
 

A miniaturized contactless pure-bending device for in-situ
SEM failure analysis
Citation for published version (APA):
Hoefnagels, J. P. M., Buizer, C. A., & Geers, M. G. D. (2011). A miniaturized contactless pure-bending device for
in-situ SEM failure analysis. In T. Proulx (Ed.), Proceedings of the 2011 Annual Conference on Experimental and
Applied Mechanics (pp. 587-596). (Experimental and Applied Mechanics; Vol. 6). Springer.
https://doi.org/10.1007/978-1-4614-0222-0_70

DOI:
10.1007/978-1-4614-0222-0_70

Document status and date:
Published: 01/01/2011

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1007/978-1-4614-0222-0_70
https://doi.org/10.1007/978-1-4614-0222-0_70
https://research.tue.nl/en/publications/53bac4ec-dfa8-4b05-af1d-36c50a556a9c


 

 

A miniaturized contactless pure-bending device 
for in-situ SEM failure analysis 

 

 

J.P.M. Hoefnagels1, C.A. Buizer1, M.G.D. Geers1  

 
1 Eindhoven University of Technology, Dept. of Mechanical Engineering,  

Den Dolech 2, 5612AZ, Eindhoven, The Netherlands. 

E-mail: j.p.m.hoefnagels@tue.nl 
 
 
ABSTRACT 
 
Flexible electronic devices (flexible displays, solar cells) are subjected to large bending loads during manufacturing and use, 
making delamination in the underlying thin-film structure a major reliability concern. To investigate such failures, a new 
miniature contactless, frictionless pure-bending device is presented that enables highly sensitive moment-curvature 
measurements and simultaneous in-situ SEM failure analysis. Bending tests are of particular interest as they apply non-
uniform loads without geometrical instabilities (necking, buckling, etc.). Most standardized bending tests (3-point, 4-point or 
cantilever bending) are contact-based, however, therefore they: cannot straightforwardly impose (large amplitude) cyclic or 
reversed loading; may introduce local deformations (indentations); typically obstruct the field of view at top or bottom 
surface; and typically introduce ill-defined parasitic frictional forces and moments. Contact and friction contributions 
particularly form a problem for cyclic testing or miniaturization and significantly complicate experimental-numerical material 
model identification. The here presented miniature pure-bending device overcomes these limitations. Contactless pure 
bending is realized through the relative rotations of two clamps, while active piezo control is use to eliminate axial and 
normal clamp forces and keep the area of interest in field of view for continuous SEM observation.  
 
 
INTRODUCTION 
 
Thin film technology has become indispensable over the last few decades. It is already been widely used in many industrial 
applications and its potential is still enormous. Applications can be found in Integrated Circuits (IC), data storage devices, 
fuel cells etc. Frequently, thin film technology is also used in flexible applications. For instance, flexible organic light 
emitting diode displays is an example of thin film technology in such an application. Flexibility and ruggedness is obtained 
by using a polymer substrate. Although advantageous for flexibility, the properties of polymeric materials seldom match with 
all requirements set by display processing usage, either mechanically (e.g. scratch resistance), chemically (e.g. chemical 
resistance) or physically (e.g. water permeability). Therefore, multiple layers are stacked on top of the polymer substrate to 
improve the properties of the total film. The individual layers are manufactured using different materials and processes. 
Flexible displays are frequently subjected to bending, which results in both tensile and compressive stresses in these 
products. Brittle and stiff layers can crack or buckle as a result of these stresses. In both cases this may lead to interfacial 
delamination of the stacked layers. Therefore, tensile failure and compression failure are mentioned to be the most common 
failure modes of flexible displays [1]. The same trends can be observed in flexible electronics which are subjected to both 
static and (large amplitude) cyclic bending [2, 3].  
In order to improve the design rules for manufacturing and the reliability during service of flexible displays and electronics, 
bending induced failure needs to be researched in these products. To this end, a novel miniature bending test is presented. In 
the following, first the requirements of this bending test are specified in detail, after which these requirements are worked out 
into practical design criteria. Finally, the concept of the bending test is presented.  
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REQUIREMENTS OF THE BENDING TEST 
 
