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Cartilage contact stress elevations might be associated with
pain or other symptoms after malunited, incongruous intra-
articular fractures. Studies identifying fractures with pat-
terns of elevated contact stresses would help to ensure more
appropriate choices of treatment. However, appropriate in-
strumentation for such studies is crucial. We tested two such
systems, one capacitive and one resistive, under identical
loading conditions presumed to occur in the ankle. We used
a materials testing machine and customized-loading fixtures
to measure force detection error, contact area error, repeat-
ability, homogeneity, creep, and one-axis and two-axis bend-
ing artifacts. The loading regimen caused pressures up to 2.5
MPa. An error in force detection between −3% and +5% was
observed with the capacitive sensor whereas an error be-
tween −12% and +20% was observed with the resistive sen-
sor. Repeatability and homogeneity were greater for the ca-
pacitive sensor. Errors in contact area measurement were
less than 2% for the resistive sensor and less than 6% for the
capacitive sensor. The resistive sensor could not conform to
spherical surfaces without crinkling. Creep artifact was ob-
served with both sensors. We concluded that the capacitive
sensor had superior performance even though its thickness
and high compliance may be disadvantageous in intraarticu-
lar measurements. The resistive sensor is required for use
where higher pressures are expected despite its inferior
accuracy.

Determining the magnitude and distribution of contact
stress as a function of joint loading is important in under-
standing the pathogenesis of degenerative arthritis and
other disorders such as unstable, injured, or surgically

treated joints. Knowledge of the patterns of contact
stresses in different injuries and treatments should allow
comparison of approaches and choice of a specific ap-
proach to restore joint function.

The forces occurring in the ankle are approximately one
to three times body weight for static and dynamic condi-
tions, respectively.7,9,14 Some authors reported ankle con-
tact pressures obtained using Fuji film (Fujifilm Medical
Systems USA, Inc, Stamford, CT), a static, passive tech-
nology which provides pressure only at one time under one
set of circumstances.1,10,11 Newer active pressure sensors
allow continuous data collection during dynamic simula-
tions of joint movements in vitro and in vivo.14 These
commercially available sensors are based on a resistive or
capacitive technology. However, sensor performance de-
pends on the test setup and laboratory conditions in which
they operate. Artifacts, such as temperature drift, creep,
and bending may affect overall sensor behavior with re-
spect to accuracy and repeatability because of the nonstan-
dard conditions in which sensors are used in laboratory
experiments. To properly interpret studies using these
techniques, it is crucial to understand their behaviors and
limitations.

Therefore, we sought to determine the functional char-
acteristics of the two sensors under identical loading con-
ditions similar to those encountered in joint kinetic experi-
ments. We asked the following questions: (1) what force
errors occur in the two devices when measuring applied
forces through flat and curved surfaces; (2) what errors in
contact area measurements occur in the two sensors in
various geometric configurations; (3) are the force mea-
surements repeatable in the same test; (4) do the sensors
show the same response to an applied load regardless of its
location on the surface; (5) how are sensors affected by
creep artifact; and (6) do sensors respond with the same
accuracy when bent?

MATERIALS AND METHODS

The two sensors were based on different technologies: resistive
and capacitive. The resistive Tekscan ISCAN® 5051 Sensor
(Tekscan, Boston, MA) with a saturation pressure of 17.1 MPa
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and the capacitive Novel AJP sensor (Novel GmbH, Munich,
Germany) with a saturation pressure of 2.5 MPa were tested (Fig
1; Table 1).

The capacitive cells are created by a grid of conductive strips
glued on an elastic dielectric material. Each intersection of two
active strips results in a capacitor. Under external load, the di-
electric thickness decreases, causing a change of the capacitance
according to the equation:

C = ��0 �
A

d
�where �, �0 = dielectric constants; A = plate area;
and d = plate distance)

The resistive sensor consists of two Mylar sheets that have elec-
trically conductive electrodes deposited in varying patterns. Be-
fore assembly, a semiconductive coating (ink) is applied as an
intermediate layer between the electrical contacts (rows and col-
umns). This ink provides a change of the electrical resistance at
each of the intersecting points when pressure is applied. When
the two Mylar sheets are placed on top of each other, a grid
pattern is formed, creating a sensing location at each intersec-
tion. By measuring the changes in current flow at each intersec-
tion, the applied force distribution pattern can be measured.

