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ABSTRACT 

Experimentally determined stresses in a flesh model are obtained under 
various types of loading.. Comparisons are made with prior theoretical 
models of flesh stress distribution. Agreement at the qualitative level is 
shown. Discrepancies are discussed. Practical application to prosthetic 
socket design is suggested. 

INTRODUCTION 

We are concerned with trauma to flesh produced by mechanical load- 
ing, such as stump lesions developed in or near prosthetic sockets. Our 
approach thus far has been theoretical, in which a series of intuitive 
concepts (1) have been studied in terms of compressive stresses (2), shear 
stresses (3) and effects of the radius of the 1oading.member ( $ ) J e i s  
article, experimental studies are presented-studies designed to test b e  
validity of prior analytical work. An additional aim of the experimental 
procedure is the solution of specific problems too difficult to treat 
analytically-for example, the shear stress distribution in the neighbor- 
hood of a square corner impinging on flesh. While the latter problem 
has been solved analytically for the magnitude of the maximum shear 
stress, it has not been possible to pinpoint the precise location of a 
given stress level. A sound experimental procedure may be expected to 
supply both a sense of stress magnitude and a depiction of stress locations 
and distributions. 

The ideal experimental procedure is one involving direct testing on 
human subjects. Unfortunately, this would appear to involve instru- 
mentation implants and biopsies-factors which are difficult to arrange 
at best. As a practical substitute, we have employed a material known 

' Based on work performed under VA Contract VlOl(154) P-18. 
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as Spence-gel b in the role of a model flesh. Popularly believed to reflect 
most of the properties of soft tissue, Spnce-gel is a viscoelastic polymer 
readily available in sheet form. Easily handled when encased in a foam 
jacket, this material may be shaped, marked, or cut as desired. 

While practical, Spence-gel is in the end but a crude substitute for the 
complex material that is soft tissue. Therefore, we do not claim the 
following results to be a precise index to the performance of soft tissue 
generally, or of any specific tissue in particular. However, we do maintain 
that in a rough, qualitative fashion these results are a fair representation 
of the basic stresses and strains produced when tissue is loaded. 

METHOD OF PROCEDURE 

The essential concept is one of simulating two-dimensional loading by 
pressing upon the edge of a flat slab of flesh substitute trapped between 
rigid flat plates. One of the plates is a window, through which the de- 
flections of the slab may be photographed. Prior to testing, the slab is 
marked with a coordinate system. Deflections are shown by distortions of 
the coordinate system, which are photographed and analyzed (see Fig. 1). 

T o  convert deflection into stress, the material is calibrated through 
conventional tests of modulus of elasticity, Poisson's ratio, and com- 
pression modulus. Compressive stress is determined by the straight- 
forward application of the compression modulus to the measured com- 
pressive strain. Shear stress is determined by combining the modulus of 
elasticity obtained through tensile tests and Poissons' ratio to determine a 
shear modulus. Applying the shear modulus to measured values of 
angular strain yields shear stress. I t  should be noted that angular strain 
is not angular rotation, but rather the extent of departure from a right 
angle of grid lines at any intersection of interest. 

Measurements were obtained directly from Polaroid phot@mphs with 
a standard pocket comparator equipped with a graduated reticle. While 
linear strain can be measured with a standard rule, experience has 
shown that accurate measurement of angular strain requires the com- 
parator. The basic grid coordinate system was drawn on the Spence-gel 
jackkt with a felt-tip pen, whose tip was whittled to a point with a razor 
blade. Other imprinting schemes were defeated by the absorbent nature 
of the soft protective foam. The normal grid spacing is a half inch 
between vertical lines and a quarter inch between horizontal lines. Stress 
computations utilized the true local spacing between lines, rather than 
the nominal, so as to eliminate grid-spacing error effects. Local strain was 

Registered trade name. A silicone formulation produced by the Dow Coming Corp. 
for the Stryker Corp., Kalamazoo, Mich., the licensee, under a patent held by Dr. 
Wayman Spence. 
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JRE I.-Dull (blunt) chisel test. Upper photo shows no load or tare condition; 
er photo shows fully loaded condition. The chisel is 1% in. wide, and the load 
,1 lb. 
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determined by comparing local grid spacing under load to comparable 
local grid spacing prior to load. 

