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Abstract
Purpose The aim of this study was to determine the effective biomechanical technique for suctioning phlegm.
Methods A novel tracheal suctioning simulator combined with a motion capture system was used to calculate the amount of 
simulated phlegm suctioned and the biomechanical parameters of the associated suctioning manoeuvre. A laboratory study, 
including 12 nurses with > 3 years of suctioning experience and 12 nursing students without any clinical suctioning experi-
ence, was conducted. The amount of phlegm suctioned, the maximum length of catheter insertion, and the biomechanical 
parameters of hand movement were calculated.
Results The mean amount of phlegm suctioned per second was significantly larger in the experienced group than in the 
non-experienced group. The amount of phlegm suctioned correlated positively with the length of the vertical path of motion 
of the wrist and forearm, and with the angular velocity of thumb rotation in both the groups.
Conclusion Greater vertical motion of the wrist and thumb rotation improved the effectiveness of phlegm suctioning and 
prevented the need for deep suctioning, which is unsafe.

Keywords Catheter manoeuvre · Tracheal suctioning · Motion capture system · Nurse · Simulator

1 Introduction

The main purpose of tracheal suctioning is to remove secre-
tions from patients’ airways to maintain breathing [1]. 
The most recent guidelines of the American Association 

of Respiratory Care (AARC 2010) recommend the use of 
shallow, rather than deep, suctioning, with a duration of suc-
tion of < 15 s, based on evidences from infant and paediatric 
studies [2]. However, optimal manoeuvring of the suction-
ing catheter for effective shallow suctioning is unclear, with 

 * Tadayoshi Asaka 
 ask-chu@hs.hokudai.ac.jp

 Noriyo Colley 
 noriyo@med.hokudai.ac.jp

 Hiroki Mani 
 h-mani.0620@hs.hokudai.ac.jp

 Shinji Ninomiya 
 s-nino@hirokoku-u.ac.jp

 Shunsuke Komizunai 
 komizunai@ssi.ist.hokudai.ac.jp

 Eri Murata 
 e.murata@hs.hokudai.ac.jp

 Hiroka Oshita 
 hiroka.kooooooshita@gmail.com

 Kenji Taneda 
 tane.da34@gmail.com

 Yusuke Shima 
 a_son_season@yahoo.co.jp

1 Department of Nursing, Faculty of Health Sciences, 
Hokkaido University, Sapporo, Japan

2 Department of Rehabilitation Science, Faculty of Health 
Sciences, Hokkaido University, N12-W5, Kita-ku, Sapporo, 
Hokkaido, Japan

3 Department of Clinical Engineering, Hiroshima International 
University, Hiroshima, Japan

4 Graduate School of Information Science and Technology, 
Hokkaido University, Sapporo, Japan

5 Graduate School of Health Sciences, Hokkaido University, 
Sapporo, Japan

http://orcid.org/0000-0001-5748-8893
http://crossmark.crossref.org/dialog/?doi=10.1007/s40846-020-00521-y&domain=pdf


341  Effective Catheter Manoeuvre for the Removal of Phlegm by Suctioning: A Biomechanical Analysis of Experts and Novices   

1 3

Schults et al. (2018) insisting that high-quality, powered 
clinical trials are needed to determine the safety and efficacy 
of airway management [3].

The safety and efficacy of tracheal suctioning have been 
addressed in various studies. Within the context of inten-
sive care settings, research has focused on the association 
between suctioning and the prevention of adverse events, 
such as ventilator-associated pneumonia [4–7]. Day et al. 
(2002) conducted a literature review and identified three 
phases of suctioning [8]. The first, pre-suctioning, phase, 
includes patient assessment, preparation, pre-oxygenation, 
and infection control, with a focus on evaluating the poten-
tial for adverse events. During the second, suctioning, phase, 
catheter selection, catheter insertion depth, negative pres-
sure, suction duration, and number of suctioning passes are 
important assessment points considered. In the third, post-
suctioning, phase, reconnection to oxygen therapy, patient 
assessment, reduction of patient stress and anxiety, appro-
priate titration of oxygen, and again, infection control, are 
related to the quality of care. The quality of suctioning skills 
is an important factor to consider, having been associated to 
complications, including respiratory infection, atelectasis, 
hypoxemia, and cardiovascular instability [9, 10]. However, 
to our knowledge, the association between the biomechanics 
of the suctioning manoeuvre and the amount of secretions 
suctioned has not been specifically evaluated.

Motion capture has been used to compare upper body and 
hand movements between expert and novice surgeons with 
the aim of improving surgical technique [11–13]. In these 
studies, highly stable head position, a short performance 
time, and fast finger movements differentiated expert from 
novice surgeons. Lin et al. (2018) used motion capture to 
quantify transfer skills among nurses, with differences in key 
biomechanical parameters of the trunk and lower extremities 
during the different phases of the transfer motion having 
been identified between experts and novices [14].

