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Stiff actuators 
Typical topology 

Power source Controller Motor Transmission Load 

STIFF ACTUATOR 

η=72% η=88% η=94% 

Ploss = 0,4Pin 

 

Motor driving load Pin Pout 

Load driving motor Pin Pout 



How to improve efficiency? 
Bypass the lossy components 

Introduce an energy storage buffer at the output! 
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Series or Parallel? 
 A performance perspective 

Series 

• Decoupling of motor and 
load (additional DOF)  
= increased safety 

• Force control 

• Extra antiresonance 
frequency 

• Reduction of motor speed 

Parallel 

• No decoupling of motor and 
load  
= no increase in safety 

• Position control 

• Shift of resonance 
frequency 

• Reduction of motor torque 

 



Series or Parallel? 
An efficiency perspective 

Grimmer et al., A Comparison of Parallel- and Series Elastic Elements in an 
actuator for Mimicking Human Ankle Joint in Walking and Running (2012) 



Series or Parallel? 

But… energy calculated as: 

Energy =  |𝑃𝑙𝑜𝑎𝑑|𝑑𝑡 

• Absolute value 

• Only mechanical energy, no (speed- and 
load-dependent) gearbox, motor and 
controller losses! 



Gearbox efficiency 

• Strong decrease at 
low torques 

• Small dependence 
on input speed 

Spur gear efficiency 



Motor efficiency 

• Max. efficiency only in 
small region 

• Difference between 
negative-power and 
positive-power quadrants 

• Two zero-efficiency 
regions 

• Resistive losses more 
crucial 

 

 

DC Motor efficiency map 

𝑃𝑒𝑙𝑒𝑐 =
𝑇 + 𝜐𝜃 

𝑘𝑡
⋅ 𝑅

𝑇 + 𝜐𝜃 

𝑘𝑡
+ 𝑘𝑏𝜃  

Damping  
losses 

Resistive  
losses 



Case study: driven pendulum 

Losses are load- and 
speed- dependent and 
distort power profile! 

Mech. power 
measurement 

Elec. power 
measurement 
(controller input) 

Power profiles 

𝜃 = 𝜃0sin(ω𝑡) 



Example calculation 

Measured values 

No load- and speed-
dependency 

Load- and speed-
dependent DC motor 
model 

Verstraten et al., Energy Consumption of Geared DC Motors: Comparing 
Modeling Approaches (2015) 



So what about VSAs? 

Theoretical study on pendulum setup 



Series Elastic Actuator 
Peak power 

Properties 

• 2 resonance frequencies 
(2nd only at small angles) 

• 1 antiresonance frequency 
(strongly dependent on 
spring stiffness) 

𝜔 ≈
𝑀𝑔𝑙 + 𝑘 

𝐽
 



Series Elastic Actuator 
Energy consumption 

Properties 

• Lowest energy consumption 
at resonance and 
antiresonance 

• High energy consumption at 
low stiffness 

• Resistive losses at 
antiresonance 

 

𝑃𝑒𝑙𝑒𝑐 =
𝑇 + 𝜐𝜃 

𝑘𝑡
⋅ 𝑅

𝑇 + 𝜐𝜃 

𝑘𝑡
+ 𝑘𝑏𝜃  𝑃𝑒𝑙𝑒𝑐 = 𝑅
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Parallel Elastic Actuator 
Peak power 

Properties 

• 1 resonance frequency, 
strongly dependent on 
spring stiffness 

𝜔 ≈
𝑀𝑔𝑙 + 𝑘 

𝐽 + 𝐽𝑑𝑟𝑖𝑣𝑒
 



Parallel Elastic Actuator 
Energy consumption 

Properties 

• Minimum consumption at 
resonance frequency 
(controllable) 

• Damping (viscous friction) 
at resonance 

𝑃𝑒𝑙𝑒𝑐 =
𝑇 + 𝜐𝜃 

𝑘𝑡
⋅ 𝑅

𝑇 + 𝜐𝜃 

𝑘𝑡
+ 𝑘𝑏𝜃  𝑃𝑒𝑙𝑒𝑐 ≈

𝜐𝑘𝑏𝜃 
2

𝑘𝑡
= 𝜐𝜃 2 



Conclusions 

• Load-and speed-dependency of motor and gearbox losses 
cannot be neglected 

• Parallel vs. Series topology have very different properties: 
 
 Series 

• Exploiting stiffness-
dependency of antiresonance 

• Reduction of motor speed 

• Resistive (Joule) losses 
dominate 

• Electrically less efficient at 
antiresonance 

 

 

 

 

Parallel 

• Exploiting stiffness-
dependency of resonance 

• Reduction in motor torque 

• Damping (friction) losses 
dominate  

• Electrically more efficient at 
resonance 


