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Cylinder buckling is notoriously sensitive to small
geometric imperfections. This is an underlying
motivation for the use of knock-down factors in
the design process, especially in circumstances in
which minimum weight is a key design goal, an
approach well-established at NASA, for example. Not
only does this provide challenges in the practical
design of this commonly occurring structural load-
bearing configuration, but also in the carefully
controlled laboratory setting. The recent development
of 3D-printing (additive manufacturing) provides
an appealing experimental platform for conducting
relatively high-fidelity experiments on the buckling
of cylinders. However, in addition to geometric
precision, there are a number of shortcomings with
this approach, and this article seeks to describe the
challenges and opportunities associated with the use
of 3D-printing in cylinder buckling in general, and
probing the robustness of equilibrium configurations
in particular.

This article is part of the theme issue ‘Probing and
dynamics of shock sensitive shells’.

1. Introduction

Given the ubiquity of 3D-printing technology and the
ability to produce geometrically non-simple objects
with relatively high precision, it seems reasonable
to assess the use of additive manufacturing (3D-
printing) in the context of experimental cylinder
buckling. Interest in this area has received recent
impetus based on the notion of probing a structural
system, especially one that is imperfection-sensitive.

© 2023 The Author(s) Published by the Royal Society. All rights reserved.
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This study is wholly experimental, and the paper discusses some of the main issues in
the testing of axially loaded, 3D-printed cylindrical shells, emphasizing the advantages and
disadvantages of this approach on a practical level.

(@) 3D-printing of slender structural elements

3D-printing has become increasingly sophisticated in recent years. The ability to produce
geometrically precise physical objects is now a standard component in mechanical design. More
recently, with improved resolution it is becoming possible to produce slender 3D-printed objects
that possess a certain degree of flexibility [1,2], and this brings with it an opportunity to conduct
experiments on elastically deformable structures which would otherwise be very difficult or
impossible [3].

Cylinder buckling has a long history [4-13]. Many previous experimental studies in cylinder
buckling have either focused on a single specific configuration based on a high-quality
manufactured specimen, or repeated tests on soda cans. The latter has the advantage of
high similarity between specimens and low cost, but a limited range of geometry. Also, with
aluminium soda cans, a specimen often enters the range of plastic deformation under buckling
conditions, and typically this means that buckling results in the destruction of the specimen.
Research has particularly focused on the robustness of the buckling estimates of axially loaded
cylinders and the role of initial geometric imperfections [14-21].

3D-printing now has access to a wide variety of materials. The most popular materials
are a range of thermoplastics with acrylonitrile butadiene (ABS) and polylactic acid (PLA)
being the most common. There are a number of subtleties involved in the 3D-printing process
including infill percentage (which affects density) and print orientation (which can produce a
little anisotropy) [1]. Furthermore, although these materials generally have an accessible elastic
range (depending on geometry), their Young’s modulus tends to be not as well defined as metals,
they may exhibit a certain brittleness and even a little viscoelastic behaviour. This paper describes
the use of 3D-printed cylinders in preliminary buckling studies. Despite some limitations, it is
the sheer versatility of producing 3D-printed specimens, where the cylinder length, radius and
thickness are all under the control of the experimentalist, that makes this approach worthy of
consideration. And specimens that are nominally identical can be produced, opening the door to
repeat testing and statistical evaluation. Perhaps the most appealing aspect of this approach is that
cylinders can be produced with almost any form of geometric imperfection [22], from a number
of sine waves in both longitudinal and circumferential directions to frustra to localized dimples.
The cylinders described in this paper are produced to fit the range of “practical’ geometry, for
example, in which the length-to-radius ratio is in the range 2—4, and the radius-to-thickness ratio
is typically in the range of 100-150. The practical limitations associated with geometry (in actual
size) will be described later.

(b) Probing and perturbing a structural configuration

When a cylinder buckles it is not only challenging to predict the buckling load, but also the shape
it buckles into. And on subsequent compression a cylinder may switch between buckled shapes,
including the appearance of hysteresis on unloading.