The technologies used to connect the resistor and capacitive
sensor elements (sensels) to the signal-conditioning electronics
are based on the same principle: a sensor matrix and a multi-
plexer which allows reading of the array of parallel sensor ele-
ments in a serial manner and displays two-dimensional pressure
distribution in real time.

We used a materials testing machine (Zwick 005; Zwick &
Co KG GmbH, Ulm, Germany) to apply repeatable loads to the
sensors. The load cell allows for a maximum axial force of 5 kN
with a precision of 0.4%. Protocols were written using software
provided by the manufacturer (TestXpert® v.10.11). The ma-
chine can perform constant holding tests, cyclic loading, and
stepwise loading for tension and compression. These methods
were combined depending on the requirements needed. Known

loads were applied to the two sensors using computerized nu-
merically controlled machined surfaces and counter surfaces
made of polyvinyl chloride (PVC) (construction precision, 10
�m). Three geometric configurations were used: flat (circular),
spherical, and cylindrical (Fig 2; Table 2). Rigid steel indenters,
not deformable at the pressure range used during testing, were
used because the aim was to apply forces and not pressures,
which would have required bladders. Small (area, 0.9 cm2) and
medium (area, 3.3 cm2) flat indenters were used with different
kinds of setups to cover a contact area ranging from 0.9 cm2 to
6.6 cm2 (Table 3). The cylindrical surfaces had radii of 40 mm
(upper plate) and 50 mm (bottom plate); two pairs of spherical
counter surfaces were used with radii of 30 mm and 50 mm,
respectively. Curved surfaces were used to test sensors under
deformation in different directions. Data from the force sensor of
the materials testing machine and from the two sensors were
compared. Loads were increased during a 5-second period, held
for 10 seconds, and released over 5 seconds. Data were acquired
after 5 seconds of the static condition. All tests were based on the
same loading history. The setup of the test was comparable to the
one described by Wilson et al15 with respect to loading and
unloading phases but, in contrast, did not use the silicone inter-
face.

Before testing, calibration and preconditioning of the ISCAN®
sensor were performed. First, three different forces (500 N,

TABLE 1. Technical Specifications of Sensors

Technical Specifications AJP ISCAN

Thickness (mm) 1 0.1
Dimensions (mm) 28 × 43 56 × 56
Resolution (sensels/cm2) 16 62
Maximum pressure (MPa) 2.5 17.1

AJP = ankle joint pressensor

Fig 1A–B. The (A) Ankle Joint
Pressensor (AJP) and (B) ISCAN®
sensors are shown.
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1000 N, and 1500 N) were applied cyclically to the entire
sensor surface. Once the sensor was preconditioned, it was cali-
brated. To distribute the load uniformly on the entire area, a
silicone sheet was applied at the interface. Subsequently, the
sensor was calibrated according to the manufacturer’s protocol,
during which calibration was performed at two force steps,
which allowed generation of calibration curves based on a power
law equation. According to the manufacturer of the ISCAN®
sensor, the calibration loads can be applied only on a certain area
of the sensor surface; the software presumes all the other sensels
respond to the same load with a similar signal output. Therefore,
a flat indenter (20 × 30 mm) was used to apply loads to the
central part of the sensor. As an interface, a silicone sheet was
used to distribute the load more uniformly across the ISCAN®
sensor during the calibration procedure because otherwise non-
homogeneous loading, possibly with small areas of load satura-
tion, would have occurred between the two rigid loading sur-
faces. The sensor was calibrated only on flat surfaces to inves-
tigate the potential error in force detection when the sensor was
loaded in a bending situation. The two calibration values of 500
N (83 N/cm2) and 1000 N (166 N/cm2) represent 33% and 66%
of the testing pressure range. The data were recorded after 5
seconds from the beginning of the holding time, which lasted for
30 seconds, to equilibrate the sensels. The ISCAN® system re-
quires preconditioning and calibration each time a measurement
is completed.

Calibration of the AJP sensor required the use of a pressure
bladder. The sensor was placed under the bladder, which was

inflated to reach the desired pressures. Ten pressure levels uni-
formly distributed between 4 N/cm2 and 250 N/cm2 were applied
to the sensor to create a look-up table with capacitive values and
pressure values. The software allows choosing the respective
calibration data for a particular application. The AJP sensor
should be calibrated approximately every 6 months.

