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Abstract— This paper presents a systematic enumeration and ~ As a further important motivation for VSAs, Haddadin
performance analysis of Variable Stiffness Actuators (VSAs). et al. [9] showed how a mechanical elasticity between link
VSAs are becoming more and more popular in robotics, = anq gearhox is instrumental to protect the robot mechanical

and many different prototypes have been recently proposed . S .
and built in the research community. In comparison with structure, reducing peak forces during impacts against hard

conventional geared motors, actuators with variable stiffness surfaces.
introduce the need for new specifications, requirements, and
performance criteria, concerning e.g. the range of achievable
stiffness, and the response time to stiffness reference changes.
On the other hand, the mechanical construction of VSAs is
also more complex. To address the problem of harnessing the
increased complexity of VSA design, we consider in this article
the enumeration of all possible arrangements of two prime
movers (elementary motors), two harmonic-drive gears, the
output shaft, and the interconnections (either rigid or elastic)
between these elements. We propose an automated algorithm
to search the large combinatorics of such enumeration, and
present a reduced number of feasible basic designs which
accomplish the objectives of VS actuation. Furthermore, we
propose a quasi-static model of VS actuators which can be
used for an analysis of their performance and we conclude
by presenting some preliminary characteristics of one of the
selected designs.
Index Terms— Physical Human-Robot Interaction, Safety, Fig. 1. VSA-HD, the new VSA prototype.
Performance, Variable Stiffness Mechanisms, Actuators

The effective implementation of VSAs is an outstanding
I. INTRODUCTION research issue in robotics, where may different approaches
are being pursued. One notable early example are pneumatic
Applications requiring physical Human-Robot InteractionyMcKibben) muscles [10], [2], although the need for a
(pHRI) occur more and more frequently in both advancegompressed air source represent a drawback for several
industrial automation and service robotics. Such app'icatior@pﬁcations_ While new advanced materials, such as electro-
require ever more stringent requirements on safety angtive polymers, are being actively investigated [11], most
dependability, adaptability, and ultimately on the capabilcurrent and near-future implementations use mechatronic
ity of exhibiting a human—friendly behaviour. To addressolutions with different arrangements of electromechanical
such issues, several researchers in the past few years hagmponents, such as induction motors, gearboxes, and (non-
proposed novel actuators which can vary their stiffness ifnear) springs. For instance, the DLR VS-Joint ([12]) adopts
accordance to the task needs (Variable Stiffness ActuatogStwo motors - two gearboxes Configuration: a motor is
(VSA), [1], [2]). Moreover, VSAs allow to adapt to the connected to the link through an Harmonic Drive (HD)
task the system resonant frequency ([3], [4]), thus reducingearbox and controls the equilibrium position of the link,
energy consumption during repetitive task and achievinghile a (smaller) motor is connected to the nonlinear elastic
more natural motions ([5]) adapting the joint stiffness to th@lement through a worm. Thanks to the non-backdrivability
task and the environment. of the worm the VS-Joint maintains stiffness without exerting
The VSA idea is also very useful in other domains, suckorque. The nonlinear elastic element is based on a set
as legged locomotion [6], where the possibility of storingf spring acting on a cam profile, whereby the stiffness
energy on the elastic elements ([7], [8]) can be used ishape can be adapted to the task by designing the proper
walking robots to alternatively transfer gravitational-potentiatam profile. As another example, the MACCEPA ([13]),
and kinetic energy within each stride, minimizing the energyriginally designed for walking systems, consists of two
consumption. geared motors and a non linear elastic element. Each mo-
tor chassis is rigidly connected to a link and the motor
Authors _—are  with  Centro Interdipartipartimentale  di gytpyt shafts are interconnected by two lever arms and a
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output shaft. Its evolution, the MACCEPA 2 ([14]) allows toincluding motors, gearboxes, link (output shaft) and me-
design the stiffness-angle function by introducing a profileghanical frame, and mechaniaainnections, which we will
disk, instead of the lever arm, acting on the linear springclassify as rigid, elastic, and free.
Rather than using one actuator for each degree of freedomFrom a design specification point of view this article
(position and stiffness) in the agonistic-antagonistic (A-A)s focused on actuators capable of changing independently
configuration both motors are employed to produce torquend simultaneously the stiffness and position at the output
at the output shaft. Schiavi et al. in [15] propose the VSAshaft. This requires at least two motors on the mechanical
Il, an A-A arrangement in which two geared motors ar@arrangement: for the sake of simplicity in the following only
connected to the nonlinear elastic elements. Those elemesystems composed by two motors will be investigated. Elec-
are implemented by connecting a linear torsion spring tomechanical motors are often used in robotics equipped
a couple of4-bar linkages. Motors moving in opposite with gearboxes enabling high torque generation at low speed.
directions act on the stiffness, otherwise moving on the sanf® include these elements in the analysis, a specification of
direction they change the output shaft equilibrium positionra gearbox model must be introduced. In the following, we
Main difference with respect to the previous arrangements vgill consider Harmonic Drive gearboxes because of their
that theA-A approach allows either motors to push and pulsmall axial footprint, the near-zero backlash, and the high
the link, enabling to transfer to output shaft all the generatedtio between reduction and weight or volume. HD systems
torque. A basically similar component arrangement waare composed by tree elements: iheve Generator (W G)
proposed for the Variable Stiffness Joint (VSJ) by Choi et ahn elliptical disk and an outer bearing; th#ex Sline
in [16]. In this arrangement, each motor is connected to thg'S) a flexible element, internally connected by an elliptical
nonlinear elastic element by a gearbox. The variable stiffnesgaring withWWG, and externally teeth equipped; and the
is implemented by leaf springs whose active length areCircular Spline (C'S), a rigid ring with a different number
controlled by pivots driven byl-bar linkages. A difference of teeth on the inside. When tH& G rotates the teeth on
between the motor positions causes a different equilibriutthe major axis ofF’S get engaged with the corresponding
configuration for thet-bar linkages, consequently changingon C'S. For each revolution of th&/’G major axis of F'S
the stiffness; otherwise motor motions leaving unchangegets a displacement with respect@® proportional on the
the relative position affects only the output shaft equilibriundifference of teeth, thus implementing the reduction ([17]).
position. Fig. 2 illustrates the graphical representation of a layout (SX)
Although the various VS actuators have different charac-
teristics (e.g. stiffness shape, maximum torque, componen*

