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A B S T R A C T

As a new manufacturing technology, 3D printing is gradually attracting more interest in both the academic
community and the industrial field. To realize its full potential in engineering applications, it is necessary to
characterize the mechanical behaviors and properties of 3D printed materials and structures under external
loading. Although surface deformation of 3D printed materials has been extensively investigated, the 3D internal
deformation measurement and further mechanical analysis using digital volume correlation (DVC) gain less
attention in the field of 3D printing. In this work, step-wise uniaxial compression tests of a 3D printed porous
structure were first performed in combination with in-situ X-ray computed tomography (CT) imaging. Then, the
global and local evolutions of internal full-field deformation at different compressive stages were evaluated via
DVC technique. Finally, a multiscale experimental framework was presented to correlate mechanical properties
with geometric structure of the 3D printed porous structure. On this basis, the failure patterns along with the
possible damage mechanism were predicted and discussed.

1. Introduction

Engineering application of modern materials and structures relies
on advanced manufacturing techniques and novel experimental proto-
cols to realize specific structural and functional properties. The emer-
gence of 3D printing technology [1] enables the design and fabrication
of materials and structures with desirable mechanical properties, which
are fulfilled by fabricating specially-designed micro-structures or
morphologies rather than changing material constituents. Furthermore,
to characterize their mechanical performance, a thorough under-
standing of their internal microstructural features and the morphology-
mechanics relationship with the aid of advanced volumetric imaging
technology is essential. To this purpose, X-ray micro-CT imaging tech-
nology has been widely employed for volumetric dimensional mea-
surement and porosity analysis of 3D printed materials [2,3].

Most 3D printed materials possess complex internal microstructures
at the microscale, thus often exhibiting heterogeneous properties at the
macroscale. In this case, existing techniques for surface deformation
measurement only provides limited or even unreliable information on
the structure-function relationship of 3D printed materials [4–14]. To
shed more light on their mechanical performance, experimental tech-
niques based on X-ray micro-CT imaging are favorable to better disclose
the influence of the local morphological evolution on their macroscopic

response under external loading. However, full-field internal deforma-
tion measurement and mechanical analysis of 3D printed structures still
attracted little attention to date [15,16].

Digital volume correlation (DVC), which was extended from 2D
digital image correlation (DIC) for surface strain mapping [17,18], has
experienced rapid growth in recent years as a powerful experimental
technique for full-field internal deformation measurement [19–21]. In
combination with advanced X-ray CT imaging technique, DVC elim-
inates the limitations of classical optical methods for surface deforma-
tion measurement by retrieving the interior deformation field of a
material or structure under external loading. Moreover, the measured
3D internal deformation fields are able to give more insight into the
relationship between internal microstructure and macroscopic me-
chanical properties of diverse materials or structures. More im-
portantly, DVC measurements not only allow validation of FEM simu-
lations and modeling but also help to provide guidance for the
microstructural design of modern materials with significantly improved
mechanical properties.

In this work, step-wise uniaxial compression tests of a 3D printed
porous polymer sample were performed and investigated with the
powerful DVC method. First, corresponding volume images at each
loading stage were scanned by a lab X-ray micro-CT system. Afterward,
an advanced subvolume-based DVC approach was implemented to
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quantify the internal displacement and strain fields of the test sample at
different loading stages. Based on in-situ X-ray CT imaging and DVC
technique, an experimental framework was presented to explore 3D
structural and mechanical properties of 3D printed structures. Based on
this framework, both the global and local deformation responses of the
test sample under step-wise compression were quantified. Also, the
mechanical properties of the test sample were estimated and closely
related to its structural features. Finally, the failure positions were lo-
calized and the possible damage mechanism was discussed.

2. Experimental procedure

2.1. Sample preparation

As shown in Fig. 1, the 3D geometric model of a periodically stacked
hourglass structure (single cell size: 4.15 mm × 6.6 mm × 5.5 mm) was first
designed by Catia software (version: V5R20, Dassault Systèmes, France), then
three porous samples with a size of 33 mm × 33 mm × 55 mm were printed
using a 3D printer (Lite 300, UnionTech, China) based on stereolithography
technique. The employed printing material is nylon powder (FS3300PA,
Farsoon Technologies, China). During 3D printing, the 3D geometric model
was first split along the z-axis into xoy horizontal slices with a thickness of
0.05 mm. The print direction was along the longitudinal direction of the
designed structure. Each successive layer polymerizes according to the geo-
metrical model within the corresponding slice. After 3D printing was com-
pleted, sandpapers were applied to manually remove any protrusions or re-
maining powder on the outer surfaces. The thermal/mechanical properties of
the printing material and the detailed settings of the stereolithography pro-
cess are listed in the inserted table in Fig. 1.

