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A B S T R A C T   

Tissue-engineered cartilage constructs have shown promise to treat focal cartilage defects in multiple clinical 
studies. Notably, products in clinical use or in late-stage clinical trials often utilize porous collagen scaffolds to 
provide mechanical support and attachment sites for chondrocytes. Under loading, both the local mechanical 
responses of collagen scaffolds and the corresponding cellular outcomes are poorly understood, despite their 
wide use. As such, the architecture of collagen scaffolds varies significantly among tissue-engineered cartilage 
products, but the effects of such architectures on construct mechanics and cell viability are not well understood. 
This study investigated the effects of local mechanical responses of collagen scaffolds on chondrocyte viability in 
tissue-engineered cartilage constructs. We utilized fast confocal microscopy combined with a strain mapping 
technique to analyze the architecture-dependent instabilities under quasi-static loading and subsequent chon
drocyte death in honeycomb and sponge scaffolds. More specifically, we compared the isotropic and the 
orthotropic planes for each type of collagen scaffold. Under compression, both planes exhibited elastic, buckled, 
and densified deformation modes. In both loading directions, cell death was minimal in regions that experienced 
elastic deformation mode and a trend of increase in buckled mode. More interestingly, we saw a significant 
increase in cell death in densified mode. Overall, this study suggests that local instabilities are directly correlated 
to chondrocyte death in tissue-engineered cartilage constructs, highlighting the importance of understanding the 
architecture-dependent local mechanical responses under loading.   

1. Introduction 

Cartilage serves a purely mechanical function, providing lubrication 
and load transmission for joints. Despite its critical mechanical role, 
cartilage has a limited healing capacity when damaged. Therefore, tissue 
engineering techniques have been investigated extensively over the last 
two decades to address the innate lack of regenerative properties of 
cartilage. Such techniques have shown promising results for healing and 
regenerating damaged cartilage tissue (Anderson et al., 2017; Crawford 
et al., 2012; Kreuz et al., 2011; Ossendorf et al., 2007; Schneider et al., 
2011). In fact, multiple tissue-engineered products are commercially 
available or are undergoing clinical trials (Jiang et al., 2020). 

Cartilage tissue engineering techniques often utilize scaffolds to 
provide structure for cell attachment and proliferation (Murphy et al., 
2010; Murphy and O’Brien, 2010) as well as initial mechanical support. 

Several scaffold materials, such as poly-lactic-acid (Moran et al., 2003), 
hydrogels (Lee et al., 2007; Rouillard et al., 2011), and hydroxyapatite 
(Vansusante et al., 1998), have been investigated as vehicles to carry 
chondrocytes and stem cells in preclinical studies. Notably, porous 
collagen scaffolds have emerged as an effective vehicle for transplanting 
chondrocytes for clinical applications. Such constructs can be implanted 
immediately after seeding (MACI®, NOVOCART® 3D) (Brittberg et al., 
2018; Zak et al., 2014) or cultured extensively prior to implantation 
(NeoCart®), which dramatically changes the mechanical properties of 
the constructs (Crawford et al., 2012; Middendorf et al., 2020a, 2020b). 

At the early stage of the tissue manufacturing process, scaffold me
chanical properties dictate the responses of the tissue-engineered con
structs. Multiple studies in cellular solids and porous materials have 
been extended to understand the mechanics of collagen scaffolds 
(Gibson, 2005; Harley et al., 2007). The mechanics of soft foams / 
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sponges are complicated and display non-linear behavior due to the 
combination of the complexity of the scaffold architecture combined 
with poro-viscoelastic properties of collagen (Silver et al., 2002; Wang 
et al., 1997). More specifically, collagen scaffolds have been shown to 
exhibit non-linear yet reversible instabilities under compression, leading 
to complex strain distributions (Kim et al., 2022). 

