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Study on an Onset Mechanism of MDRPU  
by Wearing Elastic Stockings:  
Numerical Simulation by Two-Dimensional 
Mechanical Model

Kokichi Hashimoto, MEng, Ayako Tosaki, BEd, LMT, and Nanae Matsuda, BLA, LMT

As compared with pressure injuries, the mechanism the 
development of medical device related pressure ulcers 
(MDRPU) is not revealed enough. According to studies 
on severity and frequent site of occurrence, MDRPUs are 
surmised to occur the surface of the skin. In this study, 
we assess theoretical and experimental analysis by two-
dimensional mechanical model for elastic stockings (ES) 
wear the lower limbs with or without dug into the skin 
by the wrinkles and curling up of ES. The Finite Element 
Method (FEM) was used to calculate the stress on the skin 
and subcutaneous tissue, because of elucidating the mecha-
nism of MDRPU. The FEM used a triple-layered cylindrical 
model simulating the skin, subcutaneous tissue, and bone. 
Regarding the interface pressure (compression pressure), 
two samples were created: the one is applying a uniform 
pressure of 5.3 kPa on the skin surface simulating the correct 
wearing of ES, and the other is applying a pressure of 16 kPa 
on the part of the skin on which ES dug in. The results were 
as follows: the internal stress on the skin and subcutaneous 
tissue was maximum at the site where ES dug in, producing 
stresses of 54 kPa, 50 kPa, and 21 kPa in the circumferential, 
longitudinal, and radial directions, respectively. The uniform 
pressure produced an internal stress of 5–9 kPa on the skin 
surface. Unlike the mechanism of pressure injury formation, 

we considered compressive strength from tensile of the 
circumferential and longitudinal directions, furthermore the 
additive radial pressure at the digging site on the skin due to 
the wrinkles and curling of ES, which is one of the factor to 
cause strong external force in the MDRPU formation. (This 
is secondary publication from Jpn J Phlebol 2021; 32(1): 
119–126.)
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Introduction
A medical device-related pressure ulcer (MDRPU) is an 
injury to the skin and subcutaneous tissue caused by the 
pressure of a diagnostic or therapeutic medical device. 
It is distinct from conventional pressure injuries, that is, 
self-weight-related pressure ulcers. However, MDRPUs 
and conventional pressure injuries are both pressure in-
juries and fall into the pressure ulcer category. Although 
there are some similarities between pressure injuries and 
MDRPUs in that they are wounds caused by local external 
forces, it has been reported that pressure ulcers are almost 
entirely caused by body weight, whereas MDRPU is not 
always related to weight.1,2) According to a report,3) based 
on a survey of general hospitals and university hospitals, 
MDRPUs are distinguished by the common sites, which 
are often on the foot or lower extremity, and the medical 
device used, which is often elastic stockings (ES). In terms 
of severity (depth) of pressure injuries, 14% were ery-
thematous (redness), 48% extended up to the dermis, and 
23% were from the subcutaneous tissue to the joint cavity 
or body cavity, in comparison with 33%, 40%, and 11% 
in MDRPU, respectively.3,4) Differences in depth ranges 
were observed between pressure injuries and MDRPUs.

To elucidate the mechanisms of pressure injury develop-
ment, various studies, including case studies, have been 
conducted, with the results leading to the development of 
evidence-based guidelines (Pressure Injury Prevention and 
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Management Guidelines, 4th Edition; Journal of the Pres-
sure Injury Society, 2015) and other measures required 
to prevent pressure injury development. To investigate 
the mechanism of pressure injury development, various 
numerical approaches using the finite element method 
(FEM), a numerical analysis method in which an object 
is divided into elements of finite size and modeled as a 
collection of elements,5) have been attempted, including 
two-dimensional modeling of the buttocks, detailed analy-
sis using MRI image information as boundary conditions 
of the FEM, and modeling the process of pressure injury 
development.6–10) Nevertheless, research on pressure ulcer 
development in MDRPUs has been insufficient. In the case 
of ES for venous thromboembolism prevention, “Preven-
tion and Management of MDRPU”1) states that common 
sites of MDRPUs include areas with soft skin, as well as 
with protruding or movable parts and joints of bones. The 
wrinkling and curling up of ES, and the pressure of ES on 
protruding areas are potential factors in the occurrence 
of MDRPUs. Additionally, when we compare the severity 
(depth) of pressure injuries with the location of MDRPUs 
caused by ES, we can assume that MDRPU wounds are 
shallower and occur closer to the skin.