It is not uncommon for post-buckled structures (in general) to possess multiple equilibrium
configurations. For example, a Euler strut, when loaded axially, will buckle in a preferred
direction, depending on any inevitable bias in the nominally symmetric unloaded system.
However, in addition to whatever natural load-path it follows, it is often possible to perturb
the system into an alternative (near mirror-image) shape: a complementary equilibrium
solution. Sometimes, under the gradual change of a control parameter, a system will suddenly
snap between equilibrium configurations. That is, a limit point (saddle-node) bifurcation is
encountered on the path. However, under a fixed value of the control, it is plausible to “probe’
the system, in order to explore possible adjacent configurations and possibly use the information
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gained at various levels of axial loading to be able to predict load-carrying capacity. Clearly, there
are a variety of ways of achieving this probing, a means of exploring the global potential energy
landscape, including a suddenly applied (dynamic) disturbance [23], sometimes referred to as
shock sensitivity [24], or a gradually applied lateral force. The latter is one of the motivations for
the current study. Also, because we are typically dealing with high-dimensional systems a lateral,
point probing force necessarily only explores a relatively restricted subset of the configuration
space: the probing described in this paper only provides limited information, but shows promise.

An abstract form of probing was presented in [25], in which the authors produced a smooth
prescribed 2D-surface and then measured the force required to move a small ball as it was
moved (pushed and pulled) along the curved surface (in a gravitational field). Turning points
corresponded to positions of equilibrium, with saddle-points playing a key role in organizing
global features and basins of attraction. Integration of the force field was achieved from the force
measurements and was used to reconstruct the surface contours.

The notion of lateral probing and its application to the buckling of cylindrical and spherical
shells was developed by Thompson and co-workers [26,27]. Prior work involving non-destructive
evaluation can also be found in [10,18]. Some experimental verification was conducted by Virot
et al. [28] based on the testing of multiple aluminium soda cans. The current study exploits 3D-
printing along the same lines but with added benefit of user-defined geometry.

Highly imperfection-sensitivity structures, like the cylindrical shell, are the focus of the
current study [29]. The lateral probing of structures that possess multiple equilibrium
configurations has been explored experimentally [30,31]. A typical example is a clamped, buckled
rectangular plate. Under sufficient lateral point force the system can snap-through to the ‘other-
side’. This depends on the extent of buckling (which may be thermally induced [30]), material
properties and geometry such as the panel thickness and aspect ratio. The path followed by the
system under the action of a unidirectional probe depends on subtle features of the potential
energy landscape [32], but the transition from one potential energy minimum to another remote
one (including jumps) and the presence of unstable equilibria (saddle-points) is a key interest in
this approach.

(c) Probing of axially loaded cylinders

Two aspects of cylinder buckling will be explored. First, a cylinder under moderate (pre-buckled)
axial load will be subject to the probing of a small lateral point load. Figure 1b shows a schematic
of a cylinder subject to axial load. If the system is load-controlled, for example, by adding weights
to the top surface, the cylinder buckles (suddenly) with a rapid increase in axial deflection,
often accompanied by plastic deformation. The buckling load is highly dependent on the initial
imperfections. Initial probing is achieved by applying the small lateral force at relatively low
levels of axial load in order to assess the robustness of the cylinder prior to buckling. That is,
applying a steady perturbation to the side of the cylinder (point a) in order to assess the proximity
of an unstable equilibrium (point b). Second, consider the situation described in figure 1c. Under
conditions of displacement control, the system exhibits essentially the same initial buckling, but
now the snap results in a sudden drop in the force. On subsequent end-shortening the system
may display jumps between buckled shapes. At a fixed value of the end-shortening coexisting
equilibrium shapes can also be subject to probing, for example, in going from point a to point b,
presumably passing through an unstable equilibrium. If the system is then unloaded the cylinder
snaps back to the original load-path marking the end of the region of hysteresis before returning
to the unloaded (initial) configuration. This latter situation clearly requires the system to maintain
elastic material behaviour during the loading, buckling and subsequent probing.

2. Geometry

In order to limit the range of parameters in this study, we specify what can be thought of as two
baseline geometries and then explore the effect of changing a few parameters. In terms of nominal
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Figure 1. (a) The geometry of a cylinder, (b) axial load P versus axial deflection § under force loading including the effect
of initial imperfections and (c) coexisting post-buckled shapes and hysteresis under displacement loading. (Online version in
colour.)

