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Abstract—Variable Stiffness Actuators (VSA) are complex are called Variable Impedance Actuators (VIA) and its sub-
mechatronic devices, which are developed to build passively group Variable Stiffness Actuators (VSA), which do not

compliant, robust, and dexterous robots. Numerous different j,q1,qe dedicated damping elements. They are implemented
hardware designs have been developed in the past two decades diff t robot tot ith id t
to address various demands on their functionality. This review ' Many diffierent robot prototypes with a wide Spectrum

paper gives a guide to the design process from the ana|ysisof intended app|icati0ns. ThIS inCIUdeS entertainmenbl’@,b
of the desired tasks identifying the relevant attributes and especially for children, to have a soft and huggable touch
their influence on the selection of different components such as [3], [4] to gain better acceptance. Others focus on legs for
motors, sensors, and springs. The influence on the performancewa|king’ hopping, and running robofs [S]=]10], and alsdvct
of different principles to generate the passive compliance and the th f tural and efficient wal 11 f
variation of the stiffness are investigated. Furthermore, the dsign prostheses for a more natural an _e icien Wak]m[ leta
contradictions during the engineering process are explained in aSpects, robustness, and dynamic performance improvement
order to find the best suiting solution for the given purpose. With are the main motivation in robot hand and arm development,
this in mind the topics of output power, potential energy capacity, which enables applications like throwing or hammering {12]
stiffness range, efficiency, and accuracy are discussed. Flnallbxet_ [15]. In these systems joint stiffness can be changed me-
dependencies of control, models, sensor setup, and sensor qualit . . .
are addressed. chanically in the VSA or by the controllef [L6]=[118] or in
_ ) combination [[19].
_ Index Terms—Soft Robotics, physical Human-Robot Interac- pacent research provides promising developments with dif-
tion, Variable Impedance Actuators, Variable Stiffness Actuatos L
ferent actuator principles, such as pneumatics [Z0]] [21] o
elastomeres [22]=[26]. This paper focuses on the electrome
chanical implementation of VSAs as the current state of
I. INTRODUCTION the art promises to be advantageous in the combination of

active bandwidth, output power, and positioning precision

A smart way tp use energy is the central ?S_pe‘:t of MadYdition the majority of current developments of VSAs use
recent technological developments. The capability toesamd electromechanical actuation

release energy is the game-changing factor in these fiekis. T Current robotic systems with compliant actuators have many

can be seen in cars like in the Eormulawth KERS (Kinetic e rent implementations with different principles. Thariety
Energy Recovery System), or in road traffic cars and busgsy typology of the field of VIA can be found in the
with recuperation in hybrid engines, where the braking V€T 5 ccompanying review papef [27]. This rises two questions:
can be f?used in a.sub_seque?nt apceleration.l Anothgr re(WF\S/ are there so many developments, and is there a best so-
example is Osqar Pl_stor!us with h!s carbon fiber spring Iqgtion/design, which fits all applications? Unfortunatetycan
prostheses participating n the sprint at the Olympp Gamgs said that there is no best solution, which deals best With a
2012. There was even a discussion be_fore the Olympic Gamgseqipje applications. But for a very specific task, it isgiole

2008 anq 2012, _whether he has unfair advantages over thg distinguish between better and worse performing priesip
able-bodied sprinters, and therefore should be excludd fr and implementations. However, this rises the question af ho

the games. Also. in robotic research energy buffering is & f% choose the best suiting layout from a bunch of possible
growing field of interest. solutions

This paradigm change started with the publication of the 1g paper gives insights of the design process of a VSA

work of N. Hogan on impedancél[1] and of Pratt about thg, fing 5 good solution for the desired tasks. We present a
series elastic actuators (SEA) [2]. Their concept intr@dlic .o4soned strategy to approach the topic systematicatty fine

an elastic element with constant stifiness between the 9egr, i of the desired task to derived use-cases. These use
and the actuator output. This concept has been subsequegliyes describe different kinds of basic motion components,

augmented with the ability to deliberately vary the impestan \,nich can be superimposed to gain the desired motion of

Currently, different principles exist to implemenariable o yopot The use-cases are analyzed to identify important
impedance in an actuator design. These robotic actuatts Uhysical aspects affecting the construction. Finally, wespnt
- . . how this knowledge can be used to gain a suitable actuator.
Institute of Robotics and Mechatronics, DLR - German Aeroepa The resulting list of specifications derived from the useeca
Center, Germany, [University of Pisa, laly, finstituto ltaliano di : g oI SPE _
Tecnologia, ltaly, §|mperia| College, London,%niversity of Twente, analysis are combined in a data sheet that characterizea a VI

Netherlands,HVrije Universiteit Brussel, Belgium, corresponding authorgctyator (see secti IV and the accompanving video). The
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European Programmél ACTORS under contract IST-231554-2008, and bySpECI ications of the data sheets highlighted In this paper a

UE project SAPHARI ICT-287513. mentioned in the text akey attributes The data sheets form



the connection to a different view on the topic - not from thplastic impact is caused by the damping characteristic ®f th
designers point, but from the user’s point. The user’s poindbot skin and by inner deformations of the object. Accogdin
approach is presented in_[28]. It provides a guide to chookethe type of impact the transmitted impulse of the impact
one of the existing implementations to match the demandsafd the resulting kinetic energy is calculated by the véjoci

the intended application. and the link inertia with or without the additional mass oé th
object. This transmitted energy is buffered in the sprind, &n
Il. USE-CASES FORVIA S applicable, also partially transformed to thermal energyhe

