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Physical principles adapted to clinical practice for a
theoretical smoke evacuation device in laparoscopic surgery
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Suboptimal visualization of the surgical field due to smoke generated in any laparoscopic technique, along with the impact on healthcare
workers exposed to its toxic particles, has prompted the marketing of various suctioning devices. A limited information on physical basis
of these systems has encouraged us to develop a theoretical model that enables a basic experimental recreation of smoke evacuation in
pneumoperitoneum.
The cooling effect of the abdominal cavity due to the circulation of insufflated gas and variations in its composition resulting from the
operative use of electrocoagulation are the primary factors that lead to the collapse of a circuit designed under laminar flow conditions when
an increase in suction flow rate is required to preserve surgical vision. The pressure difference generated in the circuit by tripling its flow
induces a change in flow regime, preventing collapse without the need for excessive gas renewal. An analysis of the cross-sectional radius,
tube wall composition and absolute roughness of endoluminal surface are conducted to assess performance of our model.
Behavior of fluids in different pathophysiological situations is studied by Science undergraduates, but instructional simulations in the labora-
tory often fail to transfer this knowledge into the design of practical devices that correlate the statics of an inert material with the variability
of a biological system. This theoretical device has been crafted to encourage students interested in the experimental patterns for biomedical
applications related to fluid behavior and turnover during minimally invasive procedures involving the peritoneal cavity.
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1. Introduction

A virtual work space based on carbon dioxide (CO2) insuf-
flation is required in any laparoscopic technique of the ab-
dominal cavity. Surgical procedure safety may be compro-
mised by both body temperature decrease secondary to this
insufflated gas and smoke released from tissue electrocoagu-
lation, lengthening the surgical time and demanding a greater
turnover of the insufflated CO2 volume with the potential for
the operating room environmental pollution risk by toxic par-
ticles.

Conventional electrosurgical devices work based on an
electron flow that passes through the patient from an active
electrode to a neutral one, generating a variable amount of
heat which, according to Joule’s law, is influenced by param-
eters such as current intensity, active electrode size, expo-
sure time, and tissue conductivity [1]. The current intensity
generated upon circuit activation by contact of the positive
electrode with a specific tissue area determines a local tem-
perature rise with variable effects ranging from protein denat-
uration coagulation to tissue carbonization for a temperature
range oscillating between 40 and 150◦C. This thermal vari-
ation will result in the release of energy, water vapor, and a
suspension of chemical and biological particles that will mix
with insufflated CO2, requiring its evacuation to preserve the
visibility of the operative field. Surgical team exposure to this
new fluid generates an epithelial inflammatory response with
potential local and systemic clinical manifestations, once the

alveolar-capillary membrane is surpassed, as well as a poten-
tial carcinogenic, neurotoxic and infectious effect [2,3].

Surgical smoke has been found to contain over 150 chem-
ical components, whose concentration varies depending on
the type of destroyed tissue, and viable infectious and tu-
moral biological material; which together do not exceed 5%
of its composition [4]. Despite this small proportion, it is
considered that the smoke released from one gram of tissue
is equivalent to the mutagenic effect of inhaling three to six
unfiltered cigarettes, and an eight-hour exposure is equiva-
lent to smoking 27-30 cigarettes [5,6]. These similarities are
dramatic in laparoscopic procedures because constant open-
ing of the working trocars results in direct exposure to smoke
expelled due to increased intra-abdominal pressure, consider-
ing the limited protection offered by standard surgical masks
against aerosol inhalation [7].

Currently, there is a significant limitation in characteriz-
ing the full spectrum of particles in surgical smoke despite
the accuracy of some instruments to discriminate mass, vol-
ume and number concentrations of particles with an aerody-
namic diameter (φaer) below one micrometer. The various
filters and extractors used for surgical smoke have the capac-
ity to remove 90% of particles but are ineffective for those
with φaer > 12 µm [7, 8]. On the other hand, there is a lack
of a universal specific regulation regarding the evacuation of
this smoke, with only recommendations aimed at improving
environmental quality within the facility through devices that
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maintain a unidirectional laminar flow [9,10]. In this context,
various international healthcare organizations adhere to rec-
ommending the systematic use of individual protective mea-
sures.