Our clinic was established to provide conservative treat-
ment for patients with lymphedema. Initially, compression 
therapy was administered during the intensive drainage 
phase using elastic bandages as recommended by the 
International Society of Lymphology. However, due to 
the difficulty of patients continuing compression therapy 
on their own, we have been working with the use of ES, 
which are easier to manipulate and provide more stable 
compression pressure than bandages, in the intensive 
drainage phase.11–14) In actual clinical practice, transient 
redness prior to wounding can be seen on the skin by 
wrinkling and curling up of ES. Thus, it was believed 
that by understanding and applying the mechanism of 
wound development specific to ES, more effective ES and 
practice preventive care that considers MDRPU could be 
selected and prepared. By contrast, numerical analysis of 
a lower extremity model on an improvement in sclerosis 
of the skin by wearing a garment showed that compres-
sion pressure by a garment had little effect on the lower 
subcutaneous tissue.15) In this study, we hypothesized that 
MDRPU originates from the superficial layers of the skin. 
For verification purposes, we assumed that the wrinkles 
and curling up that occur during the wearing of ES, one of 
the medical-related devices, dig into the skin, which causes 
MDRPUs. We replaced them with a two-dimensional lin-
ear elasticity model that comprises a three-layer structure 
that mimics the lower limb and calculated the stress on the 
skin and subcutaneous tissue using an FEM-based numeri-
cal analysis to elucidate the mechanism.

Materials and Methods
One of the most common sites and characteristics of 
pressure injuries induced by ES is wrinkling and curling 
up, which is caused by the upper edge or movement of 
ES in soft skin areas other than joints and hard tissues 
such as bones. To evaluate the digging into skin caused 
by compression pressure, wrinkling, and curling up by ES, 
we replaced those with a two-dimensional linear elastic 
model simulating the lower limb and calculated the stress 
(a force acting per unit area) on the skin and subcutane-
ous tissue by using the FEM. The model was axisymmetric 
and defined using a cylindrical coordinate system (R, θ, 
Z). The stress components in the tissue were the circum-
ferential stress (hoop stress) σθ acting tangentially to the 
circumference, the longitudinal (Z-direction) stress σz, 
and the radial (R-direction) stress σR, which is perpen-
dicular to the skin (Fig. 1). The FEM modeling comprised 
a three-layered structure: a cylinder of 40-mm radius and 
200-mm length; a conical hard tissue (bone) with radiuses 
of 30 and 12 mm at the upper and lower ends, respec-
tively; and two layers of soft tissue (skin and subcutaneous 
tissue) covering the surface. The skin was uniformly 2 mm 
thick on all surfaces, and the subcutaneous tissue thick-
ness varied longitudinally depending on the diameter of 
the hard tissue, allowing changes in the stress in the tissue 
due to compression pressure and digging into the skin by 
ES (Fig. 2).

