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Abstract
Background Porous polymer scaffolds are commonly used for regenerative medicine and tissue-engineered therapies in the 
repair and regeneration of structural tissues which require sufficient mechanical integrity to resist loading prior to tissue 
ingrowth. 
Objective Investigate the connection between scaffold architecture and mechanical response of collagen scaffolds used in 
human tissue-engineered cartilage.
Methods We performed multi-scale mechanical analysis on two types of porous collagen scaffolds with honeycomb and 
sponge architectures. Confined compression testing was used to assess global non-linear mechanical response of scaffolds. 
Additionally, we performed confocal strain mapping combined with digital image correlation (DIC) to visualize local 
mechanical instabilities and compared local strain distributions between scaffold architectures.
Results The global response of both scaffold architectures followed a pattern characteristic of cellular solids, with a linear 
region, a plateau region, and a densification region. Macro-scale non-linear responses corresponded to local-scale instabilities 
such as snap-through buckling. On the local-scale, a construct’s compressive response depended heavily on the architecture 
type. Scaffolds with honeycomb architecture experienced a unimodal strain distribution throughout the scaffold depth. In 
contrast, scaffolds with sponge architecture tended to collapse at the boundaries.
Conclusions We demonstrated that differences in mechanical response between scaffold architectures were detected primarily 
at the micro-scale which stems from the disparity in pore architecture. As such, tools like confocal strain mapping combined 
with DIC are critical for designing and optimizing architectures for porous materials. Observing local instabilities in porous 
materials is important not only for tuning mechanical response, but also for controlling mechanical events that influence 
cellular and tissue behavior.
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Introduction

Tissue engineering techniques often utilize three-dimensional 
porous collagen scaffolds as a template for cell attachment 
and extra cellular matrix synthesis [1, 2]. The architecture 

of collagen scaffolds in tissue engineering techniques has a 
significant impact on cell attachment and proliferation [3, 4]. 
Clinical studies have shown that tissue-engineered cartilage 
constructs have successfully integrated with the surround- 
ing native tissue and filled in focal defects while maintain-
ing cell viability [5]. Furthermore, several tissue-engineered 
cartilage products including  MACI® [6] and NeoCart™ [7] 
use porous collagen scaffolds and are either approved by 
the FDA or are currently undergoing clinical trials. During 
the early stage of engineered cartilage implantation, porous 
collagen scaffolds provide necessary mechanical support 
and dictate the local mechanical environment for the cells. 
These scaffolds will be subject to the same in vivo loads 
of native articular cartilage, up to 40% strain and contact 
pressure of 12.54 MPa [8–10]. Indeed, previous work has 
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shown that porous scaffolds without any new matrix deposi-
tion can buckle at sub-physiological strains [11, 12]. These 
local instabilities (e.g., buckling) within collagen scaffolds 
compromise overall performance [13] and produce strain 
gradients that may inhibit tissue integration due to the large 
strain gradient. Additionally, these large deformations could 
be detrimental for the survivability of chondrocytes, as they 
produce high compressive strain that increases the probabil-
ity of cell death [14]. Therefore, understanding the buckling 
mechanics of porous collagen scaffolds is crucial for opti-
mizing the in vivo function and success of tissue-engineered 
cartilage constructs directly following the implantation.

Existing frameworks for understanding the mechan-
ics of porous structure effectively describe the behavior 
of porous materials like aluminum foam and wood. Such 
frameworks have been extended to brittle biological tis-
sues such as bone, and numerous studies have found similar 
compressive mechanical responses among trabecular bone, 
aluminum foam, and wood [15]. Despite the difference in 
composition and base materials of these porous cellular sol-
ids, all compressive mechanical responses arise from local 
instabilities at the pore level. Furthermore, variation in pore 
size distribution and shape leads to different deformation 
patterns in porous structures [16]. Additionally, these stud-
ies have provided a theoretical basis to explain the typical 
stress–strain curves observed experimentally. Such curves 
typically contain three regions: a linear region, a plateau 
region, and a densification region. The plateau region is from 
the emergence of instabilities within the structure, and the 
densification region is from the pores of the structure col-
lapsing on top of each other. These phenomena have been 
well studied at the macro-scale, but the connection between 
the non-linear behavior of stress–strain and local instabili-
ties have never been directly observed. In particular, much 
less is known about the connection between macro-scale and 
micro-scale behavior of soft, viscoelastic porous materials 
like collagen scaffolds typically used in tissue engineering 
applications. Notably, collagen scaffolds have a wide vari-
ety of pore size distributions and architecture [17–19]. Pore 
architecture of the scaffolds is generally designed to opti-
mize biological considerations such as cell proliferation and 
nutrient transfer with little attention to its effects on scaffold 
mechanics [3, 20]. As such, the relationship between pore 
architecture and mechanical performance of collagen scaf-
folds is poorly understood.

