
21/02/15 pag. 1 

Variable Stiffness Actuators 

Prof dr ir Bram Vanderborght 
 
 

Vrije Universiteit Brussel 



21/02/15 pag. 2 

Overview 

•  Stiff Actuation 
•  Compliant actuation 

– 	  Series	  elas)city	  
– 	  Parallel	  elas)city	  
– 	  Electric	  motor	  efficiencies	  

•  Series-parallel elastic actuation 
•  Self healing actuators 
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Stiff actuation 
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Stiff actuation 
Excellent trajectory tracking 

Suitable	  for	  sta)c	  and	  
known	  environments	  

(o@en	  industrial	  seAngs)	  
	  
Unsuitable	  for	  dynamic	  
unknown	  environments	  
(including	  humans)	  
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Stiff actuation 

•  No	  energy	  storage	  
–  (also	  recupera)on	  in	  baFeries	  
in	  robo)cs	  not	  efficient)	  

•  No	  shock	  absorp)on	  
– Damage	  on	  harmonic	  drives	  

•  Unsafe	  
–  Kept	  away	  from	  humans	  
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Sorry Asimo 
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Series Elastic Actuation 
Variable Stiffness Actuation 
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Active – passive compliance 

Ac)ve	  Compliant	  
	  
Compliant	  behaviour	  of	  a	  s)ff	  
actuator	  by	  so@ware	  control	  

Passive	  Compliant	  
	  
Actuators	  with	  an	  elas)c	  
element	  (spring)	  

• Limited	  bandwidth	  
• No	  energy	  can	  be	  stored	  	  
• Easy	  control	  s)ffness	  and	  damping	  

• Unlimited	  bandwidth	  to	  impacts	  
• Passive	  compliance	  
• Energy	  storage	  
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Use of springs in biological systems 

The	  basic	  mechanisms	  of	  energy	  conserva)on	  using	  
springs	  have	  been	  demonstrated	  in	  a	  wide	  variety	  
of	  animals	  that	  differ	  in	  leg	  number,	  posture,	  body	  

shape,	  body	  mass,	  or	  skeleton	  type	  
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Video IROS 
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VIA: review 

CHOI et al.: ROBOT JOINT WITH VARIABLE STIFFNESS USING LEAF SPRINGS 231

Fig. 2. Axis with four identical springs attached. The sliders move along with
the springs with the rollers inside of the sliders.

Fig. 3. Link a is attached to the actuators and rotates about the axis. The slider
is connected to the link b, whose other end is connected with link a. The springs
are attached to the axis so that the axis rotates when the sliders rotate.

A. Generating Compliance With Leaf Spring

Compliance of the VSJ is generated by N leaf springs, which
are attached to the axis. The springs are separated by 360/N
degrees. One end of each spring is attached to the axis and the
other end remains free so that the spring bends with an external
force applied to the spring. Two rollers, which are contained in a
frame called “slider,” roll on each side of the spring (see Fig. 2).
Effective length of each spring is determined by the position
of the slider in the radial direction. The upside and downside
of each slider are held by two links, which are called “output
links” of a four-bar linkages. A link that is connected to each
actuator is called a “Input link.” The input links are designed to
be a circular frame, which are connected to the harmonic gears
of the actuators (see Fig. 3).

The four-bar linkage transforms rotation into translational
movement and determined the position of the slider. With the
relative position of the actuators being unchanged, the effective
length of the spring remain unchanged. Then, the VSJ acts as
an actuator with constant compliance connected in series. Fig. 4
shows the assembled VSJ. The guides prevent the sliders from
being distorted due to the applied torque at the axis.

Stiffness of each spring is calculated using the position of the
slider and dimension of the spring (see Fig. 5).

Let D be the diameter of the axis and let l be the distance
to the slider from the axis. When an external torque is applied,
the springs bend due to the torque and angular displacement of
the axis. Letting dFi be the force applied to ith slider due to the

Fig. 4. Assembled VSJ with four springs. The guide prevents the pivot from
being twisted by applied torque.