A transverse load, an eccentric load and a moment load or a combination of these three loads can induce bending of a 
material. Transverse and eccentric loads results in the simultaneous presence of shear forces and an inhomogeneous bending 
moment in the material. On the other hand, when solely a bending moment is imposed to a material, it is purely bended. The 
bending moment will be constant over the material indicating that the loading condition at every part of the material is well-
defined. Therefore, pure bending is a commonly preferred loading condition in both numerical and experimental tests to 
characterize bending behavior of materials. Hence, the most important requirement of the bending setup is that it applies to 
the specimen a pure bending moment, i.e. all parasitic loads should be eliminated. This bending should also be known, 
therefore, it must be measured by the setup. With the requirement of pure bending in mind, existing bending setups can be 
investigated. 
A wide range of bending setups has been proposed to perform experimental bending tests. The three- and four-point bending 
tests are well-known techniques to characterize bending behavior of materials. The working principle of three- and four-point 
bending is based on a sample posing on two supports and one or two bars which impose a concentrated force on the sample 
resulting in pure bending for small loads. The bar(s) cause(s) local effects due to contact with the sample. Local effects (e.g. 
indentations, slip, rupture,...) near the contact areas are described in detail by Zineb et al. [4]. Moreover, reversed loading and 
large amplitude, cyclic, pure bending tests can not straightforwardly be performed by three- or four-point bending tests. 
Yoshida et al. [5] developed a large-amplitude, cyclic, bending setup with the possibility to apply reversed loadings. This last 
ability can be used for the experimental examination of phenomena like the Bausschinger effect or elastic springback. Unlike 
three-point and four-point bending tests, Yoshida’s setup uses a non-contact principle to induce bending. The bending is 
realized by relative rotations of two clamps that are mounted on sliders. The friction of the sliders, however, induces a 
parasitic load to the bended sample, causing the state of pure bending to be lost. The presence of friction in a setup generally 
introduces hysteresis in cyclic tests which is usually not trivial to calibrate. On top of that, the influence of friction on a 
measurement increases if the setup is miniaturized e.g. to test samples in combination with microscopy. Boers et al. [6] 
replaced Yoshida’s sliders for frictionless air bearings, enabling their setup to perform large amplitude, cyclic, pure bending 
in a contactless and frictionless fashion. Boers et al. also notes that in general, influences of contact and friction are not 
included in numerical tests. Therefore, contact and friction effects should also not be present is experimental setups in order 
to give a fair judgment on numerical tests. 
Setups for the in situ Scanning Electron Microscope (SEM) characterization of mechanical behavior of materials are another 
class of experimental devices. The microscopic information obtained from these experiments is used for the research on 
mechanical behavior at the microscale. Kolluri et al. [7] reports an example of the relevance of such an investigation with a 
miniaturized mixed-mode delamination setup, with which quantitative delamination characteristics can be measured while 
simultaneously the delamination mechanisms can be observed during real-time in situ SEM visualization. Wiklund et al. [8], 
Frei et al. [9] and Buchanan et al.[10] already performed in situ bending tests in a SEM, relying on the four-point bending 
principle. Crack propagation due to bending was examined by all of them at the microscopic level. For the here presented 
bending setup in-situ SEM observation of bending failure during the bending test is also an important requirement, as it will 
greatly enhance the possibilities to unravel the underlying physical origin of the bending failure.  
A contactless, frictionless pure bending setup for large amplitude, cyclic loading was developed by Boers et al. [6] which can 
be used to achieve the first two points listed above. However, simply miniaturizing the contactless, frictionless pure bending 
setup developed by Boers et al. such that it fits SEM is not trivial. Air bearings that were used by Boers et al. can not be used 
since the setup should be able to operate in vacuum circumstances. Furthermore, magnetic fields may affect the electron 
beam in the SEM causing a disturbance during visualization. Therefore, strong magnetic fields should be avoided. When 
focusing on a certain region of interest, it should stay in the field-of-view. The constant observation of a microscopically 
small area which can undergo large amplitude cyclic displacements is another mayor problem which is also not trivial to 
solve. 
The bending setup presented here, is developed for the bending of flexible thin films, because they are widely used, 
frequently fail and their potential is still enormous. However, the setup should not only extend the pure bending of flexible 
thin films, but also other materials like metal foils, laminar composites and paper. Consequently, quick and easy 
modifications should be allowed to make this possible. The setup should be usable for a range of sample dimensions and 
testing conditions should be well-defined and reproducible. Beside all of this, the setup should enable to investigate time-
dependent pure bending behavior like relaxation and creep. Relaxation can be measured by prescribing a fixed bending angle 
and monitoring the bending moment over time. Creep tests on the other hand, can be performed by prescribing a fixed 
bending moment and monitoring the resulting bending angle over time. 
 