Numerous studies have demonstrated that chondrocyte behaviors 
such as cell death (Bartell et al., 2015; Bonnevie et al., 2018), apoptosis 
(Delco et al., 2018), and cell signaling (Madden et al., 2015), are related 
to the micromechanical environment of native cartilage explants. In 
particular, the relationship between macroscale applied loading and 
local strain including cellular deformation is crucial (Guilak et al., 
1995). Furthermore, previous studies have demonstrated that chon
drocyte behavior in engineered constructs may be different compared to 
the native tissue, most likely due to differences in local environment 
(Genes et al., 2004; Lee et al., 2017). However, the relationship between 
micromechanical environment and chondrocyte behavior in tissue- 
engineered constructs is understudied, and yet critical for determining 
the viability of these constructs. Understanding this relationship is 
critical to optimize tissue-engineered constructs to minimize adverse 
cellular responses. 

Previous investigations in cartilage micromechanical environment 
were primarily focused on native tissue and chondrocytes in agarose gels 
(Buschmann et al., 1995, 1992; Guilak, 2000; Guilak et al., 1995, 1994). 
Notably, the local mechanics of porous scaffolds is distinct from gels. For 
example, within porous scaffolds, instabilities can lead to large zones of 
strain localization which significantly alters the micromechanical 
environment of the chondrocytes. Such strain localization is absent in 
both hydrogels and native tissue. The effect of such high levels of strain 
localization is unclear, and the relationship between chondrocyte 
viability and the unique micromechanical environment of tissue- 

engineered constructs made using porous scaffold is poorly understood. 
As such, the objective of this study was to investigate the relationship 

between the micromechanical environment generated by local in
stabilities, the architecture of collagen scaffolds, and the resulting 
chondrocyte behavior in tissue-engineered cartilage constructs under 
loading. We manufactured the constructs with honeycomb and sponge 
architectures using commercially available type 1 collagen made from a 
freeze-drying process. We (i) compared the strain distribution in two 
different loading directions, (ii) identified local regions of the constructs 
experiencing elastic, buckling, and densification deformation modes, 
and (iii) compared the cell viability of chondrocytes in regions experi
encing elastic, buckling, and densification deformation modes. 

2. Materials and methods 

2.1. Tissue-Engineered cartilage construct preparation 

Femoral condyles were sterilely harvested from the articular joints of 
neonatal bovids (Gold Medal Packing, Oriskany, NY). Chondrocytes 
were isolated by digesting the condyles with 0.3 % w/v collagenase type 
II (Cappel Worthington Biochemicals, Malvern, PA) for 12 to 18 h. Iso
lated chondrocytes were mixed with 3 mg/ml rat tail collagen (Bowles 
et al., 2010; Cross et al., 2010) at a concentration of 10 × 106 cells/ml. 
The mixture was then seeded onto 6 mm diameter by 1.5 mm height type 
I collagen honeycomb (Histogenics Corp., Waltham, MA) and sponge 
scaffolds (Koken CO., LTD, Tokyo, Japan). A total of 14 tissue- 
engineered constructs (6 with honeycomb scaffolds and 8 with sponge 
scaffolds) were cultured in Dulbecco’s Modified Eagle’s Medium (VWR 
International, Radnor, PA) supplemented with 10% fetal bovine serum 
(GeminiBio, West Sacramento, CA) and 1% antibiotic and antimycotic 
for 48 h under low oxygen (<5%) conditions at 37 ◦C and 5% CO2 in 

Fig. 1. Analysis methods for tissue-engineered cartilage construct. A. Chondrocytes were mixed with collagen and seeded in honeycomb and sponge collagen 
scaffolds. The constructs were cultured for 48 h. B. Tissue-engineered constructs were loaded in Tissue Deformation Imaging Stage and axially compressed. 
Compressive mechanical behavior of the constructs was recorded. Ethidium homodimer – 1 was added after compression to detect dead cells due to the compression. 
C. Compression was applied to both isotropic and orthotropic planes. D. From the compression video, local strain was analyzed. From the EthD-1 stain image, the 
number and location of dead cells were analyzed. E. The relationship between the local strain and percent dead cells was analyzed using the previously found local 
strain and dead cells information. 
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static culture (Fig. 1 A). 

