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Background

Presaure & the human interfacehas recaved considerable datention ower the yeas
sinceit can causeinjury, pain, dscomfort, and/or possbly improve comfort. When we
weda clothes, shoes, nedkties, leg onabed, sit ona dair, use aheadset, use handtoadls
during manual work, or use am rests or elbow suppats to reduce muscle fatigue, the
forces from these external sources/implements exerted onthe body are quite varied, bt in
al casesad onlimited areas. Even though forces onthe human body are unavoidable,
comfort in many cases appeasto be obscure and certainly not guaranteed. Comfort
encompasses many diff erent charaderistics and has varied definitions: for example, it has
been defined as alad of discomfort (Hertzberg, 1972 and more recently it has been
associated with fedings of relaxation and well-being (Zhang et al., 199§. In creding the
seoond dfinition, hawvever, Zhang et a. panted ou that poar biomedhanics may turn
comfort to discomfort even though good homedanicsis not anecessary and sufficient
condtionfor comfort. It isnat the intent of this paper to look at the disparities in the two
definitions. The objedives of thisarticle aeinsteal:
* Toreview the dfeds of forceon human tissue in the puldi shed literature
» To attempt to explain scientificaly some of the design strategies currently used and
* Most importantly, to stimulate ideas for innovative designs and reseach to minimize

discomfort at interfaces such as seds, footwea, and hand-todls, etc.

Concentrateor Distribute? - Theliterature

It is clea that presaure & the human interface ca cause discomfort, and minimizing the

discomfort is appeding from a cnsumer’s gandpant. Common sense tell s usthat force

or presaure can cause discomfort, pain, and passble injury if not managed well.

Common sense dso gives two key strategies to adopt when amaterial is subjeded to a

force

1. Distribute the force “uniformly” (Sprigle & al., 199Q Weichenrieder and
Haldenwanger, 1989 or

2. Concentrate or load the “stronger” parts of the structure to reduce “breakage” (Floyd
and Roberts, 1958§.

Floyd and Roberts (1958 concluded that when sitting most people fed
comfortable when the weight of the body is caried primarily by the ischial tuberositi es.
Presaure mappings have shown that the buttocks areaof aluxury automobile sed isless
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loaded when compared to an econamy car sea (Grosset a., 1994 thereby contradicting
Floyd and Roberts' (1958 criteria. Sanders and McCormick (1987 on the other hand
suggest that the weight be distributed rather evenly throughou the buttocks area but
minimized over the thigh areas, a profile obtained by contouring the sea pan o varying
the aushion density. Which ore of the two strategiesisreally better for the human bod/?
This questionisrather difficult to answer for any particular scenario asis evident from
the dorementioned research pubications. An enginee trained to design and develop
medhanicd gadgets would approach the problem by adopting a dmmmon sense (Shafer,
1996 approadc by distributing the forces ading at the human-“equipment” interface
rather than concentrating the load. A sense of comfort is associated with abean bag
comprising maaospheres of rigifoam or the like. From an engineaing perspedive, it
appeas that such a ashion conformsto the buttocks, relieving high presaure and
distributing force over alarger areaof soft tissue thereby suppating the cmmmon sense
approacdh o distributing the forcerather than concentrating the loads. But are bean bags
redly comfortable or isit that we use them in environments where the user isaready in a
relaxed state?

Presaure distribution to improve comfort is an asped faced by many ergonamists
and engineas. However, thereislittl e understanding of the exad presaure distribution a
redistribution that is needed to achieve “comfort” or even reduce discomfort. It ishoped
that the reader may begin to have innowetive ideas abou method(s) to suppat the human
body after reading this paper.

The Material Analogy

The distributed forcetheory makes snse from amaterial standpant. It stems
from the way materials behave when subjeded to loads. If, for example, astructure
neeals to be built using an I-beam or 2 by 4 pieces of wood a any other basic structural
element, it islogicd to dstribute the load so that defledions or deformations are
minimized, the phenomenon knavn as creegp is minimized, and hencethe “closeness’ to
failureisreduced. Ergonamists adopt simil ar reasoning when addressng repetiti ve strain
injuries (RSI). The fundamental fail ure that occursin RSl may be dtributed to a
medhanism closely linked with material failures: fatigue (Bishu et a, 1990. Henceone
may think that human tissue behaves like any other “dead” material and most theories
relating to materialsis applicable to human tisaue. Isthis assumption valid? This paper
is an attempt to reved some of the gpproaches adopted, to urcover myths surroundng
presaure-discomfort hypotheses, and to rethink the design processto make products more
appeding to consumers.

