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Abstract— In the growing fields of wearable robotics, 

rehabilitation robotics, prosthetics, and walking robots, 

variable impedance and force actuators are being designed 

and implemented because of their ability to dynamically 

modulate the intrinsic viscoelastic properties such as stiffness 

and damping.  This modulation is crucial to achieve an 

efficient and safe human-robot interaction that could lead to 

electronically generate useful emergent dynamical behaviors.   

In this work we propose a novel actuation system in which is 

implemented a control scheme based on equilibrium forces for 

an active joint capable to provide assistance/resistance as 

needed and also achieve minimal mechanical impedance when 

tracking the movement of the user limbs. The actuation 

system comprises a DC motor with a built in speed reducer, 

two force-sensing resistors (FSR), a mechanism which 

transmits to the FSRs the torque developed in the joint and a 

controller which regulate the amount of energy that is 

delivered to the DC motor. The proposed system showed more 

impedance reduction, by the effect of the controlled contact 

forces, compared with the ones in the reviewed literature.  

 

I. INTRODUCTION 

A novel compliant actuation system is proposed for use in 

wearable robotics applications where large forces are 

required to support and assist the user movements (i.e. a gait 

rehabilitation robot). In case of post-stroke patients only the 

affected leg has to be supported or assisted while the 

movement of the unaffected leg should not be hindered. Not 

hindering the motions of one of the legs means that 

mechanical impedance of the robot should be minimal. 

Another application for compliant actuators can be found in 

walking assistive exoskeletons, which are designed to relief a 

considerable amount of the user bodyweight by identifying 

certain walking stages, in order to develop torque in the 

specific actuators when assistance is needed and also to track 

the user limbs with minimal impedance when no assistance 

or resistance is needed.  
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In [1] a compliant actuator is defined as a device that will 

allow deviations from its own equilibrium position, 

depending on the applied external force. The equilibrium 

position of a compliant actuator is defined as the position of 

the actuator where the actuator generates zero force or zero 

torque. The compliance adaptability can be achieved by two 

methods: passive and active compliance; the first one uses a 

passive elastic element (spring) to store energy, which is not 

the case for actuators with active compliance, where the 

controller of a stiff actuator mimics the behavior of a spring. 

Many issues arising in the design of interactive wearable 

robots are similar to those appearing in the field of haptic, or 

more precise: kinaesthetic robotics [2]. 

 

The characteristic feature of these robots is the bi-

directionality of being able to both 'read from' and 'write to' a 

human user. In [3] are proposed two basic control schemes to 

achieve bi-directional interaction between human and robot: 

impedance-control-based that 'measure position and display 

force', and admittance-control-based that 'measure force and 

display position'. In this work we propose an alternative way 

to achieve the bi-directionality of an interactive wearable 

actuator in which we measure contact forces in the actuator 

and display torque at the DC motor. Further details of our 

approach will be given in the next sections. 

 

There have been different approaches that combine the 

passive and active methods with any of the control schemes, 

Impedance or Admittance, to produce a bi-directional 

adaptable compliance system. In [4] is presented a rotational 

actuator with adaptable compliance, (MACCEPA for 

Mechanically Adjustable Compliance and Controllable 

Equilibrium Position Actuator), achieved by a spring attached 

between a lever arm and the output element of the actuator 

sharing both the same rotational axis. The lever arm is in 

charge to set the equilibrium point while the output element 

is connected to the load so that external forces tending to 

move the equilibrium point can be absorbed by the spring. 

Compliance adaptability is achieved by stretching and 

relaxing the spring using a servomotor placed at the output 

element to do the task. 

 

In [5], they propose an actuator with adjustable stiffness 

(AwAS) that can independently control equilibrium position 

and stiffness by two motors. The mechanism designed to 

achieve compliance adaptability is quite interesting because 

they move the attaching points of the springs in a 

perpendicular direction to the force exerted by them, which 

requires less energy and a smaller actuator can be used to do 

the job.  
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We propose a Rotational Interactive Actuator with “Active 

Compliance” RIAwAC flexible enough to be attached in   

active orthoses for upper and lower limbs as well. As an 

application example, Fig. 1 shows a knee orthosis with the 

actuator attached to it.  The actuation system uses an 

electromagnetic actuator as the torque source, more 

specifically a DC motor with a built-in speed reducer. The 

total weight of the actuation system with the electronics is 

relatively low (0.50 kg). 

 
Figure 1. The RIAwAC attached to a mechanical orthosis designed to 

provide assistance/resistance in the knee joint. 

 

 

II. DESCRIPTION OF THE RIAWAC SYSTEM 

The entire actuation system is composed of 10 basic elements 

which are listed as follows: 

 

1) Geared DC motor (RX-64 Dynamixel, 7.5 Nm) 

2) Output Torque Transmission Element 

3) Load Link (free rotational movement) 

4) Big supporting arm  

5) Small supporting arm 

6) Stationary Link 

7) Force Sensors left and right  (FSR Tekscan)  

8) Damping Silicon Discs 

9) Bearings 

10) Fasteners  

 

Fig. 2 shows the disassembled elements of the actuator.  

 

 
Figure 2. Components of the RIAwAC (disassembled view) 

The main idea of this mechanical configuration is that the 

load torque applied by the patient between the Stationary 

Link 6 and the Load Link 3 around the rotational axis can be 

measured by the Force Sensors 7 placed in both sides (Left 

and Right) of the Output Torque Transmission Element 2 to 

measure force in both directions.    

 

Measuring interactive forces developed inside the joint is 

achieved by both Force Sensors 7 placed inside the walls of 

the Output Torque Transmission Element 2 which is attached 

directly to the output shaft of the geared DC motor 1 and is in 

charge of transmitting the generated torque            to the 

Load Link 3. This way, it can be possible to measure the 

interaction between the user and the RIAwAC actuator in 

terms of contact forces    .    

Only one force sensor (Left or Right) can be activated at the 

same time depending on the direction and the magnitude of 

the torque provided by the patient,          and the torque 

developed by the actuator,          . When the relative 

rotating directions between the Load Link 3 and the DC 

motor 1 are opposite then the contact force magnitude is: 

 

   
                    

 
   

 

The force sensor activated is the left one 7L when the 

direction of the Load Link torque is in the CCW and the 

motor torque is in the CW direction. The activation of the 

right sensor 7R can be obtained with the same reasoning.   

 

When the relative rotating directions between the Load Link 

3 and the DC motor 1 are equal then the contact force 

magnitude is: 

 

   
    [                  ]                          

 
 

 

Then, the force sensor activated is described in the following 

table: 

TABLE I.  ACTIVATION OF FORCE SENSORS  DEPENDING ON THE 

MAGNITUDE AND DIRECTION OF THE USER AND MOTOR TORQUE 

 CW rotation CCW rotation 

                   7R 7L 

                   7L 7R 

 

The chosen sensors to measure forces are Force Sensor 

Resistor (FSR) from FlexiForce® brand. The selection of this 

kind of sensor is due to its high linearity (±5%), high 

repeatability (±2.5%), low hysteresis (4.5%), low noise, low 

power consumption and low purchasing cost. 

III. CONTROL SYSTEM BASED ON FORCE EQUILIBRIUM 

 

The block diagram representation of the control system 

implemented to achieve force tracking and minimal 

mechanical impedance is depicted in Fig. 3. The amount of 

(2) 

(1) 
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voltage and polarity delivered to the DC motor by the 

controller are calculated based on the deviation in the FSR’s 

signals. The controller input is the difference between the 

signals coming from the force sensors as expressed in (3). 

 
Figure 3. Block diagram of the force control system for the RIAwAC 

 

                    

The controller output is the duty cycle of a Pulse Width 

Modulated signal (PWM) which activates the H-Bridge 

(driver) to feed the DC motor. The amount of voltage 

calculated by the controller is proportional to the difference 

existing between the FSR’s signals, the bigger the difference 

the greater the voltage needed to equilibrate the system and 

return to zero the contact forces   . Reducing to zero the 

contact forces means that the actuator is perfectly 

compensating the input load force applied by the patient at 

the Load Link (Fig. 2) and thus reducing to zero the 

mechanical impedance of the geared DC motor. 

 

The controller is designed to always reduce the input error. 

When a given load is applied to the actuator          , it 

activates one of the two force sensors (depending on the 

relative directions of the load applied by the patient and the 

force developed by the actuator,          ). If the right sensor 

is activated the input error    is negative and the controller 

must compute a CW manipulation with magnitude 

proportional to the error in order to reduce the contact force 

perceived by the FSR. If the left sensor is activated the error 

   is positive and then the controller must generate a CCW 

manipulation to reduce the input error.  The result of this 

approach based on equilibrium forces is a natural-efficient-

low cost way to achieve Minimal Mechanical Impedance. 

Fig. 4 shows the experimental results when testing the 

mechanical impedance in controlled and uncontrolled 

situations. We applied by hand a 3Hz quasi-sinusoidal input 

load with the controller online, a few cycles after we turned it 

off and kept applying the load. The results show an average 

force reduction of 78 N in the mechanical impedance (15 dB) 

using a Proportional Fuzzy controller.       

 

To achieve force tracking with the proposed control scheme 

in Fig. 3, we introduce two variables in the system Bias_L 

and Bias_R. These variables are used to add a deviation in 

the sensors signals     and      respectively. The main idea 

is to “deceive” the controller by adding a deviation in any of 

the sensors signals to “unbalance” the system even if no 

external load is applied to the actuator. The result is a virtual 

input error that doesn’t exist but will force the controller to 

generate a manipulation that reduce that virtual error, in such 

a way that the controller will tend to track the deviation 

placed in any of the two variables to balance the system. The 

PID parameters are:       ,        and       . The 

Proportional fuzzy controller uses 7 symmetrical membership 

functions for the error and manipulation variables, Mamdani 

inference product and centroid method for defuzzification. 

 

 
Figure 4. Controlled and uncontrolled  response of the RIAwAC in terms of 

contact forces @3Hz 

 

Fig. 5 shows the force tracking results using both a PID 

controller and a Proportional Fuzzy controller.  

