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ABSTRACT

The excessive and continuous contacting pressure tends to cause skin injury and pain when the lower limb contacting with

prosthetic liners. To relate the subcutaneous pressure and the brain response induced by pain sensations, a mathematical model
was established based on the finite element model, Hodgkin—-Huxley model and GCT model. The results showed that stronger
subcutaneous pressure stimulation can lead to higher frequency of the membrane potential and T-cell potential. The frontal,
prefrontal cortex, primary somatosensory cortex and occipital lobe were involved in the processing of pressure pain. A sig-

nificant increase was observed in y oscillations in pain states compared with no pain, but no significant differences in different
pain level, indicating mathematical model and EEG methods can distinguish the pain but cannot distinguish the pain intensities
when the stimulation exceeded the pain threshold. Compared with silicone materials, a higher T-cell potential and a lower
pressure pain threshold were observed as the skin contacted with foam materials, suggesting that the foam materials can induce
more severe pain on the skin surface. This study is helpful to understand the mechanisms of pain from skin surface to brain

response and to provide theoretical guidance for the optimal design of lower limb prostheses.

1 | Introduction

Pain, as a physiological warning of the body's response to
noxious stimuli, is an early sign of skin damage. Excessive or
inappropriate stimuli of pressure causes sustained tissue defor-
mation and cellular alterations, leading to pressure pain and
even skin injury [1], such as pressure ulcers, induration and
oedema [2-4]. The pressure pain is very common in the
medical-related skin contact products, such as medical face
mask, medical bed sheets and prosthesis [5-7]. Among them,
the prosthetic is an essential way for the lower limb amputees to
rebuild their walking ability. It is meaningful to investigate the
mechanism of pressure pain for preventing and alleviating skin
damage.

Nociceptive signals induced by the mechanical stimulation of
the skin surface are conveyed to the primary and secondary
somatosensory cortices of brain via the ascending pathways
and generate the pain sensation after the comprehensive pro-
cessing [8-10]. In previous studies, the endogenous analgesic
system theory and central sensitivity theory were mainly
focused on the local exchange of neurotransmitter related to
pain sense [11, 12]. At present, the focus of research on the
mechanism of pain transmission has been raised from the
molecular and ion level to the whole nervous system [13, 14].
As the original region of pain transmission, human skin is a
typical multilayered structure, mainly composed of epidermis,
dermis and subcutaneous tissue. Nociceptors in the dermis
may be activated and respond with depolarisation and action
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potential generation when excessive pressure exerts onto the
skin [15-17]. However, the stress and neurophysiological sig-
nals of the nociceptors in the dermis was difficult to measure.
Finite element model (FEM) has been proved an efficient way
to simulate the stress within the materials. In addition, pre-
vious studies have established many spike neuron models in
order to clarify the generation of action potential, such as
integrate-and-fire (IF) model [18], Hodgkin-Huxley (H-H)
model [19] and Izhikevich model [20]. The action potential
obtained from the neuron models transmits along primary
afferents and provides input to the dorsal column in spinal
cord, where preliminary screening and processing are per-
formed [21]. In this field, the gate control theory (GCT) [22,
23] stated that a complex interneuron network in spinal cord
modulates the transmission of sensory information from the
primary afferent neurons to midbrain, acting as a ‘gate’. When
nociceptive information reaches a threshold that exceeds the
inhibition elicited, it ‘opens the gate’ and activates pathways
that lead to the pain sensation. The combination of neuron
model and GCT has been proved to be able to simulate the
transduction and modulation of action potential.

Brain is the centralised processing region for pain. Therefore, it
is essential to understand the mechanisms of pain by studying
the brain's response to pain. Electroencephalogram (EEG) has
been widely used to study the brain activity related with
sensation [24, 25]. Neural oscillations are the most prominent
feature of EEG data, and previous studies have demonstrated
that perceptual, cognitive, motor and emotional processes are
highly related with specific patterns of oscillations [26, 27].
Among them, the gamma oscillations (30-100 Hz) play an
important role in perceptual functions of brain, and the in-
tensity of pain has been proved a strong association with the
amplitude of gamma oscillations [28, 29].

