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A B S T R A C T   

The in-situ mechanical characterization of elastomers is not highly regarded due to the existence 
of a well-established set of sample-based standard tests for research and industry. However, there 
are certain situations or materials, like biological soft tissue, where an in-situ approach is 
necessary due to the impossibility of sampling from a living body. We have developed a dynamic 
mechanical analysis (DMA)-like device to approach in-vivo and in-situ multidimensional stress- 
strain properties of human plantar soft tissues. This work elucidates the operational mecha-
nism of the novel measurement, with the definition of a new set of moduli, test standardization 
and protocol. Exploratory results of a volunteer’s living plantar, silica rubber samples are pre-
sented with well preciseness and consistence as expected.   

1. Introduction 

The plantar soft tissue, located between the dermis and bones of foot, is a critical composite material integrated of fat and specific 
connective tissue [1] to cushion shock, absorb impact [2,3], and protect against excessive local stress [4] for our daily locomotion and 
weight-bearing activities. Given the feature of shape recovery and energy dispersion, biological soft tissue is generally taken as 
elastomer in the field of biomaterials and biomechanics; and artificially synthesized elastomers of moduli in the MPa range can be 
easily tuned to match well with the mechanical properties of soft tissues [5]. Thereafter, the characterization of mechanical properties 
of soft tissue is a key content in the field of clinical medicine, biomedical engineering, and bionic materials [6,7]. 

The stress-strain mechanical test methods for industrial elastomer are therefore applied onto biological soft tissues [8], usually with 
cadaveric specimens [9], whereas live specimens are strictly impossible, and even experiments targeting animal organs are difficult to 
achieve and require very strict conditions and ethical permission. However, the obvious difference between ex-vivo specimen and 
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living tissue in the biochemical state and mechanical properties makes it controversial and lack of feasible cross check. 
Current material characterizations of living tissues are mainly carried by ultrasound and imaging due to their non-invasive feature 

[10–12]. However, imaging methods are subject to exposure and have strict limitations on the number of measurements and irra-
diation time. Moreover, these indirect methods can only provide discrete stress-strain data, which makes the construction of consti-
tutive equation difficult. 

Over the past decades, dynamic mechanical analysis (DMA) has become a standard tool for materials research to approach the 
periodic strain-stress behavior, elasticity, and viscosity [13,14]. A number of DMA tests were reported on ex-vivo cadaveric specimens, 
whereas the defects are obvious [15]. In recent years, some researches have adopted in-vivo indentation tests via a single pulse to access 
the force-displacement and stress-relaxation curves [16], and achieve half of the periodic dynamic stress-strain correspondence. Yet 
continuous and full-periodic mechanical measurements on living tissues, as an ideal methodology, has not been reported in the field. 

In-situ and In-vivo mechanical tests on plantar soft tissue, if being made feasible, are not only of importance in precise measurement 
comparing to the cadaveric tests, but also implies significant potentials in clinics and healthcare. The variations in the soft tissue’s 
mechanical characteristics at different plantar locations may indicate health or even pathological issues. For instance, the soft tissue 
stiffening under the metatarsal heads may lead to foot ulcers in diabetics [17] and metatarsalgia in the elderly [18]; It has also been 
demonstrated that altered mechanical properties of the heel pad may result in shock-induced injuries such as heel pain and Achilles 

Fig. 1. Mechanical drawing of the in-situ DMA device to measure the material properties of plantar soft tissue: (a) The axonometric view; (b) The 
left-side view; (c) The right-side view; (d) The upper view and the demonstration of three functional units for measurements in three directions: 
tensile/compression, horizontal shear and torsion. 

L. Wu et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e29986

3

tendinitis [19]; Since soft tissue properties vary remarkably across different plantar regions [20], the real-time monitoring on the 
material properties on the living plantar are necessary as a clinical examine [21], whereas ex-vivo test has no way to be useful in this 
mean. 

During daily activities, the planter soft tissue bears mechanical loads and land forces in various dimensions: i.e., pressure acting 
normal to the land and shear stress acting tangential to the plantar surface [22]. For various orthopedic or systemic diseases, it can be 
of great interest to learn the effects of different forms of stress onto the human foot. While so far vertical pressure has been widely 
reported, there are very few studies on shear and torque [23]. One probable reason may be the lack of available device and meth-
odology for the shear and torque measurements, especially in-vivo and in-situ [24]. 