Starting from the application of the future VSA articulate
robot, the first step in building a VSA is the identification o
basic use-cases. These use-cases are then prioritizeshddep
ing on their relevance to the intended application. Thespsst

orque needs to be less than the fatigue limit of the drivia tra
o that it is not damaged.
If the impact energy is larger than the energy which the

) . . ) spring/damper unit can buffer and absorb, the (torque) con-
are very important in the design process as they directbcaf roller needs to react. This is done by moving the motor to

the dimensioning of the VSA components. There are multip atch the velocity of the link after the impact, so that the
usE-Casebs tp think O.f'. Thehfollowmg list will only cover 6bassive deflection limit of the actuator is not exceeded. The
subset, but in our opinion the most common ones. passive deflection limit is the maximum position difference

iamper. Here, the sum of the damping torque and the spring

« shock absorbing between motor and link that does not overload the spring.
» stiffness variation with constant load The deflection limit of VSA usually is in the range of several

» stifiness variation at constant position degrees. This dramatically increases the time in which a
« cyclic movements motor reaction is demanded. Compared to the relatively stif
« explosive movements torque controlled robots such as the previously mentioned

These use-cases will be discussed in detail in the followimdl.R Lightweight Robot Ill, this lowers the requirements on
sections of the paper. At the end of each use-case a summarthefbandwidth of the motor and its controller.
the relevant key attributes of a VSA is given. These attabut Key attributes: maximum elastic energyand maximum
will be discussed in more detail in sectibn 111-B. deflection

A. Shock absorbing B. Stiffness variation at constant load

One of the most important features of an actuator unit with €hanging the output stifiness is the core feature of a
intrinsic passive flexibility is the ability to resist fast@hard VSA. The stiffness variation can be separated into two basic

impacts without damage. Fast collisions between robots wifitéractions with the environment. One is changing stétat

a stiff structure and rigid objects with high inertia resirt Cconstant load and the second is changing stiffness at cunsta
extremely short and high force peaks and large accelemtidtPSItion.

of the robot segmenf [29]=[31]. The collision forces on the Changing stiffness at constant load is very important for a
actuator output can not be reduced by control even with f stff€xible robot in tasks where a gentle force/torque intéoact
powerful, and agile robot like the DLR Lightweight Robotwith the environment is desired. One example is a contour
Il [32]-[B4]. Therefore, the actuator mechanics itselstta tracking task, where the endeffector of the robot arm idrsid
be able to withstand the impact and absorb, or buffer i @ surface and is intended to apply a certain amount of
influences of the impact. The difference between a commé#ice. Depending on the surface structure and frictioredsft
rigid robot, where the link is directly connected to the gearbosliffness setups will minimize the force/torque error. Artpy

and a robot with VIA, where the link is decoupled from théurface for example will be tracked best with a soft setup,
motor inertia by an adjustable spring/damper unit, can ea sd?cause tracking errors, which will naturally occur, wébult

in Fig. [. The spring/damper unit helps to reduce the peHk@ lower deviation of the contact force. On the other hand
torque in the drive train between motor and link, and if it i§urfaces or more precisely friction pairs with the tendeaty
flexible enough, it cushions the actuator from overload. VS#ick-slip friction will be tracked better with a stiff sito

is a simplified version of a VIA with an adjustable spring ynitPrévent the system from entering the stick phase.

but without a mechanical damping unit. Key attributes:maximum stiffnesaminimum stiffnessand
stiffness variation time
Base ‘*Motor Link m Object C. Stiffness variation at constant position
When the robot is changing stiffness at constant position,
| | | usually the robot is at a certain position or on a given trauk a
' VIA " Link & Skin | the intention is that the stiffness should be modified withou

Fig. 1. Mass model of a-DoF variable impedance actuator (VIA) interactingaﬁecnng_ the output p05|t_|0n. ThI_S 1S _analogous t0 humans ¢
with the environment. contraction. So the goal is to maintain a low position erisr.

When an object hits the robot link, the amount of energgn example, when a robot arm holds an object in free space
or impulse affecting the robot is dependent of whether tte¢ a given position and external disturbances affect theabbj
impact is plastic or elastic. If the robot has a rigid struefta the robot would stiffen up to reduce the position deviation.



On the other hand, when the disturbances affect the rolppeload the springs. Afterwards abruptly releasing the@uit
base, then the robot would be set to a soft setup. Therefthe link will then flick over the equilibrium position like ia
position disturbances will result in lower disturbing fescon catapult, or when flicking a finger [87]. Another way is to use
the object. In addition the system has a lower eigenfrequertbe strategy described in the cyclic movements (see[S&W), II-
and so the controller has more time to react to the distudanbut usually only one half-cycle with an additional accelera
Key attributes:stiffness vs. torque diagraqrmaximum stiff- tion of the actuator positioning motor(s) is performed. The

ness andminimum stiffness resulting trajectory is a wind-up movement before reaching
the maximum velocity[[13],[138]£[40]. For the peak velocity
D. Cyclic movements task the energy storage capability is a dominating factbe T

i%:rformance can be improved by starting the trajectory with
a soft stiffness setup and stiffening it during the accéiena

phasel[38].

