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Multilayer Modeling of Reflectance Pulse Oximetry
James L. Reuss, Senior Member, IEEE

Abstract—A multilayer tissue description was employed in
Monte Carlo simulations of reflectance pulse oximetry to study
the impact of assumptions made in previous studies employing homogeneous tissue models. Simulation results with a discrete layer
of arterial pulsatility were similar to previous studies employing
homogenous tissue models. However, the relationship of normalized pulse amplitude to emitter-detector spacing reiterates that
spacing has a significant impact on pulse oximetry function. The
effect of melanin content as a thin, superficial absorber was also
simulated, with results supporting the general clinical observation
that skin shade need not substantially compromise pulse oximeter
accuracy.
Index Terms—Fetal surveillance, Monte Carlo simulation, reflectance pulse oximetry, tissue optics.

I. INTRODUCTION

P

ULSE oximetry, the noninvasive measurement of arterial
oxygen saturation (SpO ), has become a standard of care
in many areas of clinical practice [1]. After initial success in
operative and critical care monitoring of adults and neonates,
development has focused on overcoming the limitations of low
perfusion and motion, and exploring new applications such as
intrapartum fetal pulse oximetry [2].
Several factors have made fetal pulse oximetry a challenging
application. The fetus functions at a broad, low oxygen satura%– %, with clinically significant detion range of
saturations occurring below 30% [3]. Commercially available
fetal pulse oximeters employ sensors operating in reflectance
mode, placed via the birth canal upon the fetus during labor [4].
Stability of tissue characteristics at the monitoring site, blood
fraction in particular, becomes more critical at low saturations
[5]. The many factors influencing the accuracy and availability
of fetal oxygen saturation measurement [6] are difficult to investigate in vivo, especially in clinical practice. This has stimulated
interest in mathematical modeling of light in tissue to gain insight into the phenomena underlying pulse oximetry.
II. BACKGROUND
Modeling of the interaction of light with physiological tissue
is motivated by a need to understand and predict the function
and limitations of various light-based medical technologies. The
Beer–Lambert law approximation of pulse oximetry considers
only absorption by the medium. Although hemoglobin solutions obey Beer’s law, red blood cells in solution do not [7].
Nonetheless, it yields the ratiometric approach to oxygen saturation calculation; empirical calibration removes the effects of
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other tissue characteristics as long as they remain close to their
state at calibration. Kubelka–Munk theory incorporated scattering in a heuristic approach to deriving optical density, and
was applied to in vitro and in vivo oximetry [8]; however, its
assumption of isotropic scattering was unrealistic. Twersky’s
multiple scattering theory has been the most successful basis
for modeling whole blood [9] for in vitro oximetry.
The photon diffusion (PD) model [10], incorporating the effects of anisotropic scattering by different tissue components,
more accurately reflects the tissue characteristics. Schmitt derived approximate analytical solutions from PD theory for a homogeneous tissue model of both reflectance and transmission
pulse oximetry [11]. Marble found in vivo results for a transmission mode sensor followed PD model predictions closely [12].
Takatani [13] and Schmitt [14] also obtained the analytical PD
solutions for two-layer and three-layer tissue descriptions, with
simplifying assumptions.
A tissue model of complexity sufficient to approximate mammalian skin tissue with pulsatile blood flow requires multiple
layers with unique optical properties, reflecting the heterogeneous distribution of blood in tissue. A four-layer tissue model
used by van Gemert in studying laser dosimetry incorporated a
layer representing a blood plexus [15], but an analytical solution
was not published.
Monte Carlo (MC) simulation can model light behavior in
arbitrarily complex tissue structures. Inexpensive computing
capability has removed a major obstacle to its successful use.
Graaff employed MC simulation of light traveling through a
homogeneous, single-layer tissue model to demonstrate the
importance of light scattering in understanding reflectance
pulse oximetry [16]. Tuchin used MC methods to solve the
inverse problem of obtaining optical parameters from tissue
samples based upon a five-layer model [17].
Results have not been published for pulse oximetry models
with a tissue description close to the anatomical complexity of
skin. Nonetheless, simpler pulse oximetry models illustrate the
importance of understanding the behavior of light in tissue and
how tissues characteristics impact device performance [18].
III. METHODOLOGY
In this study, reflectance pulse oximetry was modeled by
performing simulations of photon migration at multiple wavelengths through the tissue for the diastolic and systolic states at
a given set of tissue characteristics, including arterial oxygen
saturation. The systolic state was obtained by an incremental
increase of arterial blood over the diastolic state.
Multiple-layer simulation results were compared to results
for the single-layer volume that results from “homogenizing”
the constituents of the multiple-layer tissue volume. Results
were studied over a range of emitter-detector spacing referred
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TABLE I
OPTICAL CHARACTERISTICS OF THE TISSUE CONSTITUENTS

herein as the far-detector condition, greater than 0.5 cm, which
is most typical of pulse oximetry sensor designs.

