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a b s t r a c t
Background: A method of measuring tri-axial plantar fascia strain that is minimally affected by external
compressive force has not previously been reported.
Objective: The purpose of this study was to assess the use of micro-strain gauges to examine strain in the
different axes of the plantar fascia.
Method: Two intact limbs from a thawed, fresh-frozen cadaver were dissected, and a combination of ﬁve
linear and one three-way rosette gauges were attached to the fascia of the foot and ankle. Strain was
assessed during two trials, both consisting of an identical controlled, loaded dorsiﬂexion.
Results: An ICC analysis of the results revealed that the majority of gauge placement sites produced reliable
measures (ICC > 0.75). Strain mapping of the plantar fascia indicates that the majority of the strain is
centrally longitudinal, which provides supportive evidence for ﬁnite element model analysis.
Conclusion: Although micro-strain gauges do possess the limitation of calibration difﬁculty, they provide a repeatable measure of fascial strain and may provide beneﬁts in situations that require tri-axial
assessment or external compression.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction
The mitigation of longitudinal strain in the plantar aponeurosis
may alleviate the symptoms of plantar fasciitis, which is amongst
the most prevalent disorders of the foot and ankle [1,2]. Due to
the preference for non-operative treatment modalities in relieving
this condition [3,4], determination of the in vitro strain occurring in
the plantar fascia during clinically speciﬁc tests and/or treatments
is important for ascertaining the approaches that provide optimal
mechanistic beneﬁts [5].
Previous studies have implanted buckle [6] or linear displacement gauges [1,7,8]) into the fascia, and incorporate mounted force
transducers (MFT) and differential variable reluctance transducers
(DVRT) respectively. While these sensors provide many beneﬁts,
including pre-calibrated displacement and ease of use, their limited ability in detecting tri-axial strain restricts their application in
situations where the transfer of strain may not be uni-axial. Additionally, in situations where external compressive force is applied
to the tissue (e.g. prophylactic taping), the size of these transduc-
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ers may cause substantial tissue deformity at the gauge’s insertion
position and thereby invalidate the data. The implantation of these
devices also requires damage of the collagen ﬁbrils in line with the
gauge. This is detrimental because these collagen ﬁbers have been
shown to possess limited interdigitisation in soft tissue [9], and
therefore limited lateral force transfer from the neighboring ﬁbers
to the damaged ones, which could conceivably reduce the strain
recorded.
In contrast, the utilisation of foil-type, surface mounted microstrain gauges may overcome these drawbacks. The small thickness
of these gauges would reduce the potential for tissue deformity,
while the incorporation of rosette mounting allows for strain
assessment in all three dimensions. Although these gauges are used
in strain analysis of bone [10,11], to our knowledge they have not
been previously used in the assessment of fascial strain. Therefore,
the aim of this study was to determine if foil-type strain gauges
provided a valid measure of ex vivo strain in the plantar fascia.
2. Methods
Two thawed, intact limbs from a single male fresh-frozen
cadaver (age: 77, ht: 1.79 m, bm: 80 kg) were used in this study.
The cadaver was positioned supine, in the anatomical position on
a metal dissection table. A pulley system was designed to allow
for a constant load to be evenly distributed to the testing limb,
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Fig. 1. A representation of the testing procedure.

at a position in line with the metatarsal–phalangeal interface. A
load of 98.1 N was chosen after pilot testing incorporating manual muscle testers revealed that this load replicated the external
force applied during typical plantar fascia stretching exercises performed in a clinical setting. Movement of the testing limb off the
dissection table was minimized by applying the minimal necessary
downward force to the tibia. This testing procedure resulted in a
controlled, forced dorsiﬂexion of the ankle joint. This testing setup
is shown in Fig. 1.
The cadaver was situated in this position for 30 s, after which the
load was removed and the limb was actively returned back to the
relaxed position by the investigator. A 1-min interval then preceded