arrangement), most of them are composed by the same set ¢ [€51_ W __ €52
basic components: motors, gearboxes, and nonlinear elasti__ - w [_Ics[Fs]L]T]
elements. The design of an element is generally related taMing Grm2 5_ iiz

1 2 '

the shape or the magnitude of a characteristics (e.g. angulg L
displacement - stiffness, and stiffness range). On the othel 0s. T X
hand, the interconnection of components is mainly related to
more general properties likd-A arrangement as in VSA-
II, or explicit stiffness variation (ESY as in VS-Joint. @)
The possibility of changing the stiffness at the output jointrig. 2. Graphic (a) and matrix (b) representation of a layout without
and more generally the high number of design parametéikages. Motors andV' Gs (gray) are not considered in the analysis.
for VSAs, highlight the need for new criteria taking into
account the new possibilities offered by these actuatorg’here no connections between basic elements are done.
The criteria must enable a comparison between the differentTo be able to study all the possible component arrange-
implementations of the general concept, and guide throughents some assumptions have to be done a priori to reduce
the design process. the problem complexity and the magnitude of the solutions.
Section 1l introduces the matrix model, hypotheses ank will be noticed that the pursued approach can be extended
numerical filters used to enumerate the configuration layoute@ more complicated or specific designs by adapting the
based on the selected basic components. The quasi-st&¢ Of rules explained in this section. For instance, to cope
model of the generic layout is proposed in Sec. IlI. In Sec. IWwith planetary gearboxes we can consider as functionally
a preliminary set of tools to analyze VSA performance€quivalent the couple€’S-annulus,F'S-planet carrier, and
and the inherited classification is carried out. Finally i/’ G-sun. On the other hand along the performance analysis
Sec. V some preliminary characteristics of the VSA-HD, th&inematic differences have to be taken into account.
prototypical implementation of a layout, is proposed.

