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Abstract

Despite significant advances in scaffold design, manufacture, and development, it remains unclear
what forces these scaffolds must withstand when implanted into the heavily loaded environment of
the knee joint. The objective of this study was to fully quantify the dynamic contact mechanics
across the tibial plateau of the human knee joint during gait and stair climbing. Our model
consisted of a modified Stanmore knee simulator (to apply multi-directional dynamic forces), a
two-camera motion capture system (to record joint kinematics), an electronic sensor (to record
contact stresses on the tibial plateau), and a suite of post-processing algorithms. During gait, peak
contact stresses on the medial plateau occurred in areas of cartilage-cartilage contact; while during
stair climb, peak contact stresses were located in the posterior aspect of the plateau, under the
meniscus. On the lateral plateau, during gait and in early stair-climb, peak contact stresses
occurred under the meniscus, while in late stair-climb, peak contact stresses were experienced in
the zone of cartilage-cartilage contact. At 45% of the gait cycle, and 20% and 48% of the stair-
climb cycle, peak stresses were simultaneously experienced on both the medial and lateral
compartment, suggesting that these phases of loading warrant particular consideration in any
simulation intended to evaluate scaffold performance. Our study suggests that in order to design a
scaffold capable of restoring ‘normal’ contact mechanics to the injured knees, the mechanics of
the intended site of implantation should be taken into account in any pre-clinical testing regime.

Introduction

The human knee experiences complex multidirectional and dynamically varying forces
during activities of daily living. Technologies intended to repair or replace damaged joint
tissue must not only withstand these complex forces but should also carry and distribute
loads much in the way of the native tissue. Despite significant advances in scaffold design,
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manufacture and development (AufderHeide and Athanasiou, 2004; Freed et al., 2006), it
remains unclear what forces these scaffolds are likely to be subjected to in vivo. This deficit
in knowledge is caused in part by the absence of a model that can allow for the direct
measurement of knee joint contact mechanics under physiological loads that represent
activities of daily living.

Instrumented total knee replacements have been used to record the forces acting on patients’
prostheses during everyday activities, but the regional distribution of contact forces or the
effect of soft tissue injury and repair on those forces cannot be assessed. In vivo gait analysis
studies have quantified how the tibia moves relative to the femur during walking (Dyrby and
Andriacchi, 2004; Scanlan et al., 2010), but the resulting contact mechanics cannot be
directly measured. Computational models can be programmed to apply complex
multidirectional loading conditions across in silica representations of the knee joint
(Hopkins et al., 2010; Netravali et al., 2011) that capture the anisotropy and inhomogeneity
of the soft tissues (Mononen et al., 2013), but the challenges of creating and experimentally
validating the data generated have not yet been met. Cadaveric studies have been used to
physically measure the contact forces across the knee joint using electronic sensors
(Mundermann et al., 2008; Taylor et al., 1997) and pressure-sensitive film (Fornalski et al.,
2012; Seitz et al., 2012); but the models typically apply static (Seitz et al., 2012), or quasi-
static loads (Li et al., 2004; Wunschel et al., 2012) and oftentimes the applied forces are a
fraction of that expected in vivo (Li et al., 2004; Wunschel et al., 2012). In models that
capture the multidirectional nature of loading during simulated activities of daily living
(Bedi et al., 2010), analysis of contact mechanics has been restricted to pre-defined points
within the gait cycle, thus a full analysis of dynamic contact mechanics throughout any
activity is not yet available. The objective of this study was to fully quantify the dynamic
contact mechanics across the tibial plateau of the human knee joint throughout
experimentally simulated activities of gait and stair climbing.