The maximum output velocity, which can be theoretically
pieved is limited to the sum of:

o maximum velocity of the joint positioning motor(s)

Cyclic movements consist of repetitive accelerations a
decelerations of the robot. Here a robot with flexible joicas
take advantage of the possibility to store potential enarglye
VSA springs. As depicted in Fi§] 1 a VSA can be modeled as
a two mass system. The link mass can be excited by the mots
to oscillate. This movement consists of repetitive acetien ; ) ) | ,
and deceleration phases of the link. In the deceleratiosgoha * Velocity gain by unloading the maximum potential energy
of the trajectory the kinetic energy of the robot link is  ©f the spring
transformed into potential energy of the spring. At the poin The latter case considers the transformation of the patenti
when the link is at its maximum amplitude all kinetic energgnergy of the spring into kinetic energy of the output. The
of the link mass is transformed into potential energy of th@mount of velocity gain is inversely influenced by the output
Spring_ This potentiai energy is released during the SUIEHC] inertia. In addition the motor torque has to be blg enough to
acceleration phase and converted to kinetic energy in tike |iload the spring completely, otherwise the energy capadity o
The frequency of this resulting cyclic movement is domidatethe spring can not be fully used to accelerate the link.
by the eigenfrequency of the system and can be affected by £ne can say that changing the gear ratio of the actuator
change of the stiffness setup or a change of the inertia, eRpsitioning motor(s) can also increase the output velpbity
by a different pose of the robof [B5]._[36]. The amplitudéhis is always at the costs of maximum output torque. The nice
can be modified to be larger or smaller by a superimpos#ting about using the intrinsic flexibility is, that you caave
movement of the actuator positioning motor(s). Please ndieth: a high static output torque and high, even though short
that VSA with nonlinear spring characteristic do not haveutput velocity.
a eigenfrequency, but oscillate in ‘local eigenfrequeg;fcie Ina VSA only the motor torque or postion can be controlled
which are amplitude dependent. The main advantage of VSiXectly, so the controlled state and the output positioa ar
operating in cyclic movements is that the actuator positign non-collocated. Assuming the motor and link inertia can not
motors have to perform a much smaller movement than the influenced significantly, the execution time of an expesi
desired output trajectory, which has the potential of sjan Mmovement is influenced by the maximum motor torque and
Significant amount of energy. Ina perfectiy matching trmgc the Spring stiffness of the VSA. At first, the blgger the motor
Oniy the friction and dampmg in the VSA mechanism has ttg)rque is, the faster the motor inertia can be accelerated.
be compensated by the motor(s). There are few applicatio®&cond, the higher the spring stiffness is, the faster iease
where exactly the natural resonant trajectory is desirggl, ein the spring force for the same passive deflections, which
a pure sinusoidal oscillation, with constant amplitude arRfFcelerates the actuator output. In other words, the active
frequency. Walking or jumping are examples for this. Howevéandwidth is increased by the higher motor torque and higher
such motions are present in cyclic movements and can $#fness.
adapted to the desired output trajectories by a superposifi ~ Key attributes: peak torque maximum spegdmaximum
driving motor movements. So the trajectory can be influencétstic energyandstiffness variation time
by control and also only parts of a cycle can be used in a
trajectory. I11. DESIGN OF AVIA DEVICE

Key attributesmaximum deflectigmaximum stiffnessnin- - A pesign concepts

imum stiffnessandmaximum torque hysteresis The numerous VSA principles developed since the &8t

) are too diverse to cover in this paper. The overview pepdr [27
E. Explosive movements is addressing the whole set of possibilities to create a VSA

Explosive movements are usually characterized by a higevice. Here we want to point out the main factors influencing
output velocity gained in a short period of time, which regai the most common design approaches, which affect the system
a high acceleration of the output. performance and behavior.

Addressing the issue of the output peak velocity, VSA 1) Motor setup:One of the most important choices to make
have the potential to accelerate the actuator output toisawhether to use an antagonistic system with two opposing
significantly higher velocity than the maximum velocity bt motors like in the human archetype (see Eig. 2a), or a system
drive motor(s). To achieve this, one way is to somehow blockith independent motors for joint positioning and stiffaes
the actuator output and apply a torque from the motor(s) tariation (see Fig[]2b). There are also setups similar to the



independent motor setup with a coupling between the motargh an independent or antagonistic motor setup.
and the output and stiffness setup respectively, e.g., tlagiq « variation of the spring preload

antagonistic principle [31][T21], but here most of the liégee . variation of the transmission ratio between output and
and drawbacks are the same as for the pure independent motor spring

system. So we will focus on the two main setups: « influencing the physical properties of the spring
« antagonistic motor setup Further details on the possible physical implementations
« independent motor setup of the three methods are presented[in| [27]. In the following

paragraphs the influence of the three methods on the system
attributes are discussed.