In response to the above concerns, we have invented a device based on the principle of DMA to measure the in-vivo and in-situ 
material properties of soft tissue, especially for plantar. The engineering verification of the design has been done in simulation, and 
consistent theoretical results has been achieved to certify its capability to measure the periodic strain-stress behavior, and analyze the 
material properties in a continuous fashion [25–27]. With the periodic strain-stress measurement, the mathematic processing of 
constitutional equation of viscoelasticity via phase lag analysis is made possible, which is the classical methodology for conventional 
elastomeric materials. In this manuscript, the mechanical design and working principle of the in-situ DMA-like device is described in 
details (section II), the characteristics, i.e., a set of moduli, for soft tissue in this newly-invented test are defined (section III), the sample 
standardization and calibration is carried out with the help of finite element analysis (FEA), as a common tool in biomechanics [28,29] 
(section IV), the test protocol on living plantar is settled (section V), and finally, the preliminary results of testing on a living planter, a 
silica rubber mimic foot, and a silica rubber brick sample have been delivered as examples (section VI). 

2. Device design 

2.1. Mechanical structure 

The application of periodical stress-strain onto plantar and the corresponding monitoring mainly involves sinusoidal motion of 
detector and its effective adhesion onto the subject, with precise add-on of force and distance sensor. Axonometric views (Fig. 1a), left- 
and right-side views (Fig. 1b and c), and the upper view of the device were displayed in Fig. 1, along with three stress-strain detecting 
units (Fig. 1d) that were arranged in a supporting framework and had a cover lid with three holes on it that allowed the plantar test- 
points to be subjected to the detector head. Moreover, a vacuum suction cup is set onto the head to firmly bound the plantar, and 
enables the reciprocal motion of soft tissue. The mechanical structure design of the three detection units can be simplified as sine 
mechanism, as shown in Figs. 2–4. 

Fig. 2. The kinematic sketch of the mechanical structure of the vertical reciprocal motion mechanism.  
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The mechanical design of vertical reciprocal motion can be simplified as the crank slider mechanism, as shown in Fig. 2. By rotating 
the disk, along with the eccentrically mounted tie rods, the shaft makes reciprocating linear motion vertically under the limitation of 
the linear bearing. The force sensor and probe head are mounted sequentially on the shaft, while the displacement sensor is mounted 
on a fixed plate. One thing shall be addressed here, although the displacement is determined by the mechanical structure, e.g., the size 
of rotary disk, the eccentrical radius and the length of rod and so on, depending on the stiffness of subject, and inevitable errors, the 
actual strain happens on the subject may not be the set of displacement, which are observed many times in our following practice, 
therefore an independent displacement sensor is necessary. And this difference will be discussed in the results section. The mechanism 
of shearing motion can also be simplified as the crank slider, only that in a horizontal way, as shown in Fig. 3. 

The horizontal torsion motion can be realized by crank rocker mechanism, as shown in Fig. 4. With the rotary of disk, the slider 
mounted eccentrically on the disk through the bearings rotates and drives the lead rail to swing cyclically. The torque sensor connected 
to the torsion axle monitors the oscillation via a synchronous belt. And torsional deformation is recorded by the angle transducer. 

Moreover, each unit is equipped with a set of lifting mechanisms, allowing the detector to automatically rise during testing. After 
touching the plantar, the appropriate height is determined based on a default stress threshold, and the mechanism is fixed at that initial 
position. Then vacuum is applied to adhere the soft tissue. This is to avoid subjective force errors caused by subject actively adjusting 
the height of the foot to match the probe. As shown in Fig. 5, the mechanical principle is a nut-screw rotation, with a self-locking brake 
motor to keep the zero-position unchanged during the reciprocating test. 

To ensure non-destructive and non-invasive binding, a vacuum composite suction cup is designed for the detector joint during the 
inspection (Fig. 6). The suction cup is composed of a rigid inner core and an elastic skirt edge. The upper surface of cup is designed with 
support ribs to ensure a stable and flat contact onto the tissue, and avoid shape change of the testing tissue. Also, this design can 
increase adherence intensity by lower the contact area with the same vacuum degree. Our practice verified that this design can firmly 
adhere the soft tissue under particular testing condition. The vacuum is provided by a regular laboratory oil pump with degree to be 
sufficient for the suction without the uncomfortable feeling reported by subjects. 

2.2. Sensor models 

We employed mature commercial sensors for force [30], torque [31], displacement [32] and angle [33] detection in the device. The 
vertical reciprocate mechanism is equipped with the force sensor (DYMH-103, Bengbu Dayang Sensing System Engineering Co., Ltd) 
and LVDT (Linear Variable Differential Transformer, GA09, Shanghai Utmost Electronics Co., Ltd). The sensor for the shearing 
mechanism is the same as that for the vertical, only that in a horizontal way. In the horizontal torsion mechanism, the torsional 
deformation and torque are recorded by torque sensor (FYAH, Forsentek Co., Ltd) and angle sensor (GT-D, Taizhou Quantum Elec-
tronic Technology Co., Ltd.). The specifics of sensors are listed In Table 1, and these have been proved to be well satisfactory for our test 
requirements. The data-acquisition (DAQ) consists of a USB 3151 unit (Art Beijing Science and Technology Development Corp., Ltd) 
configured for taking analog measurements with a 16-bit A/D converter at a sampling rate (Fs) of 500 kHz, satisfying the Nyquist 

Fig. 3. The kinematic sketch of the mechanical structure of the horizontal shearing reciprocal motion mechanism.  
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Fig. 4. The kinematic sketch of the mechanical structure of the horizontal torsion reciprocal motion mechanism.  

