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Abstract

In high-precision motion systems requirements with respect to the resolution and repeatability of motion are in the order
of magnitude of nanometers and angular sub-seconds [1]. The lack of clearance and wear in flexure hinges [2] is advan-
tageous in this context and contributes to a smooth and repeatable motion with the desired guiding accuracy [3]. There-
fore, compliant mechanisms are widely used in precision engineering [4]. The common notch-shaped flexure hinges are
bending-loaded and applied as materially coherent revolute joints in compliant mechanisms for mostly planar motions.

In practical applications the flexure hinges of those mechanisms are subjected to deviations e.g. by manufacturing
tolerances which effect their shape, position and orientation. This causes non-planar load cases for the hinges within the
compliant mechanism. Therefore, besides bending, torsional loads act on the hinge that change the path and reduce the
mechanism accuracy. The obvious approach to mitigate the unappreciated non-planar motion of the compliant mecha-
nism is the increase of the hinge thickness / to increase its torsional stiffness [5]. However, this is critical and limited
since it is simultaneously increasing the bending stiffness and maximizing the strain in the hinges. Referring to literature,
flexure hinges are mostly optimized with respect to either a low bending stiffness [6] or a high torsional stiffness [7] in
addition to a high rotational precision [8]. A minimization approach aiming for a high torsional stiffness in combination
with a low bending stiffness is not regarded so far. Therefore, this work introduces the bending-torsion-stiffness ratio as
a novel combined performance criterion of notch flexure hinges. The influence of the notch shape on this criterion is in-
vestigated in dependence of three main geometric parameters, the hinge length /, minimum thickness /4, and width w.

Based on a quasi-static geometrically non-linear 3D FEM simulation, the bending-torsion-stiffness ratio is investigat-
ed by simple kinematic considerations for an individual prismatic flexure hinge loaded with a combined bending and tor-
sional moment at the free end face leading to typical discrete deflection angles of p.=1.0° and ¢,.=0.1° (Figure 1).
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Figure 1 Flexure hinge model with geometric parameters and loads (1.); 3-zone mapped mesh strategy with notch refinement (r.)

Polynomial notch shapes are especially suitable due to their easily adjustable order [9]. Here, they are compared with
two common shapes, the corner-filleted and semi-circular contour [2, 10], with regard to the proposed ratio (Figure 2). A
full-factorial parametric study is performed with ANSYS Workbench in dependence of the notch shape and the geomet-
ric parameters. The desired minimization of the bending-torsion-stiffness ratio is based on a design of experiments due to
the variation of the geometric hinge parameters and the contour as follows, which lead to 600 calculated designs:

o the hinge length ratio 8, = é, for three values of 0.5, 1.0 and 1.5 (while §, = % is fixed to 2);
o the hinge height respective thickness ratio 8, = %, for four values of 0.05, 1.0, 0.15 and 0.2;

o the hinge width ratio §8,, = %, for five values of 0.25, 0.5, 1.0, 1.5 and 1.5;

e the hinge notch shape (corner-filleted, circular and polynomial contour of 2", 314, 4t 5t 6th 8t 12t and 16t order).
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Figure 2 Corner-filleted contour with » = 0.1/ (1.); circular contour with R = 0.5/ (m.); polynomial contour with order n =4 (r.)
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Table 1 Contour-dependent FEM results of the bending stiffness ks, torsional stiffness At and bending-torsion-stiffness ratio ks/kr,
exemplarily shown for the smallest ratios that generally result for ;= 0.5, S = 0.05 and fw =2 (¢: = 1.0° and ¢x=0.1°)

Contour kg [Nmm/°] kp [Nmm/°] kg/kr
CF 74.345 1781.242 0.042
Ch 223.040 11563.843 0.019
PC 2 386.421 29724.692 0.013
PC3 208.642 13909.477 0.015
PC4 147.559 8793.891 0.017
PC 5 123.341 6130.283 0.020
PC 6 B 112.601 4958.805 0.023
PC 8 B8 101.693 4115.665 0.025
PC 12 89.662 2549.707 0.035
PC 16 1 86.822 2619.206 0.033
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Figure 3 Parameter-dependent FEM results of the hinge stiffnesses for a polynomial contour of 2" order: ks (1.); kt (m.); ks/kr (r.)