The compressive behavior of collagen scaffolds can be 
better understood by investigating local strain fields that 
occur during loading. Over the past decade, we have devel-
oped techniques for the visualization of local strain fields 
for collagen based soft tissue-engineered constructs [13, 
21–24]. These techniques use fast confocal microscopy com-
bined with digital image correlation (DIC) to measure strain 
fields with a spatial resolution of 41.4 µm. More recently, 

we have applied these techniques to measure the mechan-
ics of tissue-engineered cartilage at various stages of matu-
rity [13]. These studies demonstrate that the emergence of 
instabilities is a critical feature of the mechanics of these 
constructs at the early stage of development. However, the 
effect of pore architecture on local strain fields and instabili-
ties is not known.

With this in mind, the objective of this study was to iden-
tify how pore architecture affects global and local compres-
sive behavior of collagen scaffolds for tissue engineering. 
We investigated commercially available collagen scaffolds 
made of freeze-dried type 1 collagen with two types of archi-
tecture: honeycomb-like (monodisperse pores) and sponge-
like (polydisperse pores). To investigate the relationship 
between scaffold architecture and compressive mechan-
ics, the current study identified transitions in the global 
stress–strain curve under compression and related these 
transitions to emerging instabilities and local strain field as 
measured by confocal strain mapping.

Materials and Methods

Collagen Scaffolds Preparation

Two different architectures of collagen scaffolds were 
tested: honeycomb collagen scaffolds manufactured by 
Histogenics Corp. (Waltham, MA) provided by courtesy of 
Stephen Kennedy, and sponge collagen scaffolds manufac-
tured by Koken CO., LTD (Tokyo, Japan), (CSH -96). Both 
Histogenics and Koken collagen scaffolds were made from 
type I bovine dermis collagen and had pore sizes ranging 
from 100 – 200 µm in diameter, according to the manufac-
turing specification. Therefore, any mechanical behavior 
differences observed between the two types of scaffolds 
could be solely based on the architecture. Collagen scaf-
folds were cut using 2 mm and 6 mm biopsy punches (Inte-
gra York PA, Inc., York, PA) with pores aligned in the axial 
direction (Fig. 1(A), z-axis).

Global Mechanical Properties Identification

Collagen scaffolds were tested in confined compression 
(n = 12) to identify global mechanical properties. Scaffolds 
with 2 mm diameter and 1.5 mm height cylinders were 
placed in a 2 mm diameter confining chamber [25]. Then, 
samples were submerged in phosphate-buffered saline (PBS, 
Corning, Manassas, VA) and covered with a porous platent. 
The confining chamber and sample were then mounted on 
a Bose EnduraTEC ELF 3200 (Eden Prairie, MN). The col-
lagen scaffolds were then compressed to 50% of their origi-
nal height using a triangular wave displacement control at 
0.1 mm/s to maintain a quasi-static condition. We tested the 
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compressive response of the orthotropic plane (Fig. 1(A), z 
axis) of the collagen scaffolds due to clinical relevancy, as 
the orthotropic plane carries most of the compressive load 
once tissue-engineered constructs are implanted into patients 
[5, 7]. In addition, confined compression was used to mimic 
the in vivo loading condition of the collagen scaffolds. Once 
the collagen scaffolds are implanted, they are surrounded by 
stiffer native tissue creating confined compression condi-
tion. A stress–strain curve was obtained for each collagen 
scaffold by normalizing compressive load to the original 
cross-sectional area and sample height.

