
from Rigid towards Soft Robots 

MOTION CONTROL 



for  Soft Robots 

Soft Robots 
are there! 



CONTROL OF SOFT ROBOTS 

Problems

Impedance selection/management 
•  Tele-Impedance – Let Humans Do! 

•  Optimal Control Strategies – Min/Max performance Indexes

Motion Control
•  Are the classical methods developed for the rigid robot 

still applicable?



•  The task specification is usually carried out in the operational space 

•  The control actions are usually performed in the joint space 

THE MOTION CONTROL 

PROBLEM 

Joint space control scheme Operational Space control scheme 



•  2 sub-problems 

•  Inverse Kinematics Problem 

•  Control Design for tracking  

THE JOINT SPACE CONTROL 

PROBLEM 

•  Drawback: The operational variable are controlled in a open-loop fashion 

•  Any uncertainty  of  the structure will cause loss of  accuracy on the operational space 
variables 



•  Operational Space Control Problem 

•  The Inverse Kinematics Problem is embedded in the Feed-back Control Loop

•  Conceptually it allows to directly act on the operational variables 

THE OPERATIONAL SPACE 

CONTROL PROBLEM 

•  Drawback: Often the measurements of  the operational variables are indirect 

(e.g. via direct kinematics starting from measurements of  the joint variables) 
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JOINT SPACE CONTROL 

PROBLEM FORMULATION 

q(t) = qd(t)

Equations of  motion of  a rigid manipulator 

To control the motion of  a manipulator in joint space means  

to determine the n components of  generalized forces that 

allow the execution of  a motion

so that 



JOINT SPACE CONTROL 

THE MODEL: COMPONENTS 

Equations of  motion of  a stiff  manipulator 



JOINT SPACE CONTROL 

THE MODEL: STRUCTURE 

Equations of  motion of  a stiff  manipulator 

Inertia matrix 

Coriolis matrix 

Damping matrix 

Gravity vector 



JOINT SPACE CONTROL 

THE MODEL: TRANSMISSION 

Krq = qm

τm = K
−1

r
τ

Actuators generate the generalized forces 

Rigid transmissions with no backlash 

Joint actuator displacements Diagonal matrix with elements  
much larger than 1 

Actuator driving torques 



JOINT SPACE CONTROL 

THE MODEL: DRIVING SYSTEM 

K
−1

r
τ = Ktia

Matrix form equations that  
describe the n driving systems 

Torque constants 
Armature currents 

Voltage control Current control 



JOINT SPACE CONTROL 

THE MODEL: VOLTAGE CONTROL 

K
−1

r
τ = Ktia

va = Raia +Kv q̇m

va = Gcvc

Voltage Control 

Armature resistances 
Voltage constants 

Armature  
voltages 

Amplifier gains 
Control voltages 



JOINT SPACE CONTROL 

THE MODEL: VOLTAGE CONTROL 

B(q)q̈ + C(q, q̇)q̇ + F q̇ + g(q) = u

F = Fv +KrKtR
−1

a
KvKr

u = KrKtR
−1

A
Gvvc

The dynamic model of  the system with actuators voltage controlled 

KrKtR
−1

a
Gvvc = τ +KrKtR

−1

a
KvKr q̇



JOINT SPACE CONTROL 

JOINT TORQUE: VOLTAGE CONTROL 

τ = KrKtR
−1

a
(Gvvc −KvKr q̇)Joint driving torque 

Gvvc ≈ KvKr q̇

•  The elements of  Kr are 
much greater than 1 

•  The elements of  Ra are 

much smaller than 1 

•  The required values for the 

torques are not too large 

IF THEN 



JOINT SPACE CONTROL 

JOINT TORQUE: VOLTAGE CONTROL 

vc ≈ G−1

v
KvKr q̇

•  The velocity of  the i-th joint depends only on the i-th control voltage

•  Each joint can be controlled independently of  the others 

•  The joint position control scheme can be designed according to a 

decentralized control structure 



JOINT SPACE CONTROL 

JOINT TORQUE: VOLTAGE CONTROL 

τ = KrKtR
−1

a
(Gvvc −KvKr q̇)Joint driving torque 

THEN 

•  The elements of  Kr are 
much greater than 1 

•  The elements of  Ra are 

much smaller than 1 

•  The required values for the 

torques are not too large 

IF

Given the time evolution of  the motion of  all the joints the torques can be evaluated via 

inverse dynamics (Drawback: accurate model knowledge) 

centralized control scheme 



JOINT SPACE CONTROL 

JOINT TORQUE: CURRENT CONTROL 

τ = KrKtia

ia = Givc

τ = u = KrKtGivc

The control voltage is proportional to 
the current of  the system  

The current control shows a reduced dependence of  u on the motor parameters
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Manipulator regarded as formed by n independent systems (n joints) 