In conclusion, the goal of this project is to develop a large-amplitude, cyclic, pure bending setup for in situ SEM 
characterization. 
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DESIGN CONCEPT 
 
The proposed basic concept for the bending setup is based on the analytical description of the kinematics of a homogeneous, 
elastic, purely bended beam. Frictionless and contactless pure bending is imposed by prescribing the movement of the 
clamped sides of the beam with the aid of a combination of displacement and force driven manipulators. This concept is 
introduced in this chapter. 
 
Analytical kinematics description 
 
At first, we consider the perfect case where samples have a uniform composition and behave in an either orthotropic or 
isotropic, elastic manner over their full length. In the case of pure bending of a homogeneous, elastic beam, see Figure 1, the 
clamp positions can be determined analytically, therefore, a purely displacement driven setup can be designed based on 
mathematical positions. The sample in Figure 1 is fixed in space at point O in the middle of the beam. This point O represents 
the region of interest that will be examined in the SEM. The beam should be uniformly curved as a result of the pure bending. 
The facts that there is fixed point and that the beam is uniformly curved, enable us to analytically describe the kinematics of 
the purely bended beam. Fixed point O is also the origin of a Cartesian coordinate system with coordinates x and y. 
 

�

Figure 1. Model to describe the kinematic behavior of homogeneously bend beam. 

 
(x1, y1) and (x2, y2) are the coordinates which represent the location of the right and left clamped sides of the beam (i.e. the 
clamps) with respect to the fixed point O. (x1, y1) and (x2, y2) can be written as: 
 

  (1) 
and 

  (2)  
 
The position of both sides of the sample can be written in terms of the bending angle  and the length L of the sample. The 
length of the sample is considered to be constant. Manipulators can use this information to precisely position the clamps 
correctly with respect to each other such that the sample will be in the state of pure bending. Multiple strategies to realize this 
are discussed next. 
 
Strategies to prescribe clamp movement 
 
The first concept is based on the use of two linear and one rotation stage for the actuation of each individual clamp. The 
linear manipulators should position the clamps to positions (x1, y1) and (x2, y2) while the rotation stages should rotate the 
clamps under the bending angle  with respect to each other. Detailed study on this concept showed, however, that the space 
inside the SEM was too limited for the realization of this proposal.  
A second strategy is based on the description of the clamp movement by a circle. As shown in figure 2, circles can be 
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characterized by a center at coordinate (a1, a2) and a radius b. In this concept, each individual clamp should be located at a 
distance b from a point (a1, a2) and rotate around it, such that a simple circular movement for each clamp would suffice to 
follow the analytically determined path. 
 

�

Figure 2. Circular path description model. 

 
Every point (x, y) of the circle shown in figure 2 can be mathematically determined by the following equations: 
 

   (3)  
and 

   (4) 
 
From (1) and (2), we can recognize a1 = 0, a2 = ± L/  and b = L/ . The parameter a2 and the radius b are dependent on 
the bending angle and thus not constant. The clamp movements can therefore not perfectly be described by circles. Besides, 
the circular path is described with an angle  while the clamps rotate with an angle /2 with respect to the zero-bending-
angle-condition. Therefore, simple circular movements of the clamps as described here do not suffice. 
The third concept is actually a continuation of the second concept. Bouten [28] introduced another model to describe the 
movement of the sample sides in pure bending with simple circular movements and already concluded that these would not 
suffice to describe the clamp kinematics. Bouten’s model describes the movement of the clamped sample sides with two 
rotational point at a distance a from each other and two end-plates to clamp the sample. These end-plates clamp the sample at 
a distance b from the rotational points. An extension to this model was made by the introduction of extra degrees of freedom 
and the restriction that the region of interest, located in the middle of the sample, is fixed in space. This extended model is 
schematically presented in figure 3. 
 

�

Figure 3. Extended path description model. 