A. Tissue Model
(nominal 5%; reduced 1.25%)
The total blood fraction
is the mean concentration of blood in the total tissue volume
during the diastolic state. The arterial pulsation was simulated
by displacement of nonblood tissue by the added arterial blood.
The pulse fraction (nominal 0.25%; reduced 0.0625%) is the
fraction of the total tissue volume displaced by the arterial pulse.
The arterial oxygen saturation SaO was varied in steps between
20% and 100%, with the venous oxygen saturation SvO set
(25%) and
(75%) correspond
10% lower. The values of
to the diastolic state.
Table I contains the optical characteristics, including ab(cm ), and scattering
(cm ), for blood
sorbance,
versus nonblood tissue. The values of the absorbance for
(HHb) and
deoxygenated and oxygenated hemoglobin,
(O Hb), respectively, were taken from the absorbance
spectra published by Takatani [13]. The scattering coefficient
for nonblood tissue and blood, , was derived from the reduced scattering coefficient, , as interpolated by Mannheimer
[18] from observations of Schmitt [11]. The nonblood tissue
was also from Schmitt. The
absorption coefficient
, was calculated as a
absorbance of melanin,
function of wavelength according to the approximation derived
by Jacques [19] from his study of melanosome absorption [20].
The anisotropy was assumed to be 0.8, in the range of approximately 0.7–0.9 identified for dermis exposed to light of the
red-NIR range in the review of van Gemert [15]. Although certain components of the tissue volume such as collagen [21] and
, the
red blood cells [22] are more forward-scattering
value of 0.8 is more representative of overall dermal scattering.
The refractive index for all internal surface interfaces was assumed to be 1.3 (little specular reflectance at interfaces), with
at the surface interface
. It should be noted that
the model layer interfaces are artificial, in that the actual structural interfaces in tissue (e.g., vessel walls) are at a finer level of
detail than the model represents. The simplifying assumptions
made here are similar to those used in other studies [11], [13],
[18].
A multilayer description of mammalian skin tissue was derived from a simplified anatomy, shown in Fig. 1. The tissue
model consists of six homogeneous layers, with different blood
fractions. The layer number runs from 1 (most shallow) to 6
(deepest). (The subscript zero denotes values of the single-layer

Fig. 1. Schematic of vasculature superimposed upon the multilayer model.
Shading indicates relative absorbance; melanin not shown; not to scale.
TABLE II
MULTILAYER TISSUE MODEL FOR NOMINAL BLOOD FRACTION f = 0:05

