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Abstract—1In the design of wearable robots, the possibility
of dynamically regulating the mechanical output impedance is
crucial to achieve an efficient and safe human-robot interaction
and to produce useful emergent dynamical behaviors.

In this paper we propose a Variable Impedance Differential
Actuator (VIDA) for wearable robotics applications. The system
comprises two actuators (one being an impedance-controlled
rotary Series Elastic Actuator) connected through a Harmonic
Drive in a differential configuration used to separately control
output position and mechanical impedance. Design choices
regarding the overall architecture and the single components
are presented and discussed. The mechanical structure also
comprises a custom-made torsion spring designed after a
CAD/FEM optimization. An electromechanical model of the
system has been developed and a control strategy, based on
the equilibrium point approach, is simulated to validate the
performances of the system against system requirements.

The actuation architecture allows to implement a control
strategy where an equilibrium position and impedance field
are simultaneously and independently regulated. This is possible
still adopting very simple control laws: two controls for position
and impedance regulation of the two input shafts.

I. INTRODUCTION

To obtain a safe human-robot interaction the stiff actuation
paradigm has been substituted by the concepts of compliance
and adaptability [1], [2]. In the field of wearable robotics for
performance augmentation or functional restoring, robots do
not rigidly move the limbs of a subject through a prescribed
pattern, but they offer assistance as needed or interacts with
the human producing emergent dynamical behaviors.

Robots compliance can be either achieved by actively con-
trolling stiff actuators to mimic visco-elastic characteristics,
or by directly employing passive elastic elements (also with
variable mechanical properties).

The first example of a compliant actuator employing a
passive elastic element is the Series Elastic Actuator (SEA)
reported in [3], in which a spring is connected in series
between the actuator and the load to obtain an intrinsic
low output impedance across the frequency spectrum. Force
control can be implemented using as feedback signal the
measurement of the elastic element deflection. This approach
provides the possibility of storing energy and attenuating im-
pact shocks. A number of (rotary) prototypes of SEAs have
been developed in recent years for human-robot interaction
purposes (e.g. [4], [5], [6]).

Many redundant actuation architectures have developed to
independently control position and stiffness; some of them
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may comprise stiff actuators connected in series, as in [7]
or in [8], where a planetary gear train allows the serial
connection. Other developments exploit the advantages of
passive elastic elements to regulate output stiffness. Four
main approaches have been identified in [9]: equilibrium
controlled stiffness [3]; antagonistic controlled stiffness [10],
[11]; structure controlled stiffness [12], [13]; mechanically
controlled stiffness [14], [15].

The Variable Stiffness Actuator (VSA) was presented in
[16]; in this unit three pulleys are connected by a belt which
is tensioned by three springs. Two pulleys are controlled by
servo motors, and allow an antagonistic configuration; non
linearity of the first two springs is provided by the tensioning
mechanism. The third spring has the function of keeping the
belt in contact with the first two pulleys. An improvement of
this prototype (VSA-II) has been presented in [17]. In [13]
a Variable Stiffness Joint (VSJ) for a robot manipulator is
presented; the stiffness is provided by leaf springs, whose
effective length can be varied, and two actuators are used to
control the position and stiffness of the joint. The position is
controlled by rotating the two actuators at the same speed in
the same direction; the stiffness is controlled when the two
actuators rotate with different speed. The VS-Joint (Variable
Stiffness Joint) presented in [15] is composed of two motors
of different size to separately regulate link position and joint
stiffness. A Harmonic Drive gear is used in a differential
mode: a high power motor for the regulation of the position
is connected to the Wave Generator, a Variable Stiffness
Mechanism (VSM) is connected to the Circular Spline and
the output link is connected to the Flexible Spline. The VSM
is composed of four spiral springs whose linear deflection is
transformed by a cam-based system in a centering torque
against the compliant joint deflection. A small and light
motor regulates the springs preload to change the resultant
joint stiffness.