2.2. In-situ loading and X-ray CT imaging

First, baseline rescan tests using two successive scans of the 3D
printed porous sample were performed to quantify the measurement
errors (displacement and strain uncertainties) associated with the vo-
lumetric imaging system and DVC algorithm. Afterward, step-wise
uniaxial compression tests of the 3D printed porous sample were car-
ried out. The experimental setup of the step-wise uniaxial compression
tests, the applied time-displacement curve and displacment-force curve
are exhibited in Fig. 2. A load cell (inner diameter: 80 mm, height:
125 mm, displacement loading precision: 0.005 mm, force loading

precision: 0.01 N) was adopted for loading. Prior to the compression
tests, a preset compressive load of 10 N was exerted on the specimen to
ensure the stability of in-situ X-ray CT imaging. The step-wise com-
pressive strains were preset as 4% (2.2 mm) to 20% (11.0 mm) at an
increment of 4% (2.2 mm) and a loading speed of 1.0 mm/min (i.e., a
strain rate of 0.03%).

After each loading, a dwell time of 5 min was preset to avoid image
blurring caused by stress relaxation of the polymer sample. Then, an X-ray
micro-CT system (YXLON CT modular, YXLON International, Germany) was
employed for volumetric imaging at each compressive stage. During the
micro-CT scan, the voltage and current of the X-ray source (225 KV mi-
crofocus X-ray tube) were set as 140 kV and 0.62 mA, respectively. The
sampling grid of the X-ray detector (YXLON XRD 1620) was chosen as
1000 × 1024 pixels with an exposure time of 350 ms. 1080 projection
images of the sample were recorded at a rotation step of 0.33° and an
averaging frame of 4, resulting in a total scan time of 25.2 min per stage.
Finally, one reference and five deformed volume images with a size of
1000 × 1000 × 1024 voxels were reconstructed by the Volume Graphics
Studio software (version: 3.0) at a voxel size of 55.3 μm.

2.3. Digital volume correlation

To extract interior full-field internal deformation in the five compressive
stages, the five deformed volume images were successively compared with
the reference one using an advanced subvolume-based DVC method. Before
DVC analysis, a Gaussian prefilter (kernel size: 3 × 3 × 3 voxels) was ap-
plied to the volume image sequence to suppress the unfavorable effect of
image noise [22]. Then, a Huang's fuzzy thresholding algorithm was
adopted for volume image segmentation and subsequent DVC analysis [23].
During displacement tracking, a cubic volume of interest (VOI) was first
defined with a size of 600 × 600 × 585 voxels (local domain:
~33.2 mm × 33.2 mm × 32.4 mm) and a gird step of 5 voxels
(~0.28 mm), resulting in 461490 discrete calculation points. Then, sub-
volume sizes ranging from 21 to 61 voxels at an increment of 10 voxels
were specified at each calculation point. Finally, a 3D pointwise least-square
(PLS) approach was employed to extract the six Cauchy strain fields ac-
cording to the measured displacement fields in each loading stage. The
strain window size was defined as 7 × 7 × 7 points (local domain:
~1.936 mm × 1.936 mm × 1.936 mm) during strain mapping. A cropped
reference volume image, the defined volume of interest and their intensity
histograms are shown Fig. 3.

Fig. 1. 3D geometric model and 3D printed porous sample with the inserted tables showing properties of the printing material and settings of the stereolithography
process.