model resulting from homogenization of the multilayer contents.) Each layer is given a name suggestive of the corresponding anatomical structure. Layer thickness , and blood
fraction for each layer in the diastolic state with nominal
of 5% is found in Table II.
Since each layer is uniformly thick, their relative volumes
are expressed by their relative thicknesses alone. The tissue
model’s geometry is similar to the five-layer skin model utilized
by Tuchin [17], although the optical characteristics are different.
The background tissue content of each layer is homogeneous;
connective tissue, nerves, and other discrete structures are not
individually represented.
The epidermal layer is defined to permit modeling of melanin
. Melanin was omitted in order to facilitate comparcontent,
isons between the single-layer model and the multilayer model.
(The impact of melanin was investigated separately for
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% %, and %.) A blood- and melanin-free layer of dermis
separates the epidermis from the papillary plexus. The papillary
plexus has a somewhat higher blood fraction than the dermis
below it, but this layer is microcirculatory, i.e., nonpulsatile.
The thickness of these superficial layers was set to 0.02 cm
each. The epidermal thickness has been measured as low as
0.006 cm [19]. The 0.02 cm thickness helps ensure a sufficient
number of grid elements per layer with a spatial resolution that
would not pose an undue computational burden (see “Monte
Carlo algorithm” below). Also, keeping simple ratios between
the thinnest and thicker layers facilitated homogenization of the
multilayer model into a single-layer equivalent.
The cutaneous plexus layer represents the capillary plexus,
the arterioles supplying the entire tissue volume, and the venules
collecting returning venous blood. This layer is the location of
pulsatility in the tissue model. The incremental increase in arterial blood displaces nonblood tissue, without affecting the venous blood volume. This is consistent with the magnitude of
the absorbance change measured in the photoplethysmographic
signal, which cannot be explained merely by the rather small
arterial-venous oxygen saturation difference occurring in the
small fraction of blood representing the pulse. Obviously, the diastolic proportions of arterial and venous blood must be restored
prior to the next arterial pulse, or venous congestion would result. This process may commence prior to the end of the arterial
pulse, but the dynamics of the situation are beyond the scope of
this simulation.
The thickness of the hypodermis implies the absence of subdermal reflectors (such as bone) in this model, and minimizes
the loss due to transmission of photons that might otherwise
.
scatter back to the surface
The relative blood fractions were defined in order to ensure
that “homogenization” of the 6-layer model would result in a
cm, with the predetermined diastolic blood
single layer,
fraction , i.e.,
(1)
The 1:3
proportion applies to all layers in the diastolic state. Letting
and
represent the arterial and venous
blood fractions of layer , then in the diastolic state
(2)
and
(3)
Letting
represent the arterial blood fraction of layer
the systolic state, then for pulsatility in a single layer

in
(4)

and
(5)
with nomA nominal diastolic blood fraction
was compared to a reduced
inal pulse fraction
with reduced pulse fraction
blood fraction
. The diastolic blood fraction reduction was applied

. The arterial puluniformly to all layers, i.e.,
sation was simulated by displacement of nonblood tissue of the
by the added arterial blood.
cutaneous plexus layer
With
in the cutaneous plexus layer, the arterial
, and
. The nonfraction becomes
blood tissue component of layer five is similarly reduced.
The absorbance by layer and wavelength was computed as
the sum of arterial, venous, and nonblood absorbance values,
weighted by their respective fractions in the layer.
B. Sensor Model
The simplified model of a reflectance pulse oximetry sensor
consists of multiple co-located emitters, and a detector a variable distance away. The commonly used emitter wavelengths
of 660 and 890 nm were used in the simulation. Emitters were
simulated with a Gaussian beam profile of radius 0.3 cm. This
approximates a noncollimated light-emitting diode (LED). The
cm. The emitter-dedetector was modeled as a square
is simply the distance along the surface from
tector spacing
the origin in the surface reflectance data.
C. Monte Carlo Algorithm
The publicly available MCML and CONV programs implement Monte Carlo simulation of a multi-layer model of a cylindrically symmetrical geometry with adjustable spatial dimensions and resolution [23], [24]. The source code files [25] were
downloaded, and executable versions built utilizing the Borland
C++ compiler, version 5.5, to operate on a personal computer.
The only changes made to the source code resolved minor syntactic problems, expanded the resolution of ASCII output fields
from 12 digits with 4 decimal places to 16 digits with 8 decimal
places. The resulting programs were validated by examination
of results from published test cases.
The dimensions and resolution of the model’s grid were:
cm,
cm; radius
depth
cm,
cm; and exit angle
deg,
deg. Thus, the thinnest layers (epidermis and the bloodless
dermis immediately below) were each 10 grid elements thick.
The resolution employed should be sufficient for accurate
representation of photon travel, given that the mean free path
ranges from 0.012–0.022 cm, and the transport
ranges from 0.03–0.11 cm, for
mean free path
the conditions of Tables I–II.
A Microsoft Excel™ spreadsheet, MetaMCML, was used to
generate the input (.mci) files for MCML. This spreadsheet incorporated the geometrical parameters, absorbance and scattering coefficients for the tissue components, and physiological
parameters such as oxygen saturation, arterial-venous saturation
difference, melanin content, etc. Both one-layer and multilayer
models were implemented.
The MCML surface reflectance output was post-processed
with the CONV program to achieve emitter simulation by beam
convolution. (The exit angle of emergent photons was not considered; i.e., the assumption was made that all photons emerging
under the detector were collected.) The convolved surface re, the fraction of photons reaching the surface
flectance data
per cm as a function of radial distance from the origin , was
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imported into a Microsoft Excel™ spreadsheet for further processing.
As dictated by MCML, the emitters are point sources cen, and normal to the tissue surtered at the origin
face. The detector was simulated in the spreadsheet by calcuin a sliding window equal to the width of
lating the average
the simulated detector, 0.2 cm. Multiplied by the detector area,
, i.e.,
0.04 cm , this gives the detected surface reflectance
the fraction of photons reaching a detector centered at distance
from the emitters. The range of emitter-detector spacing was
cm, as a result of
restricted to approximately
the convolution calculation ([24]) and the sliding sum employed
in the detector simulation.
Normalized pulsatile reflectance was computed as the differand systolic
; divided by the dience between diastolic
astolic , this yielded the normalized pulsatile amplitude
(6)
for a given emitter-detector
The ratio of red to infrared
spacing
gives , the ratiometric relationship that is the basis
of pulse oximetry calibration (SpO versus )
(7)
Oxygen saturation calibration and accuracy results presented are
cm, a separation employed in fetal pulse oximetry.
for
Since pulse oximetry requires at least two wavelengths simulated under diastolic and systolic conditions, at least four simulation runs must be made for each oxygen saturation level
studied under a given set of tissue conditions. Each simulation
photons and required approxirun consisted of
mately 2.5 h of processing time on a personal computer operating at a 1-GHz clock speed.
In some runs, the surface reflectance fractions became low
to compromise calculation of
. An emenough at high
pirical quality limit
was set equaling the minimum fraction
of photons in the surface reflectance data
(8)
based upon an arbitrary minimum number of photons reaching
the detector, ; the size of the detector expressed in radial
; and the number of photons in the run. The value
grid units
was estimated as the minimum necessary to permit reliof
able calculation of
as a difference, based upon test runs. For
photons and
photons,
.
Several cases failing this test required averaging of the surface
reflectance data from multiple runs (effectively raising for
certain cases), performed in the post-processing spreadsheet.
(MCML employs the system time function to derive a seed for
its random number generation; subsequent runs with identical
input parameters were never observed to duplicate previous results.)
IV. RESULTS
MCML runs were performed representing the full range of
oxygen saturation for diastolic and systolic states and nominal
versus reduced blood fraction, for both single-layer and multilayer models. The effect of melanin content was separately
studied for a selected oxygen saturation value.

