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Abstract.	 [Purpose] The purpose of this study was to investigate the influence of the rotational axis position of a 
reclining wheelchair’s back support on fluctuations in the shear force applied to the buttocks while the back support 
is reclined. [Subjects] The subjects were 12 healthy adult men. [Methods] The shear force applied to the buttocks 
was measured using a force plate. This study used two different experimental conditions. The rotational axis of 
the back support was positioned at the joint between the seat and the back support for the rear-axis condition, and 
was moved 13 cm forward for the front-axis condition. [Results] With the back support fully reclined, the shear 
forces were 11.2 ± 0.8%BW and 14.1 ± 2.5%BW under the rear-axis and front-axis conditions, respectively. When 
returned to an upright position, the shear forces were 17.1 ± 3.1%BW and 13.8 ± 1.7%BW under the rear-axis and 
front-axis conditions, respectively. Significant differences appeared between the two experimental conditions (p < 
0.01). [Conclusion] These results suggest that the shear force value could be changed by altering the position of the 
back support’s rotational axis during reclining.
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INTRODUCTION

Wheelchairs with reclining back supports are often used 
by individuals with leg and trunk disorders, such as those 
with post-apoplectic hemiplegia or spinal cord injuries. 
Back support plays a dominant role in maintaining the pos-
ture of wheelchair users. A reclining back support stabilizes 
the trunk of a wheelchair user’s body and is also used to 
deal with postural hypotension in people with spinal cord 
injuries. However, in nursery homes for the elderly, the oc-
currence of decubitus ulcers has been reported in disabled 
individuals using wheelchairs with a reclining back support 
over long periods of time1, 2). Many wheelchair users who 
need reclining back support cannot correct a collapsed pos-
ture on their own. Wheelchair users have often been ob-
served to slide downwards in their chairs in facilities that 
provide health-care services for the elderly. We conjecture 
that greater shear force is loaded onto the buttocks of these 
individuals in the collapsed posture3), and that this may lead 
to the increased incidence of decubitus ulcers.

Guttmann4) attributed a larger role to shear force than 
pressure in reducing the vascular supply. In addition, Ben-
nett et al.5) reported that a combination of pressure and shear 

force effectively promoted blood flow occlusion. Dinsdale6) 
studied the effects of various pressures on blood flow and 
ulceration with and without shear in normal and paraplegic 
swine. He found that in animals subjected to pressure and 
shear force, ulceration occurred at lower pressures than in 
those animals experiencing only pressure. To investigate 
the relationship between compressive pressure and shear 
force, Sakuta et al.7) measured the changes in blood flow 
due to such loads, suggesting that 50 mmHg of pressure 
and 9 kPa of shear force were nearly equivalent in biological 
soft tissue. Goossens et al.8) also reported that a shear force 
of 3.1 kPa significantly influenced the reduction in blood 
flow in the sacrum of healthy subjects, and indicated the 
importance of reducing the shear force for preventing decu-
bitus ulcers in terms of blood flow.

Furthermore, there have been some reports of the aeti-
ology of decubitus ulcers in recent years. Some investiga-
tors have hypothesized that ischemia alone cannot explain 
the aetiology of deep tissue injuries in decubitus ulcers, 
and that other mechanisms, particularly excessive cellular 
deformation, are likely to be involved9–12). Linder-Ganz 
et al.9) reported that skeletal myocytes of rats can survive 
2 hours of complete ischemia but die within 15 min of a 
load causing shear deformation of tissue. Stekelenburg and 
his associates10) conducted rat studies that isolated the ef-
fects of ischemia and shear loading, revealing that 2 hours 
of ischemic conditions caused by a tourniquet resulted in 
reversible tissue changes, whereas 2 hours of static load-
ing with an indenter induced irreversible damage. The 
damaged areas corresponded to a region undergoing high 
shear strain as determined in separate experiments. Other 
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studies involving static loading using animal modeling and 
finite-element modeling have suggested that shear deforma-
tion of tissue initiates short-term tissue damage. After the 
initiation of damage, ischemia may accelerate injury due to 
hypoxia, glucose depletion, and acidification11, 12). On the 
other hand, Lahmann and Kottner13) reported that there is 
a strong relationship between friction forces and superficial 
skin lesions and between pressure forces and deep tissue in-
jury. In addition, a systematic review by Reenalda and col-
leagues14) discovered “a weak qualitative relation” between 
interface pressure and the development of decubitus ulcers. 
In fact, their study concluded that “no quantification of the 
predictive or prognostic value of interface pressure can be 
given.” In any case, some investigators have concluded that 
there is a strong relationship between shear force and decu-
bitus ulcers.

