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Abstract—During the next decade CAD/CAM technique will

probably become routine in prosthetics and orthotics, not only

as a complement to manual techniques, but also introducing new

possibilities . However, even complex and sophisticated tech-

niques have errors of measurement that must be considered. Such

errors are of two principal kinds : systematic errors and random

errors. In this study we have evaluated the Swedish CAPOD

system with respect to volumetric determinations . We used two

types of reference objects for volume determinations : cylinders

and amputation residual limb models . Three different sizes were

examined of each type of object . Volume measurements with

CAPOD were compared with volumes obtained by water im-

mersion or mathematical calculation (cylinders only) . We found

a constant, linear systematic error of +2 .5%. Such an error can

easily be corrected for. The random error, represented by the co-

efficient of variation, was 0.5%, which means that there is a the-

oretical possibility to detect volume changes exceeding 1% . We

consider the precision sufficient for clinical practice in pros-

thetics and orthotics . Biological variations due to soft tissue de-

fottnation must be added on top of these errors . Such

deformations were not evaluated in this study.

Key words : amputation, CAD/CAM, errors of measurement,

trans-tibial, volumetric.
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INTRODUCTION

During the last decade, several CAD/CAM systems

have been developed for use in prosthetics and orthotics

(1,2) . The potential advantages of this new technique are

1) even quality of prosthetic sockets, 2) time saving, 3)

better fitting of sockets, and 4) lower cost . The new tech-

nique can be used not only as a complement to traditional

prosthesis making, but also in new applications . For ex-

ample, volumetric determinations can be used to decide

the proper time for permanent prosthetic fitting . The com-

puter technique also makes computer integrated manufac-

turing (CIM) possible, integrating the production of

prosthetic sockets with administrative routines such as pa-

tient records, appointments, deadlines for follow-up, and

economy (3) . Nevertheless, use of the CAD/CAM tech-

nique is rare in daily prosthetic and orthotic practice, and

is still considered exclusive . Over the next decade, how-

ever, with further technical advances, we can foresee an

increased use of this technique, which will probably be-

come routine (3) . With more sophisticated and complex

instruments, there is a danger that we rely too much on the

instruments and do not consider the errors of measurement.

All instruments, no matter how sophisticated, have errors

of measurement. Error estimations related to calibration

methods for CAD/CAM have been published by Kofman

et al . (4), but to our knowledge no study has yet been pub-

lished on measurement errors in CAD/CAM technique ap-

plied to residual limb models or real residual limbs.
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In all kinds of experimental work, the degree of ac-

curacy and precision is of utmost importance . Errors of
measurement are unavoidable, and they can—especially
if they are unknown—seriously jeopardize the whole mea-
surement . If, however, they are known and quantified, it
is possible to handle them and maybe also to correct for
them. If we do not know anything about the measurement
errors, the measurement will be of almost no value . For
this reason it is necessary to estimate such errors, espe-
cially if the instrument is to be used in research studies.

Accuracy and precision are not ends in themselves.
In basic research we do not always know the final use of
a measurement or a new technique . Consequently, it may
be justified to be more careful than what is demanded from
the actual problem, because the extra accuracy and preci-
sion may be needed to solve specific problems later on.
Furthermore, the more accurate and precise, the more
fields of application the new technique will find.

The sources of measurement errors may be (5,6):

the observer/experimenter
the instrument
the environment
the object under observation.

The experimenter may be tired or careless, or poorly
inforanedor trained . There may be no standardized mea-
suring procedures or guidelines for the measurement . The
instruments may be badly calibrated, the algorithms for
calculation may be erroneous, there may be approxima-
tion errors, the environment may not be standardized, the
test objects may change during the measurement, etc.

Three questions of interest may arise in the context
of measurement (7) : 1) How accurate are the measure-
ments—are we measuring what we are supposed to be
measuring (accuracy, validity)? 2) How reproducible are
the numbers we produce (precision, reproducibility, reli-
ability)? and 3) What do those numbers convey about the
condition of the test patient (utility)? The first two aspects
are considered in this study.

Error Calculation
A test measurement x, (x, denotes an arbitrary mea-

surement value) is in itself quite worthless if it is not re-
lated to the "true" value 4 ; and the error of measurement
E; . We can assume the following simple structure for a test

measurement :

Errors of measurement are of two main types (8,9):
systematic errors (bias, deterministic errors, inaccuracy)
and random errors (irregular errors, stochastic variation,
imprecision) . If we know the "true" value, the systematic
error or bias is the difference between the average of a
number of test measurements and the "true" value . This
error may be constant or it may follow some mathemati-
cal function, for example a periodic error. It can be im-
possible to separate instrument errors from errors due to
the experimenter.