In this study, the pressure contact between the prosthetic socket
and the lower limb was taken as the research object. The gen-
eration and conduction mechanism of pressure pain from skin
surface to neurophysiological brain responses was investigated,
and a mathematical model was established combined with
pressure pain threshold (PPT), FEM, H-H model and GCT
model. This work contributes to understanding the triggered
mechanism of pressure pain and provides theoretical support
for the optimal design of lower limb prostheses.

2 | Experimental Details
2.1 | Samples

Based on the actual wearing of prosthesis, the load-bearing po-
sition of the lateral tibia (L'T) was selected as skin anatomical
region. Silicone and ethylene-vinyl acetate copolymer (EVA)
foam, two commonly used prosthetic liner materials, were
selected to press the skin anatomical region. A microcomputer
control electronic universal testing machine (Hensgrand, Jinan,
China) was used to measure the elastic modulus of the selected
prosthetic materials. The elastic modulus and Poisson's ratio
properties of prosthetic liner materials and typical anatomical
region are shown in Table 1.

2.2 | Participants

Twenty healthy males aged 20-25 (mean + standard deviation
= 23.5 £ 2.1 years), participated in the study. All subjects were
requested to provide written informed consent before the tests.
This study was carried out according to international ethical
standards and was approved by the Ethics Committee of Xuzhou
Rehabilitation Hospital (No. XK-LSW-20240321-020).

This study has unified and limited the age and gender of the
subjects. Although this recruitment criteria may limit the gen-
eralisability of this study, it can help reduce the influence of
individual differences of the subjects on the results.

2.3 | Pain Threshold Evaluation

A numerical rating scale (NRS) was used in subjective evalua-
tion to assess the pain sensation. The pain sensation is divided
into four levels: no pain, mild pain, moderate pain and severe
pain [30]. Specifically, a score of 0 indicates no pain, a score of
1-3 indicates mild pain, a score of 4-6 indicates moderate pain
and a score of 7-10 indicates severe pain. The more intense the
pain sensation, the higher the assessment score of pain sensa-
tion. According to references, the pressure pain threshold was
measured using a designed pressure device as shown in
Figure 1. A ball-on-flat mode was chosen to simulate the contact
of the prosthetic socket/skin interface. The acrylic resin hemi-
spherical indenters with diameter of 21 mm and covered with
silicone and foam material were used, respectively.

During the test, a normal load was applied to the lower limbs,
which is regulated by a sliding table and monitored by a triaxial
force sensor. Corresponding to the NRS, the normal load was
gradually increased from 5 N until the participant began to feel
the mild pain and moderate pain, respectively. In the mild pain
condition, the normal load is defined as the PPT. Since none of
the subjects felt pain at the normal load of 10 N, 10 N was set as
the normal load in the no pain condition.

2.4 | Reconstruction of Anatomic Regions Based
on MRI Tomographic Images

MRI device (General Electric Medical System, Milwaukee, USA)
was used to obtain the tomographic images of the lower limbs.
The device was equipped with DICOM 3.0 international standard
interface, and the images were output in DICOM standard format.
The 3D Fiesta C sequence was selected to obtain accurate images
of the dermis and epidermis. The scanning interval was 0.8 mm,
the slice thickness was 0.4 mm, the plane resolution was
0.35 x 0.40 and the scan length was 60 mm (30 mm before and
after the midpoint of the LT). Data collection began by performing
two scout sequences, the first measuring 30 cm in width and the
second 15 cm in order to focus the acquisition on the area to be
explored and where the signal generated is the greatest.

The MRI tomographic images of the lower limbs were recon-
structed in Mimics software (Materialise, Belgium) by recognis-
ing the grayscale values of the images and generate the point
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cloud models for skin, subcutaneous tissue and muscles. In order
to simplify the calculation process, the blood vessels and fibre
structures of the lower limbs were ignored in the point cloud
models. Then, the reconstructed point cloud models of LT were
converted to shell models of curved surface in Geomagic software
(Geomagic, USA) via overlaying and smoothing. Finally, the shell
models were assembled with the models of the indenters in
SOLIDWORKS software (Dassault Systemes, France) to complete
the reconstruction of LT regions.