Therefore, we have focused on the fluctuation of the 
shear force applied to the buttocks while reclining the back 
support of a wheelchair. Gilsdorf et al.15) studied the effect 
of the reclining angle of the back support on the shear and 
normal forces applied to the buttocks. They found that a 
shear force was applied to the buttocks in the posterior di-
rection when the back support was reclined and in the an-
terior direction when it was returned to the upright posi-
tion. Hobson16) reported that a back support recline angle 
of 30° caused a 25% increase in the surface shear force as 
compared with a recline angle of 10° in subjects with spinal 
cord injuries. Bennett et al.17) compared the shear and nor-
mal forces applied to the buttocks of normal and paraplegic 
subjects, and reported that the normal force did not differ 
significantly between the two groups. However, the shear 
forces applied for the sitting posture in paraplegic subjects 
were roughly three times those in normal subjects, and the 
rates of pulsatile skin blood flow volumes applied to the 
buttocks in sitting paraplegic subjects were only one-third 
of those of comparable normal subjects. Furthermore, in a 
previous study, we investigated the mechanism of the fluc-
tuation in the shear force applied to the buttocks while a 
wheelchair’s back support was reclined18). Our results sug-
gested that the shear force applied to the buttocks changes 
more significantly as the axes of rotation for the back sup-
port and for the trunk–pelvis grow further apart. However, 
as far as we know, no existing studies have investigated the 
influence of the rotational axis position of a wheelchair’s 
back support on the fluctuation in the shear force applied 
to the buttocks during reclining of the wheelchair’s back 
support. The purpose of the experiment reported herein was 
therefore to investigate the influence of the difference in ro-
tational axis position on the fluctuation in the shear force. 
We accomplished this by measuring the shear and normal 
forces applied to the buttocks and back support. It was 
hypothesized that the shear force applied to the buttocks 
would be reduced by moving the position of the rotational 
axis closer to the hip joint.

SUBJECTS AND METHODS

The subjects were 12 healthy adult men (age, 23.6 ± 
6.3 years; height. 173.1 ± 3.1 cm; and body weight, 68.7 

± 8.5 kg). Those subjects who had pain while sitting on a 
chair, those who experienced back pain, those who had op-
erations, and those who had rheumatism or any neurologic 
disorder were excluded from the experiment. This study 
was conducted with the approval of the Research Ethics 
Committee at the Kawasaki University of Medical Welfare 
(# 074), and informed consent was obtained from all sub-
jects.

In the present study, the horizontal reaction forces were 
defined as the shear forces. The shear and normal forces ap-
plied to the buttocks were measured by using a force plate 
(K07-1712, Kyowa Electronic Instruments Co., Ltd., Tokyo, 
Japan). The force plate measured the reaction force in the 
posterior direction, which may be treated as equivalent 
to the shear force in the anterior direction. The sampling 
frequency was 100 Hz. In addition, a pressure and shear 
force sensor (Predia, Molten Corp., Hiroshima, Japan) was 
used in conjunction with a data logger (ZR-RX20V, Om-
ron Corp., Kyoto, Japan) to measure the timing of the force 
applied to the back support. This sensor uses air displace-
ment to measure pressure and a strain gauge to measure 
shear force. It is made of flexible plastic and has an ellipti-
cal shape. The Predia sensor can measure pressures rang-
ing from 0 to 200 mmHg and shear forces ranging from 
0 to 50 N19). The sensor is 28.14 cm2 in size. In previous 
studies, such a sensor was adhered to a flat, rigid surface, 
and different wound dressings were evaluated by applying 
a horizontal displacement across the static sensor20, 21). The 
results of these previous studies suggested that the Predia 
sensor could perform measurements with high confidence 
under surface conditions similar to those used in the stud-
ies. However, because the measured surface conditions in 
the back support material and its form differed from those 
in the previous studies, only the fluctuation patterns of the 
forces applied to the back support were considered below.

