturally, the highly elastic
elements introduce undesired oscillatory dynamics into the
plant. To address this problem, we present a controller that
allows to impose a desired link-side stiffness and damping
behavior while preserving the intrinsic inertial elastic properties
of the system. This allows us to solve the global asymptotic
regulation problem while simultaneously imposing a desired
joint stiffness preset on the BAVS actuator. We provide a
passivity and stability analysis based on a physically motivated
storage and Lyapunov function. Experimental results on the
underarm BAVS joint of DLR David validate our control law.

I. INTRODUCTION

In recent years, soft robots or robots with compli-
ant elements have attracted increasing attention. The soft-
mechanism design enables the robot to attain natural dynam-
ics [1], [2], energy-efficient locomotion [3], [4] or a safer
human-robot-interaction in uncertain environments [5]-[7].
One category of the soft robots, whose structure comprises
rigid parts (similar to skeletons) and compliant joints (gener-
ating analogous effects of muscles and tendons), have gained
high popularity. They integrate a highly elastic element in
the drive chain, e.g. Series Elastic Actuators (SEA) [8],
Variable Stiffness Actuators (VSA) [9] [10] with advantages
of large impact tolerance [10], low reflected inertia and
energy storage for the explosive motions. As a consequence,
numerous methods were developed for controlling such
robots with elastic joints in terms of regulation or tracking
tasks, e.g., PD-regulator with gravity compensation [11] [12],
feedback linearization [13] [14], backstepping [15]. Recently,
control methods based on inverse dynamics [16] and linear
quadratic regulator [17] have been developed for VSA that
allow the active variation of the mechanical stiffness. In
[18] [19], passivity-based control laws are proposed and
showed excellent performance for the impedance control on
the robots with relatively stiff joints. However, the reduction
of the joint stiffness by several magnitudes rendered previous
state-of-the-art approaches not satisfactory. For those highly
elastic robots, our previous work [21] introduced a passivity-
based control approach to accomplish regulation and tracking
tasks by injecting the damping directly on the link side,
while the elastic structure of the plant is preserved. Later, we
extended this work to an impedance controller, i.e., an Elastic
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Fig. 1. The anthropomorphic robot David [20]. The forearm rotation joint
and wrist joint are implemented with Bidirectional Antagonistic Variable
Stiffness (BAVS) joints. A schematic diagram of the BAVS joint is depicted
on the right.

Structure Preserving Impedance Control (ES7-Control) [22],
by implementing impedance control [23] for the Floating
Spring Joints (FSJ) [10]. Experiments demonstrated good
interaction performance with the environment for the joint-
level and Cartesian impedance case. In [24], an extension
of the ESP concept to Bidirectional Antagonistic Variables
Stiffness (BAVS) is reported that solves the output regulation
problem, while simultaneously allowing to adjust the passive
stiffness of the joints. In this work, we generalize ESPm
controller to BAVS actuator, which are implemented in the
forearm and the wrist of the elastic humanoid robot, David
cf. Fig. [Tl Compared to [24], the presented solution allows
for greater freedom in shaping the interaction behavior of a
BAVS actuator by allowing the implementation of a desired
impedance behavior directly on the link.

In the following, this paper starts with an introduction
to the working principle and characteristics of BAVS joints
in Section [} In Section [ITI] to [V] the generalization of
the ES7 controller with desired closed-loop link and motor
dynamics is illustrated. Thereafter, analysis of the passivity
and stability are discussed in Section [V] At last, we present
experimental results in Section [V]| that validate the proposed
control in achieving a desired link-side compliance behavior.

