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Abstract

For the past three decades, total knee replacement has become the main solution for progressed
knee injuries and diseases. Due to a lack of postoperative in vivo data, a universal correlation
between intra- and postoperative soft tissue balance in the knee joint has not been established. In
this work, an instrumented knee implant design with six piezoelectric transducers embedded in the
tibial bearing is proposed. The aim of the presented device is to measure the total and
compartmental forces as well as to track the location of contact points on the medial and lateral
compartments of the bearing. A numerical analysis using finite element software is first performed
to obtain the best sensory system arrangement inside the bearing. The chosen design is then used
to fabricate a prototype of the device. Several experiments are designed and performed using the
prototype, and the ability of the proposed system to track the location and magnitude of applied
compartmental forces on the bearing is evaluated. The experimental results show that the
instrumented knee bearing is able to accurately measure the compartmental force quantities with a
maximum error of 2.6% of the peak axial load, and the CP locations with a maximum error of less
than 1 mm.
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INTRODUCTION

Total knee replacement (TKR) is the main suggestion for people who suffer from end-stage
osteoarthritis of the knee. For reference, the components of a TKR are schematically shown
in Figure 1(a). Despite the excellent survivorship rate of knee replacements, it has been
reported that about 14% of patients are unhappy with the outcomes of their surgery [1].
While many of the reasons for TKR failure have been addressed during the past two
decades, instability has been a consistent cause of revision knee surgeries all around the
world [2-4]. Instability of the knee joint after surgery can not only cause patient discomfort,
it is one of the main reasons for early and late knee failure (less than and more than two
years following the operation, respectively) [4]. Instability can be attributed to ligamentous
imbalance and misalignment, gap mismatch, and injury to the collateral ligaments [5].

Currently, soft tissue balancing relies on subjective tactile feedback of the surgeon achieved
via ligamentous tensioning [6]. Stiffness and instability are common signs of knee
replacement failure or dysfunction, and they are directly dependent on soft tissue balancing,
showing that traditional subjective balancing techniques during knee replacement are
suboptimal [7]. Computer assisted alignment techniques developed in recent years, however,
have improved intraoperative balance of the joint by providing surgeons with medial and
lateral force data, and, as a result, more accurate soft tissue balance and bone cut
measurements [8-11]. Despite the numerous efforts performed to correlate intraoperatively
obtained data and postoperative function of the joint, the establishment of a comprehensive
correlation has not been accomplished mostly due to lack of sufficient correlation of
intraoperative force measurements to in vivo loads experienced by patients after surgery
[12]. Computational modeling has also been suggested as an effective tool to provide
insights that cannot easily be achieved experimentally. Current modeling techniques are able
to simulate articular surface interactions to a large extent, but the postoperative interactions
between articular geometry, passive ligaments, and muscles are not well defined [13].

In order to obviate the current limitations, several researchers have suggested various
designs of instrumented knee implant systems with the ability to collect in vivo data and
monitor the internal joint interactions. Amongst these instrumented TKR devices, two
groups have used their implant in actual preclinical trials in the human body [15]. D’Lima et
al. in 2005 [16], and Heinlein et al. in 2007 [17], proposed and tested these sensorized knee
implants. Both designs employed several strain gauges in the tibial tray stem along with data
collection and transmission electronics and a magnetic coil to receive required power from
an external magnetic source placed around the patient’s knee [17-20]. Another instrumented
TKR design was proposed by Crescini et al. in 2009 [21-23] utilizing six magnetoresistive
sensors inside the tibial bearing to measure axial forces applied on the bearing, and magnetic
induction to power the embedded system. While the abovementioned devices could
successfully provide force sensing capability, the external power requirement of these
systems limits their application.

The application of electromagnetic and piezoelectric generators has been suggested to
obviate the power requirement limitation of previous devices [24-26]. A piezoelectric knee
implant design was presented by Almouahed et al. in 2011 [27]. The same group in 2016
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presented an improved prototype of the device that was shown to be able to detect the
location of center of pressure (CoP) and measure the total force applied on the bearing
surface, and to harvest power from internal knee forces [28]. In another study, a piezoelectric
harvester was also utilized by Holmberg et al. in 2013 [29] in the implant tibial stem to
power a capacitive sensory system designed to measure the total tibiofemoral force. Ibrahim
et al. in 2019 [30] suggested a conceptual design of an instrumented knee implant with a
triboelectric transducer to perform simultaneous force sensing and energy harvesting under
body loads.