Fig. 5. Schematic of ith leaf spring with rollers. When the rollers slide on
the leaf spring, the effective length of the spring changes, which is the distance
between the axis and the rollers. Change of the effective length of the spring
results in changing stiffness.

external torque, then the force is given as follows:

dFi =
σidθ

l + (D/2)
, i = 1, . . . , N (1)

where σi is torsional stiffness of each spring, dFi is the force at
each slider due to the torque, and dθ is the angular displacement
of the axis. Note that the amount of bent is the same for each
spring since all the springs are attached to the axis and that the
positions of the sliders are identical. Then, the displacement of
the slider in angular direction is approximated as

dδ = (l + D/2)dθ. (2)

Letting Li
0 be the length of ith spring, wi be the width of the

spring, and ti be the thickness of the spring, then following the
development in [24], the force to the slider is given as follows:

dFi =
Eiwit3i

4l3
dδ (3)

where Ei is the Young’s modulus of each spring. Therefore,
with (1)–(3), the stiffness of the joint is given as

σi = (l + D/2)
dFi

dθ
= (l + D/2)2 Eiwit3i

4l3
. (4)

The stiffness of the joint is given as

σ =
N!

i=1

σi =
N!

i=1

(l + D/2)2 Eiwit3i
4l3

. (5)

Note that stiffness of the VSJ is determined by the shape and
material of the leaf spring. Since stiffness depends on the shape
of the spring, it is possible to design stiffness of the VSJ by
designing the leaf spring, i.e., rectangular shape, tapered shape,

When the angle a is zero—this is the equilibrium position—
the spring will not generate any torque. The equilibrium posi-
tion itself is determined by the value of j. A second classical
actuator present in the pretension mechanism at point b deter-
mines the length of the piece of cable between points c and b,
thus setting the pretension of the spring. This pretension will
influence the torque for a certain angle a, thus controlling the
spring constant of the equivalent torsion spring used to model
the device. In Figure 15, a CAD drawing of the MACCEPA
prototype is shown.
The advantages are that the MACCEPA actuator can be

built with standard off-the-shelf components and that it has a
linear angle-torque characteristic. The control of compliance
and equilibrium position are fully independent, and these con-
trol signals are independent of the current position. However,
the friction in the joint depends on the setting of the compli-
ance, and the servomotors require some space in the structure.
Recently, this novel concept is implemented on two bipedal
walking robots [14] and [46] and in an elbow rehabilitation
device developed by Sulzer [47].

VS Joint
At DLR, the German Aerospace Center in Germany, another
device based on mechanically controlled stiffness is devel-
oped: the VS-Joint [48]. Figure 16 shows a picture of the
variable stiffness part. The cam disk (lower part) is connected
to the joint. The vertical position of the spring base slider is
defined by the spindle that is actuated by the small motor for
the stiffness setting. This upper plate compresses the springs.
The angular position of the upper plate is controlled by the
position motor.
Figure 17 shows the unwinded schematic of the VS-Joint.

The shaded part is one of the three cam disks, which are con-
nected to the joint, whereas the linear bearing in the figure is
connected to the upper plate and position motor. A roller is
pushed by a spring to the lowest position in the cam disk.
When a torque is applied on the joint, there will be a joint
deflection of the roller, e.g., to the right, as shown in Figure
17(b), and pushing the roller upward causing a translational
deflection of the springs. The spring pushes the roller down-
wards, which will generate a force in the direction of the low-
est point of the cam disk. This lowest point is the equilibrium
position of the joint. By changing the position motor, the
angle of the stiffness mechanism is adjusted, and thus also the
position where no torque is generated.

The advantage of this design is that can easily be integrated
into a robotic arm. The shape of the cam disk can be adjusted
to obtain a progressive, degressive, or linear system behavior.
Although one spring is enough, the VS joint uses three springs
for symmetry. It is also a design where two motors of different
sizes can be used: a small one for the stiffness preset and a more
powerful motor for the link position.
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Deflection Axis of Rotation
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Spring Base Slider
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Cam Rollers

Cam Disk (Fixed
to Circular Spline)

Figure 16. VS-Joint mechanism.
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Figure 17. (a) Unwinded schematic of the VS-Joint principle in
equilibrium position and (b) deflected position.