Control of  each joint as a SISO system 

Coupling effects between joints during the motion are treated as disturbance 

inputs 

DECENTRALIZED CONTROL 

∫ ∫
Non-linear 
coupling 

q

q̇q̈
B

−1

m

d

Fm

τm



Manipulator model ‘at the motor side’ 

DECENTRALIZED CONTROL 

K−1

r
B(q)K−1

r
q̈m +K−1

r
C(q, q̇)K−1

r
q̇m +K−1

r
FvK

−1

r
q̇m +K−1

r
g(q) = τm

B(q) = B̄ +∆B(q)

K−1

r
B̄K−1

r
q̈m + Fmq̇m + d = τm

Fm = K
−1

r
FvK

−1

r

d = K−1

r
∆B(q)K−1

r
q̈m +K−1

r
C(q, q̇)K−1

r
q̇m +K−1

r
g(q)

The inertia matrix is decomposed in a constant matrix  
plus a configuration dependent matrix  

Defining                                                the model can be seen as a linear model  

Subject to the disturbance 



The controller has to guarantee: 

•  trajectory tracking 

•  disturbance rejection 

•  large gain before the disturbances 

•  the presence of  an integral action 

DECENTRALIZED CONTROL 

POSITION FEDDBACK

C(s) = Kc

1 + sTc

s



To improve the dynamic performance the controller can be choose as a cascade of  

elementary actions with local feedback loop closed around the disturbance 

•  the reference has to be related to the desired output via the constant KTP

•  the disturbance has been transformed into a voltage 

DECENTRALIZED CONTROL 

INDEPENDET JOINT CONTROL 



DECENTRALIZED CONTROL 

POSITION FEEDBACK 

In the position feedback scheme the transfer function of  the feed-forward and the 

feed-back path are 

H(s) = kTPP (s) =
kmKP (1 + sTP )

s2(1 + sTm)



A root locus analysis can be performed as a function of  the gain of  the

position loop. 

Three cases are analyzed w.r.t. the relation between TP and Tm

TP < Tm the system is unstable 

POSITION FEEDBACK  

ROOT LOCUS ANALYSIS 

It must be 
TP > Tm



As TP increases the absolute value of  the real part of  the two roots of  the 

locus tending towards the asymptotes increases too. 

POSITION FEEDBACK  

ROOT LOCUS ANALYSIS 



It is convenient to render TP >> Tm for a faster response 

POSITION FEEDBACK  

ROOT LOCUS ANALYSIS 

θm(s)

θr(s)
=

1

ktp
(1 + sTc)

(1 + 2ζs

ωn
+ s2

ω2
n

)(1 + sτ)

If  TP >> Tm the zero in 
the I/O feedback transfer 

function tends to cancel 
the effect of  the real pole 

Closed loop 
I/O transfer function 



POSITION FEEDBACK 

θm(s)

D(s)
= −

sRa

ktKcktp(1+sTc)

1 + s2(1+sTm)
kmKcktp(1+sTc)

The closed loop disturbance/output transfer function is  

•  The transfer function has two complex poles, a real pole and zero at the origin 
•  The zero is due to the PI controller and allows the cancellation of  the gravity effect 

•  As KP increases the effect of  the disturbance on the the output decreases 
•  It is not advisable to increase KP, in case of  small damping ratio it will lead to unacceptable 

oscillation of  the output 



DECENTRALIZED FEED-

FORWARD COMPENSATION 

If  the reference trajectories have large values of  speed and acceleration, the 
tracking performance are degraded, then the adoption of  a decentralized feed-

forward action allows a reduction of  the tracking error.

FB POSITION CONTROL + FF DECENTRALIZED COMPENSATION 

Computing the time 
de r iva t ive s o f  the 

desired trajectory  is 
feasible once the desired 

trajectory is analytically 
known



DECENTRALIZED FEED-

FORWARD COMPENSATION 

Perfect tracking can be obtained only under the assumption of  exact matching 

of  the controller and the feed-forward compensation parameters with the 

process parameters.