The sensor was attached to the back at the location of 
highest pressure from the back support when the subject 
was sitting comfortably in the experimental chair. The loca-
tion of the highest pressure was determined manually by the 
examiner. This occurred near the longissimus thoracis on 
the left side and near the 7th or 8th thoracic spinous process, 
and the locationwas similar for all subjects. The measured 
shear force was positive for a force directed downward from 
the trunk to the back support and negative for an upward 
force. We used an experimental chair with electrical con-
trols for reclining the back support (Hashimoto Artificial 
Limb Manufacturer Co., Okayama, Japan). The dimensions 
of the experimental chair were as follows: height of back 
support, 97 cm; depth of seat, 40 cm; backward angle of 
seat, 0°; reclining angle of back support, 10–40°; and an-
gular velocity at which the back support reclined, 3°/s. The 
chair’s back support was covered with artificial leather. By 
inserting L-shaped pieces in the junction between the back 
support and the seat frame, the position of the rotational 
axis of the back support could be adjusted without changing 
the relative positions of the back support and the seat frame. 
The subject’s posture for measurements was a comfort-
able sitting posture, resting on the back support and on the 
force plate in the experimental chair. In addition, to achieve 
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constant friction between clothing and the surfaces of the 
seat, all subjects wore identical clothing made of 100% cot-
ton. It is easy to slide on the smooth metal surface of the 
force plate. Thus, in order to prevent sliding and collaps-
ing of posture on the force plate, a rubber net was laid over 
the plate. The coefficients of friction were 0.9 between the 
clothing and the rubber net, 0.8 between the rubber net and 
the surface of the force plate, and 0.4 between the surface 
of the back support and the clothing. These coefficients of 
friction were calculated based on the maximum static fric-
tion force measured using a pull tension gauge and a weight. 
To reduce the effects of differences in the positions of the 
lower extremities, the horizontal thigh angle was adjusted 
by elevating the feet with wooden boards stacked under the 
experimental chair22), and the foot position was adjusted so 
that the lower legs were perpendicular to the feet23). Fur-
thermore, to reduce the resistance of the lower extremities, 
a roller board was placed under the subjects’ feet. In ad-
dition, participants were instructed to fold their arms in 
front of their chest in a relaxed state and not to intentionally 
change their body position during the experiment. Buttocks 
were positioned so that the distance from the back support 
to dorsal surface of the sacrum in the measurement posture 
was 3 cm3).

Two experimental conditions were utilized. In the first, 
the rotational axis of the back support was positioned at the 
joint between the seat and the back support, which was de-
fined as the point farthest back in the seat. We refer to this 
as the rear-axis condition. The second condition, which we 
refer to as the front-axis condition, had the rotational axis 
located 13 cm forward relative to the rear-axis condition, so 
that the buttocks–trochanterion length in a sitting posture 
was 12.8 ± 1.1 cm in a young Japanese adult male24). For 
the front-axis condition, the rotational axis was positioned 
slightly behind the hip joints of all subjects. To correct for 
the influence of the subject’s collapse in posture when tak-
ing the measurements, measurements were performed 10 s 
after the posture was set. The experimental back support 
was reclined at increasing angles, beginning at the fully up-
right position of 10° from the vertical (initial upright posi-
tion: IUP), proceeding to a fully reclined position (FRP) of 
40° from the vertical, and returning to the upright position 
(returning to upright position: RUP). The time required to 
measure the shear force in each condition was 5 s in the 
IUP, 10 s in the FRP, and 5 s in the RUP. For each position, 
we used the average value of the shear and normal forces 
applied to the buttocks after measuring 201 stable samples 
for each subject (Fig. 1). The two conditions were measured 
in random order with one trial for each condition. We addi-
tionally considered the relationship between the forces ap-
plied to the buttocks and those applied to the back support 
by visually inspecting the data.