II. ELASTIC TORQUE AND STIFFNESS IN BAVS JOINTS

The elastic humanoid robot David incorporates several
different variable stiffness actuators [25]. The first four
joints, namely three shoulder joints and one elbow joint,
are implemented by FSJs [10]. Two motors of different
sizes, with one adjusting the stiffness preset and the other
providing torques on the link. For the remaining three joints
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of the arm: the wrist (2-DoF) and the forearm rotation (1-
DoF) are implemented by BAVS joints [26] [27] with more
compact size compared to FSJs. Compared to the well-
known antagonistic mechanism with positive tendon-force
constraints [28], both motors of BAVS joints can either push
or pull on the joint [26]. Figure [I] shows a simplified BAVS
joint on the forearm rotation joint. The nonlinearity of the
elastic element is achieved by a cam disc designed with a
non-linear profile (not depicted here). The cam mechanism
actuates a linear spring connected with one motor. Co-
contracting the springs by the motors causes a change in
stiffness, and asynchronous motion applies torque on the link
[26]. The two motor coordinates are described by 6;, with
i =1,2. The link coordinate is represented by ¢, cf. Fig.[l}
The general form of elastic torques and stiffness of the BAVS
actuation is derived from a positive definite potential function
Ui(0; — q) : R — RT for each of the two nonlinear elastic
elements, which is assumed at least three times differentiable,
and its gradient, the elastic torque 7; : R — R is a strictly
monotonic increasing function, written as

_ U0 — q)
N a0;

The link-side elastic torque 7 : R? — R is obtained from
the elastic potential U; as follows

(0 —q) : . (D
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oU;(6; — oU;(0; —
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and, thus, can be rewritten as the superposition of the two
elastic torques

Y1 —q,00—q)=—11(h —q) —72(02—q) (3)
The stiffness k; : R — R™ is always positive, denoted as

010, —q)
o 00;

The physical link-side stiffness x : R? — R is the gradient
of the link-side torque %, given by

_W_
-5 =

The link-side torque and stiffness for David’s forearm BAVS
joint are depicted in Fig. 2] The pretension of a BAVS joint is
determined by the motor position difference o = 61 — 65. A
detailed explanation can be found in [26]. The colored lines
in top and bottom plots of Fig. [2] represent the feasible range
of the link-side torque and stiffness when o for three different
pretension levels. The mechanical feasible range of the link-
side torque 1 and stiffness « is reduced with increasing o.
This features will be utilized in Section

ki(0i — q) : >0. “4)

k(0 —q,02 —q) : k(6 —q) + ka(02 —q) . (5)

III. CONTROL OBJECTIVES

The main goal of designing an ES7 controller is to let
the soft robot achieve a desired compliant behavior when
interacting with the human. We consider a model of 1-DoF
robot dynamics with one BAVS joint integrated. It is assumed
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Fig. 2. The elastic torque % and local stiffness x in two deflection
coordinates 6; — g. The maximal deflection is |0; — ¢|maz = 15.5 [deg].
The color lines represent the feasible region of 1) and , when the the motor
coordinate difference, i.e., 0 = 1 — 02 [rad] is set as a constant. The two
small sub-figures depict ¢ and x with the corresponding o in the coordinate
61 — q respectively. The blue line with the largest motor preset (absolute)
value has the smallest feasible range of the torque and stiffness.

that the coupling effect of link inertia and motor inertia is
neglectable, which is satisfied for e.g., highly geared motors
[29]. The two motor coordinates and the link coordinate are
described by 61, 62, and ¢, respectively. The actuator has
two motors with identical inertia B which is coupled with
the nonlinear elastic elements 7; and 75 to the link inertia
M. The gravitational force g(q) acts on the link side. The
system dynamics together with (I)) and (3)) is written as

Mg+ g(q) +¢(01 —q,02 — q) = Tear (6)
Bby +11(01 —q) = uy (N
BéQ—FTQ(GQ—Q):UZ s ®
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Fig. 3. Schematic diagram of a simplified single joint implemented with a
BAVS joint in (a) the original dynamics and (b) the closed-loop dynamics
achieved by implementing the ES7 controller.

where u; is the ¢-th motor torque input, which serves as
the control input. The original system dynamics is shown
in Fig. B[a). Only the motor coordinates ¢; and 65 can be
directly actuated by the physical motor inputs uq, us. The
link coordinate g can only be indirectly actuated by the link-
side elastic torque 1. Therefore, this form of under-actuation
shows the major challenge in control of the state (g, §).

