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Mechanical Testing of Cell-Material Constructs

A Review

John Kisiday, Alex Kerin, and Alan Grodzinsky

1. Introduction

The exponential growth in basic research and clinical trials involving tissue-
engineered materials has generated a corresponding need for the evaluation of
the material properties and functional performance of these constructs during
development and/or after implantation. Applications focusing on musculosk-
eletal tissues, in particular, require detailed assessment of the biomechanical
properties of neo-tissue constructs in vitro and in vivo (1). Based on the known
properties of normal tissues, investigators have identified a range of biologi-
cal, biochemical, and biophysical end-point parameters that must be quantified
to determine the potential for success of a particular tissue-engineering meth-
odology. Such end-point assessment is critical to our understanding of the basic
scientific approaches underlying tissue engineering. In addition, biomechani-
cal assessment is crucial for the implementation of regulatory processes that
are coupled to clinical practice.

When creating musculoskeletal tissue constructs, it is important to deter-
mine whether the constructs are capable of withstanding the forces associated
with locomotion in vivo, and whether construct properties compare to the cor-
responding native tissue (1,2). In some instances, it is required that the con-
struct should be bioabsorbable, and measurement of material properties may
help to quantify the mechanisms and kinetics of biodegradability. For tissue-
engineering approaches in which cells must re-synthesize a functional extra-
cellular matrix (ECM) within a scaffold, the mechanical properties of the
construct will indicate whether the native structure is being replicated (3). The
ability to quantify the intrinsic mechanical properties of tissue constructs is
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also necessary to compare alternative techniques used to synthesize specific
tissues and to compare approaches used by different research groups. Finally,
the ability to monitor the mechanical properties of implanted constructs in situ
can help to evaluate the degree of successful repair of injured or diseased tis-
sues and organs (4).

1.1. Native Tissue Properties Motivate Construct Evaluation

Musculoskeletal tissues are composed of cells surrounded by a porous, hydrated
ECM (including a mineralized phase in the case of hard tissues). Biomechani-
cal characterization of such tissues must reflect a variety of material proper-
ties, including the equilibrium behavior of the ECM and the time-dependent
viscoelastic and poroelastic behavior of the tissue following deformation. For
example, articular cartilage is often modeled as a poroelastic or biphasic mate-
rial (5,6) with a porous solid phase and mobile interstitial fluid containing ionic
(7) and other solutes. The mechanical properties are dependent on the behavior
of the solid phase—which may be modeled as intrinsically elastic or viscoelas-
tic (8)—as well as fluid—solid interactions that may accompany tissue defor-
mation, limited by matrix porosity and electrical charge effects (6,7). These
fluid solid interactions give the tissue increased stiffness to loads that occur at
higher rates (higher frequencies) (9), a property that is critical to functional
behavior in vivo. Therefore, investigators who study the biomechanical behay-
ior of tissue-engineered cartilage constructs look to these cartilage-like proper-
ties as hallmarks of the potential for success upon implantation (10-12).

1.2. Characterization of Constructs In Vitro

Cell-seeded constructs for tendon, ligament, meniscus, cartilage, and bone
are being studied with the use of a variety of cell sources (e. 8., primary cells,
cell lines, stem cells) cultured in natural and synthetic scaffold materials (13-15).
Motivated by the tissue type and desired properties, methodologies have been
developed to quantify construct properties in compression (confined and
unconfined), tension, and shear. Although destructive non-sterile measurement
techniques can be used to advantage, several incubator-housed testing instru-
ments have recently been developed. Such devices enable the investigator to
measure the time-dependent evolution of living construct material properties
over a period of days, weeks, or even months in culture. These instruments can
also be used for mechanical stimulation of cell-seeded constructs as a means of
improving the functional mechanical properties of the end product.