It is possible to determine equivalent control structures that uses position 

feedback only  

Equivalent scheme  
of   position feedback 



DECENTRALIZED FEED-

FORWARD COMPENSATION 

Equivalent scheme  
of   position velocity and 

acceleration feedback 

Equivalent scheme  
of   position and 

velocity  feedback 

PRO: position measurement only 

CON: feedback gain selection more 
difficult 
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FEED-FORWARD COMPUTED 

TORQUE 

e(t) = θmd(t)− θm(t)

a2ë+ a1ė+ a0e+ a
−1

∫
t

e(χ)dχ

a2ë+ a1ė+ a0e+ a
−1

∫
t

e(χ)dχ+
Tm

km
θ̈md +

1

km
θ̇md −

Ra

kt
d =

Tm

km
θ̈m +

1

km
θ̇m

Define the tracking error  

The output of  the PIDD regulator can be written as  

The constant coefficients ai are determined by the particular solution adopted  

Summing the contribution of  the feed-forward actions and the disturbance, the 

dynamics becomes 



FEED-FORWARD COMPUTED 

TORQUE 

a
′

2
ë+ a

′

1
ė+ a

′

−1

∫
t

e(χ)dχ =
Ra

kt
d

E(s)

D(s)
=

Ra

kt

s

a′
2
s3 + a′

1
s2 + a′

0
s+ a′

−1

With a suitable change of  coefficients, the dynamics can be rewritten as the 

Error Dynamics 

•  Any trajectory is asymptotically tracked if  d(t) = 0 

•  The presence of  d(t) causes a tracking error

Disturbance/Error 

Transfer Function

Adoption of  large gains (not always feasible) is often required 



FEED-FORWARD COMPUTED 

TORQUE 

dd = K−1

r
∆B(qd)K

−1

r
q̈md +K−1

r
C(qd, q̇d)K

−1

r
q̇md +K−1

r
g(qd)

Even if  d(t) has been considered as a disturbance, its expression is known

IDEA 

Add a further feed-forward action by adopting an inverse model strategy to 

compensate the disturbance itself  and lighten the rejection effort 



FEED-FORWARD COMPUTED 

TORQUE 

•  The feed-back action is decentralized (each controller elaborates references and 

measurements for the i-th joint) 

•  There is a feed-forward centralized action based on the desired trajectory and 

on the model knowledge that compensates for the nonlinear coupling terms  

REMARK 

The residual disturbance 

dd -  d vanishes only in case 

of  perfect tracking and 

exact model. 

The residual disturbance 

magnitude is considerably 

reduced w.r.t. the one of  d 
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When large operational speeds are required or direct drive (Kr = I) actuation is 

employed the nonlinear coupling terms strongly influence the performance. 

The disturbance can generate large tracking errors 

CENTRALIZED CONTROL 



When large operational speeds are required or direct drive (Kr = I) actuation is 

employed the nonlinear coupling terms strongly influence the performance. 

The disturbance can generate large tracking errors 

CENTRALIZED CONTROL 

BETTER to eliminate the causes than to reduce the effects 
induced by the disturbances 



CENTRALIZED CONTROL ALGORITHMS 

•  Based on the partial/complete knowledge of  the dynamic model of  the 

manipulator 

•  The control problem must be treated in the context of  nonlinear systems 

•  The computed torque approach provides a model-based centralized term 

BUT it depends on the desired trajectory, so it can be pre-computed 
off-line

CENTRALIZED CONTROL 

BETTER to eliminate the causes than to reduce the effects 
induced by the disturbances 



CENTRALIZED CONTROL 

PD + GRAVITY COMPENSATION 

Given a constant joint equilibrium posture qd

it is desired  

to find the control structure which ensures global asymptotic 

stability for the given posture 

TOOL: Lyapunov direct method 

The Problem: 