There is always a true value, but often we do not
know it . If, however, measurements can be performed a
number of times on a standardized test object, under
strictly standardized conditions, and with methods that
are well established, the average values from such mea-
surements can be used as reliable estimates of the "gold
standard." The best estimate of the gold standard is the
mean of repeated measurements with calculation of the
boundaries within which it may be included (8,10) . In
practice, the systematic error of a measurement is essen-
tially a comparative judgment—a measure of the extent
to which the average of different measurements agree or
disagree in terms of results obtained by measurement on
a given test object. We have used this method in the present
study.

According to the central limit theorem, random er-
rors follow the Gaussian distribution (7,9):

(P(€)

	

1

cra/2zr

Given a sample of n replicated measurements xi on a sin-
gle test object, the sample mean i should converge in prob-
ability (as n increases) to the "true" value unless there
is a systematic error (bias) . The error mean pE converges
to zero, and the error variance a', is equal to the variance
a' of the replicated measurements . The standard deviation
a is a direct measure of the imprecision (random error) of
the measurement (8).

Often the error is calculated as the relative error, that
is, EA, . is unknown . If, however, the error is small, the
relative error can be calculated as E,/x, or 100 x r,/x, (per-
centage error relative to the measurement) . The error of
measurement can never be estimated by one single mea-

surement. To reveal errors of measurement, the same ob-
server can perform repeated measurements on the same
test object.

If the measured data are to be used in further calcu-
lations, the problem of error propagation must be consid-
ered. Such error propagation can be calculated with

a [2]
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methods based on differential calculus, but are not con-

sidered in this article (6,9–11).

Aim of the Study
If CAD/CAM technique is used in research and prac-

tice, it is necessary to evaluate the different kinds of mea-
surement errors associated with this technique . In a previous
study, we have compared CAD/CAM made prosthetic sock-
ets with conventionally made ones (12) . We used the

Swedish CAPOD system (13) . The aim of the present study
was to examine errors of measurement of the CAPOD sys-
tem in volumetric measurements using cylinder and resid-
ual limb models with known volumes.

METHOD

Test Objects
Two types of objects were used : cylinders and resid-

ual limb models of different sizes.
Cylinder models : Three homogeneous aluminum

models were used . The diameters were 69 .5 mm, 100 .0

mm and 150 .0 mm respectively . The height of the models

was 200 .0 mm. They were measured with a vernier caliper
and their surfaces were painted white to increase their re-

flectivity to laser light.
Residual limb models : Three plaster-of-Paris models

of below-knee amputation residual limbs were made.

Three different sizes were used . They were lacquered sev-
eral times to make them water resistant.

Reference Measurements of Volume
Water immersion technique : The test objects were im-

mersed in a vessel filled with de-ionized water . At the water
level there was a spout, through which any displaced water

was released . The cylinders were totally immersed, and the
residual limb models were partially immersed to a black
level mark at the position of the knee joint . The displaced
water was collected and weighed on a precision balance.
Temperature and atmospheric pressure were recorded in
order to have control over considerable alterations . The

density of de-ionized water at 22° C is 0 .997770 kg/dm'.

From the weight of the displaced water, the volume of the
immersed object was calculated . Five repeated measure-

ments were performed on each object. The experimental

set-up is shown in Figure 1.
Due to the capillary forces (forces of surface tension

and adhesive forces acting on the test object) the water

Figure I.
Equipment for volume measurement with water immersion technique.

surface is curved near the test object . This phenomenon
could introduce a small error of measurement . This error
was calculated and was found to be less than 0 .1 percent

(the calculations are not included in this article) . We re-

gard this error small enough to be discarded in the further
calculations.

Mathematical calculation of cylinder volumes : The
cylinder volumes were calculated according to standard
mathematics.

CAPOD measurements of volume : The CAPOD sys-

tem has been described in an earlier article by Oberg et al.
(13) . The system consists of a laser scanner for noncontact
scanning, a CAD software to perform socket design recti-
fications and a milling machine to mill the socket mold.
The CAD/CAM system was used without any modifica-

tions for the study . The system was calibrated according to
the guidelines given by the CAPOD Systems CO (4) . Two

different laser scanners were tested : one in Jonkoping and

one in Uppsala, Sweden.
The test objects were scanned, and the volumes were

computed . For the cylinders, the total volume was calcu-

A
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lated ; for the residual limb models, the volume up to the
black level mark was calculated . Five repeated measure-
ments

Statistinal Analysis
Means, variances, standard deviations (SD), coeffi-

cients of variation (CV, standard deviation as percent of
the mean value), and students t-values were calculated ac-
cording to standard procedures (14).