2.2. Micromechanical environment analysis 

The local mechanical responses of each construct were measured 
using a previously established protocol (Buckley et al., 2010, 2008). 
Each construct was bisected into hemi-cylinders. Of the two hemi- 
cylinders, one was stained with 14 µg/mL 5-dichlorotriazinyl-amino
fluorescein (Molecular Probes, Grand Island, NY) for 30 min, and the 
other was kept in phosphate-buffered saline (PBS, Corning Cellgro, 
Manassas, VA) throughout the experiment as a control. Stained con
structs were washed in PBS for 20 min and mounted between two par
allel plates of a tissue deformation imaging stage (TDIS). Constructs 
were mounted in two orientations to study both the isotropic plane (n =
6, 3 with honeycomb and 3 with sponge) and the orthotropic plane (n =
8, 3 with honeycomb and 5 with sponge) (Fig. 1 B). 

The TDIS was placed on an inverted Zeiss LSM 510 5 live confocal 
microscope with a Zeiss 5 × objective (Carl Zeiss AG, Oberkochen, 
Germany). A triangle displacement function with an amplitude of 750 
µm was applied at 0.1 mm/s. The compression video was recorded at a 
frame rate of 20 frames per second. The local Lagrange strain was ob
tained by analyzing compression videos using NCORR, an open-source 
Digital Image Correlation (DIC) program (Blaber et al., 2015). Local 
deformation from the compression videos was tracked with subset 
spacing of 31.2 µm and a subset radius of 62.4 µm. All three local strain 
components (εxx, εxy, and εyy) were extracted and linearly interpolated to 
match the percent cell death grid. The strain norm of each subset was 
obtained by calculating the Euclidean norm of all strain tensors. 

2.3. Cell death analysis 

Chondrocyte death was imaged by adding 2 μM ethidium homo
dimer − 1 (Invitrogen, Waltham, MA) 3 h following the compression. 
The time frame was chosen based on a previous finding that nearly all 
cell death occurred within 3 h post physical stimuli (Bartell et al., 2015). 
Compressed constructs were stained for 30 min. Subsequently, the 
compressed region of each construct was imaged in a z-stack spaced at 
15 μm with a total height of 150 μm. The z-stack images of each 
construct were projected into a single image. Each paired control sample 
was stained with 2 μM ethidium homodimer – 1 and calcein AM (Invi
trogen, Waltham, MA) for 30 min at the end of the experiment. The 
control samples were subsequently imaged in the same fashion as the 
compressed constructs. 

Images were processed using a watershed-based algorithm (Bartell 
et al., 2017) to identify dead cells and collagen scaffolds. Live and dead 
cells of the control samples were identified using the same analysis 
method. The number of dead cells within the compressed samples was 
summed within 140 μm by 140 μm grids. The total number of cells 
within each grid was calculated using the control sample, and the total 
number of cells in each grid was adjusted based on the presence of 
collagen scaffolds (Fig. 1 C). 

2.4. Local deformation modes analysis 

From the recorded compression videos, local deformation modes 
were identified as the classic regions of scaffold deformation (elastic, 
buckled, and densified regions) derived from the stress–strain curves 
and the visual cues (Kim et al., 2022; Middendorf et al., 2017b). These 
correlate to the elastic, plateau, and densified regions of the stress–strain 
plot of a porous solid under compression (Gibson, 2005). A gaussian 
summation model was fitted to the strain norm distribution of each 
collagen scaffold type from 5%, to 30% applied bulk strain with a 5% 
interval (Appendix A, B, C and D). Three gaussian distributions were 
fitted, and the mean and standard deviation of each distribution were 
obtained. If the mean was below 0.1 strain norm, the distribution was 
defined as elastic, while if the mean was between 0.1 and 0.25, the 

distribution was considered as buckled. The mean strain norm above 
0.25 was considered as densified. Means and standard distributions were 
obtained from the summation models. Means of each category were 
averaged, and root sum squares were calculated. In addition, the per
centage of each deformation mode was analyzed by calculating the area 
under each gaussian distribution. 

2.5. Statistical analysis 

A two-way analysis of variance was used to find the statistical sig
nificance of strain and cell death among elastic, buckled, and densified 
regions within each type of collagen scaffold. A one-way analysis of 
variance was used to find statistical significance in cell death among 
deformation modes as well as cell viability in control samples. A two- 
sample Kolmogorov-Smirnov test was used to find the statistical sig
nificance among the bulk-strain dependent strain distributions. p-val
ues<0.05 were considered statistically significant. 