The fixtures of a Stanmore knee simulator were modified to accept a cadaveric knee. 5 fresh
frozen cadaveric knees, midshaft femur to midshaft tibia, (3 Female, 2 Male, ages 39-62)
were prepared as previously described (Bedi et al., 2010), Figure 1. The inputs to simulate
gait were obtained from 1SO standard #14243-1 (Taylor et al., 1997) while stair climb data
was input from a study by Fantozzi et al., 2003, Figure 2. To accommodate the maximum
flexion angle of 65° possible with the simulator, the stair ascent flexion input was modified
to exclude 0—20% and 75-100% of the cycle during which time axial loads are relatively
low, but flexion angles of up to 120° occur.

A polycarbonate reference marker (Fiducial) consisting of pre-machined lines was fixed on
the proximal tibia. The Fiducial and the 3D location of tibial landmarks (insertion of the
collateral ligaments and a point most distal to the joint line) were traced with a 3D
microscribe digitizer (Reware, Raleigh, NC). A 2-camera motion capture system (Motion
Analysis, Santa Rosa, CA) was used to capture the 3D positions of the femur, tibia and a
pointer (used to digitize femoral landmarks) at 50 Hz throughout gait and stair-climb. These
landmarks were then used to quantify knee motion with custom software developed in
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MATLAB (Mathworks, Naticl, MA) using a variant of (Grood and Suntay, 1983). In our
definition, the transepicondylar axis is preserved as the flexion axis while the malleoli
midpoint is replaced with a point on the tibia that is most distal to the joint line, to define
tibial axis rotation. The varus-valgus axis remains as the floating axis derived from the other
two axes, and the translations are defined as the motion of the tibial center (collateral
insertion midpoint) relative to the femoral center (epicondylar midpoint). An assessment of
the effect of this modified approach on computed joint kinematics is outlined in Supplement
A.

An electronic sensor (4010N, Tekscan, MA) composed of a matrix of 22x34 sensing
elements (sensels: each measuring 1x1mm and separated from its neighboring sensel by 0.5
mm), capable of quantifying the contact stress normal to its surface (100 Hz), hereafter
called “contact stress’, was used. Each sensor was augmented with plastic tabs and a layer of
Durapore™ surgical tape (3M, MN), sealed between two layers of Tegaderm™ adhesive
dressing (3M, MN), calibrated and equilibrated (Brimacombe et al., 2009). Once inserted
under the menisci, the sensor was fixed to the surface of the medial and lateral tibial plateau
by suturing the plastic tabs to the posterior knee capsule and close to the tibial insertion of
the anterior cruciate ligament.

The position of the femur-tibia complex under 1000 N of axial force (used to represent the
neutral position of the knee during stance), as recorded by the camera-based system, was
used as a reference from which all translations and rotations were calculated. The simulator
was programmed to apply 20 cycles of gait (at 0.5 Hz) and stair ascent (at 0.25 Hz).

Using custom MATLAB code, the following contact parameters were computed for each
frame of data recorded for the medial and lateral compartments: (i) contact area, (ii)
maximum contact stress, and (iii) total load. For each knee, two regions of interest (ROI)
were selected based on the contour stress maps that occurred at 14% of the gait cycle,
representing cartilage-cartilage and meniscal-cartilage contact. Gaussian distributions of
load were identified as the cartilage-cartilage contact region and the remaining loaded
sensels on the plateau were taken as the cartilage-meniscal contact area. The ROIs were
identified 3 independent times and the area of contact and load carried by each region was
computed throughout loading.