Few research studies on suction devices in the operating
field are available, and none have evaluated the minimum
suction flow necessary for effective smoke evacuation [11].
This fact has led to the technical documentation of many
devices being empirical, based on simulations. This defi-
ciency and the legal gap regarding its mandatory implemen-
tation have generated some reluctance to invest economically
in many hospital centers, thus favoring the development of
artisanal models.

We propose the theoretical modeling of a rudimentary
device to understand the physical principles underlying its
operability and the relevant modifications contributing to its
optimization. This suggestion could foster the initiation of
controlled clinical trials assessing the efficiency and enhance-
ment of various existing devices on the market, as well as
their integration into basic laparoscopic instrumentation as a
protective measure for the involved healthcare personnel.

2. Modeling of the experimental setup

2.1. Translation from clinical environment to surgical
simulation

An experimental surgical smoke suction device has been de-
signed based on the ergonomic guidelines of laparoscopic
surgery and pneumoperitoneum conditions in clinical prac-
tice. The surgical table height has been set at 0.76 m to ac-
commodate the average height of the surgical team, which is
1.68 m. This aspect takes into account that the ergonomic po-
sition for holding instruments requires a 120◦ elbow flexion
so that the height of the hand represents 80% of the length
between the elbow and the floor [12,13].

Abdominal cavity distention typically geometrically re-
sembles an ellipsoid, but considering the significant indi-
vidual variability among patients, the model has been sim-
plified by assuming that all three diameters could have the
same length. The experimental volume has been set at 3.5
L based on the mean volume of insufflated CO2 for a prede-
termined intra-abdominal pressure of 12 mmHg in a record
of 40 consecutive patients undergoing laparoscopic chole-
cystectomy as the reference procedure. The calculation of
the post-insufflation mean anteroposterior diameter of the ab-
domen has been estimated at 0.19±0.03 m when the gas was
at rest in a group of patients who had presented a volume of
±0.1 L relative to the indicated value. This diameter has been
standardized across all three spatial axes. Our smoke evacu-
ation device was arbitrarily placed 0.05 m below the level of
maximum abdominal distention (Fig. 1).

A suction flow rate (Q) of 8.75·10−5 m3/s (5.25 L/min)
has been established according to our clinical experience, as-
suming that evacuating 25% of the insufflated volume within

FIGURE 1. Schematic drawing of the ergonomic relationships
between the surgeon and the surgical table regarding the spherical
simulation of the insufflated abdominal cavity connected to the suc-
tion circuit (dimensions have been expressed in meters). The left
canister works as a filter. The aspiration transmitted to the patient
has been determined by the height of the rod in the right canister.

10 seconds is sufficient to remove the necessary smoke to
maintain optimal visibility and facilitate a gradual recovery
of the pneumoperitoneum without abrupt variations in body
temperature. This consideration also takes into account that
the cycling rate of most laparoscopic equipment is 3:1.

Furthermore, an ideal intra-abdominal pressure (P1) of
1599.87 Pa (12 mmHg) was agreed upon to avoid systemic
effects of abdominal hypertension on the patient, although
values between 1066.58 and 1866.51 Pa (8 and 14 mmHg)
are accepted in clinical practice.

Our experimental device was designed from materials
commonly available in the surgical area of any hospital cen-
ter. The internal diameter of the circuit was 0.006 m to al-
low its connection to trocars marketed with 0.01 m section,
supplied with a valve preventing gas leakage during simul-
taneous use with standard laparoscopic instrumentation with
0.004 m section.

The smoke evacuation system was comprised by a mod-
ule connecting the abdominal cavity to a particulate seal,
which was placed in a 0.33 m height and 0.043 m radius
cylindrical canister. This seal was composed of a 0.5 L so-
lution consisting of 25 mL sodium hypochlorite and 475 mL
saline solution, resulting in a column with 0.09 m height and
770.86 Pa hydrostatic pressure (Ps). This pressure was cal-
culated using the formulaPs = ρgh, whereρ (1006 kg/m3)
is the density of the sodium hypochlorite and saline solu-
tion mixture,g is referred to gravitational acceleration, and
h means the height of the solution for a cylindrical volume.