The Tissue Trauma and Pain Per spectives

Ancther asped suppating the distributed force strategy involves tissue trauma
leading to presaure sores or deaubitus ulcers as aresult of “high” loading (Reswick and
Rogers, 1976 Webster, 199)). It has been clealy demonstrated in many reseach works
that presaure sores are amgjor problem in hedth care (Dinsdale, 1974 and ore major
causeislocdized presaure on parts of the body. Kosiak (1959 reported a study linking
presaure over bory prominences and their all owable duration to reduce the incidence of
presaure sores thereby suggesting certain guidelines for human suppat interfaces (Figure
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1). Ingenera, an inverse relationship exists between tolerable presaure and time.
Reswick and Rogers (1976 suggest that tissue with larger masses such asthaosein the
thigh areas can suppat higher presaures for longer periods of time. Furthermore, there
exists literature that indicaesthat presauresabove 4 - 4.7kPa ae undesirable and pu
the tisaues at risk from ischemiaif left in one position (Kosiak et a 1958 Dinsdale, 1974
Reswick and Rogers, 1976. “Capill ary closing presaureis perhaps not ided as an upper
limit for safe interfacepresaure sinceinterfacepresaures can dffer from presaures within
tissue. However, an aternative has yet to be areal onin theliterature” (Allen et a,
1993

Based onthe &ove mmpressve presdure aiteria, adive ashions, which operate
onthe basis of periodic presaure relief in the form of a presaure wave, have dso emerged.
In away, such adive ashions may be viewed as units which impart “concentrated”
loading of a cetain level with reduced duation d exposure. In ather words, they crede a
concentrated strategy of short duration.

Presaure distribution has been used to control ulcerationin dabetic patients too.
However, “the dinicd management of presaure-induced soresis confusing because of the
variety of tedhniques employed and the paucity of scientific information ontheir success
(Ryan and Byrne, 1989. Many diff erent guidelines and criteriahave anerged owver the
yeasas siownin Table 1.

Pressure (Pascal) = Force (Newton)/ Area (meter?)
Stress* (Pascal) = Force (Newton)/ Area (meter?)
where Areaisthe aosssedional areaof the gplied force

* Stressmay in the form of a cmmpresson, tension a shea.

Insert Table 1 and Figure 1 abou here

If we asume amaximum weight beaing areaof about 200cm? (approximately a
US size 8 ona Brannack device) for one foat, then for a person weighing 80 kg, the
average mmpressve stressonthe foat is 39 kPa (nealy ten times of the presaure that
would cause ischemial). Physiologicd blood pesaire studies have indicaed that
continuouwsly applied presaure between 1520 kPa interrupts the aterial bloodflow and
long-term effeds of such ocdusionsinclude neaosis (skin cdl deah) and uceration
(Baumannet al., 1993. Ulceationisgeneraly thouwght to occur when there is prolonged
tissue ischemia caised by a presaure that exceeals the caill ary presaure. Houle (1969
proposed that the maximal seding interfacepresaire shoud na exceel the caill ary
blood pesaure of 32 mmHg (4.3kPA). To givethe reader someidea dou presaire
during sitting, consider the values reported by Kosiak et al. (1958: mean presaures of
abou 43 kPawere foundaroundthe ischia tuberosities when sitting on a unpadded flat
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wooden surface which is nealy ten times the presaure that would cause ischemial Y et,
sitting on hard “floor” surfaces, crosslegged, for prolonged periods of timeis common
pradicein the Indian (Helander, 1995, pp. 5&9; Kroemer et al, 1994, pp. 366and
Japanese alltures. In the same study, a2 inch (5 cm) foam rubber padding was able to
reducethe presaure to abou 21 kPa (still five times the presaure that would cause
ischemial). Drummondet a. (1982 using a micro-computer based pressure scanner,
showed that approximately 18% of abody’ s weight is distributed owver theischia
tuberosity; 21% over ead thigh; and 3% over the saaum. The distributionis of course
atered depending onthe sea geometry and the foam durometer. In relationto the foat,
past reseach (Bauman et al., 1963 Silvinoet al., 1980 has siown that clinicd painin
the plantar areas tendsto occur when presaures exceal 255kPa (over 60 times of the
presaure that would cause ischemial). Clealy, there gopeasto be inconsistency among
reseachers. To further complicae isaues, Sadks et a. (1985 proved that the load is
unimportant and claimed that the skin boodflow changes are influenced by only three
faaors: the ratios of bore depth, the ratios of indentor diameter to bore diameter, and
percentage cmmpresson d the tissue overlying the bore. “Indentor” or loading areais a
faaor negleded by many andits effed on dscomfort will be further explored in the
sedion, Maximum Presaure Tolerance, to explain interfacedesigns with concentrated
loading.