Removal of the foam seemed unwise-the bare gel exhibits a tackiness 
roughly equal to its own strength. (After completing this work, it was 
learned from Mr. William Chow of the University of Michigan that gel 
tackiness can be reduced by dusting the surface with any commercial 
baby talcum powder. Should this treatment be successful, it will be 
possible to work effectively with the bare gel instead of the composite 
gel-foam sandwich.) T o  seal the open gel edge (the loaded edge) and 
also to serve as a simulated skin, a layer of Saran Wrap (polyvinylidene 
chloride plastic) was bonded to the gel-foam sandwich with medical 
adhesive. The package thickness is roughly 0.4 in. thick, of which the 
central 0.125 in. is gel and the remainder foam. The total clearance 
between the walls and the package is approximately a thirty-second of 
an inch. T o  reduce friction between the walls and the package, produced 
when the package experiences buckling under compressive loading, the 
walls were lightly greased with Vaseline. 

The applied load in all cases was 500 grams (1.1 Ib.). Loading members 
were made of wood; that shown in Figure 1 is 1% in. across (width). 

I t  was assumed that the relatively soft foam carried no load, and 
calibration results were normalized on the basis of gel test areas. As the 
foam necessarily carries some load, however small, the effect is to arti- 
ficially increase the apparent stiffness of the gel. 

Theoretical predictions of stress levels have been obtained from those 
formulas previously published in this series; these are contained in the 
appendices to References 2 and 3. No new theory has been introduced in 
the course of this work. However, all calculations employ gel coefficients 
obtained through calibration, rather than the assumed flesh.@ues, based 
on cat skin values, previously used in theoretical computations. In other 
words, all predicted values have been recalculated for gel; for that 
reason, current predictions differ from prior results. 

CALIBRATION 

As the calibration loads are small, it proved necessary to construct 
special machines, along the lines of simple beam balances, to effect a 
calibration. The tension test results are shown in Figure 2. Results of 
comparable cat-skin testing obtained by Veronda and Westmann (5) are 
also given. Note that the Spence-gel does display the increasing slope of 
stress with respect to increasing strain characteristic of biological materi- 
als. However, the slope (modulus of elasticity) is clearly different for cat- 
skin and Spence-gel materials, suggesting that the gel offers but a qualita- 
tive replication. As our theoretical efforts are based on a single-valued 
modulus of elasticity, and as the experimental strains imposed are gen- 
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UNIT STRAIN, INCHES PER INCH 

FIGURE 2.-Spence-gel tensile properties and estimate of modulus of elasti$$ .in ten- 
sion. Note that the slope increases as a function of strain. The dashed line, re&ring 
the low strain region, represents a constant slope value chosen for computational 
purposes (shear modulus). The chain line shows comparable values for cat skin 
(5) . 

erally of low order, a 25 p.s.i. slope line, coincident with the low strain 
portion of the curve, has been chosen as the final calibration value used 
in shear modulus determination. Strain rate is neglected. 

Poisson's ratio (.40) and compressive modulus testing proved routine. 
Figure 3 shows the basic compressive stress calibration employed in 
reducing all data. A short (1/2 in.) and broad (3 in.) section of the gel 
package was employed in this calibration; dimensions were chosen to 
minimize buckling effects. Again, stresses were normalized using the 
assumption that only the gel accepted load. No directly comparable 
values for biological tissue are known to the author. 
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FIGURE 3.--Spence-gel compressive properties. The horizontal axis represents the .ratio 
of compressive shortening displacement in relation to the original length. The 
ordinate indicates the stress developed in realizing a given strain. (Note the chadge of 
scale of the ordinate from that in Fig. 2.) 

