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Interactive mechanisms 

Dynamic balancing
Fast and accurate manipulators

Underactuation
Mechanically adaptive grippers

Static balancing
Adjustable spring mechanisms

Parallel robotics
Light-weight and stiff
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Prof. Ashok Midha 

• B.Sc. National Institute of Technology in Jamshedpur in 1968

• M.Sc. 1970 and Ph.D. 1977 in Mechanical Engineering from the University of Minnesota

• Professor at Michigan Technological Institute, Pennsylvania State University, Purdue 

University, and The Missouri University of Science and Technology

• Head of Department at The Missouri University of Science and Technology for 10 years

• Over 140 papers in developing phase of the field of compliant mechanisms (“Father of 

Compliant Mechanisms”)

• Since 2012, ASME named a symposium within IDETC Mechanisms and Robotics after him

• Since 2024, ASME named the Compliant Mechanisms Award (that he installed and sponsored 

for years) after him

• ASME Fellow (since 2002) and received ASME Mechanisms and Robotics Award (1998)

Prof. Ashok Midha
1946-2023
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Howell LL, Compliant Mechanisms, Wiley & Sons, 2001

Pseudo-Rigid Body Modeling (PRBM)
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N.N., Larry Howell, Charles Kim, Just Herder, Ashok Midha, Jonathan Hopkins, Guimin Chen, N.N., Dannis Brouwer, N.N.
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Nature: compliant and strong

Herder JL, Fundamental Design
Inaugural address, TU Delft, March 6, 2015



Compliant mechanisms

compliant

linkageMotion due to deformation
➢ Flexible AND strong

Essentially monolithic
- No friction or backlash
- No assembly or maintenance
➢ Simpler AND better

Kinematics and kinetics intertwined
Design more complicated and tailored
Finite support stiffness (ideally infinite)
Finite motion stiffness (ideally zero)

Herder JL, Berg FPA van den (2000) Statically balanced compliant mechanisms (SBCM's), an example and prospects
ASME DETC 26th Mechanisms and Robotics Conference, DETC2000/MECH-14144.



Flexure as a revolute joint

Wikipedia

𝑥

𝑦

𝑧

= freedom
= constraint

= translation
= rotation

𝑘𝑓= freedom stiffness, DoF

𝑘𝑐= constraint stiffness, DoC



Traditional analysis
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Bernoulli-Euler
beam theory:

Separating variables and integrating:

Boundary conditions θ=0 at x=0:

Separating variables and integrating:

Curvature proportional to moment
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Linear beam theory



JPE Precision Point

https://www.jpe-innovations.com/precision-point/



Large deflections
2

2

d d y
M EI EI

ds dx


= Elliptic integral of                      is cumbersome…

Approximation by arc motion and torsional spring:
Pseudo-Rigid-Body Model (PRBM, Midha and Howell)

Howell LL, Compliant Mechanisms, Wiley & Sons, 2001

Prof. Ashok Midha
1946-2023



Spatial kinematic modelling

Broeren FGJ, Wijk V van der, Herder JL (2019) Spatial Pseudo-Rigid Body Model for the 
Analysis of a Tubular Mechanical Metamaterial, Mathematics and Mechanics of Solids

kinematics kinetics

Freek
Broeren



Energy method (pyBRM)
Domas 

Syaifoel

Minimization of 
potential energy

No kinematic analysis 
needed

Fast and accurate
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Flexure as a revolute joint

Wikipedia

𝑥

𝑦

𝑧

= freedom
= constraint

= translation
= rotation

𝑘𝑓

𝑘𝑐
≫ 150

𝑘𝑐, 𝑚𝑎𝑥

𝑘𝑐,𝑚𝑖𝑛
≪ 50

‘Good’ flexure:

𝑘𝑓= freedom stiffness, DoF

𝑘𝑐= constraint stiffness, DoC



Cross-flexure as a better revolute joint

𝑧

𝑦

𝑥

Sum constraints

Adapted from: K. Marković and S. Zelenika, Proc. SPIE 9517, 2015



Double flexure prismatic joint

𝑥

𝑦

𝑧

𝑥

𝑦

𝑧

𝑥

𝑦

𝑧

Sum constraints

Adapted from: H. Soemers, Design Principles, 2011



Problem: stiffness decay at deflection
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  Butterfly Flexure Hinge