Many reseachers have postulated that that the ladk of pressure soresin people
with namal sensationsis dueto their continuows variationsin presaure patterns through
the suppat interface Whether this phenomenais due to aforcedistribution over alarger
contad areais dill to be explored.

Shea or friction hes also been identified as an important stress Unfortunately,
shea stresses are not as observable & compressve stresses. “Moreover, they are much
higher within the deep tisaue than at the surface ...presaure sores (are) likely beginin
the deep tisaue” (Tsay, 1991). Asaresult of measurement difficulties, noguidelines exist
for shea stressat the human interface However, simple experiments performed by
Bennet (19769 have shown that pinch stress(normal to the surfacewith deformation)
resultsin significant reductionsin bloodflow, and compressve stress(normal to the
surfacewithou deformation) and haizontal shea stress(paral el to the surface have
similar reductionsin bloodflow. The mmpressve stresses experienced inred life
generaly result in bah compressonand gnch shea (or tisue distortion, a primary
cause of presaure sores) and it is hence gpropriate to consider the formation o sores
using guidelines for compressve streses sncethe thresholds will be further lowered in
the presence of the horizontal shea stress “The relation between mecdhanicd presaure
and the development of plantar ulcersis widely acceopted and in fad unquestionable”
(Baumannet a, 1992.

Of course, there ae semndary fadors (such as kin temperature, age, infedion,
moisture, body typei.e., fat/muscle distribution, coll agen formation and nurition,
fibrindytic adivity) which do na diredly cause apresaure sore, but contribute towards
their formation when medanicd stressis present (Pfeffer, 1991 Torrance, 1983.

Many types of therapeutic and flotation keds are ommercialy avail able. Even
though the marketing claims for these devices are impressve, there have been orly a
limited number independent evaluations of these devices (Krebs et al, 1984 and most (or
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nealy all) evaluations have been with resped to the normal or compressve stresses
(presaures) only (e.g., Bader and Hawken, 1986 Krebs et al, 1984 Ryan and Byrne,
1989, etc.).

Beds, Cushions, Insoles and other Human I nterfaces

Interfacepresaures have governed the development of many devices in the form of
fluidised beds, sea cushions, shoe insoles with clams of reduced presaure soresandin
some caes, claims of improved comfort. In generd, it appeas that injury can be
minimized through presaure distribution and lowering pressure magnitude over human
tissue. It isaso clamed that injury is generally precaded by discomfort. If this satement
istrue, then logicd reasoning implies that distributing force, thereby distributing presaure
or reducing presaure & a particular location shoud result in areduced level of discomfort.
Thisargument isredly only one side of the story.

Look at theflip side: Krouskop (1985 foundthat mattresses with auniform
presaure distribution make people restlessthus causing concern abou the distributed
theory of force In addition, products such asabed of nailsor abed of springs, “hedth
sandals’, shoe insoles, or steaing whed covers with semi-sphericd protrusions, beaded
ca sed covers popuar in the eatern cultures, massage mats made of wooden slats or
“massage” rollers are popuar. All such devicesinducelocdized forcerather than
“distributed” force, suppasedly creding desired sensations rather than dscomfort. Hence
it appeas that concentrated force dso has certain advantages and pessbly asensation d
comfort or relaxation and well -being as defined by Zhang et al. (1996 and passbly
related to biomedhanics. In addition, if uniform presaure istheided presaure distribution
for optimal comfort, interfacedesign is comparatively easy, espedally since pneumatic or
hydrostatc balloons or bladders can be designed to give this “constant” or uniform
presaure & theinterface

Pressure-Comfort Modelling

Many pressure measuring devices are ommercialy avail able (Bader and Hawken,
1986 Ferguson-Pell and Cardi, 1992 Fredrick and Hartner, 1993 Olson, 199).
However, comfort predictions based oninterfacepresaure have proved to be nat very easy
(SATRA, 1992 even though there ae afew reported studies that have succesully
model ed the presaure-comfort relationships using mathematica and statisticd techniques
(Grosset al, 199). These mathematicd models are very useful from a product
standpant (Grosset al, 1992. But, the primary we&nessof such extensive studies has
been the ladk of scientific evidence of why some interfacepresaure profil es deliver
“optimal” comfort.