RESULTS 

Typical data are shown in Figure 1. The upper photograph shows the 
model without load; the lower demonstrates the application of load in 
the dull chisel condition. Analyzing the strain produces those com- 
pressive stress results given in Figure 4. Each of the lines, A, B, and C, 
is a real coordinate line appearing on the photographic data. They 
correspond to the center line of the chisel and the first two lines out- 
board from the center line, all initially vertical in the unloaded con- 
dition. Experimental stresses along these lines are shown in Figure 4 
as plotted points. The curves shown are theoretically determined stresses 
predicted to occur along the same lines. The abscissa in this, and in 
succeeding figures, represents the depth to a point of interest with 
respect to the initial (unloaded) dimensions. For example, a depth of 
say 1 in. on Figure 4 refers to a point within a slab of flesh 1 in. below 
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FIGURE 4.-Comparison of predicted and experimentally determined compressive stress 
values for the (blunt) dull chisel case. The arrows indicate the required shift of the 
experimental points to obtain coincidence with the predicted values. Lines A, B, and 
C correspond to appropriate ruled lines of Fig. 1. 



Bennett: Transferring Load to Flesh-Part V 

the skin surface before a load is applied. This coordinate system is em- 
ployed for both theoretical and experimental results. From inspection it 
is apparent that the predicted values are qualitatively correct, i.e., the 
trends of experimental and theoretical curves are similar, and they 
share the same order of magnitude. However, the predicted compressive 
stresses are always larger than the corresponding experimental values. 

Shear stresses are measured in the vertical plane, by those techniques 
given previously, and therefore correspond to vertical shear. In  principle, 
the vertical shear magnitude must be precisely equal to the horizontal 
shear at the same locale, owing to the two-dimensional nature of the 
model. However, as we do not offer experimental proof of this identity, 
we shall restrict the word "shear" to mean vertical shear. 

The shear stress values for the dull chisel condition are given in 
Figure 5. The plotted points and curves represent experimentally de- 
termined values. A single point computation of the maximum shear 
stress anticipated is shown as a starred point located on the ordinate. 
Fair qualitative agreement exists, but the predicted value is too low for 
quantitative agreement. Line C stress is essentially zero and shown co- 
incident with the abscissa. 

Figure 6 shows the resulting photographic data from a rigid block test, 
in which all conditions of the dull chisel case are duplicated except that 
of loading-member shape. The calculated results for stress are shown in 
Figure 7. Again, the plotted points are experimentally determined, and 
the curves are obtained theoretically. Line C theoretical values are close 
to zero; therefore line C coincides-with the abscissa. Comparison between 
predicted and experimental values indicates agreement at the qualitative 
level; the agreement is.not satisfactory at the quantitative level. 

Shear results for the rigid-block case are given in Figure 8. A single 
maximum shear stress has been theoretically determined and plotted as 
a cut-off value; i.e., every experimentally obtained value should equal 
or be less than the theoretically determined maximum. The curves 
shown are entirely experimental. The agreement between theory and 
experiment is qualitatively acceptable, but less so quantitatively. 

The application of the experimental technique to practical prosthetic 
problems is illustrated in Figure 9. A simulated socket brim is employed 
as if the stump were developing a bending moment resulting from the 
same test load (500 grams or 1.1 lb.) applied locally. I t  will be observed 
that the maximum compressive stress occurs in the neighborhood of the 
socket wall and is essentially constant (measured at 1.7 p.s.i.) well into 
the "flesh" toward the "bone." 

Shear stress (proportional to angular distortion) is a maximum near 
the flared corner of the socket brim in that flesh above and in contact 
with the socket brim. Grid lines well within the confines of the socket 
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PREDICTED M A X I M U M  
SHEAR STRESS 6.6 PSI 

U N L O A D E D  DEPTH FROM SURFACE, INCHES 

FIGURE 5.-Experimentally determined shear stress values for the dull chisel case. The 
maximum predicted shear stress, located on the axis, is shown as a starred point on 
the ordinate. 

show little or no shear. These experimental observations are precisely 
the same as those predicted from theoretical considerations and given 
in Reference 3. 