Global parameters such as buckling stress and strain were 
calculated using the stress–strain curves [24]. Briefly, we fit-
ted a linear regression to both the linear and plateau regions, 
and the intersection between the two regression lines was 
defined as the buckling point. Corresponding stress and 
strain from the buckling point were defined as the buckling 
stress and buckling strain. Similarly, we fitted a linear regres-
sion to the plateau and collapse region, and the intersection 

between the two regression lines was defined as the densifi-
cation point. We defined collapse as the deviation from the 
linear region of the stress–strain curve.

Local Compressive Strain Mapping and Analysis

The local compressive response of the scaffolds were acquired  
based on an established protocol [13, 21–23, 26]. The cylin- 
drical scaffolds were bisected into hemi-cylinders and 
stained with 14 µg/mL 5-dichlorotriazinyl-aminofluorescein  
(5-DTAF, Molecular Probes, Grand Island, NY) for 30 minutes.  
Stained scaffolds were then washed in PBS for 20 minutes and  
mounted between two parallel plates of a Tissue Deformation  
Imaging Stage. The scaffolds were then placed on an inverted 
Zeiss LSM 510 5 live confocal microscope with a Zeiss 
5 × objective and imaged using a 488 nm laser (Carl Zeiss 
AG, Oberkochen, Germany). Initially, the mounted scaffolds 
were compressed to 1.5 mm to remove the swelling. A trian-
gular displacement function with an amplitude of 750 µm was 
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Fig. 1  Honeycomb and sponge collagen scaffolds showed difference 
in architecture A) Reconstructed models from μCT images and confo-
cal microscope images B) Pore diameter distribution of the scaffolds 

C) Fiber orientation of the scaffolds with shaded region representing 
standard deviation
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applied to one of the parallel plates at 0.1 mm/s. During com-
pression, load and video were recorded. The compressive load 
was measured at a sampling rate of 1000 Hz, and the video 
was recorded with the frame rate of 20 frames per second.

The local Lagrange strain was obtained using an open-
source MATLAB-based Digital Image Correlation (DIC) 
program, NCORR [26]. Local deformation from compres-
sion videos was tracked with a subset spacing of 41.4 µm 
and a subset radius of 82.9 µm.

Collagen Scaffold Characterization

The isotropic plane (Fig. 1(A), x–y plane) of each stained 
scaffold was imaged using an inverted confocal microscope. 
Using ImageJ, images were binarized and the ‘Analyze Parti-
cles’ function was applied to calculate the area of each pore. 
The radii of the pores were calculated under the assumption  
that the pores were perfect circles. A cross-sectional plane 
(Fig. 1(A), x-z plane) was also captured to visually identify 
the characteristics of each type of collagen scaffold. Cross-
sectional images of all samples were analyzed by ImageJ using 
the ‘Directionality’ function to characterize fiber orientation.

Local Strain Distribution Analyses

Confined compression testing can capture the in vivo condi-
tion of the collagen scaffolds, but the mechanical response of 
the sample cannot be visually captured due to the presence 
of the confining chamber. To understand the role of local 
instabilities in the global behavior of each type of scaffold, 
we applied the confocal strain mapping method described 
above to investigate the linear region, buckling region, pla-
teau region, and densification region. Specifically, we used 
the transitions between linear to plateau, and plateau to 
densification regions to inform the local strain distribution. 
Based on the local compressive strain analysis, we chose to 
analyze the local strain distribution at 15% and 30% bulk 
strain, as collapse bands started to form at 15%, and local 
densification occurred at 30% bulk strain. This method ena-
bled the identification of local instabilities as manifest in 
local regions of high strain (e.g., 2 times of bulk strain).