Fig. 5. The design of lead screw lifting mechanism.  

Fig. 6. The design of the mechanical structure of vacuum suction cup.  
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criterion [34]. A DC signal isolator (Hangzhou Hengyi Instrument Technology Co., Ltd) is used to output DC signals to control systems 
or other instruments after processing such as isolation and interference suppression for more efficient signal processing. The specifics 
of the isolator are also listed in Table 1. Furthermore, FFT and cross-correlation analyses were performed on the load (stimulus) and 
deformation (response) signals. The spectrogram shows that the peak frequencies of the two signals are identical. The cross-correlation 
analysis identified a maximum cross-correlation of 0.9559 between two signals, along with a lag of 0.003s, indicating a strong cor-
relation and minimal impact from lags on the results. 

3. Definition of characteristics 

In classical material mechanics, moduli are conducted by the relative change of stress (force) and strain (size change), e.g., the 
Young’s modulus of tensile/compression is defined as E = σ/ε =(ΔF/A)/(ΔL/L), where involves the original shape (L). However, while 
the strain here is a rigorous definition with exact shape and measures of the test sample, and the determination of these parameters is 
trivial in common material test, the subject we are dealing with in the new in-situ test has mere measures on shape and size (even if we 
can do exact measurements in some cases), either for biological tissue or inorganic object. Because the test is applied on a small area of 
the outer surface of a relatively large sample, the strain is obviously not only the shape change of the cylinder behind the suction area, 
therefore the original size L of this cylinder is regardless of the “modulus” interested in the present case, as the area marked out by the 
orange rectangle in Fig. 7. Fig. 7a is the FEA simulation of the in-situ tensile on a silica rubber brick sample. Although we have 
determined the effective strain depth is ~5 cm in this case of brick sample [27], it is still mysterious to approach the shape and size of 
an “equivalent cylinder”. And for biological tissue, the dilemma is more complicated, the original shape and size of soft tissue is 
extremely difficult to be measured, and it almost differs in every individual case. Although we can somehow measure the thickness of 

Table 1 
Specifics of the sensors.  

Sensor Specifications Values 

Force sensor (DYMH-103) Capacity 0–5 kg 
Response frequency 10 KHz 
Output sensitivity 1.0–1.5 ± 10 % mV/V 
Hysteresis 0.1 % F.S. 
Repeatability 0.1 % F.S. 
Temperature sensitivity drift 0.1 % F.S./10 ◦C 
Zero temperature drift 0.1 % F.S./10 ◦C 

LVDT (GA09) Capacity ±5 mm 
Response frequency 1-10 KHz 
Nonlinearity error ±0.5 % BFSL 

Torque sensor (FYAH) Capacity 0–1 NM 
Response frequency 200 Hz 
Nonlinearity ±0.25 % of R.O. 
Hysteresis ±0.25 % of R.O. 
Nonrepeatability ±0.1 % of R.O. 

Angle sensor (GT-D) Capacity 0–360◦

Resolution 4096, 12 bits 
independent linearity 0.15 % F.S. 
Response frequency 5 KHz 

Module Specifications Values 
DC signal isolator (0–10 V) Standard accuracy Typical value ± 0.1 % FS 

Temperature drift Max. ± 0.005 %/10 ◦C 
Response time <10 ms  

Fig. 7. FEA demonstration of the in-situ tensile on (a) silica rubber brick sample and (b) plantar heel model with skin (rear sectional view). The 
cylinder portion behind the suction area is marked out by the orange rectangular. It is clear the stress-strain behavior here is loosened out of the 
shape and size change of the cylinder, where a much more complicated strain map is involved, and the situation is more complicated in living 
plantar tissue of irregular shape and skin confinement. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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plantar tissue, i.e., the distance from skin to the lower end of calcaneus, as the area marked in Fig. 7b, when the detector drives the 
motion of the suction area, it is easy to image that the whole plantar tissue around (without clear boundary) involves in the shapes 
change, and even worse the confinement of skin plays crucial role in the stress response, it is meaningless to define the original L here. 