2.5 | Finite Element Modelling

To establish FEM, the reconstructed models were meshed with
tetrahedral elements using HyperMesh software (Altair, USA).
The elements were refined in the contact area with the indenter,
with an element size of 1 mm in the dermis and epidermis, 2 mm
in the subcutaneous tissues and 3 mm in the muscle tissues. The
tetramesh method was applied to the 2-dimensional mesh to
create 3-dimensional tetrahedral mesh. The total number of ele-
ments was 848, 344 for LT region. The material behaviour for
different tissues in the model was simplified to be uniform
isotropic linear elastomers, whereas the bones were assumed to be
rigid elements and nondeformable. This simplification of

TABLE 1
typical anatomical region.

| Mechanical properties of prosthetic liner materials and

Silicone Foam liner covered with

Material liner cotton socks LT
Elastic 0.1 0.94 0.06
modulus/MPa

Poisson's ratio 0.48 0.39 0.49

Triaxial force sensor

Probe with prosthetic
liner materials

Threaded guide rail

Fixed base

viscoelastic properties of skin may result in a slight over-
estimation of maximum stress values as the actual stress relaxa-
tion in soft tissues cannot be simulated. The material constants of
the LT regions and indenters were adapted as shown in Table 1.

All nodes of the interface between muscle and bone were fixed
in the LT region, resulting in nonconstricted boundary condi-
tions. The indenter was fixed in two directions and allowed to
move in the direction orthogonal to the skin surface. A contact
surface between the tip of the indenter and the skin was
defined, and the contact penalty factor was set constant. All
calculations were carried out in ABAQUS software (Abaqus
Inc, USA).

2.6 | EEG Test and Data Processing

A 32-channel acquisition system (ANT Neuro, Hengelo,
Netherlands) was used to monitor the EEG signals related with
the pressure pain of subject. Based on the results of the sub-
jective evaluation, the subjects were stimulated under three pain
sensation conditions (no pain, mild pain and moderate pain).
The test procedure and location distribution of electrodes are
shown in Figure 2. Firstly, EEG signals under resting state were
recorded for 180 s as the baseline. Then, the skin of LT region
was pressed by the silicone indenter for 30 s, immediately fol-
lowed by 180 s of rest. The pressure stimulation was repeated 5
times under each pain conditions. All tests were conducted in a
laboratory environment at a temperature of 26°C to 28°C and a
relative humidity of 45%-65%.

The obtained EEG data were firstly bandpass filtered between
0.5 and 30 Hz and baseline corrected. Then, the five EEG data

Sensor connector

Slide block

FIGURE 1 | Structure schematic diagram of test machine.
Task press press press press press
~— ~— ~ ~ [—
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 T "
1 1 1 1 1 I 1 1 1 1
rest | . rest | h rest ) h rest h h rest ) "
Time (s) 0 180 210 390 420 600 630 810 840 1020 1050
@) (b)
FIGURE 2 | (a) Test procedure of EEG recording and (b) location distribution of electrodes.
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FIGURE 3 | (a) 3D reconstruction and (b) FEM of the LT region; (c) FEM simulated surface stress of the LT region under silicone and foam

conditions.

segments were overlaid and averaged and transformed into the
frequency domain using discrete Fourier transform method,
obtaining a power spectrum of 1-100 Hz. To improve the signal-
to-noise ratio, the obtained single channel power spectrum was
averaged in each channel for each electrode. The amplitude of
EEG oscillations for each electrode in the y (30-100 Hz) band
was calculated, and the power spectrum after baseline correc-
tion is normalised under different conditions in each frequency
band and represented as the Z-value. All processing was carried
out in MATLAB (Mathworks, USA).

3 | Results and Discussions
3.1 | FEM Simulation

The processing of 3D reconstruction and FEM of LT was shown
in Figure 3a-b. To verify the accuracy of the FEM, the surface
stress of the skin obtained from the test was compared with that
from the FEM simulation under a normal load of 10 N condi-
tion. The tested surface stress of skin was calculated from the
normal pressure and the contact area. The simulated surface
stress of LT under silicone and foam conditions was determined
by the average stress of the nodes in the compression area of the
FEM as shown in Figure 3c. The comparison of the surface
stress under the four contact interfaces conditions was shown in
Table 2. The results showed that the result of FEM simulation
was close to test stress, indicating the FEM can be used to
simulate the stress distribution of the skin under pressure pain
conditions.

