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a b s t r a c t

Pain sensation may appear under long-lasting mechanical stimulation. Although people have the
experience that pain sensation generally decreases with time while the stimulation remains, the
underlying mechanism remains elusive. We experimentally studied the thermal and strain rate-
dependent viscoelastic behavior of skin in uniaxial stretch and numerically investigated the effects of
temperature and strain rate on pain sensation. The results indicate that the viscosity of skin tissue
decreases with increasing temperature and reducing strain rate, which subsequently decreases the
discharge frequency of skin nociceptor and thus relieves the pain sensation. The results would contribute
to the understanding of pain relief mechanism and optimizing for mechanical treatment.

© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Skin plays very important roles in the body, including sensory,
thermoregulatory and host defense, etc. [1]. Uncomfortable feeling
or pain sensation may appear when skin is under extreme
mechanical and thermal stimulations, where the stimulation may
be long-lasting (even hours) in some cases. For instance, in
traditional Chinese cupping treatment [2] and furuncle disease [3],
we feel pain due to continuous mechanical stimulation in skin
tissue. Although people have the experience that uncomfortable
feeling or pain sensation generally decreases with time even if
the stimulation remains, the underlyingmechanism is still elusive.
However, it is well-known that skin is a viscoelastic material,
therefore we hypothesize that its viscoelastic property may play
an important role in pain sensation.

Traditionally, pain can be classified as neuropathic pain, in-
flammatory pain and nociceptive pain, where the physiology of
nociceptive pain has been studied extensively [4]. In nociceptive
pain, nociceptors transduce a noxious stimulus into ionic current
that generates action potentials (discharge). The discharge is sub-
sequently transmitted via nerve fibers from the peripheral sen-
sory site to the synapse in the central nervous system, where the
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action potentials are converted into neurotransmitter release at
the presynaptic terminal [5]. Neuroscientists believe discharge fre-
quency is themain factor in the encoding of pain [6], as reflected by
the increased pain intensitywith increasing discharge frequency in
intimated experiment [7,8]. Although several mathematical mod-
els have been used to study the thermal and mechanical skin sen-
sation [1,9], the effect of skin viscoelasticity on nociceptive pain
sensation has not been explored yet.

In this paper, we first characterized the viscoelasticity of pig
dorsal skin via a uniaxial tensile experiment under different
temperatures and strain rates, and analyzed the viscoelastic
properties of skin by using the quasi-linear viscoelasticity (QLV)
model (Fig. 1). Then, combining the QLV model and our previous
pain sensation model of skin nociception, we compared the
frequency of action potential induced by mechanical stimulation
with and without considering skin viscoelastic properties and
analyzed the effect of viscoelasticity on skin pain sensation.

The specimen is from the belly of adult pig with dimensions
12 mm × 12 mm × 2 mm. The viscoelastic behaviors of skin were
studied using a computer-controlled uniaxial tensile equipment,
where details concerning the experiment equipment andmaterials
preparation can be found from our previous study [10]. In brief,
the pig dorsal skin was placed at the central of a chamber filled
with buffer solution. The thermal environment was controlled by
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Fig. 1. A model of pain sensation in viscoelastic skin.
a circulation system connected to a thermostat. Before starting,
preconditioning process was performed at 37°C to ensure a
reproducible response. Both ends along the fiber direction were
evenly fixed by 18 hooks (Fig. 1), a square of nine dots were
marked on the skin sample to record strain in each direction using
a video camera, and in-plane loads weremeasured by temperature
compensated force transducers. The fiber direction was loaded
under a range of environment temperature T (25°C, 37°C, 50°C,
and 60°C) as well as loading rate γ (5%/min, 10%/min, 25%/min,
and 50%/min), which is equal to strain rate.

The QLV model was used to describe the viscoelasticity of skin
tissue, which can be obtained as:

σ (t) =

 t

0
g(t − τ)

∂ε

∂τ

∂σ e (ε)

∂ε
dτ , (1)

where σ e is the transient stress and g is the relaxation function,
which can be approximately described by using the prony series
as:

g(t) = k0 + k1e−t/τ1 + k2e−t/τ2 . (2)

Here, the percentage of stress at the equilibrium state of relaxation
process k0 + k1 + k2 = 1, and τ1 is the long- and short-term
relaxation time. The instantaneous response is described by the
following expression:

σ e
= A


eBε − 1


. (3)

The strain is given by loading rate, as:

ε (t) =


γ (t − t0) , 0 ≤ t ≤ tR
γ (tR − t0) = εmax, tR ≤ t ≤ t∞.

