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ABSTRACT. Local shear is understood to be one of
the principal risk factors for the development of
pressure sores. There is a need for a small deformable
sensor that can measure the shear force between skin
and deformable materials without disturbing the
shear phenomenon. In the present study a new
shear sensor is introduced with a contact area of
4.05 ecm’. A series of validation experiments was
performed with ten healthy young subjects. It was
demonstrated that with a forward-tilted seat, the sum
of the local shear forces hetween skin and sensormat
is equal to the resultant shear force measured with a
force plate. This result serves as a validation of the
new sensor. The shear values recorded are 4.8 kPa in
the longitudinal direction and 8.5kPa in the trans-
versal direction while sitting in a wheelchair, and
5.6kPa in the longitudinal direction and 3.1kPa in
the transversal direction on a mattress of a hospital
bed, while in sitting position in bed.
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INTRODUCTION

When forced to lie down or sit for long periods some
people run the risk of developing pressure sores.
Although the exact mechanisms behind pressure sores
are not precisely known yet, researchers agree that
mechanical load on the tissue is the main factor (6, 12,
16, 17, 20, 21). Some of these authors believe that
paraplegia or denervation is an extra factor in the
occurrence of pressure sores. Daniel et al. (5) suggest
that because of atrophy of tissue the padding around the
bony prominences is reduced, resulting in higher inter-
face pressure. Research on animals revealed an inverse
relationship between intensity and duration of applied
pressure. To explain this inverse relationship Reddy et al.
(23) used a simple mathematical model on which

preliminary analysis suggests that interstitial Auid flow
may play an important role in ulcer formation. But all
these authors agree that ischaemic ulcers are due to
prolonged mechanical load, throngh which capillaries
are closed and diffusion of oxygen and metabolites to the
cells is hindered. Tissue load in lying or sitting can be
influenced in two ways. Firstly, by changing the mutual
positions of the body-supporting surfaces. For example,
when sitting up in bed, the shear force acting on the
buttocks can be influenced by changing the inclination
angle of the upper legs (26), or, secondly, by changing
the material and profile of the seat or the mattress. For
example, sitting on a wooden surface produces higher
pressure than sitting on a soft foam cushion. In the most
research the influence of the material on pressure is
evaluated (7, 14, 15, 18. 19, 22, 27).

In 1958 it was Reichel (24) who started to focus the
attention on shear force as an important component of
mechanical load. Shear force is defined as a force that
acts parallel to a surface (whereas pressure acts perpen-
dicular to a surface). Until now few articles have been
published on this subject, because shear is extremely
difficult to measure. Dinsdale (6) studied the effect of
repeated pressure with and without shear in normal and
paraplegic swine. He found that in those animals that
received pressure and shear, ulceration occurred with
lower pressure than in those animals that received only
pressure.

Bennett et al. (2—4) studied the influence of shear on
blood flow. He found that externally applied pressure
was approximately twice as effective as shear in redu-
cing pulsatile arteriolar blood flow. The combination of
pressure and shear was found particularly effective in
promoting blood flow occlusion in the palm of the hand,
Goossens et al. (9) also studied the influence of shear on
blood flow. A shear stress of 3.1kPa and a significant
influence on the reduction of blood flow on the sacrum of
healthy subjects.
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The shear sensors used in previous studies, however,
could only be used on hard surfaces, thus confirming the
need for a small, thin sensor that can be used on
deformable materials.

In the present study a new sensor is introduced that has
been developed to measure local shear stress, defined as a
shear force per sensor area, acting on subjects in a sitting
and lying position. The shear stress was measured ina static
situation. The sensor is validated with the help of a force
plate and its use in practice is demonstrated by measure-
ments on a foldable wheelchair and a hospital bed.