Spatial Summation Theory

Let usnow look at arelated theory from the sensory literature. It states that that
simultaneous gimulation d many sensory receptors is required to arouse astimulation; a
property referred to as Spatial Summation (Hardy and Oppel, 1937%. In simpleterms, it
means that a greaer sensory resporse is experienced when the aeastimulated is larger.
It isarather obvious but negleded issue. For example, if one wereto touch or fed
someone with afinger or the hand, the sensation induced by the hand would generally be
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greder than the finger alone. The spatial summation theory has important impli caions
when forcedistribution is discussed. Consider the cae of a pleasant sensation gradually
moving towards discomfort when the gplied presaureisincreased. At the limit, when
sensations tend toward the so-cdled dscomfort experience, it is clea that aforce
distributed over alarger areamay increase the likelihood d discomfort as oppcsed to the
same forceover asmall area Thusthe extension d the spatial summation theory may be
used to explain the discomfort experience

Maximum Pressure Tolerance

In an experiment performed by Gooretill ke and Eng (1994 under “unmotivated”
(Sternach and Tursky, 1965 condtions, it was foundthat the maximum presaure
tolerance (MPT = gpplied force/probe aeg is grongly related to the probe or indentor
size or the oontad areaof the stimulus. The mean MPT with aprobe of 5 mm diameter
(831kPa) was 3.3times that when using a probe of 13 mmdiameter (249kPa). Two
locaions onthe dorsum (top) side of the foot were tested (Figure 2). The measurement
procedure is presented in Gooretill eke and Eng (1994). There were no significant (p <
0.05 differences between locaions or between genders. This sSmple experiment has been
validated for many other locaions even though the results are not yet puli shed.

MPT5 mm diameter = 3.3 * MPT 13 mm diameter

Insert Figure 2 abou here

It islogicd for alayman to look at the maximum force (or maximum force
tolerance, MFT = MPT* Areg that can be suppated rather than at the presaure. The
forcerelation ketween the two probe sizes would thus be & foll ows:

MFTs mmdiameter = 3.3 * (5/13)% * MFT13mm diameter
or
MFTs mmdiameter = 0.5 * MFT 13 mm diameter

In ather words, at the maximum tolerable value, the forcethat a5 mm diameter
probe can exert is half of what a13 mm diameter probe can exert. This suggests that even
though the MPT islower with a13 mm diameter probe, the forcethat the 13 mm probe
can suppat at the tolerable threshald is twicethat of the 5 mm probe. What is
surprising? The surprise mmes from the differencethat is enin MPT, when compared
to a “dead” material. For any material other than human tisaue, there is generally no
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differencein MPT at the bre&ing point. The MPT value @rrespondng to bre&king
strength for amaterial isindicaed using stress(forceared), which isindependent of ared.

If the maximum forceis such that even though only half of the force can be
suppated with a5 mm probe, it has 3.3 times tolerance thereby implying a ourter-
intuiti ve suggestion for loading on the human body (a nat so common-sense gproad!).
Consider the force suppated at the tolerancelevel of the 13 mm probe. The maximum
force @rrespondng to the MPT with the 13 mm probe (249kPa) is 33 Newtons and the
correspondng areaof suppat is 132.7mn¥. The aeaof the 5 mm probeis 19.6mn?
(that is 6.8times gnaller). If 6 (for convenience rather than 6.8 load beaing areas of 5
mm diameter are dhosen to carry the load correspondng to the tolerancelevel of the 13
mm probe, the load oneadt 5mm probe will be 5.5Newtons or a presaure value of 281
kPa (will be249kPaif 6.8was used instead of 6) which isfar below the MPT with a5
mm probe. In ather words, the load which may have caised someoneto indicaethat it is
the maximum amourt of forcethat could be tolerated over an areaof 132.7mn¥, could
now be shared among a number of small er areas (locdized) withou experiencing any
such maximum tolerable value. The alvantage of smaller areas to suppat loadsis clea
when the loads are high. In the &owve discusson, it shoud be noted that thereisa
minimum distancein order to dstinguish the locdized forces as sparate forces (rather
than a distributed force over the cmmplete aeg. This distance may be variable depending
onthe body charaderistics (such as sze, sex, fat/muscle distribution, clothing, etc.) as
well asthe locaion onthe body at which the presaureis exerted (e.g., arm, leg, foot bad,
etc.).