Statistical analyses: The measured shear and normal 
forces applied to the buttocks were normalized by body 
weight (percent body weight; %BW) based on the raw data 
from the force plate in order to correct for the effects of 
body weight. We used Shapiro-Wilk’s normality test as a 
preliminary analysis of the shear and normal forces ap-
plied to the buttocks. In addition, to investigate the changes 

in the forces applied to the buttocks by reclining the back 
support, the forces in the two experimental conditions was 
compared among the three reclining phases. For statistical 
analysis, a paired t-test was performed with the level of sig-
nificance set at p < 0.05. The statistical analysis involved 
one-way analysis of variance (ANOVA) and Bonferroni’s 
multiple comparison tests with a level of significance of p < 
0.05. The statistical analyses were performed using the Sta-
tistical Package for the Social Sciences (SPSS) ver. 16.0 J 
for Windows.

RESULTS

Table 1 shows the measured shear and normal forces ap-
plied to the buttocks, and Fig. 2 shows the wave represent-
ing the fluctuation pattern of the forces in a typical example.

For the shear force applied to the buttocks, a significant 
difference appeared between the two experimental condi-
tions (p < 0.01). In the rear-axis condition, significant dif-
ferences appeared between the RUP and the other positions 
(p < 0.01). In the front-axis condition, significant differ-
ences appeared between the IUP and the other positions (p 
< 0.01). The normal force shows no significant differences 
in the three reclining phases between the two conditions. 
For both experimental conditions, significant differences 
appeared among the three reclining phases (p < 0.01).

The fluctuation patterns for the forces were similar for 
all the subjects. The fluctuation phase of the shear force ap-
plied to the buttocks differed remarkably for each condition. 
This force showed remarkable fluctuation during the transi-
tion from the IUP to the FRP under the front-axis condition 
and during the transition from the FRP to the RUP under 
the rear-axis condition. The normal force decreased during 
the transition from the IUP to the FRP and increased during 
the return of the back support to the RUP under both ex-
perimental conditions. We next turn to forces applied to the 
back support. Under the rear-axis condition, the downward 

Fig. 1.	 Measurement posture (the IUP)
A. Rear-axis condition, B. front-axis condition, a. Level goni-
ometer, b. experimental chair (height of back support, 97 cm; 
depth of seat, 40 cm; backward angle of seat, 0°; reclining 
angle of back support, 10°– 40°; and angular velocity at which 
back support reclines, 3°/s), c. force plate, d. Roller board, e. 
Predia sensor, f. rotational axis position of back support as 
the rear-axis condition (f1) and the front-axis condition (f2), i. 
L-shaped pieces
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shear force decreased and the pressure increased linearly as 
the back support rotated from the FRP to the RUP, until the 
middle phase was reached with the back support at an angle 
of 15°. Then the shear force suddenly reversed to an upward 
direction, and the pressure suddenly increased during the 
transition to the RUP. Under the front-axis condition, none 
of the shear forces exhibited the remarkable change that 
happened for the rear-axis condition when rotating from the 
IUP to the RUP. In addition, the pressure decreased during 
the transition from the IUP to the FRP, and increased dur-
ing the transition from the FRP to RUP.

DISCUSSION

The purpose of this study was to investigate the influ-
ence of changes in the back support rotational axis position 
on shear force fluctuation. Measurements of the shear and 
normal forces applied to the buttocks and back support were 
taken in order to contribute to the prevention of decubitus 
ulcers in individuals using wheelchairs with reclining back 
supports. It was hypothesized that moving the rotational 
axis closer to the hip joint would reduce the shear force 
applied to the buttocks. Carlson and Payette25) described 

techniques to minimize friction/shear in wheelchair seating 
through orientation of the sitting support surface, position-
ing of foot supports, and the use of low-friction materials 
for seat covers. Furthermore, in a previous study, we inves-
tigated the influence of the distance between the position 
of the rotational axis of the back support and the hip joint 
on fluctuations in the shear force applied to the buttocks 
in a simulation of disabled individuals sliding downwards 
in wheelchairs. The results of these studies suggested that 
modifying wheelchair users’ collapsed postures and releas-
ing the remaining shear force as well as the back support 
itself are important in preventing decubitus ulcers when us-
ing reclining back supports in the RUP26). In this study, the 
influence of the position of the rotational axis of the wheel-
chair’s back support on the fluctuation in the shear force ap-
plied to the buttocks while reclining the wheelchair’s back 
support was investigated using a force plate and a Predia 
sensor, with the aim of contributing to the prevention of 
decubitus ulcer formation in people sitting in a wheelchair 
with a reclining back support. The results of this study show 
that the magnitude of the shear force applied to the buttocks 
in the front-axis condition was significantly higher than that 
in the rear-axis condition in the FRP. In addition, the mag-