1.3. Characterization of Repair Tissue In Situ

The use of tissue engineered constructs for musculoskeleta] applications in
vivo has necessitated the development of methods for quantifying the func-
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Fig. 1. Four testing configurations for measurement of intrinsic material properties
of tissue-engineered constructs and cellular deformation in vitro: (A) Uniaxial con-
fined compression. (B) Uniaxial unconfined compression. (C) Tension. (D) Shear.

tional biomechanical properties of the resulting implants as repair or unwanted
degeneration ensues. After implantation into animals, it is often desirable to
compare the properties of the repair tissue to those of adjacent normal tissue.
Histological examination can provide valuable, qualitative information regard-
ing the biochemical composition of the implant and tissue integration into the
host. Non-destructive imaging modalities such as magnetic resonance imaging
(MRI) can also provide compositional data during stages of construct develop-
ment in vivo. However, it is extremely useful to have direct quantitative mea-
surements of the biomechanical properties of the repair tissue that cannot yet
be obtained by other modalities. Several new devices are now under various
stages of development for direct in situ measurement of material properties, as
summarized here.

2. Overview of In Vitro Biomechanical Evaluation

Upon implantation, tissue engineered constructs may be subjected to a com-
plex physical environment. The objective of biomechanical testing in vitro is
not to directly mimic in situ loading. Instead, mechanical tests utilizing com-
pression, tension, or shear loading (Fig. 1) may be conducted (2) to establish
the baseline intrinsic material properties of the construct (e.g., Table 1 for
cartilage). These values may be compared to those of native tissues to estimate
Wwhether the construct is suitable for implantation. The material properties of
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various constructs may also be compared to evaluate the relative advantages of
a particular scaffold material (see Note 1).

2.1. Equilibrium Biomechanical Properties

The equilibrium stress-strain behavior of constructs is determined by mea-
suring the stress (load normalized to construct cross-sectional area) in response
to an applied strain (change in tissue dimension normalized to the original
dimension), or vice versa. Equilibrium properties may be evaluated by apply-
ing very slow ramps of load or displacement (e.g., at a low strain rate). Alter-
natively, a series of small increments in load (or displacement) may be applied,
and the final steady-state displacement (load) attained after creep (stress relax-
ation) is used to compute the equilibrium stress-strain behavior. This stress-
strain plot is used to calculate the equilibrium modulus. The simplicity of this
testing protocol allows for measurements to be made using a simple-load cell
and displacement system.

Constructs may exhibit an elastic region in which scaffold geometry is com-
pletely restored upon unloading. Native biological tissues are likely to be inho-
mogeneous and anisotropic, and may exhibit highly nonlinear stress-strain
behavior. The initial deformation of tendons, for example, results in nonlinear
increases in stress, the so-called “toe” region. The equilibrium stress-strain
behavior beyond this toe region may be approximately linear, and is of interest
in defining an equilibrium elastic modulus of the tissue—the slope of the linear
stress/strain plot (16). Similar behavior may be expected from cell-seeded con-
structs, although construct properties may be initially more homogeneous if
cells are evenly seeded throughout the scaffold, especially at early stages of
matrix deposition.

2.2, Dynamic Biomechanical Properties

Dynamic biomechanical measurements are important in characterizing con-
struct response to periodic loading environments, such as that experienced by
musculoskeletal tissues during locomotion. Thus, the rate or frequency of testing
is motivated by physiological loading rates. The complex nature of dynamic test-
ing requires more sophisticated instruments capable of feedback control of
applied displacement or load. Sinusoidal, saw-tooth, pulse-like, or other wave-
forms are often used. Because of the poroelastic and viscoelastic properties of
cell-seeded constructs, dynamic properties will depend on specimen geometry
and testing conditions. In particular, dynamic properties are expected to depend
on strain rate or frequency (6). Rapid deformation also creates a proportional
increase in hydrostatic pressure within a fluid-filled cell-seeded construct. In
addition, the viscoelastic relaxation properties of the ECM are limited by rapid
deformation, thereby increasing material stiffness. Test sample geometry may



also complicate the measurement of biomechanical properties. Cell-seeded
constructs are often limited in size. As a result, clamping of the construct by
the testing grips of the instrument can cause nonuniform strain distributions
within the sample. Gardiner et al. (17) demonstrates an example of the effects of
sample geometry on shear properties. Guidelines for optimal sample geometry
are available from the American Society for Testing and Materials (ASTM).