In terms of the interface pressure (compression pres-
sure) by ES, two models were created: one applying a 
uniform pressure of 40 mmHg (5.3 kPa) to the skin surface 
simulating the correct wearing of ES (flat model) and the 
other assuming a ring-shaped digging into the skin due 
to the curling up of ES at two locations (thick arrow in 
Fig. 2: between 15 and 20 mm at the A–A′ portion and 

Fig. 1 Cylindrical coordinate system (R, θ, Z) and three stress 
components (radial stress σR, circumferential stress σθ 
and longitudinal stress σz) for simulation modeling.
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between 180 and 185 mm at the B–B′) with different lon-
gitudinal subcutaneous tissue thickness in the flat model 
(digging into the model). The thickness of the subcutane-
ous tissue in the digging-into area is 24.425 mm in the 
A–A′ area and 9.575 mm in the B–B′ area. The area with 
the greatest subcutaneous tissue thickness was assumed to 
be the thigh/leg area, and the area with the least thickness 
was assumed to be the knee joint/ankle joint area. At the 
digging-into area, the model was subjected to a pressure 
of 120 mmHg (16 kPa), which was three times the uniform 
pressure of the flat model. Using the measurement data 
from a collaborative study, the uniform compression pres-
sure acting on the model was set to 40 mmHg based on 
the measured value at point F on the thigh of the pressure 
gradient from peripheral to central during the transition 
from the intensive drainage phase to the maintenance 
phase.13) By referencing the pressure during the two super-
imposed stockings, the pressure of the digging-into model 

was determined. The effect of wearing two superimposed 
stockings in patients with lymphedema (increase in pres-
sure when wearing two layers of stockings compared to 
the pressure with the first layer) was found to be 1.2–1.7 
times greater in a collaborative study13) or 1.7–1.9 times 
greater in healthy subjects as reported by Hirai et al.16) 
and Partsch et al.17) Based on the above values, the pres-
sure of digging into the skin was determined to be greater 
than that of two superimposed stockings and was set to be 
three times the uniform wearing pressure of the flat model.

Physical properties such as bone (Young’s modulus, 
17,000 kPa), skin (850 kPa for age 30 years and older), 
subcutaneous fat (182 kPa), and muscle (36 kPa for rectus 
femoris) were taken from the “RIKEN Mechanical Prop-
erty Database.”18) The Young’s modulus of subcutaneous 
tissue used in the model was calculated synthetically, with 
the assumption that subcutaneous fat and muscle were 
connected in series, and set to 30 kPa. The Poisson’s ratio 
was 0.45 for skin and 0.49 for subcutaneous tissue. The 
hard tissue was assumed to be rigid compared to Young’s 
modulus of the skin and subcutaneous tissue. The FEM 
has 560 elements (rectangular elements), 1,789 nodes, 
and 137 constraint nodes. The three stresses, σθ, σz, and 
σR, were evaluated for each model, along with the shear 
stress τRZ occurring in the R–Z cross-section for the 
digging-into model. Moreover, the stress σmises based on 
Von Mises’ fracture theory, which applies to ductile mate-
rials and states that an object fails when its internal stress 
reaches its own strength was evaluated. FEM software 
A3H (for two-dimensional structural analysis) and C10H 
(for FEM cross-section data generation) (Sanseikai, Mie 
Prefecture, Japan) were used.

Results
Unless otherwise specified, stresses (in kPa) are compres-
sive stresses, and values in graphs and figures are distin-
guished from tensile stresses, with compression as the 
negative sign. Von Mises stress (σmises) is a magnitude-
only quantity with no direction.

Skin surface displacement: The radial change in the 
skin surface ∆R from before wearing ES (∆R= 0) due to 
compression was 0.16 mm in the A–A′ area and 0.08 mm 
in the B–B′ area for the flat model. It was almost propor-
tional to the subcutaneous tissue thickness. By contrast, 
the digging-into model was 1.03 mm for the A–A′ area 
and 0.63 mm for the B–B′ area (Fig. 3 shows ∆R). The 
longitudinal change (∆Z) ranged from 0 to 0.03 mm for 
the flat model and from 0.17 to 0.09 mm for the digging-
into model.