Table 1.	The forces on various back angles (n=12)

Shear force IUPn.s FRP** RUP**

The rear-axis a 10.0 ± 1.3 11.2 ± 0.8 17.1 ± 3.1
The front-axis b 10.6 ± 1.3 14.1 ± 2.5 13.8 ± 1.7
Normal force IUPn.s FRPn.s RUPn.s

The rear-axis c 75.9 ± 2.0 61.6 ± 4.9 82.5 ± 3.8
The front-axis c 75.5 ± 2.6 63.1 ± 4.9 82.3 ± 10.7
mean ± SD (%BW)
**: p < 0.01; comparing the front-axis with the rear-axis, a: p < 0.01; comparing the 
RUP with IUP and FRP, b: p < 0.01; comparing the IUP with FRP and RUP, c: p < 
0.01; comparing among the three reclining phases, n.s.: not significant; comparing 
the front-axis with the rear-axis

Fig. 2.	 The wave of the fluctuation pattern of the forces (the typical ex-
ample)

A. Forces applied to buttocks, B. forces applied to back support
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nitude of the shear force applied to the buttocks under the 
front-axis condition was significantly lower than that under 
the rear-axis condition in the RUP. The rotational axis po-
sition in the front-axis condition is closer to the hip joint, 
which is the rotational axis of the trunk and the pelvis in the 
horizontal plane. These results for the RUP may verify our 
previous suggestion that the shear force applied to the but-
tocks changes more greatly when the positions of the axes 
of rotation for the back support and for the trunk–pelvis are 
separated. However, these results stand in contradiction to 
the results for the FRP. As shown by the fluctuation pattern 
of the waveform in Fig. 2, the remarkable fluctuation phase 
of the shear force applied to the buttocks differed for each 
condition. This force showed remarkable fluctuation during 
the transition from the IUP to the FRP under the front-axis 
condition but showed this fluctuation during the transition 
from the FRP to the RUP under the rear-axis condition. The 
fluctuation pattern of the shear and normal forces applied 
to the back support showed significant variation toward 
the end of the transition from the FRP to the RUP under 
the rear-axis condition. Under the front-axis condition, the 
shear force applied to the back support did not show signifi-
cant change such as occurred in the rear-axis condition, but 
the normal force decreased during the transition from the 
IUP to the FRP. Based on the friction force on the surfaces 
of the seat and the back support and the fluctuation pattern 
of the measurement forces, we discuss below the shear force 
applied to the buttocks in the FRP and the RUP.

In the FRP, significantly lower values of shear force on 
the buttocks were obtained under the rear-axis condition. 
In this study, an L-shaped part was used for adjusting the 
rotational axis position of the back support under the front-
axis condition. Using this part, the back support can also 
move downward when it is tilted backwards. However, the 
buttocks cannot move downwards, so the seat supports the 
ischial tuberosity. The remaining downward force is chan-
neled into the forward shear force applied to the buttocks. 
We therefore infer that the shear force applied to the but-
tocks increased under the front-axis condition.

In the RUP, the shear force applied to the buttocks under 
the front-axis condition was significantly lesser than that 
applied under the rear-axis condition. The posterior incli-
nation angle of the back support and that of the trunk and 
pelvis changed under the front-axis condition, but the shear 
force applied to the buttocks and the back support showed 
no remarkable fluctuations during the transition from the 
FRP to the RUP. Furthermore, under the front-axis condi-
tion, the fluctuation pattern of the pressure applied to the 
back support did not show a sudden increase during the 
transition from the FRP to the RUP, which did occur under 
the rear-axis condition. If the trunk and pelvis remain paral-
lel to the back support as it reclines, the primary force ap-
plied to the back support should be the normal force, since 
the head, trunk, pelvis, and arms are supported by the sur-
face of the seat18). Under the front-axis condition, the results 
match this expectation, showing that the shear force applied 
to the back support did not vary during the reclining phase. 
This suggests that the trunk and pelvis remained parallel to 
the back support as it reclined because of the small distance 