Based on prior studies that have indicated a relationship between velocity of tibial-femoral
contact and rate of cartilage degeneration (Beveridge et al., 2013), and a relationship
between shear stress magnitude and structural organization of cell-seeded scaffolds for
articular cartilage defects (Chen et al., 2012), we sought to describe the movement of contact
on the tibia. The (X, Y) location of the weighted center of contact (WCoCyx, WCoCy) for
the medial and lateral plateau for each frame of data throughout the gait cycle were
computed (see Supplement B & Gee and Wang et al., in review), where X is in the medial-
lateral direction and Y is in the anterior-posterior direction. The instantaneous anterior/
posterior (AP) velocities as well as the internal/external (IE) velocities for the WCoC were
computed.
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Knee kinematics followed well defined and reproducible patterns (Figure 3A&B), with
minimal medial-lateral translations (5-7mm) and varus-valgus rotations (3-7°) in gait and
stair climb. The area of contact across the medial and lateral plateau was lowest immediately
after heel strike, but after about 15% of the gait cycle remained relatively constant until
about 40% of the gait cycle (Figure 4A). On the medial plateau, maximum contact stresses
occurred at 5% and 45% of the gait cycle (4.38 £ 0.62 MPa and 5.61 + 1.53 MPa,
respectively: Figure 4B) and were located in the area of cartilage-cartilage contact. On the
lateral plateau, the maximum contact stress occurred at 14% and 45% of the gait cycle with
average values of 7.26 + 2.51 MPa and 5.65 + 3.14 MPa respectively (Figure 4B). At 14%
of the gait cycle, the average maximum stress on the medial plateau was 3-fold lower than
the maximum stress on the lateral plateau. However, when the total load carried by the
plateaus was computed, equal load was carried on the medial and lateral plateaus throughout
early stance (Figure 4C).

During stair climbing, the area of contact on the medial and lateral plateaus were similar
except between 45% and 60% of the cycle (Figure 4D), where higher areas of contact were
seen on the lateral plateau. Peak stresses on the medial plateau were located on the posterior
aspect, under the meniscus, with values of 7.73 £ 2.92 MPa and 4.41 + 2.17 MPa
respectively at 20% and 48% of the cycle (Figure 4E). Peak stresses on the lateral plateau
remained in the area of meniscal contact at 20% of the cycle (7.43 + 2.32 MPa), but moved
to the zone of cartilage-cartilage contact at 48% of the cycle (3.05 £ 0.52 MPa), respectively
(Figure 4E). Total load was shared equally between the plateaus during stance phase (Figure
4F).

The cartilage-cartilage contact ROI (Figure 5A) and meniscal-cartilage contact ROI (Figure
5B) were used to calculate the area ratios (Figure 5C) and load ratios (Figure 5D) for the
medial and lateral plateau. For gait, consider the medial plateau contact area ratio: higher
contact area occurred under the meniscus than under the zone of cartilage-cartilage contact
throughout gait, with the exception of terminal stance (approximately 60% of the gait cycle),
when the contact area in the cartilage-cartilage zone was higher than that under the
meniscus. The load ratio data, demonstrated that cartilage under the meniscus carried a
higher proportion of the load, than the area of cartilage-cartilage contact at around 15-25%
of the gait cycle, while for the remainder of the cycle, load was predominantly born by the
cartilage-cartilage zone. Data from the lateral plateau, suggested that area of contact was
consistently higher under the meniscus for the entirety of the gait cycle, while higher
stresses were born by the cartilage under the meniscus throughout gait.

The same regions of interest outlined for gait were used for stair climbing (Figure 5E and F)
and were used to calculate the contact area ratio (Figure 5G) and load ratio (Figure 5H)
throughout stair climb. Higher contact area was present under the meniscus than under the
zone of cartilage-cartilage contact throughout stair-climb for both compartments. The load
ratio data further suggested that a higher proportion of the load was carried by the meniscus
on the medial and lateral plateau, except on the lateral plateau during 40% to 50% of stair-
climb, when a higher proportion of load was carried in the cartilage-cartilage ROI.
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In early stance, the WCoC on both medial and lateral plateaus first moved anteriorly
reaching a maximum velocity of 26.7 mm/sec for the medial plateau and 77.7 mm/sec for
the lateral plateau at 2.5% of the gait cycle. WCoC then moved posteriorly until 14% of the
gait cycle with a maximum velocity of 106.5 mm/sec and 44.0 mm/sec for the medial and
lateral plateaus respectively (Figure 6A black lines). At 14% of gait the medial WCoC
moved in an anterior direction and the lateral WCoC moved in a posterior direction,
suggesting that the primary motion of the tibia is in rotation. The rotation of the WCoC
(Figure 6A grey dotted line) during the stance phase of walking first rotated externally until
14% of the gait cycle, then rotated internally before rotating externally again between 50%
and 60% of the cycle. During stair climbing, all knees had an anterior shift of the WCoC on
the medial plateau and a posterior shift of the WCoC on the lateral plateau at 20% to 40% of
the cycle leading to an external rotation of the WCoC between 20% and 40% of the stair
climb cycle (Figure 6B). Between 40% and 60% of stair climb the WCoC on the medial and
lateral plateau remained in a fixed position; neither translating nor rotating. After 60% of
stair climb the WCoC could not be consistently calculated due to the small axial loads being
applied.