As the biomechanical features of effective tracheal suc-
tioning are not yet defined, the aim of our study was to deter-
mine the effective biomechanical technique of tracheal suc-
tioning for phlegm removal. Specifically, we compared the 
biomechanics of dominant arm movements during tracheal 
suctioning between expert and novice nurses.

2  Methods

2.1  Participants

Twelve expert nurses and 12 novice students, with no his-
tory of neurological and/or motor disorders, were recruited 
into this study. Expert nurses had > 3 years of experience 
with tracheal suctioning in clinical settings (Ns group). The 
novice group included nursing students who had no prior 

experience with suctioning of patients in a clinical setting 
(St group). Participants’ age, sex, dominant arm, and clinical 
experience were recorded (Table 1).

The study protocol was approved by our institutional 
ethics committee (Reference Number, 17-81-1), and writ-
ten informed consent was obtained from all the participants, 
according to the Declaration of Helsinki.

2.2  Equipment

For this study, a new tracheal suctioning simulator was spe-
cifically developed. The simulator consists of a mannequin 
with a styrofoam head and neck, with metal braces used to 
form the thorax (Fig. 1a). A cuff-less tracheotomy cannula 
(inner diameter: 8 mm, Koken Co., Japan) was inserted at 
the approximate level of the second to fourth tracheal car-
tilages of the neck. In addition, an acrylic pipe (14 cm in 
length and 2 cm in diameter) was used to imitate the trachea 
and the main bronchus of an adult patient [15]. A gravi-
metric digital scale was located at the tip of the cannula to 
quantify the amount of phlegm suctioned. The scale was 
placed under the acrylic pipe and attached to it using a cus-
tom three-dimensional printer fixture (Fig. 1b). The angle 
between the pharyngeal axis and the laryngeal axis in the 
sagittal plane was set to approximately 7°, which is the nor-
mal angle for an adult patient in the supine position, with 
the tracheal bifurcation inclined to lie below the pharyngeal 
axis, as per a previous report [16]. The inner surface of the 
acrylic pipe was coated with a soft urethane gel that closely 
mimicked the real trachea. The distance between the tip of 
the tracheal tube and the acrylic pipe was adjusted to pass 
the catheter into the pipe. The outside diameter of the suc-
tioning catheter was set to 4 mm (12F, Nipro Co., Japan), 
which was approximately half of the insider diameter of the 
tracheal tube (#3276, Koken Co.). The viscosity of the simu-
lated phlegm was realistic at 21.64 mPa・s (11229-070, Kyoto 
Kagaku Co., Japan). The temperature and humidity of the 
room were maintained at 24 °C and 35%–45% to maintain 
the appropriate viscosity of the simulated phlegm within the 
simulated endotracheal tube. Prior to the experiment, 10 g 
of simulated phlegm were placed into the pipe and evenly 
distributed within the pipe before suctioning. The thorax 

Table 1  Characteristics of the nurse and student groups

Mean ± SD

Nurse (n = 12) Student (n = 12)

Age (years) 35.2 ± 9.5 21.3 ± 0.4
Sex 10 females, 2 males 12 females
Dominant arm 12 right hands 12 right hands
Clinical experience (years) 14.0 ± 8.8 0
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of the simulator was covered with a cloth so that it was not 
visible to the participants.

The motion of the hand, wrist, and forearm was meas-
ured using a three-dimensional motion capture system 
(Cortex system, Motion analysis, USA), with a 7-camera 
set-up. Motion was tracked at 200 Hz. Six reflective markers 
(6.4 mm in diameter) were placed on the following reference 
points: landmarks of the dominant hand (tip of the thumb, 
tip of the index finger, head of the second metacarpal, and 
radial styloid process); tip of the non-dominant thumb; and 
opening of the tracheal tube (Fig. 1c). The location of the 
catheter tip within the tracheal tube was recorded using a 
video camera, which was time synchronised to the motion 
capture system. A sample of the view obtained through the 
camera is provided in Fig. 1b.

2.3  Procedures

Participants stood facing the simulator, aligning their body 
centre with the tracheal tube in the frontal plane. Participants 
were instructed to place the tip of the suctioning catheter 
just above the tracheal tube and to maintain this position 
with both hands. Upon a verbal signal by the experimenter, 
participants inserted the catheter into the tracheal tube and 
proceeded with a 10-s (time controlled) period of suctioning, 
being asked to suction as much simulated phlegm as possible 
within the 10 s. No instructions were provided regarding the 

suctioning manoeuvre to be used. A few practice trials were 
performed to allow participants to practice completing the 
suctioning within the required 10 s. For analysis, 2 trials 
were completed by each participant, with the trial in which 
the greater amount of phlegm was suctioned being used for 
the biomechanical analysis.