On the other hand, it is not unreasonable to doubt if this parameter is necessary in biomechanical characterization. Since we have 
exactly measurable force (or stress with area) and displacement (strain), given the L temporarily undefined, we may firstly define a 
series of “apparent moduli” analog to classical moduli: Similar to the classical Young’s modulus, we define the tensile/compression 
combined modulus as 

HTC =
FTC/A
ΔL/L

(1)  

where FTC is the force of both push and pull, A is the area of suction, L is the “original” length, and note the ΔL is the displacement of up 
and down. 

Then the new shear modulus is defined as 

HS =
FS/A
Δx/L

(2)  

where FS is the force of shearing of two directions, and note the Δx is the displacement of tissue sheared to both sides. Due to the 
relationship between shear and torsion, we have the applied torque T (in the unit of N⋅m) as 

T =
JT

L
HSφ (3)  

where φ is the angle of twist in radians, and JT is the torsion constant in the unit of m4, although it firmly depends on the shape of 
object, and is complicated to determine for irregular shapes, fortunately we can simply derive it, without knowing the exact form in the 
means of geometry, from Eqns. (2) and (3): 

JT =
TAΔx
FSφ

(4) 

Then we have the analog torsion modulus (or torsional rigidity analog to classical definition) in the unit of N⋅m2 

HT = JT HS =
TAΔx
FSφ

HS (5) 

Note that in the real test of plantar, there are two modes of shearing test (longitudinal and transverse), and correspondingly two 
moduli HLS and HTS, the HS in Eqn. (5) is taken as (HLS + HTS)/2 in practice. 

Here the only undetermined variable is L, but whatever it may be, it does not affect the parallel comparison between the moduli in 
the same category among the tests. The definition can certainly fulfil our current needs to measure and examine the plantar tissue as a 
healthy indicator, by considering the shape and size are also part of the “eigen” tissue properties to be reflected by the stress-strain 
behavior, the term “apparent moduli” objectively characterize the properties of a particular tissue. In this way, we may set a nomi-
nal value of L to balance the dimension of equations. Currently this parameter is set to be 10 mm. 

In the future research, with a large number of testing data, we expect to employ machine learning to figure out the underlying 
correlations and establish a reliable relationship between newly-defined analog moduli H and classical moduli G with a so-called 
“equivalent length” L. (This work is currently in progress in our group, since it is not a main concern in this work, we hope the re-
sults will be reported in near future). 

4. Standard sample and calibration 

The main idea of the in-situ test is a compromise for the strong limit of living tissues, as the test conditions such as force, frequency, 
temperature and so on are strictly confined within a tiny window. However, as a characterization itself, the determination of test limits 
requires samples beyond the coverage. Note that, the force and torque sensors employed in the instrument are mature industrial 
products and their calibration is trivial. The general procedure here is to correct the operational or systematic error. 

On the other hand, a series of standard samples for calibration and correction is a must for a standardized characterization, while 
obviously the living tissue cannot serve this role, in either concern of standard materials or availability. In this work, the silicon rubber 
(SR) is selected to approximate the heel pad tissue. With present knowledge of the living tissue, the grade of SR is chosen as the tensile 
modulus of 0.518 MPa, compressive modulus of 1.228 MPa, elongation at break of 363.4 %, hardness of 18 (shore A), and density of 
1.086 g/cm3. 

We employ a SR brick measuring 10 × 10 × 5 cm3 to test as a reference because the shape of a mimic foot cannot be a standard form 
of samples and lacks systematical comparability. A metal box covers the brick to act as the frame holder and give a rigorous 
confinement. In our earlier work [27], with the help of FEA, an ignorable boundary condition was sought to determine the shape and 
size of the brick sample in order to guarantee that the size is large enough to reflect the eigne properties of the elastomer regardless of 
the impact of size or boundary morphology. For the silica rubber employed in this case, that boundary was determined to be 5 × 5 ×
2.5 cm3, thereby the current size is doubled to ensure the sufficiency. 
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It should be noted that here the size and material property of “standard” brick sample are merely artificial choice. Since our 
research focused on the biological soft tissue, especially the plantar, we select this grade of silica rubber for a standard sample. 
Nevertheless, this in-situ DMA method can also be expected to apply to the research of other soft matters, and depends on the objects it 
is meant to measure, the standard sample for calibration is a free choice. The basic principle is a reproducible elastomer to calibrate the 
machine, with sufficient size and regular shape to avoid the geometrical effect, and there is no necessity to rule a universal “standard” 
sample. 