CENTRALIZED CONTROL 

PD + GRAVITY COMPENSATION 

Error  between the desired posture and the actual posture  

q̃ = qd − q

Choose the following Lyapunov function candidate 

V (q̇, q̃) =
1

2
q̇TB(q)q̇ +

1

2
q̃TKP q̃

V > 0, ∀q̇, q̃ "= 0 Where KP is a symmetric PD matrix

Differentiating V w.r.t. time yields 

V̇ = q̇TB(q)q̈ +
1

2
q̇T Ḃ(q)q̇ − q̇TKP q̃

q̇d = 0



CENTRALIZED CONTROL 

PD + GRAVITY COMPENSATION 

By recalling the model of  the manipulator 

B(q)q̈ + C(q, q̇)q̇ + F q̇ + g(q) = u

… and the property: 

q̇T (Ḃ(q)− 2C(q, q̇))q̇ = 0

the expression of        becomes V̇

V̇ = −q̇TF q̇ + q̇T (u− g(q)−KP q̃)



CENTRALIZED CONTROL 

PD + GRAVITY COMPENSATION 

The choice of  the control law: 

u = g(q) +KP q̃ −KD q̇

gives 

V̇ = −q̇T (F +KD)q̇

The function candidate V decreases as long as  q̇ != 0

The system dynamics at  
the equilibrium is KP q̃ = 0

q̃ = qd − q = 0Hence 



CENTRALIZED CONTROL 

PD + GRAVITY COMPENSATION 

The choice of  the control law: 

u = g(q) +KP q̃ −KD q̇

gives 

V̇ = −q̇T (F +KD)q̇

The function candidate V decreases as long as  q̇ != 0

The system dynamics at  
the equilibrium is KP q̃ = 0

q̃ = qd − q = 0Hence 

REMARK 
This derivation shows that any 

manipulator equilibrium 
posture is globally 

asymptotically stable if  the 
compensation of  the 

gravitational term is perfect. 
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OPERATIONAL SPACE CONTROL 

x̃ = xd − xe

Given a constant end-effector pose xd

it is desired  

to find the control structure so that the operational space error   

tends asymptotically to zero. 

The Problem: 



OPERATIONAL SPACE CONTROL 

Two general schemes: 

•  Jacobian inverse control 
The operational space error is transformed into a corresponding joint 

space deviation then generalized forces  are  computed through a matrix gain 

•  Jacobian transpose control
The operational space error is treated through a matrix gain first, then the 

operational space forces are transformed into joint generalized forces



OPERATIONAL SPACE CONTROL 

•  Jacobian inverse control 

The scheme acts like a generalized n-dimensional spring in the joint space. 

If  the matrix gain is diagonal the generalized spring corresponds to n 

independent elastic elements



OPERATIONAL SPACE CONTROL 

•  Jacobian transpose control 

The scheme acts like a generalized n-dimensional spring in the operational 

space. Given the operational space error, the operational space forces are 

evaluated via a matrix gain. The joint space generalized forces are evaluated 

via the transpose of  the manipulator Jacobian
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OPERATIONAL SPACE CONTROL 

PD + GRAVITY COMPENSATION 

Choose the following Lyapunov function candidate 

V (q̇, x̃) =
1

2
q̇TB(q)q̇ +

1

2
x̃TKP x̃

V (q̇, x̃) > 0 ∀q̇, x̃ "= 0 KP

Symmetric 
PD matrix 

Differentiating V w.r.t. time gives 

V̇ = q̇TB(q)q̈ +
1

2
q̇T Ḃ(q)q̇ +˙̃xTKP x̃



OPERATIONAL SPACE CONTROL 

PD + GRAVITY COMPENSATION 

Since ẋd = 0

˙̃x = ẋd − ẋe = −ẋe = −JA(q)q̇
Then 

V̇ = q̇TB(q)q̈ +
1

2
q̇T Ḃ(q)q̇ − JA(q)q̇KP x̃

By recalling the model of  the manipulator 

B(q)q̈ + C(q, q̇)q̇ + F q̇ + g(q) = u



OPERATIONAL SPACE CONTROL 

PD + GRAVITY COMPENSATION 

… and the property: 

the expression of        becomes V̇

V̇ = −q̇TF q̇ + q̇T
(

u− g(q)− JT

A (q)KP x̃
)

By choosing the control law (with          PD matrix) 

u = g(q) + JT

A (q)KP x̃− JT

A (q)KDJA(q)q̇

KD

q̇T (Ḃ(q)− 2C(q, q̇))q̇ = 0



OPERATIONAL SPACE CONTROL 

PD + GRAVITY COMPENSATION 

The expression of        becomes V̇

V̇ = −q̇TF q̇ − q̇TJT

A (q)KDJA(q)q̇

•  For any system trajectory the Lyapunov function decreases as long as              .  