the commencement of a second test, ensuring that the plantar fascia
had returned to its original relaxed state and that all of the stored
strain energy had dissipated.
In an effort to compare the stiffness of the cadaveric limbs to
live subjects, and hence ensure that this was not a confounding
variable, upon completion of the tests for plantar fascia strain a pendulum test of the knee was performed. Theoretically, the results in
a cadaver should be similar to that of a live subject with no neural
activation or hypertonia during the test. This test incorporated an
assessment of lower-limb oscillation when the foot was dropped
from a position of full knee extension, a methodology similar to
that performed previously [12]. To perform this test the cadaver
was maneuvered so that both of the lower limbs were protruding over the edge of the dissection table, with the edge located
approximately 5 cm proximal to the estimated knee joint centre.
An electrogoniometer (Biometrics, U.S.A.) was attached to the lateral side of the knee, and was used to assess knee ﬂexion angle
from the time of release until the visible oscillation amplitude was
minimal (at least four oscillations). Although this protocol allowed
us to assess the oscillation frequency with reasonable accuracy, we
could not ﬁx the goniometer securely enough to the limb to provide
true measurements of joint angle. Consequently, we could not precisely determine the stiffness of the lower limb, and have limited
our analysis to oscillation frequency.
Data was acquired using a laptop computer and a USB-based
CompactDAQ system with insulated strain gauge modules (National
Instruments, Texas, U.S.A.). Eight channels were dedicated to
assessing strain, with three assigned to a tri-axial rosette gauge
and the remaining ﬁve devoted to linear gauges. The rosette gauge

Fig. 2. Gauge mounting sites: (A) mounted gauges, with the rosette gauge encircled, and (B) outline of the mounting sites (which were chosen to allow mapping of the axis
of strain throughout the fascia). The individual purpose of these sites, relative to the centre of the calcaneus, was to assess strain: (1) posterior calf: transfer to the shank (not
shown); (2) transverse bar: perpendicular to the longitudinal axis; (3) linear medial: in the medial slip; (4) linear central: in the central longitudinal axis; (5) linear lateral:
in the lateral slip; (6) medial rosette: in the direction of the 5th metatarsal; (7) central rosette: in the central longitudinal axis; and (8) lateral rosette: in the direction of the
greater toe.
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Table 1
Individual results for the two tests performed on each limb. The units shown are in micro-strain (me).
1 Posterior calf