between the rotational axis of the back support and the hip 
joint. Under the rear-axis condition, on the other hand, the 
fluctuation pattern of the shear force applied to the but-
tocks and the pressure applied to the back support showed 
a sudden increase.In addition, the shear force applied to the 
back support suddenly changed to an upward force when 
transitioning from the FRP to RUP. Because of the large 
distance between the rotational axis of the back support and 
the hip joint under the rear-axis condition, the inclination 
angle of the back support was different from the inclina-
tion angle of the trunk and pelvis. The vertical position of 
the pelvis cannot be changed to make the seat support the 
ischial tuberosity. Thus, the trunk slid downward relative to 
the back support as the back support reclined in the transi-
tion from the IUP to the FRP. Thereafter, in order to return 
the trunk to the upright position smoothly, the trunk must 
slide upward as the back support returns to the RUP. How-
ever, the inclination angle of the trunk–pelvis is increased 
under the rear-axis condition, so the influence of the slid-
ing on the trunk is downward relative to the back support. 
The pressure applied to the back support also increases if 
the trunk and pelvis are tilted backward at a large angle. 
The reaction force applied to the back support has a strong 
relationship to the shear force applied to the buttocks27, 28). 
In addition, Gilsdorf et al.15) reported that leaning forward, 
away from the back support, returned the shear force ap-
plied to the buttocks to a value close to that at the IUP after 
the back support reclined. That report suggested that the 
shear force applied to the buttocks could be reduced by 
raising the back from the back support and decreasing the 
reaction force. The front-axis condition effected these sug-
gestions and effectively reduced the shear force applied to 
the buttocks when compared with the rear-axis condition. 
Therefore, adding an adjustment capability that brings the 
back support rotational axis as close to the hip joint as is 
the horizontal rotational axis of the trunk-pelvis may help 
reduce decubitus ulcers caused by reclining wheelchairs.

A limitation of this study was that the subjects were all 
healthy adult males. In addition, because the measurement 
times were relatively short, we could not evaluate the effect 
of postural collapse due to fatigue. Furthermore, the form, 
material, and coefficient of friction of the experimental 
wheelchair’s seat were different from those when using the 
force plate to measure the shear force in the present study. 
Therefore, it would be difficult to directly extrapolate the 
results of this study to all cases of wheelchair use.

The results of the present study suggest that the shear 
force applied to the buttocks can be varied by changing the 
rotational axis position of the reclining back support. Mak-
ing the position of the back support’s rotational axis adjust-
able is necessary from the viewpoint of the prevention of 
decubitus ulcers. In the future, we plan to investigate the 
influence of the vertical position of the rotational axis of the 
back support, as well as the influence of back support mate-
rials. Furthermore, it is necessary to extend our research to 
include all wheelchair users.



J. Phys. Ther. Sci. Vol. 26, No. 5, 2014706

ACKNOWLEDGEMENT

This study was supported by a grant-in-aid from the 2010 
Kawasaki University of Medical Welfare’s expense budget 
for medical welfare study and research.

REFERENCES

1)	 Trefler E, Hobson DA, Taylor SJ, et al.: Seating and mobility for person 
with physical disabilities. Memphis: Therapy Skill Builders, 1993, pp 3–5.

2)	 Kurihara T, Kinose T, Ohtsu K, et al.: A study of relation between pressure 
sores and seating positioning ability in wheelchair use by elderly people. 
JTHS, 2003, 5: 258–262 (in Japanese).

3)	 Kobara K, Shinkoda K, Watanabe S, et al.: Investigation of validity of 
model for estimating shear force applied to buttocks in elderly people with 
kyphosis while sitting comfortably on a chair. Disabil Rehabil Assist Tech-
nol, 2011, 6: 299–304. [Medline]  [CrossRef]

4)	 Guttmann L.: The prevention and treatment of pressure sores. In: Bed sore 
biomechanics. London: Macmillan Press, 1976, pp 153–159.