 

 
Figure 5. Force tracking with @1Hz sine as the input reference 

The experimental results show a better tracking performance 

using the PID controller achieving 99.91% of fidelity with a 

reference sinusoidal signal of 1Hz compared to 94.62% 

achieved by the Proportional fuzzy controller. A variance-

accounted-for factor based measure is used to quantify the 

corresponding fidelity, defined as 

         (  
        

      
)      

Where y is the vector of the sampled measurement and Y the 

vector of the reference sine.  

 

The frequency response of the closed loop system was 

evaluated using a sinusoidal input with amplitude of 67 N 

and a frequency from 0 to 5 Hz. The attenuation breaking 

point starts around 2.5Hz for the Fuzzy controller and around 

(4) 

(3) 
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3Hz for the PID controller. At 4 Hz (which is the max 

walking frequency for an average person) the phase angles 

and amplitude attenuations are 70º and 20% respectively for 

the proportional fuzzy controller and 35º and 30% for the 

PID controller as shown in Fig. 6.  

 
Figure 6. Bode plots of the closed-loop response tracking a sinusoidal 

reference with amplitude of 67 N. 

IV. RIAWAC IN ACTIVE ORTHOSES FOR REHABILITATION 

AND ACCURATE DIAGNOSIS  

The proposed control system shown in Fig. 3 provides the 

flexibility and autonomy for the RIAwAC to be part of a 

centralized system (i.e. powered exoskeleton) composed of 

multiple actuators and one main controller in charge to 

determine the assistance, minimal impedance or resistance 

needed in each joint, depending on the walking stage in 

course and the pathology presented by the patient. The 

flexibility/autonomy of the actuator is attributed to the fact 

that it only needs to receive a SetPoint from the main 

controller to perform assistance, resistance or minimal 

impedance. The RIAwAC can be very useful in an active 

orthosis to assist in the rehabilitation process. On one hand 

the therapist could evaluate online and more precisely the 

patient mobility range of a given articulation (i.e. the knee) 

and muscular strength using the information from the force 

sensors and potentiometer placed in the actuator, in order to 

diagnose the patient evolution. In the other hand the therapist 

could use the information gathered from the sensors in the 

evaluation process and then program the RIAwAC to assist 

or resist to specific movements of the patient with a 

controllable force depending on the rehabilitation stage of the 

patient. In this way, the rehabilitation process could be more 

effective and achieved in a shorter period of time. 

V. CONCLUSION 

The RIAwAC showed a reduction in the mechanical 

impedance of 15dB compared to 11dB from MACCEPA [6]   

and 13dB from de Distributed Series Elastic Actuator [3]. 

This significant reduction is due to the combination between 

the fast response of the DC motor in transmitting torque to 

the load joint and the control scheme based on equilibrium 

forces, although the sampling time of the control system is 

crucial to respond as fast as the highest load frequencies 

introduced by the user.  

 

In tracking forces the RIAwAC and MACCEPA achieved 

similar results of fidelity using a sinusoidal reference, 

99.91% @1Hz and 98.9% @1.5Hz respectively. The 

performance of the proposed actuator was better compared to 

the Distributed Series Elastic Actuator which showed 40º of 

phase angle and 74% of amplitude attenuation @4Hz using 2 

Nm amplitude of the sinusoidal reference, RIAwAC showed 

35º phase angle and attenuation of 30%  @4Hz and 2 Nm. 

 

In general the proposed actuation system showed 

encouraging results in tracking forces and indirectly reducing 

the mechanical output impedance of the actuator. Also the 

actuation system met the specifications in frequency (4Hz) 

although maximum torque developed by the geared DC 

motor is almost one third of the average torque developed by 

a knee in a person (20Nm), but still these results can be 

extrapolated to a bigger motor.  

The advantage of an active compliant actuator can be better 

appreciated from a design point of view; we were able to 

reduce the weight, housing space, mechanical complexity, 

implementation cost and at the same time we improve the 

performance needed in an interactive-flexible actuator for 

wearable robots applications with no sensors attached 

directly to the user to detect the intention. Clinical tests are 

the next step to check the reproducibility and also the effect 

of sensors deterioration in rehabilitation.  
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A Soft Pneumatic Actuator as a Haptic Wearable
Device for Upper Limb Amputees: Toward

a Soft Robotic Liner
Juan Julian Huaroto , Etsel Suarez , Hermano Igo Krebs, Fellow, IEEE, Paul D. Marasco ,

and Emir A. Vela , Senior Member, IEEE

Abstract—Object manipulation and fluid, goal-directed, move-
ments require sensory information for effective execution. Am-
putees lose this intrinsic feedback when controlling their artificial
limbs and must instead rely on visual information to compensate.
Here, we describe an application for providing touch and kines-
thetic information to amputees. We report on a soft robotic pneu-
matic actuator approach that can be incorporated into a prosthetic
limb as the silicone suction socket liner itself. This approach allevi-
ates many problems inherent to rigid tactors such as poor trim lines
from external mounting, electromyography (EMG) signal contam-
ination, and loss of limb fixation suction due to holes in the liner
to pass touch and vibration to the residual limb. We analyzed two
soft materials and different chamber geometries to generate a pro-
totype. We characterized the static and dynamic properties of this
prototype during operation obtaining a maximum force of 12.5 N
at 70 kPa, free displacement of 4.5 mm at 50 kPa, and a bandwidth
near 70 Hz. We presented an analytical model that fits well with
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the experimental data and provided a comparison between this soft
pneumatic actuator and other rigid tactor devices. The results of
testing the prototype in able-bodied participants and one amputee
individual demonstrated that this soft pneumatic actuator achieved
good performance at frequencies of 5 and 70 Hz at 60 kPa. In se-
quential days of training with the prototype participants reported
perceptions of wrist flexion/extension and demonstrated learned
associations between tapping and hand closing.

Index Terms—Soft material robotics, haptics and haptic inter-
faces, wearable robots, perception for grasping and manipulation,
prosthetics and exoskeletons.

I. INTRODUCTION

OUR senses allow us to perceive the world around us;
we can see, hear, smell, and touch. The sense of touch

provides us important information about pressure, texture, tem-
perature, and pain. Sensory feedback is required for effective
manipulation of objects [1]. The sense of proprioception pro-
vides us with information about where our body is in space [2].
Tactile stimuli such as vibration and pressure are sensed by nu-
merous types of mechanoreceptors which are small specialized
nerve endings located in our skin [3]. The palm and fingertips
are highly enriched with tactile sensory endings. Kinesthetic
sensation (a subcomponent of proprioception) provides us with
information about the movement of our muscles and is signaled
by sensory organs in the muscles and mechanoreceptors in the
tendons and in the skin around the joints [2]. Tactile and kines-
thetic sensation work in concert to allow us to use our hands
effectively to grasp and manipulate objects [4]. When an indi-
vidual loses an arm all sensation is lost. This means that when
controlling a prosthetic limb, the features that help inform the
control of the artificial hand during activities of daily living
are severely compromised [5]. Instead of innately feeling the
interactions among objects, the skin, and muscles during ma-
nipulations, upper limb amputees must instead rely on vision as
their main source of feedback [6]. There is a need to incorporate
intuitive sensory feedback into artificial limbs and in response to
this need, there is an increasing effort to design human-machine
interface approaches and prosthetic limbs and hands that provide
feedback [7]–[12].

Most devices that are currently being designed to provide
prosthetic feedback apply pressure, stretch or vibration to the
skin [13]–[16]. Among them –tactors– small mechanical actua-
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Fig. 1. Illustration of an upper limb prosthetic device showing the socket and
liner. Our goal is to develop the liner itself as a soft robotic device to induce
tactile and kinesthetic feedback to amputees.

tors that provide feedback, typically consist of servo controlled
pistons [17], linear resonant actuators with high frequencies
but low force, small DC motors with high frequency and ac-
celeration but without any preferred direction (e.g. eccentric
rotating mass, ERM) [18], or small brushed motors coupled to
mechanisms that translate rotating motion to linear motion [19],
[20]. In order to provide feedback to the wearer these devices
must be integrated into the prosthesis by anchoring to the hard
external socket. There are numerous drawbacks associated with
using mechanical tactors to provide feedback to the prosthetic
user. The largest hurdle to overcome is that the tactor must trans-
mit its force through an internal silicone socket liner whose pri-
mary function is to maintain suction to anchor the prosthesis to
the wearer’s skin (see Fig. 1). This precludes allowing the tactor
access to the residual limb to provide haptic feedback; which
likely requires a hole through the liner thereby disrupting the
vacuum suspension of the prosthesis. Furthermore, tactors, in
spite of their relative small size, are still large enough to pro-
trude well beyond the rigid socket wall and make it difficult to
don clothing and wear the prosthetic limb comfortably. An ad-
ditional issue that decreases the effectiveness of current tactor
approaches is that the motors cause considerable interference
with nearby myoelectric control signals [19].

Soft robotics is an alternative for developing new systems
that can provide effective sensory feedback without the inherent
drawbacks of current options. The key to this approach is that
instead of treating the silicone suction liner system as an imped-
iment to applying feedback. There are a variety of soft actuator
system approaches that function with different operating princi-
ples, such as pneumatics, dielectrics, magneto-rheological flu-
ids, etc. Among these options, soft pneumatic actuators (SPAs)
can be configured as silicone rubber-based SPAs [21]–[23] that
produce larger forces and displacements in a range of actua-
tion frequencies. Examples also include fabric-based SPAs [24],
[25]. This technology is also ideal for rehabilitation engineering
approaches and sensory feedback devices due to the inherent
mechanical properties of silicone that are closer to human mus-
cles and skin [21], [22], [26], [27].

Here we provide evidence that SPAs can be used to create
a sensory stimulator capable of operating over a wide range

of frequencies and amplitudes to provide tactile (tapping) and
kinesthetic (vibration) feedback [12]. The goal is to design a
feedback device that overcomes the limitations of mechanical
tactors by being part of the silicone suction socket liner it-
self. That way the soft pneumatic tactor (SPT) can become an
integral component of the liner system on the inside of the rigid
external socket where it maintains the needed suction, does not
protrude (making it more comfortable and making donning and
doffing easier), and does not interfere with the myoelectric con-
trol signals (see Fig. 1). With this approach the soft robotic liner
could be used to induce kinesthetic perception of limb motion
while operating in vibration mode [12], and provide substitu-
tive association of certain tasks such as mapping hand-close to
tapping on the forearm while operating in tapping mode [13].