Based on our aforementioned goal of the impedance con-
troller, a desired closed-loop system dynamics is shown in
Fig. 3[b). The target closed-loop dynamics can be expressed
as

M§+ Dyg+ Kq(q —qa) +¥(m — ¢,m2 — ) = Tear, 9)
B*ijy + 11(m — q) = 10,1 — Dy, (10)
B*ija + m2(n2 — q) = 70,2 — Dy 272, (11)
Yim —q,m2 —q) = —n1(m —q) — 722 — q).
(12)

Firstly, we obtain a desired closed-loop link-side dynamics
@) by adding a spring K, and a positive damping Dqﬂ
to the original link inertia M, cf. Fig. [3|b). The link-side
equilibrium is given by ¢ = g4,¢ = 0. In (I2), the virtual
link-side elastic torque ¢ has an identical form with (3) in
the original physical system. It is important to notice that the
desired dynamics utilizes a different set of motor coordinates,
i.e., 7; instead of 6;, such that the virtual link-side torque v

I'We assume Ky and Dy to be constant for simplicity.

is also based on these coordinates. The transformation from
the old motor coordinate 6; to the new virtual coordinate
n; will be concretely illustrated in Section One can
shape the physical motor inertia from B to a scaled-down
inertia B* [19]. Meanwhile, the link-side stiffness behavior

of the closed-loop system, defined by AT"“ 70, should

equal the demanded stiffness K. Secondly, we add two
positive damper terms D, ; on the motor side to suppress the
oscillation. Finally, we add additionally two constant feed-
forward terms 7o ; and 7p 2 for generating internal torques.
We require that change of the motor pretension should not
affect the desired link-side closed-loop dynamics (9). Thus,
the relation

70,1 + 702 =0, (13)

should be always fulfilled. We summarize the system state
vector in z = [¢ m M ¢ M f]g}T. The unique
system equilibrium when 7.,; = 0 is given by

T
Zeqg=[0a Mma mM2a 0 0 0 (14)

IV. CONTROLLER DESIGN

In this section, achieving the desired closed-loop dynamics

O)(IO)(TT) from the original system dynamics (G)(7D(8) is

illustrated. Firstly, the coordinate transformation from the
original motor coordinate ; to the new virtual coordinate
n; is introduced. In the following text, we use (-) notation to
represent the function which has identical formulation with
the old one (-) but now written with the new argument 7;.

A. Coordinate Transformation
By comparing (@) to (6), we get
D(01 — q.02 — q) :==v(m — q,m2 — q)
—(9(q) — Kq(q — qa) —

=Taq

Dyqq) , (15)

where the term g(g) cancels the effect of the gravity. In
fact, 74 has the same form as a classic impedance controller
with gravity compensation for rigid-body robots. The new
motor coordinates 7; and 75 reflect the desired link behavior.
However, by imposing only (T3), there is an infinite number
of solutions for the two virtual motor coordinates. For a
unique mapping from the old coordinate 6; to the new
one 7; for both motors, an additional constraint is required.
Theoretically, we can arbitrarily design a constraint to obtain
the unique solution of 7;. In Section [[I, we have mentioned
that the motor stiffness preset ¢ = 61 — 0 has physical
meaning for altering the motor pretension. Inspired by that,
we impose a simple kinematic constraint in the form

m—mnz =01 —02, (16)
i.e., the difference of new coordinates should be the same as
the old one. Therefore, the new coordinate 7; and 7y can be
uniquely determined from and (T6). Next, having the



time derivative of (T3) and (T6)), the velocity of the original
motor coordinate is written as
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We take time derivative of (I7) again to obtain acceleration
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respectively. Therefore, the relations (I3)-(I8) lead to a
motor coordinate transformation for the motor dynamics