3. Results 

3.1. Failure patterns and local instabilities in the isotropic and the 
orthotropic planes 

The isotropic (Video 1 and 2) and orthotropic planes of tissue- 
engineered constructs displayed distinct mechanical responses (Video 
3 and 4). In the isotropic plane, the first layer of pores located closer to 
the boundary deformed, and subsequent layers of pores collapsed. 
During the compression, these pores displayed large lateral deformation, 
and the scaffold walls were buckled (white arrows, Fig. 2A). The local 
axial strain was concentrated where the scaffold walls were buckled or 
densified (red region, Fig. 2B). Axial strain ranged from −0.1 to −0.25 
for buckled walls, and densified walls had strain lower than −0.25, 
reaching almost −0.5. Cell death was observed in regions with high 
deformation (Fig. 2C). In the orthotropic plane, local buckling initiated 
at individual sites on scaffold walls and propagated across the construct 
to form a global collapse band (white arrow, Fig. 2D). Like the isotropic 
plane, both the local buckling and the global collapse band were re
flected in the local strain distribution (Fig. 2E). The global collapse band 
was characterized by an axial strain of −0.5, and the local strain 
gradient was formed around the collapse band. Cell death was observed 
in regions where the deformation was high (Fig. 2F). 

3.2. Local deformation modes and cell death analysis 

The large strain gradients observed at 30% bulk strain were also seen 
at lower bulk strain levels. We looked at the deformation and strain 
patterns at 15% bulk strain to clearly understand the spatial distribution 
of the strains. At 15% bulk strain, both planes had mostly elastically 
deformed pores, and a small population of buckled and densified pores 
(Fig. 3). Such different levels of pore deformation (Fig. 3A and D) cor
responded to different levels of local strain. The densified region had a 
local compressive strain higher than 0.25, the buckled region contained 
local strains ranging from 0.10 to 0.25, while the elastic region had a 
strain below 0.10 (Fig. 3B and E). The strain distribution patterns were 
clearly multimodal with three distinct deformation modes at different 
strain levels. These three distinct deformation modes were apparent in 
the local strain histograms (Fig. 3C and F) and well modeled by a 
function composed of the sum of three gaussians. In the isotropic plane, 
the gaussian distribution that represented the elastic mode had a strain 
of 0.07 ± 0.03, the buckled mode had 0.22 ± 0.06, and the densified 
mode had 0.34 ± 0.05. In the orthotropic plane, the gaussian distribu
tion that represented the elastic mode had a strain of 0.05 ± 0.02, the 
buckled mode had 0.11 ± 0.04, and the densified region had 0.28 ±

0.05. 
We observed scaffolds at various applied bulk strain levels during 

loading (Fig. 4). The local strain distribution at each applied bulk strain 
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(5, 15, and 30%) was distinct from one another (p < 0.01). However, 
there was no difference in the strain distributions between the two types 
of scaffolds at each applied bulk strain (p > 0.6). In general, at lower 

bulk strain levels, over 80% of the scaffolds experienced elastic defor
mation (Fig. 4, B, D, and E), except for honeycomb scaffolds in the 
isotropic plane (Fig. 4A). Interestingly, >50% of the isotropic plane of 

Fig. 2. Mechanical behavior of the isotropic and orthotropic planes. A. Buckled scaffold walls were detected at 30% bulk strain in the isotropic plane. B. Buckled 
scaffold walls were manifested as high compressive local strain. C. Dead cells were imaged three hours after the compression. D. In the orthotropic plane, global 
collapse band was detected at 30% bulk strain. E. Global collapse band was detected as high compressive local strain. F. Dead cells were detected in regions that 
developed global collapse band. 