B. Wang, et al. Polymer Testing 78 (2019) 105945

2



During the tests, large compressive deformations were imposed to
the test specimen, therefore, a nearest subvolume offset strategy com-
bined with a “preconditioned” match scheme was employed for incre-
mental DVC analysis with enhanced accuracy and efficiency [24].
During volume image matching, a zero-mean normalized sum of the
squared difference (ZNSSD) criterion was used for grayscale similarity
measure. An advanced 3D inverse-compositional Gauss-Newton (IC-
GN) algorithm was adopted for subvoxel registration with better noise-
proof performance. A layer-wise reliability guided displacement
tracking (LW-RGDT) strategy was applied for displacement tracking
and transfer [25]. The basic principle of incremental DVC analysis in

this work including volume image matching, displacement transfer, and
subvoxel registration is illustrated in Fig. 4. All DVC calculations were
implemented using a self-coded academic software written in C++
language on a laptop computer (Intel(R) Core(TM) i7-5500U CPU with
2.40 GHz main frequency and 8 GB RAM).

3. Results

3.1. Uncertainty assessment for DVC measurement

Standard deviations (SDs) in displacement and strain fields

Fig. 2. (a) Experimental setup, (b) time-displacement curve and (c) displacement-force curve in the step-wise compression tests.

Fig. 3. Cropped reference volume image, defined volume of interest and their histograms.

B. Wang, et al. Polymer Testing 78 (2019) 105945

3



measured by DVC method using six different subvolume sizes in the
rescan test of the 3D printed porous sample were exhibited in Fig. 5.
Image noise and artifacts are two major factors causing DVC mea-
surement uncertainty between two rescanned volume images [26,27].
As reported in the existing literature [28,29], the detrimental influence
of image noise and artifacts can be evidently suppressed by using larger
subvolume size, thus resulting in reduced SDs in displacements and
strains. Specifically, as the subvolume size increases from 11 × 11 × 11
to 61 × 61 × 61 voxels, the SDs in displacements and strains decrease
from 0.17 voxels to 0.02 voxels and from 4200με to 500με, respectively.
According to the baseline test, a subvolume size of 51 × 51 × 51 voxels
was chosen for subsequent DVC calculation in the step-wise uniaxial

compression tests of the 3D printed porous sample to ensure a strain
uncertainty less than 1000με. In this case, a displacement uncertainty of
0.033 voxels can be ensured as shown in the left graph.

3.2. Internal deformation response

Fig. 6 indicates the zero-mean normalized cross-correlation (ZNCC)
coefficient fields measured by incremental DVC approach in the step-
wise uniaxial compression test of the 3D printed porous sample. In
general, higher ZNCC coefficient means a closer match between two
volume images and hence more reliable displacement results. As shown
in these graphs, the average ZNCC coefficient gradually reduces from

Fig. 4. Basic principle of incremental DVC analysis: (a) volume image matching; (b) displacement transfer; (c) subvoxel registration.

Fig. 5. Displacement and strain uncertainties of DVC measurement in the rescan test.
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0.9877 to 0.9698 with the increasing loading step. Note that the full-
field ZNCC coefficients evidently decrease in step 5 because updating
reference volume image induces accumulated error in incremental DVC
as shown in Fig. 4. In addition, due to the appearance of ring artifacts
and beam hardening, ZNCC coefficients within several regions decrease
at steps 5 and 6. In each ZNCC coefficient field, the boundary zone of
the 3D printed sample shows lower correlation coefficients than the
center zone because of much fewer correlation points during displace-
ment tracking. Despite these unfavorable factors, the lowest ZNCC
coefficient in the last loading step is still higher than 0.9, indicating a
reliable and robust deformation measurement during DVC analysis.

Fig. 7 illustrates the internal u, v and w displacement fields mea-
sured by the incremental DVC approach in the step-wise uniaxial

compression test. The w displacement fields indicate evident z-direc-
tional compression feature, and the maximal compressive motion
within the VOI reaches 9 mm in the last loading step. The measured u
and v displacement fields show different degrees of transversal expan-
sions in each loading step. Specifically, u field ranges from −45 to 45
voxels (nearly from −2.49 mm to 2.49 mm), while v field exhibits a
range of −12 to 12 voxels (nearly from −0.66 mm to 0.66 mm) in the
last loading stage, thus reflecting diverse Poisson's ratios in x and y
directions. This is mainly attributed to the different structural dis-
tributions of the 3D printed porous sample in xoz and yoz planes.