(4)

The stress can be expressed by substituting Eqs. (2)–(4) into Eq. (1),
as:
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, tR ≤ t ≤ t∞,

(5)

where θ = θ(A, B, k0, k1, k2,τ1, τ2) is a dummy function.
The signal of pain sensation starts from the opening of ion

channels in nociceptors as induced by noxious stimuli. Mechanical
stimulus-induced current (Ist) may be calculated as [11]:

Ist = Imech =
Cmech (σ − σt)

σt
× H (σ − σt) , (6)
where σ and σt are the stress and mechanical pain threshold at
the location of nociceptor, Cmech is the stress conversion constant
(µA/cm2), and H(x) is the Heaviside function.

The action potential model in skin nociceptors can be described
as [12]:

dVm

dt
=

INa + IK + IK2+ILeak + Ist
Cm

, (7)

where Vm is membrane potential (mV); Cm is membrane capacity
(µF/cm2); INa, IK, IK2 and Ileak are sodium, potassium, the second
potassium and leakage current components (µA/cm2); Ist is
stimuli-induced current.

The discharge frequency (f ) can be calculated using the
following equation [1]:

f (Vm) = [−K (Vm − Vthr) /Vm0]H (Vm − Vthr) (8)

where K is a constant; Vthr is the firing threshold potential;
Cmech, σt and Vthr are assumed to be 20 µA/cm2, 0.2 MPa and
−55 mV [11]. The details of relevant material parameters can be
found in our previous studies [12].

The mechanical properties of skin tissue are sensitive to
temperature and strain rate during tensile testing [13], which may
cause different pain sensation. To characterize the temperature-
dependent viscoelastic behavior of skin tissue, we performed
uniaxial tensile and relaxation test under different temperatures
(25°C, 37°C, 50°C, and 60°C) and fixed strain rate of γ = 10%/min
(Fig. 2(a)). The stress reaches the peak valuewhen the strain is 40%,
then the stress relaxeswith time. As a control, stress relaxationwill
not occur if viscoelasticity of skin tissue is ignored (Fig. 2(a)). We
observed that the stress relaxes fasterwith increasing temperature
when temperature is less than 50°C. The stress relaxation had
no obvious change around 50–60°C. The final stress level after
relaxation is much higher under low temperature than that under
high temperature. The possible mechanism is that collagenous
fibers, which provide the principal structural and mechanical
support for skin tissue [14], were thermally desaturated under
hyperthermal temperatures [15], resulting in the decrease of skin
mechanical properties. With the similar method, we obtained
the tensile and relaxed stress with different strain rates (5%/min,
10%/min, 25%/min, 50%/min) under a constant temperature of
30°C (Fig. 2(b)). The higher strain rate induces a higher stress
peak value under the same maximal strain 40%, which exhibits
the strain rate hardening behavior of skin tissue. However, we
did not observe significant effect of strain rate on the final stress
after stress relaxation for the same maximal strain of 40%. To
quantify the effect of temperature and strain rate on the viscosity
of skin tissue, we used the QLV model to fit the experimental data
by using the Levenberg–Marquardt algorithms in Origin 9.0. The
values of goodness-of-fitχ2 were adopted to assess the theoretical
results (Table 1), which were over 0.96. The results show that the
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Table 1
Viscoelastic parameters in QLV model of skin with different strain rates and temperatures.

Temperature/strain rate A B τ1 (s) τ2 (s) k1 k2 χ2

Temperature (°C)
20 0.714 7.456 16.890 261.765 0.637 0.283 0.990
37 0.348 8.271 14.518 225.510 0.684 0.250 0.990
50 0.416 10.100 6.602 109.591 0.735 0.215 0.993
60 0.286 14.196 6.826 76.100 0.734 0.228 0.996
Strain rate (%/min)
5 0.268 9.575 29.826 403.693 0.620 0.289 0.966

10 0.481 9.229 16.897 258.711 0.668 0.251 0.989
25 0.506 8.660 12.895 228.824 0.755 0.192 0.982
50 1.125 6.692 7.384 164.410 0.781 0.184 0.977
St
re

ss
 (

M
P

a)