Figure 2. Some typical 3D-printed cylinders. (a) These four specimens all have a radius of r = 57.5 mm, thickness h = 0.4 mm,
(r/t =137) and the length / = 250, 180, 130, 100 mm (from left to right). (b) These two specimens have similar aspect ratios
I/r=4.6and//r = 4.25, respectively. (Online version in colour.)

cylinder sizing we start with fixing the radius r = 57.5 mm, length L = 130 mm, and then using the
following printing approach:

— Nominal 0.8 mm thickness, using ABS thermoplastic (Stratsys Fortus)
— Nominal 0.4 mm thickness, using PLA thermoplastic (Ultimaker Cura)

ABS thermoplastic has a Young’s modulus E ~ 2.1 GPa, and Poisson’s ratio x =0.38, and the
Young’s modulus for PLA is typically taken as 3.5 GPa, with a similar Poisson’s ratio to ABS. We
thus initially focus on the aspect ratios L/r ~ 3 and r/h ~ 150. Some typical specimens are shown
in figure 2.

In order to achieve a thin-walled configuration within the realm of elastic behaviour, and given
the limitations of a 3D-printer (build volume and nozzle size), a minimum wall thickness of 1 =
0.4 mm was the smallest dimension possible. Some of the results to be described later correspond
to a wall thickness of approximately 0.8 mm, and we shall see that this typically resulted in the
material exceeding its yield stress at buckling, which for ABS is typically in the vicinity of 30-50
MPa. It is interesting to note that this kind of thermoplastic exhibits a little localized
discolouration if over-stressed, and leaves a distinct impression of the buckling shape as a plastic
region is encountered.
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Figure 3. (ylinders with ‘non-perfect’ geometry. (a) Two cylinders with a single half-sine wave in the longitudinal direction,
(b) Two cylinders with multiple sine waves in the longitudinal and circumferential directions and (c) a cylinder with a single
localized dimple. (Online version in colour.)

The length was varied from L =100 to 200mm, and a few tests were conducted on cylinders
printed with PLA thermoplastic.

The boundary conditions consisted of shallow V-grooves machined in aluminium end-plates,
providing minimal resistance to rotation and approximating a pinned, or shear diaphragm, edge
condition. As mentioned earlier, the 3D-printing process easily handles the incorporation of stiff
end-plates for clamped boundary conditions [33], which we shall return to later. Since the end-
plattens involved machining aluminium plates, it was easier to change the length of the cylinders
(rather than the radius), and even though it was anticipated that this parameter would have
minimal effect on buckling it did provide additional testing opportunities.

Most cylinders were printed in a nominal ‘pristine” geometry, although (of course) inevitable
initial imperfections were unavoidable, including the challenge in ensuring that the axial load was
applied evenly at both ends of the cylinder. However, a number of designed deviations from the
perfect geometry were also implemented. Figure 3 shows some of these initial shapes. Figure 3a
shows cylinders in which there is a mild half-sine wave in the longitudinal direction (inwards
and outwards, the latter barrel-like). Figure 3b shows cylinders in which an integer number of
complete half-sine waves are printed in the longitudinal and circumferential directions. Figure 3¢
shows a cylinder printed with a single, localized ‘dimple’, representative of damage. In figure 3b,c
the magnitude of the deviations from a pure cylinder are exaggerated for illustrative purposes.
Only results from the pristine and the barrel-like geometries are included in this paper, with the
other geometries mentioned to convey the sheer versatility of 3D-printing and the potential for
assessing the role played by specific geometric forms in the future.

Considerable effort was put into printing cylinders with as thin a cross-section (wall thickness)
as possible. Some of the results to be described involve a wall thickness of 0.8 mm. Buckling load
tests typically resulted in destruction of the specimens. However, results will be described for
initial stiffness, buckling load and pre-buckling probing. A slicing technique called ‘vase mode’
was then found to print cylinders with a thickness of 0.4 mm, with the same overall dimensions.