A. Objectives

The authors are developing a novel non-anthropomorphic
wearable robot for gait assistance using a design methodol-
ogy where both robot morphology and control are co-evolved
in a simulation environment to optimize the dynamical
interaction with the human body. The design methodology
under investigation is expected to boost robot “embodied
intelligence”, which has been demonstrated as fundamental
in legged locomotion of biological and artificial agents [18].
Since the system must properly respond and adapt to the
impedance patterns of human walking, actuation modules
with tunable dynamical properties have to be integrated. To
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cope with this necessity a new actuation module, capable of
producing variable impedance fields, is being designed.

1) Design requirements: Since the main application of
the VIDA is wearable robotics, the major design objective
is reducing size and weight. It is reasonable to require the
actuator to have a weight less than 2 kg and to be contained
in a volume of 150x100x 100 mm?. The actuator should
be able to generate a maximum instantaneous torque of
30 N-m and a continuous torque of 15 N-m (to assist walking
with about the 30% of the physiological lower limbs joints
torques). The low-force control bandwidth should be around
10 Hz and the resolution of torque measurement should be at
least 0.1 N-m. The minimal impedance of the actuator should
be as low as possible, so to allow a transparent behavior if
needed. Since it is important to respond to high-frequency
shocks deriving from the interaction with the ground, an
intrinsically compliant element should be included in the
architecture. Actuators presented in section I only implement
variable stiffness; in our case, also a variable damping
is required. Moreover impedance has do be changed with
time constants comparable to motion, in order to cope with
swing/stance phases of walking. VIDA design, including the
overview of the architecture, a description of the control
and expected performances, is presented in the following
sections.

II. DESIGN

The VIDA has a redundant actuation, with one motor
(Position Regulator, PR) used to regulate the position and
the second one (Impedance Regulator, IR) to modulate the
mechanical impedance (considering the joint as a second
order system, stiffness and damping values can be varied).
The two actuators are connected to a Harmonic Drive in
differential mode. A scheme of the VIDA architecture and
a comparison with SEA architecture is reported in Fig. 1.
In the VIDA system the series elastic element is substituted
by a software controlled variable impedance implemented
through the IR.

____________________________________

Fig. 1. Architectures of SEA (left) and VIDA (right).

The possibility of directly modulating the intrinsic visco-
elastic properties of mechanical elements would result in
a more energy-efficient variable impedance actuator. Any-
way, a system including structure controlled [9] spring and
damper elements would be very complex and heavy. For this
reason virtual impedance is chosen to be rendered via an
active software control. Moreover, this choice also allows to
have a quick and flexible impedance regulation.

In the following paragraphs the design of the different
components of the architecture will be separately described.

A. Harmonic Drive gearing

In the proposed VIDA architecture the Harmonic Drive
operates as a differential gearing to allow a serial connection
of the two motors; in particular, the Wave Generator (WG)
and the Circular Spline (CS) are the inputs and the Flexible
Spline (FS) is the output. The equivalent impedance seen
from the output (in our case the FS) is:

ZosZwaN?
(N —+ 1)QZWG + ZCS.

For high values of the transmission ratio N, Z,,; =~ Zcs.
On the basis of this consideration, the IR is connected to the
CS while the PR is connected to the WG (which has high
transmission ratio with respect to the FS shaft) to get a rigid
behavior. The selected gearing is the CSD-20-160-2A-GR,
which has a transmission ratio N = 160, a weight of 130 g
and a thickness of 14 mm.

Zout = (D

B. Position Regulator - PR

Many manufacturers of electrical motors include flat DC
motors in their catalogues, which show to be a good com-
promise between high torque/power and low volume/mass.

A flat motor is used as Position Regulator: Maxon EC45-
flat, 50 W brushless DC motor (251601) with a maximum
continuous torque of 84.3 mN-m, a stall torque of 822 mN-m
and weight of 110 g. This motor is equipped with a Maxon
HEDLS5540 Encoder, which has a resolution of 0.18 deg.