Its total length was established as 1.2 m to ensure a prop-
erly width from a hypothetical patient to the seal in accor-
dance with abdominal distention and the ergonomic height of
the surgical table (Fig. 1). The circuit wall was assumed to be
composed of polyethylene with a 4.3·10−6 m inner surface
standardized roughness (ε) based on the average value re-
ported in commercially available tables for this material [14].
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This module has been assembled to a second canister with
the same dimensions to predetermine a suction pressure for
the circuit, thus avoiding the need for the Venturi effect pro-
vided by a flowmeter, not always available. The suction pres-
sure of the system (P2) was defined by the pressure differ-
ence between the central suction in the operating room, regu-
lated through the saline solution column in the second canis-
ter (Pasp), and thePs provided by the particulate seal. In this
second canister, a rod was placed as an atmospheric ventila-
tion system to ensure that the value of the suction pressure
was determined by the height of the saline column counter-
acting an average suction pressure of 60000 Pa coming from
the operating room central circuit. Both this column and the
particulate seal bubbling were indicative of the right func-
tioning of the system.

Under the specified flow rate and circuit diameter con-
ditions, if the aspirated gas is considered to be an incom-
pressible Newtonian fluid assuming approximately constant
density and viscosity throughout the flow, thePasp (2317.16
Pa) could be determined using Poiseuille’s law, since the flow
would exhibit a Reynolds number (Re) of 1809 for an aver-
age velocity (̄v) of 3.09 m/s according to the expression

v̄ =
Q

πr2
, (1)

whereQ is the flow rate andr is the cross-sectional radius of
the circuit.

Poiseuille equation (∆P = R · Q), with R being the re-
sistance offered by the aspiration circuit, is equivalent to

∆P =
8ηl

πr4
Q, (2)

whereη is the viscosity of the fluid,l is the length of the cir-
cuit and∆P = P1−P2; with P1 = Pia andP2 = Pasp−Ps,
so that it can be expressed as

[P1 − (Pasp − Ps)]πr4 = 8ηlQ. (3)

The Pasp allowed the estimation of the height of the saline
solution column (ρ = 1005 kg/m3) as 0.24 m due to the effect
of Stevin’s hydrostatic pressure principle on the column.

2.2. Surgical smoke characterisation

Pneumoperitoneum is usually performed with CO2 in surgi-
cal procedures since its high diffusion coefficient compared
to other blood gases promotes rapid absorption into the cir-
culatory system and easy monitoring as it is eliminated via
the respiratory route. Insufflation into the abdominal cav-
ity is typically conducted at 20-25◦C, leading to a decrease
in body temperature exacerbated by the convective effect of
flow and fluid evaporation through the peritoneum due to the
turbulence of the gas pumped under pressure. Furthermore,

TABLE I. Molecular mass of the main chemical components of surgical smoke.