The letter is organized as follows: the SPA geometry is ex-
amined in Section II, mathematical modeling for SPA dynamics
is developed in Section III, the setup for system characteri-
zation is shown in Section IV, the results of static and dy-
namic characterization are reported and discussed in Section V.
Section VI presents an experiment carried out with able-bodied
participants and one amputee individual to validate the proof
of concept soft robotic liner. Conclusions and future work are
presented in Section VII.

II. ACTUATOR DESIGN

To design the SPA, we took into account the technical re-
quirements for tactors proposed in [19]. The requirements for
tapping stimulation were: 8.8 N with 0.1 N of force resolution,
a maximum speed and acceleration of 0.4 m/s and 40 m/s2 ;
for vibrotactile stimulation: a maximum speed and acceleration
of 0.025 m/s and 16 m/s2 . Because the SPA had to be inte-
grated into the liner and be in direct contact with the skin, we
used commercially available silicone rubber which allowed us to
easily fabricate the actuators while incorporating features such
as comfort, ergonomics, and low cost.

A. Materials

We evaluated two types of silicone rubbers: Dragon Skin
30 (Smooth-On, Inc.) and RTV 1520 (Silika Moldes e In-
sumos). Dragon Skin 30 was good candidate because of its
higher Young’s modulus than other silicone materials. This was
particularly convenient for vibrating applications which reduced
the Mullins effect of viscoelastic materials. We also evaluated
RTV-1520 because it had comparable elastic features to Dragon
Skin 30 with lower cost and better commercial availability.

We characterized these silicones according to ASTM D412-
06a “Standard Test Methods for Vulcanized Rubber and Ther-
moplastic Elastomers-Tension”. These results were reported in
our previous work [25] which allowed us to model and optimize
the behavior of the newer SPAs.

B. Geometry

The first prototype for the SPA geometry was based on pre-
vious work [22]–[24]. We further investigated the shape of ac-
tuator chambers to enhance their performance as a tactor (see
Fig. 2). Taking guidance from Kim et al. [19], we doubled the
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Fig. 2. SPA principal dimensions and internal chamber shape. (a) Dimensions
for width, length, base and head size (16 mm). (b) Three base shapes were
considered: flat, circular curvature and Gauss profile.

Fig. 3. Static inflation simulation for different shape chambers (a) Flat shape.
(b) Arc of circumference shape. (c) Gauss profile shape.

TABLE I
VARIATION OF DISPLACEMENT IN FUNCTION OF SHAPE CHAMBER

tactor head diameter to 16 mm in order to increase the com-
fort to the test participants. We optimized the SPA air chamber
geometry to achieve the required free displacement amplitude
and simulated the inflation behavior in ANSYS by changing the
chamber shape. We assumed a 50 kPa chamber pressure with
fixed vertical actuator faces in the Dragon Skin 30 material,
which was modeled using a 3-parameter Mooney Rivlin hyper-
elastic material definition. We simulated 3 types of SPAs: one
with a flat chamber profile, one with different curvature radii
(ranging from 16, 17, 18, 19 to 20 mm), and one with a Gauss
chamber profile (see Fig. 2(b)).

Simulations showed that the SPA upper face in contact with
the skin had larger movement amplitudes for an arc of cir-
cumference profile than for a flat or a Gauss profile (see
Fig. 3). In the case of a Gauss profile, we observed that

the inflated chamber had a smaller curvature and amplitude
than the two other profiles because there was more material
surrounding the actuator chamber; hence more resistance to
deformation.

Table I shows the maximum displacements obtained at 50 kPa.
The larger the chamber curvatures, the larger the displacement
amplitudes. This means that larger forces are exerted on the skin
with deeper penetration. However, there is a trade off because
the larger chamber curvature, the larger the stress density, which
results in fewer life cycles. Establishing a compromise between
amplitude and force resulted in selecting an arc of circumference
with a curvature radius of 20 mm.

C. Fabrication

We 3D-printed three molds to fabricate the SPA. The fabrica-
tion process is shown in Fig. 4(a) which included the following
7 steps: 1) we mixed the silicone parts A and B in equal propor-
tion; 2) we put the mix in a vacuum chamber for two minutes;
3) we poured the mix into the first mold and left it to cure for
4 hours at ambient temperature (silicone layer 1); 4) a sheet of
nylon ripstop fabric (or similar material that does not become
moist when in contact with silicone mix) was cut out in the
shape of the actuator chamber; 5) silicone layer 1 was placed
into a second mold and the sheet of fabric was glued to it us-
ing Sil-Poxy 6) we then poured silicone onto the fabric/silicone
layer 1 surface; and 7) we glued a silicone connecting tube to
the actuator inlet. Fig. 4(b) and 4(c) show the fabricated SPA
and a first inflation test, respectively.

III. MATHEMATICAL MODELING

We mathematically modeled the SPA static inflation behavior
considering hyperelastic plate theory to obtain initial geometric
parameters for SPA design. First, we defined the material charac-
teristics using a 3-parameter Mooney-Rivlin formulation; then
we obtained the deformation energy density function:

W = C10 (I1 − 1) + C01 (I2 − 1) + C11 (I1 − 1) (I2 − 1)
(1)

where, I1 , I2 and I3 were the principal invariants of a Cauchy-
Green tensor. These were defined by three principal stretch ratios
λ1 , λ2 and λ3 (radial, circumferential and axial). The geometry
of the polymer membrane was described in terms of fixed cylin-
drical polar coordinates (R,Θ, Z), and the current coordinate
due to membrane deformation was represented by (r, θ, z). For
an incompressible material, the equations for invariants were
defined as:

I1 = λ2
1 + λ2

2 + λ2
3 (2)

I2 = λ2
1 λ2

2 + λ2
2 λ2

3 + λ2
3 λ2

1 (3)

I3 = λ2
1 λ2

2 λ2
3 = 1 (4)
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Fig. 4. (a) Actuator layers, molds and explosion view. (b) Fabricated actuator - top view. (c) Fabricated actuator - front view at 0 kPa. (d) Fabricated actuator -
front view at 50 kPa.

and the principal stretch ratios as:

λ1 =

√
dr2 + dz2

dρ
=

√
r′2 + z′2 (5)

λ2 =
r dθ

ρ dθ
=

r

ρ
(6)

λ3 =
1

λ1 λ2
=

h

H
(7)

where ρ is the curvature radius of the inflated membrane profile,
r is the radial distance for one point of the membrane, θ is an
angle in the circumferential direction, H is the SPA membrane
initial thickness (H = 1.33 mm), and h is the thickness of the
inflated membrane. Due to actuator symmetry, we assumed that
radial and circumferential stretch ratios were nearly equal, so
λ1 = λ2 = λ then λ3 = 1/λ2 . The principal stresses (Ti) for a
circular hyperelastic plate fixed at its circumference were:

Ti = λi
∂W

∂λi
(8)

as λ1 = λ2 = λ, then T1 = T2 = T . Moreover, for bending of
thin circular hyperelastic membranes subjected to uniformly
distributed pressure (q) [28], we have:

T =
q ρ

2h
=

q ρ λ2

2H
(9)

We focused our analysis at the top surface (r = 0 mm), and
to compute the free displacement (w), we assumed that the
membrane profile was approximately an arc of circumference
(see Fig. 5); then we defined the equation:

w = ρ ∓
√

(ρ2 − a2) (10)

where 2 a = 16 mm was the membrane diameter. Finally, with
these considerations and knowing that λ3 = 1/λ2 = ρ+ξ

ρ with
ξ = H/2 (from the membrane mid-plane to top surface), we
solved equations 1, 8 and 9 obtaining the membrane free dis-
placement for any pressure (q).

IV. ACTUATOR CHARACTERIZATION

SPAs, made of Dragon Skin 30 and RTV-1520, were charac-
terized by using the setup shown in Fig. 6(a) and 6(f) for free

Fig. 5. Cross section and geometric parameters for SPA membrane modeling.
a: radius, H : initial thickness, ρ: curvature radius, w: free displacement, ξ: local
variable.

displacement; Fig. 6(b)–(e) for blocked force. We used an air
pressurized source with air pressure regulators (P31R Series,
Parker Hannifin Corp.), pressure sensors (ASDX 100PGAA5,
Honeywell) and high frequency valves (MHE2, Festo AG &
Co. KG).

A. Static Characterization

We measured the actuator displacement by processing pic-
tures taken with an iPad Mini camera (Apple Inc.) (see Fig. 6(a)).
An image processing algorithm was developed in MATLAB
(MathWorks) to calculate the position of a reference mark on
the actuator chamber (Fig. 6(f)). We used an Arduino Mega
2560 to acquire pressure information at 1 kHz. To measure the
actuator blocked force, we designed a system (Fig. 6(c)–(e))
that allowed us to restrict the actuator displacement. The force
set-up included a Phidgets CZL204E button load cell (0–50 Kg)
facing the actuator top surface and a cover for blocking the ac-
tuator bottom surface. The data was acquired at 125 Hz with a
Phidgets Bridge 4-Input.

B. Dynamic Characterization

The SPAs were dynamically characterized to determine the
operational range of their frequencies. We also tested the actu-
ators made out of Dragon Skin 30 and RTV-1520. To measure
the free amplitude response, the SPA was placed in the same
position shown in Fig. 6(a) and 6(f), and the chamber maximum
internal pressure was set at 40 kPa to avoid damage. We acquired
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Fig. 6. Diagram of characterization set-up: (a) Free displacement test. (b) Blocked force test. (c) 3D printed part 1, where load cell was fixed. (d) Actuator fixed
over the 3D printed part 1. (e) Actuator fixed between 3D printed part 1 and 2. (f) Actuator setup for free displacement analysis.