To understand how pore structure controls the evolution 
of instabilities in these scaffolds, we examined the statistical 
distribution of local strain at various levels of compression. 
Samples with wide and bimodal local strain distribution 
would contain localized region of instabilities. In contrast, 
samples with plateau distribution would be an indication for 
unimodal strain distribution across the structures. To achieve 
this, each local deformation subset was normalized using the 
bulk compression value of each sample, and the normalized 
subset strain values were plotted as a histogram with bin 
width of 0.1 normalized strain. The distribution trend of the 
histogram was acquired using the Kernel smoothing function 

fit method. For depth-dependent strain distribution analysis, 
normalized compressive strain matrix of each sample was 
averaged row wise.

Statistical Analysis

Two-sample hypothesis testing (t-tests) was used to deter-
mine the statistical significance of global properties of the 
two types of collagen scaffolds. The difference in global 
mechanical properties was considered significant at p < 0.05. 
Post hoc power (β) of the statistical test was calculated for 
each global mechanical property by comparing mean value 
and standard deviation of honeycomb global parameter to 
the mean value of sponge global parameter. The significance 
level of the test was set to 0.05.

Local compressive strain values of sponge and colla-
gen scaffolds were plotted as a histogram at 15% and 30% 
bulk strain with 0.1 bin size. The trend of each histogram 
was fitted with a trendline using a kernel distribution. The 
trendlines were then compared using Kolmogorov–Smirnov 
method for statistical significance.

Results

Collagen Scaffold Architectures and Global 
Mechanical Properties

We first identified the architectural differences between hon- 
eycomb and sponge collagen scaffolds. Microscopic images 
revealed that there were differences in both pore size distri-
bution and fiber orientation for the honeycomb and sponge  
scaffolds (Fig.  1). While both collagen scaffolds had  
bimodal distributions in pore size, honeycomb collagen  
scaffolds had distinct peaks at approximately 250 µm and 
50 µm (Fig. 1(B), Online Resource 1 and 2). In sponge scaf-
folds, pores were more widely distributed but with similar 
sizes. Vertical cross-sectional images showed that honey-
comb scaffolds consisted of tubular pores with mostly solid 
walls. On the other hand, sponge scaffolds had a hierarchi-
cal structure where the larger tubular pores were surrounded 
by walls containing smaller spherical pores. These structural 
differences were also characterized by the fiber orientation 
in the cross section (Fig. 1(C)). Honeycomb scaffolds had 
a higher degree of fiber alignment in the vertical direction  
(z-axis), while sponge scaffolds had a more distributed fiber orienta- 
tion across the angles. This further confirmed that sponge  
scaffolds had more highly connected inner architecture while 
honeycomb scaffolds had mostly axially oriented tubular  
pores throughout the scaffold.

Global parameters of both types of collagen scaffolds 
were obtained through confined compression testing 
(Fig. 2(A)). Averaged stress–strain curves for both sponge 
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and honeycomb scaffolds showed similar behavior. We 
found that both scaffolds displayed plateau behavior in their 
stress–strain curves approximately at 5% global strain and 
densified at 30% global strain with no significant difference 
in any of the measured global parameters (for honeycomb 
and sponge scaffolds respectively, average buckling stress: 
12.50 kPa, 9.83 kPa, average buckling strain: 0.12 and 0.12, 
average densification stress: 17.36 kPa, 14.17 kPa average 
densification strain: 0.34 and 0.35, p > 0.5715, β > 0.9157, 
Fig.  2(B)). Notably, there was high degree of variabil-
ity in all global parameters. For example, buckling stress 

and buckling strain of honeycomb scaffolds had 44.72 and 
119.65 coefficient of variability respectively. For sponge 
scaffold, they were 39.22 and 59.60 respectively. Such high 
variability indicated that these parameters did not fully cap-
ture the collapse behaviors.