Fig. 2. S versus r for 660 and 890 nm light at 20% SpO : nominal (dark)
and reduced (light) blood fractions; single-layer (dashed) and multilayer (solid)
models.

A. Surface Reflectance
versus emitter-detector
The detected surface reflectance
spacing
is shown in Fig. 2, for 660 and 890 nm. The curves
represent nominal and reduced blood fractions with 20% SpO ,
from both the single-layer and multilayer models.
falls exponentially with increasing
,
The magnitude of
beyond the vicinity of the emitter, as previously found [14]. An
increase in blood fraction results in increasingly negative slopes,
and a decrease in light reaching the detector under the far-deis lower than
tector condition. At low SpO values, the red
infrared. The multilayer curves also exhibit a lower slope than
single-layer in the far-detector condition.
B. Normalized Pulsatile Amplitude
versus emitter-detector spacing
is shown in Fig. 3,
for 660 and 890 nm. The curves represent nominal and reduced
blood fractions with 20% SpO , from both the single-layer and
multilayer models.
rises with increasing
, an effect noted
The magnitude
in laboratory and clinical studies [16], [26]. In the far-detector
cm the single-layer curve appears
range of
to continue rising linearly, whereas the slope of the multilayer
curve peaks, then decreases. Curves for other tissue states (not
shown), including varying oxygen saturation, relative pulse size,
and depth of the arterial pulsatility, reveal a consistently sigmoidal form with variation in magnitude and of maximum
, and the asymptotic value of
.
slope
To test the hypothesis that single-layer and multilayer
curves are fundamentally different, the data was fitted to linear
and sigmoidal equations. (The sigmoidal form was approximated with a quartic polynomial.) The correlation for all curves
was computed, and the goodness of fit assessed with the F test.
cm, Excel LINEST fits the single-layer
For
and multilayer curves found in Fig. 3 to linear and quartic
, but
forms, respectively, with high correlations and
fits the multilayer data to linear forms with lower correlations
(Table III).
and
for linear
The ratiometric relationship
curves is independent of emitter-detector spacing if the curves
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Fig. 4. R versus SpO (%) for r = 1:2 cm: nominal (dark) and reduced
(light) blood fractions; single-layer (dashed) and multilayer (solid) models.