Chemical Component M / g·mol−1 Chemical Component M / g·mol−1

Acrolein (C3H4O) 56.06 Styrene (C8H8) 104.11

Acetonitrile (C2H3N) 41.05 Formaldehyde (CH2O) 30.03

Acetylene (C2H2) 26.04 Indole (C8H7N) 117.15

Acrylonitrile (C3H3N) 53.06 Isobutane (C4H10)∗∗ 58.12

Benzaldehyde (C7H6O) 106.12 Furfural (C5H4O2) 96.08

Palmitic acid (C16H32O2) 256.43 Methanol (CH4O) 32.04

Benzene (C6H6) 78.11 2-methylpropane (C4H10)∗∗∗ 58.12

Benzonitrile (C7H5N) 103.04 Methane (CH4) 16.04

Butadiene (C4H6) 54.09 3-methylbutane (C5H13N) 86.2

N-butane (C4H10) 58.12 2-methylfuran (C5H6O) 82.1

3-butenonitrile (C4H5N) 69.11 Phenol (C6H6O) 94.11

Carbon disulfide (CS2) 76.14 Alkylbenzene sulfonate (C12H25-C6H4-SO3H) 342.4

Carbon monoxide (CO) 28.01 Propene (C3H6) 42.08

o-cresol, p-cresol, m-cresol (C7H8O) 108.14 2-propene nitrile (C3H5N) 53.06

Hydrogen cyanide (HCN) 27.03 Pyridine (C5H5N) 79.1

1-decene (C10H20) 140.27 Pyrrole (C4H5N) 67.09

Ethane (C2H6) 30.07 Toluene (C7H8) 92.14

Ethylene (C2H4) 28.05 Xylene (C8H10) 106.16

Ethylbenzene (C8H10)∗ 106.17 Water vapor (H2O) 18.02

*Ethylbenzene is part of the xylene mixture, which contains 3 isomers and 6 to 15% ethylbenzene.

**Isobutane (i-butane) is an isomer of normal butane (n-butane). It is converted to n-butane by isomerization.

***2-methylpropane and butane are nonpolar and have the same molecular formula. However, butane has a higher boiling point (-0.5◦C vs -11.7◦C).
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the CO2 has got a very low water concentration, which in-
duces desiccation and desquamation of mesothelial cells that
become part of the intra-abdominal gas. This temperature
difference also contributes to the defective display of the sur-
gical field due to fogging of the optical lens [15].

The smoke generated by the effect of monopolar electro-
coagulation on tissues consisted of water vapor (95%), par-
ticles and biological agents (5%). An average concentra-
tion of 100000 particles/(cm3· h) has been taken as a gen-
eral reference, equivalent to the minimum average generated
in surgical electrocauterization. Most of the particles have
sizes ranging from 0.025 to 0.1µm [16, 17]. Table I shows
a sample of the most representative smoke molecules that
have been used to quantify the physical characteristics of the
treated fluid [18,19].

The aspirated gas has been considered a fluid composed
of CO2 and smoke. Its density (ρ = 1.29 kg/m3) was ob-
tained from the mixed density of equal volumes of CO2 on
one side and water vapor/particles on the other. The viscos-
ity (η = 1.32·10−5 Pa·s) was calculated from the mixture of
the same components using the Arrhenius equation, as it is a
non-heavy fluid, according to the expression

ln η =
N∑

i=1

Xi ln ηi,

whereXi is the mole fractionXi = ni/
∑N

j=1 nj and the
summations account for the elements considered in the aspi-
rated gas.

The viscosity value may undergo slight variations in vivo
due to the temperature difference between the abdominal cav-
ity, estimated to be around 20◦C as a result of the cooling ef-
fect during CO2 insufflation, and the fluid pathway through
the circuit. However, a constant temperature throughout the
circuit has been assumed to facilitate theoretical modeling.

3. Analytical modeling of the circuit

3.1. Approximation of the model to laminar or turbu-
lent flow

The linear arrangement of the circuit between the patient and
the canisters, along with the predetermined conditions in the
device design and the physical characteristics of the treated
fluid, has allowed for a first approximation to be made from
the perspective of a laminar flow regime, ensuring optimal
visibility and recovery of the initialPia without interrupt-
ing the surgical procedure. The circuit suction pressure (P2)
and the circuit pressure difference with respect to the intra-
abdominal pressure (∆P ) have been calculated using Eqs. (2)
and (3). This analysis has been compared with an evaluation
of the model when fluid evacuation is subjected to the passive
effect of gravity.

In a second stage, the system was considered under tur-
bulent flow conditions to obtain a more realistic representa-
tion of clinical practice. The calculation of∆P , that delin-

eates the transition from laminar to turbulent flow, was de-
rived from Eq. (2) and the equation corresponding toRe, as
follows

Q =
πrηRe

2ρ
⇒ ∆P =

4η2lRe

ρr3
, (4)

On the other hand, it must be considered that the flow
rate depends on fluid resistance for a constant pressure gra-
dient, as described by Poiseuille’s equation. This relation-
ship implies that improving the efficiency of the original cir-
cuit while maintaining its length and internal diameter, an in-
crease in its flow rate inherently requires an increase in suc-
tion pressure to accommodate the range of intra-abdominal
pressures allowed under safe conditions. Therefore, the vari-
ability of intraoperative circumstances in any laparoscopic
procedure necessarily requires considering a circuit operat-
ing under turbulent flow conditions to meet any demand for
evacuation flow.