RESULTS

Systematic Errors
The absolute volumes of the cylinder and residual

limb models, calculated with different methods, are shown
in Tables 1 and 2. In Tables 3uud4, the differences be-
tween the CAPOD measurements and the results obtained
with the reference methods are shown.

Cylinder models : For the cylinder models, the dif-
ferences are not consistent and in many cases not statisti-
cally significant . Figure 2 shows that the measurements
with all methods are close to each other.

Residual limb models : For the residual limb models
there was a systematic difference of about 2.5 percent in
all cases . The CAPOD system overestimated the volumes.
The differences were statistically significant and of the
same magnitude for both suites of test equipment . These
differences are clearly seen in Figure 3.

Random Errors
The random errors were estimated by SD and CV . The

values are shown in Tables 1 and 2. The CV was very
small, in most cases below 0 .5 percent . Thus, 95 percent
of the random variation may be included within an inter-
val of mean volume ±1 percent (mean ±2CV).

DISCUSSION

One idea underlying the introduction of CAD/CAM
technique in prosthetics and orthotics has been that con-
tacting methods may introduce measurement errors due to
deformation of the soft tissues or plaster cast, while non-
contacting optical scanning may enable measurement of
higher accuracy (4) . But CAD/CAM methods cannot only
replace conventional medhods, they also have a new po-
tential of themselves . For example, volume determination
can be used to decide when postoperative volume changes
cease . This is probably the proper time for permanent pros-
thetic fitting. Hitherto, we have not had simple methods
for such volume determinations . Fernie et al . (15) devel-
oped one complex method to evaluate volume fluctuations
and some other volume studies with water displacement
methods have been performed (16,17).

We chose two different methods for volume deter-
minations as references to represent the gold standard. The
mathematical calculations have no systematic errors, and
the random errors were considered negligible . The water

Table 1.
Cylinder volumes (ml) . Means, standard deviations (SD) and coefficients of variation (CV).

Method

Mathematical calculation 758 .7 1572 .4 3534 .3

Water immersion mean 754 .9 1570.1 3529 .3

3 .04 13 .30 7 .35

CAPOD JOnk6ping

CV

mean 770 .0 1583 .0 3518 .8

SD 5 .39 4.06 1 .9

CV 0 .70% 0 .26% 0 .05%

CAPOD Uppsala mean 768 .2 1566 .0 3523 .6

SD 4.82 7.65 9 .10

CV 0 .63% 0 .49% 0.26%
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Table 2.
Stump volumes (ml) : Means, standard deviations (SD) and coefficients of variation (CV).

Method

	

Model 1 Model 2 Model 3

Water immersion

	

mean

	

1020 .00 1202 .2 1458 .6

SD

	

6 .71 6 .41 15 .76

CV

	

0 .66% 0 .53% 1 .08%

CAPOD Jonkoping

	

mean

	

1051 .0 1234 .0 1489 .8

SD

	

6 .44 4.53 8 .14

CV

	

0 .61% 0 .37% 0 .55%

CAPOD Uppsala

	

mean

	

1045 .2 1233 .4 1492 .8

SD

	

3 .56 3 .13 5 .76

CV

	

0.34% 0 .25% 0.39%

Table 3.
Difference between mean volumes (ml) : Cylinder models .

Model 2 Model 3Method

	

Model 1

CAPOD-J Mathematical calculation 11 .3

(1 .49%)

t=4.90

p<0 .01

	

10.6

	

-15 .5

(0 .67%)

	

(-0.44%)

	

t=6 .04

	

t=-18 .02

	p<0 .01

	

p<0 .001

CAPOD-U Mathematical calculation

	

9 .5

	

-6 .4

	

-10 .7

(1 .25%)

	

(-0 .41%)

	

(-0.30%)

t=4 .64

	

t=-1 .87

	

t=-0 .42

p<0 .01

	

N .S .

	

N.S.

CAPOD-J Water immersion

	

15 .1

	

12 .9

	

-10.5

(1 .99%)

	

(1 .07%)

	

(-0 .72%)

t=3 .39

	

t=3 .67

	

t=-1 .32

p<0 .01

	

p<0 .01

	

N .S.

CAPOD-U Water immersion

	

13 .3

	

-4.1

	

-5 .7

(1 .73%)

	

(0 .26%)

	

(-0 .16%)

t=3 .30

	

t=-0 .38

	

t=-0 .76

p<0 .05

	

N .S .

	

N .S.

N .S . = Not significant J = JOnktiping equipment U = Uppsala equipment
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Table 4.
Difference between mean volumes (ml) : Stump models.