5. Test protocol 

5.1. Test protocol for the volunteer participant 

A volunteer participant (female, age: 30–35 yr, height: 165–170 cm, weight: 65–70 kg, body mass index (BMI): 23–25) (the 
personal info is reported in interval to protect privacy) has taken the test and been reported in this manuscript. The subject was 
required to have had no trauma to its feet in the past 12 months before data collection, and the plantar shall be observed to be in a 
healthy state, that appears not to have any injuries, infections, or pain. The assessment is done by researchers who have been trained by 
professional clinician in our group. Prior to testing, we explained the procedure and purpose of our study to the subject, collected 
personal and clinical information such as age, height, weight, foot length, foot width, footwear preferences, est. average steps per day, 
and exercise habits from the subject, which was subsequently anonymized during the data processing phase. The subject voluntarily 
signed the testing protocol agreement before testing commenced. The Ethical Review Committee of Huashan Hospital, Fudan Uni-
versity (HIRB) approves the ethical review (see the supplemental materials). 

Due to the significant heterogeneity of plantar, the shearing along different direction is quite considerable, which also accords to 
the functionality of plantar. Thus, as mentioned above, in practice we take two modes of shearing test in longitudinal and transverse 
directions, that is, the direction from heel to toe, and vertical to the foot. In this way, the tests in four directions were carried out 
respectively at five spots on plantar tissue that are considered to be critical in bear-loading or prone to ulceration, including the three 
spots on the forefoot (the first, second, and fifth metatarsal heads), the midpoint on the lateral edge of the arch, and the center of the 
heel [21], as shown in Fig. 8. 

The positions of test sites are determined with a series of references, where researchers have common concerns that specific points 
are crucial for plantar functioning. Referring to previous studies on foot morphology [35] and plantar pressure [36], the test on heel, 

Fig. 8. Test locations of plantar soft tissue at the first, second, and fifth metatarsal heads (M1, M2, and M5), midpoint of lateral edge (L), and Heel 
(H). Note that the 50 % on the right to determine L is colored differently because it is based on a different 100 % norm. 
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the fifth, and the first metatarsal heads are positioned at around 10 %, 63 %, and 72 % of the foot length measured from the 
posterior-most point in the anterior–posterior direction. According to the distribution of pressure on the plantar [37–39], the line 
M1-M2 is considered perpendicular to the longitudinal direction, and these two are located at the cross-point of the 72 % “meridian” 
and the axis of first and second metatarsal bone, respectively. Similarly, M5 is located at the cross-point of the 63 % “meridian” and the 
axis of fifth metatarsal bone. Point L is artificially determined at the midpoint of the outer lateral of the arch. Thus, please note the 50 % 
in Fig. 8 has a different benchmark. 

Participant is asked to provide a series of clinical information of gender, age, height, weight, foot length, foot width, foot health, 
shoe-wearing habits, daily average steps, and exercise habits before each test. During the test, the volunteer sequentially places five 
test positions on the detectors of three stress-strain detecting units (tensile/compression, shear in two directions, and torsion) for the 
corresponding test. To ensure the data accuracy, each test is repeated three times, that is, 60 tests in total for one subject. 

In this work, the amplitude of reciprocal and shearing test is set to be ±2 mm, the twist range of torsion test is set to be ±14◦. The 
amplitude is chosen by observing the regular motion of healthy plantar pad, and the frequency is determined by an empirical upper 
limit of human foot usage in common sense, and higher frequency may cause noticeably discomfort on subject [40]. It is important to 
note that the displacement in real test is not exact the setup value (±2 mm or ±14◦), due to the test conditions and characteristics of 
subject, the difference could be unignorable, therefore the strain must also be preciously measured to calculate the moduli. The 
reciprocal motion is processed for 10 s. In practice, the oscillation begins at a lower frequency and reaches its set frequency after 1 s. 
Typically, it takes around 2 s for the signal to become stable, so we take the data after t = 4 s to calculate the average force and errors. 

5.2. Test protocol for mimic foot model and brick sample 

Furthermore, as silica rubber of particular grade is utilized to prepare the “standard sample” in this research, we have prepared a SR 
foot model with the same grade for test, as a reference comparison to the living plantar. The model is extracted and rebuilt from CT 

Fig. 9. The test device and setup: (a) the general test posture; (b) the test setup of volunteer’s foot (the resolution of foot is downgraded for privacy 
protection); (c) the test setup of SR foot model; (d) the test setup from undercover view. (The figure has been publicly disclosed, and copyrights for 
re-use are authorized in this paper.) 
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scan of real foot. Sectional foot images were obtained through CT imaging of the right foot of a volunteer subject, who was fully 
informed and signed the consent form before trials. Image of a specific density range (i.e., soft tissue or bone) was distinguished using 
MIMICS software (Materialise, Leuven/Belgium). The surface reverse modeling of soft tissue and bone was completed by the 3D 
reconstruction tool Geomagic Studio (3D Systems, Morrisvillerth Carolina). The bone was 3D-printed with PLA resin. The mold is 
obtained through Boolean operation on soft tissue and a cubic model. Subsequently, the 3D-printed bone is fixed inside the mold, 
followed by the casting of silicone gel to make mimic foot. Fig. 9 shows the general test posture (Fig. 9a), the subject foot and mimic 
foot model positioning (Fig. 9b and c), and a direct view of detection (Fig. 9d). The test conditions on mimic foot model and brick 
sample are similar to the volunteer participant. The videos of tests on living foot and SR mimic foot are attached in supplementary 
materials as a visual presentation of the test. 