In this scenario, it has been arbitrarily established that
an increase in flow rate up to 2.5·10−4 m3/s (15 L/min) for
the same system section diameter could be sufficient to ef-
fectively evacuate surgical smoke, based on experiments pro-
vided by other authors [20]. This increase in flow rate im-
plies a change in̄v to 8.84 m/s according to Eq. (1), which
results in the presence of a turbulent flow regime in the circuit
(Re = 5167.38). The fluid analysis under a turbulent regime
was performed using the Fanning equation [21,22]:

∆P =
fv2l

r
, (5)

wheref is the Fanning friction factor.
Newton’s second law, when taking viscosity into account,

does not hold in a turbulent regime, making the analytical
calculation of velocity difficult, especially for high values
due to the chaotic movement of fluid molecules. However,
it can generally be assumed that all point velocities are equal
to each other and to the average velocity. This assumption
allows the definition of linear velocity (v) in the same terms
as in Eq. (1), according to which

Q2 =
∆Pπ2r5

fl
, (6)

wherer andl must be expressed in metres. In this way, the
internal radius of the circuit is the primary determinant of the
system’s resistance, as it influences the flow rate to the fifth
power of its value.

In our case, the calculation of the Fanning factor [23],
considering a rough internal surface of a polyethylene circuit,
was performed using Eq. (7), valid for aRe between 5·103

and 108:
f =

0.25[
log

(
ε
D

3.7 + 5.74
Re0.9

)]2 , (7)

whereD is the diameter of the circuit. The obtained value
of f was verified using the logarithmic coordinates of the
Moody diagram.
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Additionally, this mathematical formulation has been
used to analyze possible differences in∆P based on varia-
tions in the endoluminalε, depending on whether the circuit
is composed of polyethylene or flexible rubber. The extreme
values ofε are 1.5·10−6 - 7·10−6 and 6·10−6 - 7·10−5 m,
respectively [14].

3.2. Impact of circuit diameter on both flow regimes

A clear influence of the internal diameter on bothQ and the
∆P developed by the circuit is observed, based on their rela-
tionship with Poiseuille’s law or the Fanning equation. Dif-
ferences in these parameters have been evaluated depending
on whether the flow is laminar or turbulent.

In the case of laminar flow, changes inQ resulting from
a hypothetical decrease in the internal diameter of the circuit
under the specified conditions can be deduced from the fol-
lowing expression

Q′

Q
=

r′4

r4
,

resulting inQ′ andr′ as the new flow rate and internal radius
of the circuit, respectively; wherer′ is defined asr′ = r−x·r,
with x referring to the percentage variations in the radius of
the circuit. This equality would imply that

Q′

Q
=

[r(1− x)]4

r4
= (1− x)4 ; Q′ = Q(1− x)4. (8)

Similarly, modifications in the internal diameter of the circuit
will affect ∆P for a constant flow rate preset at 5.25 L/min.
Its value can be calculated using the following equivalence
ratio

∆P ′

∆P
=

r4

r′4
,

where∆P ′ is the pressure gradient for the changes in the in-
ternal radius of the circuit, withr′ taking the same form as
previously expressed.