GROUND ()

A. Hypothesis

II. COMPONENTS ANDCONNECTIONS To enable a mathematical representation of the component
interconnection and to include in the solution domain only
As discussed in the previous section a VSA is composedttuators ensuring the stiffness controllability we have to
by basic elements, which we will distinguishéomponents, assume some hypotheses.



1) Symmetrical specs. To reduce the solution space, with- 3) Gearbox 1: L andT have to be connected at least to
out loss of generality, we can assume that the two motors ande element of both HDs to enable the torque transfer
the two HDs have the same performance in terms of gener- I
ated torque and reduction ratio. This hypothesis do not harms
the abstraction since the effects of these parameters can be
represented by a scaling factor in the layout performance. 4) Gearbox 2: To preserve the reduction effect of the HDs

2) Reduction: To enable the use of the HD as gearbo»all their components have to be connected at least to another
we need to connect the motor output to tHEG. This on the assembly, this will be guaranteed if all the following
hypothesis, needed to adopt smaller motors, is common@pnditions are satisfied

S13+S23 >0 or S31+S532>0,
T: Sia+S24>0 and S+ Ss2 >0.

assumed f_or robotic_s_ystems. _ E?:l S1i#0 Z?:l Sy #0
3) Non-linear elagticity: The stiffness at the VSA output Z{L Si1#0 Z{l Sio#0
shaft can be defined as= — 27 = —2L(%) ‘wherer is a =t =t

disturbance force applied from the exterralthe resulting ~ 5) Gearbox 3: No rigid or elastic connection can be
displacement on the shaft, afi¢h) is the force-displacement placed between thé€'S and the 'S of one HD to avoid
characteristic of the elastic element. To enable a stiffne§9unds on their relative positions. To filter inherited connec-

variation f(0) have to be a non-linear function. tions all the configurations including a closed path between
4) Bidirectional elasticity: Only bidirectional elastic ele- the elements of an HD have to be filtered. For instance

ments will be taken into account. connections between the elements of one HD through the
5) No limitation on link displacement: Although robotics elements of the other can be avoided imposing

devi_cc_as often include limits for the angullar_di.spllacement at Si1#00rS; s £0Vi=1,...,4

the joints, the actuators seldom have this limitation. S1:400rSy,; £0Vi=1,...,4

B. Mathematical Representation 6) Gearbox 4: A rigid connection betweed'S and F'S

If we assume that no connection can be done inside to% the HDs harms to independently control the motors. This
HD, a matrix representation (Fig. 2) can be used to represe#indition can be avoided by imposing
both all 'ghe conﬂgurgtlons. whebfeand1 mean no and elastic S11 + oy < 10 and Sys + Soy < 10.
connection respectively,'S;, F'S; are the circular and flex _ S
spline of the HDs L is the VSA output shaft, and@ is the 7) Decoupled Inertia: The presence of rigid links between
mechanical frame. Many of the following criteria are base@ HD and bothZ andT" brings a rigid connection between
on the sum of the elements on a row or column; consequengy least one of the motors; thus arising to impose
to enable the numeric representfition of a rigid connection Sis + Sos <10, Sy + Sas < 10
the value of5 can be adopted. This value is guarantee to be Sa1 + Sup <10, Sy + Szo < 10.

greater than the sum of elements of any rows or columns o _
composed by only elastic connections. Any closed path composed by rigid connections between

these elements produce the same effect.