Changing the spring preload is potentially the simplest way
to change the stiffness preset. In most existing VSA based on
this effect it was realized by only a few simple mechanical
components, e.g.[ [45]. A classical antagonistic system is
changing its stiffness by co-contraction, which resultsain

Base
-

Base

|

Pulley Progressive

Positioning
springs

. Motor Link
Link

Stiffness adjusting motor

a) b) preload of the springs. Please note that for an antagonistic
Fig. 2. Different VSA principles with a) antagonistic and ingependent system the springs have to be non-linear progressive teahi
motor setup. a stiffening effect, e.g., springs with a quadratic sprimgdtion

In an antagonistic system a movement of the motors f§r a linear output spring function [46]/ [47]. The most
the same direction results in an output movement and Ggportant drawback of the spring preload method is that the
contraction of the springs by moving both motors in opposi{§otential energy stored in the spring by compression/siten
direction results in a Change of Output stiffness. Both rl'mtocan not be used to store energy from the VSA Output anymore
and springs oppose each other and have in most cases the sgififthe pretension is released again. So this method ttjirec
size. The positive effects of this setup are that the power @creases a key feature of a VSA by reducing the potential

both motors contributes to stiffen the actuator and for ¢end energy capacity at stiff actuator setups (see [Hig.3) [ZB]H
driven systems a change of length between the actuator @]

the joint can be easily compensated. The latter is impqrtant

e.g., for robotic hands where the actuators are locatedein th A
forearm and the tendons run through the wrist to the finger
joints. One drawback is that unless the antagonistic VSA is
bidirectional [42]-[44] the maximum output power and toequ

of only one of the motors and also the energy storage of only
one spring can be used. Another point is that for moving the
output both motors and potentially gearboxes have to move
and as a result the power losses of all four elements show
up. These losses are increased for a stiff setup, because the - —
the sum of the load in the drive-trains is larger than the wiutp Spring compression

torque. The above mentioned bidirectional antagonistitesy , _ , , ,
has a unique ability compared to the other setups. It can mq':;'(%' 3'd ”fthe ﬁ“ﬁnessf adaption of the VSA is realized by airsp preload
ead of a change of transmission ratio, the energy capacieduced for

the output, even if one of the driving motors/electronics isgher stiffness presets. The pretension increases tiegsiorce at the same
faulty, but is still backdrivable. passive_ deﬂgction and so results in astiffer_setup. Thegnesed to compress

A setup with independent motors only moves one motor i, RicR S0 21 e Eon i s T o butdnak for &
vary the output position and has as a result only the lossespafgressive spring, which is usually used in pairs in angortestic setup.
one motor and if applicable one gear. Additionally this petu Changing the transmission ratio between the actuator butpu
contains the possibility to use only one spring in contrast aind the spring element directly affects the displacemethef
the antagonistic setup where two springs are needed to dpeing caused by a passive movement of the output, B.4,, [51]
able to change the stiffness by co-contraction. The s88nef52]. As a consequence this method directly affects thengpri
setup of the actuator with independent motors is changed taye of the actuator output and the potential energy storage
a dedicated motor. So the size of the stiffness adjustinggmots not reduced by changing the stiffness setup. Hence, in a
can be chosen to match exactly the power needed for tkiiff setup the passive deflection range is less reducedithan
purpose, which usually results in a much smaller stiffnessspring preload type actuator. The drawback of mechanisms
adjuster than the main positioning motor. This design psesi which are able to change the transmission ratio is that they
to gain smaller and lighter actuators. A drawback of thigre usually more complex than spring preload types, which
approach is, that only the power of the positioning motor cagsults in more moving parts and is potentially less efficien
be used to move the joint and thus this defines the outputAdjustable physical spring properties are a way to change
power of the actuator and also for changing the stiffneagpsetstiffness, and this is a field of interest of many research
only the power of the stiffness adjuster can be used. groups world wide. Besides others polymer and nano mate-

2) Stiffness variation:There are three methods to changeal scientists are working on this topic, but there are also
the stiffness of a VSA. All of them can be used in combinatiomechanisms with, e.g., steel springs which change theeactiv

Unused energy

Spring force

\/




length of the spring to change the stiffness, elg.] [53]].[54electric motor can generate a higher torque than the nominal
At present mechanisms using spring preload or a variatitorque by applying a higher than the nominal current, but
of transmission ratio have a higher energy capacity than ttiés is limited in time and will be shorter for higher current
previously discussed technigues relative to the size afmghtve Otherwise the windings will be damaged by overheating. So
the maximum torque of the electric motors can be a multiple
B. Design contradictions of the nominal torque for a short period of time. This can be

In the design phase of a VSA or almost any other mobil"y intéresting for short, highly-dynamic applicatiosssich
electro-mechanical device there is a clear and obviousiconfPS the high peak velocity use-case (see $ecl II-E). In this
between the size and weight of the system. Eventually, thépétance there is also the benefit that, at less load than the

is an additional restriction on the costs of the desiredesgst "°Minal torque, the achievable velocity is higher than the
nominal velocity. The maximum speed, without operating in

generator mode, can be achieved at zero external load. How
Output Power . . . o
CD big this velocity gain is depends on the motor and power
{} electronics setup. A good way to present the capabilitiebef
driving unit is the torque-velocity diagram with the contaus

ge

‘®” and short time operation areas. This diagram is also used to

V <4 . describe the VSA output performance, which then includes al

@ transmission ratios between the motors and the actuatpubut

Fig. 4. Design contradictions of the different actuatoriladtes during the An extension to th_e described tvyo-dmenspnal dlajgram Is to

design phase of a VSA. have the output stiffness as a third dimension, which gives a
This group of the three factors of size, weight, and costs \ésual overview on the influences of the stiffness setup en th

in conflict with five other attributes that describe a VSA (seeutput power (not depicted, see data sheets oh [56]).