Stress distribution in the cross-section of the digging-
into portion: The stress distribution in the cross-section 
showed similar patterns in the A–A′ and B–B′ areas. In the 

Fig. 2 Simulation model for the lower limb (2-dimensional Finite 
Element Model with rectangular elements): A triple-layered 
cylindrical structure (skin, subcutaneous tissue, and bone) 
with 40 mm in outer radius and 200 mm in length. The 
diameters of the upper and lower ends of the bone are 
30 mm and 12 mm, respectively, and the skin has a uniform 
thickness of 2 mm. Two interface pressure (compression 
pressure) models were created: one applying a uniform 
pressure of 40 mmHg (5.3 kPa) on the skin surface simulat-
ing the correct wearing of ES (Flat Model), and the other 
applying a pressure of 120 mmHg (16 kPa) on the part of 
the skin on which ES dug in (Digging-into Model). Two bold 
arrows in the figure indicate the site of ES digging into the 
skin. The image on the left shows a correctly-worn ES, and 
on the right shows curling-up of ES digging into the skin.
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A–A′ area (Fig. 4(1)), the stresses σθ, σz, and σR (here-
inafter referred to as the three stresses) ranged from 7 to 
10 kPa in the subcutaneous tissue layer. The maximum 
compressive stress of σθ was 53.5 kPa at the skin surface. 
By contrast, σz became tensile near the boundary between 
the subcutaneous tissue and skin layer, with a maximum 
tensile stress of 10.4 kPa at the lowest skin layer and 
a maximum compressive stress of 49.7 kPa at the skin 
surface. σR showed a maximum compressive stress of 
20.6 kPa at the skin surface. In the B–B′ area (Figure omit-
ted), the three stresses at the skin surface were 41.6, 42.2, 
and 20.6 kPa, respectively. In the A–A′ area of the flat 
model (Fig. 4(2)), the three stresses in the subcutaneous 
tissue layer were almost uniform at 5 kPa, and the three 
stresses at the skin surface were 8.7, 6.3, and 5.3 kPa, 
respectively. The distribution of the three stresses at and 
around the A–A′ area of the digging-into model has been 
visualized in Fig. 5 (σθ, σz, and σR in Fig. 5). σθ and σz 
show the maximum compressive stress at the skin surface, 
and σz shows the tensile stress at the lowest skin layer. At 
the boundary with the element adjacent to the digging-
into area, the shear stress τRZ was maximum at 11 kPa at 
the skin layer and 2.5 kPa at the skin surface (Fig. 4(3)).

Von Mises stress (σmises) distributions: The σmises dis-
tribution of digging-into model in and near the A–A′ area 
was visualized (σmises in Fig. 5). The σmises distributions 
in the A–A′ area’s skin layer and the lowest layer of sub-
cutaneous tissue were 26–33 kPa and 0.4 kPa, respectively, 
and for the B–B′ area, 16–25 kPa and 0.7 kPa, respectively 
(Fig. 6). The σmises distributions of the flat model, the 
skin layers in the A–A′ and B–B′ areas were 3.0–3.3 and 
1.3–1.4 kPa, respectively, and the subcutaneous tissue 
layer was 0.21 kPa in both areas.

Stress distribution on the skin surface and lowest layer 
of subcutaneous tissue in the longitudinal direction of 
digging-into model: On the skin surface (Fig. 7(1)), the 
three stresses turned to the tensile from the compressive 
side in front and behind the digging-into skin position: 

σθ>σz>σR in the A–A′ area and σθ≈σz>σR in the 
B–B′ area. Except for the digging-into area, the σR was 
almost uniformly 5 kPa in all regions and 20.6 kPa in 
the digging-into area, which ranged from 40% (A–A′) to 
50% (B–B′) of σθ (Figs. 7(1)A and 7(1)B). By contrast, in 
the lowest layer of the subcutaneous tissue (Fig. 7(2)), the 
three stresses in each area were almost equal in both the 
A–A′ and B–B′ areas, but unlike the skin surface, the B–B′ 
area (10.9–11.4 kPa) showed greater stress than that in the 
A–A′ area (7.4–7.7 kPa) (Figs. 7(2)A and 7(2)B).