C. Filters 8) Variable Siffness 1: To enable stiffness variation at

By only applying the matrix representation the solutionghe output shaft the system configuration must include at
are all the configurations composed Bybasic elements least two elastic connections. From a matrix representation
(FSy, CSi, FS,, CS,, L, and T) and 3 possible con- perspective at least two matrix elements must be equal to
nections. Assuming that nd—L and T-1 connections
can be done, the solution space is represented by all the
possible configurations df4 connections ranging ia values D. Layout

(3'%). Thanks to the matrix representation numerical filters Al the 140 layouts obtained after the filtering process
can be used to isolate the configurations satisfying all thiffer from the mechanical point of view. Those layouts
hypotheses. can be grouped from a functionality perspective in order to

1) Symmetry: Because of the Hyp. 1I-A.1 and II-A.4 perform classification and/or performance analysis. On the
symmetrical solutions result to be equivalent, thus allowingther hand all of them can be taken into account during the
to eliminate a matrix if its symmetrical has been taken int@esign process, to cope with the mechanical differences (eg
account. load capacity or mechanical complexity).

2) No Link Limits: To avoid element configurations caus- 1) Variable Stiffness 2: Only elastic elements controlled
ing limits on the output link displacement (Hyp. 1I-A.5) py the motors produce a controllable stiffness contribution.
cannot be a straight or inherited connection between linkot controlled elements only affect the mechanical design,
and frame. Direct connections can be avoided by imposingot the layout functional properties. Due on that layouts

Sy =0Vi,je {34} . containing passive elastic connectipns can be grouped.
2) Rigid Redundancy: Configurations based on a path
To avoid inherited connection all the matrix containing aomposed by3 elements rigidly connected are functionally
closed path betweeh andT have to be filtered. equivalent since the third connection is redundant.

EilviQajlan : (ilajl) 7& (12,j2), Si1,j1 = Si2,j2 =1.
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Fig. 3. Graphical representation of tBe layouts. Yellow lines represents
rigid connections, dashed black lines represents elastic connections.

3) Elastic redundancy: Layouts including an elastic and

IlIl. L AYOUT MODELING

The filtering process highlight®2 layouts (Fig. 3) differ-
ing from the topological configuration. It should be noticed
that these layouts include many of the actuators already
presented by the community research; e.g. the second layout
represents the VSA-II [15]. Hds are used as usual gearboxes
and elastic bidirectional connections are resent between them
and the output joint shaft.

It is possible to introduce a mathematical model able to
describe all of them by specifying a model of each com-
ponent and connection, thus enabling a comparison between
the layouts. The components inertia are more related to the
mechanical implementation than to the mechanical layout; to
avoid these effects a quasi-static model is adopted.

The motors can approximated by their electrical charac-
teristic

W= 1= Gyt )

whereV is the supply voltage [V, w the angular velocity
[rad/sec], T the output torque [N+ R, the armature
resistance [{2], and’, an opportune conversion factor. The
Harmonic Drive Model2 proposed by Tuttle in [17] is
adopted for the HDs. In this translational model HD elements
are represented by planes, whose sloping is related to the
reduction ratio. The evolution of the contact point between
CS and F'S is represented by translations along tie
axis, whereas movements along th&xis represent system
elements rotations. According to Hyp. lI-A.1 and II-A.3 the
nonlinear elasticity is modeled by the functidfisinh (9),
where 6 is the angular displacement between the intercon-

a rigid connection between the elements of one of thﬁected elements. ankl the elastic constant

following terns

(F'S;, L, FS;),
(FS;,T,CS;),

(FS;, L, CS;),
(CS;,L,CS;),

(FS;,T,FS;),
(CS;, T,CS;),

Vi, j € {1,2} are functionally equivalents to systems where
a third connection on the tern exists, open or elastic.