Fig. 7. (a) Free displacement vs. pressure. (b) Blocked force vs. pressure for Dragon Skin 30 and RTV-1520. (c) Comparison between the analytical model and
experimental data for RTV-1520.

the images at 120 fps while actuating at frequencies ranging
from 1, 2, 5, 6.67, 10, 20, 50, to 100 Hz. A MOSFET-based cir-
cuit was used to regulate the on-off frequency of the electrome-
chanical valve. Images were post-processed to access the time
domain of the actuator free displacement, and the actuator force
response was obtained with the setup shown in Fig. 6(b) and
6(d). The internal pressure was set at 60 kPa as it corresponded
to a force nearly 10 N for both materials on the static measure-
ments (order of magnitude required for stimulation [19]). Force
frequency response was measured at frequencies of 1, 2, 5, 6.67,
10, 20, 50, 100 Hz using the Phidgets button load cell.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Static Analysis

We plotted the resulting amplitude data in Fig. 7(a). At inter-
nal pressures ranging 0–50 kPa, the actuators made of RTV-1520
exhibited larger displacements than the ones made from Dragon
Skin 30. At 50 kPa, the RTV-1520 SPA reached about 4.5 mm
of free displacement. For larger pressures, we observed signs of
damage. Both materials presented similar blocked force mag-
nitudes for pressures ranging 0–70 kPa as shown in Fig. 7(b).
These results show that the SPA can be used for tapping type
input. For instance, the RTV-1520 exhibited an amplitude of

about 4.5 mm and a blocked force of 9.5 N at 50 kPa. To
validate the model described in Section III, we compared the
analytical results with the experimental displacement data ob-
tained in Fig. 7(c). The material parameters data were reported
in our previous work for a 3-parameter Mooney-Rivlin constitu-
tive model [25]. We found that the model was in generally good
agreement with the experimental data and so we adopted it as a
design model.

B. Dynamic Analysis

The SPA amplitude displacements at 10 Hz and 40 kPa of
internal pressure are presented in Fig. 8(a). Note that the RTV-
1520 response time was faster than Dragon Skin 30. Its am-
plitude was almost twice larger at this frequency. The com-
puted maximum speeds and accelerations were 0.09 m/s and
16.70 m/s2 for Dragon Skin 30, and 0.24 m/s and 31.3 m/s2 for
RTV-1520, respectively. These results were very similar to val-
ues reported in [19], in which they demonstrated the larger the
mechanical stimuli, the larger the values. The force frequency
response is presented in Fig. 8(b). We observed that the SPA
force bandwidth was nearly 70 Hz at 60 kPa for RTV-1520.
This value was higher than 56 Hz reported in [22] for vibrating
haptic feedback devices. At 70 Hz the maximum measured force
was 8.5 N. This suggests that the proposed SPA dynamic band-
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Fig. 8. (a) Free displacement response for Dragon Skin 30 and RTV-1520. (b) Blocked force amplitude response for Dragon Skin 30 and RTV-1520.

Fig. 9. Comparison between conventional haptic devices P10, G6 and G10
previously reported and proposed SPA. Figure adapted from [19].

width range would be effective in an application to stimulate
kinesthetic perceptual responses in an amputee model [12].

Fig. 9 compares the proposed SPA performance with other
tactors described in previous works by Kim et al. [19]. We ob-
served that the proposed SPA showed better performance than
the other tactors listed in literature for most technical parame-
ters. For instance, the proposed SPA had a peak force of 12.5 N
at 60 kPa which is larger than the magnitude reported by Meek
et al. [17], low-weight (8 g), a force bandwidth of 70 Hz re-
quired to induce kinesthesia [29], a design without head rolling
motion, and a much simpler design (no mechanical joints). The
proposed SPA free amplitude (workspace) was smaller which
resulted in a shallower skin penetration. However, the most rel-
evant SPA parameters for this application are the maximum
force and available bandwidth in balance with its low weight
and simplicity.

VI. SPA RENDERED IN A RUBBER LINER FOR UPPER LIMB

PROSTHETIC DEVICES: PRELIMINARY RESULTS

Many upper limb prosthetic devices utilize a soft silicone suc-
tion socket to provide a structural fixation interface between the
skin and the rigid plastic socket of the prosthetic itself. Here, we
developed a prototype soft robotic silicone socket liner based

Fig. 10. (Multimedia view) soft robotic liner and bird view of the
setup: (a) 3D printed bracelet and an array of SPAs embedded in a soft ma-
terial matrix simulating a liner and (b) Participant’s left and right arm. The left
arm wears the 3D printed bracelet and soft robotic liner, the right one the Myo
armband. Mirror was placed to center the visual attention for the participant in
only right hand.

on an array of four SPAs, two working in vibrotactile mode and
two in tapping mode. This prototype liner was mounted in a
3D-printed bracelet to test the device with able-bodied partici-
pants and one amputee participant as illustrated in Fig. 10. We
designed a protocol that was informed by the classic mirror box
experiment [30]. In our protocol participants wore the SPA liner
bracelet on their left forearm and a Myo Gesture Control Arm-
band (Thalmic Labs) on their right forearm. We placed a mirror
between both forearms and reflected the image of right forearm,
while hiding the left one from the participant (see Fig. 10(b)).
The participants wore earmuff-type hearing protection to re-
duce room noise. First, the participants moved their right hand
while performing finger tapping and wrist flexion and extension
movements for at least 3 minutes. At the same time we at-
tempted to induce illusions of left hand movement by having
them replicate the same tasks with their left hand while looking
in the mirror (not directly at their left hand). The participants
then moved only their right hand, while keeping their left hand
at rest. electromyography (EMG) signals from the right forearm
were recorded by a Myo gesture control system and used to con-
trol the on/off functionality of the SPAs. When the participants
made a fist with the right hand, the SPAs produced a tap on their
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Fig. 11. Statistical results of 10 healthy non-amputee participants. Q1: per-
ception with respect to the mirror, Q2: fist in tapping mode, and Q3: wrist
flexion/extension. In Q3 5 Hz and 70 Hz vibrotactile stimulation was applied at
day 1 and 2, respectively.

left forearm; when they performed the wrist flexion/extension
movements with the right hand, the SPAs produced vibrations
on the left forearm. Only the SPA-based liner gave haptic feed-
back in accordance with right hand tasks. We tested our device
and protocol on 10 able-bodied non-amputee participants (26.8
± 7.3 years old, 2 females) and one transradial amputee male
individual (51 years old) on two different days separated by a
week. We employed a 5 Hz vibration stimulation on the first day
and 70 Hz on the second day. All participants completed the test
in less than 3 minutes. We employed a qualitative set of three
questions to evaluate their engagement with the hand tasks:

1) Q1: Did you perceive your reflected right hand like your
left hand?

2) Q2: Did you associate a left hand fist with tapping stim-
ulation while looking in the mirror?

3) Q3: Did you perceive left wrist flexion and extension with
vibratory stimulation while looking in the mirror?

We used a Likert-like scale with 5 possible answers: (1)
strongly disagree, (2) disagree, (3) neither agree not disagree,
(4) agree, (5) strongly agree and assigned values of −−, −, 0,
+, ++, respectively. In Fig. 11, we observed that there was a
significant improvement of perception on the second day, specif-
ically when inducing kinesthesia (wrist flexion/extension). This
may be because the vibratory input was at 70 Hz [29]. The im-
provement in relating fist position to tapping sensation on the
forearm after the first day (p = 0.06 < 0.1) was likely related
to learning [31]. The test performed with the amputee partici-
pant gave ++ for Q1, and + for Q2 and Q3. For the amputee
participant only 70 Hz vibratory input was used for Q3 based
on the able-bodied participant results.

VII. CONCLUSIONS AND PERSPECTIVE

We developed a soft pneumatic actuator that has similar
properties to previously reported rigid tactors. The primary
advantage of this approach is that the suction socket liner itself
becomes the actuator to provide intuitive feedback to the user.
This approach avoids the necessity of trying to pass touch and
vibration through holes in the socket liner which is incompatible
with maintaining an effective suction seal for residual limb

fixation. Furthermore, making the silicone liner into the actuator
also substantially reduces the external profile of the socket,
making donning and doffing easier, which is a serious drawback
facing externally-mounted mechanical tactors. SPAs have the
additional advantages of being soft, flexible, lightweight, small,
and low cost. A mathematical model was proposed to describe
the SPA and it indicated there was good agreement with
experimental data. Hence, this model may be used for future
SPA and/or SPT designs. Our SPA prototype was able to exert
12.5 N of force in the tapping mode, and 8.5 N at 70 Hz in the
vibrotactile mode. These values provide evidence that this
approach could be used to provide multi-modality feedback
to prosthetic limb users for both the sensations of touch and
kinesthesia [12], [32]. We integrated four of these SPAs into
a liner –two for tapping and two for vibrotactile stimulation–
and tested the resulting soft robotics liner with ten healthy
young non-amputee participants and one trans-radial amputee
individual in a mirror-image box type experiment. A significant
improvement in wrist movement perception was observed with
vibratory stimulation at 70 Hz. Together these preliminary
results suggest that there is high potential for soft robotic
silicone socket liners to provide intuitive feedback for upper
limb amputees. This is important because both tactile contact
transients and kinesthetic perception have both been demon-
strated to significantly improve prosthetic hand control [12],
[14]. Our future steps include optimization of the SPA layout
within a full suction socket liner with integrated force sensors
and EMG electrodes to control the actuators, integration of
micro-air pumps and micro-electrovalves to reduce the air
source size for wearable applications. We will work towards a
more thorough evaluation of the soft robotic liner with respect to
perceptual and substitution type approaches and actuator fitting
in a prosthetic limb context in a larger amputee cohort. Beyond
advanced prostheses SPAs could also be used in rehabilitation,
virtual reality, synesthesia, and even therapeutic massages.
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I
n the growing fields of wearable robotics, reha-
bilitation robotics, prosthetics, and walking
robots, variable stiffness actuators (VSAs) or
adjustable compliant actuators are being
designed and implemented because of their

ability to minimize large forces due to shocks, to
safely interact with the user, and their ability to
store and release energy in passive elastic ele-
ments. This review article describes the state of
the art in the design of actuators with adaptable
passive compliance. This new type of actuator is
not preferred for classical position-controlled
applications such as pick and place operations but
is preferred in novel robots where safe human–

robot interaction is required or in applications
where energy efficiency must be increased by
adapting the actuator’s resonance frequency. The
working principles of the different existing
designs are explained and compared. The designs
are divided into four groups: equilibrium-con-
trolled stiffness, antagonistic-controlled stiffness,
structure-controlled stiffness (SCS), and mechan-
ically controlled stiffness.