Compressive Behaviors

To understand the source of variability in global compres-
sive behavior, we examined individual stress–strain curves, 
as these curves demonstrated unstable responses (Fig. 3). 
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The mechanical behavior of the scaffolds was categorized 
into 3 different types of compressive responses noted in 
previous work on porous materials [15, 24]. Initially, all 
scaffolds displayed a toe-region, most likely due to the 
initial interruption of fibers at the surface of the scaffolds. 
After the initial non-linearity, scaffolds displayed a linear 
region, a plateau region, and finally a densification region 
(Fig. 3(A)). 4 out of 12 honeycomb scaffolds and 3 out 
of 12 sponge scaffolds displayed a monotonic response 
characterized by a smooth plateau region. Most scaffolds 
in both groups displayed a non-linear response character-
ized by a plateau region with negative slopes. Such non-
linear response was concentrated in the plateau region for 
both types of scaffolds. We observed two types of non-
linear collapsing behaviors obtained from the stress–strain 
curves: multi-step response and snap-through response 
(Fig. 3(B), (C)). During the experiment, 6 of 12 honey-
comb scaffolds and 6 of 12 sponge scaffolds displayed 
multiple plateaus, while 2 of 12 honeycomb scaffolds and 
3 of 12 sponge scaffolds displayed unstable collapsing 
behavior. The unstable collapsing behavior was indicated 
by a significant drop in stress with increasing strain, con-
sistent with snap-through buckling. These data collectively 
suggest that the majority of scaffolds had compressive 
behavior that was dominated by instabilities.

Local Strain Mapping and Distribution Analysis

To understand the micro-scale origin of the unstable com-
pressive behavior, we used confocal strain mapping. We 
visually identified unstable local responses indicated during 
the confined compression tests and matched them with the 
local stress–strain response (Fig. 4). In honeycomb scaffolds, 
multiple-plateaus in stress–strain curves were related to the 
formation of collapse bands in separate regions through-
out the construct. Before the compression, the honeycomb 
scaffold had undeformed columnar pores along its z axis 
(Fig. 4(A)). At 5% bulk strain, columnar pores within hon-
eycomb scaffolds started to buckle (Fig. 4(B)) as represented 
by the plateau on the stress–strain curve. At 7.5% strain, local 
collapse band formed in different regions within the construct 
(Fig. 4(C)). As bulk strain reached 10%, the local collapse 
bands started to propagate across the scaffolds and formed 
a global collapse band which led to the densification of the 
collapsed regions (Fig. 4(D)). Samples containing a region 
of decreasing stress with increasing strain were observed to 
exhibit unstable collapsing behavior, visually identified to be 
a snap-through instability (Online Resource 3).

To visualize the local Lagrangian strain field, digital 
image correlation analysis was conducted on the com-
pression video taken using the confocal strain mapping 
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Fig. 4  Macro-scale stress–strain curves can be related to the micro-
scale phenomena A) Undeformed honeycomb scaffold’s columnar 
pores before the compression B) At the end of the linear region, slight 
buckling of the columnar pores was observed C) Deformation of the 

buckled regions intensified, and local collapse bands started to form 
D) Local collapse bands propagated and formed a global collapse 
band and local densification of the scaffolds was observed
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technique. Local Lagrangian strain distribution analysis 
showed differences in compressive behavior of honeycomb 
and sponge scaffolds. High local strain within the region of 
interest represents concentrated deformation, likely due to 
the formation of local and global collapse bands. At both 
low (15%, Fig. 5(A)) and high strains (30%, Fig. 5(B)), hon-
eycomb scaffolds formed collapse bands, and local strain 
propagated among collapse bands until it spread through the 
specimen. In contrast, sponge scaffolds always collapsed at 
the boundaries of the constructs, and the deformation was 
localized at the collapsed site. Non-linear behaviors at the 
collapsed sites indicated by the stress–strain curves could 
not be visualized due to the densification of the pores. Such 
densification caused the fibers to escape the focal plane 
which resulted in loss of information during the DIC analy-
sis (Fig. 5(A) and (B)).

Local strains from all subsets within the region of interest 
was binned and normalized to understand the distribution of 
strains during compression. In each distribution, local strain 
was normalized to absolute global strain. Bins from 0 to -1 
deformed less than the imposed global strain, while bins 
from -1 to -3 indicated that local regions deformed more 
than the global strain. At 15% global strain, local strain  
was concentrated below the average strain for both honey-
comb and sponge scaffolds (Fig. 6(A)). Sponge scaffold had 
higher probability density of local strain being lower than 
the average strain meaning that the deformation was con-
centrated in one region, and rest of the construct was rela-
tively undeformed. As bulk compressive strain increased, 
the local strain field of honeycomb scaffolds became more 
unimodally distributed. The strain distribution flattened at 
30% global compressive strain (Fig. 6(B)). On the contrary, 

sponge scaffolds’ local strain distribution became bimodal, 
consistent with the formation of collapse bands which con-
centrate high strains locally while leaving most of the local 
regions within the sample undeformed.