Based on the measured displacement fields, six Cauchy strain fields
in each loading step can be estimated via the 3D PLS method. Fig. 8
depicts the internal εxx, εzz and γxz strain fields measured by the

Fig. 6. DVC-measured ZNCC coefficient fields in the step-wise uniaxial compression test.

Fig. 7. DVC-measured u, v and w displacement fields in the step-wise uniaxial compression test.
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incremental DVC approach in the step-wise uniaxial compression test.
All the three strain fields exhibit local high strain domains in each
loading step, and the strain localization becomes more significant as the
compressive load increases. It is interesting to note that, from the first
loading step on, local high strain zones in the three strain fields are
periodically distributed within the porous sample. In each strain field,
the high strain zones always appear at the same position within each

unit cell as shown in the inserted small graphs. Specifically, high tensile
strain zone locates on the top/bottom edge of each hourglass structure,
while high compressive and shear strain zones are found on the side
walls.

3.3. Mechanical properties estimation

Fig. 9 exhibits the fitted linear elastic stage of the engineering
strain-stress curve in the step-wise uniaxial compression test. According
to the porosity of the sample and the recorded strain-stress curve, the
elastic modulus of the 3D printed porous sample was estimated from
both experimental and theoretical perspectives. First, the engineering
strain-stress curve of the first loading stage illustrated in Fig. 2 was
extracted, and then the elastic modulus of the test sample was estimated
as 78.18 MPa from the fitted line. Second, the porosity of the un-
deformed test sample was estimated as 77.85%, therefore, the elastic
modulus of the porous sample was predicted as 78.65 MPa according to
the theoretical model of cellular solid [30,31]. By comparison, the re-
lative error between the theoretical and experimental elastic moduli is
less than 0.6%, thus validating the reliability and practicability of the
theoretical model.

Fig. 10 depicts the average normal strain, Poisson's ratio and volu-
metric strain of the 3D printed sample under step-wise compression.
First, as the loading step increase, the three average normal strain
components almost linearly increase with different slopes. In the last
loading step, three average normal strains εxx, εyy and εzz reach 0.0316,

Fig. 8. DVC-measured εxx, εzz and γxz strain fields in the step-wise uniaxial compression test.

Fig. 9. Fitted linear elastic stage of the strain-stress curve in the step-wise
uniaxial compression test.
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Fig. 10. Average normal strains, Poisson's ratios, and volumetric strain of the 3D printed sample under step-wise compression.

Fig. 11. DVC-measured local evolutions of εmax and γmax strain fields in the step-wise uniaxial compression test.

Fig. 12. Value and direction cosines of εmax and γmax strains in positions 1 and 2 in the step-wise uniaxial compression test.
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0.0173 and −0.0717, respectively. Second, from the estimated normal
strain results, Poisson's ratios νxz and νyz showing different values can
be evaluated. Poisson's ratios are positive in all loading steps, with νxz
ranging from 0.441 to 0.497 and νyz varying from 0.240 to 0.266. Third,
the variation trend of the volumetric strain approximates a straight line
as the loading step increases. From loading step 2 on, the incremental
volumetric strain gradually increases because the high strain zones
enter the plastic state and hence show larger deformation response as
shown in Fig. 8. It is interesting to note that, the difference in νxz and νyz
is closely related to the geometric model and spatial distribution of unit
cells within the test sample. This would play an important enlightening
role in developing materials with adjustable Poisson's ratio based on
this periodically stacked hourglass structure.

4. Discussion

Based on the measured six Cauchy strain fields, three principal
strain and maximal shear strain fields in each loading step were ex-
tracted. Fig. 11 exhibits the full-field maximal principle strain εmax and
maximal shear strain γmax in the last loading step mapped on the re-
ference volume image. In these two graphs, small strain values less than
0.15 are hidden to highlight the distribution of high strain zones. It can
be observed that local high strain zones are periodically distributed
within the measured εmax and γmax fields. Positions 1 and 2 subjected to
maximal εmax and γmax strains are marked in the two graphs, respec-
tively. Specifically, position 1 located on the top edge of the unit cell is
in the middle of the sample along the x-axis, while position 2 located on
the side wall of the unit cell is in the corner of the sample. Fig. 11 also
shows the local evolution of εmax fields around position 1 and γmax fields
around position 2 in the step-wise compression test. The maximal εmax

and γmax strains in positions 1 and 2 increase with the loading step and
respectively approximate 0.3 and 0.32 in last loading step, which is
close to the fracture elongation of the printing material listed in the
inserted table in Fig. 1.