2.4  Data Processing and Statistical Analysis

All signals were processed offline using MATLAB R2015a 
(MathWorks, USA) and Cortex (Motion analysis, USA). The 
motion capture data were filtered using a 4th-order low-pass 
(10 Hz), zero-lag, Butterworth filter. The maximum length 
of the catheter inserted  (Lmax) and suctioning time (within 
the 10-s period) were measured from the video data time 
synchronised to motion capture. For analysis, suctioning was 
sub-divided into two phases, namely, the insertion phase 
 (T0–T1) and the withdrawal phase  (T1–T2). The start of the 
insertion phase  (T0) was defined as the time point when the 
catheter tip reached the opening of tracheal tube, and the end 
of the insertion phase  (T1) as the time point when the tip of 
the catheter reached  Lmax. The end of the withdrawal phase 
 (T2) was defined as the time point when the tip of the cath-
eter reached the opening of the tracheal  tube. The amount 
of phlegm suctioned was calculated as the change in weight, 
using the digital scale placed inside the tube. For analysis, 
the amount of phlegm was normalised by the suctioning time 

Fig. 1  Experimental set-up. a Locations of the simulator and video 
camera. The latter used to monitor the location of the tip of the cath-
eter within the acrylic pipe, which simulating the trachea. b The 
simulated airway, including the acrylic pipe, imitating the main bron-
chus. The gravimetric digital scale was used to quantify the amount 

of phlegm suctioned. The red dotted lines represent the motion of 
the catheter. c The location of reflective markers, for motion capture, 
placed on the tip of the thumb, tip of the index finger, head of the 
second metacarpal, and radial styloid process of the dominant hand. d 
The entire experimental set-up
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(g/s). The biomechanics of the suctioning manoeuvre were 
defined using the total vertical length of the path of motion 
of the marker placed on the head of the second metacarpal 
of the dominant hand relative to the radial styloid process, 
which defined the path of wrist motion. The vertical motion 
of the forearm was calculated from the total vertical length 
of the path of motion of the marker placed on the radial sty-
loid process of the dominant hand. These path lengths were 
normalised using the suctioning time to yield the total verti-
cal path length per 10 s. The mean angular velocity of the tip 
of the thumb of the dominant hand was also calculated in the 
horizontal plane during the suctioning manoeuvre.

The statistical analysis was processed using SPSS Statis-
tics version 22.0 (IBM, Armonk, NY, USA). Shapiro–Wilk 
test was used to verify the normality of distribution of each 
parameter. For data with a normal distribution, an unpaired 
t test was used to evaluate differences between the expert 
and novice groups. Pearson’s correlation coefficient was 
calculated to evaluate the association between the amount 
of phlegm suctioned and  Lmax and measured biomechanical 
parameters. Statistical significance was set at p < 0.05.

3  Results

The time series profile of the vertical displacement of the 
radial styloid process (mm; upper line) and of the angular 
velocity of the tip of thumb (rad/s; lower line) are shown 
in Fig. 2 for two different trials with a different amount of 
phlegm suctioned (Fig. 2a: 0.636 g/s; Fig. 2b: 0.301 g/s). 
Note the rapid small vertical movements of the radial styloid 
process and higher angular rotation of the thumb in trial 
Fig. 2a compared to Fig. 2b.

The duration of suctioning was 8.27 ± 1.52 s for the Ns 
group and 7.65 ± 1.02 s for the St group (Fig. 3a; p > 0.05). 
The mean amount of phlegm suctioned per second was 
significantly larger for the Ns group than for the St group 
(p = 0.039, Fig. 3b). In addition, the mean  Lmax and the 
mean total length of vertical wrist motion were significantly 
longer in the Ns group than in the St group (p = 0.017 and 
p = 0.022; Fig. 3c and d, respectively). The mean total length 
of the vertical path of motion of the forearm and the mean 
angular velocity of the thumb were not different between the 
two groups (p > 0.05).

The amount of phlegm suctioned was positively correlated 
to  Lmax (r = 0.45, p = 0.026). However, the tip of the catheter 
reached the edge of tracheal tube  (Lmax = 14 cm) for nine of 
the 24 participants. Insertion of the tip of the catheter to the 
edge of the tracheal tube would increase the risk of mem-
brane damage around the tracheal bifurcation. When these 