Biomechanical aspects

Where can high shear forces be expected? Shear force
can only exist when two surfaces are pressed against each
other. This maximum shear force just before sliding
occurs is defined by:

FS hear.max — £ FN

where f'is the friction coefficient and Fy, is compressive or
normal force. To hold body parts in position, resultant
compression and shear forces are active. These forces can
be distributed over small or large areas, which involves
respectively high and low stress. This implies that in
regions where pressure is relatively high (a high compres-
sive force), the shear stress can become high as well. The
regions of relatively high pressure in sitting and lying are
well documented in the literature. The measurements of
Garber et al. (7)., Krouskop et al. (19), and Seymour &
Lacefield (25) showed that during sitting, the area under
the tuberosities has the highest pressure. In supine posi-
tion the sacrum, heels, shoulders and caput receive the
highest pressures (1). The maximum pressure, which
determines the maximum possible shear stress can be
influenced by the choice of material. So, on a hard surface
the highest shear stresses can be expected.

How can the magnitude of the shear stress be influ-
enced? It can be presumed that there is a relation between
the local stress and the resultant shear force acting on a
surface. When a low, resultant shear force on a seat is
wanted, Snijders (26) showed that the angle of the
backrest and the seat must be coupled by means of a
biomechanical model. So it can be presumed that the local
shear stress can be affected by the choice of material and
by tilting the seat and the angle of the backrest.

METHODS

When developing a shear sensor, two aspects are of major
importance. Firstly. there is the surface of the sensor. When
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this is too smooth, the correct magnitude of the shear force might
not be detected. because the sensor slides over the surface.
Secondly, the dimensions of the shear sensor have to be
considered. The shear sensor always disturbs the continuity of
the surface on which the measurements take place, therefore the
sensor must be as flat as possible.

Shear can be detected by the deformation of a material under
the application of shear force. An example of such a sensor can
be found in the study by Bennett et al. (2). In the present study a
sensor is created with the aid of two layers with electrodes
separated by a layer of silicone rubber RTV 521, so that the
shear force has a linear relationship with the displacement of
the layers. The displacement has a linear relationship with the
capacitance (Fig. 1).

F

|

Fig. 1. The principle behind the new sensor. A force implies a
certain displacement (x) causing a change in capacitance.

The prototype sensor was developed in close cooperation
with Delft University of Technology and Erasmus University
Rotterdam. The sensor is based on a capacitive principle by
Heerens (13). He used a principle that was developed more than
a century ago by Kelvin. Measurements by means of capacitors
have the reputation of being very sensitive to displacement of
the electrodes, but even more sensitive to disturbing influences
of all conductors in the environment. Kelvin found a solution to
this problem by introducing a third electrode, the guard-ring.
Heerens developed a theoretical background for the guard-ring
principle and implemented it into different geometries, thus
allowing very small changes in capacitance to be measured very
accurately. In order to measure the displacement in two direc-
tions, four capacitors are needed.

The sensors are 27 % 15 x 3.5 mm, in size. and thus the contact
area is 4.05 cm’. Six of these sensors were glued onto a thin slice
of rubber (thickness | mm) to keep their relative position the
same.

1. Measurements to validate the sensor

To study the influence of the shear sensor on the force measure-
ments, measurements were conducted with and without shear
sensor underneath the buttocks of the subject. Therefore, in this
test, shear on the seat was measured in two ways: resultant shear
force with the aid of a force plate (in this article called **global
shear force™”) and local shear force acting on the surface of the
new shear sensor (in this article called “*local shear force™). The
global shear force was measured with a force plate that is part of



@ measuring chair (11). The measuring chair has three force
plates (backrest, seat. and foot support) on which a wide variety
ol scats and beds can be adjusted. Resulting shear and normal
force can be measured on every body-supporting surface.

To measure local shear force on the whole surface, the seat
was divided into 4 rows and 8 columns. The sensor mal was
placed on all 32 positions. The shear stress measured by the
sensor was converted into shear foree by multiplying by the area
ol the sensor (4.05¢m?). The shear force was then resolved in
the longitudinal and transversal directions of the seat. The sum
ol the measured 36 times 6 shear forces was compared with the
resultant shear force as measured with the force plate, both in
longitudinal direction. This procedure was repeated in four
situations, with a 10° forward- and a 10° backward-tilted seat.
with a hard surface (wood) and with a soft surface (foam, 5cm
thick). The backrest was not used during these tests.