The test evaluated the error in force detection when the load
was applied with two different-sized cylindrical indenters. Error
was defined as:

Eforce � [(Fsensor – Floadcell)/Floadcell] × 100%

with Eforce being the error in force detection, Fsensor being the
force value measured with the pressure sensors, and Floadcell as
the force value measured with the load cell. The data from the
sensors and the load cell were synchronized. Three forces, 100
N, 150 N, and 200 N, were applied using flat surfaces. The area
of the flat plates was varied to accommodate for the entire pres-
sure range of as much as 2.22 MPa, approximately the maximum
pressure that can be measured with the AJP. Loads were applied
in static and dynamic modes on three randomly selected areas of
the sensor surface to investigate the homogeneity of the sensors.
Each dynamic trial consisted of 10 cycles. Area values were
calculated using the software provided by manufacturers. Error
in area detection was defined as:

Earea � [(Asensor – Aind)/Aind] × 100%

TABLE 2. Load Surfaces and Applied Forces

Load Surface Force (N)

Flat cylinder 100–150–200
Spherical 100
Cylindrical 600–1200–1800

TABLE 3. Pressures (in N/cm2) Generated with
Each Indenter and Corresponding Force Level

Area (cm2) Force 100 N Force 150 N Force 200 N

0.9 111 166 222
1.8 55 83 111
3.3 30 45 60
6.6 15 22 30

Fig 2A–C. The (A) flat, (B) spherical, and (C) cylindrical surfaces of the loading fixtures are shown.
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with Earea being the error in area detection, Asensor being the area
measured by the sensors, and Aind the real area of the indenters.

The maximum force recorded during application of each
static force loading was reported. The force error was calculated
and plotted. Data from the same test settings of the two systems
were compared.

Repeatability was defined as the standard deviation in a set of
10 repetitions and was investigated by analyzing the data col-
lected in 10 repetitions performed at three force levels under the
following conditions: flat cylinders, 100 N, 150 N, and 200 N;
semicylindrical surfaces, 600 N, 1200 N and 1800 N; and spheri-
cal surfaces, 100 N – only AJP.

Three different positions were investigated using the flat cyl-
inders. Recovery time was set to 30 seconds based on the result
of a creep test.

Two semicylindrical surfaces were used, both made from
PVC using a computerized numerically controlled machine,
characterized by two different curvature radii (50-mm bottom
plate, 40-mm top plate). The results of this test were analyzed to
investigate a possible difference in force measurements when the
sensors were bent uniaxially. The radii were chosen to transfer
load to the central part of the sensors. The protocol included
three force levels: 600 N, 1200 N, and 1800 N.

A potential limitation of pressure sensors is an inability to
adapt to three-dimensional surfaces without crinkling. Fuji film
must be cut into slices to improve conformity to curved sur-
faces,2,6 whereas Tekscan and Novel technologies do not allow
for such modification. Tekscan only allows for minimal external
cutting to match the desired size or shape. To investigate the
flexibility of the sensors, two spherical surfaces were used,
which had radii of 50 mm and 30 mm. The mating spherical
surfaces were fully conforming. The applied force was 100 N.

Creep is an important parameter negatively influencing the
results of a test because it limits the cycle frequency. Creep (Cr)
was defined as the change in output under a static load.

Cr � Eforce (after 300s)
� Eforce � [(Fsensor – Floadcell)/Floadcell] × 100%

Sinusoidal loads applied with a period less than the time needed
for sensor recovery will produce a creep artifact. Both technolo-
gies are affected by such artifact; this test aimed to determine to
what degree. We chose peak force during the static trial as the
parameter chosen for determining creep. In an analysis of the
reliability of the Pedar system (Novel GmbH, Munich, Ger-
many),4 the peak force had the highest intraclass correlation
coefficient, and therefore was considered an acceptable param-
eter for this analysis. The raw data collected during the test were
plotted to conduct a first visual control of the error trend. The
interval between each data sample was 30 seconds. After visual
control of various curve-fitting algorithms, a second-order poly-
nomial curve was chosen to represent the raw plots of the 10
points to describe the creep during a 300-second period. The
applied load was 200 N, resulting in 2 MPa. Two 300-second
cycles were applied with different recovery intervals to investi-
gate the time needed by the sensors to recover from the previous
loading event (memory artifact). The force was transferred using
the medium-sized PVC cylinder. The two error trends were com-
pared and plotted.