Previously, the authors demonstrated that by using four piezoelectric sensors embedded in
the ultra-high molecular weight polyethylene (UHMWPE) bearing, the location of CoP and
the total force applied on the bearing can be measured [31]. In addition, the ability of the
embedded piezoelectric transducers in generating sufficient power for the data acquisition
and transmission electronics was shown through a series of experiments [32]. Moreover, it
was demonstrated that piezoelectric discs attached to the tibial tray of the TKR are able to
monitor the health of the implant by detecting loosening occurring on the interface of the
tray and bone [33]. This work extends the author’s previous work by presenting a TKR
bearing design equipped with six piezoelectric transducers, as shown in Figure 1(b). The
piezoelectric elements are embedded in the bearing to minimize modifications to the original
implant geometry. Utilizing six transducers, the device is able to accurately sense
compartmental forces and location of contact points (CPs). First, finite element simulation is
used to determine an instrumented bearing design with the best sensing performance. A
fabricated prototype utilizing the selected design is then used to experimentally evaluate the
sensing performance of the system. The aim of this study is to demonstrate that the proposed
sensory system design is able to provide compartmental force and CP location sensing, and
to establish a numerical and experimental platform that can be used to adapt such a design to
various TKR architectures. The eventual goal of this work is to develop an instrumented
TKR capable of measuring compartmental forces and CP locations, harvesting energy to
power future embedded data processing and wireless data transmission electronics, and
monitoring the health of the implant throughout its entire life.

2. INSTRUMENTED IMPLANT DESIGN

The piezoelectric knee bearing introduced in this work intends to measure the
compartmental forces and contact point locations on the medial and lateral compartments of
the bearing. The design incorporates six piezoelectric transducers placed on the bottom
surface of the bearing, where three transducers are placed in each compartment in a
symmetrical pattern in order to measure medial and lateral force quantities independently.
Note, the sensor arrangement selected in this study is for the specific geometry of the current
bearing under investigation. Selection of the best sensor arrangements for other bearing
designs needs to be repeated according to the procedure described herein. Figure 1(b) shows
a schematic of the proposed instrumented bearing. Axial knee force, as the major
contributing force component in the knee joint, is considered as the active force on the
bearing in this study. Compression force is applied through the femoral component on both
compartments of the bearing. As a result, two axial force components act on the two
articulating surfaces of the bearing. By applying compressive force on the bearing, each
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piezoelectric sensor measures a portion of the applied force. The three piezoelectrics placed
in the medial compartment measure the medial force component, while the three
piezoelectrics placed in the lateral compartment measure the lateral force component. The
goal is to achieve fully decoupled sensing performance of each group of sensors in order to
accomplish accurate compartmental force and CP sensing.

3. FINITE ELEMENT SIMULATION

The first step in developing a sensory system with decoupled medial and lateral
compartmental sensing performance is to obtain the best transducer arrangement within the
bearing to measure the forces and contain point locations acting on the joint. Thus, a series
of finite element simulations in ANSY'S (ANSYS Inc.) are performed in which the
transducer location is varied, and the sensing ability of the system is evaluated for each
arrangement. The capability of the device to measure the total force, compartmental forces,
and contact point locations is investigated in the FE analyses.

3.1. SIMULATION SETUP

The FE model of the implant system is shown in Figure 2(a). An actual knee replacement
unit is 3D scanned to obtain the CAD geometry of the knee replacement components, and
the bearing geometry used in the FE model is modified to include six 4.7 mm diameter, 2
mm deep voids in the bottom surface in order to incorporate the piezoelectric transducers.
The piezoelectric sensors are APC 850 (PZT-5A) monolithic PZT discs (APC International
Ltd.) with 3.4 mm height and 4.7 mm diameter. Polylactic acid (PLA) is chosen as the
material for the bearing, which is the same material used later in prototype fabrication via
3D printing (see Sec. 4.1). The material properties of PZT and PLA are listed in Table 1.
Pockets shallower than the piezoelectric elements allow full force transmission to the
sensors, thereby maximizing sensing performance of the system [34]. The tibial bearing and
femoral component are modeled with SOLID187 elements, the piezoelectrics are modeled
with SOLID227 elements, and the contact surfaces are meshed with CONT174 and
TARGEL74 elements, with a total number of 251,584 nodes and 159,286 elements. A
friction coefficient of 0.12 is applied to the interacting surfaces of the femoral component,
bearing, and piezoelectrics [35]. A maximum element aspect ratio of 4.7 is achieved by a
fine mesh, and convergence of the stress results is accomplished via a mesh refinement
study.