6. Preliminary results and discussion 

The living test results on the volunteer’s plantar soft tissue are presented in Fig. 10. There are 4 subfigures classified by four types of 
stress-strain behaviors (tensile/compression (Fig. 10 a), longitudinal shear (Fig. 10 b), transverse shear (Fig. 10 c), and torsion (Fig. 10 
d)) on five spots (M1, M2, M5, L and H). In all the four types of tests, we intendedly reverse the directions of displacement and force to 
present a peak-to-valley view for a clear observation. In the results of tensile/compression, the peak in the force curve represents the 
compression (push up) with a valley on the displacement, and vice versa. In shear and torsion, the stress is symmetrical thus the 
direction is trivial. For a better demonstration, the sixty periods of signals of three trials (twenty periods in one trial) are overlapped to 
be cloud curves and the average of each are presented as solid line in Fig. 10. 

It can be observed that the periodic signals behave stable in amplitude and extremum, which confirms the preciousness of the 
device and method. Since the stability of test quite depends on the cooperation of the subject, the results are much more stable within 
in one trial, whereas the signal overlap of different trials may sometime generate noticeable noise, e.g., the tensile/compression force 
of the fifth metatarsal head in Fig. 10 a, though the deviations are still in acceptable range. 

The same tests have also been done on the five spots of the SR mimic foot model and brick sample described in section 4. The 
measured force, strain and calculated moduli are summarized in Table 2. All data are presented as mean values ± standard deviations, 
and they are found to be generally consistent and reasonable. These calculated T/C and shear moduli values fall within those obtained 
from others’ previous experimental measurements on plantar soft tissue, ranging from 0.05 to 0.3 MPa under strains of 10–35 % 
[41–43]. The displacements (strain) in each test mode are stable respectively with acceptable deviations. It is observed that the stress 
and strain are mutually correlated, for example the five T/C tests on living plantar roughly presents negative relation between force 
and strain, i.e., higher force is paired with smaller strain. This agrees with our common sense that if a subject is “hard” to deform, it 

Fig. 10. The stress-strain behaviors of four types: tensile/compression, longitudinal shear, transverse shear, and torsion of a volunteer’s plantar soft 
tissue at the various spots: the first, second, and fifth metatarsal heads (M1, M2, and M5), midpoint of lateral edge (L), and Heel (H): (a) the tensile/ 
compression; (b) longitudinal shear; (c) transverse shear; (d) torsion on the five test spots respectively. 
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costs larger force and less deformation. Given that the HTC of various spots are significantly different, the small deviations on strains 
confirms the preciousness of the machine and test method. Furthermore, we compared the distribution of T/C and shear moduli along 
various spots between volunteer and mimic foot, as shown in Fig. 11. The HTC of mimic foot model are relatively more consistent, that 
is also expectable since the mimic model is more homogenous with uniform material and texture. And the higher moduli of mimic 
model imply the grade of SR employed here maybe slightly “stiffer” to mimic the plantar tissue, at least for this individual case. 
Furthermore, the SR brick sample presents even larger force, smaller strain and higher modulus in every category, which reflects the 
effects of size and shape, and it again imprints the necessity of sample standardization and calibration discussed in section 4. 

Another interesting finding in Fig. 11 is that the transverse shear modulus of the heel of mimic foot presents significant derivation 
from other points. This deviation is not observed in the volunteer test. This result is an average of multiple repeated experiments, which 
reduces the likelihood of operational error. It may imply that the geometric feature of heel is quite unique, and significant anatomical 
structure and material properties of heel tissue make it real modulus normal to other parts of plantar. Although further research with 
more reality tests and analysis are necessary to validate and comprehend this hypothesis, this observation provides support for the 
plausibility of the definition of “apparent modulus." 

Moreover, several interesting observations on the data can induce some intuitive conclusions. For the T/C test, the M2 and H spot 
have the higher modulus, whereas these two are considered to be most load-bearing spots on the plantar, therefore the fact that they 
have better material property accords well to a previous report on the compressive material properties of the cadaveric plantar 
specimens [20]. And the H spot is even higher than M2 while the heel has less bearing area than forefoot. The T/C modulus of the M2 is 
higher than the M1. This is because the center of normal stress (pressure) is applied to the 2nd metatarsal head during walking [44,45], 
and leads to an increase in modulus. In the two modes of shearing test, only spot L presents large difference in longitudinal and 
transverse. This discrepancy can be attributed to the heterogeneity in its geometry, which can be readily hypothesized. The HLS is much 
larger, whereas the foot arch mainly bears shearing along longitudinal direction during daily walking, and shearing in the other di-
rection is rare. In comparison to forefoot regions, the heel exhibits relatively high compressive and shear moduli and skin thickness, 
which is consistent with the reported result on the compressive and shear characteristics of diabetic plantar tissue [46]. Biome-
chanically, ground contact begins at the heel during walking, hence a thicker, stiffer, more elastic layer of soft tissue at this point may 

Table 2 
The results of tests on living heel and inorganic samples.   