Figure 15. CAD drawing of the MACCEPA prototype.
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Figure 14. Working principle of the MACCEPA.

The AMASC is an actuator where

the compliance and the equilibrium

position can be controlled

independently, each by

a dedicated motor.
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Chapter 1

Variable Stiffness Actuators

1.1 DLR Developments

1.1.1 Floating Spring Joint (FSJ)

The mechanical principle of the DLR FSJ (see Fig. 1.1) is a VSJ module designed for the
first 4 axes of the anthropomorphic DLR Hand Arm System. The Hand Arm System aims to
match the skills of its natural archetype. For this purpose, the joints have to be extremely
compact to fit into the arm. At the same time they require a high power density in order to
approximate the human arm skills. The new DLR FSJ is designed completely from an
energy based point of view. This addresses not only energy efficient components and low
friction design, but also that the potential energy of the spring is used as good as possible.












Figure 1.1: The DLR Floating Spring Joint (FSJ)

Design Goals The application of the FSJ in the lower four joints (shoulder-elbow) of the
Hand Arm System yield a number of requirements for the FSJ prototype:

• It has to be extremely compact to fit into the arm.

• It has to be highly integrated to form a joint module including the joint motors,
sensors, mechanics, and also the joint bearing itself.

• Especially the weight of an human arm appears to be a tough goal to reach [28].
Thus the joint module has to be as light as possible.
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Table 1.1: Joint properties

Max. Torque ± 70 Nm
Max. Stiffness 690 Nm/rad

Max. Deflection ± 15 �

Max. storable Energy 4.35 J
Nominal Power 480 + 134 = 614 W

Min. Stiffness Adjusting Time 0.33 s
Diameter 94 mm
Length 118 mm

Weight (incl. motors) 1.41 kg
Link Side Inertia 6.51� 10�4 kg m2

The heart of the joint is the spring together with its surrounding nonlinear and adjustable
transmission mechanics as depicted in Fig. 1.3 b). The spring pulls the two cam disks
together with respect to each other. The spring is not attached to any part of the housing.
In between the cam disks rotate the cam rollers, which are mounted to the roller base and
with it to the circular spline of the harmonic drive gear. The cam disks are guided by linear
bearings in the axial direction. One cam disk is rotationally supported by the link output, the
other by the stiffness adjuster. The stiffness adjuster rotates the cam disks with respect to
each other to gain a stiffer joint setup. A passive joint deflection as well as an increase of
the stiffness setup is pushing the cam disks apart.


 









a)













b)

Figure 1.3: a) The spring mechanism of the FSJ is located in series between the harmonic
drive gear box of the main actuator and the link. b) The FSJ mechanism. A passive joint
deflection results in a rotational movement of the two cam disks relative to the cam rollers
along the axis of rotation. The cam rollers are embraced by the two cam disks. The cam
disks are axially pulled together by the spring and are rotationally supported by linear bear-
ings (not shown). The cam disks are able to move in the axial direction guided by the linear
bearings.

The joint is equipped with 5 position sensors, of which 2 pairs are redundant. The
following positions are measured in the joint (see Fig. 1.3 a) for an overview of the joint
setup):

• The main motor axis

• The stiffness adjusting motor axis

• Link position vs. joint base (absolute)

8
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Figure 1.9: Left: Forearm with wrist and hand; Right: Force to Sensor angle curve of one
tendon of the middle finger Metacarpal joint(10 times repeated pretension)

1.2 UNIPI Developments

1.2.1 VSA-HD

The basic components constituting the VSA-HD are two Maxon brushless prime movers
(EC305013 for q1 and EC309756 for q2) and two pancake Harmonic Drive gearboxes
(HDUF-14-100, with a reduction ratio of 100:1). In these HDs a forth element called
Dynamic Spline (DS) with the same number of teeth as FS replaces the traditional HD
output. Four-bar linkages are adopted to implement the non-linear elastic elements. The
final assembly of those basic components derives directly from the rendering of the
selected theoretical layout in a mechanical solution. Fig.1.10 shows a schematic