  Five Flexure Cross Hinge

  Three Flexure Cross Hinge

  Solid Flexure Cross Hinge

  Curved Hinge Flexure

  Cross Revolute Hinge

Three flexure 
cross hinge Five flexure 

cross hinge

Solid flexure 
cross hinge

Butterfly flexure hinge

Cross 
Revolute 

hinge

D.H. Wiersma, et al., Design and Performance Optimization of Large Stroke 
Spatial Flexures, ASME Journal of Computational and Nonlinear Dynamics



What makes a good compliant joint

Degrees of freedom (green): low freedom stiffness 𝑘𝑓

Constraint directions (red): high constraint stiffness 𝑘𝑐

𝑧

𝑦

𝑥
𝑥

𝑦

𝑧

High stiffness ratio 
𝑘𝑐

𝑘𝑓



Torsion reinforcement

Increase range of motion:
• Series-parallel
• Initial stress or curve

Increase stiffness ratio:
• Reduce 𝑘𝑓: static balance

• Increase 𝑘𝑐: reinforcement



Reinforcement

Rommers J, Naves M, Brouwer DM, Herder JL (2021) A flexure-based linear guide with 
torsion reinforcement structures, J Mechanisms Robotics (DOI: 10.1115/1.4052971)

State-of-the-art 
linear guide [1]

Based on 6 folded 
flexures:

[1] Herman Soemers. Design Principles for 
precision mechanisms. T-Pointprint, 2011

Distributed compliance

Jelle 
Rommers



Reinforcement

Rommers J, Naves M, Brouwer DM, Herder JL (2021) A flexure-based linear guide with 
torsion reinforcement structures, J Mechanisms Robotics (DOI: 10.1115/1.4052971)



Reinforcement

Rommers J, Naves M, Brouwer DM, Herder JL (2021) A flexure-based linear guide with 
torsion reinforcement structures, J Mechanisms Robotics (DOI: 10.1115/1.4052971)

Advantages Triflex guide:
- Less obstructive build volume
- Fewer elements
- Higher support stiffness



Reinforcement

Planar

Spherical

Remote center of rotation

Rommers J, Wijk V van der, Herder JL (2021) A new type of spherical flexure joint based on tetrahedron elements, 
Precision Engineering (71)130-140 



Reinforcement

390k viewshttps://www.youtube.com/watch?v=DAngcygU7tc

Rommers J, Wijk V van der, Herder JL (2021) A new type of spherical flexure joint based on tetrahedron elements, 
Precision Engineering (71)130-140 



Reinforced compliant Sarrus mech.

0.7 nm/μm 
5 nm over 140 μm 
total stroke of 5 mm 

Velden J van, Herder JL (2025) A compact ultra linear compliant torsion reinforced Sarrus mechanism, 
ASME Journal of Mechanisms and Robotics 



Initial stress or curve

Increase range of motion:
• Series-parallel
• Initial stress or curve

Increase stiffness ratio:
• Reduce 𝑘𝑓: static balance

• Increase 𝑘𝑐: reinforcement



Modern compliant mechanisms

S Wan, Q Xu, Design and analysis of a new compliant XY 
micropositioning stage based on Roberts mechanism, 
Mech. Mach. Theory, 2016

Pjotr Sebek, Jesse van Koppen et al., 
yet unpublished

EG Merriam, JE Jones, SP Magleby, LL Howell, Monlithic 2DoF fully 
compliant space pointing mechanism, Mechanical Sciences, 2013



43

Optimized for:
Straight-line motion 
Constant support stiffness
Second modal frequency

Flip Colin



Curved with symmetric stiffness
Ali 

Amoozandeh

Amoozandeh Nobaveh A, Radaelli G, Herder JL (2021) Asymmetric Spatial 
Beams with Symmetric Kinetostatic Behaviour, ROMANSY 2020



Anisotroptically adaptive

Amoozandeh A, Radaelli G, Herder JL (2022) Characterization of spatially curved beams with anisotropically 
adaptive stiffness using sliding torsional stiffeners, Intl J Mechanical Sciences, MS_107687



Stress and Geometry (STAGE)

Conventional design:
Initial state is stress-free,
High stress in extreme poses.
Max stress asymmetric.