2 Plantar T-bar

3 Linear medial

4 Linear central

5 Linear lateral

6 Rosette medial

7 Rosette central

8 Rosette lateral

Limb 1
T1
10.1
T2
8.2
SD
1.3

1.0
1.1
0.1

14.0
16.3
1.6

17.1
16.1
0.7

35.2
55.6
14.4

2.1
0.9
0.8

26.8
23
2.7

0.5
0.4
0.1

Limb 2
T1
T2
SD

3.3
0.0
2.3

−0.4
3.7
2.9

20.8
21.5
0.5

2.1
0.9
0.8

5.6
4.6
0.7

33.0
29.6
2.4

6.1
8.7
1.8

1.5
1.4
0.1

consisted of a rectangular conﬁguration, three-way 350-Ohm 3 mm
gauge stack in quarter-bridge (TSM Strain Gauges, Wrexham, U.K.).
The linear gauges were 10 mm, 120-Ohm gauges in a quarter-bridge
compilation (BCM Sensor Technologies, Antwerp, Belgium). Both
styles of gauges were lead-wired by the respective manufacturers,
and the Wheatstone bridge completion, along with both null and
shunt calibration, were performed using a combination of Signal
Express 2.0 and Labview 8.5 software (National Instruments, Texas,
U.S.A.). A sampling frequency of 50 Hz was selected given the relatively low fascial loading speed. In addition, this sampling frequency
optimized the buffer transfer and the stability of the testing platform. Filtering for signal noise consisted of a six-level undecimated
wavelet transform incorporating a soft threshold with hybrid Stein’s
Unbiased Risk Estimate performed during signal analysis using the
aforementioned Labview software and the Advanced Signal Processing Toolkit (National Instruments, Texas, U.S.A.).
A S-type incision was made on the plantar aspect of the foot, to
allow access to the proximal plantar fascia, avoiding the plantar fat
pad. The strain gauges were then fastened to the external surface
of the plantar fascia, using a gauge speciﬁc cyanoacrylate adhesive
(TML, Tokyo, Japan), in the positions outlined in Fig. 2. Three linear gauges were inserted along the longitudinal axes of the central
tendon and medial and lateral expansions of the plantar fascia. A
rosette strain gauge was placed proximal to this arrangement, with
medial central and lateral components, measuring strain patterns
within the central tendon. A transverse gauge was placed further
proximally perpendicular to the long axis.
Insulation of the gauges on the surface of the fascia was performed by covering the gauge and solder points with soft parafﬁn,
before applying multiple layers of gauze both on and around
the mounting site. To prevent dislodgement, the lead wires were
sutured to the skin.
Data acquisition was initiated at least 5 s before any cadaveric
manipulation, to ensure an adequate data stream for null offsetting purposes. Once the cadaver was maneuvered into the testing
position, a time-stamp array was synchronously streamed with the
strain gauge data to allow for accurate determination of the start
of the test during data analysis. Collection of time and strain data
continued until at least 2 s after the cadaver had been placed back
into the anatomical position. Knowledge of the baseline and posttest resistance values allowed for the determination and potential
correction of signal drift and/or the creep of the fascia. Signal drift
was assessed by observing the data waveform after attachment
of the gauges but before any movement of the limb, and waiting
until the resting signal plateaued before any movement of the limb
commenced. Fascial creep was examined by assessing the pre- and
post-test resting strain value. In some cases during pilot testing
creep was observed, however this was found to have dissipated by
1-min post-testing, hence the rest intervals utilised in this study.
The peak strain value during each test, which consistently
occurred immediately after the testing position was assumed, was
then determined using a custom written Labview analysis program. While it was not possible to perform a conclusive intraclass
correlation coefﬁcient (ICC) assessment of the reliability of this

testing protocol, the test–retest repeatability in this single subject
was determined by comparing the strain values for each channel of data. An attempt to determine the strain occurring in the
fascia by re-positioning the limb into the testing apparatus was
performed by placing a strain gauge on the posterior aspect of
the fascia covering the gastrocnemius of the testing limb. Transverse strain, incorporating the known transverse gauge factor, was
also measured using the linear gauge positioned along this axis.
Additionally, in the event of appreciable strain in the medial and
lateral gauges of the stacked conﬁguration, a grid-based Mohr’s circle strain-transformation model was to be performed to determine
the principal strains and their directions. Due to the single subject
design, the performance of a deﬁnitive statistical analysis was not
possible. However, to provide a representation of the reliability a
within limb, test–retest ICC with a single-measure Alpha model for
absolute agreement was performed.
3. Results
The pendulum test revealed that the mean oscillation frequency
of the limbs (0.92 + 0.10 Hz) was similar to the normative data for
live subjects (0.93 + 0.08 Hz) reported previously [13]. This suggests
that the plasticity of the lower-limb in the cadaver was similar to
that of live subjects. The individual results for the two plantar fascia
strain tests performed on each limb are provided in Table 1. An
assessment of the repeatability of the peak strain values is provided
in Table 2. Only the transverse bar (T-bar) produced an ICC below
0.75.
4. Discussion
While it is acknowledged that a small sample size was used and
the strain gauges remained embedded between tests, the results
of the present study suggest that the use of foil-type strain gauges
provide a predominately repeatable measure of longitudinal strain
in the plantar fascia.
Therefore, these gauges may provide a measure of strain in the
plantar fascia where the limitations of MFT and DVRT preclude their
use (i.e. the need for multi-direction strain measurements or in
tests with external compression). All sites, with the exclusion of
Table 2
Test–retest repeatability in the strain results during taped dorsiﬂexion, with the intraclass correlation coefﬁcient, F and p values, and the standard error of measurement
provided.