2.3. Failure Testing

In addition to evaluating constructs in a non-destructive manner, failure test-
ing may be used to identify the maximum load or strain that the construct may
endure. For example, the strain at which a construct undergoes permanent
deformation, and will not return to the original geometry upon unloading, is
known as the yield strain, and the accompanying stress, the yield stress (or
strength). Constructs tested in tension or shear may be deformed to the point
when macroscopic fractures occur (16), corresponding to the ultimate stress
(or strength). Compressive ultimate strength testing is possible, but it is some-
times difficult to define failure, especially in softer tissues. Failure properties
may be compared to the mechanical environment encountered in vivo in order
to predict the structural stability of the implant.

Determining which failure parameter is the most relevant depends on the
expected loading as well as the tissue surrounding the construct. For example,
implantation of constructs into focal defects in articular cartilage can create an
interface between native and construct materials with very different compres-
sive stiffness. Without adequate integration at the interface, joint loading forces
(18) can lead to failure at the interface, a very challenging problem for carti-
lage tissue engineering. Similarly, implantation of constructs for bone regen-
eration that occupy the entire cross-section of the bone must support total
structural loading. Variation in construct strain can be predicted from applied
stress. Construct failure analysis is based on the understanding of subfailure

and failure properties of the material, utilizing the testing configurations out-
lined here.

3. In Vitro Biomechanical Methods
3.1. Confined and Unconfined Compression

Specimen geometry for compression testing (see Notes 2-4) is typically
cylindrical disk or slab structures, with parallel surfaces to ensure even load
distribution. Compressive testing is performed with samples held in a radially
unconfined or confined geometry. In unconfined compression (Fig. 1B),
samples are allowed to freely expand radially during uniaxial compression (see
Note 5). Under ideal conditions, the slope of the measured equilibrium stress/
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strain curve in the linear region gives the equilibrium compressive Young’s
modulus, E, of the construct. Specimen geometry is limited to a range of aspect
ratios of sample height/width to prevent testing artifacts such as buckling.
Confined compression (Fig. 1A) requires specimens to be tested in a tight-
fitting chamber to prevent any radial expansion. Typically, the specimen is
compressed by a porous platen to allow free draining of the construct fluid at
the platen-construct interface during compression (see Notes 6,7). Both the
equilibrium-confined compression modulus, H, and the dynamic stiffness can
be measured in this configuration. The dynamic stiffness includes contribu-
tions from hydrostatic pressurization within the construct associated with fluid-
ECM frictional forces (6,7). Extensive descriptions of methodological details
are available in confined (3,19,20-23) and unconfined (9,24,25) geometries.

3.2. Tension

Tensile properties of constructs may be determined from both equilibrium
and time-varying stress-strain measurements. The equilibrium Young’s modu-
lus, E, can be calculated from the linear region of the equilibrium stress-strain
curve. Samples must be appropriately fixed within testing grips to prevent arte-
factual failure at the sample/grip interface. If the specimen size allows, test
samples may be cut in a “dogbone” geometry (Fig. 1C) such that a large grip
area relative to the working length (26) minimizes stress concentrations at the
grip. Other fixation strategies are available for specific sample geometries
(16,27-29). In all cases, failure of the sample within the working length is
indicative of a properly fixed sample.

Tensile test sample lengths must be significantly greater than cross-sectional
dimensions (see Note 1) to ensure uniform strain through the working length;
see ASTM guidelines summarized in ref. (2). Large working lengths may also
minimize bending effects resulting from irregular samples or improper align-
ment in the testing apparatus. When a working length has not been defined,
evaluation of strain must be representative of the working length. Extensom-
eters, optical scanning, or other devices may be necessary to accurately evalu-
ate strain in the region of interest.

3.3. Shear

Specimen geometry for shear measurements is similar to that for compres-
sion, in which flat, parallel surfaces are necessary for accurate testing. Samples
are fixed between parallel platens so that shear deformation may be performed
using rotational (30,31) or translational (25,31-34) displacement (see Note 8)
(Fig. 1D). Translational displacements result in shear stress equal to the force
normalized to specimen surface area. For rotational displacement, stress is cal-
culated from the applied torque, sample radius. and surface nolar moment of