Figure 1.10: External appearance of VSA-HD (left); schematic representation of the real
mechanical implementation(right)

representation of the real implementation (left) and a picture of the external appearance
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(a) (b)

Figure 1.15: VSA-Cube, a variable stiffness actuator for high modularity and low cost multi
degrees of freedom robotic structures (a). An actuator view without the upper external frame
(b).

Figure 1.16: Exploded 3D view of VSA-CUBE with basic components highlighted (a). Two
configurations with different values of stiffness: minimum stiffness (b) and maximum stiffness
(c) with no external loads.

the first series of prototypes, rapid prototyping techniques; pulleys and shafts are realized
with aluminium and steel alloys. Motors are Hitec Inc. TH-7950 servo actuators; these
actuators use brushless motors and steel linear gearboxes. Finally, tendons are made with
Dynema fibres. The Cube, as shown on Fig. 1.16(b) and Fig. 1.16(c), uses a Bidirectional
Agonistic - Antagonistic design.

Fig. 1.16(b) shows a system in a low stiffness configuration. In this situation springs (3)
and tendons (6) are not loaded. When the two pulleys (10a) e (10b) rotate in opposite
directions two of the four tendons are loaded, this puts their engaged springs in traction

18
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shown in Fig.1.22.

Figure 1.22: AwAS-prototype

AwAS-II

As it has been mentioned before, AwAS-II also has two motors; one to generate the
motion M1 and a second one to tune the stiffness M2. The same with AwAS, M1 is a
brushless frameless DC motor by Emoteq (series HT- 02300)Fig.1.23.

Figure 1.23: Cad veiw of AwAS-II components:Position of the pivot is changing within the
lever by motor M2 via the ball screw

The AwAS-II prototpye is shown in Fig.1.25.
The second motor M2 is a frameless miniature direct-derive DC torque motor from

Kollmorgen (QT-0707) which has peak output power of 50W .This motor is then integrated
with a miniature harmonic drive (HFUC-5-100-2A-R-SP) which has a reduction ratio of
50:1.The output of harmonic drive is then connected to a ball screw which has a pitch value

24
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Figure 1.24: Principal elements of AwAS-II

Figure 1.25: AwAS-II prototpye

of 0.0025m. Motor M2 and its attached components are mounted on the intermediate link.
As motor M2 rotates, the nut on the ball screw will travel linearly. To prevent the nut to
rotate (otherwise the nut will not move linearly) another linear shaft is placed parallel to the
ball screw and pass through the nut holder. The linear shaft will also prevent the ball screw
to be bent while it faces strong force. The pivot is a cam follower which is placed on the nut
holder. Therefore by rotating M2 position of the pivot will change along the direction of ball
screw . On the other side, two torsion springs are connected to the output link
(Fig.1.24).From the other side, springs are connected to the end of the lever. Between
springs and the lever there are two small cam followers to allow easily sliding of the lever
end over the spring’s leg while the output link is deflected. The lever has a U shape and the
pivot is moving between the lever. The overall assembly of the stiffness regulation
components is shown in Fig.1.24. As it can be seen in this figure, the other end of the lever
is connected to the output link through a rotary joint. The lever, springs and the pivot are

25
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Figure 1.30: Prototype realization - The prototype is designed to closely resemble the con-
ceptual design. The zero free length linear spring has been replaced by an antagonistic
spring setup acting on the rotation point of the lever arm.

Indeed, these matrices satisfy the properties necessary for energy efficient stiffness
variable stiffness actuators.

The apparent output stiffness is found to be

K =
⇥F

⇥r
=

�
⇧

q1

⇥2

k (1.6)

which is indeed a function of q.