Fig. 4 (1) Stress distributions of three components (σθ, σz, σR) 
on the cross section A–A′, in Digging-into Model. The 
negative sign of stress (kPa) represents compressive 
stress. (2) Stress distributions of three components on the 
cross section A–A′, in Flat Model. (3) Stress distributions of 
components (σθ, σz, σR, τRZ) in the vicinity of cross sec-
tion A–A′, in the Digging-into Model. τRZ is a shear stress 
on the R–Z plane in the cylindrical coordinate system.

Fig. 3 Radial displacement (ΔR) relative to skin surface corre-
sponding to Z direction.
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Discussion
Because the pathway of the load transmitted to the skin 
and subcutaneous tissue differs in this study between 
the pressure injury that is likely to occur near the bony 
prominences due to own weight and compression pres-
sure, a mechanical model for numerical analysis should be 
developed, considering the load pathway and whether the 
affected area is locally or entirely. The modeling by ES was 
developed with the following in mind. The Young–Laplace 
equation in physics relates the pressure difference between 
two phases at an interface with curvature to the surface 
tension and curvature of the interface, and Laplace’s law 
uses this equation to predict the interface pressure (com-
pression pressure) P (mmHg, Pa) of an elastic garment.19) 
According to this law, the compression pressure generated 
by an elastic garment is proportional to the garment’s 

tension and inversely proportional to the limb’s circumfer-
ence. Tension is a force that acts tangentially around the 
circumference of the limb, causing strain or stress on the 
skin and subcutaneous tissue. The modeling in this study 
was inspired by Laplace’s law and the stress analysis of 
thin-walled cylinders subjected to internal pressure in the 
mechanics of materials. When a high-pressure fluid flows 
through a tube (thin-walled cylinder) whose thickness 
(wall thickness) is smaller than its diameter, the circum-
ferential stress σθ acting on the cylinder tangentially to 
the circumference and the tensile stress σz in the longi-
tudinal direction both play important roles in the tube’s 
strength.20) A lower limb wearing ES can be modeled as 
a cylinder composed of a thin skin layer and subcutane-
ous tissue (approximately 1/30th of the skin in terms of 
Young’s modulus, which is an index of the material’s re-
sistance to deformation or resistance and stiffness), which 
is softer than the skin on the inside, as well as bone in the 
center, which is considered rigid. This can be modeled as a 
cylinder with a cylindrical coordinate system (R, θ, Z) that 
is subjected to external pressure (compression pressure by 
ES). We previously reported the results of FEM analysis on 
the improvement of skin stiffness when a corrugated ure-
thane garment was applied to a lower limb with lymph-
edema.15) This study attempted to apply this report by 
modeling the garment as a two-dimensional axisymmetric 
linear elastic body in a cylindrical coordinate system.

Numerical analysis using mechanical models provides 
information on mechanical states such as stress and strain 
that extend from the skin to the subcutaneous tissue. 
However, experimental studies are often required to ex-
plain how these conditions ultimately lead to tissue dam-

Fig. 5 Stress distributions of three components and Von Mises stress (σmises) on the cross 
section A–A′ in Digging-into Model by contour map.