The gcode files for these particular cylinders were generated using the ‘spiralize outer contour’
experimental mode in Ultimaker Cura. In practice, the nozzle extrudes filament in a continuous
spiral motion along the contour of the shape to generate a one-walled ‘vase’. Unless modified to
perform otherwise, the object will have a wall thickness ¢ equal to the nozzle diameter—in this
case, 0.4 mm. These specimens were amenable to repeated (elastic) testing through post-buckling.
There was some small notable degradation when these cylinders were tested more than a few
times. Results for the thinner wall thickness cylinders are detailed later for post-buckled probing.

Both ABS and PLA material were used. The latter possesses a little higher Young’s modulus [1],
so we would expect a corresponding increase in stiffness and buckling resistance, although, due
to the printing process, the precise value of Young’s modulus is not as invariant as aluminium,
for example.
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Figure 4. Axially loading of a typical cylinder. (a) Initial testing through loading and unloading and (b) the same cylinder
subject to a second test. (Online version in colour.)

The measuring methods are not especially sophisticated, with emphasis placed on qualitative
behaviour. For example, there is an issue with establishing an appropriate datum for axial
deformation, since the ends need to ‘bed’ into the V-grooves. However, tests were consistent, for
example, the rate of loading was maintained at 1 mm per minute. Two different universal testing
machines were used: Test Resources 830LE-A (with a 50kN load cell), and Lloyds Instruments
LRX Plus (with a 5kN load cell).

3. Conventional buckling—initial buckling results

We initially focus on cylinders printed with PLA and the following dimensions: L =150 mm;
r=575mm and t=0.4mm. Figure 4a shows the axial loading of a typical cylinder. After an
initial settling of the boundary conditions the axial deflection of the cylinder proceeds at a
constant rate with a proportionally corresponding load-reading. The slope under increasing
end-shortening (the dark blue data points) is approximately 1150 Nmm~! and buckling occurs
at a little over 1kN. Immediately after buckling the load drops to about 470N with further
drops as the buckling shape suddenly shifts. There is a gradual increase in the load as the
cylinder experiences considerable buckling deflection. The end-shortening is then reversed
(the light blue data points) and the cylinder proceeds to return to its unbuckled shape,
following different path(s), rejoining the initial linear behaviour and ultimately the original
state. The same cylinder was then retested and the results shown in figure 4b. The behaviour
is very similar, apart from small differences in the post-buckled behaviour. This post-buckled
jumping between shapes was first identified by Yamaki [6], and also found in [29,34]. A recent
example of following multiple paths can be found in [35], based on sophisticated numerical
analysis.

The classic buckling load for an axially compressed simply supported thin cylinder
is [36]

_ EA(t/r)  2nEf
B0 B2
For a typical set of printed cylinders we have E = 2.1 GPa (ABS); t = 0.77 mm; v = 0.38 (Poisson’s
ratio), which gives P., = 4.883 kN, and corresponding to r/t = 75. Approximately 10 cylinders
were printed with a mean buckling load of approximately 3 kN. The second set of cylinders were
printed with E = 3.5 GPa (PLA); ¢t = 042 mm; v = 0.38, which gives Py = 2.421 kN, and
corresponding to r/t = 137. Approximately 30 cylinders were printed with a mean buckling load
of 1 kN (the

3.1)

cr
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Figure 5. A typical buckled shape under a fixed end-shortening. The material in this case exceeded its yield, leaving mild but
regularly patterned discolouration on load removal. (Online version in colour.)

cylinder in figure 4 was representative). As expected the classical theory grossly over-estimates
the buckling capacity. The knock-down factor (KDF) formula commonly adopted [7,9,37-39]

Pew _ 1 go01 [1 - e—l/l(’m] (3.2)
PCI‘

suggests a lower bound value of about Pexp/Per ~ 0.62 for the first set of cylinders and about 0.53
for the second set of cylinders. A few other cylinders were printed, for example with thickness
between the two sets (~0.5-0.6 mm), and these buckled in an intermediate range of loads and
corresponding KDFs.

This geometry corresponds to another commonly used non-dimensional parameter: the
Batdorf number, i.e. Z =L12\/1 — 1u2/(rt) [5], and for the printed cylinders in the current study we
obtain geometry in the range Z =350 — 1500. We also note that alternative approaches to KDFs
can be found in [14-16,18].