Sincethe maximum presaure toleranceis dependent on the cntad area it may be
concluded that, at high forces, alarger areamay cause ahigher level of discomfort than a
small er areawhen stimulated with the same magnitude of presaure. The results of
Gooretill eke and Eng (1994 suggest that locdized presaure regions may in fad prove to
be lessdiscomforting when compared to "distributed-moderate” presaures. However, we
do nd know whether distributing force over alarger areaincreases comfort at low force
values even though spatial summation theory indicaes that the sensation will be higher.
One may thus conclude that perceved sensatior? and contact area @pea to have a
relationship similar to that shown in Figure 3. Traditional thinking of distributing forces
may be succesgul only in the upper half, when forces are very low or below a aiticd
value, Fqit. The bottom half will naot be seen at very low forces or forces below Fei:.
Hencethe dedsionto dstribute or concentrate forcesisredly dependent onthe
maghnitude of the presaure exceading a aiticd or threshold presaure (Pgit) for agiven
surface aea

Insert Figure 3 abou here

Discomfort Hypothesis and its Application

! Note that the bresking strength of “dead” material isindependent of areasinceit isa mnstant.
2 The term sensation is used sincewe ae not sure whether comfort is the same & ®nsation. However, a
negative sensation may be viewed as discomfort.
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The extension d the spatial summation theory, which | cdl the discomfort
hypothesis, appeasto betrueinred life. Some “high-end” commercia footwea adopt
what are referred to as “dynamic fit leeves’ made of an elastic materia making the user
believe that it will conform to the foat thereby giving abetter fit (another nebulous
term!). In the short-term or at point of purchase, such footwea is very comfortable.
However, with prolonged use, due to foot swelli ng and foot deformations, shoes using a
dynamic fit sleeve can be extremely uncomfortable. So howv does the discomfort
hypothesis explain such a dange in sensation. At point of purchase, the foot covering
conformsto the foot giving a stronger sensation as predicted by the spatial summation
theory sincethere ae more sensory receptors being stimulated at one time (upper half of
Figure 3). However, with adivity, the foot swell s and deforms, and then the presaure
induced is greder at ead of thereceptors. At this paint, the weaer is at the other end o
the sensory experience. More receptors are stimulated over a greaer areathereby making
the weaer experience greaer discomfort when compared to a shoe that does not have a
dynamic fit sleeve (bottom half of Figure 3). In ather words, over time, the sensation
curve “dips’ from the top helf to the bottom half, transforming the “high” intensity
pleasant sensations (at time=0), to a “high” intensity ungdeasant (or discomfort)
experience. When designing any objed or deviceto be used by a person,thekey isto
identify the threshald (Fit or Pqit) to delineae between the experience of apositive
sensation and dscomfort. If the presaures are such that they are below P, then it would
be best to dstribute the forces. When the presaures are “high” and closer to the MPT, the
designer needs to consider amore locdized or concentrated forceto reli eve discomfort
caused by simultaneous neuron firings over larger areas.

In similar fashion, Read et a. (1991) foundthat sea comfort evaluations at the
beginning and end d extended driving situations disagree It iswell known in
automotive drclesthat long-term driving comfort might be adieved ony at the expense
of the static “showroom” comfort (Lee ¢ a, 1993. If uniform presare & the sitting
interfaceisided, then why isit that static and dynamic (or extended duration) comfort are
different? It isnot clea whether the discomfort hypothesis can be used to explain this
result, withou further information onthe sea presaures.

TheLast Words

It isno doulh an imposgble task sometimes to concentrate presaures over smaller
regions, if thereisahigh risk of damage in terms of presaure sores or ulcerations
espedaly in those who have aladk of or reduced sensation. Theided presaure profile
may be a @mbination d the two strategies to give ashowroom or point of purchase fed
with adistributed force but alessdicomforting suppat with concentrated force a proved
by mattressoverlays, shoeinsoles, etc. Understanding the presaure-sensation a presaure-
discomfort relationship may depend onthe variability of presaure tolerance with stimulus
area Inthelight of the discomfort hypothesis, the thought of abed of nailsisnot so bad
after al!
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Table 1.

Discomfort and Injury Criteriafor sitting and standing interfaces
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Criteria

Source

Maximum seating interface pressure should be less than
the capillary blood pressure of 4.3 kPA

Maximum pressure under ischia tuberosities of 3 N/cm?
(or 30 kPa) based on capillary blood pressure

Continuously applied pressure between 15-20 kPa
interrupt the arterial blood flow and long term effects of
such occlusions include necrosis (skin cell death) and
ulceration

Clinical painin plantar areas tends to occur when
pressures exceed 255 kPa

Houle (1969)

Diebschlag et a (1988)

Baumann et a. (1992)

Bauman et al, (1963);
Silvino et a (1980)
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Figure 1. Allowable pressure over bony prominences as suggested by Kosiak (1959). The
curveisaquideline and not arule.
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Figure 2. Effect of probe size on the mean value of maximum pressure tolerance.
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Figure 3. Hypothetical relation between perceived sensation and contact area. Exact
shape of curves are still unknown.