4) Reduction equivalency: Because of Hyp. II-A.2 and II-
A.4 layouts where the connection of an HD are exchanged
can be considered equivalent, e.g. the systems

0 0 0 1 0 0 0 b5
0 0 5 0 0 0 1 0
Se=19 50 0] =01 0 0
1 000 5 0 0 0 Fig. 4. Translational model of a generic layout including b# possible
linkages.

present a reduction ratio at the HDs differing only for the
2%. Such variation of the reduction ratio happens on HD

when, fixedW G as input,F'S is used as referring element

andC'S as output and can be neglected from the functionality Neglecting effects due on friction, plays, and rigidity
perspective. of 'S, the complete model can be expressed by the
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wherez;; = x; —x; is the difference between the position of

A -
two elementsF,,1, F,,» andF, the motors and external load, a) 1] ; 1N {
and N the reduction ratio. To represent all tlepossible S S & : b 4
connections we assum&; € {0,1,00}. The complete GROUND Whink S5 Think T Think
scheme is reported in Fig. 4. The solution of the DAE system
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with respect to the inputs (V1; and Fp) is the temporal = — & RN W
displacement evolution of the components(()). b) é‘ o g

The workspace of an elementary motor is fully described = o P \’ ’
by the equilibria solutions of Eq. 1, or its graphical represen- i~ coopn WLink™ 7 TLink TR L R
tation(r,w) . This approach can be extended to VSAs taking _
into account the stiffness Joas further degree of freedom. = - .
Fixed the admissible range for the actuators ) gE

Vil < Vari € {1,2) . 4
GROUND TLank

where V), is the maximum motor voltage, the DAE system
admits equilibria solution if, and only iff, is lower than - \ 7

the maximum force that the motors can transfer to the link )
Fy, that can be evaluated givan (Eq. 1) and the layout >l v
configuration. Fig. 5 shows the solutions, (@, o, at the [ chowp  Wrink % ' L W
output shaft) obtained by solving the DAE for all the suitable
values. The isometric view not only gives information about &
the working volume but also on the topology, more over ) 5 [
the projections can be used to extract intrinsic properties ofe —a &

the layouts. For instance, the projection on ther) gives Tl i S g e
information on the relation between the external load and the

stiffness range, whereas the projection(@nu) replicates an Fig. 6. Layout schema, Working Volume and projection (@) plane
usual motor chart. of the 5 selected systems.

_OLink ., .

IV. CLASSIFICATION AND PERFORMANCE ANALYSIS

To simplify the layout comparison, the,w, o) charts can range. Otherwisel- A layouts have an irregular shape but the
be normalized with respect to the maximum motor torque arallowable torque at the output joint is double with respect to
velocity. The normalizer stiffness value is evaluated as thESV's. A-A actuators can be more specified with respect to
maximum stiffness produced by a geared motor compressitige presence of a cross-link between the elements of the HDs.
the nonlinear spring. From a mechanical perspective the cross-link prevents mo-

Either ESV and A-A macro-families can be identified by tors to set the maximum deformation at the elastic element.
analyzing the charts. Iiz.SV actuators one motor controls Unconnected actuators (Fig. @end 6b) join the maximum
the stiffness, while the other is related to the equilibriunstiffness (aq,) for both = 0 and 7 = 7, (maximum
position of the output. Otherwise if-A layouts both motors torque), otherwise cross-linked actuator charts have only a
act on stiffness and link position at the same tink&SV  maximum, as these actuators can reaghonly atT = 7,
actuators (Fig. 6€) have a quasi-prismatic working volumgfFig. 6¢c and 6d. A more specified taxonomy have to take
meaning that an external load do not reduce the stiffnegsto account the connection symmetry with respect to the



output shaft. The stiffness profile of systems characterized l
by symmetric linkages has thinner wings (Fig. 6ad 6c)
than the asymmetric (Fig. 6nd 64, this property is clearly
showed by thér, o) chart (Fig.5) and due on the unbalanced
elastic connection.