Pre-stressed design:
Fabrication shape is stress-free, 
initial state is pre-stressed.
Reduced stress in extreme poses.

Jelle 
Rommers

Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress 
and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)



Stress and Geometry (STAGE)
Jelle 

Rommers

Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress 
and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)

Step 1 Design of the 
functional geometry

Step 2 Design of 
the internal stress 
distribution by 
loading a release 
point

Step 3 Calculation by 
inverse FEM of the 
stress-free geometry 
for manufacturing

Step 4 Assembly to 
obtain the functional 
geometry with the 
desired initial stress



Initial stress or curve

Stress dominated by bending:

Stress proportional with internal moment, use this to 
visualize internal stress:

From this, the zero-moment line (ZML) can be 
derived:

• ZML parallel to external force 𝐹
• Distance ZML to action line 𝐹 is: 𝑟𝑧 = 𝑀/𝐹
• Gradient 𝑀-field (perp to ZML) equal to 𝐹

Design of stress distribution:

Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress 
and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)



Stress and Geometry (STAGE)

Desired designed stress field Corresponding load field



Initial stress or curve

Procedure:

Step 1: Design the functional 
geometry as in a conventional way

Step 2: Design the initial stress 
configuration

Step 3: Calculate the required 
fabrication geometry (optim or iFEM)

Step 4: Assemble the fabricated part 
in the initially designed geometry

Functional 

geometry

Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress 
and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)



Initial stress or curve

Any closed-loop flexure can be optimized by 
initial stress:

• Reduced motion stiffness
• Reduced maximum stress
• Both

Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress 
and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)



Initial stress or curve

28% reduction 
in peak stress

Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress 
and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)



Initial stress or curve

Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress 
and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)



Static balancing

Increase range of motion:
• Series-parallel
• Initial stress or curve

Increase stiffness ratio:
• Reduce 𝑘𝑓: static balance

• Increase 𝑘𝑠: reinforcement



All conservative forces can be cancelled out!

AnglepoiseTM WilmerTMMeager Bridge (Amsterdam)

Static Balancing



AnglepoiseTM WilmerTMMeager Bridge (Amsterdam)

• Continuous equilibrium

• Constant potential energy

• Neutral stability

All conservative forces can be cancelled out!

Static Balancing



Constant potential energy
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Static balance

Motion → elastic deformation → energy → motion stiffness



Static balance

Constant total potential energy → net zero motion stiffness



Static balance

Cross-flexural joint

Preloaded balancer leaf-
springs (both sides)

Morsch F, Herder JL (2010) Design of a generic zero stiffness compliant joint, 2010 ASME International Design 
Engineering Technical Conferences, August 15-18, 2010, Montreal, Canada, Paper number DETC2010-28351

Femke 
Morsch



Static balance

Before prestressing After prestressing

Hoetmer K, Woo G, Kim C, Herder JL (2010) Negative stiffness building blocks for statically balanced compliant mechanisms: 
design and testing, ASME Journal of Mechanisms and Robotics, 2(4)041007 (DOI: 10.1115/1.4002247, IF 1.04).

Prestressed spring



Eijk J van (1985) On the design of plate-spring mechanisms, 
PhD-Thesis, Delft University of Technology, Delft. 

Static Balancing of Compliant Mech.



Luc Berntsen 

Daan Gosenshuis

Static Balancing of Compliant Mech.

Berntsen L, Gosenshuis D, Herder JL (2014) Design of a Compliant Monolithic Internally Statically Balanced Four-Bar 
Mechanism, ASME Intl Design Engineering Technical Conferences, Buffalo NY, Aug 17-20, paper number DETC2014-35054



Constant force unit

Dunning AG, Tolou N, Herder JL (2013) A Compact Low-Stiffness Six Degrees of 
Freedom Compliant Precision Stage, Precision Engineering 37(2)380-388 



Vibration Isolator

Dunning AG, Tolou N, Herder JL (2013) A Compact Low-Stiffness Six Degrees of 
Freedom Compliant Precision Stage, Precision Engineering 37(2)380-388 