•  The system reaches an   equilibrium posture 

q̇ != 0

JT

A (q)KP x̃ = 0•  This posture is determined by 

•  Under the assumption of  full-rank Jacobian it is x̃ = xd − xe = 0



OPERATIONAL SPACE CONTROL 

PD + GRAVITY COMPENSATION 

The control law u = g(q) + JT

A (q)KP x̃− JT

A (q)KDJA(q)q̇

•  a non-linear compensating action of  joint space gravitational forces 

•  an operational space linear PD control action 

•  KD improves system damping 

Remark 

If  the direct measurements 

of  xe are not available  the 

controller has to compute 
the direct kinematics, too.
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SOFT ROBOT MODEL 

SERIES ELASTIC 

Equations of  motion of  a series elastic manipulator (Spong’s model) 

B(q)q̈ + C(q, q̇)q̇ + Fv q̇ + g(q) = K(θ − q)

J θ̈ +N θ̇ +K(θ − q) = τ

Is the output shaft position vector 
of  the Motor – gearbox units 

θ
θ q

Series elastic actuator 



SOFT ROBOT MODEL 

SERIES ELASTIC 

Equations of  motion of  a series elastic manipulator (Spong’s model) 

B(q)q̈ + C(q, q̇)q̇ + Fv q̇ + g(q) = K(θ − q)

J θ̈ +N θ̇ +K(θ − q) = τ

The relationship between the generalize torques and the manipulator configuration 
variables is of  the fourth-order, moreover according to this model the system is under-

actuated 

IF the dynamics of  the driving side is fast enough w.r.t. the dynamics of  the manipulator 
such that it can be neglected then the motor position can be assumed as control variable:  

B(q)q̈ + C(q, q̇)q̇ + Fv q̇ + g(q) = K(u− q)



SOFT ROBOT MODEL 

VSA - ANTAGONISTIC 

Equations of  motion of  a VSA antagonistic manipulator 

Is the output shaft position of  the i-th
(‘agonistic’ or ‘antagonistic’)  

motor – gearbox units 

θi

B(q)q̈ + C(q, q̇)q̇ + Fv q̇ + g(q) = f1(θ1 − q) + f2(θ2 − q)

J1θ̈1 +N1θ̇1 + f1(θ1 − q) = τ1

J2θ̈2 +N2θ̇2 + f2(θ2 − q) = τ2



SOFT ROBOT MODEL 

VSA - ANTAGONISTIC 

Equations of  motion of  a VSA antagonistic manipulator 

Assuming that the motor-gearbox side dynamics is negligible and the knowledge of  the the 
torque-deflection characteristic of  the nonlinear springs it follows 

B(q)q̈ + C(q, q̇)q̇ + Fv q̇ + g(q) = f1(θ1 − q) + f2(θ2 − q)

J1θ̈1 +N1θ̇1 + f1(θ1 − q) = τ1

J2θ̈2 +N2θ̇2 + f2(θ2 − q) = τ2

B(q)q̈ + C(q, q̇)q̇ + Fv q̇ + g(q) = u1 + u2



a robotic muscle

VSA-Cube 

“Reciprocal” and “Coactivation” inputs as
per Feldman’s Equilibrium Point hypothesis

VSA - Cube 

Position Reference 
(EPH reciprocal)

Stiffness Reference 
(EPH coactivation)

Position 

Velocity

Stiffness



design 

VSA-Cube 

Dimension: 55x55x55 mm 
Weight: 200 g 

Agonistic-Antagonistic

layout  with bidirectional
elastic linkages

Two ServoMotors

External Frame: ABS 

Inside components:

Aluminium and Steel 



VSA Antagonist Model 

Nonlinear springs 

τm,i = α(eβ(q−θm,i+ηq̇)
− 1)

Mechanical characteristic of the nonlinear springs 

Where α, β, and η are the parameters that determine the mechanical 
characteristic of the  spring; θm,I are positions of the motors and q is the link 

position

VSA - Cube 



VSA Antagonist Model: 

0 = τm,1 + τm,2 = αe
β(q̄−θm,1)

− αe
β(−q̄+θm,2)

q̄ =
θm,1 + θm,2

2

can be obtained as a function of

Considering   

by imposing τ = 0, 0̇, q̇ = 0

the equilibrium position     (with no external load) of the joint 
results from the equation 

The equilibrium position q̄

The equilibrium joint position is proportional to the 
semi-sum of the motor positions 

Reference 

Equilibrium Position 



VSA Antagonist Model 

Stiffness 

where k =
θm,2 − θm,1

2
.