As for off-the-shelf electromechanical motors, charts are
not sufficient for a complete characterization. The possibility

| W [ [om [om | & [ S |
0.6 [ 1 [ 202 [ 202 [ 092 [ 0.%
0.65 | 1 | 4.07 | 407 | 0.65 | 05
0.09 | 1 | 204 [ 110 | 092 | 025
041 | 1 | 5.08 | 3.07 | 1.10 | 0375
05 [ 05 | 304203073 X

ojolo|Tlo

TABLE |
INDEX VALUES OF THE LAYOUTS SHOWED INFIG. 6.

to vary the stiffness at the output joint shaft brings to define
some new parameters
1) Working Volume (WV): delimited by the external

surface of the chart is related to the allowable workingystems have greateg,&nd WV, on the other hand cross-
conditions of the system. linked ones presents lower. A deep analysis of all the2

2) Real Working Volume Fitting (RWVY. WV is not layouts highlights that most of these parameters increase with

aLINK

Fig. 7. Real Working Volume Fitting (SX) and Stiffness Breakaio(DX).

3) Maximum Torque (z): this parameter have to be

4) Maximum Stiffness (g;): as previously explained,

5) Stiffness Velocity §): the time needed to change

related to the shape of the working conditions. Fronthe number of elastic connections and consequently with the
mechanical complexity, whereas the connection schema is
strictly related to the behaviour, e.g. the layouts Fig.and

Fig. ?? have the same kind and number of connections but

e a8 Incien

i a complete different behaviour.

Masimum Profie.

V. PHYSICAL IMPLEMENTATION

To verify the mechanical complexity of the layouts se-
lected on the preview sections the Modular Variable Stiffness
(VSM) prototype illustrated in Fig. 8 has been realized. The

an application point of view usually the Needed
Working Volume (NWYV) is defined as the volume
|< Tyw,0 >| € (Tar,war,on); RWVEF index take
into account the volume exceeding such prismatic
volume and can be evaluated as

NWV

wv ° Fig. 8. Modular VSA used to test the different basic elementsréaon-
nections. In the schematic all the basic elements can be identified.

RTVF =

considered mainly because of the differences betwetvs,vI is composed by a couple of DC motors and pancake

ESV and A-A layouts. HDs, and a modular connection system. The presence of
a Dynamic Spline (DY is the main difference between
these particular HDs and the traditiond).S is a circular
rigid element having the same number of teeth tliés,

_ _ thus ensuring the homokinetic motion between these two
is one of the most important parameters on VSAs; 3Blements. All the active system components (motors and HD
indicator can be defined as = TAU oy where  glements) are related by plain bearings and are free to rotate
Tassis the time needed to join the maximum stiff- one respect to the other. The modular connection system
ness under maximum motors activation and negligiblallows to replicate all the connections of the layout matrix.

external disturbances (= 0). Rigid beams are employed to implement rigid connections,

is reached on different values of depending on the
layout.

6) Stiffness breakdown {5: the stiffness range ofi-A  whereas elastic connections are realized by linear traction

Table | summarize the index values for thelayouts

actuators depends on the external torque. We defisprings and lever arms. With reference to Fig. 9, the non
Sp as ther value corresponding to the half of thelinear displacement of the spring (s) is

maximum stiffness (Fig. 7). o \/(SO) 0= cos(0@))2 + (rsin(3(8))2 ,

proposed in Fig. 6. wheresy is the rest length of the spring,the relative angle

It can be noticed thatiis not defined forZSV actuators, between the elements, andhe length of the lever arm.
as they have small correlation between stiffness range andEither chart/index analysis and implementation on VSM
external torque. On the other hand the allowable torque at the not highlight a model as better for performance and
output shaft of those systems is the half 4fA actuators. complexity. For instance some layouts can have good per-
Analyzing A-A sub-families we can notice that asymmetricformances but a very complex mechanical design because of



Fig. 9. Non linear elastic system of the Modular Variablef8&§s (VSM).
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(1]

the number of connections or their positioning. Moreover,
the application copes requirements, such has dimensions &1
reliability, on the mechanical design that have to be taken into
account and are not considered by the proposed indexes. 3]
Two layouts (Fig. 6band 6€) have been selected as good
balance between performances and mechanical complexity.
Because of its mechanical simplicity the layout proposed ing)
Fig. 6ehas been implemented as first. Fig. 1 represents the

prototype of the VSA-HD. The VSA-HD is aB'SV actuator

connection schema of the layout family. The prototype adopté6
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