Differences in depth-dependent strain patterns between 
honeycomb and sponge were also observed. To quantify the 
differences, all local strain values were normalized to abso-
lute global strain of each sample. The local strain values 
from different samples were averaged horizontally (x-axis). 
For sponge scaffolds, local strain was concentrated on the 
top or the bottom of the construct at both low and high 
strains. Meanwhile, honeycomb scaffolds strain was rela-
tively unimodal throughout the construct depth (Fig. 6(C), 
(D)).

Discussion

The goal of this study was to investigate how collagen scaf-
fold architecture affects global and local compressive behav-
ior. We used two different types of commercially available 
collagen scaffolds, honeycomb and sponge, that had different 
pore-size distributions and wall architectures. During con-
fined compression, both types of scaffolds had similar global 
mechanical responses as reflected in their stress–strain 
curves. The plateau region was dominated by instabilities 
at the local level that were visualized and quantified by con-
focal strain mapping. This analytical technique identified 
a stark difference in deformation patterns and local strain 
distributions between honeycomb and sponge scaffolds, with 
sponge scaffolds having more highly localized deformation 
as manifested in a greater frequency of high local strains. 
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Honeycomb scaffolds first formed one or more clearly vis-
ible collapse bands near the center of the construct, and 
sponge scaffolds always collapsed at the boundaries (Online 
Resource 4). This data collectively suggests that the pore 
architecture of scaffolds is directly linked to the frequency 
and spatial pattern of local mechanical instabilities. As such, 
the relationship between local architecture and mechanical 
response should be considered in the design of collagen scaf-
folds for various applications of tissue engineering.

This study showed that despite being composed of base 
material with non-linear, soft, and anisotropic mechanical 
properties, collagen scaffolds have similar stress–strain 
curves to other porous structures made from stiffer, iso-
tropic, and more brittle materials. Previously identified char-
acteristic stress–strain curves of foams and honeycomb–like 
structures, composed of materials ranging from aluminum 
foam to trabecular bone, wood, and elastomeric polymers 
[15, 27–31], all contain a linear region, plateau region, 
and densification region [15]. Both collagen scaffolds in 
this study contained these same three regions. As such, the 
parameters describing onset of the plateau region and densi-
fication region (σBuckling, σDensification, εBuckling, and εDensification) 
give important information on global compressive behavior 
of collagen scaffolds. Though collagen scaffolds and other 
porous structures share the general trend of stress–strain 
curves, specific global parameters differ depending on the 
base material. For example, honeycomb panels and foams 
made from aluminum consistently collapsed at lower com-
pressive strain from 3 to 5% compared to 10% for collagen 

scaffolds [32–34]. In general, stress was more than an order 
of magnitude higher in aluminum foams due to the differ-
ences in mechanical properties between the two base mate-
rials. This data shows how the compressive framework for 
brittle porous materials provides important insight into the 
global behavior of collagen scaffolds.

Despite the similarities in global properties and 
stress–strain behaviors, confocal strain mapping revealed 
differences in local deformation patterns between the two 
types of scaffolds. Under compression, honeycomb scaffolds 
formed visible collapse bands in the middle of each sample. 
Further deformation was concentrated around these collapse 
bands, leading to densified regions. In addition, we observed 
various types of instabilities such as snap-through buckling. 
In contrast, sponge scaffolds did not form any visible col-
lapse bands, and large deformation was localized near the 
boundaries. These differences in the deformation pattern led 
to the distinct local strain distribution between the two types 
of collagen scaffolds. During the compression, honeycomb 
scaffolds had relatively unimodal local strain across the con-
struct (Fig. 6), while sponge scaffolds had localized regions 
of high strains (Figs. 5, 6).