(@), written in matrix-form

w( All]+a) < [2G00] - [

B ) T u

Now, the control input is chosen as

w=Ba+1-BAB'( || +D,5— ™) , @2
T2 70,2
~——

T T0

where D, = diag(D, 1, D, ) € R**? is a positive definite
diagonal damping matrix, and T is a constant internal torque
term for setting motor pretension. The diagonal matrix B* =
BB is the scaled motor inertia. Generally, the scaling factor
is chosen by 8 € (0,1]. The motor inertia shaping can be
regarded as linear amplification of feedback signals, i.e., the
virtual spring torque 7 and motor-side damping term D,,.
Therefore, by giving (22), the desired closed-loop system
dynamics (9)-(TT) is achieved.

B. Setting Motor Pretension by o4 and qq

We can use desired motor stiffness preset o4 for achiev-
ing a desired motor pretension. Substitute the system
equilibrium (T4) into (TOD(TT), the feedforward terms can be
uniquely determined by

Toa = T1(M,a — qa) (23)
To,2 = T2(12,d — qa) - (24)
Substitute 23)(24) into (13), we get
Yo(M1,d — qa>M2,d — 4a) = Toq +To2=0.  (25)
By solving (23), we have
M,d+ N2,d = 2qa - (26)

Now, we want the two virtual motor coordinates to hold a
constant o,

M,d — N2,d = 04 - 27

which is equivalent to §; — 65 = o4, due to (I6). By solving
for 1 and 7 with (26) and 27), the equilibrium of virtual
motor coordinates 71 4 and 772 4 are now written as functions
of o4 and gy

1

M,d =qd + 5%d (28)
1

2.d =4d ~ 50d - (29)

As we mentioned at the beginning of this section, by just
replacing 6; with n; in (@) and (3), we get the virtual
torque and stiffness profiles in the new coordinate, since the
virtual elastic torque v shares the same formulation with
the physical ¢, cf. Fig. 2] Thus, the solution (26) can be
represented by the black dashed line in Fig. 2] as well. The
location of the intersection point, e.g., where the purple line
and the black dashed line intersects, denotes the equilibrium
(14) of the closed-loop system when we command stiffness
preset o4 = 0.1 [rad].

C. Achieving Desired Link-side Stiffness

By introducing the new virtual coordinate 7;, the link-side

3 ATeqy
stiffness N

4=da should be equal to the commanded K.
=

1:=0
The proof is shown is the following:
Proof. A constant external force 7.,; # 0 is now acting on
the link side of a stable closed-loop system , the system has a
new stable state (¢ = ¢*,m1 = n{,m2 =15,4 =G =0,1; =
7j; = 0). Substitute the new state into @]) we have

Kq(q* — qa) +¥(nf —

Since the motor pretgnsion To,1 and T o still hold constant,
the link-side torque ¢ still holds the relation in (23)), i.e.,

5 —q) = Teat - (30)

v(ni—q¢\m;—q) =0 3D
Thus, by substituting 3I)) into (30), we have
Ky(q" — qa) = Teat - (32)



We finally substitute Aqg = ¢* — gq and ATepy = Teze — 0 in

(32). we get

ATeqt - K

= K, (33)

O

V. PASSIVITY AND STABILITY ANALYSIS
A. Passivity

In the following, the passivity property of the closed-loop
system with the external human interaction forces 7¢;; # 0
is analyzed. Following the physical design approach, we can
use energy-based storage functions for the link and motor
dynamics (9)-(TI) with respect to the reference dynamics,
formulated as

1o 1

Sq = 5M¢* + 5Kq(a—aa)” G
Lo oo g o o

Sy = 5Bif + 5 Big + Ui ie,d) . (35)

where U (71, 72, G) is the potential energy difference written
in the deviation coordinate. The deviation terms are defined
by 7 := 1 — 1,4 and ¢ := g — q4. The total virtual kinetic
and potential energy of the closed-loop system is written in
S = Sq+ S, The time derivatives of the storage function is
formulated as

Sq = (Text — qu-2 + 1/_}‘1 )

. . . .2 .2 T .