IL. Shear measuremients on the sear of a foldable wheelchair

Previous measurements (11) showed that a total shear force on
the seat of a foldable wheelchair could become as high as 90O N.
The high shear force occurs when the seat is horizontal, and
when the seat is angled at 8° the shear force becomes smaller
than 5N (in healthy subjects).

In the present wheelchair test, local shear stress under the left
buttock was studied in four situations:

— seat angle of 0° backrest angle of 85° no anti-decubitus
cushion

— seal angle of 8% backrest angle of 85°. no anti-decubitus
cushion

— seat angle of 0%, backrest angle of 85°, anti-decubitus cushion
based on gel

— seat angle of 8°, backrest angle of 85°, anti-decubitus cushion
based on gel

Comparisons were made between a hard and a soft gel) material
and seat angles. In each situation the subjects were measured
five times. The maximum value of each measurement was used
for statistics.

HI. Shear measurements on a hospital martress

A study has shown that when a subject is in sitting position in
bed with a trunk angle of 45° and legs horizontal, a shear force
acts on the buttocks (10). In this case study, the shear stress
under the sacrum of the subject was measured locally. With a
backrest angle of 457, the angle of the seat varied from (° to
20% in steps of 5°. In each subject five measurements were taken.
The maximum value of cach measurement was used for statis-
tics.

For subsequent tests the sequence of the situations was
randomized. Ten healthy subjects were measured (mass 68
(s.d. 14)kg, length 177 (s.d. 10)cm, age 24 (s.d. 3) years).
Between every situation the subjects stood up in order to allow
adjustments to the measuring chair to be made. To ascertain
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equal coelficients all subjects wore a pair of cotton trousers, as
used in surgery. The measurements in test I were performed in
the longitudinal direction only and in tests II and 11 in both the
transversal and longitudinal directions.

Statgraphics 5.0 was uvsed for data analysis. In test I a
paired r-test was performed on the results of the local and global
measurements testing the hypothesis:

HO : Hsum of local shear = Mglobal shear

HI 2 prim. of tocal shear € Helobal shear

In tests 11 and 1II two factor analyses of variance were per-
formed. The zero hypothesis (HO) stating that all means of the
local shear force are equal was tested against H1: at least one of
the means is different, in all situations. A level of significance
(e) of 0.05 was chosen.

RESULTS
1. Measurements to validate the sensor

A typical distribution of the shear stress in the four
situations can be seen in Fig. 2.

Table 1 shows the results of the sum of the local shear
forces and the resultant shear force.

The HO hypotheses had to be rejected in the backward-
tilted situation (p = 0.008 on wood and p = 0.006 on
foam). This means that in the backward-tilted situation,
the sum of the local shear forces is not equal to the
resultant shear force.

II. Shear measurements on a foldable wheelchair

The results of the measurements are presented in Table I1.

An analysis of variance was performed on these
results. In the longitudinal direction the difference in
shear stress was not significant. In transversal direction
there was a significant difference in shear stress between
wood and gel with a seat angle of 0° (pp = 0.01) as well as
with a seat angle of 8° (p = 0.02). In both situations the
shear stress in the transversal direction was lower when
the gel cushion was used.

I, Shear measurements on a hospital mattress

The following results were measured (Table III).

Analyses of variances showed no significant

Table 1. Mean and s.d. (in parentheses) of the local and resultant forces as measured on the seat from ten subjects

Wood Foam
Forward (10°) Backward (—10°) Forward (10%) Backward (—10°)
IN] [N] [N] [N]
Sum of local shear 85 (40) —165 (52) 91 (22) —155 (49)
Resultant shear 82 (15) —112(24) B7 (17) —117 (23)
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Fig. 2. Distribution of the local shear on a forward- and backward-tilted seat of wood and gel recorded from one subject. As can be
seen, the regions of highest shear stress are at the ischial tuberosities (the regions of highest pressure).

difference for the different seat angles, either in the
longitudinal or in the transversal direction.