Discussion

By way of a novel experimental model that mimics gait and stair climb, we have fully
quantified the dynamic contact mechanics of the human knee. Our data indicates that the
magnitude of contact stress experienced by articular cartilage is highly dependent on its
location on the tibial plateau and the activity being modeled. Specifically, during gait, peak
contact stresses on the medial plateau occurred in areas of cartilage-cartilage contact; while
during stair climb, peak contact stresses were located in the posterior aspect of the plateau,
under the meniscus. On the lateral plateau, during gait and in early stair-climb, peak contact
stresses occurred under the meniscus, while late in the stance phase of stair-climb, peak
contact stresses were experienced in the zone of cartilage-cartilage contact. Furthermore, at
45% of the gait cycle, and at 20% and 48% of the stair climb cycle, peak stresses were
simultaneously experienced on both the medial and lateral compartment, suggesting that
these phases of loading warrant particular consideration in any simulation intended to
evaluate scaffold performance. Finally, contact on the tibial plateau moved in a predictable
manner, based on tibial kinematics, reaching peak velocities of 107 mm/s on the medial
plateau during gait. Our study suggests that in order to design a scaffold capable of restoring
‘normal’ contact mechanics to the injured knees, the mechanics of the intended site of
implantation should be taken into account in any pre-clinical testing regime.

The simulator has been previously used to analyze the effect of meniscal and ligament injury
on knee joint contact mechanics at specific points in the walking cycle (Bedi et al. 2010,
2012, 2013). However a thorough analysis of contact mechanics throughout gait was not
previously possible and stair climb has not been analyzed. To provide confidence in the
ability of our force controlled simulator to result in physiological kinematics, we analyzed
the translations and rotations of the tibia relative to the femur throughout gait and stair-climb
and compared it to that presented in literature. During gait, the posterior translation and
external rotation of the tibia that occurred at heel strike in our model fall within the
magnitude and directions reported by (Andriacchi and Dyrby, 2005; Lafortune et al., 1992).
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Furthermore, the change in direction of tibial translation which occurred at 5% of gait when
an anterior translation commenced, followed the same pattern of magnitude and direction to
that reported by (Kozanek et al., 2009; Lafortune et al., 1992). From 5% to almost 90% of
the gait cycle, the tibiae in our model remained in an anterior location, with a peak anterior
position occurring at approximately 70% of the gait cycle. The rather stable location of the
tibia in an anterior location has also been reported clinically (Andriacchi and Dyrby, 2005;
Kozanek et al., 2009; Lafortune et al., 1992); however (Kozanek et al., 2009), (Lafortune et
al., 1992), and (Koo and Andriacchi, 2008), reported a posterior translation towards the end
of the stance phase that was not mimicked in our study. The magnitude and direction of
medial-lateral translation and varus-valgus rotation were also similar to that reported by
(Kozanek et al., 2009; Lafortune et al., 1992). While substantial data on knee kinematics is
available for the activity of walking, much less data is available on how the tibia moves
relative to the femur during stair-climb.(Goyal et al., 2012) reported external rotations of the
tibia from 20-60 % of the cycle, followed by internal rotation for the remainder of the cycle.
While these directions mirror that reported in our study, the magnitude of rotation that we
report (25—-30°) was significantly less than that reported by (Goyal et al., 2012), 5-15°. Data
reported by (Gao et al., 2012), and (Costigan et al., 2002), also suggested that the magnitude
of tibial rotation during stair-climb is low (5-10°); but contrary to that reported by Goyal et
al., their tibiae only demonstrated appreciable rotations after 60% of the cycle (Gao et al.,
2012). In summary, knee kinematics reported in this study are within the envelope of that
reported in literature.