Sy = qTo.1 + 4702 — Dypaii — D2ty — 94

.9 ) .
= —Dypani — Dyony — 94,

where 1 represents the power exchange within the motor
and the link dynamics, and ¢7.,; reflects an external power-
interconnection between the system and the environment.

Due to (T3), the two feedforward terms are always canceled,
ie., q7_'071 + q7_'072 =0.

(36)

(37

Proposition 1. The closed-loop system (9)-(T1) represents a
passive map from external force T, to the velocity q.

Proof. The time derivatives of the closed-loop system yields

to
Sq + Sn = qTewt - Dn,lﬁ% - D77727;]§ _qu2 < qTewt . (38)
O

B. Stability

In this section, the stability analysis of the closed-loop
system (9)-(T1) with free motion 7.,; = 0 is introduced.

Proposition 2. The equilibrium point (14) of the closed-
loop system, in absence of external force Teq:, is globally
asymptotically stable.

Proof. Choose the Lyapunov function candidate with the
same storage function V' (z) = S, which is a positive definite

function. Its time derivative is given by
V =Dy — Dya2iy — Dyg> <0, (39)

which is a negative semi-definite function. With LaSalle’s
invariance principle, V = 0 can be achieved only if ¢ = gq,

M = N1,d, N2 = N2,d» 11 = 72 = ¢ = 0. Furthermore, if the
state vector ||z|| — oo, the storage function is then radially
unbounded, i.e., V(z) — oco. The system equilibrium (T4) is
thus globally asymptotically stable. O

VI. EXPERIMENTS

In this section, we present an experiment for validation of
the proposed impedance controller when the human interacts
with the system. The experiment is performed on the rotation
axis of the forearm of David robot, with a BAVS joint inte-
grated. The experiment setup is shown in Fig. ] The modal
damping factors &, and &, of the link and the motors are
chosen in a similar way with [30] for the design of damping
factors Dy = 2§,/ K M and D, ; = 2§n\/E¢B*, where k;
is the stiffness written in the new coordinate 7;. A motor
friction observer [31] [32] is implemented during all trails.
The user exerts the torque on the link, cf. Fig.[5] The external
force 7., is estimated by a momentum based observer [32].
By varying K, from 5 to 50 [Nm/rad], we conducted the
experiments with two stiffness presets o4 = 0.1 [rad] and
o4 = 0.3 [rad], respectively. All parameters are summarized
in Tab. m Note that, the larger stiffness preset o4 is, the lower
peak external torque T.,; the human interaction force can
reach. It is due to the feasible range of the link-side elastic
torque is reduced by increasing motor stiffness preset as
well, e.g., compare the maximal torques between the stiffness
preset o4 = 0 [rad] (the red line) and o4 = 0.1 [rad] (the
purple line) in Fig. 2] During the experiments, the physical
link stiffness « is recorded at the same time, cf. Fig.

The relation between the external force 7.,; and the link-
side error ¢ is depicted in Fig.|6| The link-side stiffness Ag—eq“
(colored and gray lines) is approximated by the ramp of a
linear regression model (black dashed lines). The comparison

Fig. 4. Experiment setup for the impedance behavior w.r.t. the human
interaction. The forearm of the elastic robot David in the initial configuration
q = qq. The other joints (shoulder and elbow) are controlled with our
previous ESP-Controller [30] to avoid unnecessary oscillations from other
joints.