∆P ′

∆P
=

r4

[r(1− x)]4
=

1
(1− x)4

= (1− x)−4 ,

∆P ′ = ∆P (1− x)−4. (9)

The equivalence ratio forQ and∆P in a circuit under tur-
bulent flow conditions subjected to variations in its internal
diameter can be established in a similar manner, considering
that the influence of the radius is given by its fifth power ac-
cording to the Fanning equation. Thus, the reduction in the
internal radius of the circuit could be correlated with these
variables using the same expression forr′ employed in the
laminar regime, such that:

Q′2

Q2
= (1− x)5 ⇒ Q′ = Q(1− x)5/2 , (10)

and

∆P ′

∆P
= (1− x)−5 ⇒ ∆P ′ = ∆P (1− x)−5. (11)

4. Results and discussion

4.1. Evolutionary adequacy of the model to real-world
circumstances

The analysis of the proposed suction model, based on the
principles of laminar flow and using Eqs. (2) and (3), deter-
mined a value ofP2 = 1556.3 Pa from aPasp= 2327.16 Pa
and aPs= 770.86 Pa, from which∆P = 43.57 Pa is deduced,
considering the circuit as linear between the abdomen outlet
and the central suction, as shown inFig. 1.

In contrast, placing the particulate seal at ground level as
a passive drainage system would create a height difference
relative to the ergonomic position of the patient on the sur-
gical table, resulting in a∆P = 819.57 Pa due to gravity in
accordance with the fundamental law of hydrostatics, lead-
ing to higher suction flow rates. Its proper functioning is also
contingent upon maintaining a linear system between the ab-
domen outlet and the particulate seal, as any stenosis due to
kinking would increase resistance and, consequently, alter the
pressure gradient.

The internal diameter of the circuit is one of the main de-
terminants of flow, as for the same∆P , a larger diameter re-
sults in lower circuit resistance and a higher flow rate [21,24].
In the suction circuit, this relationship becomes particularly
significant for sections larger than 6 mm [Fig. 2a)]. Con-
versely, the circuit subjected solely to gravity experiences
much more significant increases in flow for the same diam-
eter [Fig. 2b)] due to the influence of the height difference
between the abdomen, positioned on the surgical table, and
the particulate seal with respect to∆P . The relationship be-
tween the velocity and flow rate in a circuit with a constant
diameter determines that at higher fluid velocities, even with-
out changes in its physical characteristics, theRe increases
until values indicative of a turbulent regime are reached.

In this context, changes in the physical characteristics of
the fluid due to prolonged use of electrocoagulation are usu-
ally attributed to the large volume of smoke generated, which
increases the proportion of water vapor due to humidity with
relative to the number of particles contained. This variation
in the fluid is associated with an increase in density and, to a
lesser extent, viscosity, which could potentially lead to clog-
ging of the suction system under laminar flow conditions. A
higher suction flow rate than initially planned could adress
this issue but would also result in the transition to a turbulent
flow regime.

Additionally, certain inherent factors of the surgical pro-
cedure also induce a turbulent regime by increasing fluid ve-
locity. The loss of muscle relaxation in the abdominal wall
causes an increase in∆P due to elevated intra-abdominal
pressure, leading to a higher flow rate without modifications
in the system’s resistance.

Both considerations suggest that our suction device oper-
ates within a delicate balance regarding suction efficiency un-
der laminar flow conditions. Its intrinsic characteristics and
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FIGURE 2. Influence of the internal diameter on the suction flow rate for a circuit subjected to active aspiration, shown in red a), and its
behavior with respect to passive drainage by gravity, shown in blue b). In both figures, the theoretical curve of Eq. (2) has been represented
in relation to flow rate and diameter for two different∆P values.

the properties of the treated fluid allow for a maximum∆P
of 55.4 Pa when analyzed in relation to Poiseuille’s law and
the concept ofRe, as expressed in Eq. (4). Any further in-
crease in pressure difference would indicate a transition to a
turbulent regime.

Finally, the relationship between intra-abdominal pres-
sure and suction flow rate, according to Poiseuille’s law for
the designed circuit, indicates thatPia values lower than the
predetermined threshold (12 mmHg) are associated with a
reversal ofQ, which would also render the system inoper-
ative. Conversely, a linear increase in flow rate occurs with
increases inPia, as described by Eq. (3), provided that no
variations in the internal diameter take place.