1.4.2 vsaUT: Prototype Design

In order to validate the working principle of the conceptual design, a prototype has been
realized and tested [13]. Figure 1.30 presents a photograph of the prototype. The zero free
length spring from the concept has been realized by a pair of extension springs in
antagonistic setup, acting on the rotation axis of the lever arm. The springs appear as a
rotational spring at the rotation point with a stiffness of k = 0.68 Nm/rad. The linear degrees
of freedom q1 and q2 have been realized using spindle drives, actuated by Maxon A-max
brushed DC motors. The kinematically constrained motions depicted in Figure 1.29 are
realized by aluminum sliding bars with teflon sliding bearings.

Two experiments have been performed to validate the working principle of the prototype.
The first experiment shows that indeed the apparent output stiffness of the actuator can be
changed without injecting or extracting energy from the system. The second experiments
shows that any power supplied to the internal degrees of freedom is used only to do work
on the output. Both experiments are performed with an accurate simulation model before
execution on the real prototype. In order to have commensurable data, the same controller
parameters are used for both the simulation model and the prototype.

The first experiment is as follows. First, the internal spring of the actuator is loaded by
fixing the output motion (i.e., constraining it to zero velocity), and setting q2 such that the

29
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Figure 2.12: Actuator subassemblies

Figure 2.13: Fully assembled CompAct actuator

In the model of Fig.2.14, �r and � are the angles of the motor before and after the
reduction gear of gear ratio N , q is the angle of the link. Jr and Jl are the moments of
inertia of the rotor and of the outer link, Dr, Da and Dl are the viscous damping coefficient
at the rotor, in parallel to the compliant module Ks and at the outer link, respectively. The
torque generated by the actuator is defined as ⇥r while the torque provided to the elastic
element of stiffness Ks after the reduction drive is defined as ⇥j. ⇥l is the torque exerted on
the system by the load and ⇥f is the friction torque generated by the VPDA system due to
the application of the normal force Fa. The model in Fig.2.14 can be described by the
following set of dynamic equations.

48
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Classification 
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Spring preload: antagonistic   
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Example: pneumatic muscles 
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Antagonistic with independent motors 
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Preload adjustment single spring 

17	  

1	  motors	  controls	  posi)on	  

VS-‐joint	  
	  Wolf	  et	  Hirzinger 	  

	   	  	  

1	  motor	  controls	  s)ffness	  
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Changing transmission 
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Physical properties of a spring 

Mechanical	  Compliance	  Adjuster 	   	   	   	   	  Jack	  Spring	  Actuator	  
	  	  	  	  	  	  	  	  	  	  Morita	  et	  Sugano	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Hollander	  et	  Sugar 	   	   	  	  	  	  	  	  Hollander	  et	  al.	  

Bending	  of	  a	  leaf	  spring:	  

θ..
⎟
⎠

⎞
⎜
⎝

⎛=
L
IEM

	  EI/L	  =the	  bending	  s)ffness	  	  
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Compliant actuation 
Safety 

Source:	  Bicchi	  
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Baxter coworker 
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Compliant Actuation 
Safety 
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Compliant actuators 
Hardware is not always enough for safety 

Step	  
switch	  between	  
trajectories	  

Tracking	  
error	  for	  
sinus	  

HIC	   Fmax	   HIC	   Fmax	  
PID	   4.81	   1524	   3.02	   1004	   0.0146	  
PSMC	   0.1	   233	   0.03	   132	   0.0053	  

PID = unsafe 
PSMC = safe 

• Passive actuators can store 
energy which is a potential danger 

if not properly controlled 
• Use of proxy based sliding mode 

controller 
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Proxy-based sliding mode controller 
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Compliant actuators 
Force interaction: Knexo and Altacro 
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Compliant actuators 
Assistive exoskeleton: Mirad 
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Compliant actuators 
Energy efficiency 

Choosing	  op)mal	  s)ffness	  
reduces	  the	  energy	  consump)on	  

Developed	  a	  compliance	  
controller	  to	  select	  the	  op)mal	  

s)ffness.	  	  
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Compliant actuators 
Exploitation natural dynamics 
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Compliant actuation 
Explosive motions 