Fig. 6 Distributions of Von Mises stress (σmises) on the cross 
section of A–A′ and of B–B′.
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age. There have been many studies of mechanical loading 
influencing tissue damage and the relationship between 
loading and blood flow in the context of pressure injuries. 
Regarding the surface loading and skin capillaries at the 
skin, Bader et al. demonstrated that if the mechanical 
stress fields are maintained for prolonged periods, tissue 
ischemia leads to cell necrosis based on experimental and 
numerical analysis of mechanical loading on the forearm 
skin surface.21) Bennett et al.,22) who measured the palm, 
Kayama et al.,23) and Shimizu et al.,24) who applied me-
chanical loading to the sacral bone region, all stated that 
compression forces besides shear forces are necessary for 
blood flow occlusion. Yamamoto et al. reported that a nu-
merical analysis of cutaneous blood flow and compression 
pressure in the sacral bone region and their experimental 
results showed that the greater the pressure, the more the 
blood vessels were deformed or occluded, and the blood 
flow decreased.25) In terms of tissue deformation and isch-
emia in animal experiments, Stekelenburg et al. suggested 
that ischemia-related large deformations are a major 
factor in irreversible damage based on the mechanical 
loading through the indenter and tourniquet that causes 
ischemia.26) The above studies on blood flow alteration 
or tissue damage used nonuniform compression or shear 
forces to localized skin surface areas to elucidate the 
mechanism of pressure injury development. In this study, 
when ES is properly applied, the loading by the ES exerts 
only vertical force (compression pressure) on the skin sur-
face, as indicated by Laplace’s law, and tissue damage is 
unlikely to occur. By contrast, when nonuniform external 
pressure is applied due to digging into the skin by ES, the 

maximum compressive forces in the circumferential direc-
tion act tangentially to the circumference, and longitudi-
nal direction on the skin surface. These forces are assumed 
to deform the tissue in the digging-into area just below the 
skin surface and reduce tissue blood flow and ischemia.

The interface pressure (compression pressure) of ES 
causes displacement relative to the skin surface in the 
radial direction (R-direction in Fig. 1) and longitudinal 
direction (Z-direction), resulting in changes in ΔR and 
ΔZ, respectively, in the tissue. As described in the displace-
ment of the skin surface in the results, ΔZ is smaller than 
ΔR. Contrary to the flat model, which assumes that ES are 
correctly worn, the digging-into model provides 6–8 times 
the amount of change in the R-direction to the skin surface 
of the digging-into area (Fig. 3). This ring-shaped digging-
into exerts significant stresses on the skin and subcutane-
ous tissue. Because the mechanical model in this study 
is axisymmetric, the stresses are theoretically the three 
stresses along with a shear stress component τRZ in the 
R–Z plane. In the flat model with correctly worn ES, τRZ 
does not occur. In the vicinity of the area of the digging-
into model, the magnitude of shear stress in the skin layer 
and its surface is less compared to the three stresses (σθ, 
σz, and σR) and can be ignored in the subcutaneous tissue 
(Fig. 4(3)). However, according to Bennett et al.’s view,22) 
if the shear force is low and the compressive force is large, 
blood flow occlusion occurs. This raises an issue regarding 
future research on the shear force by the digging in of ES 
and blood flow.

To measure blood flow in studies of pressure injuries, 
Bennett et al. measured arteriolar blood flow22); using the 

Fig. 7 (1) Stress distributions of three components on skin surface (A), and the comparison 
of three stresses between the cross section of A–A′ and of B–B′ (B), in Digging-into 
Model. (2) Stress distributions of three components on bottom layer of subcutaneous 
tissue (A), and the comparison of three stresses between the cross section of A–A′ and 
of B–B′ (B), in Digging-into Model.
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laser Doppler method, Bader et al.,21) Kayama et al.,23) 
Shimizu et al.,24) and Yamamoto et al.25) observed tissue 
blood flow, including capillaries immediately beneath 
the skin surface. The three stresses are greatest at the 
skin surface because of digging in by ES, whereas those 
at subcutaneous tissue are in the range of 7–10 kPa (Fig. 
4(1)), indicating that the compression pressure by dig-
ging in has a minor effect. Although the loading form 
differs from that used in the study of pressure injuries, it 
is assumed that prolonged pressure from digging in by ES 
causes deformation and occlusion of blood vessel walls, 
thereby inhibiting blood flow. In other words, based on 
studies on mechanical loading and blood flow/ischemia, to 
clarify the mechanism of pressure injury development, as 
well as studies on tissue blood flow just beneath the skin 
surface, it is assumed that the digging into the skin due to 
wrinkling and curling up of ES causes large deformation 
of the skin layer, and mainly the circumferential stress σθ 
acting tangentially to the circumference and longitudinal 
stress σz generate the compression stress and superimpose 
additional radial stress. Therefore, blood flow is impeded 
by deformation and occlusion of vessel walls in the skin 
layer, and these mechanisms are accountable for MDRPUs 
caused by ES.