Fig. 3. Deformation mode analysis utilizing strain norm distribution and gaussian mixture model. A. Compressive deformation of sponge scaffold in the 
isotropic plane under 15% bulk strain. B. Local compressive strain map of the deformed plane. We see elastic mode from 0 to −0.1, buckled mode from −0.1 to 
−0.25, and densified mode had local compressive below −0.25. C. Gaussian mixture model was fitted to identify elastic, buckled, and densified mode. D. 
Compressive deformation of sponge scaffold in the orthotropic plane under 15% bulk strain. E. Local compressive strain map showing elastic, buckled, and densified 
modes. F. Gaussian mixture model identifying each deformation mode with representative deformation images. 
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the honeycomb scaffolds experienced the buckled deformation mode at 
5% applied bulk strain. As the bulk strain level increased, the percentage 
of regions that experienced buckled and densified deformation 

increased. On the other hand, the orthotropic plane had only 10–15% 
densified region at 30% applied bulk strain, which is much smaller 
compared to the isotropic plane (60–80% densified region). Averaged 

Fig. 4. Strain distribution and gaussian mixture analysis. A. Strain distribution of honeycomb scaffolds in the isotropic plane as applied bulk strain increased 
from 5% to 30%. B. Strain distribution of sponge scaffolds in the isotropic plane. C. Average strain norm of each deformation mode gradually increased from elastic to 
densified mode in the isotropic plane. There was no difference between the two types of scaffolds at each mode. D. Strain distribution of honeycomb scaffolds in the 
orthotropic plane as applied bulk strain increased from 5% to 30%. E. Strain distribution of sponge scaffolds in the orthotropic plane. F. Average strain norm at each 
mode in the orthotropic plane. 

Fig. 5. Deformation mode and percent cell 
death. A. Percent cell death in honeycomb and 
sponge scaffolds at each mode in the isotropic 
plane. There was no difference in cell death 
between the two types of scaffolds at each 
mode. Sponge scaffold had an increase in 
percent cell death at densified mode. B. Com
bined percent cell death data showed that 
there was an increasing trend from elastic to 
buckled mode, and increased percent cell 
death from buckled to densified mode. C. 
There was no difference in percent cell death 
between elastic mode and buckled mode in 
both types of collagen scaffold in the ortho
tropic plane. There was an increase in percent 
cell death from buckled mode to densified 
mode in sponge scaffolds. D. Percent cell death 
was increased in densified mode compared to 
both elastic and buckled mode.   
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strain norm level revealed that in both planes (Fig. 4C and F, Appendix A 
and B), there was no difference in the strain norm level at each defor
mation mode between the two types of collagen scaffolds (p > 0.99). The 
strain norm increased as the construct deformation moved from the 
elastic to densified mode (p < 0.015). More interestingly, strain norm 
levels in all modes were lower in the orthotropic plane than the isotropic 
plane. Overall, the isotropic plane had both a larger percentage of 
buckled and densified regions and a higher strain norm level at each 
deformation mode compared to the orthotropic plane. 

To understand the relationship between scaffold deformation mode 
and cell viability, we compared percent cell death data for each type of 
scaffold in the elastic, buckled, and densified mode. At 30% applied bulk 
strain, the percent cell death within these regions (Fig. 5) was extracted 
and plotted. Cell death in both the isotropic (Fig. 5A) and orthotropic 
(Fig. 5C) planes showed that there was no difference in cell death dis
tribution within each deformation mode between the honeycomb and 
sponge scaffolds (p > 0.5). In the isotropic plane (Fig. 5A), there was no 
difference in cell death between the elastic and the buckled mode for 
both honeycomb and sponge scaffolds (p > 0.6). For the densified mode, 
cell death in the honeycomb scaffolds showed an increasing trend 
compared to the elastic mode (p = 0.12), but had no difference 
compared to the buckled mode (p = 0.79). For sponge scaffolds, cell 
death was higher in the densified mode than the elastic (p < 0.001) and 
the buckled (p < 0.001) modes. In the orthotropic plane (Fig. 5C), cell 
death in honeycomb scaffolds had no difference among the deformation 
modes (p > 0.16). Cell death in the densified mode of the sponge scaffold 
was increased from the elastic (p < 0.05) and buckled (p < 0.001) mode, 
but there was no difference between the elastic and buckled modes (p =
0.98). Collectively, these data show that the scaffold orientation is far 
more important than the scaffold architecture for chondrocyte viability. 