Fig. 3. N versus r for (a) 660 and (b) 890 nm wavelengths at 20% SpO :
nominal (dark) and reduced (light) blood fractions; single-layer (dashed) and
multilayer (solid) models.

N

TABLE III
CURVE FITS FOR SpO AT 20%, r

>

0:5 CM

pass through the origin. This possibility was examined by
forcing the intercepts to zero for single-layer data linear curve
fits (not shown). Correlations and F test significance fell, yet in
and
.
all cases remained
C. Ratiometric Relationship and Calibration
is related not only to the oxygen
The ratio
saturation but also the diastolic blood fraction, pulsatile blood
fraction, blood characteristics, and tissue geometry. The impact of blood fraction is illustrated in Fig. 4, showing the ratio
versus oxygen saturation SaO for
cm. These
oximeter calibration curves are shown for nominal and reduced

Fig. 5. N versus r for 660 (top) and 890 nm (bottom) wavelengths at 40%
SpO and nominal blood fraction in the multilayer model; 0% (lightest) to 20%
(darkest) melanin fraction.

blood fractions over the range of 20%–100% oxygen saturation,
for the single-layer and multilayer models. A reduction in blood
fraction is predicted to shift the calibration curve, resulting in an
underestimation of the oxygen saturation if the nominal calibration relationship is used.
Results for the single-layer model resemble those previously
obtained for single-layer photon diffusion and Monte Carlo
models [11], [18], indicating an increasing calibration error
with reduction in blood fraction occurring at relatively low
% SaO ) oxygen saturation levels. Notably, the multilayer
(
model predicts an error in oxygen saturation calculation over
a broader SaO range for the same blood reduction. Previously published single-layer results exhibit higher slopes [18];
possible factors contributing to this include an assumption of
isotropic scattering, use of a smaller simulated pulse, and/or
different assumptions about melanin content (see below) in the
previous results.
D. Melanin Content
The effect of varying melanin content in the multilayer tissue
model was studied for 0%, 5%, 10%, and 20% melanin as the
versus
for
fraction of epidermal volume. Fig. 5 shows
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TABLE IV
EFFECT OF MELANIN ON CALIBRATION AT 40% SpO

;r

= 1:2 CM

nominal blood fraction and 40% oxygen saturation with the various melanin levels.
A substantial difference is apparent between the melanin-free
state and the presence of melanin. Even a small melanin fraction creates a highly absorbing layer. The absorbance of 660 nm
light by melanin is over 900 times greater than absorbance of the
same wavelength by blood- and melanin-free tissue. The ratio
of red to infrared absorbance by blood- and melanin-free tissue
is only 1.16, whereas the red to infrared absorbance ratio of
melanin is over 2.7 (Table I). Thus, the presence of even a small
melanin fraction shifts the optical characteristics of the epidermal layer to relatively higher red versus infrared absorbance.
Variation in melanin over 5%–20% does not result in a significant change in the balance of red to infrared absorption. This
was tested with an analysis of differences for a simulated calcm) at the average of a population uniibration (
formly divided between 5%, 10%, and 20% melanin. As seen
in Table IV, for the same population of 5%–20% melanin this
results in an RMS error of 0.51% for the SpO value of 40%,
well within accuracy specifications for pulse oximetry in the low
oxygen saturation range.
V. DISCUSSION
The
versus
curve has a sigmoidal shape in the multilayer model results. This reflects the localization of arterial
pulsatility in depth. Although pulsatility of real tissue is not as
neatly isolated, pulsatile pressure clearly is highest in the arterioles and drops to negligible levels in capillary plexus flow.
versus
relationThe linearity of the single-layer model
ship could incorrectly imply that calibration is independent of
emitter-detector spacing, when in fact experimental evidence
rises with increasing
[14], [16]. Beyond
indicates that
2.5 cm, it cannot be determined from the multilayer simulations described herein whether the pulse amplitudes remain concharacteristic constant, rise, or fall. Certainly the sigmoidal
tributes to the complexity of the ratiometric relationship versus
emitter-detector spacing.
The characteristic of the normalized pulsatile amplitude
versus emitter-detector spacing relationship has potential impact upon pulse oximeter and sensor design. As previously
suggested, increased emitter-detector spacing may result in
increased sampling of deeper layers [27]. The importance of
matching the depth of photon penetration in determining pulse
oximetry accuracy [28] may diminish as the emitter-detector
spacing is increased, if indeed pulsatile amplitudes approach
constancy. However, the problems of signal strength and variation in tissue structure grow with increased detector spacing.