In classical robotic applications, actuators are
preferred to be as stiff as possible to make precise
position movements or trajectory tracking con-
trol easier (faster systems with high bandwidth).
The biological counterpart is the muscle that has
superior functional performance and a neurome-
chanical control system that is much more
advanced at adapting and tuning its parameters.
The superior power-to-weight ratio, force-to-
weight ratio, compliance, and control of muscle,
when compared with traditional robotic actua-
tors, are the main barriers for the development of
machines that can match the motion, safety, and
energy efficiency of human or other animals.
One of the key differences of these systems is the
compliance or springlike behavior found in bio-
logical systems [1]. Although such compliant
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actuators are probably less suited for classical position-controlled
applications, they offer valuable advantages in certain novel appli-
cations, e.g., safe human–robot interaction, comfortable actuated
prostheses, and orthoses, and in the design of legged robots.

It is worth mentioning that the range of compliance that is
required depends on the application, as is the torque require-
ment of the actuator. In this article, no specific torques are
given for the actuators, because only the concepts of the actua-
tors are described. Most actuators with controllable stiffness
consist of two classical stiff actuators that can be easily dimen-
sioned for the required torque.

Applications requiring adaptable compliance can be
divided into two groups: those for robot–human interaction
and those to adjust natural dynamics. The distinction between
these groups depends on the primary use of the compliance
within the application.

Adaptable Compliance in
Robot–Human Interaction
Adaptable compliance is used to make the interaction between
robots and humans safer and more natural. The following is a
nonexhaustive list of application examples.

u Industrial robots are heavy machines actuated by stiff
systems, and they do not give or comply in a collision,
thereby inducing severe damage. Therefore, for safety
reasons, these devices are placed in a human-free envi-
ronment. However, for some applications, it is useful to
have robots and humans fulfilling tasks together [2].
This requires safer robots, which can be achieved by
designing compliant joints. However, with a compliant
joint, it is harder to place the tool center point in an
exact position or to track a specific trajectory accurately.
In this case, an actuator with adaptable compliance can
act stiff during precise positioning at low speeds (grasp-
ing and placing an object) and compliant when posi-
tioning is not as important when moving at higher
speeds (moving from one position to another) [3].

u Most robotic toys are actuated by stiff electrical drives.
This inflexible movement results in the typical artificial
way of moving and interacting. Especially for cuddly
toys such as Huggable [4] or Anty [5], a compliant,
natural movement is preferred. When children play
with these toys, they can impose motions on it that
are different from the desired-controlled motion,
which can damage the drive mechanism. Compliance
in actuation can prevent damage from occurring and
give the cuddly toys a more natural feeling. Adaptable

compliance can also be used to emphasize emotions,
e.g., anger by making the joints stiffer or fatigue by
making the joints more compliant.

u Gait rehabilitation is generally aided by multiple physi-
cal therapists, resulting in expensive sessions—limited
in time—which extends the overall rehabilitation
process. Therefore, robots that can assist in the rehabil-
itation process are being proposed, e.g., Lokomat [6]
and Autoambulator, which impose gaitlike motion
patterns to the legs of a patient. Paraplegic patients
and stroke survivors often suffer from severe spasms.
When using stiff actuators, undesired motions, such as
those caused by spasms, can cause large actuator forces
that could potentially harm the leg. Adding compli-
ance to the actuation system can naturally absorb large
position errors, thus preventing damage to the system
and insuring safety of the wearer.

Additionally, in the beginning of the rehabilitation process,
a relatively low stiffness might be preferred for safety, and stiff-
ness could be gradually raised when the patient has regained a
certain level of control over their legs. The Automated Loco-
motion Training using an Actuated Compliant Robotic
Orthosis project (ALTACRO) [7] intends to build a gait reha-
bilitation robot with adaptable compliance. This field is grow-
ing rapidly with many compliant systems: Bowden cables [8],
gravity balanced systems [9], ankle devices that use series elastic
actuators (SEAs) [10], and robotic tendons [11].

Adaptable Compliance to Adjust
the Natural Dynamics
By adjusting the natural dynamics of a mechanical system, it
will have a natural motion close to the desired motion to
reduce energy consumption. Some application examples
include the following:

u Robotic prosthesis: many prostheses manufacturers focus on
the enhancement of comfort for the user, but the stiff-
ness of their designs is fixed. For example, in a transtibial
prosthesis, the compliance is fixed during the design
phase and set to an average value, such that the natural
frequency of the device is fixed. Thus, only for a certain
stiffness of the ground and walking speed, this device
will allow a comfortable feeling for the user. In contrast,
when the compliance is adaptable, it can be chosen to
obtain an optimal behavior for a wide range of circum-
stances and desired motions. Besides the improvements
to enhance the comfort, research to optimize energy
efficiency and avoid pathologies due to incorrect gait
patterns has started. Today, most prostheses are still pas-
sive, but more advanced systems are being developed,
which have an actuator and a compliant element, such
as the work by Au et al. [12] and Hitt et al. [13].

u Walking and running robots: an actuator with adaptable
compliance extends the capabilities of these devices.
The setting of the compliance can be used to maximize
the amount of energy, which can be stored during
touchdown of the feet and released during push-off. In
addition, by varying the stiffness of the joints, the natural
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frequency of the system can be adjusted to allow slower
or faster walking [14]–[17].

The goal of this article is to provide an overview of existing
compliant actuator designs and categorize the actuator designs
into four main groups to develop a standard terminology.
Neither specific applications of these devices nor their applied
control approaches will be discussed in any detail.

Compliant Actuators
To define what a compliant actuator is, a definition of a non-
compliant actuator —better known as a stiff actuator—is use-
ful. A stiff actuator is a device that is able to move to a specific
position or to track a predefined trajectory. Once a position is
reached, it will remain at that position, whatever the external
forces exerted on the actuator (within the force limits of
the device).

A compliant actuator, on the other hand, will allow devia-
tions from its own equilibrium position, depending on the
applied external force. The equilibrium position of a compli-
ant actuator is defined as the position of the actuator where the
actuator generates zero force or zero torque. This concept is
specifically introduced for compliant actuators, since it does
not exist for stiff actuators.

Some remarks must be made concerning terminology.
Because compliance is the opposite of stiffness, both the terms
are used to describe the compliant or nonstiff behavior of an
actuator. To describe an actuator with a variable stiffness, the
term adjustable compliance can be used; variable compliance,
adjustable stiffness, and controllable stiffness are also used.
These examples are given to show that there is no standard
terminology (yet) to describe these types of actuators. Through-
out this article, a number of existing designs are described using
the terminology used by the inventors. We prefer controlla-
ble stiffness because the term fits with our groupings ex-
plained later.

Passive compliant actuators contain an elastic element, i.e.,
a spring that can store energy—which is not the case for actua-
tors with active compliance, where the controller of a stiff
actuator mimics the behavior of a spring [18]. The latter has
the disadvantage that no energy can be stored in the actuation
system, and because of the limited bandwidth of the controller,
no shocks can be absorbed. An advantage of active compliance
is that the controller can make the compliance online adapta-
ble. Online adaptability means that the compliance can be
adapted during normal operation. In this review article, we
will not focus on active compliant actuators.

The stiffness of an actuator is comparable with the stiffness
of a linear spring. The variation of the length of a linear spring
depends on the force acting on the spring, according to
Hooke’s Law:

F ¼ k � (x� x0): (1)

This means that a spring with rest length x0 and an actual
length x generates a force F. If the actual length equals the rest
length, zero force is generated. This is comparable with a com-
pliant actuator at its equilibrium position. When a spring with

linear force-displacement characteristic is used, the stiffness—
inverse of the compliance—can be defined as

k ¼ F
Dx
¼ constant: (2)

When the force-displacement relationship is nonlinear, the
stiffness is considered to vary with the position

k(x) ¼ dF
dx
6¼ constant: (3)

For a spring, the equilibrium position is fixed and is equal
to its free length. However, a compliant actuator can change
this position by moving the attachment point of the spring.

An example of a passive compliant actuator is the original
SEA [19], which is a spring in series with a stiff actuator. The
compliance of this actuator is fixed and determined by the
selection of the spring; thus, the physical compliance cannot
be changed during operation. Further discussion about the
SEA will be provided in a later section.

It is worth mentioning that this discussion about compliant
actuators is restricted to conventional actuators used in the
majority of robotic and automated mechanical systems, e.g.,
hydraulic, pneumatic, and electric actuators. Recently, advan-
ces in material technology have introduced new substances,
making it possible to build structurally strong articulated mech-
anisms that are compact and lightweight. Examples of such
materials that can be used to develop novel actuators are shape-
memory alloys (SMAs) [20], electrorheological fluids (ERFs)
[21], electrostrictive and magnetostrictive materials (including
piezoelectric substances) [22], and electroactive polymers [23].
The use of these new materials as compliant actuators is not
obvious, since their current operational speeds are very low,
with response times in the scale of tens of seconds.

Actuators with a fixed compliance can be used for force
control [19] or safe human–robot interaction [3], but they do
not control the natural frequency of a mechanical system. As
explained in the ‘‘Adaptable Compliance to Adjust the Natural
Dynamics’’ section, controlling the natural frequency can be
done by introducing adaptable, passive compliance.

One way to vary the compliance of an actuator is by software
control of a stiff actuator [17]. Based on the measurement of the
external force or torque, a certain deviation is calculated by the
controller and set by the stiff actuator. This type of compliant
actuator requires an actuator, a sensor, and a controller that are
all fast enough for the application, but it permits the adjustment
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of the compliance during operation. Thus, the characteristic of
an imitated spring is programmed and as such is adjusted online;
this is often referred to as active compliance. The main disad-
vantage of active compliance is continuous energy dissipation,
whereas energy could be stored and subsequently released again
when a passive element (e.g., a spring) is used.