DISCUSSION

Measurement of shear without influencing the phenom-
enon is difficult. An ideal sensor should be flat, flexible
and small. Although the sensor introduced in this study is
relatively large and stiff, shear can be measured locally.
When this sensor is used in studying pressure sores, a

criterion is needed to interpret the data. The only criter-
ion known from the literature is that local shear plays a
role when it is above 3.1 kPa (9). Compared to a healthy
population, Bennett et al. (3) found smaller blood volume
rates and higher shear forces in paraplegics and hospita-
lized geriatric patients.

[t is assumed that when an unfavourable effect of shear
stress can be measured in healthy young subjects, the
effect for the hospitalized geriatric and paraplegic popu-
lation will be even worse.

Table IL. The mean of the maximum local shear force under the left tuberosity of ten subjects in kPa (s.d. in parentheses)

No cushion Gel cushion
Longitudinal Transversal Longitudinal Transversal
[kPa] [kPa] |kPa] [kPa]
Seat angle 0° 5.0 (1.8) 9.6 (3.9) 44(1.2) 57017
Seat angle —8° 4.6 (1.3) 7.4 (2.5) 4.7(2.6) 50017




I'able III. The mean and (s.d. in parentheses) in kPa of the
maximum local shear force on the sacrum of ten healthy
subjects lying in a hospital bed with different seat angles

Longitudinal Transversal
[kPa] |kPal]
Seat angle 0° 5.5(1.2) 3.1 (0.9
Seat angle —5° 5.6 (1.3) 3.0(1.0)
Seat angle —10° 5.8(1.5) 3.1(1.1)
Seat angle —15° 5.6 (1.6) 3.3(1%
Seat angle —20° 53(L7) 3.0(1.2)

The design of the capacitor type sensor requires as
dielectricum a material that has relatively large deforma-
tions under load. For that material silicone rubber (RTV
521) was chosen. This implies the disadvantage that after
a load is applied, the deformation continues for a short
period of time (creep). In this sensor 98% of the defor-
mation is obtained after 2 minutes. Selection of rubber
with less creep is in progress.

An attempt was made to validatc the sensor by
measuring local shear force together with the resultant
shear force on a force plate. It was presumed that the sum
of local shear forces equals the resultant shear force when
all forces are in longitudinal direction. The results
showed that this is true both with a hard surface and
with a soft covering. However, when the seat is tilted
forward, the sum of the local shear forces is significantly
higher than the resultant shear.

Calculation of the total body mass of the subjects from
the vertical force components of the force plates below
the seat and the feet of the measuring chair showed that
the resultant forces had an accuracy of 2%. From this it
was concluded that the measurements of the resultant
force were correct, although high as compared with those
found in the literature. Gilsdorf et al. (8) found a resultant
shear force on the seat of 27 N on a hard surface and 50N
on a ROHO cushion. Stumbaum (28) found a global
shear force on the seat varying from 0 to 60 N, depending
on seat- and backrest angle. In both studies the subjects
used a backrest, which must be the explanation for the
lower shear forces in these studies.

The observation of a higher resultant shear force on the
seat in the backward-tilted position can be attributed to a
small backward shift of the subject with the exception of
that part that is in contact with the shear sensors (Table I).
It is likely that this results in the recording of local shear
forces that are not necessary for equilibrium. This may
not occur in the forward-tilted position, because of leg
support that prevents the subject from sliding. This
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implies that local shear measurements are only valid
when such sliding does not occur. The use of a backrest
probably prevents sliding by reducing the resultant shear
force. In agreement with the expectation, the addition of
local shear forces measured in the transversal direction
showed no significant difference with zero (average 2 N,
s.d. 11 N).

In the second test, shear stresses on soft and hard
material were compared. The significantly larger shear
stress in the transversal direction on soft material can be
explained by larger material deformation.