According to the subjective evaluation, for the LT-silicone
interface, the normal loads corresponding to three pain states
(no pain, mild pain and moderate pain) were measured to be
10 N, 26.17 N and 37.13 N, respectively. The normal loads were

TABLE 2 | The surface stress of LT under silicone and foam
conditions obtained from experiment and FEM simulation.

LT-silicone LT-foam

Experimental surface stress/kPa 17.47 14.15
FEM simulated surface stress/kPa 22.74 19.09

applied to the FEM to obtain the maximum stress in the dermis.
The maximum stress corresponding to the three pain states was
19.91 kPa, 38.49 kPa and 53.61 kPa, respectively as shown in
Figure 4. The results showed that with the increase of the
normal loads, the maximum stress in the dermis and the
transmission depth of the stress also increased, indicating the
nociceptors in the dermis were subjected to the stronger
stimulation.

3.2 | Transduction, Modulation and Perception
Models of Pressure Pain

The maximum stress (19.91 kPa, 38.49 kPa and 53.61 kPa)
corresponding to the three pain states obtained from the FEM
was input to the transduction model to generate neural im-
pulses. When the nociceptors in the skin are mechanically
stimulated, sodium ions (Na*) and potassium ions (K*) in the
cells undergo osmotic exchange inside and outside the cell
membrane, leading to changes in cell membrane potential V,,.
Membrane potential is a key indicator of the degree of neural
impulse and can be described using the H-H model. According
to the theory of the classical H-H model, the total current of the
cell membrane consists of the ions transportation and the cur-
rent that charges the membrane capacity. For the modified H-H
model, a fast transients current was added in the ion trans-
portation part, which improved the sensitivity for changes in
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FIGURE 5 | Equivalent circuit of the H-H model.

membrane potential. This process can be simulated by estab-
lishing an equivalent circuit as shown in Figure 5.

The mathematical expression of the H-H model is as follows:

The total current of the cell membrane includes the parts of the
transportation of ions and the current that charges the mem-
brane capacity:

dv;,

Cm? = Inech + Knife — (L\Ia +k+0L+ IL) (1)

(o —0ay)/o;

Lnech = [le eXP( ) + Cm3

V. and t represent the membrane potential of the nociceptor and
time, respectively. The frequency of V,,, represents the intensity of
mechanical stimulation, and C,, is membrane capacitance per
unitarea. Iy, Ix, [ and I correspond to the currents generated by
sodium ions, potassium ions, fast transients and leakage current
components, respectively. Iy is the current to guarantee the
action potential when o > o;, and Iy, is an electrical current
caused by mechanical stimulation. o, is the pressure pain
threshold obtained from subjective evaluation results, and H(x) is
the Heaviside function. C,,,;, C,,,» and C,,.; are constants related to
mechanical stimuli. These three parameters are empirical con-
stants optimised for specific cell types [31].

The ionic current Iy, Iy, I4 and I; driven by the membrane
potential could be described as follows:

ka= gNam3h(Vm — Exa) (3)
k= gKn4h(Vm - EK)’ (4)
L = gaA’B(Vin — Ep), ©)

(b)

FIGURE 4 | Stress distribution inside the skin at (a) no pain, (b) mild pain and (c) moderate pain condition.

L =g (Vin — Ep), (6)

where Ey,, Ex, E4 and Ep are the reversal potentials as
demonstrated in Figure 6. x; represents different ionic conduc-
tance here. The m, n, h, A and B are the gating variables satisfy:

dx
2 + X = Xeo» @)

where x represents the gating variables. For x = m, h and n, the
expressions of 7, and x,, are given as follows:

Oty 1
Xeo = L Ty = . 8
ax + ﬁx * c‘x + ﬁx ( )
(Vi +29.7)/10
Am

1 —exp( = (Vy +29.7)/10) ©)
B =4 exp( — (Vin + 54.7)/18).

oy = 0.07 exp( — (Vi + 48)/20), By,
~ 1 (10)
T 1+ exp(— (Vi + 18)/10)

(Vi +45.7)/100
"1 —exp( — (Vi +45.7)/10) (11)
B, = 0.125 exp( — (Vi + 55.7)/30).

n

For x = A and B, the expressions for 7, and x,, are follows:

T4 =0.3632 + 1158
AT 1 + exp(Vy, + 55.96),/20.12°
L @
Vi + 94.22)/31.84
A = 00761 x (ZPWn +9422)/31.8 ,
1+ exp((Vin + 1.17)/28.93)
=124+ 2678
B T T ¥ exp((Vi + 50)/16.027)
(13)

1 4
B = (1 +exp(Vin + 53.3)/14.54)) ’

V.. can be solved by substituting Equations (2-13) into Equa-
tion (1). Based on the modified H-H model, a nonlinear differ-
ential equation is used to simulate the electrical signal of neural
impulses and a set of periodic membrane potential V,, curves are
obtained as shown in Figure 7. The results indicated that the
membrane potential curve showed a nonperiodic change state
under no pain state, and when the mechanical stimulation
exceeded the pressure pain threshold, the membrane potential
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FIGURE 6 | (a) Scalp topography of normalised amplitude spectra of y oscillations under three pain conditions and (b) mean values of Z values in
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FIGURE 7 | Membrane potential variation at different pain conditions (a) no pain, (b) mild pain and (c) moderate pain.

frequency increased with the increasing of the pain state. Ac-
cording to previous studies, the frequency of the curve repre-
sented the strength of neural impulses. Under no pain state, the
nociceptors were not activated, and there were no noxious neural
signals. When the mechanical stimulation exceeded the pressure
pain threshold, the exchange of ions was enhanced, which caused
stronger noxious neural signals.

The frequency of membrane potential under three pain states
obtained from the H-H model was transmitted to the GCT
model. The GCT model can be used to describe the process of
modulating and perceiving pain at the spinal dorsal horn, and
the mathematical description is as follows:

0.7% = —(V; 4 70) + 60 tanh(6;x;) + 40 tanh(f,(V3)),  (14)
t

0.7% = —(Ve + 70) + 40 tanh(6sx,)[ 1 + 3 tanh(4£,(V2))]. (15)

av
o.7d—‘ = —(V, + 70) + 40 tanh((1 — Ose)x;) + 40 tanh((1 — &;)x;)
t

+ 40 tanh(f.(V.)) — 40 tanh(f;(V;)) — 40 tanh(f,(V3)),
(16)

0.7% = —(Vp + 70) + 40 tanh(f;(V})), @17)

V; and V, are the potentials of inhibitory substantia gelatinosa
(SG) and excitatory substantia gelatinosa, and V,is the potential of
central T-cell present in the spinal dorsal horn. The subscripts [
and s represent large nerve fibres and small nerve fibres,
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respectively. Substituting the fluctuation frequency of membrane
potential at x;, the function of f; (V) can be expressed as follows:

Vthr

£(V;) = <V]__T) X H(V; = Vinr), (18)

where the subscript j represents i, e, t and b in the equation.
Vijo = =70 mV is the initial membrane potential.

Figure 8 showed the variation of T-cell potentials at different
pain states. According to previous study, V; reflects the strength
of neural potential transmitted to the thalamus and directly
affects the intensity of stimulation received by the cerebral
cortex. The results of T-cell potentials showed that under the no
pain state, V, presents a horizontal straight line, indicating that
no noxious neural electrical signals are transmitted to the brain.
When the stress was detected to exceed the PPT, V; showed an
upward trend with the increase of stress, indicating that the
noxious neural signals transmitted to the brain are becoming
stronger, resulting in stronger pain sensation in the cerebral
cortex.

3.3 | EEG Analysis

The T-cell potential formed after modulation by the dorsal horn
of the spinal cord was conducted upwards through the thalamus
and ultimately generates pain in the cerebral cortex. In order to
study the neurophysiological responses of the brain under the
three pain states and reveal the complete process of pressure
pain, EEG signals were detected in the experiment. Figure 6 (a)
showed the scalp topography of normalised amplitude spectra of
y oscillations under three pain states. The results suggested that
significant difference in y band (30-100 Hz) was found in pre-
frontal cortex (PFC), frontal cortex (FC), primary somatosensory
cortex (SI) and occipital lobe (OL) under three pain states, and
the corresponding electrodes were Fpl, F7, F8, FC5, C3 and P8.
Furthermore, to determine the significant differences between

0 . =

-15 _
5 = | -
T 30
>

-45- No pain

—— Mild pain
-60 — Moderate pain 7|
-75 i T T T T .
0 2 4 6 8 10

t(s)

FIGURE 8 | Variation of T-cell potentials at different pain
conditions.

the different states, Figure 6 (b) showed the mean values of Z
values in the y band for the mentioned electrodes. The least
significant difference (LSD) tests suggested that compared with
no pain states, the mean values of Z values in the y band were
significantly (p < 0.05) enhanced under painful states. However,
no significant difference (p > 0.05) was found between the mild
pain and moderate pain states.