Selection of wavelengths to guarantee similar depth of light
penetration [18] should be based upon a model that realistically
represents the localization in depth of arterial pulsatility. Various proposals to employ multiple emitter-detector spacings in
order to reduce the impact of changes in tissue characteristics
cannot assume a linear relationship of the normalized pulse
.
amplitude with
The multilayer model results suggest that blood fraction
changes have a more significant impact on pulse oximeter
calibration at higher oxygen saturations than concluded from
the single-layer model. Conversely, this may indicate that blood
fraction changes in vivo are not as great as those assumed in
the referenced modeling studies. Experimental data collected
to assess calibration accuracy under varying tissue sites [18]
unfortunately has not included measurement of in situ diastolic
blood fraction and/or arterial pulsatile fraction; empirical evidence to support the predictions of the multilayer model results
remains to be obtained.
curves for
versus
The difference between
likely lies in a change to the distribution through
tissue of detected photon paths. The highly absorbent epidermis
may tend to eliminate shallow travel through the tissue between
emitter and detector, with relatively more detected photons
passing through deeper (and more pulsatile) tissue. As noted,
even a small melanin fraction in the epidermis tends to raise
normalized pulsatile amplitudes where shallow travel is most
likely, nearer to the emitter, versus the melanin-free case.
Confirmation of this hypothesis requires further investigation
utilizing photon tracking in light-tissue simulations. The absence of melanin in the multilayer model for studies of blood
fraction variation probably shifts all the calibration relationships to slightly lower curves versus empirical observations.
For the purpose of comparison with the single-layer model,
however, this was a necessary simplification unlikely to change
the comparison with single-layer results (which were also
melanin-free).
Based upon the similarity of pulsatile amplitude results for
, calibration should be little affected by melanin content. As long as some melanin is present in the epidermis both at
calibration and application, it appears that variation in melanin
content over the rather broad range found in humans should not
have a significant impact on pulse oximeter accuracy. Some clinical observations were probably confounded with equipment errors resulting from the reduced signal-noise ratio caused by diminished absolute pulsatile signal amplitudes in the presence
of increased superficial absorption, whether physiologic or artificially induced. The results illustrated in Fig. 5 support conclusions previously drawn from laboratory measurements of reflectance versus skin color [29], suggesting that the weak signals obtained due to dark skin pigmentation can be improved
with increased illumination.
The technique used to model melanin may shed light on the
effects of other superficial interfering substances such as nail
polish in adult monitoring, and meconium (a fetal excretory
product which may stain the skin or amniotic membranes) in
intrapartum monitoring. The degree of interference should be
predictable from the difference between a superficial interfering
substance’s absorption characteristics at the wavelengths used
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by the oximeter and those of melanin, the dominant superficial
absorber.
Future work should explore other factors, including the size
of the pulsatile blood fraction, depth of the pulsatile layer, and
impact of palpably large superficial vessels. Further development of MCML can make it possible to collect photon migration
paths and calculate mean path length, depth of penetration, and
other statistics. The assumptions about anisotropy and refractive index per layer (including the impact of specular reflectance
at the sensor-tissue interface, related to skin health), should be
evaluated. The dependency of light scattering in tissue on collagen alignment [21] (related to the maturity of the skin [30]),
and in blood on flow rate and direction [22] should also be explored.
VI. CONCLUSION
The multilayer model of reflectance pulse oximetry affirms
the dependence of calibration upon blood fraction, but also the
importance of pulse fraction and localization of pulsatility. The
insensitivity of pulse oximetry to melanin content is supported
by the simulation results. Conclusions drawn about pulse
oximetry from homogenous models of the behavior of light
in tissue should be re-examined, especially as they impact
equipment design.
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