The thinner cylinders tolerated quite large deflections into the post-buckled range and
regained their original configuration upon the removal of the axial load. This elastic behaviour
paved the way for repeat testing. In the past Mylar has proved to be a useful elastic material for
cylinder buckling experiments, although it cannot produce a prescribed form of initial geometric
imperfection that 3D-printing facilitates [10,11].

Figure 4a shows typical measured post-buckling characteristics. Inmediately after buckling,
under constant displacement control, the load drops by approximately 50%. On subsequent end-
shortening, there occur a number of mode jumps in the buckled shape. A relatively heavily
buckled shape is shown in figure 5. On the reversal of the end-shortening the cylinder unbuckles
along different paths before returning to its initial pristine shape. Very similar behaviour is
observed in the repeat testing of the same cylinder (see figure 4b).

4. Probing
(a) Probing the pre-buckling equilibrium

Preliminary probing tests were conducted on cylinders with nominal dimensions 0.8 mm
thickness, radius 58 mm and length 200 mm, that is, the dimensions passed to the 3D-printer.
Direct measurements gave t =0.77 mm and r = 57.5 mm. The general test configuration is shown
in figure 6.

Figure 7a shows a typical axial-force versus deflection relation, in which a buckling load of
close to 3kN was observed. The sudden snap at buckling was often an initiator of damage. The
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Figure 6. A cylinder in its testing configuration. The cylinder is subject to a fixed axial displacement, where it is probed.
The probing force and corresponding deflection are recorded. (Online version in colour.)
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Figure 7. Axial load versus axial deflection. (a) The pristine cylinder, (b) a barrel-like cylinder with a sine wave amplitude of
1mm over a length of 200 mm and (c) a barrel-like cylinder with a sine wave amplitude of 5 mm over a length of 200 mm.
(Online version in colour.)

results shown in figure 7b,c correspond to cylinders that were printed with slight longitudinal
outward curvature (see figure 3a): for the cylinder in figure 7b the central amplitude is 1 mm, and
5mm in figure 7c, in which the longitudinal shape consisted of a half-sine wave.

Each of these cylinders were then subject to lateral probing. The probing force was measured
using a digital load cell (Omega DFG35-10, with a 50N capacity and 0.05N resolution), and
probe position measured using the linear transducer (Bislide by Velmex moving at a rate of
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Figure 8. Probing of the cylinders from this figure. (a) Pristine cylinder, (b) Small-amplitude barrel-like shape and (c) larger
amplitude barrel-like shape. (Online version in colour.)

0.0127mms~!). The probing results are shown in figure 8, corresponding to the axial loading
cases shown in figure 7. The procedure was as follows. The testing machine loaded the pristine
(figure 8a) cylinder to 500N. The lateral probe was then applied giving the load-deflection
(F versus x) relation shown. This was repeated twice. However, this geometry resulted in cracking
of the specimen when the axial load was subsequently increased. In figure 8b, the cylinder
was probed at axial loads corresponding to approximately 17%, 30%, 33%, 50% and 67% of the
buckling load. The changing nature of the probe load-deflection relation is apparent, and the
dropping to zero of the probe load precipitated the loss of stability for the cases in which the
applied axial load was closer to buckling. This has been observed in previous studies [28]. The
results of the more barrel-like cylinder are shown in figure 8c. It is important to state that the
results shown here illustrate the most consistent results of the many cylinders that were tested.
A problem with these (relatively thicker) cylinders was that they often broke during testing. As
mentioned earlier, considerable effort was then placed on producing 3D-printed cylinders with
as thin a wall thickness as possible.