C. Impedance Regulator - IR

The Impedance Regulator tunes the impedance field
around the equilibrium position set by PR. A low level torque
control is needed to implement an impedance control. An
ideal torque generator would be desirable; to this aim a rotary
SEA is used. The main advantage of series elasticity is the
possibility of increasing the torque control loop gain (still
maintaining desired stability margins) thus allowing a low
output impedance, tolerance to shock loading, robustness to
changing loads, reduction of the effects of internal stiction,
friction and backlash [19]. Moreover, at frequencies above
the closed-loop bandwidth the output impedance reduces to
the stiffness of the series elastic element. For the IR the same
motor and encoder as for the PR are used, with an additional
reduction gear. To minimize the longitudinal encumbrance
a (second) Harmonic Drive, equal to the one presented in
section II-A, has been chosen.

1) Passive elastic element: The selection of the spring
stiffness emerges as a tradeoff between the large force
bandwidth and a low intrinsic impedance: the definition of an
operational bandwidth for which the actuator needs to display
large forces places a lower bound, while the upper bound is
set by the need of minimizing the intrinsic impedance [19].
In our case a stiffness of 200 N-m/rad has been selected.

Several solutions have been adopted to implement a tor-
sion elastic element. In [15] a cam-based system transforms
the linear deflection of four spiral springs in a centering
torque against the compliant joint deflection. In [5] six linear
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(a) (b)

Fig. 2. (a): Front view of the optimized torsion spring (the outer ring has
an external diameter of 70 mm; the inner ring has an internal diameter of
10 mm; the overall thickness is 5 mm). (b): FEM analysis of the optimized
torsion spring. Deformed shape (1:1 scale) and von Mises stress (GPa) are
reported for the loading condition of a 30 N-m torque applied on the outer
ring.

Fig. 3. 3D CAD drawing of the VIDA system. 1: encoders, 2: flat motors,
3: HD gears, 4: custom torsion spring, 5: output link. PR components are on
the right side, IR components are on the left. Motion is transmitted through
a 1:1 transmission ratio gear connecting the the series elastic element to the
CS of the differential HD. The case is shown in transparency, with overall
dimensions of 150x85x 100 mm (along the z, y and z axes, respectively).

springs with a three-spoke shaft are used; in [21] a similar
approach is followed with 4 springs.

In order to have a lightweight and thin torsion spring we
designed a compliant disc opportunely shaped (Fig. 2a). The
spring is made of maraging steel (type 18Ni, alloy 350, yield
stress of 2.4 GPa) and it has an external diameter of 70
mm and a thickness of 5 mm. A FEM analysis has been
performed to optimize the shape in order to achieve the
desired stiffness. With reference to Fig. 2b a 30 N-m torque is
applied on the outer ring (maximum instantaneous torque of
the VIDA system), while the inner ring is fixed. Under these
conditions a rotation of 8.6 deg is achieved, demonstrating
the desired stiffness of 200 N-m/rad.

2) Torque measurements: The stiffness of the spring
also influences the resolution of torque measurement. A 15
bit magnetic encoder (sensor PMIS4 and magnetic wheel
PMIR4, ASM) is placed on the FS of the differential HD so
to measure the deflection of the torsion spring (by difference
with the angular position of the IR motor). This choice
permits to directly monitor the output shaft of the whole
actuator and to estimate the torque applied by the IR with a

resolution of 0.038 N-m.

D. Overall mechanical structure

In Fig. 3 a 3D CAD drawing of the VIDA system is
shown. The overall architecture includes two flat motors and
relative encoders, two HD gears (one used in differential
configuration and the other one used as a reduction gear), an
encoder on the output shaft, the custom torsion spring, a 1:1
transmission ratio gear to transmit spring rotation to the CS
of the differential HD.