In order to select the best arrangement of PZTs inside the bearing, three angular parameters
are defined, as shown in Figure 2(b). Angular parameters a1, ay, and a3 specify the location
of PZT1, PZT2, and PZT3, respectively. The parameter a is allowed to adopt values of 65°,
100°, and 135°; the parameter a., is allowed to adopt values of 60°, 90°, and 120°; and the
parameter a3 is allowed to adopt values of 15°, 30°, and 45°. In total, fifteen different
arrangements of piezoelectric sensors are investigated, as listed in Table 2. The bottom
surfaces of the PZTs are fixed in the y-direction. Initially, the femoral component and
bearing are center-aligned with respect to the geometrical centers of the components. An
axial compression force is applied to the femoral component in the y-direction (coordinate
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system shown in Figure 2(b)) based on a realistic force profile (shown later in Figure 7)
obtained using OpenSim and justified in the authors’ previous work [32].

The reaction force generated on each PZT due to the applied femoral force, the pressure
distribution on the upper conforming bearing surface, and the contact forces on the medial
and lateral bearing compartments are measured for each simulation. The simulations are
performed with a timestep of 0.01 sec and 120 steps to form a 1.2 sec timespan of a single
gait cycle. The sensing performance of the system is evaluated by comparing the true total,
medial, and lateral force, and contact point location quantities with the corresponding
quantities measured by the PZT transducers. The true forces and location of CPs are probed
in ANSYS. On the other hand, the total, medial, and lateral forces measured by the PZTs
can be calculated by summing the individual forces measured by PZTs 1-6, PZTs 1-3, and
PZTs 4-6, respectively. The location of CPs on the medial and lateral bearing compartments
can be obtained using the equilibrium of moments as presented by:

3 3 3 3
Xcp = Z x;F;/ Z Fi, zcp= Z z; F;/ Z F;, on medial compartment , @)
i=1 i=1 i=1 i=1
6 6 6 6
Xcp = Z x; F;/ Z F;, zcp = Z z; Fil Z F;, on lateral compartment , 0]
i=4 i=4 i=4 i=4

where xcpand zgpare the coordinates of the location of CP on each compartment, and x;
and z;are the coordinates of the th PZT.

3.2. SIMULATION RESULTS

Figure 3(a) shows the maximum error in measured total, medial, and lateral forces by the
PZT sensors for the fifteen different sensor arrangements. Error data are calculated by
dividing the forces measured by the PZTs by the true force magnitudes probed in ANSYS at
each timestep, and the maximum quantities over one cycle are reported. In addition to force
results, the deviation of CP locations measured by the piezoelectric elements from the true
locations are presented in Figure 3(b). Note, due to the application of an axial force, the
location of CPs does not change during the loading cycle. Considering the results, the
optimum sensing performance of the piezoelectric system is achieved in Simulation 5, in
which a1=100°, a,=120°, and a3=30° (shown in Figure 4). The zero error in total measured
force for each simulation shows that the FE model is converged. An error of 1.4% in
measured compartmental forces is achieved for Simulation 5, and the deviation in measured
locations of CPs on the medial and lateral compartments is around 0.7 mm. Thus, the sensor
arrangement of Simulation 5 is selected as the optimum configuration and used in the next
section to perform experimental tests.

4. EXPERIMENTATION

The selected bearing design, shown in Figure 4, is used for fabrication of a prototype
instrumented bearing. In order to conduct controlled experiments on the fabricated
prototype, several auxiliary components are also designed and fabricated.
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4.1. FABRICATION

Figure 5(a) shows an exploded view of the components used in the experiments. The
prototype and auxiliary parts are fabricated via 3D printing using a LulzBot TAZ 6 printer
(Aleph Obijects, Inc.). The fabricated prototype components are shown in Figure 5(b—e).
From the bottom view of the bearing in Figure 5(c), it can be seen that several pieces of
copper tape are used to provide electrical connection to the top electrodes of the PZTs. The
bottom electrodes of the PZTs are connected to the six posts on the bottom plate via several
pieces of copper tape, as shown in Figure 5(d).