TABLE I
PARAMETERS OF CONTROLLER

No. Ky 2] &q &n B
[Nm rad—1] [rad]

1 5 0.1/0.3 05 0.1 0.3

2 15 0.1/0.3 05 0.1 0.3

3 25 0.1/0.3 05 0.1 0.3

4 50 0.1/0.3 05 0.1 03




External torque 7.,; [Nm]

Time s

Fig. 5. Estimated external torque 7egz¢ acts on the BAVS joint, when the
commanded o4 = 0.3 [rad]. The color lines represent the filtered estimated
external torque with corresponding commanded K. The two time points
to and t; for each trail are defined by the start and end time when the
external force Tez¢ is in a positive period.

oq = 0.1 [rad]

External torque 7.,; [Nm]
o

2F —K,=5
7777777777777777 —K,=15
3+ K,=25
—— K,=50
4 i
-50 -40 -30 -20 -10 0 10 20 30 40 50
Link-side error ¢ — g, [deg]
Fig. 6. External torque 7eq¢ vs. link deflection § = g — g4. The color

lines represents the external torque with different commanded K, when
the stiffness preset is o4 = 0.1 [rad]. The gray lines in the blue area
denote the trails when the stiffness preset is o4 = 0.3 [rad]. The stiffness
preset only affects the feasible range of the link deflection (or maximal
allowable external torque). Hence, it can be concluded that the desired link-
side stiffness is obtained.

of commanded K, and the actual stiffness are summarized
in Tab. [l} The low relative errors verify our first conclusion:
The link side stiffness K is only determined by the stiffness
setting K, in the impedance controller and is independent
from the physical joint stiffness x. In addition, the feasible
range of the link-side error ¢ is constrained by the stiffness
preset value o4, e.g., the gray lines (with o4 = 0.3 [rad])
in the blue area of Fig. [f] show a smaller feasible range of
the link. Figure [/| depicts the different stiffness value when
commanded K, is changed. The second conclusion we have
is that the link-side stiffness K, could either be smaller or
even larger than the physical joint stiffness « (e.g., ca. 3 times
larger in the case: K, = 50 [Nm/rad] and o4 = 0.3 [rad]).
What’s more, o4 restricts the maximal range of the physical
joint stiffness , cf. the amplitude difference of color lines
in the upper and the bottom plot in Fig. [7]

o4 = 0.1 [rad]

K, =5 K, =15

P
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Fig. 7. Comparison of the physical stiffness «(01 — ¢,02 — ¢) and

commanded stiffness K. Four stiffness curves with two different preset
are shown on the top (o4 = 0.1 [rad]) and the bottom (o4 = 0.3 [rad])
plot respectively. The selected time interval is defined in Fig. E]

TABLE II
RESULTS OF LINK-SIDE BEHAVIOR

commanded K; commanded og4 L‘qut relative error
[Nm rad—!] [rad]
5 0.1 4.9 -2.0%
15 0.1 15.1 0.6%
25 0.1 25.1 0.4%
50 0.1 49.1 -1.8%
5 0.3 4.9 -2.0%
15 0.3 14.9 -0.6%
25 0.3 24.5 -2.0%
50 0.3 49.6 -0.8%

VII. CONCLUSIONS

This paper presents an impedance control concept for
soft robots with Bidirectional Antagonistic Variable Stiffness
(BAVS) actuators integrated with nonlinear elastic elements.
Following the ES7 control framework from [22], the desired
impedance behavior has been achieved by the proposed
controller that enables to impose a desired link-side stiffness
and damping behavior directly on the link side. Meanwhile,
the inertial properties and the elastic structure of the system
are preserved. To achieve the desired motor pretension, two
constant internal torques, which have the same amplitude
but with opposite signs, have been designed by giving the
desired link-side equilibrium and the desired motor position
difference for both BAVS motors. In this way, the change
of motor stiffness preset will not lead to the variation of
the link-side torque. Besides, a damping term is added
on the motor side to suppress the undesired oscillation.
We provided a stability and passivity analysis based on
a physically motivated storage function. The experimental
results showed satisfactory compliance behavior with respect
to human interaction. In the future, the control concept will
be extended to David’s wrist, implemented by two BAVS
joints with more complex internal motor torque coupling.
Besides, an extension to a multi-DoF robot will also be our
future work. We hope this concept can be implemented in
further applications of nonlinear elastic robots.
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