To analyze the relationship more clearly between cell death and 
deformation mode, we combined the data for each scaffold architecture. 
Combined cell death data in the isotropic plane (Fig. 5B) showed that 
there was an increasing trend in cell death (p = 0.10) from the elastic to 
the buckled region, and increased cell death in the densified region 
compared to the elastic (p < 0.001) and buckled (p < 0.001) regions. In 
the orthotropic plane (Fig. 5D), there was no difference in cell death 
between the elastic and buckled modes (p = 1). Cell death was higher in 
the densified mode compared to the elastic (p < 0.001) and buckled (p <
0.001) modes. 

4. Discussion 

This study identified the relationship between the chondrocyte 
viability and their micromechanical environment in tissue-engineered 
constructs during quasi-static loading. More specifically, we investi
gated how scaffold architecture influences local strain distribution and 
subsequent cell death. We utilized fast confocal microscopy and DIC to 
understand how deformation modes in porous collagen scaffolds under 
load control cell viability. Our data showed that the local instabilities 
are directly linked to cell death. We identified three deformation modes 
in tissue-engineered cartilage constructs, elastic, buckled, and densified. 
The overall strain distribution of the constructs was well described by a 
summation of gaussian distributions representing each of the modes. 
Notably, cell viability was directly linked to these deformation modes, 
and there was no difference in cell death between the two types of 
scaffolds. Overall, these results showed that (i) under load, porous 
collagen scaffolds experienced three distinct modes generated by local 
instabilities, (ii) local instabilities are the primary mechanical driver for 
cell death, and (iii) the orientation of the scaffold is more important for 
cell viability than the type of scaffold. 

We observed compression-induced instabilities in both planes 
(Fig. 2). Each plane had a distinct deformation pattern due to the dif
ferences in the effective length of structures experiencing buckling. In 
the isotropic plane, the effective length of the material was approxi
mately the diameter of each pore which ranged from 200 to 300 µm. This 

short effective length combined with the pore architecture created a 
relatively uniform strain gradient within the construct (Fig. 3 B) along 
with the higher lateral strains compared to that of orthotropic plane 
(Appendix F). The orthotropic plane’s effective length was longer at 
roughly 1.5 mm, which corresponds to the height of the scaffold. Under 
compression, the constructs developed local instabilities that propa
gated into a global collapse band, which was not observed in the 
isotropic plane. The local and global instabilities in the orthotropic plane 
resulted in regions with highly concentrated strain>0.25 compressive 
strain (Fig. 3E). 

These distinct mechanical behaviors between the two planes were 
well characterized by the gaussian summation models of strain norm 
distributions (Appendix A, B, C and D, R2 > 0.53, RMSE < 0.15). At 30% 
applied bulk strain, almost all regions in the isotropic plane experienced 
buckled or densified deformation, indicating a relatively uniform strain 
gradient within the construct. In the orthotropic plane, almost 40% of 
the construct experienced elastic deformation, suggesting a concen
trated deformation around the global collapse band (Video 3 and 4). 
Notably, there was no difference in strain level per deformation mode 
between the two types of collagen scaffolds (Fig. 4 C and F), though each 
type of collagen scaffold had distinct strain distributions in both planes 
(Appendix I, p < 0.01). This orientation-dependent strain distribution 
created different micromechanical environments for chondrocytes 
seeded on collagen scaffolds, which greatly influenced the cell viability. 
Overall, these results indicate that the macro-architecture, such as the 
orientation, has a greater influence on the deformation modes scaffolds 
exhibit under load than the micro-architectural features, such as the 
presence of smaller pores (50 ~ 150 um) in sponge scaffolds. 

The identified deformation modes in both planes significantly 
impacted cell death (Fig. 5). In both planes, the level of cell death in 
regions that exhibited the elastic deformation mode was not different 
from the controlled samples (Appendix J, p > 0.26). Notably, cell death 
increased from the elastic to the densified mode (Fig. 5 B and D), but 
there was no difference in cell death between the elastic and buckled 
modes or between the two types of scaffolds for any of the modes (Fig. 5 
A and C). This suggests that the threshold for cell death is the densified 
deformation mode for tissue-engineered cartilage constructs, which 
implies that preventing densification in porous scaffolds is crucial for 
preventing cell death. Collectively, our data show that having an 
orthotropic plane within the collagen scaffolds and aligning the plane 
with the direction of in vivo load might be crucial for preventing cell 
death in tissue-engineered cartilage constructs after implantation. 