4.2. TEST SETUP

The instrumented knee bearing system is placed in an experimental test setup in order to
evaluate the sensing ability of the system. The test setup consists of an MTS-810 load frame
(MTS Systems Corp.), the instrumented implant system, sensing circuitry, and a data
acquisition system, as shown in Figure 6(a). The load frame provides the desired
compression force during the experiments. A close-up view of the instrumented implant
system is shown in Figure 6(b). An adjustable fixture is placed under the knee bearing which
provides movement of the bearing in two perpendicular directions with the help of several
adjustment screws on the four sides of the fixture. A customized fixture is fabricated to hold
the femoral component in a fixed position during the tests. Pressure sensitive film (Prescale
medium-range pressure sensitive film; Fujifilm Corp.) is inserted between the femoral
component and the instrumented bearing to record the actual location of contact areas. The
sensory circuit is composed of six 500 kQ resistors, with each resistor connected in parallel
to a single PZT sensor. A schematic of the sensory circuit for each piezoelectric transducer
is shown in Figure 6(c).

Two distinct sets of experiments are designed to investigate the ability of the instrumented
knee bearing to track the CP locations and the compartmental force magnitudes for various
placements of the femoral component relative to the bearing. Each set consists of several
tests in which the femoral component is held at a fixed position and the bearing is moved.
The initial alignment of the bearing and femoral component is achieved visually on an
arbitrary center position for each set of tests. This position is considered as the origin with
relative locations of the bearing and femoral component of x=0 and z=0. Note, the directions
of movement achieved by the fixture are shown in Figure 6(b). Experiment set 1 includes
eight different positions of the bearing along the x-direction (Test 1-8), and experiment set 2
includes 8 different positions of the bearing along the z-direction (Test 9-16). The femoral
component is aligned on the most lateral position in Test 1 and on the most medial position
in Test 8. On the other hand, the femoral component is located on the most posterior position
in Test 9 and on the most anterior position in Test 16. The medial, lateral, anterior, and
posterior directions are shown in Figure 1(a) for reference. The knee bearing is moved by 1
mm increments in each direction to achieve the relative positions. The relative positions of
the bearing and femoral components are listed in Table 3 for all tests.

A compression force profile representing realistic axial knee loading (same profile used for
FE simulations) is applied to the instrumented bearing using the femoral component. Since
the load frame is not able to exactly follow the command force, the true load applied through
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the femoral component is obtained from the built-in load cell of the load frame at a sampling
frequency of 1000 Hz and with a resolution of 5 mN. As a result of the applied load, the
piezoelectric transducers generate voltage signals proportional to their respective reaction
force. The voltage signals are collected across all the load resistances via a LabVIEW
(National Instrument Corp.) program. Next, the measured voltages are imported into
MATLAB and post-processed in order to obtain measured compartmental forces and CP
locations. In addition, an image processing code is written in MATLAB to quantify the true
location of the CPs from the pressure sensitive film results with an accuracy of 0.09 mm.
First, the following governing electromechanical differential equation representing a
piezoelectric transducer connected in parallel to a resistive load, A, subject to a low
frequency compressive force, ~(2), is utilized to calculate individual forces sensed by each
piezoelectric from the generated voltage signal, V(z):

c VW Y@ _, dF@) (3)

L R dt °

where d’zzis the piezoelectric strain coefficient, zis time, and Cj, is the capacitance of the
piezoelectric disc with a cross-sectional area of A, thickness of 4, and dielectric permittivity

el of , given as:

C,=el3Alh. @

The individual force quantities measured by the PZTs are then used to calculate the total
force and compartmental forces. Finally, the CP locations on each compartment of the
bearing are also calculated using Egs. (1) and (2).

EXPERIMENTAL RESULTS

Sixteen individual tests are performed according to the procedure described in the previous
section. A comparison of the total force measured by the PZTs and the profile obtained from
the load frame’s buil-tin load cell is presented in Figure 7(a) and (b) for Test 1 and Test 9,
respectively. It can be observed that the sensory system successfully measures the total
applied force profile with a small amount of error. The small deviations in measured forces
from actual input forces is caused by the low signal-to-noise ratio of the voltage signal in
these areas, and nonlinear behavior of the piezoelectric dz3 coefficient [32].

A similar comparison is performed for each test, and the error in the measured maximum
total force compared to the actual forces is calculated. Figure 8(a) and (b) show the
calculated error for Tests 1-8 and Tests 9-16, respectively. It can be seen that the maximum
error at peak axial force (62 N) is less than 2.6 % of the total force for all tests, thus showing
the accuracy of the sensory system. Similar errors in measured forces have been previously
reported in the works of Crescini et al. [22] and Heinlein et al. [36]. Thus, it can be
concluded that the proposed design of the instrumented TKR is capable of measuring the
total axial force acting on the knee joint with a small error within the input range of
approximately three times body weight. The ability of the device to measure higher force
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levels that may be experienced during activities such as jumping and running should be
investigated in the future.