Meanwhile, Von Mises stress (σmises) based on fracture 
theory was the highest in the skin layer, 33 kPa (σmises 
at A–A′ area in Fig. 5) for the digging-into model and 
3.3 kPa for the flat model. When ES digs into the skin, in 
the skin layer, σmises was nearly twice as large as a pres-
sure of 16 kPa on which ES dug in and 10 times larger 
than the uniform wearing pressure.

The analysis of the relationship between the stress due 
to digging in and the thickness of the subcutaneous tissue 
(cross-section of A–A′ and B–B′) revealed that σmises was 
greater in the A–A′ area, where the subcutaneous tissue 
was thick than in the B–B′ area (Fig. 6). The flat model 
showed the same trend. These results suggest that the skin 
layer due to digging in of ES tends to develop wounds in 
areas with thicker tissue thickness.

By contrast, the σmises at the bone boundary, that is, in 
the lowest subcutaneous tissue layer were smaller in the 
A–A′ area than in the B–B′ area (Fig. 6). This was also ob-
served in the three stress components (Fig. 7(2)B). How-
ever, unlike the skin surface (Fig. 7(1)B), at the bottom of 
the layer of subcutaneous tissue, σR is slightly larger than 
σθ and σz, and forces perpendicular to the skin act on the 
bottom of the layer the same as the circumferential and 
longitudinal directions. Our simple modeling suggests that 
if tissue thickness is small, including the case of pressure 
concentration by ES on the protruding parts such as bones 
and joints, compression pressure of ES not only causes 
wounding on the skin surface but also affects the bottom 
of the layer of the subcutaneous tissue due to forces per-

pendicular to the skin, which may cause wounding.
The mechanical model utilized in this investigation 

assumes no tissue boundary slippage. A skin tear is a 
traumatic wound caused by shearing and friction forces 
that separate the epidermis and dermis from the underly-
ing structures, which primarily affects the extremities of 
elderly individuals.27) Murasawa et al. applied continuous 
shear stress loading to porcine skin tissue and observed 
that elastic fibers located directly beneath the epidermal 
cells were destroyed, suggesting that they were the cause 
of skin damage.28) Thus, when wearing ES with antislip 
protection, such as adhesive tape or silicone grips, if the 
ES is pulled too tightly or twisted, the restoring force of 
the ES exerts frictional and shear forces on the skin con-
tact surface of the protection, resulting in damage to the 
superficial skin layer, which may be a cause of MDRPU. 
Conversely, skin thinning is often caused by the develop-
ment of MDRPU due to ES29) and also by bony promi-
nences such as the tibia and fibula, which cause localized 
pressure when wearing ES.1,29) Nevertheless, elucidating 
the mechanism of MDRPU development in the superficial 
skin layer of the skin remains a challenge. In this study, we 
focused on wrinkles and curling up, which are frequently 
observed in MDRPUs at the time of wearing of ES, in the 
hope that they will be useful in clinical practice.

Conclusion
While wearing the ES, the digging into the skin induced by 
the wrinkling and curling up of the ES causes significant 
deformation and compression forces on the skin. In other 
words, compared with uniform compression pressure with 
properly worn ES, digging into the skin of ES generates a 
large deformation of the skin layer, with circumferential 
and longitudinal stresses primarily causing compression 
stress and superimposing additional radial stress. In con-
trast to the mechanism of pressure injury development, the 
largest external force was generated on the skin’s surface, 
which contributed to the development of MDRPU.
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