Fig.[d), i.e., output power, potential energy storagefrstifs

range, efficiency and accuracy. All six groups are described A
the following. M Thermal Speed
1) Size, weight, and cost8/SA are usually intended to be e, /limit limit
used in robotic arms and legs, where the possible size and RO /
weight are very limited. The units have to be very compact ~  [roomeees W,
to fit in such a system, especially if it is intended to be a . %Motor speed/tqrque
mobile system like a humanoid of adult or even smaller size. S \\/{ characteristic
The weight of the VSA units is a dominant factor in these 3 . N Nominal
systems. So the weight of the VSA directly affects the system & Continuous ., % speed/torque
performance, because it statically reduces the payloachin a <2 | Operation N ,
environment with gravity, and increases the inertia of thies, Short time
which reduces the active and passive bandwidth of the system 1 ', operation
Compared to a common rigid robotic actuator a VSA is a 85
much more complex system. To be able to change the stiffness : .
each actuator has to consist of at leashotor units, usually ™ >
with 2 corresponding gears, and a spring mechanism (see Torque 7

H U) A r|g|d robotic joint has typlcally onIy one motor L.tt{ll Fig. 5. The speed vs. torque diagram is directly connectethéomotor
one gear, and eventually a torque sensor. In VSA with Rfaracteristics, which define the thermal limit and speegii®rcurve limit.
passive damping, usually the torque sensor can be omittedTy thermal limit may be exceeded for a short time without caudamgage

using a good model of the spring characteristic. Neverﬁseléso ;?:nfystem. The speed limit is usually set by the bearinggyaats of the

a robotic joint equipped with a VSA is more expensive than - o

a common robotic joint. The costs of a high performance 3) Potential energy:The maximum potential energy, which

commercial robot with VSA built in, are likely to be more.can be stored in the VSA, is determined by the integral

Depending on the budget the VSA has to be composed suring(s). Assuming that the full energy of the active sprin

cheaper and in most cases inferior parts. This will limit thean be used by a passive actuator deflection, the maximum

capabilities of the whole robot. elastic energy of the VSA is the same as that of the active
2) Output power:The spring of a VSA can provide a shortspring. As previously mentioned in Sdc.TIIFIA2 the usable

time extra power boost, if it is pre-loaded. However, thepatit elastic energy may be reduced by a change of the stiffness

power of the VSA, which can be provided continuously ansetup. Additionally in an antagonistic setup (see SecAll)-

reliably is specified by the power capabilities of the matpr( only one of the springs is, depending on the load direction,
The continuous output power of the VSA is the powethe active spring, which is storing the elastic energy.

which the actuator is able to provide without stopping. It is The elastic energy stored in the VSA is

the nominal speed multiplied by the nominal torque of the

positioning motor(s) (see Fifl 5). Nominal speed and torque ®

of the motors can be found in the motor data sheets. An H(p,0) :/0 (¢, 0) dp 1)



with the external torquer(p, o), the passive deflectiop, ¢n.x realized as a mechanical end stop. This limit is usually
and the stiffness setup. As described beford?(y,0) is chosen, so that the maximum torque can be realized with the
limited to the potential energy capacity of the active sprin maximum stiffness setup. With this limitation the most gyer
Having a look at the external torque-deflection diagram (sean be stored with the stiffest setup and the energy capacity
Fig. [@) the elastic energy stored in the actuator is the arfes lower stiffness setups is decreased. This effect carebe s
below the torque curve. Basically the VSA mechanism fornfer curve a in Fig[b, which would be cut off at,,., in this

a transmission between the output and the spring, whichse.

can be altered by a change in the stiffness setup. So thel) Stiffness rangeThe stiffness functiork(p, o) is defined
available energy can be distributed over the torque-déflect as:

curve and if the general characteristic of the torque famcti k(p,0) = dr(p,0) (3)

is maintained, an inverse relationship of maximal deflectio de

and maximum torque is obtained. Increasing the maximBkepending on the task, the possibility to have a broad stfn
deflection will result in a decrease in the maximum torqueand at different external loads may be beneficial. Fomst$
and vice versa. A way to enlarge the maximum tor@unel variation and cyclic tasks (SeC._II'B[=_IIID) particularipe
deflection is to modify the torque function in a way that it ibandwidth of the actuator stiffness is important. A helpadl
non-linear progressive with a low slope at low deflectiond ano get an overview on the actuator stiffness performancesis t

a high slope for high deflections, so that the integral has tbtffness-torque diagram (see FId.[7, 8). Here the minimum
same value as the one of the previous torque function (cumed maximum stiffness and their inter-dependency with the
d). With output stiffnesst(¢, o) being the derivative of the external torque and the different actuator stiffness settgm
torque function, a lower slope at low deflections has a lowke examined. It gives a distinct visualization of the séffa

stiffness in this region. bandwidth at a given loading case, which is the freedom of
variation in vertical direction. The stiffness bandwidghthe
A ' Limit with most important factor for the performance in the ’stiffness
\‘ . fixed pmax variation at constant load’ use-case (Eeelll-B).
. .
Stiffness v b
P X . . A
variation /\ Limit of spring /
PX energy H with Y
~ YN / linerar spring \ 7 C
: - /
=3 R d III
o SN ] <o y .-
H : C * 2] ‘I" b
: , b Ry
: d S .. .
H : Sl e o P
§ g Stiffness T f[ngt with
b 2 variation " 7 1X€d Pmax
# - o '/
ik > ,~~_ Limit resulting
Deflection ¢ i a \ from spring
. ’
Fig. 6. A VSA-device, which changes the transmission rativben spring ’,z/ . cnergy H O.f .
and output, does not reduce the energy capacity in diffestifihess setups R variable transm15510n
(see curve a and b). The potential energy at maximum passivectefl T g
shown by the area below the curves is the same. A stiff setup gfriag orque 7

preload type VSA has less energy capacity (dotted area belowe c). A
mechanical end stop at a fixedhax cuts off all curves at the given deflection.
A progressive curve (d) with the same potential energy hasvarlstiffness
at small deflections and a maximum higher torque than the linemec