In the third test the relationship between local shear
stress and seat angle was studied. Previous measurements
showed that the resultant shear force on the seat tends to
decrease with increasing seat angle. This relation was
also expected for the local shear stress. The results,
however, showed no significant difference in local
shear stress in the longitudinal direction for various
seat angles on a foldable wheelchair (Table IT) or a bed
(Table II). A further study on one subject showed that
when the subject remained seated during the change of
the seat angle, the local shear stress changed slightly
according to the expectation. Calculations based on the
assumption that a resultant shear force is uniformly
distributed over a seat surface revealed that, indeed,
only slight changes could be expected (0.4 kPa) when
the seat angle is changed. Local shear stress appears to be
sensitive to body posture and movement. This came to
light when the subject turned his head or lifted his arm.
The shear stress changed to such an extent, that the effect
of the change of the seat angle disappeared. Because in
this study the subject stood up between every measure-
ment, the small change in shear force resulting from the
change in angle was not measurable. Still, the local shear
forces presented in this study are likely to have a
practical value as an average for different situations:
which can be compared with the permissible limit.

Local shear on a hard seat was measured by Bennett et
al. (3). He, too, found that the local shear stress is
independent of the seat angle. The device used by Bennett
et al. was based on strain gauges and the measurements
were taken on a geriatric and a healthy population. Shear
was measured with a sensor with an area of 0,20 cm® (20
times smaller than the sensor used in this study), the
position being 9cm lateral of the seat centre line and
3cm lateral of the “‘ischial pressure locale’. Measure-
ments were done on a horizontal seat and a 20° tipped seat.
Bennett et al. found that local shear stress in the geriatric
population was almost 3 times as high as that found in the
healthy population (average 2.6 kPa vs 0.8 kPa).
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CONCLUSIONS

sensor was developed for the measurement of local

shear force. From tests on ten young healthy subjects the
following can be concluded:

(85

The sum of the local shear forces between skin and
sensormat is equal to the resultant shear force mea-
sured with a force plate, when the seat is tilted
forward. This result serves as a validation of the new
Sensor.

Highest shear stress is at regions of highest pressure.
A relation between local shear stress and seat angle
cannot be determined, possibly because of the influ-
ence of body posture.

In a standard foldable wheelchair the average local
shear stress at the tuberosities equals 4.8 kPa in the
longitudinal direction and 8.5kPa in the transversal
direction.

When in sitting position in a hospital bed the average
local shear stress at the sacrum equals 5.6 kPa in the
longitudinal direction and 3.1kPa in the transversal
direction.

Local shear stress is highly affected by change in body
posture, for example head and arm movements.

REFERENCES

. Babbs, C. F.,, Bourland, J. D., Graber, G. P., Jones, J. T. &
Schoenlein, W. E.: A pressure sensitive mat for measuring
contact pressure distributions of patients lying on hospital
beds. Biomed Instrum Technol 24: 363-370, 1990.

. Bennett, L., Kavner, D., Lee, B. Y. & Trainor, F. S.: Shear
vs pressure as causative factors in skin blood flow occlu-
sion. Arch Phys Med Rehab 60: 309-314, 1979.

. Bennett, L.. Kavner, D., Lee, B. Y., Trainor, F. 8. & Lewis,
J. M.: Skin blood flow in seated geriatric patients. Arch
Phys Med Rehab 62: 392-398, 1981.

. Bennett, L., Kavner, D., Lee, B. Y., Trainor, F. 8. &

Lewis, J. M.: Skin stress and blood flow in sitting paraplegic
patients. Arch Phys Med Rehab 65: 186-190, 1984.

. Daniel, R. K., Priest, D. L. & Wheatley, D. C.: Etiologic
factors in pressure sores: an experimental model. Arch Phys
Med Rehab 62: 492498, 1981.

. Dinsdale. S. M.: Decubitus ulcers: role of pressure and friction
in causation. Arch Phys Med Rehab 55: 147152, 1974.

. Garber, S. L., Krouskop, T. A. & Carler, R. E.: A system for
clinically evaluating wheelchair pressure relief cushions.
Am ] Occ Ther 32: 565-570, 1978.

. Gilsdorf, P, Patterson, R., Fisher, S. & Appel, N.: Sitting
forces and wheelchair mechanics. ] Rehab Res Dev 27:
239-246, 1990.