To combine energy storage and adaptable compliance, an
elastic element to store energy is needed, together with a way to
adapt the compliance. A substantial number of designs has been
developed. However, four main ideas can be distinguished.

u Equilibrium-controlled stiffness: these compliant actuators
use a fixed stiffness spring in series with a traditional
method of actuation, e.g., electric motors or hydraulic
systems. The SEA measures the displacement of the
unit and force on the spring to adjust the torque sup-
plied by the motor, otherwise known as impedance
control. To obtain variable stiffness, the virtual stiffness
of the actuator is adjusted by dynamically adjusting the
equilibrium position of the spring as is explained in
the ‘‘Equilibrium-Controlled Stiffness’’ section.

u Antagonistic-controlled stiffness: two actuators with nona-
daptable compliance and nonlinear force-displacement
characteristics are coupled antagonistically, working
against each other. By controlling both actuators and
using nonlinear springs, the compliance and equilib-
rium position of this antagonistic setup can be set. To
be able to vary the compliance, it is required that the
spring characteristic of the two actuators is non-linear,
while the resulting spring characteristic is linear. In
the ‘‘Antagonistic-Controlled Stiffness’’ section, this
principle is described in more detail and some exam-
ples are given.

u Structure-controlled stiffness: unlike the previous two
concepts, structure control modulates the effective
physical structure of a spring to achieve variations in
stiffness. When using a beam as elastic element, the
stiffness depends on material modulus, the moment of
inertia, and the effective beam length. During opera-
tion, the stiffness can be controlled by adjusting one of
these parameters. In the Jack Spring, the number of
active coils in a helical spring is adjusted to vary the

stiffness. More about these types of designs can be
found in the ‘‘Structure-Controlled Stiffness’’ section.

u Mechanically controlled stiffness: similar to structure con-
trol, mechanical control also adjusts the effective physi-
cal stiffness of the system. However, in this case, the
full length of the spring is always in use. The variation
is done by changing the pretension or the preload of
the spring, as is the case in the mechanically adjustable
compliance and controllable equilibrium position
actuator (MACCEPA) and the variable stiffness joint
(VS-Joint). These actuators require only one compliant
element. The complete actuator behaves as a torsion
spring where the spring characteristics and equilibrium
position can be controlled independently during oper-
ation. The principles and designs are elaborated in the
‘‘Mechanically Controlled Stiffness’’ section.

Passive, Controllable Stiffness Actuators

Equilibrium-Controlled Stiffness
This section starts with a description of the SEA, which is
force controlled and has a fixed compliance. Then, an exam-
ple of a SEA variant with a second spring used in parallel is
given. Finally, the concept of equilibrium-controlled stiffness
is explained.

Series Elastic Actuator

The SEA [19] is essentially a spring in series with a stiff actua-
tor. The compliance is determined by the spring constant and
is therefore not adjustable during operation. The SEA is a
compliant actuator allowing force to be controlled in an easy
manner. Figure 1 shows a typical setup of a SEA for force con-
trol. The elongation of the spring is used as force measurement
and fed back in the control loop.

SEA Variant

Au et al. at Massachusetts Institute of Technology (MIT) [24]
developed a prosthetic ankle-foot device that uses a variant of
the SEA in a parallel configuration with a passive unidirec-
tional spring that is elongated when the ankle angle is less than
zero degrees (ankle dorsiflexed). The stiffness of the parallel
spring is chosen by estimating the slope of the measured tor-
que-angle curve and is also used to reduced shock loads. The
parallel stiffness is also selected to increase the required open-
loop force-bandwidth.

Equilibrium-Controlled Stiffness Concept

Sugar has also developed a spring-based actuator, which uses
the concept of equilibrium-controlled stiffness. A linear spring
is added in series to a stiff actuator, and the equilibrium posi-
tion of the spring is controlled to exert a desired force or
desired stiffness [11], [25]. The compliance is actively changed
using a control law instead of fixing the compliance by pas-
sively adding springs. The force-control problem is converted
to a position-control problem using electric motors. The
motor position is adjusted based on the deflection of the spring
to alter the tension or compression of the spring.

Fdesired

Fload

+

−
Controller Actuator

Spring Load

Sensor

Σ

Figure 1. Force control using a series elastic actuator.

The compliance adjustment of the

Jack Spring mechanism is achieved

by adding or subtracting the number

of available coils used in a spring.

IEEE Robotics & Automation Magazine84 SEPTEMBER 2009

Authorized licensed use limited to: Scuola Superio Sant'Anna di Pisa. Downloaded on August 26,2020 at 07:31:55 UTC from IEEE Xplore.  Restrictions apply. 



The intrinsic spring stiffness cannot be altered, but the link
or limb stiffness can be selectively varied using an active con-
trol law, therefore adjusting the virtual stiffness. Figure 2
explains the control of a single actuator. The force applied by
the link is given by

F ¼ �Kact(l � s� a), (4)

where l is the length of the actuator, s is the length of the inter-
nal ball screw that adjusts the equilibrium position of the
spring, and a is the free length of the spring. Kact is the intrinsic
spring stiffness. If a desired behavior is given by

F � Fo ¼ �Kdes(l � lo), (5)

about an operating point (Fo, l0), the desired actuator position
is given by

sdes ¼ l � aþ (F0 � Kdes(l � l0))=Kact: (6)

Thus, a position-control scheme achieves the stiffness con-
trol of a single compliant limb. Controlling the position of dc
motors is very simple and differs from the work by Pratt where
they controlled the torque on the motors and, in turn, con-
trolled the impedance. The disadvantages of using an approach
to control the virtual stiffness are that the performance is
limited by the bandwidth of the controller (e.g., during impact
the hardware stiffness will be felt), and it consumes energy to
adjust the position of the spring. One overlooked advantage is
that the compliant spring acts to passively change the transmis-
sion ratio of the system. For example, if a force compresses the
spring to the left and the desired behavior is to move the limb
to the right, then as the spring compresses, the motor must
spin faster thus increasing the transmission ratio at the oppor-
tune moment.

Antagonistic-Controlled Stiffness
The best-known example of an antagonistic setup is the combi-
nation of biceps and triceps in the human arm. When the
biceps contracts and the triceps relaxes, the arm is flexed. When
the triceps contracts and the biceps relaxes, the arm extends.
One of the reasons why an antagonistic setup is required is the
fact that muscles can only pull and not push. However, more
can be achieved with this setup: when both biceps and triceps
contract, the elbow becomes stiff; when they both relax, the
elbow becomes very compliant and the arm hangs freely. In
reality, the muscles in the human arm are controlled in a
continuous way and, thus, the system can cover a whole range
of positions and compliant behavior. The biologically inspired
concept of an antagonistic setup is used in a number of
mechanical actuators to obtain adaptable compliance.

The Necessity of Nonlinear Springs

The nonlinearity of the spring is essential to obtain the adapt-
able compliance. To explain this, a simple linear antagonistic
setup (Figure 3) is used. The two springs are linear and have
the same spring constant. In Figure 3, x0A and x0B are the

controllable positions when zero force is applied by the
springs (the rest length of both springs is assumed zero). Each
position can be independently controlled requiring two
actuators. The force on the block in the center is the sum of
the forces of both springs:

F ¼ �k(x� x0A)þ k(x0B � x)

¼ �2kxþ k(x0A � x0B): (7)

The stiffness becomes

j ¼ dF
dx
¼ �2k: (8)

This result is independent of the controllable parameters
x0A and x0B, and consequently, the compliance is uncontrol-
lable if linear springs are selected.

When two springs with a quadratic characteristic are used,
the force is

F ¼ �k(x� x0A)2 þ k(x0B � x)2

¼ 2kx(x0A � x0B)þ k(x2
0B � x2

0A): (9)

xx0A
x0B

Figure 3. Demonstration of the necessity of using nonlinear
springs.

a = Free Length
Kact

s

l

(a)

(b)

(c)

Figure 2. System for one limb. The limb length is measured
by l, whereas the internal motor adjusts the length s. The
compliance of the limb is adjusted by varying the length s.

Adjustable, passive, compliant

actuators will rise in importance for

two reasons, safe human/machine

interaction, and energy savings.
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The local stiffness is then

j ¼ dF
dx
¼ 2k(x0A � x0B): (10)

As can be seen, the stiffness is a linear function of the differ-
ence between the controllable parameters. The equilibrium
position is the position where no forces are generated:

2kx(x0A � x0B)þ k(x2
0B � x2

0A) ¼ 0, (11)

) x ¼ x2
0A � x2

0B

2(x0A � x0B)
¼ x0A þ x0B

2
: (12)

This result is the average of x0A and x0B. Thus, by control-
ling the two positions x0A and x0B, both compliance and
equilibrium position can be set. This principle is used in a
number of different designs, which are described in the follow-
ing sections.

Biological Inspired Joint Stiffness Control

Migliore et al. [25] describe a device based on the antagonistic
setup of two nonlinear springs. This biologically inspired joint

stiffness control is a rotational joint, actuated by two SEAs as
shown in Figure 4(a) and (b).

Figure 4(c) shows how the linear characteristic of the spring
is transferred into a quadratic characteristic, by using special
shaped pieces, over which two wheels roll. The centers of the
wheels are interconnected by a linear spring.

When both servomotors rotate in the same direction, the
equilibrium position of the joint is changed. When they
rotate in the opposite direction, the stiffness of the joint will
be changed.

The advantage of this design is that the force-elongation
characteristic of the springs is chosen during the design phase,
as well as the resulting compliance characteristic of the overall
system. The drawback is the size, extra complexity, and fric-
tion of the mechanisms to make the quadratic springs. Other
systems using antagonistic quadratic springs include the work
by Koganezawa [26] and English [27].

Variable Stiffness Actuator

Tonietti et al. [28] describe the VSA. This design is based on
the same antagonistic setup. However, it is not as obvious as the
previous design. In Figure 5(a) and (b), two computer-aided
design (CAD) views of the VSA are shown. The VSA consists

of three pulleys 1, 2, and 3 over which a
timing (toothed) belt 10 is placed. Two
of the pulleys 2 and 3 are controlled,
each by a servomotor 5 and 6. The other
pulley 1 is connected to the arm 4. On
the belt between the pulleys, three ten-
sioning mechanisms 7, 8, and 9 are
placed. Although all three tensioning
mechanisms are equal, their function is
different. The two tensioning mecha-
nisms 8 and 9, neighboring the pulley
connected to the arm, form the nonlin-
ear springs. The other mechanism 7 is
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Figure 4. (a) Picture of setup. (b) Schematic drawing of the antagonistic setup of two SEA. (c) Schematic of a quadratic spring
device. With permission from Migliore.
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Figure 5. (a) and (b) Two CAD views of the VSA and (c) mechanism to make the
springs nonlinear in the VSA. With permission from Tonietti.
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just a tension mechanism to keep the timing belt 10 against the
other two pulleys.