. . . . %ives the limit for a fixed deflection anglemax-
In the diagram the influences of the stiffness variation _. . . . .
i . Fig.[d deals with a VSA with constant stiffness for different
method on the elastic energy capacity can be seen (S%%ness setups a-c. The constant stiffness makes it easy t
also Sec[1ll-A2). A stiffer setup achieved by a variation of b ) y

S . . . model the actuator dynamics and the unaffected oscillation
transmission ratio does not affect the elastic energy dgpac o e
. of the system can be expressed in eigenmodes. The limitation
represented by the dashed line of

of the maximum deflectionp,,., resulting from the energy
T (9) = 2H ) capacity of the spring(s) has different characteristiqeedeing
® on the stiffness variation principle used. There is a loveenia
with the energy capacity of the spridd. In contrast, a spring on the stiffness for the variable transmission type, whiah c
pretension (curve c) reduces the energy capacity, which d2g expressed as )
be seen in the dotted smaller area below the curve. b = —— 4)
For constructive or practical reasons some VSA do not 2H
limit the maximum deflection according to the potential giyer  For practical reasons it might be desirable to have a non-
capacity of the spring, but have a limit on a fixed deflectiolinear progressive actuator torque curve (see curve d infG¥ig

Fig. 7. Stiffness variation of an actuator with a linear tegefisplacement
characteristic at different stiffness setups. The dashed it the maximum
spring energy limit for a variable transmission type VSA. Thated line



Limit resulting 4 energy can be _tr;_ansfprmed efficiently. That implies at finat t
from spring aj .- we keep the friction in general as low as possible, so that we
\

energy H do not Ioosg thg energy qnintentionally during operatioe. W
@ have to avoid friction bearings, and reduce the overall rermb
of bearings. Usually the friction in the actuator mechanism
much higher than the inner losses of the spring. For cyclic
movements (Sed._I[dD), where the oscillation is performed
primarily without motor movements, the efficiency in theveri
train between the robotic link and the spring(s) is relevant
A good plot to investigate the efficiency of the VSA-
mechanism is the torque-deflection graph with the torque
measured by a external torque sensor at the output. This
measurement can be performed for different stiffness setup
and deflection velocities. The losses in the mechanism can be
seen in the diagram as a hysteresis in the external torque at
Torque 7 the output for the movements with increasing vs. decreasing
Fig. 8. The external torque-stiffness diagram of an actuaith a progressive deflection (See Fld:lg)' T_he area contained within the |00p
torque-displacement behavior. Stifiness variation undesrestant load corre- represents the losses during one cycle. In most actuaters th
sponds to a vertical shift in the diagram. The dashed line terpial limiting  |osses are higher for a higher stiffness, because then the
ggﬁﬁtgg)_r?r?ﬁ’gaeginrgeﬁ‘;”s%’?e?ueg'Zﬁgogtigg%ﬁgﬁtsZ‘apb%’pgjﬂzgﬂpo{)tirs'e load inside the mechanism and thus the friction is higher.
stiffer than setup a. This behavior may result in difficulieshe controller This is especially the case for the spring preload type of
design. In loading casé an intersection of the stiffness setup curves makesWSA. If a model of the torque-deflection characteristic of th
e e o b oTis kB2, actuator exists, @ second diagram can be plotted with tgaor
the stiffness can not be altered, because in other stiffsesms the passive €ITOr, i.€., output torque minus the modeled torque versus
joint deflection or maximum torque is exceeded. the deflection. In this plot (see Fig.]10) the ideal frictiess
. ) . actuator would have a horizontal line with the valtieThe
which results in non constant torque-stiffness curves as/sh torque hysteresis caused by the friction can be considesed a
in Fig.[8. The reason may be one of the following: a symmetric vertical deviation of the loading and unloading
« gain a higher maximum torque and deflection than motion. Model errors primarily result in asymmetric vealic
linear torque curve with the same spring energy deviations.
« a stiffening effect helps the actuator to avoid reaching the
mechanical end stops — soft
« shaping of the end-effector stiffness of a kinematic chain —— Stiff
according to a desired passive response S deal
The latter point is of special interest in the field of hopping 1cea
and walking robots, where a progressive knee actuator in a ..
robotic leg facilitates a linear endpoint stiffness. Ideal, frictionless
The time to change the stiffness setup is influenced by the actuator
stiffness variation principle. In a spring preload type véhe
energy has to be stored in the spring(s) to increase stiffnes
the motor(s) have to provide the relevant energy and depgndi
on the motor power this takes more or less time. Similarly, fo

.
.
I“
.
.