Method

	

Model 1

CAPOD-J

	

Water immersion

	

31 .0

(3 .04%) (2 .65%) (2 .14%)

t=7 .45 t=9 .07 t=3 .93

p<0 .001 p<0.001 p<0.01

CAPOD-U Water immersion

	

25 .2

	

31 .2

	

34 .2

(2 .47%) (2 .53%) (2 .29%)

t=7 .42 t=9 .39 t=4.56

p<0 .001 p<0 .001 p<0.01

J = Jonk6ping equipment U = Uppsala equipment

Model 2

	

Model 3

31 .8

	

31 .2

1600

1400

1200

1000

E 800

4000

	 7 Immersion

Model No

Figure 2.
Diagram showing mean cylinder model volume, measured with four

different methods . Error bars indicate the standard deviation .

I

	

1 Immersion

CAPOD-J

® CAPOD-U

ON

/

Ak.A
2

	

3

Model No

Figure 3.
Diagram showing mean residual limb model volume, measured with

three different methods . Error bars indicate the standard deviation.

600

400

200

0

immersion method is well established since the days of
Archimedes, and it was considered free from systematic
errors . Thus, the mean of repeated measurements could
represent the "true" volume of both cylinders and residual
limb models .

For the cylinder models, we found a statistically sig-
nificant difference between CAPOD measurements and
the reference methods only for the smallest model . For the
residual limb models, however, we found a systematic
error of about +2 .5 percent for all models . These results
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indicate that the calculation algorithm of the CAPOD sys-
tem gives a good approximation of the volume for simple,
regular objects such as a cylinder, but systematically over-
estimates the volume of irregular objects such as amputa-

tion residual limbs . The difference in the results can be due
to methodological differences between measuring the

residual limb model and the cylinder model . The error,

however, was linear and almost constant throughout the
range of measurement, and can easily be corrected for. The

CAPOD system has an option for scaling up and down the

dimensions of the scanned object.
The reproducibility was good, as represented by the

CV, and was less than 0 .5 percent (i .e ., less than the vari-

ation of the water displacement method) . Consequently 95
percent of random errors will be included within an in-

terval of ±1 percent . Kofman et al . (4) present two cali-

bration and 3-D reconstruction methods, dependent and

independent of camera parameters . They found that their

measurements were more than adequate for residual limb-
shape measurement and prosthetic fitting. In their study,

however, calibration measurements were made on a
stepped cylinder with known dimensions. No measure-

ments were performed on a residual limb model or a real

residual limb . Thus it is only possible, from their study, to

draw conclusions about their test object, not about resid-
ual limb models or residual limbs, as measured in the pre-

sent study.
We want the measurement errors to be as small as

possible, but more accuracy and more precision requires

greater complexity and cost. If, as was the case in this study,
the systematical error is easy to correct for, this should be
done, otherwise we must consider whether the error is ac-

ceptable or not . The interpretation of the random errors de-
pends on the tolerance and precision that is necessary.
Volume changes larger than I percent can be detected with

the CAPOD system.
Volume determinations are also important as validity

tests of the CAD/CAM technique . As one of the ideas was
a reduction of errors, it is important that the new technol-
ogy does not introduce new errors that are larger than the

old technique.
In the clinical situation we do not measure standard

objects, but living people with residual limbs consisting

of soft tissues that can be deformed . Such variations are

not related to the CAD/CAM system per se, but must be
added on top of the other random errors . Such errors are,

however, not the topic of this study.
It is important for users of different measuring

devices to control accuracy and precision . This can be done

by regular and standardized calibration measurements . The
equipment must be checked with reference objects of

known form and volume . It is also important to use refer-
ence objects that simulate real test objects, such as ampu-

tation residual limbs . Such test objects should follow the
delivery of CAD/CAM systems, and the calibration pro-
cedures must be simple and preferably automatic.

CONCLUSIONS

In the present study, we have examined the accuracy
(validity) and precision (reproducibility) of a CAD/CAM
system—the Swedish CAPOD system—when used for vol-

umetric determinations . We found a linear, almost constant

systematic error of +2 .5 percent, which could easily be cor-
rected for, and a small random error, represented by a CV

of less than 0 .5 percent.
It is important that new technical systems are evalu-

ated with respect to errors of measurement, not only by
the manufacturer, but also by independent research groups.
To our knowledge, the present study of the CAPOD system
is the only one of its kind . We believe that unknown errors

of measurement are even more dangerous than known er-
rors, because the latter can often be corrected or compen-
sated for. In our opinion, the systematic error should be
corrected for by the built-in possibility to scale the volume

up and down. The precision permits detection of changes

larger than 1 percent . We consider the precision sufficient
for routine clinical practice in prosthetics and orthotics.
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