0 250 500 750

2.4

1.8

1.2

0.6

0.0
0 250 500 750 1000

1.5

1.0

0.5

0.0

Fig. 2. Viscoelastic behaviors of skin under different (a) temperatures and (b) strain rates. Theoretical (dash line) and experimental (solid line) data are compared. The red
short dash represents the stress without regard to the skin viscidity. (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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Fig. 3. Action potential of skin nociceptor (a) with and (b) without considering skin viscidity.
relaxation time (τ1, τ2) of skin tissue decreases with increasing
temperature but increases with increasing strain rate.
The pain sensation will appear when the stress in skin tissue
surpasses themechanical threshold of nociceptor (∼0.2MPa) [16].
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Fig. 4. Discharge frequency of skin nociceptor under (a) different temperatures and (b) strain rates. The red short dash in plot (a) represents the discharge frequencywithout
regard to viscoelasticity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
To investigate the effect of viscoelasticity on skin pain sensation,
we first simulated the action potential (AP) by applying the
stress relaxation using the QLV model as obtained from the
experimental study as the stimulus to our model of skin pain
sensation under the temperature of 37°C and strain rate of
10%/min (Fig. 3). We found thatwhen viscoelasticity is considered,
the frequency of action-potential discharge of skin nociceptors
increases with increasing stress, and then significantly decreases
with stress relaxation (Fig. 3(a)). However, the frequency of
action potential in skin nociceptors is nearly unchanged when
ignoring the influence of stress relaxation (Fig. 3(b)). This result
indicates that skin viscoelasticity may play a very important role
in releasing pain sensation. To assess this, we calculated the action
potential discharge frequency of skin nociceptor under different
temperatures and strain rates. We observed that the discharge
frequency decreases with increasing temperature during uniaxial
stretch and relaxation process (Fig. 4(a)). As previously discussed,
the viscoelastic properties of skin tissue decreased under higher
temperature due to denaturation of collagen fibers, which results
in lower stress and more obvious stress relaxation under the same
maximal tensile strain, making the local nociceptor bear lower
mechanical stimuli. This may explain the mechanism that the
heat cupping usually gives more comfortable feeling than the cold
cupping in traditional Chinesemedicine. However, with increasing
strain rate, themaximum tensile stress in skin increases (Fig. 2(b)),
the discharge frequency of skin nociceptor is higher and the time
of discharge is earlier (Fig. 4(b)). This indicates that a lower loading
ratemay give amore comfortable feeling inmechanical treatment.

In previous modeling, we did not consider the effect of
thermally-induced pain sensation. In fact, a temperature higher
than thermal pain threshold (∼43°C) will induce the discharge of
skin nociceptors and generate the thermal pain sensation [1]. To
estimate the thermal effect, we introduce the influence of thermal
stimuli current Iheat into the action potential model (see Ref. [1]
for details). The results (Fig. 5) show that the discharge frequency
of thermomechanical stimuli (Imech + Iheat) is significantly higher
than that of mechanical stimulation (Imech) alone, which is even
more obvious under higher temperature (60°C). This indicates the
thermomechanical stimuli will be more obvious than mechanical
stimulation and the remission effect of skin viscoelasticity on pain
sensation is not less meaningful when the temperature is more
than thermal pain threshold.

We focus here on the contribution of mechanical factors to
pain relief. Furthermore, physiological factor is also responsible for
the nociceptive pain relief. For instance, ion channel in nociceptor
(i.e. TRPA1) controls the action potential and receptor (i.e. C
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Fig. 5. Thermomechanical and mechanically stimulated discharge frequency of
skin nociceptor under different temperatures.

nociceptors) releases the neuropeptides and expresses the c-
Ret neurotrophin receptor, based on which a host of potential
therapeutic targets [17] have been identified for treatment of
persistent pain. Obviously, answers to pain relief mechanism will
require the combined use ofmechanical and physiologicalmethod.
In future research, we need to comprehensively consider the effect
of them on pain relief.

Pain sensation is largely affected by the viscoelastic behaviors:
when suffering long-lasting noxious mechanical stimuli, stress
relaxation of skin tissue reduces nociceptor stress level. That will
reduce the frequency of action-potential discharge in nociceptor
and relieve the pain sensation; an increased strain rate has
a tendency of hardening and leads to a sharp pain. Higher
temperature can increase extensibility of skin tissues, relieves the
pain sensation when temperature is less than the threshold 43°C.
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