Energy is stored during one 
phase and released during next 
phase 
Less powerful motor is needed 
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Compliant actuation 
Explosive motions 

20 CHAPTER 1
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Figure 1.13: Torque-angle characteristic of a sound human ankle. The curve
is built from two sets of data; the ankle torque and the ankle angle. Positive
angles indicate dorsiflexion, negative angles indicate plantarflexion. Torques
that force the foot to plantarflex or dorsiflex are considered positive or nega-
tive respectively. The torque-angle characteristic moves in a counterclockwise
rotation meaning that energy is being generated by the ankle complex. The
schematics below the plot show the corresponding phases of the gait cycle.

speed (SWS) is shown in Figure 1.14. It is seen that both plots (Figure 1.13
and Figure 1.14) do not di�er much from IC until the maximum plantarflexor
torque has been reached. From that point onward, however, one can see that
where the sound foot establishes adequate plantarflexion, the prosthetic foot
flexes back to neutral with a remarkable energy loss. This is typical for current
prosthetic feet since all are basically springs (some with excellent damping
qualities and some fairly rigid) that can only flex back to their neutral position
after deformation (te Riele (2003)).
Besides the aforementioned aspect of energy, the torque-angle characteristic

yields another useful parameter; sti�ness.
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Figure 6.5: Clinical gait data of Mr.A’s prosthetic ankle joint. The two upper
figures compare the joint angle and joint torque to the reference data of Win-
ter (1991). The third figure shows the torque-angle characteristic. Positive
joint angles indicate dorsiflexion, positive joint torques indicate plantarflexor
torques.
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Human foot requirements 

!! Motor works during the complete stance phase !! 
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AMPFoot 2: working principle 

From heel strike (HS) to foot flat (FF) 
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AMPFoot 2: working principle 

From foot flat (FF) to heel off (HO) 



21/02/15 pag. 34 

AMPFoot 2: working principle 

At heel off (HO) 
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AMPFoot 2: working principle 

From heel off (HO) to toe off (TO) 
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AMPfoot 2.0 
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Prostheses: AMPfoot 
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Cyberlegs 
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Locking mechanisms 

Mechanical	  locking	  devices	  
(a)	  A	  latch	  with	  one	  locking	  posi)on,	  (b)	  a	  latch	  with	  
mul)ple	  locking	  posi)ons,	  (c)	  a	  ratchet,	  (d)	  a	  dog	  
clutch,	  (e)	  a	  cam-‐based	  locking	  device:	  cam	  follower,	  
(f)	  a	  cam-‐based	  locking	  device:	  mu)lated	  gears,	  (g)	  a	  
cam-‐based	  locking	  device:	  geneva	  mechanism,	  and	  
(h)	  a	  hydraulic	  lock.	  

fric)on-‐based	  locking	  
devices	  
(a)	  A	  bistable	  brake,	  (b)	  an	  overrunning	  clutch,	  (c)	  
a	  piezo-‐actuated	  brake,	  (d)	  a	  sta)cally	  balanced	  
brake,	  (e)	  a	  worm	  wheel,	  (f)	  a	  self-‐engaging	  
brake,	  (g)	  a	  thermic	  lock,	  (h)	  a	  self-‐engaging	  
pinion-‐gear	  mechanism,	  and	  (i)	  a	  capstan.	  

singularity	  locking	  
devices	  
	  with	  (a)	  and	  (b)	  the	  two	  different	  four-‐bar	  
mechanisms	  and	  (c)	  a	  nonlinear	  
spring	  mechanism.	  

Review	  of	  locking	  devices	  used	  in	  robo)cs	  	  Plooij	  
Michiel,	  MATHIJSSEN	  Glenn,	  CHERELLE	  Pierre,	  
LEFEBER	  DIRK,	  VANDERBORGHT	  Bram,	  IEEE	  
Robo)cs	  &	  Automa)on	  Magazine,	  March	  2015	  
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Flowchart locking devices 