The aforementioned conditions, the need for an effective
immediate response and the surgeon’s desire for autonomy
in handling the instruments make the described smoke evac-
uation system impractical. A model that allows for better
adjustment of the suction flow rate, based on the require-
ments of the surgical procedure, would be necessary to pre-
vent excessive replacement of CO2 volume or circuit col-
lapse. Optimizing the system under the guidelines of a tur-
bulent regime, referencing the proposedQ of 2.5·10−4 m3/s
and v̄ of 8.84 m/s, could provide a reasonable solution, but

it has the drawback of resulting in more pronounced changes
in flow rate for the same internal diameter of the circuit, as
indicated by the development of Eq. (5).

In these circumstances, the fluid flow through the circuit
also results in a hydraulic head loss due to friction against its
walls. This pressure drop along a constant length of circuit is
directly related to the resistance exerted by the roughness of
its internal surface, shown byf , and the average fluid veloc-
ity; varying inversely with its internal diameter, as described
by expression (5).

Thef for the section diameter andε of the circuit reached
a value of 0.038 according to Eq. (7), and the value of∆P
increased to 1187.81 Pa according to Eq. (5), which high-
lights that the new circuit model improves its operability and
achieves greater sensitivity to variations in the internal radius,
resulting in a much steeper increase in flow rate for smaller
internal diameters than those observed in the laminar regime
(Fig. 3).

The variations in the absolute roughness of the pipe ma-
terial for a constant internal diameter showed discrete pres-
sure differences in the circuit, more pronounced with higher
absolute roughness when the material was elastic rubber, as
shown inTable II.

TABLE II. Pressure variations (∆P ) in the circuit according to different absolute endoluminal roughnesses for two possible pipe materials.

Material ε (m) f ∆P (Pa) Q (L·min−1)

Polyethylene 1.5· 10−6 0.038 1156.55 15

4.3 · 10−6 0.038 1187.81 15

7 · 10−6 0.039 1219.07 15

Flexible rubber 6· 10−6 0.039 1219.07 15

3.8 · 10−5 0.045 1406.7 15

7 · 10−5 0.05 1562.91 15
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FIGURE 3. Relationship between the internal diameter (φ) and the
suction flow rate (Q) for laminar (red) and turbulent (green) flow
in a suction circuit. The theoretical curve based on Eqs. (2) and (6)
has been represented with a∆P of 43.57 Pa for the laminar regime
and 1187.81 Pa for the turbulent regime.

4.2. Internal diameter effect on circuit flow and pres-
sure

A laminar flow, according to Eq. (9), for the designed circuit
with r = 0.003 m andQ = 5.25 L/min means that a progres-
sive reduction in the circuit’s diameter leads to dramatic de-
creases in flow rate due to the fourth power effect of its inter-
nal radius. For instance, a 20% reduction decreases the flow
by 59.05% from its original value, while reductions in diam-
eter exceeding 50% limit the flow to values below 10% of the
initial flow rate. This phenomenon is only achievable when
the internal diameter of the circuit is uniformly reduced along
its entire length; as in cases of localized stenosis or bends, the
principle of continuity would still be preserved.

Similarly, these circuit conditions for a∆P = 43.57 Pa
mean that a 20% reduction in diameter results in a∆P of
106.37 Pa, while a 50% reduction generates 697.12 Pa. This
indicates that the system requires a 16-fold increase in∆P to
maintain a constant flow rate and viscosity when the circuit
radius is reduced to half of its initial value.

The analysis of the circuit under conditions ofQ =
15 L/min and∆P = 1187.81 Pa for a turbulent regime, ac-
cording to Eq. (10), indicates a lower flow rate loss com-
pared to the laminar regime for the same reduction in inter-
nal diameter (42.74% vs 59.05% and 82.33% vs 93.75% for
a 20% and 50% decrease in circuit diameter, respectively).
The influence of the internal radius variations in Eq. (11) also
demonstrates an increase in∆P for the turbulent regime, but
in this case, its value increases up to 32 times compared to the
initially proposed value in this model (∆P = 1187.81 Pa).