(b) Probing the post-buckling equilibria

In addition to probing the pre-buckled cylinder, with a view to assessing the proximity of unstable
behaviour, we can also use a form of probing to explore some of the characteristics of the post-
buckled behaviour [30,31,40]. The following results correspond to cylinders that were printed
with nominal 0.4 mm thickness, which we already seen generally provides a greater range of
elastic behaviour, and using PLA with r =57.5mm, L =150 mm. We first describe a preliminary
study in which a cylinder is buckled, and then held under fixed conditions in that buckled
configuration. A ‘probe’ (in this case a simple pencil with end-eraser) is manually pushed onto the
side of the cylinder, at approximately mid-height, and where a buckled shape is pointed outward
(locally). An illustration is shown in figure 9a plotting axial load versus axial displacement in the
usual manner. In figure 9b of this figure is shown the shape at point A in figure 9a, corresponding
to P ~ 450 N and x ~ 2 mm, which is then pushed through to an adjacent coexisting shape at the
same point displacement but now corresponding to a load of P~ 280N, point B. The limitation
of a single point force only provides a very limited path through the (high-dimensional) potential
energy landscape [32,41], but this approach has been shown to work well in low-order beams
and arches [42-44]. There are challenges with the subtleties of the probe application. For example,
the profile of the probe tip, and whether to fix the probe tip to the surface of the cylinder (thus
allowing pulling as well as pushing), and possibly inhibiting rotation.

The experimental probing system was then implemented based on a more systematic
approach. The linear displacement transducer and digital load cell were again set-up to record
lateral probing. A similar cylinder to the preliminary study was printed and the test results
shown in figure 10. The axial loading and unloading are shown in figure 10a. This time the
cylinder buckles at a somewhat lower load: 870N, and again undergoes some shape changing
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Figure 9. (a) The force—deflection behaviour extending to post-buckling, (b) the pre-probing buckled shape and (c) the shape
the cylinder snaps to after probing. (Online version in colour.)

on subsequent loading. When the compression has reached a displacement of close to 2mm,
corresponding to a measured axial load of ~410N, the axial compression is held fixed at that
value (labelled A). The probe is then used to push on an outward ‘dimple’, causing the cylinder
to change shape. The ‘before’ and ‘after’ images are shown in figure 10c,d. The relation between
the probe force and its displacement are shown in figure 10b. On initial engagement of the probe
tip there is a rapid increase in displacement, until the force reaches ~6 N followed by a drop
in load as a new dimple under the probe tip begins to form. Under further probing the force
recovers and again reaches a level of ~6N, at which point the shapes suddenly changes again,
via a snapping motion, before the probe loses contact at a probe displacement of ~#9 mm (and a
load of zero). This alternate equilibrium configuration is indicted by the point B in figure 10a,b.
The probe then ‘catches-up” with the surface of the cylinder again and gradually pushes on the
new shape. Under axial load removal the cylinder shape(s) then follows the path indicated in
figure 104, rising to a maximum load of ~392 N before returning to the unloaded ‘pristine’ shape.
Clearly, there are a myriad of ways of probing, or perturbing, an equilibrium configuration, and a
number of coexisting shapes are possible. The potential energy landscape that is being traversed is
high-dimensional, and the current study describes a very specific probing that gives some insight
but to only a limited extent.

5. Discussion and future directions

3D-printing continues to improve in terms of accuracy, resolution and material properties, not to
mention cost. In this study, we have seen that the slenderness of structural components is limited
by the overall print area, but also the minimum (thickness) dimension that can be printed. The
minimum available thickness is not only important in terms of representing practical slender
(scaled) cylinder geometry, but also in terms of managing stress in order to avoid material failure.

While general shape can be easily controlled through 3D-printing, there still exists limitations
to projecting print accuracy. Vase mode, for example, generates cylinder wall thickness according
to nozzle diameter, meaning smaller nozzles (e.g. 0.25mm) produce even more slender shells.
Attempting wall thicknesses different from the nozzle’s diameter, however, can amplify print
variation. The user may increase bed temperature and filament flow to achieve higher thicknesses,
but should expect stringing and other deformities. The authors found 0.6 mm to be the practical
limit for a 0.4 mm nozzle. Furthermore, vase mode commonly introduces a 3D-printing issue
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known as ‘elephant’s foot’, i.e. a small splaying out where the thermoplastic is first laid down on
the printer plate. It can be thought of as the gentle sinking of the print’s initial layers. Elephant’s
foot can be reduced through regular printer maintenance, slower print speeds and sufficient
cooling. Even so, the authors observed it cannot be totally removed without manual methods
(which were not explored in this study). There was no clear effect of the orientation (i.e. contact
on top or bottom platten) of the elephant’s foot on the critical buckling load, but it seems to
be partly responsible for the nonlinear stiffness effect during the early stages of axial loading.