In addition to the total force profile, the compartmental forces are measured by the
piezoelectric system. Figure 9(a) and (b) show the calculated medial and lateral
compartmental forces, respectively, for Tests 1-8. It can be seen that when the tests proceed
from Test 1 to Test 8, the medial force increases and the lateral force decreases. Considering
the movement of the femoral component in the lateral to medial direction, the
abovementioned trend shows the ability of the sensing device to track the changes in
compartmental forces. Similarly, the compartmental forces for Tests 9-16 are plotted in
Figure 9(c) and (d). The relatively constant force profiles represent the small movement of
the bearing in the medial-lateral direction during the tests, which is in conformity with the
test procedure defined for Tests 9—16 where the bearing moves in the posterior to anterior
direction only.

Figure 10 and Figure 11 show the CP locations measured by the PZTs (white dots in the
figure) plotted over an image of the knee bearing for Tests 1-8 and Tests 9-16, respectively.
In addition, the true location of contact areas between the femoral component and bearing
observed from the pressure sensitive films (red areas) are also plotted on the bearing images,
with the center of the contact area specified with a blue star. A summary of the total
deviations for each test obtained on both bearing compartments is provided in Table 4.
Comparing the measured and true CP locations on both compartments, it can be seen that
the PZT sensing system can track the CPs with a maximum deviation of 1.6 mm. D’Lima et
al. [16] have previously reported an error of less than 1.5 mm in detecting the location of
tibiofemoral axial compression forces. The device was implanted in a patient’s knee and
used in an in vivo study to measure the location and quantity of forces.

In order to provide a better comparison of the measured and true CP locations, the
movement paths of CPs on the bearing compartments are plotted in Figure 12 (a) and (b) for
Tests 1-8 and 9-16, respectively. The results show that the piezoelectric sensory system can
accurately track the CP locations given relative movement of the femoral component and
instrumented bearing in both directions.

5. CONCLUSIONS

This work investigates the sensing performance of an instrumented total knee replacement
design with six piezoelectric transducers embedded in the bearing component of the implant.
The piezoelectric sensory system is designed to measure the medial and lateral
compartmental forces and the location of compartmental contact points (CPs) of the bearing.
Initially, several arrangements of piezoelectric sensors are considered and the sensing
performance of each arrangement is evaluated numerically through finite element (FE)
analysis. The sensory system arrangement with the best performance obtained from FE
simulations is then utilized to create a prototype for experimental characterization. A series
of experiments are then performed to investigate the sensing ability of the device with
regards to compartmental forces and CP locations. Experimental results showed that the
device is able to measure the total force with a maximum error of 2.6% and the CP locations
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with a maximum error of less than 1.6 mm. In addition, the device showed excellent
performance in tracking the variation in medial and lateral compartmental forces as well as
movement in CP locations when the femoral component was moved relative to the
instrumented bearing in both the medial-lateral and anterior-posterior directions. This work
has some limitations and future work will attempt to address them. The performance of the
device needs to be evaluated using a knee simulator with the ability to provide various
degrees of motion available in the knee joint. This will include flexion-extension and
internal-external rotation during the loading cycle, which allows for a wider range of
tibiofemoral contact locations than permitted within the limitations of the current
experimental setup. The arrangement of sensors proposed in this study is selected based on a
specific TKR geometry, however, the arrangement needs to be investigated for other implant
designs and materials. In future work, the sensing functionalities of the sensory system will
be extended to measure various force and moment components acting on the knee. In
addition, fabrication of prototypes using medical-grade UHMWPE, utilizing lead-free
piezoelectric transducers, encapsulating the electronics, and using biocompatible packaging
need to be considered. The long-term goal of this study is to incorporate the sensing, energy
harvesting, and structural health monitoring capabilities of the piezoelectric transducers into
an integrated instrumented TKR to provide a self-powered multifunctional knee monitoring
system.
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Highlights

. An instrumented knee implant using multiple piezoelectric transducers is
proposed

. The aim is to measure the compartmental joint forces and contact point
locations

. The device can measure the medial and lateral forces with error less than
2.6%

. The device can track the contact point locations with error less than 1 mm
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Figure 1.
Schematic of (a) knee replacement components (right knee, image courtesy of http://

delcore.org), and (b) knee bearing with six embedded piezoelectric transducers.
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(a) (b)