Advantages of static balancing

• Reduced operating effort

• Less energy consumption

• Less heat generation

• Increased safety 

• Pure force transmission (signal)

• System efficiency, e.g. elastic transmission in actuators

• Eliminate backlash by preloading

• Vibration isolation 

• Extreme anisotropy, approximate conventional joints

• …

Cedrat

Davood Farhadi

Davood Farhadi



Switchable static balance

Pluimers PJ, Tolou N, Jensen BD, Howell LL, Herder JL (2012) A compliant on/off connection mechanism for preloading statically 
balanced compliant mechanisms, ASME 2012 IDETC, Aug 12-15, Chicago, IL, USA, paper DETC2012-71509. 

Finalist in ASME Student Mechanism and Robot Design Competition at this conference.



Switchable static balance

Switchable revolute unit cell Switchable prismatic unit cell

Soft mode is more than three orders of magnitude more compliant than stiff mode

https://www.youtube.com/watch?v=X2tRcEME14whttps://www.youtube.com/watch?v=T5wnomW_CJE

Kuppens et al. 2020, Extreme Mechanics Letters,  DOI:10.1016/j.eml.2020.101120

Reinier 
Kuppens

1.9M views



Revolute unit cell Prismatic unit cell

Stiff mode
(locked, “off”)

Soft mode
(free, “on”)

Three orders 
of magnitude 
more 
compliant

Switchable static balance

Kuppens et al. 2020, Extreme Mechanics Letters,  DOI:10.1016/j.eml.2020.101120



Spatial arrangements

Davood 
Farhadi

Bennett 6R hybrid linkage

Fully compliant constant 
velocity coupling

Farhadi D, Tolou N, Herder JL (2018) A fully compliant homokinetic coupling, J. Mech. Des. 140(1): 012301



Shell mechanisms

Spatial compliant mechanisms
Tailored stiffness

Analysis and synthesis

Radaelli G, Herder JL, Mechanism and Machine Theory (102)55-67
Radaelli G, Herder JL, ASME IDETC2014-35373, Best Paper Award

Giuseppe 
Radaelli



Eigendecomposition

1

Leemans JR, Kim CJ, Sande WWPJ van de, Herder JL (2019) Unified Stiffness Characterization of Non-Linear 
Compliant Shell Mechanisms, J Mechanisms Robotics 11(1)011011 (DOI: 10.1115/1.4041785)

Werner 
van 

de Sande

Joost 
Leemans



Shell building blocks

Double parabolic Hyperbolic parabolic

Werner 
van 

de Sande

Joost 
Leemans

Leemans JR, Kim CJ, Sande WWPJ van de, Herder JL (2019) Unified Stiffness Characterization of Non-Linear 
Compliant Shell Mechanisms, J Mechanisms Robotics 11(1)011011 (DOI: 10.1115/1.4041785)



Shell building blocks

Double corrugated Helix

Werner 
van 

de Sande

Joost 
Leemans

Leemans JR, Kim CJ, Sande WWPJ van de, Herder JL (2019) Unified Stiffness Characterization of Non-Linear 
Compliant Shell Mechanisms, J Mechanisms Robotics 11(1)011011 (DOI: 10.1115/1.4041785)



Folkersma KGP, Boer SE, Brouwer DM, Herder JL, Soemers H (2012) A 2-DOF large stroke flexure based positioning mechanism, ASME 2011 
International Design Engineering Technical Conferences, Aug 12-15, Chicago, DETC2012-70377, Compliant Mechanisms Award.



New book and website 

https://www.dspe.nl/knowledge/dppm-cases/

Dannis Brouwer U Twente
Just Herder TU Delft
Pieter Kappelhof DSPE, Hittech
Hans Vermeulen TU/e, ASML



Conclusion

Improve behavior
• Initial stress or curve
• Reduce 𝑘𝑓: static balance

• Increase 𝑘𝑐: reinforcement

Future trends
• Combination of above techniques
• Methods for 3D compliant mechanisms
• Mechanical metamaterials
• Topology opt. (large defl., stat. balance)
• High loads & large deflection
• Alternative manufacturing, e.g. origami
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