Applying the dull chisel load through a thin wood cover plate' (Fig. 
10) has the effect of greatly reducing the maximum compressive stress 
and spreading the compressive stress more evenly throughout the flesh. 
This may be seen by comparing Figures 1 and 10, in the light of the 
knowledge that compressive stress is directly proportional to the relative 
shortening of any grid length. The thin cover plate also has the effect of 
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FIGURE 6.-Rigid block equipped with square corners impressed into flesh. Block width 
(1% in.) and applied load (1.1 lb.) identical to those of Figure 2. Because load is 
spread over larger area, indentation is less than in Figure 1. 

eliminating shear stress in the vicinity of the load, and transferring shear, 
at a lower magnitude, to points remote from the load. These experimen- 
tally observed effects, both compressive and shear, have been predicted 
from theoretical studies as given in Reference 3. 

DISCUSSION 

The reasons for conducting the experimental study are these: 
1. T o  provide a check on prior theoretical efforts. 
2. T o  develop a technique capable of solving flesh-loading prob- 

lems too difficult to treat analytically. 
3. T o  initiate practical work concerning the optimum shape and 

stiffness of a prosthetic socket brim. 
Let us consider these goals in terms of the results. Reasonable qualita- 

tive agreement has been demonstrated between theory and experiment. 
Indeed, every significant trend shown in the data, that has been subject 
to prior analytical treatment, has been anticipated. However, the degree 
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FIGURE 7.-Comparison of predicted and experimentally determined compressive stress 
values for the rigid-block case. The arrows indicate the required shift of the experi- 
mental points to obtain coincidence with the predicted values. Lines A, B, and C 
correspond to appropriate ruled lines of Figure 6. 
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6 PREDICTED M A X I M U M  
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FIGURE 8.-Experimentally determined shear stress values for the rigid-block case. The 
maximum predicted shear stress, of unknown location, is shown as a cut-off line. 

of quantitative agreement is disappointing; discrepancies as large as a 
factor of two appear between theory and experiment. When so large a 
gap appears, more than the usual run of experimental errors are 
involved, such as calibration errors derived from line-thickness uncertain- 
ties in grid measurement. One suspects that the gap reflects, not errors, 
but oversimplifications in both the theoretical and experimental work. 
A few of these oversimplifications are: 
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FICUR~ 9.-Simulated prosthetic socket test. The loading member is shaped to resemble 
a section of a socket brim. Applied load is identical (500 gm. or 1.1 lb.) with all other 
test lciads, but the projected area is greater, so the nominal bearing pressure and 
indentation are less. 

1. Buckling effects of compression upon the gel package are negligible 
(experimental assumption). 

2. The incorporation of considerable foam into the gel package has 
a negligible effect on stress-strain characteristics (experimental as- 
sumption). 
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FIGURE 10.-Thin cover plate under dull chisel. Note lack of shear (angular distortion) 
under load center. 

3. The test material has a single-valued Poisson's ratio and modulus 
of elasticity in tension independent of local stress (theoretical assump 
tion). The compression modulus is nonlinear and is taken from a point- 
to-point experimental curve (experimental assumption). 

4. Plastic flow, while permissible, is highly localized (theoretical 
assump tion). 

5. Any vertical line within the unloaded material remains vertical 
when loaded (theoretical assumption), whereas they often bend notice- 
ably in the photographs. 

6. Viscoelastic (time-dependent) properties are negligible (theoreti- 
cal assumption). 

7. Deflections are small (theoretical assumption), whereas in the 
experiments they are often very large. 

Each of these oversimplifications may be expected to reduce the work- 
ing accuracy of the particular results generated. In view of the number 
and disparate nature of these assumptions, varying experimental and 
theoretical results must be expected. For example, it is not assumed that 
initially vertical lines remain vertical under load in the experimental 
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portion of the work, in direct opposition to the assumed theoretical 
boundary condition-so one must expect differing results from the 
different treatments. 