P

Stiffness &

Stiffness
variation

\

Toutput

a variable transmission type the motor power influences the Impact of
stiffness variation time, especially when the stiffneseuti | hysteresis at
be increased with an external load applied. This is even the max. torque

case, if the mechanism was designed in a way that it does
not need to emit power at the output whilst the stiffness is
increased[[57]. Here both motors have to resist at least thig 9. Qualitative diagram of output torque vs. the passisfiection of the
external load while moving in a way so that the equi“briurﬁctuator. Friction causes a hysteresis in the directiomefmeasured torque
. . which is usually higher for stiffer actuator presets. Thétefb lines indicate

position at the actuator output keeps constant. In this #85e€ the hehavior of an ideal frictionless actuator with a nosdincharacteristic.
motors have to overcome the inevitably friction losses,clvhi
will also limit the time of stiffness change. When the stiflse  Efficient motors and gears that also feature high peak energy
changing motor is chosen very small, it may be even the cabeoughput are essential for the efficiency of the transédiom
that it is not able to set all desired stiffness setups when ahenergy between the electrical and the mechanical domain
external load is applied. [58], [59]. This is useful, e.g., for the peak velocity usese, or

5) Efficiency: Energy is transformed between kinetic andiasks with large movements, or high output power. Sincesgear
potential energy repeatedly during the movement of a robatd motors are usually provided by suppliers, their efficyen
with VSA-articulated joints. Therefore it is essentialtthlae can be looked up in the corresponding data sheets.




A Toutput = Tmodel The accuracy is influenced by the placement of the senor
and which position is measured against which reference.
Sensors arranged in series and values where model knowledge

[~ 4’] is necessary should be avoided as far as possible. As depicte
P‘N—// in the example of Fig_11, the link position can be measured

S—— i directly or calculated as the sum of the motor position,repri

W/_ ~~ length, and eventually a load dependent impedance model of

l the gear box and tendons. With an appropriate sensor, the
. Lo . _direct measurement is more accurate than the calculated,val
Fig. 10. Qualitative diagram of output torque hysteresis the passive b in the latt h d del |
deflection of the actuator. This graph is a tool to investigate devimtio P€cause in the latter case, the sensor and model errorsjlas we
of the real system from the model. Friction causes a symmetstetgsis in as the noise are summed. In the given example the peak to
the vertical direction. Model errors result in asymmetrictieat deviations. peak noise of two serial2 bit sensors i$.12rad/s.

With a dedi d stiff diusti h . On the other hand the method of indirect measurement
It . ? edicated stifiness a dju§t|ng motqr, t I(?ri IS dzo.né%ables us to avoid placing sensors at unfavorable position
pq;fentla to save some gnelrgy urng CJIFeratlon. ) L € h,S'rthe example the sensors are placed around the moving springs
stifiness variation tlmebls OW(’j a ﬁmﬁ hmo_tor with a Igi}md thus have to move with the springs during operation. As a
transmission ratio can be used, which nas in Stf_m? O_p”at'(?onsequence the sensors are exposed to high accelerattbns a

less power .consumpt|0n. If frequent stlffnes_s variatioriry vibrations, which may be harmful and have a negative effact o

ope(rja?onshs npf; neceszgry,_ a non—bacl;_—r:jnvatrjlle gear egnt e measurement. On the other hand the spring length could be
use h or the st Iness adjusting motor. en t'e _motor 9080 obtained as the difference between the motor and spring
hot have to apply a constant torque to maintain its pos't'orgosition which could be both measured by sensors attached to

Y

SO that it has no power Consump_tio_n in the time where the. \/sA_pase.
stiffness setup is not changed. This is usually at the cost o
less efficiency, when the stiffness adjusting motor has teeno
6) Accuracy: Most people who are new to the field of
VSA have intuitive concerns on the accuracy, repeatapditg Progressive
predictability of the system. The good news for them is that L Motor Gear springs
VSA based robots can be precise and predictable, but lilex oth \/ Link

Base  Link position sensor
/

Pulley

robots their performance in accuracy is strongly dependent Tendons <

the quality of models, machined parts, the sensors, and the
design itself.. In this section we want to address the sensors “Hmotor Gear
and the design. \A .

It is obvious that the precision of the VSA is set by the o Spring length sensors
build quality of the sensors. Thus high resolution sensces a ~ Motor position sensors
Obl'gatory fqr a precise VSA. _Posmon sensor reSOIUI!on ﬁg. 11. Sensor positions for an antagonistic VSA. The septacement
particularly important for velocity measurement. Velgcis directly influences the quality of the measured data. Valeeske measured
the time derivative of the position signal, so errors as \asl| directly or can be calculated as a sum of serial arrange@seasad eventually

ial d ti di o ff ! fl i models. In the example the link position could be measured tlirex

spacia an time |s_cretlzat|0n efiects |n_uence _Slg lya calculated as the sum of motor position, spring length, arsbipty a load
the quality of velocity measurement. With a given sensa@ependent impedance model of the gear boxes and tendons.
resolutiong,.s the corresponding velocity resolutigp.s is

With a well designed sensor setup the controller knows the

. 2 _ Gres ®) state of the actuator, but for a precise and repeatable mavem
res = e * tsample  tsample it is essential that the driving motor is able to affect thépot
with the sample tim@sampie and the number of incrementspos't'on and torque. Any kind of backlash, play in the drive

train, cable slack, creeping, or slip-stick friction maythahe
accuracy of the output position and torque. Therefore these
effects should be explicitly addressed and minimized in the
mechanical design of the VSA.

Ninc-
A 12bit sensor in a realtime setup running latHz has a
velocity resolution of

27 rad rad

30001 s 00 s ©
Assuming 2 increments peak to peak noise, the unfiltereﬁ'
noise is3.06 rad/s (75 °/s), which is faster than the maximum The controller relies on the knowledge of states of the
joint velocities in typical pick and place movements of emtr system. In contrast to rigid or constant stiffness actsator
humanoid robots. In this case a strong filter on the velocityith 4 state space variables VSA ha¥e These are the
signal with an undesired phase shift would be needed. positions of the output and tliemotors, plus their derivatives.