One can see that the VSA is actually made with two SEAs:
2, 5, 8 and 3, 6, 9. The two springs 8 and 9 of each SEA are lin-
ear, but because of the tensioning mechanisms, they are made
nonlinear. The mechanism that makes the springs nonlinear is
shown in Figure 5(c). The big circle on the left represents the
pulley with the radius arm 1, and the big circle on the right is
either pulley 2 or 3, depending on the considered SEA. As seen
from Figure 5(c), the length of the spring is a nonlinear func-
tion of the length of the belt between the two pulleys. The
complete formula for the torque can be found in [28].

To make the VSA stiffer, pulley 2 with motor 5 has to rotate
counterclockwise, and pulley 3 with motor 6 has to rotate
clockwise. As a result, the two springs in the mechanism 8 and
9 are compressed, and spring 7 elongates to keep the belt tight
against the pulleys. When rotating both pulleys 2 and 3 in the
same direction, the spring’s length does not change, and as
such, the compliance will stay the same, but the equilibrium
position will change. As is the case for each antagonistic setup,
both actuators have to be used to influence only one variable:
compliance or equilibrium position.

The control of the VSA is more complicated than the
previous design, since the nonlinearity is more complex. The
VSA described in this section is the first generation concept.
The researchers are working currently on a more compact
implementation, the VSA-II.

Other similar systems include an actuator, employing biomi-
metic research that was developed by Kolacinski and Quinn
[29]. Their actuator can modulate the position and stiffness,
although the system’s stiffness law is very complicated. The
FlexCVA [30] uses a mechanism similar to that shown in Figure
5(c) to create nonlinear springs.

Actuator with Mechanically Adjustable

Series Compliance

Another design based on the same principle is the actuator with
mechanically adjustable series compliance (AMASC) developed
by Hurst et al. [31]. As shown in Figure 6, the AMASC is a
rather complex mechanism with a great number of pulleys and
cables. Nevertheless, the advantage is that only one actuator is
used to control compliance or equilibrium position. Thus, each
of the actuators has its specific function, allowing different motor
types to optimize the weight of the com-
plete system. The working principle is
based still on the antagonistic setup of
two nonlinear springs.

In Figure 6(b), a schematic overview
of the AMASC is given. The springs FY

are two fiberglass leaf springs, which are
placed on both sides of the prototype
[Figure 6(a)]. In the case of the AMASC,
the nonlinear spring is formed by a set of
spiral pulleys. The reduction ratio of the
pulleys varies proportionally with the
fiberglass spring deflection to obtain the
quadratic relationship. The pulleys are

also used to uncouple the control of compliance and equilib-
rium position.

The leg of the actuator is placed on pulley J2. One motor
controls the angle h1 of pulley J1, which is the setting for the
equilibrium position. When this motor turns counterclock-
wise, the set of floating pulleys ZA will move to the left, and
the set of floating pulleys ZB will move to the right. This
motion will result in a counterclockwise rotation of the leg,
which is connected to pulley J2. All this can be done without
changing the lengths of the springs, thus keeping the compli-
ance constant.

On the other hand, when the displacement X3—controlled
by the second motor—moves to the left, both sets of pulleys
ZA and ZB will also move to the left. This will elongate both
springs, and thus make the joint stiffer, while the equilibrium
position is kept constant.

The AMASC is an actuator where the compliance and the
equilibrium position can be controlled independently, each by
a dedicated motor. This independence makes the control eas-
ier and allows one to design the two motors separately to meet
the demands of a specific application, e.g., compliance varies
slowly while the equilibrium position has to be set faster. The
main disadvantage of the AMASC is its complexity. Based on
this concept, the biped robot BiMASC is designed. Here, the
stiffness of the whole leg can changed instead of the stiffness of
the joints. Thorson [32] developed a linear variant where con-
trol of equilibrium position and stiffness are adjusted by two
separate motors.

Pneumatic Artificial Muscles

Instead of using a SEA, pneumatic artificial muscles (PAMs)
are often used. When pressurized, the muscle contracts axially
while expanding radially. The compressibility of air makes
them inherently compliant, behaving in a spring-like fashion.
The McKibben muscle [33] is the most well-known design.
Its overall shape resembles a thin cylinder, which is easy to use
in robotic devices. One of the drawbacks is the hysteresis
introduced by friction, which makes it difficult to control,
and it has a substantial threshold of pressure, before any force
is generated. The pleated PAM (PPAM) [34] drastically
reduces hysteresis and overcomes the threshold of pressure.
Figure 7 shows an implementation of the PPAM in the biped
Lucy [34].

X3

J1 J2r1 r2

B1 B2

θ1
θ2

ZA, FZA

YA

YB

G(ZA)

G(ZB)
FY (YB)

FY (YA)

ZB, FZB

leg

τ leg
τ motor

(a) (b)

Figure 6. (a) Picture of AMASC [31] and (b) schematic overview of AMASC, based
on [31].
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Pneumatic muscles are actuators with a high power-to-
weight ratio and can be directly coupled to the joint without a
heavy and complex gearing mechanism. The drawbacks of a
joint actuated by two pneumatic muscles are the nonlinear
characteristic of the joint, slow dynamics (especially depressu-
rizing the muscle is slow), presence of hysteresis, and need for
pressurized air.

Structure-Controlled Stiffness
As an alternative to the antagonistic setup of two nonlinear
springs, variations in stiffness can also be achieved through
manipulation of the effective structure of a spring, also called
SCS [35]. As an example, bending a leaf spring is a form of
storing energy. However, apart from simple loading (energy
storage) and unloading (energy return) of the leaf spring, an
extra step of altering the leaf spring’s effective stiffness is intro-
duced. To understand the basic concepts of a SCS actuator,
consider the small deflection beam equation

M ¼ EI
L

� �
3 h, (13)

where M is the bending moment, E the material modulus, I
the moment of inertia, L the effective beam length, and h is

the angle of bending or slope. In this representation of bend-
ing, the term EI/L represents the bending stiffness. To control
the stiffness of the structure, any of the three parameters in this
bending stiffness can be manipulated.

The parameter E is a material property, which cannot be
controlled by a structural change, but for some materials, it can
be changed by changing the temperature. In most instances,
the temperature of such a material cannot be changed fast
enough to be useful to create adaptable compliant actuators for
bipedal walking. Examples of mechanisms where the moment
of inertia I and the length of the elastic element L are changed
are discussed in the following sections.

Variation of Moment of Inertia by Axial Rotation

An actuator can be built that has a passive element with
variable mechanical impedance, resulting in an actuator with
adaptable compliance. For example, when the aspect ratio of a
beam differs from one, then compliance can be changed by
rotating the beam over 90�. A prototype of a spring with
variable stiffness used in wearable robotic orthoses [36] is
shown in Figure 8. The purpose of the helical spring in this
design is to reduce the effects of lateral buckling.

When the moment of inertia is calculated with the well-
known formula, it can be seen that it varies, depending on
the width-to-thickness ratio of the beam. Depending on the
rotation, the thickness and width have to be exchanged in
the formula

Istiff ¼
thickness 3 width3

12
(14)

Icompliant ¼
width 3 thickness3

12
(15)

This is a very easy way to obtain a compliant element with
two predefined settings of the compliance. Because of the
lateral buckling, it is difficult to have intermediate settings.

Work by Seki et al. [37] have employed a concept similar to
the rotated leaf spring approach, although these authors did
not account for beam deflections beyond 15� in experiments
nor did they address the limitations because of lateral buckling.

Union Is Strength: Increasing the Moment of Inertia

Kawamur changed the moment of inertia by controlling the
force to press together an element consisting of many layered
sheets [38] as shown in Figure 9(a). When external forces act

on the element, the loose stack of sheets
bend, as is depicted in Figure 9(b).

However, if the sheets are firmly
pressed together, they will not slip be-
cause of friction. As a result, the element
stiffens, and larger forces are needed to
bend the element. Different methods of
pressing the sheets together such as elec-
trostatic [39] or vacuum [38] can be
used. To be able to create a vacuum, the
sheets are covered with a rubber or vinyl
sheet to make an airtight chamber. By

(a) (b) (c)

Figure 8. Variation of moment of inertia by rotating the beam.
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Figure 7. Antagonistic setup of two PPAM.
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decreasing the pressure in the chamber, the atmospheric pres-
sure generates a normal force on the sheets. It should be noted
that holding the sheets together is very difficult because the
transverse shear forces are very high.

To estimate the variation of compliance of the element, the
moment of inertia in both the normal and vacuumed state can
be calculated. Consider that the number of sheets is n. The sys-
tem is compliant when the sheets are separated. When the
vacuum is applied, the system is stiff.

Icompliant ¼
n 3 width 3 thickness3

12
(16)

Istiff ¼
width 3 (n 3 thickness)3

12
(17)

Consequently, the stiffness of the element can be increased
by a factor n2 when vacuum is applied. This is an effective
method to obtain a large stiffness range since the number of
sheets can be increased easily when using thin sheets such as
films. Based on the same idea, a two-dimensional variant can
be made using wires with a square cross section [38].

The advantages of this system are the simple construction
and wide stiffness range that is possible. However, the friction
makes the precise control of the compliance difficult. More-
over, the compliance will depend on the deflection when the
volume is in a vacuum applied state.

Mechanical Impedance Adjuster

Another way to adjust the compliance is to vary the effective
length of a compliant element. An active knee brace varies the
length of beam to adjust the stiffness [36]. Figure 10 depicts the
mechanical impedance adjuster [40]. The compliant element
is a leaf spring connected to the joint by a wire and pulley. The
effective length of the spring can be changed by a slider. A
roller is placed on the slider to hold the leaf spring close to the
structure. The motor rotates the feed screw, which moves the
slider, and thus changes the compliance.

A rotational version was developed [41] for implementation
in a robotic joint. In Figure 11, a conceptual drawing of the
proposed design is shown. Figure 11(a) and (b) shows the situa-
tion when the mechanism is compliant and stiff, respectively.
The two vertical spindles, which are actuated by a motor, can
move the slider up and down. The four wheels placed on the
slider roll over the leaf spring. When the slider is moved
upward, the effective length of the leaf spring is shortened.