Tensile/ 
Compress 
Force (N) 

Displace 
ment 
(mm) 

Analog 
T/C 
Modulus 
HTC 

(MPa) 

Longitudinal 
Shear Force 
(N) 

Displacement 
(mm) 

Analog 
Shear 
Modulus 
HLS 

(MPa) 

Transverse 
Shear Force 
(N) 

Displacement 
(mm) 

Analog 
Shear 
Modulus 
HTS 

(MPa) 

Torque 
(N⋅m) 

Displacement 
(Degree) 

Analog 
Torsion 
Modulus HT 
(N⋅mm2) 

H 17.6948 
± 0.8400 

3.5049 
±

0.0745 

0.1469 22.7176 ±
0.0243 

3.7892 ±
0.0034 

0.1578 21.6163 ±
0.0774 

4.5529 ±
0.0043 

0.1249 0.3725 
±

0.0158 

27.3575 ±
0.0199 

7884.8191 

L 9.9714 ±
0.5182 

3.6945 
±

0.0136 

0.086 24.0589 ±
0.8181 

3.7837 ±
0.0038 

0.1673 17.9712 ±
0.6877 

4.5953 ±
0.004 

0.1029 0.4636 
±

0.0077 

26.7939 ±
0.0563 

10146.1483 

M1 10.2026 
± 0.3446 

3.6472 
±

0.0062 

0.0891 20.1302 ±
0.6391 

3.7838 ±
0.003 

0.1400 19.0177 ±
0.5991 

4.5604 ±
0.0114 

0.1097 0.2977 
±

0.0043 

27.8841 ±
0.0151 

6185.7673 

M2 12.8567 
± 0.356 

3.5947 
±

0.0023 

0.1139 18.3147 ±
0.4653 

3.7931 ±
0.0051 

0.1271 22.1472 ±
0.0177 

4.5339 ±
0.0022 

0.1285 0.3633 
±

0.0137 

27.4106 ±
0.0876 

7589.7347 

M5 5.8686 ±
0.1831 

3.734 
±

0.0177 

0.0501 15.6053 ±
0.2343 

3.7865 ±
0.0019 

0.1085 13.0486 ±
0.4957 

4.6438 ±
0.0196 

0.0739 0.4317 
±

0.0081 

26.9244 ±
0.002 

9366.9184 

mimic foot 
H 

31.5732 
± 0.2521 

2.8429 
±

0.0226 

0.3537 33.4994 ±
0.8667 

3.5002 ±
0.0053 

0.2519 17.1526 ±
1.1266 

3.5767 ±
0.0138 

0.1262 0.6802 
±

0.0388 

22.0088 ±
0.299 

17770.4704 

mimic foot 
L 

26.1194 
± 0.0226 

2.8663 
±

0.0316 

0.2902 40.771 ±
3.5223 

3.478 ±
0.0114 

0.3085 37.2013 ±
1.3878 

3.3908 ±
0.01 

0.2887 0.6603 
±

0.0292 

21.9049 ±
0.2269 

17262.8910 

mimic foot 
M1 

32.268 ±
0.012 

2.825 
±

0.02 

0.3638 42.9486 ±
1.99 

3.4608 ±
0.0046 

0.3266 35.0771 ±
1.544 

3.4346 ±
0.0335 

0.2688 0.9181 
±

0.0308 

20.1083 ±
0.1761 

26151.1449 

mimic foot 
M2 

29.6729 
± 0.0316 

2.8399 
±

0.0206 

0.3328 37.7017 ±
1.7231 

3.476 ±
0.0088 

0.2854 37.0456 ±
1.1805 

3.428 ±
0.0186 

0.2844 1.296 
±

0.0341 

16.7639 ±
0.3431 

44295.5314 

mimic foot 
M5 

30.5515 
± 0.0497 

2.834 
±

0.0116 

0.3433 39.2377 ±
1.065 

3.4703 ±
0.0042 

0.2975 34.611 ±
0.7972 

3.4441 ±
0.0066 

0.2645 0.7779 
±

0.0816 

20.9156 ±
0.61 

21303.7420 

SR brick  
samplea 

23.0096 
± 1.3153 

3.0253 
±

0.0076 

0.2422 40.3724 ±
1.2456 

3.6145 ±
0.0026 

0.2939 / / / 1.3636 
±

0.0258 

21.1032 ±
0.0305 

37023.3077  

a The brick sample is homogeneous in horizontal thus the shear direction is regardless. 
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help in load absorption, explaining that plantar ulcers often occur in the forefoot rather than the heel [47,48]. Another impressive 
observation is that the HT of M5 is much larger than other spots. Torsion is a rarely mentioned stress in the study of foot and plantar 
mechanics, and there has been no published report on this topic to the best of authors’ knowledge. However, it is also a common daily 
experience, that when we turn around during walking, it usually starts exerting force from the outer part of the forefoot, that is the M5. 