Furthermore sensor hysteresis and temperature driftseof titernatively they could be substituted, e.g., stiffnedpiating
sensors, as well as time delays and limited bandwidth ofotor position by actuator stiffness, or output position by
the filters and the digitalization should be addressed in tbetput torque, plus their derivatives, respectively. Ries
selection of the position sensors. variables of the state-space of a VSA are listed in TEbled. Fo

Qres =

Influences of the control on the design



TABLE | systems like a controlled friction dampér [63] rely on a egtr

LIST OF POSSIBLE STATESPACE VARIABLES OF AVSA. output torque signal.
motor positions ¢ | motor velocities 0 In general, using a model instead of directly measuring the
output position ¢ | output velocity q state has advantages:
output stiffness & | output stifiness derivative & + less parts
output torque 7 | output torque derivative 7 + smaller
+ cheaper

a VIA with additional variable damping the damping factor
plus its derivative is needed.

Some VSA states can not be measured directly, e.g.,
stiffness can not be estimated without a change in the eadtern
load or an at least quasistatic model of the actudfor [60].~
Other states such as the torque can be measured using costly .
torque sensors, but most engineers decide to use a model errors are more likely not detected
to calculate the torque using cheaper position sensors to
measure the passive deflection and the stiffness setupce-g. IV. DERIVATION OF THE VSA DATA SHEETS
contraction in the example of the antagonistic VSA of Eig. 11 The investigations of the applications, use-cases, arigries
Furthermore, position sensors tend to have less temperati§sues lead to the identification of the attributes and plots
drift and signal noise than strain gauge based torque senséiscussed in the preceding sections. All this informatien i
which is crucial for the controller performance using thejtee  very useful to describe a given VSA-device. If you want
derivative. Extra information such as the temperature gan ¥ get an impression of the performance of a VSA, discuss
used for a sophisticated model of friction and damping or@n the specific advantages and drawbacks, or investigate on
calculation of the performance limits when overpowering ththe suitability for a desired task, you would need a subset
motors. or even all of this information of a VSA. Out of this large

In the example shown in Fig_l1 the link position can bamount of information, which is most likely not transparent
estimated by the motor and spring sensors and measured®yhe reader in the written form, we composed the VSA
a dedicated sensor. This redundancy can be used to closeQa& Sheet. In this data sheet we put in all the values of the
measurement loop so that a deviation of the two values cafiributes and graphs addressed before, and in addition the
be observed. This enables the controller to detect faildire @lectrical and mechanical interfaces. All the data is gealip
sensors or the mechanics and helps ensure safety of thécrobBto several logical blocks to give a compact and clear set of
system. information. The different sections include the main eieat

Modeling a system state has some direct issues in tAgd mechanical properties, details on the sensors, thegspri
accuracy of the state. Friction and play can be difficult tgharacteristic, the mathematical description, and detdithe
model exactly, resulting in a torque hysteresis, and with ifiternal actuator design. The single values and plots ofittia
limits on the performance of the controller. Also structuréneets are presented in detail in the complementary pagr [2
elasticity and creeping effects, e.g., in tendons, ardehging ~ The VSA Data Sheet was developed in the VIACTORS
to model precisely because they are mostly nonlinear [6Furopean project and is an attempt to provide a common
[62]. In addition creeping is plastic effect dependent oe tinterface for the world wide community working on the
load history and temperature. All these effects are pdatibu topic of VSA and it is open to all. The data sheets of the
difficult to handle when they appear at positions which can ngctuators developed by the groups within the project as well
be measured by a sensor, e.g., friction in the output beaging @S the template for the data sheet can be downloaded at
not be measured by an integrated torque sensor or by sprity\. Vi actors. org.
deflection. Furthermore, in the example of the antagonistic
actuator the torque and output position could be estimayed b V. CONCLUSIONS
only measuring the motor positions and spring lengths, andStarting with the intended purpose of the robot different
leaving out the link side sensor. But tendon creeping and gesge-cases are identified, which resemble characterigtiesty
hysteresis can not be observed. They may be modeled, bfibasic motions. The separate use-cases are investigaded a
can not be evaluated. So depending on the magnitude of thétse most relevant physical parameters and design parasneter
effects, the link position is at best a good guess. are derived. Like in most engineering work, many of these

In the case where the actuator is equipped with a dampipgrameters are in conflict with each other and can not be
unit to reduce unwanted oscillations of the output, usualthosen arbitrarily. The parameters are grouped into five dif
a torque sensor is required. The reason is that dampers farent functional categories and their influence on thegtesi
extremely hard to be modeled precisely and as in the previdasdiscussed. Additionally, the influence of the controlier
example of the position sensor placement, the model cowdown. The VSA Data Sheets are invented and consist of the
not be evaluated without, in this case, a torque sensor. Thi®st relevant data describing a given VSA-device. The data
is independent of the positioning of the damper, which sheets are invented to from a connection between researcher
reasonably placed in parallel to the spring mechanism coming from the users point of view on VSA and researchers
directly between output and base. In addition, some dampimyolved in the VSA design.

+ lighter

tﬁgt it may have drawbacks:

- less accurate

needs better and more expensive additional sensors
higher computational power
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