IIT. MODEL AND CONTROL

A block diagram of the whole system, comprising the HD,
the IR and the PR, is reported in Fig. 4.

A. Harmonic Drive model

Modeling of Harmonic Drives in their most usual config-
urations has widely been investigated; the case of no fixed
shaft (differential gearing configuration) has been analyzed
in [20]. The kinematic constraint on the components of the
vector 8/ = (wq,0cs,0rs)T and the relation between the
torques ™’ = (Twa, Tcs, Trs) ! are:

Owa — (N 4+ 1)0cs + NOps =0
Trs = —NTwg 2)

N
TFS = Ny17CS

The dynamical model of the system is:
B'6 +C'¢ =1, (3)

where 7/ is the vector of the torques acting on the shafts and

Jwe 0 0 ewe 000
B = 0 Jegs O C' = 0 ccs O 4)
0 0 Jrg 0 0 cFrs

are the matrices of inertia and viscous damping respectively.
The terms J and c indicate the inertia and damping of
each shaft. Considering the kinematic constraint in the first
equation of (2), the configuration of the system can be
expressed in terms of two variables (A and Ocg). As
reported in [20], by introducing the matrix

1 0
R=|0 1 (5)
_ 1 N41
N N
Tpr
— P R Ty HWC —
HD 65
T\
) IR Tas ers T

Fig. 4. Block diagram of the VIDA. HD block implements equation (6).
The IR block represents the model shown in Fig. 6. g represents the
rotation of the load.
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equation (3) becomes:

BO+CO=r (6)

In 6) 8 = (Owg,0cs)’ = R'@ and T =
(twa,7cs)? = R’ T’ are the vectors of the two inde-
pendent angular and torque variables respectively; B =
RTB'R and C = RTC'R are the inertia and viscous
damping matrices in the independent coordinates. Consid-
ering a load connected to the FS, its moment of inertia Jp,
can be added to that of the FS in the matrix B.

B. Actuators model

Both the PR and the IR are modeled in their mechanical
and electrical part, considering the moment of inertia of the
rotor J, the viscous damping b and the motor inductance
and resistance L and R. In the case of the PR, which is
directly connected to the WG of the Harmonic Drive, the
moment of inertia Jpr and the viscous damping bppr can
be directly added to those of the WG in the matrices B’
and C’ respectively. In the case of the IR, a typical SEA
model (such as the one presented in [19]) is considered. In
Fig. 5 a schematization of the model in the Laplace domain is
reported; K is the spring stiffness, 77 is the torque applied
to the rotor, wyp is the velocity of the motor, 75 is the torque
applied to the CS, f¢g is the rotation of the CS, V;p is the
voltage command, k; is the torque constant and k. is the
back-EMF constant.

C. System control

The regulation of the equilibrium position of the output
shaft is pursued through a standard high gain position control
of the PR. Impedance regulation is achieved by controlling
the output torque of the IR. The ideal torque input at the CS
shaft is:

Tos = Ky(0rs — Ors.a) + co(Ops — Ops.a) =

N+1)\2 ; '
= (N) |:K1;(GCS - HCS,d) + ¢o(fcs — GCS,d) Q)

By imposing 6¢cg,q = 0, 9'05761 = 0 the visco-elastic behavior
of the output shaft is pursued around the current position,
which is set by the PR.

® 1

+ T Lys+Ry, -
X Je
A

Fig. 5. IR model in Laplace domain. The output torque is 75 =
K ( % —0cs) = Ks(0rr—0cs). The block with the thermal resistance
(R¢p) and the thermal time constant (7} ) allows to monitor motor winding
temperature.

JI/(S + blk

D1

Torque
controller

~ Velocity
controller

Impedance
controller

Fig. 6. Block diagram of the IR control. IR block represents the model
of Fig. 5. The three cascade controllers implement the transfer functions
in (8). By imposing a 0 reference value for the impedance controller, the
visco-elastic behavior of the output shaft is every-time pursued around the
current output position.