FIGURE 4. Relationship between the suction flow rate (Q) and the
pressure difference (∆P ) between the abdominal cavity and the
system, according to the theoretical curve of Eqs. (2) and (6), for a
circuit with different internal diameters, whether in a laminar (4a)
or turbulent regime (4b).

The relationship betweenQ and∆P with respect to the re-
duction of the internal radius of the circuit in the assumed
laminar and turbulent regimes can be observed inTable III.

The reduction in the internal diameter of the circuit is as-
sociated with an increase in resistance, which becomes more
evident in the turbulent regime for the same suction flow rate,
as shown inFig. 4. Conversely, an increase in the circuit di-
ameter tends to result in a more aerodynamic flow.

Therefore, the internal diameter of circuit plays a crucial
role in fluid behavior. A smaller diameter results in greater
system resistance as the suction flow rate increases, promot-
ing the intensification of turbulent flow. This resistance is
proportional to the fifth power of the lumen radius according
to Fanning’s equation.

Rev. Mex. Fis.71051101
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TABLE III. Effect of decreasing the internal radius of the suction circuit under a laminar regime (Q = 5.25 L/min and∆P = 43.57 Pa) or
turbulent regime (Q = 15 L/min and∆P = 1187.81 Pa), respectively.

REGIME: Laminar Turbulent

Radius reduction (%) Q (L·min−1) ∆P (Pa) Q (L·min−1) ∆P (Pa)

10 3.44 6.6· 10 11.53 2· 103

20 2.15 1.1· 102 8.59 3.6· 103

25 1.66 1.4· 102 7.31 5· 103

50 0.33 7· 102 2.65 3.8· 104

75 0.02 1.1· 104 0.47 1.2· 106

Similarly, conditions that increase the viscosity of fluid,
such as a higher concentration of particles in smoke due to
excessive electrocoagulation or increased density due to cir-
culating at lower temperatures, may also contribute to the
promotion of turbulent flow.

5. Conclusions

A theoretical smoke suction device has been developed based
on models used in laparoscopic abdominal procedures. An
approximation to real-world conditions, along with the influ-
ence of the intrinsic characteristics of the designed circuit,
indicates the superiority of turbulent flow in maintaining op-
erability.

We have used readily available materials to facilitate ex-
perimentation. A specification of the prototype and the surgi-
cal scene was provided to encourage physics students to ap-
ply it in various scenarios, allowing for a comparative anal-
ysis between theoretical data and laboratory measurements.
The results presented aim to highlight the versatility of bi-
ological systems in contrast to static models described in
textbooks, emphasizing the importance of experimentation in
overcoming the limitations of theoretical models.

In clinical practice, individual variability in the abdomi-
nal cavity and biomechanical changes during the progression
of surgical and anesthetic techniques lead to fluctuations in
intra-abdominal pressure and variations in the composition
of the aspirated fluid throughout the procedure. Further anal-
ysis of prototypes capable of regulating the suction flow rate
based on procedural demands would be of interest, as well
as an evaluation of the influence of length, section diameter,

and endoluminal surface roughness on efficiency and safety,
without requiring excessive turnover of insufflated fluid.

The physical conditions of insufflated CO2 make it diffi-
cult a proper vision of the operative field and promote hy-
pothermia, postoperative adynamic ileus, desquamation of
mesothelial cells and adhesions due to loss of peritoneal in-
tegrity. The recent incorporation of gas heating and humid-
ification devices in new laparoscopic equipment appears to
be achieving a positive effect in preventing these complica-
tions [15, 25]. The incorporation of these new enhancement
elements into experimental simulations could optimize the
conditions described and establish guidelines for a universal
clinical model in accordance with current surgical needs and
recommended preventive measures.
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17. I. Brüske-Hohlfeldet al., Surgical smoke and ultrafine particles,
J Occup Med Toxicol3 (2008) 31,https://doi.org/10.
1186/1745-6673-3-31 .

18. Y.Z. Zhou et al., Surgical smoke: a hidden killer in the oper-
ating room,Asian J Surg46 (2023) 3447,https://doi.
org/10.1016/j.asjsur.2023.03.066 .
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