Given that the gap between the two treatments is sizable, it should 
be noted that the ultimate application is to soft tissue near a prosthetic 
socket or orthotic cuff. It is well known that soft tissue possesses widely 
varying characteristics, such that precise prediction of stresses is unlikely. 
Practical goals in such a case are simple approximations to stress and an 
indication of prosthetically practical means of reducing significant 
stresses. Either the analytical or experimental treatment is believed 
adequate for these purposes. 

Still, the question remains: Which of the two treatments is the more 
accurate? One suspects that the answer depends upon the precise nature 
of the problem examined. For example, consider the dull chisel case 
results of Figure 4, wherein the analytical procedure supplies consistently 
larger answers than the experimental work. I t  is quite possible that the 
disparity reflects the choice of too blunt a wedge angle (90 deg.) to truly 
simulate the analytical "dull chisel" condition. The analytical "dull 
chisel" is one defined as possessing a wedge angle just barely too large to 
cause significant plastic flow of the material. The necessity for this con- 
dition follows from the difficulty of analysis in plastic flow. No analysis 
has been performed of the wedge angle corresponding to the dull chisel 
condition for the gel tested; the wedge angle was arbitrarily chosen after 
several trial-and-error attempts. Possibly a more careful choice-based on 
testing of progressively sharpened wedges pressed into the gel until 
failure occurred-would yield larger experimental compressive stress 
values and thereby a better agreement with theory. In other words, one 
speculates that in this case the theoretical values are more nearly correct 
than the experimental values. While this conclusion is of significance in 
the "dull chisel" assessment, one can picture test situations where the 
opposite would be true; i.e., the experimental values would be more 
nearly correct. 

As concerns the second goal, one of developing a technique capable 
of solving stress problems too difficult for analytic means, the explora- 
tory work shown as Figure 9 appears promising. Solving analytically 
for non-mathematical wall shapes pressing upon multi-layered biological 
tissues is an awkward computation. One can arrive at reasonable approxi- 
mations by slicing a real socket and testing sections on the gel. 

The last goal is one of optimizing socket brim design on the basis of 
flesh stress results. This step is now underway, utilizing those techniques 
given here. The main tool will be experimental; theoretical analysis will 
be employed as an adjunct and check. Hopefully these tools will find 
other applications, such as the design and arrangement of severely re- 
strictive bracing; for example, the Milwaukee Brace. The problem of 
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restraint, short of trauma, is one that may be treated in a similar fashion 
to the flesh-loading examples given above. While distribution of high 
forces over areas generally lowers compressive stresses, kwwledge of the 
distribution process can be used in avoiding ischemia under prolonged 
or repetitive cyclic loading. Greater understanding of factors influencing 
shear stresses may ultimately lead to reduced dermatological problems 
and to greater comfort. 

ACKNOWLEDGMENTS 

This work was supported by the Research and Development Division, 
Prosthetic and Sensory Aids Service of the Veterans Administration. 
Dr. Eugene F. Murphy, of that organization, has contributed numerous 
ideas to this series of articles. Graduate students Jared Brodie and James 
McElligott performed much of the data reduction. 

REFERENCES 

1. Murphy, E. F.: Transferring Load to Flesh. Part I. Concepts. Bulletin of Prosthet- 
ics Research, BPR 10-16:38-44, Fall 1971. 

2. Bennett, L.: Transferring Load to Flesh. Part 11. Analysis of Compressive Stress. 
Bulletin of Prosthetics Research, BPR 10-16:45-63. Fall 1971. 

3. Bennett, L.: Transferring Load to Flesh. Part 111. Analysis of Shear Stress. Bulletin 
of Prosthetics Research, BPR 10-17:38-51, Spring 1972. 

4. Bennett, L.: Transferring Load to Flesh. Part IV. Flesh Reaction to Contact 
Curvature. Bulletin of Prosthetics Research, BPR 10-18:60-67, Fall 1972. 

5. Veronda, D. R. and R. A. Westmann: Mechanical Characterization of Skin- 
Finite Deformations. J. Biomechanics. 3: 11 1-124, 1970. 