During gait, there were no differences in the contact area between the medial and lateral
plateaus but there was a difference in the maximum stress at 14% of gait, with the lateral
plateau experiencing higher peak contact stresses. At this point of the gait cycle, the loads on
the medial plateau were distributed evenly between the meniscal-cartilage and cartilage-
cartilage ROls. At the second axial peak (45% of gait), the ratio of load is shifted to areas of
cartilage-cartilage contact. This result suggests that the medial meniscus plays a dominant
load carrying role during the early phase of stance, and less so during the latter portions of
stance; further suggesting that pre-clinical tests intended to evaluate the functional
performance of scaffolds for medial meniscal repair should mimic early stance. On the
lateral plateau, however, loads are distributed equally between the cartilage and the
meniscus throughout gait, suggesting that the lateral meniscus functions to carry load
throughout gait. When the knees were subjected to stair climb, peak contact stresses
occurred in both compartments at 20% and 48% of the cycle; with stresses highest on the
posterior aspect of the medial plateau under the meniscus. The variation in loads between
cartilage-cartilage and meniscal-cartilage ROIs, are in line with regional variations in
cartilage thickness (Li et al., 2005) and mechanical properties (Deneweth et al., 2013) that
have previously been reported for human knees. Taken together, this information suggest
that scaffolds for the repair of cartilage defects, should not only have different geometric
requirements depending on their location in the knee joint, but also different load bearing
requirements.

The WCoC parameter was developed to allow us to track contact on the tibia throughout
both activities. As described previously for gait (Koo and Andriacchi, 2008; Kozanek et al.,
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2009), contact on the tibial plateau first moves posteriorly then anteriorly in early stance
before rotating internally in mid-to-late stance. The WCoC motions measured in our study,
mimic these motions, and correlate with the AP translations and IE rotations of the tibia of
the knees tested in this study during different phases of gait (see supplement). The motion of
the WCoC on the medial and lateral plateaus during gait suggests a pivot about the lateral
compartment which is similar to that recently described by (Kozanek et al., 2009) and (Koo
and Andriacchi, 2008). During the stance phase of stair climbing there was very little
movement of the WCoC. The correlation between the kinematic velocities and the IE WCoC
velocities were high (see supplement) and suggest a medial pivot around which the lateral
WCoC swings, which has been previously reported for quasi-static activities such as lunging
and squatting (Li et al., 2005; Wunschel et al., 2011).

Increased velocity of contact between the tibia and femur has been correlated with increased
rates of articular cartilage degeneration in an ovine model (Beveridge et al., 2013);
suggesting that scaffolds to repair ligamentous soft tissue injuries should result in velocities
of contact that do not differ significantly from that of the intact knee so as to avoid further
cartilage injury. Despite this requirement, no data exists that describes the velocity of
directly measured contact in human knees during activities of daily living. We have
demonstrated that during early stance, the velocities of the WCoC alternated from anterior to
posterior, with peak values of 77.7 mm/sec and 106.5 mm/sec for the anterior and posterior
motions respectively. These high velocities are most likely caused by the rapid changes in
the applied AP forces associated with heel strike and weight acceptance phases of stance
when the muscles are activated to stabilize the joint after swing up to 14% of the gait cycle.
For the activity of stair climb, maximum external rotational velocity of 22.3 °/sec was
computed. The significance of these values lies in the fact that any cartilage or meniscal
substitute should be able to structurally withstand physiological contact velocities. It might
also be possible to pre-condition scaffolds for articular cartilage repair under conditions that
mimic migratory contact profiles in order to harness the innate ability of the cells to respond
to multi-directional stresses in vitro (Chen et al., 2012).