5)	 Bennett L, Kavner D, Lee BK, et al.: Shear vs pressure as causative factors 
in skin blood flow occlusion. Arch Phys Med Rehabil, 1979, 60: 309–314. 
[Medline]

6)	 Dinsdale SM: Decubitus ulcers: role of pressure and friction in causation. 
Arch Phys Med Rehabil, 1974, 55: 147–152. [Medline]

7)	 Sakuta Y, Takahashi M: The interaction between pressure and shear 
force as a factor of pressure ulcers by assessing blood flow measurement. 
JSMBE, 2006, 44: 101–106 (in Japanese).

8)	 Goossens RH, Snijders CJ, Holscher TG, et al.: Shear stress measured on 
beds and wheelchairs. Scand J Rehabil Med, 1997, 29: 131–136. [Medline]

9)	 Linder-Ganz E, Engelberg S, Scheinowitz M, et al.: Pressure-time cell 
death threshold for albino rat skeletal muscles as related to pressure sore 
biomechanics. J Biomech, 2006, 39: 2725–2732. [Medline]  [CrossRef]

10)	 Stekelenburg A, Strijkers GJ, Parusel H, et al.: Role of ischemia and defor-
mation in the onset of compression-induced deep tissue injury: MRI-based 
studies in a rat model. J Appl Physiol 1985, 2007, 102: 2002–2011. [Med-
line]  [CrossRef]

11)	 Linder-Ganz E, Gefen A: The effects of pressure and shear on capillary 
closure in the microstructure of skeletal muscles. Ann Biomed Eng, 2007, 
35: 2095–2107. [Medline]  [CrossRef]

12)	 Ceelen KK, Stekelenburg A, Loerakker S, et al.: Compression-induced 
damage and internal tissue strains are related. J Biomech, 2008, 41: 3399–
3404. [Medline]  [CrossRef]

13)	 Lahmann NA, Kottner J: Relation between pressure, friction and pres-
sure ulcer categories: a secondary data analysis of hospital patients using 
CHAID methods. Int J Nurs Stud, 2011, 48: 1487–1494. [Medline]  [Cross-
Ref]

14)	 Reenalda J, Jannink M, Nederhand M, et al.: Clinical use of interface pres-
sure to predict pressure ulcer development: a systematic review. Assist 
Technol, 2009, 21: 76–85. [Medline]  [CrossRef]

15)	 Gilsdorf P, Patterson R, Fisher S, et al.: Sitting forces and wheelchair me-
chanics. J Rehabil Res Dev, 1990, 27: 239–246. [Medline]  [CrossRef]

16)	 Hobson DA: Comparative effects of posture on pressure and shear at the 
body-seat interface. J Rehabil Res Dev, 1992, 29: 21–31. [Medline]  [Cross-
Ref]

17)	 Bennett L, Kavner D, Lee BY, et al.: Skin stress and blood flow in sitting 
paraplegic patients. Arch Phys Med Rehabil, 1984, 65: 186–190. [Medline]

18)	 Kobara K, Fujita D, Osaka H, et al.: Mechanism of fluctuation in shear 
force applied to buttocks during reclining of back support on wheelchair. 
Disabil Rehabil Assist Technol, 2013, 8: 220–224. [Medline]  [CrossRef]

19)	 Akins JS, Karg PE, Brienza DM: Interface shear and pressure character-
istics of wheelchair seat cushions. J Rehabil Res Dev, 2011, 48: 225–234. 
[Medline]  [CrossRef]

20)	 Nakagami G, Sanada H, Konya C, et al.: Comparison of two pressure ulcer 
preventive dressings for reducing shear force on the heel. J Wound Ostomy 
Continence Nurs, 2006, 33: 267–272. [Medline]  [CrossRef]

21)	 Ohura T, Takahashi M, Ohura N Jr: Influence of external forces (pres-
sure and shear force) on superficial layer and subcutis of porcine skin and 
effects of dressing materials: are dressing materials beneficial for reduc-
ing pressure and shear force in tissues? Wound Repair Regen, 2008, 16: 
102–107. [Medline]  [CrossRef]

22)	 Kobara K, Shinkoda K, Eguchi A, et al.: Influence of thigh angle from a 
level on shear force and normal force occurred under the buttocks of sub-
jects sitting comfortably on a chair. Nihon Gishi Sogu Gakkaishi, 2009, 25: 
108–110 (in Japanese).