The results presented so far corresponded to boundary conditions based on a simple V-groove
routed in the aluminium end-plates using a CNC milling machine. There are minor issues related
to the seating of the edge of the cylinder into the V-groove. The V-grooves incorporated a small
flat in the corner of the groove of roughly the same width as the cylinder thickness. Although
edge rotation in the radial direction did not appear to be influenced, this may partly explain
the initial nonlinear stiffness in the typical force-deflection relation. In order to shed light on the
‘simply supported” boundary condition consider the data supplied in figure 11. Here, we compare
the axial loading for three different cases: V-grooves at both ends; flat surfaces at both ends; and
mixed, i.e. a V-groove at one end and a flat surface at the other. In this plot, the data has been
shifted so that the slopes match in order to highlight the difference in the initial engagement in
the early stages of loading. It can be seen that the boundary condition has a minor effect on the
initial nonlinearity. But each relation shows the initial nonlinearity, suggesting that the loading
plates are probably more responsible for this behaviour in addition to some localized material
properties. The difference in the critical buckling load and post-buckled behaviour is likely to do
with general imperfection effects rather than boundary conditions, per se, this effect should not
have much influence on probing under moderate or higher levels of axial loading.

Given the versatility of 3D-printing, it is feasible to print integral relatively thick end-plates
to provide effectively clamped boundary conditions. An example of such a print is shown in
figure 12, in which it is a simple matter to change the dimensions of the thick end, even to the
extent of integrally printing thick solid plates. The rounding-off of interior corners (filleting) is
a convenient means of reducing stress concentrations. 3D-printing a cylinder with a thick end
ring to mimic a clamped boundary condition but with the other end simply supported, led to an
increase in the buckling load (all other things held constant), but is not specifically reported here.

The tests described in this paper correspond to cylinders printed with either PLA or ABS
thermoplastic. Typical values of Young’s modulus are 3.5GPa for the former, and 2.1 GPa for
the latter. Most of the 0.8 mm thick cylinders were made of ABS, and the 0.4 mm thick cylinders
made of PLA. These thermoplastics can be somewhat brittle, and avoiding yield was the main
motivation for producing as thin a cylinder as possible. A little anisotropic behaviour has been
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Figure 11. Effect of the ‘simple-support’, comparing the effect of flat loading surfaces and V-grooves. (Online version in colour.)
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Figure 12. (a,b)Cylinders with a ‘built-in" end perimeter. The junction between the cylinder ends and the thick support can be
enhanced with fillets to reduce stress concentrations. (Online version in colour.)

observed in some flexural 3D-printed elements [1], but the axi-symmetric nature of printing
cylinders (in a vertical orientation) largely eliminated this effect.

Thermoplastics have a tendency to be somewhat sensitive to temperature changes, and creep
can be an issue for systems undergoing elevated stresses for extended periods of time. The
authors considered how material creep may affect the delay between loading and unloading tests
on a given cylindrical shell. Typically, a 0.4 mm shell compression test was extended 1-1.5mm
beyond its buckling point, then was paused for approximately one minute while the setup was
adjusted to begin unloading. To ensure material weakening was not a concern, a typical cylinder
(L/r~3.2) was loaded to 900 N then held for over 20 min. The monitored load did not decrease
appreciably during this period, but rather fluctuated by at most a few Newtons. However, an
example of viscoelastic behaviour is shown in figure 13 during a probing test. In this case, a
cylinder is compressed under displacement control to a level of P =800 N, as shown in figure 13a.
The probe load cell is then pushed at a location mid-length, and corresponding to F=3.4N.
Under nominally fixed conditions the probe load slowly reduces such that the load cell displays a
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Figure 13. An example of mild viscoelasticity. (a) A typical lateral probing behaviour under a fixed axial load of 800 N, (b) the
gradual stress relaxation under constant axial displacement and (c) an image of the probe during creep testing (taken at a
slightly higher probe force level than that shown in (). (Online version in colour.)

reading of about 3N after 9 or 10 min. The 0.05N resolution of the digital load cell is apparent in
the non-smooth nature of the data in figure 13b. Recent developments in additive manufacturing
have included using more elastic materials, partly to avoid viscoelastic behaviour.