Our results show that chondrocytes grown on porous collagen scaf
folds under quasi-static compression have a similar threshold for chon
drocyte death observed in native tissues under high-speed impact 
loading which was around 0.1 strain norm (Bartell et al., 2015). How
ever, the level of cell death was lower in tissue-engineered constructs 
compared to native cartilage tissue. In the buckled mode, the average 
strain norm level was approximately 0.2 for both planes, which resulted 
in 10% to 20% cell death. In native cartilage tissue, 0.2 strain norm 
resulted in almost 70% cell death. In addition, the average strain norm 
level was 0.4 for the densified mode which resulted in 20% to 30% cell 
death. In native tissue, this level of strain norm should have resulted in 
100% cell death. The discrepancy most likely originated from the 
loading rate and architectural features of collagen scaffolds. High speed 
impact loading created a large hydrostatic pressure within native tissue 
which was absent in the tissue-engineered construct. In addition, 
chondrocytes in native tissue experienced extracellular matrix to cell 
compression while chondrocytes in tissue-engineered constructs mostly 
experienced collagen scaffold walls to cell compression. Furthermore, 
instabilities in collagen scaffolds created regions of high strain rates that 
may be harmful for cells. This discrepancy further highlights the unique 
micromechanical environment of tissue-engineered constructs that was 
heavily influenced by the architectural features of collagen scaffolds. 

The limitations of this study arise from differences between in vivo 
and in vitro boundary conditions. While constructs in this study were 
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loaded in unconfined compression, constructs implanted into focal de
fects in vivo can experience a variety of boundary conditions ranging 
from confined compression to unconfined compression. Confined 
compression will result in a higher hydrostatic pressure compared to the 
unconfined compression boundary condition which can impact cell 
death. In this study, we utilized a quasi-static loading condition to allow 
fluid to escape the sample, hence decoupling the effect of construct 
deformation on chondrocyte viability from the potential influence of 
hydrostatic pressure. Additionally, three-dimensional deformation of 
the constructs was observed during compression (Video 3 and 4). Our 
strain mapping technique, a two-dimensional analysis, cannot capture 
all three-dimensional strain components, which might explain the sub
stantial variability in cell viability. In addition, the technique often loses 
up to 8% of the total data set on the local regions with extreme three- 
dimensional deformation. These regions were removed from strain-cell 
death correlation analysis. Lastly, we did not measure the forces dur
ing the experiments or the mechanical properties of the constructs. 
However, the mechanical properties and the stress–strain behaviors of 
the constructs were analyzed in previous studies (Kim et al., 2022; 
Middendorf et al., 2017a). 

Previous studies in cellular solids and foams primarily focused on 
identifying deformation modes from the macro stress–strain curves 
(Andrews et al., 1999; Gaitanaros et al., 2012; Gong et al., 2005; Jang 
and Kyriakides, 2009). Such approaches have been adopted to study the 
mechanical response of collagen scaffolds (Gibson, 2005; Harley et al., 
2007). However, recent findings suggest that analyzing only the 
stress–strain curves may not be sufficient to fully characterize the me
chanical responses of cellular solids and foams (Aakash et al., 2019; Kim 
et al., 2022). Furthermore, the mechanical consequences from the 
architectural features of collagen scaffolds and their effects on cell 
viability were not previously well characterized. This study provides 
insight on the relationship between the architectural features of collagen 
scaffolds and the local micromechanical response and the influence of 
this micromechanical environment on chondrocyte viability. Overall, 
our data suggest that minimizing buckling and densification in collagen 
scaffolds, by reinforcing the pores with more fibers or filling in the pores 
with stiffer hydrogel, is crucial for minimizing cell death in tissue- 
engineered cartilage constructs. 
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