PZTS5

Figure 2.
FE model of knee implant including (a) femoral component and tibial bearing, and (b)

schematic representation of angular parameters defined for FE simulation (right knee).
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Figure 3.
FE simulation results including (a) error in measured total and compartmental forces, and

(b) deviation in measured CP locations.
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Figure 4.
Optimum arrangement of PZT transducers inside the knee bearing used in Simulation 5.
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a -<«—— Knee bearing

. <——  PZT sensors

Intermediate

Figure 5.
(a) Exploded view of instrumented bearing and additional parts for experiment; fabricated

knee bearing and auxiliary parts showing (b) top view of bearing, (c) bottom view of
bearing, (d) PZTs, intermediate, and bottom plates, and (e) adjusting frame.
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(2)
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Figure 6.
Experimental test setup showing (a) overall setup, (b) close-up view of femoral component

and instrumented bearing system, and (c) schematic of piezoelectric sensing circuitry.
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Figure 7.

Comparison of total force on the bearing measured by PZTs and recorded by load frame for
(a) Test 1, and (b) Test 9.
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Figure 8.
Calculated error in measured total force from actual values for (a) Tests 1-8, and (b) Tests
9-16.
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Measured compartmental force profiles including (a) medial and (b) lateral force for Tests

1-8, and (c) medial and (d) lateral force for Tests 9-16.
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Test 5

Figure 10.
Measured CP locations using PZTs (white circles) and true contact areas recorded by

pressure films (red areas; blue stars represent center of contact area) overlaid on an image of
knee bearing for Tests 1-8.
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Figure 11.

Measured CP locations using PZTs (white circles) and true contact areas recorded by
pressure films (red areas; blue stars represent center of contact area) overlaid on an image of
knee bearing for Tests 9-16.
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Figure 12.
Movement path of CPs measured by PZTs and recorded by pressure sensitive films for (a)

Tests 1-8, and (b) Tests 9-16.
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Table 1.

Material properties for PLA and piezoelectric transducer (e = 8.854x10712 F/m)

Material Properties PLA Bearing [37] APC 850 (PZT-5A) Piezoelectric [38]
Young’s Modulus [GPa] 35 54
Poisson’s Ratio 0.42 0.35
Density [kg/m?] 1240 7600
Piezoelectric Constant, ¢z [pC/N] — 400x10712
Piezoelectric Constant, ds; [pC/N] — -175%x10712
Piezoelectric Constant, ¢;s [pC/N] — 590x10712
Relative Permittivity, 53%/50 — 1900
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Table 2.

Simulation parameters for PZT arrangement selection study.

Simulation No. Anglea; Anglea, Anglea; SimulationNo. Anglea; Anglea, Angleag

1 65 120 15 9 100 90 45
2 65 120 30 10 135 90 15
3 65 120 45 11 135 90 30
4 100 120 15 12 135 90 45
5 100 120 30 13 135 60 15
6 100 120 45 14 135 60 30
7 100 90 15 15 135 60 45
8 100 90 30
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Relative location of bearing and femoral components for the experiments.

Table 3.

Test No. Relative location (mm)  Test No. Relative location (mm)
x-direction  z-direction x-direction  z-direction
Test 1 +3 0 Test 9 0 +4
Test 2 +2 0 Test 10 0 +3
Test 3 +1 0 Test 11 0 +2
Test 4 0 0 Test 12 0 +1
Test5 -1 0 Test 13 0 0
Test 6 -2 0 Test 14 0 -1
Test 7 -3 0 Test 15 0 -2
Test 8 -4 0 Test 16 0 -3
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Deviation of measured CP locations using PZTs from the true locations recorded by pressure films.

Table 4.

Test No. Total Deviation (mm) Test No. Total Deviation (mm)
Medial compartment Lateral compartment Medial compartment Lateral compartment
Test 1 0.8 0.9 Test 9 0.3 1.6
Test 2 13 1.2 Test 10 0.3 0.3
Test 3 14 1.2 Test 11 0.4 0.4
Test 4 0.6 0.7 Test 12 0.6 0.5
Test5 0.5 0.4 Test 13 0.5 0.3
Test 6 0.3 0.3 Test 14 1.2 0.5
Test 7 1.4 13 Test 15 0.2 0.6
Test 8 0.7 13 Test 16 0.7 14
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