 
The origin of the introduced Cartesian coordinate system O corresponds with the fixed region of interest. (x1, y1) and (x2, 
y2) are the coordinates of the clamped sides of the samples. Coordinates (xr1, yr1) and (xr2, yr2) are the coordinates of the 
rotation points. Positions (x1, y1) and (x2, y2) in the drawing can be calculated by: 
 

  (5) 
and 

  (6) 
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Equations (5) and (6) should be equal to the outcomes of equations (1) and (2) respectively. This lead to a system of equation 
which can be rephrased in a matrix form as: 
 

  (7) 
 
One extra equation is required to solve this system of equations for the full bending angle range. In order to describe the 
movements of the clamps, restrictions can be put on the degrees of freedom of the movement of the rotation points in space. 
We can allow only movement in x−direction (i.e. varying a), only movement in y−direction (i.e. varying y), full freedom of 
movement in both x− and y−direction or no movement at all. Besides, we can consider a fixed and a varying length b. In 
total, eight different cases can be considered. Only three of those cases are suitable to solve equation (7): the case in which 
solely y−movement of the rotation points and variation in distance b are allowed, the case where solely x−movement of the 
rotation points and variation in distance b are allowed and the case in which both x− and y−movement of the rotation points 
and no variation of distance b are allowed. The system is over- or underconstraint in all other conditions. The case in which 
both x− and y−movement of the rotation points and no variation of distance b are allowed is similar to the first concept 
discussed in this section, so it will not be considered any further. In case no linear actuator which can move in the x-direction 
is used, symmetry around the y−axis is required to keep the region of interest at a fixed point in space. The case in which 
solely x−movement of the rotation points and variation in distance b are allowed, requires two actuators to move both 
rotation points in synchronous, opposite direction for the realization of symmetry. The case in which solely y−movement of 
the rotation points and variation in distance b is allowed (and a is kept constant), only requires one. Consequently, this last 
case is used as a starting point for the actual design of the setup. 
 
Setup kinematics 
 
This section explains how the proposed motion pattern is realized in the setup. Before this is done, it should be noted that 
distance a between the rotation points is chosen to be zero, resulting in a single rotation point. Because the samples are small, 
two rotation points would be located closely together possibly causing inconveniences in the construction. When a = 0 is 
postulated in equation (7), expressions for b and y can be obtained: 
 

   (8) 
and 

  (9) 
 
The setup consists of two individual clamps which are attached on top of two bars. These bars with a length L1 can rotate 
around the single fixed joint J1. By using two push/pull rods attached to the bars with joints at point J2 and J3, synchronous 
rotation of the bars is accomplished. The pull/push rods have a length L2 and they are linearly actuated at joint J4. The 
actuator at this point is referred to as the rotation stage. The distance between the clamps and the fixed joint J1 equals the half 
of the length of the sample in zero-bending-angle condition. This condition is drawn in figure 4. 
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Figure 4. Rotation mechanism of the setup. 

 
Equation (8) shows that distance b should vary over the full range of bending angles. The clamps should therefore move 
along the longitudinal direction of the bars. Mechanical bearings can not be used for this clamp movement since friction in 
the bearings cause parasitic loading of the sample. Air bearings can not be used, because the setup will be used in (low) 
vacuum circumstances. In case magnetic levitation would be used, the strong magnetic fields will disturb the electron beam 
of the SEM and thus the real-time visualization. Free movement of the clamps by attaching them to very low-stiffness leaf 
springs causes problematic dynamic behavior. Finally, a solution can be found in the use of simple linear actuators. Two 
actuators will move the clamps synchronously in the axial direction of the sample with a magnitude b = b − L/2 . The entire 
setup is positioned on top of another linear actuator to keep the region of interest in the field-of-view. The movement of this 
field-of-view stage represents the y-movement as described by equation (9). Figure 5 shows the implementation of the two 

 

�

Figure 5. Integration of axial actuators and field-of-view mechanism in the basic concept. 