This study has several limitations. The sample size was small, and the full stair-climb cycle
could not be simulated. While the knee kinematics as measured in this study mimicked that
seen in gait analysis studies, during the later portions of the walking cycle there was no
difference in the maximum stress seen on the two plateaus. This finding is contrary to those
reported in literature (YYang et al., 2010) and may be caused by our inability to control varus-
valgus moments (Andriacchi, 1994).

In summary, using an experimental model of the knee joint, we have fully quantified the
dynamic contact mechanics on the tibial plateau during gait and stair climb. We suggest that
scaffolds intended to treat cartilage or meniscal defects should be mechanically evaluated
under conditions that take into account the contact mechanics in the intended location. Only
then can be sure that a candidate scaffold will function appropriately in the highly loaded
environment of the knee.
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Figure 1. Dynamic gait simulator
Image of cadaveric knee on the Stanmore knee simulator. The simulator applies axial force,

anterior/posterior force, internal/external torque and flexion/extension rotation the motion of
which can be measure using reflective markers attached to the femur and tibia pots.
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Figure 2. Dynamic simulator inputs for walking and stair climbing
Inputs for A) flexion angle, B) axial force, C) anterior/posterior force, and D) internal/

external torque were applied to the cadaveric knees. Note that the flexion angle for stair
climbing is truncated above 65° due to the limitations of the simulator.

J Biomech. Author manuscript; available in PMC 2015 June 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gilbert et al.

Walking

B: Internal/External Rotation
15

A: Anterior/Posterior Translation
10,

Translation [mm)]
Anterior

Posterior

0 20 40 60 80 100

% Cycle

Internal

Rotation [deg]

External

0 20 60 80 100

40
% Cycle

Stair Climbin

C: Anterior/Posterior Translation
25,

Anterior
- »
o o

-
=]

Translation [mm]

Posterior

20 30 40 60 70 80

50
% Cycle

Figure 3. Measured kinematic AP translations and IE rotations during walking and stair

climbing
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The average AP translation and IE rotation for A&B) walking and C&D) stair climbing
were calculated using the kinematic markers placed on the femur and tibia pots. The black
lines represent the mean and the shaded regions represent the standard error for the five

knees tested.
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Figure 4. Average contact area and stress during walking and stair climbing
The A&D) contact area, B&E) maximum stress, and C&F) medial/lateral load sharing for

walking and stair climbing were calculated using the normal stress measurements collected
from the electronic sensors. The data is represented as the mean and standard error. The
dotted line in C & F represent equal sharing between the medial and lateral plateaus. *
denotes p < 0.05.
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Figure 5. Cartilage-to-meniscal ratios for contact area and stress
For walking, the cartilage-cartilage contact area (red) were outlined, using A) 14% and B)

45% of the gait cycle as reference, such that the cartilage-cartilage contact fell within the
region of interest throughout the gait cycle, the remainder of the plateau was taken as the
meniscal-cartilage contact region (green). The ratios between the cartilage and meniscal C)
contact area and D) load sharing were then calculated using these regions. The same
cartilage-cartilage and meniscal-cartilage regions were used for stair climbing [shown here
for E) 19% and F) 48% of the stair climb cycle] and the ratios between the cartilage and
meniscal G) contact area and H) load sharing were measured. * denotes p < 0.05.
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Figure 6. The weighted center of contact AP and IE velocities
The average WCoC velocity during A) walking and B) stair climbing for all knees are

shown in the graphs. The upper images show the stress magnitudes and WCoC locations on
the medial and lateral plateaus (circles) for a representative knee. The color of the WCoC
circles corresponds to the colors of the % cycle highlighted in the graphs.
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