Figure 3 showed the relative ease with which subtle geometric deviations can be printed into
the cylinder. Seeding initial imperfections in this way, can facilitate certain types of buckling, and
especially exploiting localized ‘dimples” has been discussed in the recent literature [15,16,18,19].
Producing accurately a cylinder of the type shown (exaggerated) in figure 3b for example, would
be very challenging without the capabilities of 3D-printing.

The nature of the probing is subject to a high number of choices. For example, the placement
and direction of the probe needs to be thoroughly explored. The initial probing involved a
rubberized tip (a pencil), whereas the controlled probe caused a little sliding on the surface of
the cylinder as the probe proceeded to press against the cylinder. This was also mitigated to a
certain extent by coating the rounded rubber probe tip with epoxy anti-slip aerosol solution. If
the probe tip is too sharp then a little localized plastic yielding can occur. Future development
may explore the extent to which using multiple probes might provide more useful constraints
in exploring the potential energy landscape [29,32]. A very recent publication also suggested
using multiple probes in order to enhance the ‘ridge-tracking” associated with probing [45], i.e.
a (linear) correlation between the peak lateral probe load and the axial buckling load, useful for
prediction purposes based on extrapolation. 3D-printing also has scope for producing shells of
variable thickness [37,46,47], spherical shells [26,48], and the incorporation of stiffening ribs is
straightforward [38,49].

Finally, the changing shape under load (both pre- and post-buckled) is an opportunity for
digital image correlation (DIC). For example, the shapes shown in figure 9b,c were not specifically
monitored in this study, although certain broad features of the shape were noted to provide
confidence in the identification of distinct post-buckled shapes, for example to characterize shapes
A and B in figures 9a and 10a, respectively. Dynamic DIC can be used to measure vibration, with
its clear connection with stiffness [50,51], although this is not specific to 3D-printed specimens
[50].

We summarize our general findings in terms of using 3D-printing in the context of cylinder
buckling and probing.

Advantages:

— Since 3D-printing is based on data, cylinders can be produced over a comprehensive
range of thin-walled geometries.

— Initial geometric imperfections can be routinely incorporated into the (essentially stress-
free) printed shape, based on a mathematical prescription and even incorporating
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random effects, for example where the prescribed undulations exhibit some specified
variation.

— Boundary conditions, e.g.clamped ends, can be conveniently incorporated integrally
within the print.

— Other geometric complexities can be easily added, e.g, longitudinal, circumferential and
even helical stiffeners or cut-outs.

— Typically no seam or joins occur, and features such as filleting can be used to minimize
stress concentrations.

— A single geometry can be repeat printed on the same machine, to the same precision,
opening the possibility of conducting multiple tests (especially in identifying coexisting
states) and assessing statistical properties.

Disadvantages (mostly concerning material properties):

— The typical materials used in 3D-printing (thermoplastics) possess the typical mechanical
shortcomings of thermoplastics. For example, elastic flexural modulus, strength (yield
stress) and density are all somewhat imprecise.

— In addition, second order material effects include a little viscolasticity (creep), brittleness
and sensitivity to the thermal environment.

The material properties are properly viewed in comparison with metals, which typically have
very precise Young’s modulus, for example, and seldom suffer from creep. But new materials and
higher resolution 3D-printers continue to improve, and the incorporation of composite materials
is gaining traction.

6. Conclusion

Predicting the buckling load of an axially loaded cylinder, and the shape(s) it takes as buckling
proceeds is challenging. 3D-printing shows promise in facilitating experimental studies in which
there is considerable control over the geometry in general and the accuracy of reproducing a
given geometry. 3D-printers that use metal, for example, titanium, are becoming more popular,
and provide future opportunities given some of the material shortcomings of thermoplastics as
outlined above. Probing can be achieved both prior to, and after, buckling, and this paper has
presented some initial studies in which the opportunities and challenges of using 3D-printing in
the context of cylinder buckling have been discussed.
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