According to previous research, the y oscillation represents the
summary effects of bottom-up stimulus-related and top-down
subject-driven cognitive processes, which constituted the mech-
anism for integrating low-level cortical processing of basic stim-
ulus features and high-level cognitive processes (e.g., attention
and anticipation). Enhanced y oscillation showed that more
attention was activated. Compared with no pain state, painful
stimulation led to higher T-cell potentials, which ultimately form
different levels of pain evaluation through subject driven cogni-
tive integration in the cerebral cortex, and are reflected by y
oscillation intensity. However, the difference of brain response
between the mild pain state and moderate pain state cannot be
recognised by the EEG method. Combined with the simulation
results of GCT, the difference of T-cell potential between mild
pain and moderate pain states is only about 2 mV, which indicated
that after the integrating of cognition processes, the subtle dif-
ference in T-cell potential was unified.

3.4 | Influence of the Prosthetic Liner Materials
on Pain Sensation

Based on the obtained H-H and GCT models, the influence of
the prosthetic liner materials on pain sensation was carried out.
According to the subjective evaluation, the PPT of the LT region
under silicone and foam was 26.17 and 19.64 N, respectively,
which suggested that foam materials are more likely to cause
discomfort.

To verify the mathematical model of pressure pain, a normal
load of 23 N between the PPT interval of silicone and foam
materials was chosen to apply in the FEM. According to the
FEM model, the maximum subcutaneous stress was 34.36 and
35.14 kPa when contact with silicone and foam. The maximum
stress obtained from the FEM was input to the H-H model to
simulate the membrane potential of LT regions. The results
showed a constant wave of the membrane potential under foam
material conditions, whereas the membrane potential under
silicone material conditions was shown in baseline as shown in
Figure 9a-b. Furthermore, the frequencies obtained from the
membrane potential curves were input to the GCT model to
obtain the T-cell potential, and the results are shown in
Figure 9c. The T-cell potential presents a straight line under
silicone conditions, indicating that no noxious neural electrical
signals are transmitted to the brain. Under foam material con-
ditions, the T-cell potential showed an upward trend, indicating
that the noxious neural signals transmitted to the brain,
resulting in pain sensation in the cerebral cortex. The simula-
tion results corresponded to the results of the subjective evalu-
ation, namely, a normal load of 23 N did not induce the pain
sensation for silicon, and induce the pain sensation for foam.
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FIGURE 9 | Membrane potential variation of LT under (a) silicone, (b) foam materials and (c) the variation of T-cell output from the LT regions.

4 | Conclusion

The transmission mechanism of pressure pain was systemati-
cally investigated from skin surface to brain responses based on
mathematical model including FEM, H-H model, GCT model
and EEG methods. The main conclusions are as follows.

1. H-H model and GCT model can be used to build pain con-
duction pathway, which can connect the subcutaneous
pressure and the brain response induce by pain. Stronger
subcutaneous pressure stimulation can lead to higher fre-
quency of the membrane potential of H-H model and T-cell
potential of GCT model, indicating that more noxious in-
formation was transmitted in the spinal cord. Hence, an
enhancement in y oscillations of EEG was evoked by
increased pressure pain within the FC, PFC, SI and OL.

2. Significant differences were found in y oscillations and T-
cell activity between no pain and painful states; however,
no significant differences between mild pain and moderate
pain, indicating that the mathematical model and EEG
methods can distinguish the pain, but cannot distinguish
the pain intensities when the stimulation exceeded the
pain threshold.

3. When skin contacted with foam liner materials, a higher
T-cell potential and a lower PPT were observed, suggesting
that the foam materials can induce more severe pain on
the skin surface compared with silicon liner.
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