In [140] an experimental device implementing an antagonist

The stiffness at the equilibrium position (with no external 
load) can be evaluated by computing the derivative of the 

external torque w.r.t. the link position   

The stiffness around the equilibrium position depends 
on the semi-difference of the motor positions 

σ =
∂τ

∂q

∣

∣

∣

∣

∣

q=q̄

= 2αβeβk

Stiffness Preset 



Muscle Model 

[P. L. Gribble, D. J. Ostry, V. Sanguineti, and R. Laboissie`re, “Are complex 
control signals required for human arm movement?” Journal of 

Neurophysiology ]

f = ρ(eδ A
−1) Muscle Force 

A(t) = [l(t −d)−λ (t)+µ(t)l̇(t −d)]+ Muscle  
Activation 

and depends on the difference between the current length l

and the threshold length λ (t)

. Moreover, a reflex delay d

Muscle Length 

Threshold Length 

Reflex Delay 

Parameter relating to fore-generating capability of the 
muscle 
Form parameter 

Mechanical Characteristic 



Joint  

Muscle Model 

[P. L. Gribble, D. J. Ostry, V. Sanguineti, and R. Laboissie`re, “Are complex 
control signals required for human arm movement?” Journal of 

Neurophysiology ]

τ +R( f1 + f2) = 0 (3)

where τ represents the external load, and

represents the external load, and R

External Load 

Instantaneous Lever Arm 

f1 = ρ(eδA1
−1)

f2 =−ρ(eδA2
−1)

A1 = Rq(t −d)−λ1(t)+µ(t)Rq̇(t −d)

A2 =−Rq(t −d)+λ2(t)−µ(t)Rq̇(t −d)

Equilibrium of a system composed of a couple of 
muscles acting on the same joint (e.g. elbow)  

Assuming that R is constant and ρ and δ are the 
same for both muscles  

where q is the forearm angular position w.r.t. the arm.is the forearm angular position w.r.t. the arm 



Joint Equilibrium Position 

Muscle Model 

eγ(Rq̄−λ1)
− eγ(−Rq̄+λ2) = 0

Neglecting the reflex delay and considering   

by imposing τ = 0, 0̇, q̇ = 0

the equilibrium position     (with no external load) of the joint 
results from the equation 

The equilibrium position q̄

q̄ =

λ1 +λ2

2R
=

r

R
where r :=

λ1+λ2

2
.

The equilibrium joint position is proportional to the 
semi-sum of the threshold lengths of the muscles 

Reciproc
al

Comman
d



Muscle Model 

Joint Stiffness 

The stiffness at the equilibrium position (with no external 
load) can be evaluated by computing the derivative of the 

external torque w.r.t. the link position   

The stiffness around the equilibrium position depends 
on the semi-difference of the threshold lengths of the 

muscles 

Coactivation
Command 



Muscle experimental data 

External Load – Link Position Characteristics of elbow flexors and 
extensors measured through unloading the arm 

[Reza Shadmehr and Michael A. Arbib, A mathematical analysis of the force-
stiffness characteristics of muscles in control of a single joint system,Biological

Cybernetics, 1992] 



From E-PH to Soft Robotics 

Muscle VSA A-A Relationship 

Reciprocal Command 
(Reference) 

Coactivation
Command 

(Stiffness Preset) 
Stiffness 

where k

In [140] an experimental device implementing an antagonist

q̄

can be obtained as a function of

where r :



VSA-Cube experimental data 

External Load – Link Position Characteristics of the qb move for different  
stiffness preset  
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q Link Position
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Suitable non-linear springs replicate the human muscle behaviour.
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•  Rigid Manipulator Model 

•  Joint Space Control 

Decentralized Control 

Computed Torque Feed-Forward Control 

Centralized Control 

•  Operational Space Control 

Jacobian Inverse 

Jacobian transpose 

PD + Gravity compensation 

•  From Rigid to Soft Robots 
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a variable stiffness servo actuator

qb move

The natural motion 

actuator you can 

download and 

build yourself 

spin-off of:�
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