Fig. 12 illustrates the value and direction cosines of εmax and γmax

strains in positions 1 and 2 in different loading steps. In the last loading
step, the DVC-measured εmax and γmax strains at points 1 and 2 are
0.283 and 0.315, respectively. As the loading step increases, the di-
rection of εmax strain at point 1 always keeps along the x-axis, while the
angle between the direction of γmax strain and the x-axis at point 2
decreases from 77° to 68°. As the compressive load continues to in-
crease, these two positions can be considered as the final failure points
since their tensile/shear strains would first reach the fracture elonga-
tion of the printing material. According to the analysis of maximal
principal and shear strains, specific damage forms and possible damage
mechanism of the 3D printed porous sample can be reasonably de-
duced.

Fig. 13 depicts the possible damage forms of the 3D printed porous
sample under uniaxial compression. The three planes passing through
points 1 and 2 are marked as the potential rupture surface due to high
εmax and γmax strains. Note that local high εmax and γmax strain zones
appear alternately along the marked plane, therefore, the possible

damage mechanism can be considered as the combined influence of
localized high εmax and γmax strains. Also, one symmetric plane marked
in the middle graph is considered as the possible failure route due to the
symmetric structure of the 3D printed porous sample. In summary, due
to the combined effects of localized high εmax and γmax strains on these
staggered hourglass structures, the marked rupture surfaces would
obliquely extend throughout the entire specimen. Because of the spe-
cific failure route, the tilt angle θ of these fracture planes approximates
53° (arctan θ≈ 1.33), which is directly related to the height-to-width
aspect ratio (5.5/4.15 ≈ 1.33) of the unit cell.

5. Conclusions

In-situ X-ray CT imaging and DVC technique were used to map full-
field 3D internal deformation of a 3D printed porous structure subjected
to step-wise uniaxial compressive loading. Based on DVC measure-
ments, mechanical properties (including the elastic modulus and
Poisson's ratios) of the test sample were estimated. Also, potential
failure routes along with possible failure mechanism were discussed
based on experimentally estimated local evolutions of maximal prin-
ciple strain and maximal shear strain. Several valuable conclusions and
perspectives are given as follows:

(1) In combination with in-situ X-ray CT imaging, DVC technique is able
to detect global and local evolutions of internal full-field deforma-
tion within 3D printed polymer with complex structures in response
to external loadings. Moreover, DVC measurement can locate po-
sitions subjected to large deformation and further facilitate the
analysis of failure patterns and potential damage mechanism. In
this manner, effective and reliable failure prediction can be realized
via X-ray CT imaging and DVC measurement without destroying the
test sample in practical experiments.

(2) Mechanical properties of the 3D printed porous structure estimated
by DVC are related to its geometric structure visualized by X-ray
CT. First, periodically distributed local high strain zones within the
sample are attributed to the unique distribution of hourglass
structures. Second, the difference in Poisson's ratios νxz and νyz is
closely related to the geometric model and spatial distribution of
unit cells within the sample. Third, the tilt angle of the predicted
fracture planes approximately equals to the height-to-width aspect
ratio of the unit cell. More interestingly, by correlating structural
features with mechanical properties, possible design of 3D printed
hourglass structures with tunable Poisson's ratio was inspired via
simply changing the aspect ratio of the unit cell.

(3) Based on the established experimental framework, the structure-
property relationship of 3D printed structures can be well under-
stood and theoretical models of cellular solid can be experimentally
validated. Using these experimental results for specifying boundary
condition and extracting constitutive parameters, FEM simulations
aided by X-ray CT imaging could be performed with higher relia-
bility. Furthermore, based on the initially designed structures, the
shape optimization technique can be employed to further optimize

Fig. 13. Possible damage forms of the 3D printed porous sample under step-wise uniaxial compression.
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structural layout via maximizing (or minimizing) given criteria
(e.g., strength, toughness), thus facilitating design and fabrication
of unique structures for new engineering applications.
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