. Goossens, R. H. M., Zegers, R., Hoek van Dijke, G. A. &
Snijders. C. 1.z Influence of shear on skin oxygen tension.
Clin Physiol /4: 111-118, 1994,

. Goossens, R. H. M., Snijders, C. J., Hoek van Dijke, G. A.
& den Ouden, A. H.: A new instrument to measure forces in
beds and seats. J Biomed Eng /3: 409—412, 1993,

Scand J Rehab Med 29

22

23.

26.

27.

28.

. Goossens, R. H. M., Snijders, C. J., Hoek van Dijke, G. A.

& den Ouden, A. H.: Measuremenits on a wheelchair with a
new instrument. /n Seventh International Seating Sympo-
sium ““Seating the disabled”, pp. 259-260, RESNA,
Memphis, 1991.

. Harman. J. W.: The significance of local vascular phenom-

ena in the production of ischemic necrosis in skeletal
muscle. Am J Path 24: 625-638, 1948.

. Heerens, W. C.: Multi-terminal capacitor sensor. I Phys

E:Sci Instum 75: 137-141, 1982.

. Holley, L. K., Long, ., Stewart, J. & Jones, R. F.: A new

pressure measuring system for cushions and beds—with a
review of the literature. Paraplegics /7: 461-474, 1979.

. Houle, R. I.: Evaluation of seat devices designed to prevent

ischemic ulcers in paraplegic patients. Arch Phys Med
Rehab 50 587-594, 1969.

. Kosiak, M.: Etiology of decubitus ulcers. Arch Phys Med

Rehab 42: 19-29, 1961.

. Kosiak, M.: Etiology and pathology of ischemic ulcers.

Arch Phys Med Rehab 40: 62-69, 1959.

. Kosiak, M.: A mechanical resting surface: its effect on

pressure distribution. Arch Phys Med Rehab 57: 481-484,
1976.

. Krouskop. T. A.. Noble, P. S., Brown. I. & Marburger. R.:

Factors affecting pressure-distributing properties of foam
mattress overlays. ] Rehab Res Dev 23: 33-39, 1986.

. Manley, M. T. & Darby, T.: Repetitive mechanical stress

and denervation in plantar ulcer pathogenesis in rats. Arch
Phys Med Rehab 6/: 171-177, 1980.

. Nola, G. T. & Vistnes, L. M.: Differential response to skin

and muscle in the experimental production of pressure
sores. Plast Reconstr Surg 66: 728-733, 1980.

Palmieri, V. R., Haelen. G. T. & Cochran, G. B. V.: A
comparison of sitting pressures on wheelchair cushions as
measured by air cell transducers and miniature electronic
transducers. Bull Prost Res 17: 5-8, 1980.

Reddy., N. P., Cochran, G. V. B. & Krouskop, T. A.:
Interstitial fluid flow as a factor in decubitus ulcer forma-
tion, ] Biomech /4: 879881, 1981.

. Reichel, S. M.: Shearing force as a factor in decubitus ulcers

in paraplegics. JAMA 166: 762-763, 1958.

. Seymour. R. I. & Lacefield. W. E.: wheelchair cushion

effect on pressure and skin temperature. Arch Phys Med
Rehab 66: 103-108, 1985.

Snijders, C. I.: Biomechanische aspecten van lichaam-
sondersteuningsvlakken. /n Biomechanica van het skelet-
systeem. (ed. V. H. Frankel, M. Nordin, C. I. Snijders), pp.
347-367. De Tijstroom, Lochem, 1984.

Souther, S. G., Carr, 8. D. & Vistnes, L. M.: Wheelchair
cushions to reduce pressure under bony prominences. Arch
Phys Med Rehab 55: 460-464, 1974.

Stumbaum, F.: Experimentelle Untersuchung und mathe-
matische Simulation der Sitzhaltung aul Arbeitsstiihlen
[ Thesis]. Munchen, 1983: 106 pp.

Accepted November 19, 1996.

Address for offprints:

Richard H. M. Goossens

Erasmus University Rotterdam

Faculty of Medicine

Department of Biomedical Physics and Technology
P.O. Box 1738

NL-3000 DR Rotterdam

The Netherlands