RESULTS

The maximum force error (Eforce) was lower for the AJP
(range, −3% to +5%) as compared with the ISCAN® sys-
tem (range, −12% to +20%) over all the force levels in-
vestigated (Figs 3–5).

Fig 3. Force detection accuracy with flat surfaces at the three
load positions with a mean (SD) of 10 repetitions in each po-
sition is shown (100 N = applied load level; 0.6 MPa). The
results indicate the AJP slightly underestimates the forces
whereas the ISCAN® reports higher force errors.

Fig 4. Force detection accuracy with flat surfaces at three
load positions with a mean (SD) of 10 repetitions in each po-
sition is shown (150 N = applied load level; 1.66 MPa). The
results show little deviation of the forces reported by the AJP
whereas the ISCAN® reveals higher force errors.
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The ISCAN® system had an area error (Earea) of 2%,
whereas the error of the AJP depended on the total area
applied and on the position on the sensor. The error was
within 6% for areas between 3.3 cm2 and 6.6 cm2. We
observed lower sensor accuracy in area detection of
smaller areas, where Earea of as much as 20% were ob-
served. To decrease this error, we developed a protocol to
reduce the error to 6%. The protocol excluded partially
loaded cells from the area determination process, and the
sensor threshold was increased according to the curve area
error/threshold. Because of its stiffness, the ISCAN® re-
ported lower area values when loads were applied without
the silicone interface where incongruencies in the contact
surface can result in unloaded areas under the indenter.

The repeatability was better for the AJP system for flat
and cylindrical surfaces (Table 4). The ISCAN® did not
perform accurately in the 10-cycles loading test. For the
ISCAN® sensor, different force detection errors depended
on the location of load application (Figs 3–5). That is, the
Eforce was related to the position of the applied load on the
sensor surface and sensor homogeneity was low.

The Eforce in the cylindrical load setup was within 8%
for the AJP and 9% for the ISCAN® (Fig 6). Even though
the AJP is characterized by a greater thickness, the load
distribution was comparable with the ISCAN® distribu-
tion. We recorded no differences between directions of
curvature.

The AJP had an Eforce of 8% with the 50-mm radius
sphere and 12% with the 30-mm sphere (Fig 7). The

Fig 6. Force detection with cylindrical surfaces with a mean
(SD) of 10 repetitions for each force level is shown (applied
load levels were 600 N, 1200 N, and 1800 N, respectively).
The errors reported by the AJP and the ISCAN® sensor are
comparable but the standard deviation is greater for the
ISCAN® system, indicating a reduced repeatability.

Fig 7. Force detection accuracy with spherical surfaces with a
mean (SD) of 10 repetitions for each radius of 30 mm and 50
mm is shown (100 N = applied load level). The results indicate
the force error is under three-dimensional loading is approxi-
mately 10% and is higher with a more pronounced curvature.

Fig 5. Force detection accuracy with flat surfaces at three
load positions with a mean (SD) of 10 repetitions in each po-
sition is shown (200 N = applied load level; 2.22 MPa). The
results show the forces reported by the AJP and the ISCAN®
are higher than the applied force, but the error is more pro-
nounced for the ISCAN® (with the exception of the ISCAN®
value for Position 3, which slightly underestimated the force).

TABLE 4. Ranges of Standard Deviations (N)

Sensor Flat Surfaces
Cylindrical
Surfaces

Spherical
Surface

ISCAN 3–7.4 11.6–16.3 /
AJP 0.8–3.6 4.9–5.7 3.8–3.9
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ISCAN® showed crinkle artifact during pretesting with
spherical surfaces. Therefore, the spherical surfaces were
not used with the ISCAN® system because the radii of the
spherical contact surfaces were too small to allow loading
without large crimps and potential sensor damage.

Creep artifact (Cr) was 16% for the AJP and 18% for
the ISCAN® sensor. Memory artifact was recorded after
the unloading time of 15 seconds for the ISCAN® system.
After 30 seconds of relaxation, no artifact remained to
affect subsequent measurements.

DISCUSSION

The Tekscan ISCAN® is a widely used technology in
pressure and/or force detection applications. Several stud-
ies purport to validate this technology.3,5,8,15 The AJP is
the first capacitive sensor developed specifically for ankle
investigations. The comparison between these technolo-
gies was intended to help investigators make informed
decisions regarding applicability and limitations of the two
systems.