An advantage of both of these mechanisms is that they are
easy to construct. They are easy to control because the setting
of the compliance and the equilibrium position are com-
pletely independent. This mechanism allows all possible

intermediate states between compliant and very stiff. This
implies one actuator for the compliance and one actuator for
the equilibrium position can be used to allow independent
control. Similar devices include the following example. De
Uri Tasch designed a two-degree-of-freedom finger, which
again uses leaf springs, but has the ability to control the
coupling compliance as well [42].

Jack Spring Actuator

Recently, a new type of actuator, based on the structure con-
trolled stiffness concept, was presented in [43], named the Jack
Spring actuator. A helical spring is used as the compliant ele-
ment. It should be noted that, because a helical spring has the
same geometry as a lead screw or jack screw, the mathematics
to describe a lead screw can be used to describe a Jack Spring.
The main difference is that the lead of the Jack Spring changes
under an applied axial load.

The compliance adjustment of the Jack Spring mecha-
nism is achieved by adding or subtracting the number of
available coils used in a spring. The basic concept for the
adjustment of stiffness can be seen in the equation of the
spring constant (stiffness):

K ¼ Gd4

8 3 D3na
, (18)

where G represents a material property called shear modulus.
Each of the parameters of (18) influences the stiffness of a
coiled spring. In particular, an increase in wire diameter, d, will
increase stiffness, whereas either an increase in coil diameter,
D, or number of active coils, na, will decrease spring stiffness.
Therefore, to create a SCS device, based on the properties of a

Leaf Spring

Motor

Wire To Joint

Pulley

SliderFeed Screw

Figure 10. Conceptual design of mechanical impedance
adjuster.

(a) (b)

Figure 11. Conceptual design of rotational mechanical
compliance adjuster.

(a) (b)

F

Figure 9. (a) Laminated structure and (b) deformation.
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coil spring, any of these parameters could potentially be
adjusted. The simplest parameter to change and adjust stiffness
is the number of active coils, na. A conceptual diagram of this
approach can be seen in Figure 12.

The diagram shows an extending helical spring or Jack
Spring. Through a rotation of either the spring or the shaft/
nut, coils can be added to or subtracted from the number of
active coils, thus changing the effective stiffness of the structure.
In this example, both displacement and stiffness are coupled.

The Jack Spring actuator is novel, compact, and easy to
implement. The external force can act in both directions. In
combination with a stiff actuator, both compliance and
equilibrium position are adaptable. However, both are coupled
in this first concept. Moreover, setting the compliance, while
forces are working on the spring, results in friction and defor-
mation of the space where the surface has to slide but the tor-
que that is required is reduced in compression. Also, if rolling
pins are used, the system is similar to a ball screw instead of a
lead screw. In a second concept, a second motor can be used to
translate the Jack Spring. In this concept, one motor is used to
adjust the equilibrium position of the actuator, and a second
motor is used to adjust the stiffness.

Mechanically Controlled Stiffness
Similar to structure control, mechanical control also adjusts
the effective physical stiffness of the system. However,
mechanical control adjusts stiffness by varying the points
where a compliant element is attached to the structure, thus
changing the pretension or preload of the spring.

Lever Arm Length Adjustment

A first type of actuator based on mechanical-controlled stiff-
ness was developed at the Vrije Universiteit Brussel. As shown
in Figure 13, the proposed system is a rotational joint consist-
ing of grounded arm 1 and movable arm 2, connected by an

axis 8. The lever arm 3 is also placed on
the same rotational axis. The position of
lever arm 3, relative to arm 1, can be
controlled by a servomotor 4. The
spring 7 generates a torque that tends to
line up bodies 2 and 3. This restoring
force is transmitted by the cable 9 that
runs from a point on body 3 to a point
on body 2. Servomotors 5 and 6 rotate
the threaded spindles, which move these
points to or away from the rotational
axis, resulting in shorter or longer lever

arms and thus a lower or higher torque (or torsion stiffness).
The spindle, powered by servomotor 5, also moves the point
where the spring 7 is attached. Figure 13(a) shows the situation
with short lever arms, resulting in a joint with low stiffness. In
Figure 13(b), the situation is shown where the lever arms are
longer, which makes the joint stiffer.

The variation of the compliance is based on the variation of
the length of the lever arms and uses only one passive element,
which is fundamentally different from the antagonistic setup
or structural-controlled stiffness. This design has a number of
drawbacks. The use of three motors, of which two are con-
trolled together, is expensive but difficult to avoid. It is possible
to reduce the number of motors by connecting both sliders
using a cable running through the rotational axis. However,
this will result in a complex mechanism with considerable fric-
tion. For practical reasons, the two points that ensure tension-
ing of the cable cannot be placed at the same distance from the
rotational axis, resulting in nonlinearity of the torque-angle
characteristic for small angles. For larger angles, the torque-
angle characteristic will become nonlinear since the cable will
follow a straight line (a chord) instead of an arc with the rota-
tional axis as the center. This nonlinearity is because the length
of an arc is a linear function of the angle, which is not the case
for a chord.

Also, the fact that friction occurs in the point where the
cable is guided around arm 2, resulting in hysteresis, made this
design unfavorable, especially with respect to passive walking.
A similar approach is presented in [44], where only the length
of one of the lever arms is changed.

MACCEPA

Starting from the previous design, a new design was devel-
oped, named MACCEPA [45]. In Figure 14, the essential
parts of the MACCEPA are drawn. As can be seen, there are
also three bodies pivoting around one rotational axis.
Around the rotational axis, a lever arm is pivoting, depicted
as a smaller body in Figure 14. A spring is placed between a
fixed point b on the lever arm and a cable that runs around c
(a fixed point on the right body) and is attached to a preten-
sion mechanism.

The angle j between the lever arm and left body is set by a
classical actuator (e.g., a servomotor). When a—the angle
between the lever arm and right body—differs from zero, the
force due to the elongation of the spring will generate a torque
T that tends to line up the right body with the lever arm.
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Figure 13. Variation of the length of the lever arms.
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Figure 12. Active and inactive coil region in the Jack Spring actuator.
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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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Translational
Deflection

Joint
Deflection Axis of Rotation
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Linear Bearing
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Cam Rollers
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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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Note that the VS-Joint and the MACCEPA actuator are in
a way complementary, because, in the VS design, the spring is
used in compression, whereas the latter uses the spring in ten-
sion. Both designs use the pretension or preload of the spring
to vary the stiffness, and both have one motor for the stiffness
setting and one for the equilibrium position.

Discussion and Comparison
Comparing the different designs is not easy, because each
design might be optimized for a specific task or property.

Table 1 gives an overview of some of the properties for the dif-
ferent groups of controllable stiffness actuators.

These properties of each group are a generalization.
Within each group, there are differences, and the described
designs might be optimized for a specific application. Other
design criteria to be taken into account are the complexity of
the design, cost, speed of the stiffness variation, maximum
torque, and size of the complete system. In addition, the
required power source, e.g., in case of pneumatic muscles, can
also be a criterion.

Conclusions
Four concepts to create adaptable, passive-compliant actua-
tors, which can store energy and can be used for passive
applications, are presented and examples are given. The
first concept, equilibrium-controlled stiffness, is based on
adjusting the equilibrium position of springs. This concept
is simple to control but constantly requires energy to regu-
late its actuator position. The second concept, antagonis-
tic-controlled stiffness, covers the compliant actuators
based on the antagonistic setup of two nonlinear springs.
Again, in this system, extra work is needed to adjust the
stiffness, because two nonlinear springs must be controlled.

Table 1. An overview of some of the properties for the different groups
of controllable stiffness actuators.

Equilibrium-

Controlled

Stiffness

Antagonistic-

Controlled

Stiffness

Structure-

Controlled

Stiffness

Mechanically

Controlled

Stiffness

1) Minimum number of springs required

(can be more to obtain symmetry)

1 2 1 1

2) Can linear springs be used (related to

availability, linear spring are standard)

Yes No Yes Yes

3) Always using the full length of the spring

element

Yes Yes No Yes

4) Preload/Pretension in equilibrium posi-

tion (= forces acting on joint in eq. pos.)

No Yes No Yes

5) Completely stiff setting possible (limited

by the force of the spring elongation)

No No Yes No

6) Vary compliant setting possible (concep-

tual, can lead to large designs)

Yes No Yes Yes

7) Infinite bandwidth for shock absorbance

(compliant behavior at high speed)

Yes Yes Yes Yes

8) Infinite bandwidth for chosen compli-

ance (stiffness controllable at high speed)

No Yes Yes Yes

9) Independent control stiffness and

equilibrium position

No No/Yes Yes Yes

10) Possibility to vary linearity of the stiffness

curve

Yes No Yes Yes

Remark on 4: This can be either positive or negative. Preload/pretension is positive to reduce or even avoid play and backlash;

on the other hand, it generate forces on the structure and the bearings, which can lead to a heavier structure or wear.

Remark on 9: Some designs of antagonistic setups allow independent control, however this results in a relatively complex

designs.

Remark on 10: In this way, a progressive, degressive, or linear system behavior can be chosen. In equilibrium-controlled stiffness,

the motor feedback can be used to vary the desired stiffness curve as long as the control commands are within the bandwidth of

the motor. In a Jack Spring actuator, feedback can be used to add or subtract coils for a given deflection allowing the linearity

response to vary.

The variation of the compliance is

based on the variation of the length

of the lever arms and uses only one

passive element, which is

fundamentally different from the

antagonistic setup or structural-

controlled stiffness.
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The third concept, structural-controlled stiffness, allows
adaptable compliance. The Jack Spring was presented,
which actively tunes the intrinsic stiffness of the spring.
The last concept is mechanically controlled stiffness, in
which the MACCEPA and VS-Joint are novel actuators
with independently controllable compliance and equilib-
rium position.

We believe that adjustable, passive, compliant actuators will
rise in importance for two reasons, safe human/machine
interaction, and energy savings. Although different designs of
compliant actuators are currently under investigation, the
ultimate design combining a stiffness range from completely
stiff to zero stiffness, lightweight and compact, and easy to
control has not yet been invented. One can conclude that, in
the field of compliant actuation, much research is still possible
on the actuator itself, applications, and how to control the
adjustable compliance. We hope to see more roboticists de-
signing the next generation of passive, compliant-actuators
and their controller architectures.

Keywords
Controllable stiffness actuators, adjustable compliance
actuators.
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