Additionally, it is well recognized that viscoelasticity is the primary measure used to describe the mechanical properties of soft 
tissues [49–52]. Nevertheless, the current test conditions did not reveal any viscoelasticity in tensile/compression and shear, as seen by 
the absence of phase lag in Fig. 10a, b, and c. However, Fig. 10d clearly demonstrates a noticeable phase lag in torsion. Given the fact 
that different elastomeric materials have varying frequency ranges in which they exhibit viscoelastic behavior, additional research is 
necessary to identify and comprehend the viscosity of the plantar tissue. 

Though these intuitive observations are still far away from scientific hypothesis and facts, which relies on the establishment of a big 
dataset to make sound conclusions, and these results measured could also possibly be due to the individual features, rather than 
common properties of human plantar, further investigations based on a large number of participants tested are necessary to find 
general laws. Better still, the agreements of above findings to our common sense are good encouragements on this novel in-situ DMA 
method. Since this manuscript is mainly to demonstrate our newly-invented device and establish the methodology, we are not going to 
further analyze the data and their correlations to the foot health. Future work in depth will be reported based on a decent number of 
tests with a collection of sufficient data, and is in progress in our group. 

7. Conclusion and perspective 

This study is expected to establish a novel method, which is inspired by the DMA in classical material science to obtain periodical 
strain-stress behavior to analyze the viscoelasticity of elastomer, especially the plantar soft tissue. The main novelty is to overcome the 
difficulty of in-situ characterization on the mechanical properties of biological soft tissues via fixing soft tissues by vacuum suction 
cups, and obtain in-vivo mechanical properties of living plantar. Three types of mechanism: tensile/compression, shear, and torsion are 
designed and four modes of tests are applied on five particular chosen spots on the living plantar. The results show good preciousness 
and consistence, and several interesting intuitive correlations are observed in the volunteer and mimic sample tests data, which well 
encourages the subsequent systematic researches in the future. This in-situ DMA methodology is expected to have potential appli-
cations in biomechanical theory, clinical diagnosis and footcare engineering application. 

Additionally, this new technique is also expected to make substantial contributions to the finite element analysis (FEA), which is a 
common tool in biomechanical analysis, but always being accused by the lack of the material parameters in reality, by providing the 
direct realistic material properties, and a decent standard to check the simulation. Hopefully more complex anisotropy finite element 
models of foot can be built with the foundation of the data measured by the device. 

Nonetheless, it is still clear that there are limitations to the existing research and challenges ahead. As stated, a set of “moduli” 
similar to the classical modulus are defined with measurable strain and stress. With incorporating the characteristic length as an 
internal part of the “apparent property” of subject, we found it is practical to setup a nominal original length, as 10 mm in this work, to 
make parallel comparison among the test results. However, the possibility and necessity to determine an effective “equivalent length” L 
to characterize the “eigen property” of subject, especially for those of complex shape and size, remained to be a challenge. 

Furthermore, it is an intrigued question that if there exists firm relationship between the newly defined modulus and the classical 
modulus. These uncertainties are expected to be answered in the future research on a large number of tests and collection of data on 
various living subjects and inorganic samples, with the help of machine learning. The establishment of big dataset on the plantar can 
also enhance the development of our in-situ DMA method and perhaps expand its application to other types of soft tissue, particularly 
those with extremely low stiffness, such as the brain, which are vulnerable and challenging to be tested [53–55]. 

Finally, the most captivating aspect of this study centers around the clinics. The diagnostic and health monitoring value of foot 

Fig. 11. The distribution of tensile/compression and shear moduli along various spots between volunteer and mimic foot: The box is percentage of 
25–75, the bar is the maximum and minimum value, the detailed distributions of data point are presented aside. 
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illness and footcare can only be accurately determined through the analysis of a comprehensive dataset, as these indicators are 
relatively new in the field of biology and health. Although the current work only reported a single subject for exemplary demon-
stration. In the near future, we intend to conduct a comprehensive and precise series of clinical tests on a broad scale. These tests will 
involve gathering incremental personal and clinical data, which will be analysed to identify more critical correlations. 
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