The IR is controlled as proposed in [21]: an inner PI
velocity loop is implemented to use the actuator as a velocity
sourced (VS-SEA) and an external loop is used to control
the torque; this regulation is performed by measuring the
deflection A6, of the series elastic element (of stiffness K)
and estimating the torque applied to the load 75, which is
given by the relation 7, = —K,A0; = K (0ir — Ocs).
An outer loop, closed on the load angle measurement,
implements the impedance control in the form of (7) in order
to render virtual stiffness K, and damping c,. The three
cascade controllers are reported in (8); a block diagram of
the control scheme is reported in Fig. 6.

Cy, =P, “L’ %
Cy = K, g5+t (8)
Cim = K'U + scy

IV. VALIDATION RESULTS

The model of the VIDA was implemented in
Simulink/Matlab (The MathWorks Inc.). The values
assigned to the parameters of the model are reported in
Table I.

TABLE I
MODEL PARAMETERS

Parameter Value

Jwa 6510~ % kg - m?

Jos 32.9-10~% kg- m?

Jrs 3.8 102 kg- m?

Jp 5 kg- m?

bwa 10-*N-m- s - rad !

bcs 803-1072N-m-s -rad” !
brs 8.55-10"2 N-m- s - rad !
N 160

K 200 N- m- rad— !

Jir = JpRr 1.35.10—° kg- m?

brr =bpr 2.05-10"2N-m- s - rad— !
Rir = Rpr  0.978 Q

LIR:LPR 0.573 mH

kt = ke 33.5-1073 V. s - rad~ !
Rin 875 KW~ T

Tin 16.6 s
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Fig. 7. Step response and Bode diagram of the IR torque control.

A. Torque control

The step response and the Bode diagram of torque control
(Ts(s)/Tu(s)) are reported in Fig. 7; a closed loop bandwidth
of 35 Hz (at -3 dB) is achieved.

B. Thermal considerations

Thermal limitations of the IR for three values of the
stiffness of the elastic element are reported in Fig. 8. Wind-
ings temperature is calculated through a first order transfer
function which takes into account the thermal resistance
(R:p) and the thermal time constant (73,) (see the block
diagram of Fig. 5). Assuming a fixed load (8cs = 0) the IR
was commanded to track sinusoidal torques with frequencies
(ftor) from 0.1 Hz to 35 Hz; for each frequency the maximal
torque amplitude (A;,,) before overheating (i.e. before motor
winding temperature exceeds the maximum allowed temper-
ature for standard thermal exchange conditions) was plotted.
It can be seen that a higher stiffness allows to deliver higher
torques (up to twice when moving from K ;=100 N-m/rad to
K =200 N-m/rad) before the motor overheats.

C. Impedance regulation

The mechanical output impedance is defined as the amount
of torque delivered by an actuator for a given load mo-
tion. In our case the output impedance can be defined as
Zout(s) = Ts(s)/Ocs(s). To test the capability of the
VIDA (and in particular of the IR component) to render a
virtual impedance, external position perturbations have been
simulated. In particular, the output shaft was forced to move
sinusoidally with an amplitude of 0.1 rad and a frequency of
1 Hz for different values of K, and ¢, set by the IR. In Fig.
9 the ideal torque (the one obtained multiplying the desired
impedance and the imposed external rotation) and the actual
torque (the one effectively delivered by the VIDA in response
to the external position disturbance) are shown: graphs on the

< + K_=100 Nmirad
. KS=150 Nm/rad
20 . K =200 Nmrad ||
o
A1
E 5 . N
S 3
<10 .
W
5 N
\\\.
SN
.. ® .
D e

0 1

%% [Hz]

tor

10 1

Fig. 8. Thermal limitations of the IR for different series elastic elements
(Ks =100, 150 and 200 N-m/rad). IR was commanded to track sinusoidal
torque of amplitude Ao, and frequency fior with a fixed load (6cs = 0).