 
Active feedback 
 
So far, we considered the perfect case where samples had a uniform composition and behaved in an either orthotropic or 
isotropic, elastic manner over their full length. This allowed to devise a purely displacement driven setup based on 
mathematical positions. In reality this perfect case does not exist because of failure, plastic deformation, material defects, 
variation in geometric properties, etc. These phenomena and artifacts have a significant effect of the deformation of a sample 
in pure bending. They will cause diversion from the perfect pure bending path, so a correction needs to be made for the 
inhomogeneity of samples and for the case that samples behave in a non-elastic fashion. The position of the clamps should be 
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undesired parasitic (axial, transverse, shear) forces on these samples. However, the undesired forces can be used for active 
feedback control of actuators. These forces can be sensitively measured and they can be used to steer the movement of 
actuators. Therefore, very small parasitic loads are allowed to act on the sample. However, these loads should be negligibly 
small in comparison to the bending moment which is applied on the sample. Moreover, the sample should move freely, so the 
loads should be measured according to a contactless and thus frictionless principle. Figure 6 represents this idea in case of 
correction of the (actual or transverse) force. A clamp holds a sample and is attached to a base plate by two leaf springs. 
These leaf springs have a low stiffness in the direction in which the force of the sample is supposed to be sensed. When the 
sample starts to get of the pure bending track, it will push or pull the clamp and load the leaf springs with a force F. The 
displacement of the clamp x caused by this loading is sensed by a sensitive displacement sensor (it was found that a Linear 
Variable Differential Transformer (LVDT) is best suited for the present purpose considering resolution versus range). The 
clamp is attached to the core of the LVDT, which slides free of contactless through the LVDT. When the sample does not 
induce a resultant force, the distance between the LVDT and the clamp is x0. The signal measured by the LVDT is used to 
determine the movement of an actuator which is located underneath the base plate. The actuator will move till the distance 
between the clamp and the LVDT is x0 again (i.e. the leaf springs are unloaded). 
 

�

Figure 6.�(a) Schematic overview of the active feedback control system (b) Initial condition (c) Condition 
 of the system when the sample pulls it (d) Condition of the system after a feedback was carried out. 

 
As mentioned earlier in this section, the clamps positions should be fully determined by the (position and angles of the) edges 
of the sample. To realize this, all the linear and rotational positions of the clamps other than the rotation around the bending 
axis should be controlled with the aid of a feedback system. So, forces and torsion in five directions need to measured and 
actuated. Besides, the setup should be able to be driven by the bending moment and to characterize the bending behavior. 
Thus, a bending moment measurement needs to be done as well. Consequently, loads in six directions need to be measured. 
The realization of this is difficult since space is limited and load measurements of all the loads according to the described 
principle (Fig. 6) are complex. The dynamic behavior of the complete setup with multiple leaf springs will be problematic 
and loads tend to interfere with the measurements of other loads. Moreover, use of many actuators lead to an increase of 
complexity in the control scheme of the setup. 
In order to simplify the problem, the number of directions in which load is measured and actuation is provided, should be 
decreased. First, geometrical errors (e.g. twist) of samples are not incorporated in numerical tests. They should be very small 
for a fair judgment of these numerical simulations. We limit the use of arbitrarily samples by allowing only very small twists 
in the sample such that torsion (after straightening of the sample during clamping) is minimal. Second, actuation and force 
measurement in the width direction of the sample is not necessary, since the position of the clamps in width (vertical) 
direction should remain constant during the bending (in horizontal plane). Moreover, care is taken to clamp the sample only 
from side in the thickness direction, thus not exerting any forces in vertical direction during clamping. 
After simplifying the problem, still feedback in the horizontal plane needs to be implemented in the basic concept. This 
means that forces in the axial and transverse direction of the sample are measured and used for feedback control. As can be 
seen in figure 7 just one more stage, which moves in the transverse direction of the sample is to be integrated in the basic 
concept discussed above. This additional stage corrects for asymmetry in the sample. 
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determined by the position and angle of the ends of the sample and not the other way around, otherwise the clamps will apply 



�

Figure 7.�Final basic concept with transverse correction actuator. 

 
We accept the fact that symmetry of the setup is lost, since solely small movements in the transverse direction are expected 
(i.e. small asymmetry in the sample). It is noted that the setup is underconstraint if symmetry would be obtained by adding 
two transverse correction actuators rather than one. 
An advantageous property of the transverse stage is its ability to correct for non-synchronous movement of the two axial 
actuators ( b). In case of pure bending of a homogeneous, elastic beam, non-synchronicity causes the clamps to force the 
sample to a certain position. This induces a parasitic load on the sample. The transverse actuator however, can correct for this 
incorrect positioning. Though, movement of the transverse actuator causes the region of interest to shift in lateral direction. 
This is further clarified by figure 8 in which a homogeneous, elastic beam is purely bended. A difference of the displacement 
between both axial actuators s is introduced. This non-synchronicity leads to a shift x of the region of interest. The 
positions of the depicted clamps can be mathematically described. These clamp positions should match with those determined 
in equation (1) and (2). 
 