The source of the different local mechanical responses 
between the two types of collagen scaffolds arises from their 
geometric characteristics. Cross-sectional images (Fig. 1B) 
showed honeycomb scaffolds have hexagonal columnar 
pores. The highly columnar structure leaves the scaffold 
vulnerable to instabilities. Such instabilities are likely driven 
by local defects that are randomly distributed throughout 
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the sample. In fact, confocal imaging demonstrated simul-
taneous buckling and formation of the global collapse 
bands around 10% bulk strain (Fig. 4). Similar mechanical 
responses have been observed in aluminum honeycombs and 
foams with macro-scale pores (9.53 mm in diameter) [35] 
and are well predicted by FEA models [16, 36, 37]. The cur-
rent study used high speed confocal imaging to demonstrate 
similar phenomenon at the micro-scale.

In contrast to the columnar structure of honeycomb scaf-
folds, sponge scaffolds had a hierarchical structure with 
spherical pores of varying sizes embedded in columnar pores 
(Fig. 1). As a result, sponge scaffolds had many more hori-
zontal reinforcing walls than honeycomb scaffolds. These 
reinforcements had the effect of reducing the characteris-
tic dimension of the vertical walls and created embedded 
pores, thus limiting the chances of instability. As such, the 
mechanical response of the collagen sponge arose from the 
interplay between the columnar structures and the embed-
ded pores. Under compression, we observed high strain at 
the boundary of the scaffold, but little evidence of the global 
collapse bands was detected in the bulk. This strain pattern 
indicates that the peripheral pores at each boundary failed 
before the columnar pores could buckle. More specifically, 
within the peripheral pores, larger pores are more vulnerable 
to collapse than smaller pores. Hence, larger pores collapsed 
before other failure modes and dominated the structures’ 
mechanical response. Collectively, these data suggest that 
the architecture of the peripheral pores contributes greatly to 
the compressive behavior of the sponge collagen scaffolds.

The mechanical characterization and identification of 
deformation patterns of collagen scaffolds are crucial for 
tissue engineering, as the local mechanical environment can 
affect both the mechanical function of the implants and sur-
vivability of the cells embedded in the scaffolds. Current 
methods for mechanical assessment of collagen scaffolds 
are mainly focused on the bulk properties such as elastic col-
lapse stress and Young’s modulus [15, 38]. Our data suggests 
that measuring local strain distribution gives complementary 
information that is necessary to fully capture the mechanical 
behavior of a collagen scaffold. Both honeycomb and sponge 
scaffolds had buckling stresses ranging from 2 to 30 kPa and 
densification stresses from 2 to 37 kPa (Fig. 2B). However, 
such global parameters do not account for local instabilities, 
such as snap-through buckling in which the fibers buckle 
quickly and abruptly. These local instabilities were largely 
present in the plateau region where global parameters do not 
characterize in detail. Also, a stark difference in compressive 
failure modes was observed between scaffold architectures. 
Honeycomb scaffolds first formed visible collapse bands 
that propagated throughout the constructs (Fig. 4). Sponge 
scaffolds did not display a visible collapse band, and all the 
deformations were concentrated either at the top or bottom 
edges of the constructs (Fig. 5). These local instabilities may 

be critical to understanding the probability of local cell death 
due to loading. Specifically, cell death is expected to occur 
in larger pores with higher strains first, which could result 
in reduced new matrix deposition and prolonged periods of 
localized tissue weakness after implantation. In addition, 
snap-through instabilities of the pores can induce high local 
strain rates within the construct. Therefore, optimizing the 
architecture of collagen scaffolds based on local strain dis-
tribution could prevent cell death and ensure the success of 
a tissue-engineered constructs.