Certain limitations have to be mentioned. Sensors were
not tested in an actual ankle or ankle prosthesis, but were
tested in a simplified mechanical setup with different in-
denters and surfaces to simulate the range of potential
loading conditions. This approach was chosen deliberately
to ensure the comparability of the two sensors. For the
same reason, to compare both sensors under identical
loads, the investigated pressure range was in the lower
range of the ISCAN® sensor. Therefore, the results are
applicable for the specified load range only.

The ISCAN® force detection error (Eforce) using flat
surfaces was between -12% and +20%. The conditions of
our test that were not ideal were attributable to the applied
loads not corresponding exactly to calibration values and
the loadings being at the lower end of the load range of the
ISCAN® sensor.8 The two pressure values of the calibra-
tion process were in the middle of testing pressure values.

The two sensors at first glance have different mechani-
cal and shape characteristics. The different materials used
for construction, Mylar for ISCAN® and foam rubber for
AJP, likely explain the mechanical discrepancies. The
stiffness of the ISCAN® film does not allow the sensor to
be bent in two directions when placed between spherical
surfaces. However, the AJP sensor could bend and con-
form to the surfaces, although this was associated with a
maximum error of 12% in force detection. The lower E-
modulus characterizing the dielectric and the overall size
of the AJP sensor (28 mm x 45 mm) compared with the
ISCAN® sensor (56 mm x 56 mm) explain the AJP sen-
sor’s greater flexibility.

Creep had a similar influence on both systems. The
load-drifting curve, generated using a polynomial approxi-

mation, is in accordance with the results reported by Otto
et al.8 The ISCAN® needed a longer unloading period
between two cycles to recover to its original state.

The overall sensor performances may be influenced by
the different calibration processes. The main difference
between the two systems is the reference parameter used to
calibrate the ISCAN® is not pressure, as for the AJP, but
force. Additionally, ISCAN® software averages across all
sensels assuming similar properties, whereas the AJP cali-
bration considers the individual characteristics of all
sensels in the process.

The repeatability was greater for the AJP especially
because the ISCAN®’s precision depends on the area
where load is applied. In previous tests, a force error was
reported up to 6.5% for flat surfaces and 31% when ce-
mented.15 The test protocols were comparable to those
used by Wilson et al,15 but we did not use a silicone
interface. With the silicone approach, loads are better dis-
tributed over the sensor surface, avoiding possible errors
because of out-of-range pressure peaks. However, we de-
cided not to use an interface to reproduce the test condition
of a joint prosthesis and rather to apply loads randomly on
the entire sensor surface; this resulted in overestimated
forces in the center part of the ISCAN®, and underesti-
mated forces near the borders. This problem could inter-
fere with accuracy when the contact area is not known
before sensor placement.

However, the ISCAN® sensor, because of its higher
spatial sensel resolution, has an Earea of only 2%. The
lower spatial resolution of the AJP highly compromised
the contact area measurements when using indenters
smaller than 3 cm2. The protocol applied to the dataset
allowed reducing the error to an average of 6%. Draw-
backs of this approach are the need of postanalysis and
possible exclusion of data in the lower pressure range
through the use of a correction algorithm as described
above.

Although the ISCAN® is reusable, our experience has
shown its lifetime is influenced by the severity of the
loading conditions. The ISCAN® has the advantage of
being only 0.1 mm thick, which is 10 times less than the
1-mm thickness of the AJP. The AJP’s dielectric thickness
results in more uniform redistribution of loading, which
may not represent the actual loading of the joint being
measured.

The AJP sensor had a better repeatability and behaved
more uniformly across the whole sensor area in the inves-
tigated pressure range, which admittedly was not optimal
for the ISCAN® sensor, representing the lower 15% of its
load range. The ISCAN® sensor measured area more ac-
curately. The decision as to which system to use for a
given application should be based on the magnitude of the
expected loading and the relative importance of accuracy,
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repeatability, and conformability to complex geometric
features of the given application. Accuracy, repeatability,
and conformability are attained at the cost of resolution
and potentially biased area and peak pressure measure-
ments using the thicker AJP sensor, and improved area and
pressure distribution measurements at the cost of accuracy
and repeatability when using the thinner ISCAN® sensor.
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