2 KV:|U Nm/rad 20 KV=50 Nm/rad
- ¢,=0 Nm sfrad, ¢,=10 Nm s/rad
0 e 0 L/\/
2% 0.5 1 % 0.5 1
5 o \ KV=50 Nm/rad 50 Kv=50 Nm/rad
\ ¢,=0 Nm s/rad cv=20 Nm s/rad
T O\ 0 L/\/
P4 w
g 2 0.5 1 9% 0.5 1
g 1 G Kv=100 Nm/raf 50 szsgsm/r;uld
F oo , ©,~0 Nm s/rad 0 L/\/
19 0.5 1 % 0.5 1
Time [s]

Fig. 9. VIDA torque response to external position perturbations for different
virtual impedances (ideal in solid blue, actual in dotted red). A sinusoidal
rotation (amplitude 0.1 rad and frequency 1 Hz) was applied on the output.

left represent a pure compliant behavior (¢, = 0 N-m-s/rad)
while graphs on the right provide the response considering a
non-null damping. The desired mechanical impedance can be
correctly rendered except for the case of a low pure stiffness.
In Fig. 9 the case of K,, = 10 N-m/rad is reported; this value
is more than one order of magnitude smaller than the stiffness
of the physical series elastic element (K; = 200 N-m/rad).

D. Positioning tasks

In this section the simulations of positioning tasks, for
different rendered virtual impedances, are presented. In
Fig. 10 the response of the VIDA to a step command of
20 deg is shown for K, = 100 N-m/rad (top) and ¢, = 40
N-m-s/rad (bottom). The same positioning task was simulated
considering a torque disturbance; at t = 4 s, a 5 N-m step
torque, simulating the interaction with an external body, was
applied on the output shaft. Results are reported in Fig.
11; virtual damping was ¢, = 40 N-m-s/rad while virtual
stiffness was 50 N-m/rad (top) and 20 N-m/rad (bottom).

V. DISCUSSION AND CONCLUSIONS

In this paper the design of a Variable Impedance Differ-
ential Actuator (VIDA) for wearable robotics applications
is presented. The model of the system is developed and
the expected performances are evaluated through simula-
tions in different conditions. It has been assessed that the
VIDA is able to render the desired output impedance when
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Fig. 10. Response of the VIDA to a step reference position for different
values of K, and c¢,. K, = 100 N-m/rad (top) and ¢, = 40 N-m-s/rad
(bottom).

30
D 20+ e
S, H
210b | K,=50 Nm/rad |---VIDA
==} I’ v
1 c,=40 Nmsfrad  |—Ref
00 2 4 6 8 10 12 14
40
e
()
Ew 20F ==
e ; K,=20 Nm/rad |-~ VIDA
c, =40 Nmsfrad [—Ref
GO 2 4 6 8 10 12 14
Time [s]
Fig. 11. VIDA positioning task with torque disturbance; at t = 4 s, a 5

N-m step torque, simulating the interaction with an external body, is applied
on the output shaft. Virtual damping is ¢, = 40 N-m-s/rad; virtual stiffness
is 50 N-m/rad (top) and 20 N-m/rad (bottom).

the requested torque does not exceed the limits of the
torque source (i.e. closed loop bandwidth and saturation).
Impedance regulation degrades when a pure elastic behavior,
with stiffness more than one order of magnitude smaller
than the physical spring stiffness, is desired (Fig. 9). It has
been verified that the desired impedance can be set while
the output equilibrium position is being regulated by the PR
(Fig. 10) also when an external torque disturbance is applied
(Fig. 11). The presented actuation architecture allows to
implement a control strategy where an equilibrium position
and impedance field are simultaneously and independently
regulated. This is possible still adopting very simple control
laws: two separate Single-Input-Single-Output (SISO) con-
trols for position and impedance regulation of the two input
shafts.
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