�

Figure 8.�Shift of the region of interest due to non-synchronicity of the axial actuators. 

 
Again, a system of equations can be formulated and solved, leading to an expression for the shift x: 
 

 �  (10) 
 
which shows that the shift as a result of non-synchronicity x remains below half the displacement mismatch s. This 
mismatch should be less than 100 m, assuming that the region of interest is at the center of the 100 m×100 m field-of-view.  
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Finally, synchronicity of the two axial actuators ( b) can be realized in either a mechanical or a mechatronic manner. It is not 
trivial to integrate a mechanism in the basic concept to obtain synchronicity mechanically for the full range of bending 
angles. Furthermore, space is already limited, so synchronicity is obtained mechatronically. This is needed as non-
synchronicity can easily be obtained due to misalignment of the actuators or slip in the driving mechanism etc.  
 
 
FINAL DESIGN 
 
The resulting design of the cyclic, pure bending setup for in situ SEM characterization is given and explained in Figure 9. 
 

(a) side view (b) top view 

(c) front view (d) back view 
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Figure 9. Final design of the large amplitude, cyclic, pure bending setup for in situ SEM characterization. The sample (not 
shown) is placed in the clamps (c1 and c2) and each clamp is closed in a highly controlled concentric manner using a 

clamping mechanism (only cm2 is shown). The clamps are rotated by a rotation mechanism as explained in Fig. 4, where J1, 
J2, J3, and J4 are the rotation points and L1 and L2 are the (length of the) beams, while  is the linear actuator with motor 

M  that moves rotation point J4. The resulting moment applied to the sample is measured with a leaf spring mechanism LFM 
which displacement is measured with very high resolution using a capacitive sensor SM. The axial force in the sample pulls 

leaf spring LSAF out of equilibrium, which displacement is measured with LVDT sensor SAF; subsequently, the two linear 
actuators b move the clamps synchronously in the axial direction of the sample to reduce the axial force below its setup 

point value (explained in Fig. 6). The transverse force in the sample pulls leaf spring LSTF out of equilibrium, which 
displacement is measured with LVDT sensor STF and linear actuators c moves clamp c2 to reduce the transverse force below 
its setup point value (explained in Fig. 7). y is the linear actuator with motor M y that moves the complete setup to keep the 

region of interest in the field-of-view (explained in Fig. 5). T1 and T2 are sensitive tilt sensors that allow to position the 
rotation axis J4 exactly vertically, and thus leaf spring mechanism LFM, LFAF, LFTF exactly horizontal.  



SUMMARY 
 
Bending tests are of particular interest as they apply non-uniform loads without geometrical instabilities (necking, buckling, 
etc.). Here, a novel concept has been presented for a contact-less, (large-amplitude) cyclic, pure bending test setup that can be 
employed under in-situ scanning electron microscopic visualization. Care has been taken to installed measures that reduce to 
negligible levels all ill-defined parasitic axial, transverse, shear, and frictional forces in order to apply a well-defined pure 
bending moment to the sample. This allows for the measurement of (cyclic) bending test, either controlled from the applied 
clamp angle or from the (highly sensitive) measurement of the applied moment. Such tests can be directly and accurately 
compared with conjugant bending simulations, which allows for straightforward experimental-numerical material model 
identification. The ability to perform in-situ optical microscopic or scanning electron microscopic visualization allows 
following the ongoing deformation behavior and resulting failure mechanism (delamination, cracking,…) during the well-
defined bending test. In-situ visualization has been assured by (i) reducing the size of all mechanisms and components, (ii) 
using only vacuum-compatible materials and elements, (iii) by using applying only actuator and (feed-back) mechanisms that 
do not influence SEM operation with magnetic or electric field, (iv) by keeping free open access from the top of the (bended) 
sample, and (iv) by installing an extra actuator that keeps the region of interest stationary in the field-of view. The 
measurement concept will be validated on cyclic bending tests of flexible electronic samples. 
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