The results are exemplarily shown in Table 1 for all ten investigated hinge contours and the generally suitable geo-
metric hinge parameters as well as in Figure 3 for the most suitable polynomial contour of 2" order. The simulation re-
sults confirm the largest influence of the width w of a flexure hinge to reduce the bending-torsion-stiffness ratio by its
increase. In addition, the ratio slightly decreases with the decrease of the hinge length / and minimal hinge height or
thickness 4. Furthermore, the notch shape or hinge contour can especially be used to minimize the bending-torsion-
stiffness ratio. Of all contours, the contour based on quadratic polynomial functions shows the smallest bending-torsion-
stiffness ratio for most investigated cases, especially for thin hinges (with a small minimal height or thickness /). On the
other hand, an increased polynomial order results to the smallest stiffness ratio for thicker hinges (with high / values).

In conclusion, the potential of polynomial notch shapes to reduce the newly considered bending-torsion-stiffness ra-
tio of flexure hinges has been shown with regard to precision engineering applications. In future work, the presented
simulation results should be confirmed by analytical and experimental investigations [10]. Moreover, a more precise and
more general optimization-based approach using rational exponents of power function contours may be implemented.

References

[1] Teo, T.J.; Yang, G.; Chen, [.-M. A large deflection and high payload flexure-based parallel manipulator for UV
nanoimprint lithography: Part I. Precis. Eng. 38, 861-871, 2014 — doi:10.1016/j.precisioneng.2014.05.003.

[2] Lobontiu, N.: Compliant Mechanisms: Design of Flexure Hinges, CRC Press, Boca Raton, Fla., 2020.

[3] Pavlovic, N.T.; Pavlovic, N.D. Compliant mechanism design for realizing of axial link translation. Mech. Mach.
Theory, 44, 1082-1091, 2009 — doi:10.1016/j.mechmachtheory.2008.05.005.

[4] Cosandier, F.; Henein, S.; Richard, M.; Rubbert, L.: The art of flexure mechanism design, Presses polytechniques et
universitaires romandes, Lausanne, 2017.

[5] Steinbach, M. Fixierung von Prizisionsbauteilen: Optikfassungen und Plattenlagerungen. Jenaer Jahrbuch zur
Technik- und Industriegeschichte; Vopelius: Jena, 2011; pp 141-221.

[6] Darnieder, M.; Pabst, M.; Wenig, R.; Zentner, L.; Theska, R.; Frohlich, T. Static behavior of weighing cells.
J. Sens. Sens. Syst. 7, 587-600, 2018 — doi:10.5194/jsss-7-587-2018.

[7] Lobontiu, N.; Garcia, E.; Canfield, S. Torsional stiffness of several variable rectangular cross-section flexure hinges
for macro-scale and MEMS applications. Smart Mater. Struct. 13, 12—19, 2004 — doi:10.1088/0964-1726/13/1/002.

[8] Valentini, P.P.; Pennestri, E. Elasto-kinematic comparison of flexure hinges undergoing large displacement. Mech-
anism and Machine Theory 110, 50-60, 2017 — doi:10.1016/j.mechmachtheory.2016.12.006.

[9] LinB, S.; Erbe, T.; Zentner, L. On polynomial flexure hinges for increased deflection and an approach for simplified
manufacturing. In Proceedings of the 13th IFToMM World Congress. Guanajuato, Mexico, 2011; A11 512.

[10]LinB, S.; Schorr, P.; Zentner, L. General design equations for the rotational stiffness, maximal angular deflection
and rotational precision of various notch flexure hinges. Mech. Sci. 8,29—-49, 2017 — doi:10.5194/ms-8-29-2017.



[ ] UNIVERSITAT
DEUSISS NU RG
u u I CO Offen im Denken

universitats
ub

Duisburg-Essen Publications online bibliothek

In: Siebte IFToMM D-A-CH Konferenz 2021

Thistext is made available via DUEPuUblico, the institutional repository of the University of
Duisburg-Essen. This version may eventually differ from another version distributed by a
commercia publisher.

DOI: 10.17185/duepublico/ 74059
URN: urn:nbn:de:hbz:464-20210217-125904-7

Thiswork may be used under a Creative Commons Attribution 4.0
EY License (CCBY 4.0) .



https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.17185/duepublico/74059
https://nbn-resolving.org/urn:nbn:de:hbz:464-20210217-125904-7
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Abstract
	References
	Infobox DuEPublico