Posterior calf
Plantar fascia T-bar
Linear medial
Linear central
Linear lateral
Rosette medial
Rosette central
Rosette lateral

ICC

F

p

SEM (%)

0.97
0.87
0.94
0.96
0.90
0.91
0.76
0.93

73.20
0.13
225.00
28.65
16.52
1296.00
1024.00
26.50

0.07
0.78
0.04
0.12
0.15
0.02
0.02
0.12

16.98
125.93
10.71
4.50
46.06
3.03
0.71
34.40
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the transverse bar gauge (gauge 2), produced reasonably high ICC
values, however the SEM for many of the non-longitudinal tests was
quite high. For example, the linear lateral gauge (gauge 5) recorded
an ICC of 0.90 yet possessed a SEM of 46.06%. Consequently, based
on factors such as clinical relevancy, and the results for ICC, SEM
and magnitude, a centrally longitudinal linear gauge (gauge 4) may
be the most applicable for future research.
In regards to the pattern of strain it is important to consider
the limitations of the study in regard to the potential differences
in structural composition and the effect on the strain gauge data,
however a number of trends were observed. Firstly, it would appear
that the distribution of strain in the proximity of the region where
the plantar fascia attaches to the calcaneal tuberosity is almost
exclusively longitudinal. Clinically, this is the anatomical location
at which the majority of plantar fasciitis pain is reported [1]. In
this position the central, longitudinal gauge in the rosette (gauge
7) showed a noticeable increase during all of the experimental protocols. The results for the medial (gauge 6) and lateral (gauge 8)
gauges in the rosette, and the transverse bar gauge (gauge 2), in contrast, displayed only minimal strain. This small response may in fact
have been related to the intrinsic measurement error of the gauges.
These nondescript results negated the need for performance of a
strain-transformation model, as the results conclusively show that
the vast majority of the strain is in the longitudinal axis.
Secondly, and antithetically, the gauge positions located more
proximal to the phalanges appeared to demonstrate a greater
disparity in longitudinal/transverse axis strain. While the central
linear gauge (gauge 4) displayed similar results to those of the central rosette gauge (gauge 7), the linear lateral (gauge 5) and, more
noticeably, the linear medial (gauge 3) gauges displayed far greater
ranges of fascial strain. This would appear logical, as the fan-like
shape of the plantar fascia may result in the opposing transverse
aspects of the strain leveraging longitudinally as the transverse fascial width decreased. In addition, it is important to note that the
fascial structure of the medial and lateral expansions was markedly
different to that of the central band. The disparity in appearance
to the naked eye between the thick, cord-like central tendon and
the ﬂimsy interrupted medial and lateral expansions leaves little
ambiguity as to the direction of the majority of strain transfer.
Although these reproducibility results promote the use of foil
gauges for assessing fascial strain, they are restricted in that it
is difﬁcult to perform an accurate displacement calibration without knowledge of the density, thickness and strain properties of
each gauge site. This prohibits the application of a standard measurement unit to the strain data, however, the ability to compare
micro-strain values during different experimental interventions
does allow for a direct assessment of the strain properties of
the plantar fascia. To assess true displacement, the tissue with
the strain gauges intact could be removed and calibrated with a
force/displacement actuator. This would provide a calibrated strain
result for each individual specimen, in comparison with the somewhat arbitrary data reported in the present study.

Additional limitations associated with this form of gauge for this
type of research, such as the effect of bending strain and bonding
strength must be acknowledged. For the aforementioned limitation, if the movement is stringently controlled this should not be
a major factor. In regard to bonding strength, while it is difﬁcult to
accurately quantify this measure, the investigators did not observe
any noticeable reduction in the bond between the gauge and the
tissue.
In conclusion, the use of foil-type micro-strain gauges for
assessing strain in the plantar fascia may provide repeatable
measurements. This is an important factor in situations involving external compressive force which may invalidate the results
of bulkier testing modalities such as mounted force transducers
and differential variable reluctance transducers. Additionally, the
results of this study support the theory that the vast majority of
strain in the plantar fascia in centrally longitudinal.
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