Optimizing the compressive response of collagen scaf-
folds is a twofold problem where mechanical response and 
cell biology are closely tied together. Specifically, collagen 
scaffolds should promote cell proliferation and withstand 
mechanical load to ensure the survivability of the cells. As 
previously suggested, both biological factors depend heavily 
on the distribution of pore sizes within the scaffolds [20, 38]. 
A variety of scaffold architectures have been used in tissue 
engineering, including honeycomb-like [39] and sponge-like 
[40, 41] structures with pore sizes ranging from 80 μm to 
325 μm. These architectures were studied and developed 
based solely on cell attachment, proliferation, and migra-
tion. Thus, the relationship between the architecture and 
local strain distribution within collagen scaffolds is poorly 
understood. Investigating and understanding these relation-
ships will give insight on designing and optimizing collagen 
scaffolds to prevent localized compaction zones, as well as 
fostering cell growth within the scaffolds.

To our knowledge, this is the first study to image and 
measure the instabilities present within collagen scaffolds 
used in tissue engineering. We recorded deformation pat-
terns and analyzed the strain distribution using confocal  
strain mapping technique in combination with Digital Imag- 
ing Correlation (DIC). In addition, we detailed local strain maps  
and identified the relationship between local mechanical behav-
ior of collagen scaffolds. Documenting these instabilities in 
micro-scale is important as cells living in those scaffolds are in 
the same scale. Investigating how cells within tissue-engineered 
constructs behave under strain requires firm understanding of 
instabilities within collagen scaffolds. In addition, confocal 
strain mapping technique combined with other microscopy 
techniques such as Fourier-Tranform Infrared spectroscopy and 
Raman spectroscopy will give insight on how local composition 
and mechanical behavior influence the local cell behavior. This 
combined approach will enable us to investigate the relationship 
among local composition, strain, and cell death which will give 
further insight on optimizing architecture for collagen scaffolds. 
Furthermore, application of modeling techniques that have been 
used for other porous materials can also be applied to optimize 
the architecture of collagen scaffolds.

A major challenge of this study comes from compar- 
ing the mechanical responses from two distinct experi-
ments, one for exploring global and one for exploring 
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local response. The global mechanical testing was con-
ducted under a confined compression setting, while local 
mechanical testing was conducted under an unconfined 
compression setting. The combination of the two experi-
mental methods is to simulate the in vivo condition and to 
visualize the mechanical response of the material as previ-
ously described. The differences in the two experimental 
techniques created discrepancies in the lateral boundary 
condition of collagen scaffolds and in the measurement of 
mechanical properties. In fact, tangent moduli and elastic 
buckling stresses were significantly lower in the unconfined 
compression for both types of scaffolds. In addition, densi-
fication strains from the confined compression testing were 
lower because the confined boundary condition enabled 
collagen scaffolds to densify more easily. However, local 
instabilities were analyzed far away from the unconfined 
boundaries and were, therefore, minimally affected by the 
boundary condition. In addition, during the unconfined 
compression, some portions within each sample went in 
and out of the confocal plane, which resulted in the loss of 
data points during the DIC analysis. However, the missing 
strain information would account for 8.9% of the total data 
points. We note that the missing information is in the high 
local strain region. Therefore, the general trend of the strain 
distribution would not be affected. Furthermore, the corre-
sponding probability of cell death within the poorly tracked 
regions exceed the threshold for 100% probability of cell 
death [14]. Finally, the local strain distribution analysis 
only considered a two-dimensional confocal plane when 
the scaffold was three dimensional. This study analyzed 
one of the two orthogonal planes of symmetry of both types 
of scaffolds. We believe these scaffolds have some degree 
of planar isotropy, therefore analyzing one plane of sym-
metry was sufficient to represent the mechanical responses.

We demonstrated that the global compressive response 
of collagen scaffolds can be dominated by local instabili-
ties induced during compression. Our data indicated that 
measuring the global parameters alone is not enough to 
fully characterize failure patterns of such materials. Under 
compression, local strain distributions and failure patterns 
are dependent on the architecture of the collagen scaffolds. 
Honeycomb-like scaffolds formed collapse bands across 
the structure, and the deformation propagated from the 
collapse bands. In contrast, collapse bands in sponge-like 
scaffolds could not be visually identified, and the defor-
mations were localized near the boundaries. Our findings 
could be used to design and optimize collagen scaffold 
architecture to prevent buckling and minimize the prob-
ability of cell death within tissue-engineered constructs, 
leading to a more successful implantation.
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