23)	 Kobara K, Eguchi A, Watanabe S, et al.: The influence of the distance be-
tween the backrest of a chair and the position of the pelvis on the maximum 
pressure on the ischium and estimated shear force. Disabil Rehabil Assist 
Technol, 2008, 3: 285–291. [Medline]  [CrossRef]

24)	 Kouchi M, Mochimaru M, Iwasawa H, et al.: Anthropometric database for 
Japanese Population 1997–98. Japanese Industrial Standards Center 2000 
(in Japanese).

25)	 Carlson JM, Payett MJ, Vervena LP: Seating orthosis design for prevention 
of decubitus ulcers. J Prosthet Orthot, 1995, 7: 51–60.  [CrossRef]

26)	 Kobara K, Fujita D, Osaka H, et al.: Influence of distance between the 
rotation axis of back support and the hip joint on shear force applied to but-
tocks in a reclining wheelchair’s back support. Prosthet Orthot Int, 2013, 
37: 459–464. [Medline]  [CrossRef]

27)	 Kobara K, Eguchi A, Watanabe S, et al.: Investigation of the validity of an 
experimental model for the estimated shear force on buttocks in a comfort-
able sitting posture. J Phys Ther Sci, 2008, 20: 157–162.  [CrossRef]

28)	 Kobara K, Eguchi A, Fujita D, et al.: Initial mechanism of shear in com-
fortable sitting on a chair—Examination by the time element of displace-
ment of seat pressure distribution—. Rigakuryoho Kagaku, 2007, 22: 
185–188 (in Japanese).  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/20946013?dopt=Abstract
http://dx.doi.org/10.3109/17483107.2010.522683
http://www.ncbi.nlm.nih.gov/pubmed/454129?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4595834?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9271146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16199045?dopt=Abstract
http://dx.doi.org/10.1016/j.jbiomech.2005.08.010
http://www.ncbi.nlm.nih.gov/pubmed/17255369?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17255369?dopt=Abstract
http://dx.doi.org/10.1152/japplphysiol.01115.2006
http://www.ncbi.nlm.nih.gov/pubmed/17899378?dopt=Abstract
http://dx.doi.org/10.1007/s10439-007-9384-9
http://www.ncbi.nlm.nih.gov/pubmed/19010470?dopt=Abstract
http://dx.doi.org/10.1016/j.jbiomech.2008.09.016
http://www.ncbi.nlm.nih.gov/pubmed/21839999?dopt=Abstract
http://dx.doi.org/10.1016/j.ijnurstu.2011.07.004
http://dx.doi.org/10.1016/j.ijnurstu.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19715252?dopt=Abstract
http://dx.doi.org/10.1080/10400430903050437
http://www.ncbi.nlm.nih.gov/pubmed/2401955?dopt=Abstract
http://dx.doi.org/10.1682/JRRD.1990.07.0239
http://www.ncbi.nlm.nih.gov/pubmed/1432724?dopt=Abstract
http://dx.doi.org/10.1682/JRRD.1992.10.0021
http://dx.doi.org/10.1682/JRRD.1992.10.0021
http://www.ncbi.nlm.nih.gov/pubmed/6712437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22931406?dopt=Abstract
http://dx.doi.org/10.3109/17483107.2012.713434
http://www.ncbi.nlm.nih.gov/pubmed/21480097?dopt=Abstract
http://dx.doi.org/10.1682/JRRD.2009.09.0145
http://www.ncbi.nlm.nih.gov/pubmed/16717516?dopt=Abstract
http://dx.doi.org/10.1097/00152192-200605000-00007
http://www.ncbi.nlm.nih.gov/pubmed/18086290?dopt=Abstract
http://dx.doi.org/10.1111/j.1524-475X.2007.00325.x
http://www.ncbi.nlm.nih.gov/pubmed/18608435?dopt=Abstract
http://dx.doi.org/10.1080/17483100802145332
http://dx.doi.org/10.1097/00008526-199500720-00005
http://www.ncbi.nlm.nih.gov/pubmed/23436694?dopt=Abstract
http://dx.doi.org/10.1177/0309364613476534
http://dx.doi.org/10.1589/jpts.20.157
http://dx.doi.org/10.1589/rika.22.185