nine participants were excluded, no correlation was identified 
between  Lmax and the amount of phlegm suctioned (r = 0.31, 
p = 0.248; Fig. 4a). The amount of phlegm suctioned, how-
ever, did correlate positively with the length of the vertical 
path of motion of the wrist (r = 0.62, p = 0.001), the length of 
the vertical path of motion of the forearm (r = 0.47, p = 0.021; 
Fig. 4c), and the angular velocity of the thumb (r = 0.44, 
p = 0.036; Fig. 4d). These correlations were significant for all 
participants. The significant positive correlation between the 
vertical wrist motion and the amount of phlegm suctioned was 
retained, even after the extreme value of 90.0 cm for one par-
ticipant was excluded from the analysis (r = 0.54, p = 0.008; 
Fig. 4b).
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Fig. 2  The time series profiles of the vertical displacements of the 
radial styloid process and angular velocity of the tip of thumb rota-
tion. The horizontal axis represents time, with the left and right verti-
cal axes representing the vertical displacements of the radial styloid 
process and angular velocity of the thumb rotation. The three verti-
cal lines represent each time event: T0, time at which the catheter tip 
reached the opening of the tracheal tube; T1, time at which the cath-
eter tip reached the maximum length of catheter insertion; and T2, 
time at which the catheter tip reached the opening of tracheal tube 
during pull out
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4  Discussion

Our study provides evidence that the biomechanics of the 
suctioning manoeuvre contribute to the effectiveness of tra-
cheal suctioning. Specifically, faster vertical wrist and fore-
arm motions, combined with higher angular velocities of 
thumb motion, may improve the effectiveness of the suction-
ing manoeuvre. Although we did observe a greater depth of 
insertion of the catheter by expert nurses compared to novice 

students, considering the comparable volumes of phlegm 
suctioned by the two groups, deeper suctioning may not be 
necessary and may in fact be unsafe in practice.

4.1  Comparison Between the Expert and Novice 
Groups

As expected, the mean amount of phlegm suctioned per sec-
ond and the length of catheter insertion were significantly 

Fig. 3  Results of all parameters for the expert and novice groups. 
Panels from top to bottom show a the suctioning time, b the amount 
of phlegm suctioned per second, c the maximum length of catheter 
insertion, d the total length of the vertical path of wrist motion per 
10 s, e the total length of the vertical path of forearm motion per 10 s, 

and f the mean angular velocity of the thumb. Data for the Ns group 
are shown by circles, and those for the St group are shown by trian-
gles. Filled markers represent mean values (± SD) for each group. 
*p < 0.05
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greater for the Ns than St group. In fact, 10 of the 12 nurses 
in the Ns group inserted the catheter to a length > 10 cm, 
which was achieved by only four of the 12 students in the St 
group (Fig. 3c). This difference might reflect the knowledge 
of expert nurses regarding pooling of phlegm around the 
tracheal bifurcation, due to its lower inclination relative to 
the pharyngeal axis, as well as their skill to insert the cath-
eter to a greater depth in the trachea without stimulating the 
coughing reflex.

Regarding the biomechanics of the manoeuvre, we 
noted a longer vertical motion of the wrist in the Ns 
than St group, but with no difference in forearm motion 
between the two groups. The greater distal movement (of 
the hand and wrist) by experts could enhance control and, 
thus, performance skill of the suctioning manoeuvre. How-
ever, the absence of a difference in the angular motion of 

the thumb between the two groups likely reflects the con-
dition of our simulated suctioning task, with the position 
of the phlegm being similar in each trial and, therefore, 
not requiring instantaneous changes in movement to adapt 
to unexpected conditions. The quasi-invariant condition 
of our task might explain differences between the biome-
chanical characteristics of expert and novice performance 
observed in the present study and those described in previ-
ous studies. Takayasu et al. (2019) reported differences in 
the motion of the proximal joints of the arm (the shoulder 
and elbow) and not the distal joints (wrist and fingers) 
between experts and novices during laparoscopic sutur-
ing manoeuvres [12], while Uemura et al. (2014) and Sun 
et al. (2017) reported greater flexibility and instantaneous 
changes in movement by experts than by novices while 
performing repetitive and complicated tasks [11, 13].

Fig. 4  Correlation between the amount of phlegm and a the maxi-
mum length of catheter insertion  (Lmax), b the total length of the 
vertical motion of the wrist, c the total length of the path of forearm 
motion, and d the mean angular velocity of the motion of the thumb. 

Data for the Ns group are shown by circles, and those for the St group 
are shown by triangles. The correlation coefficients were calculated 
by excluding the data in brackets. *p < 0.05
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4.2  Association Between the Catheter Manoeuvre 
and the Amount of Phlegm Suctioned

The amount of phlegm suctioned was positively correlated to 
the maximum length of catheter insertion  (Lmax). However, 
we do note that the tip of the catheter reached the edge of 
the tracheal tube in nine of the 24 participants, which would 
cause the tip of the catheter to brush up along the contours 
of the edge, increasing the risk of damaging the membrane 
around the tracheal bifurcation. When the data from these 
nine participants were excluded, the significance of the cor-
relation between  Lmax and the amount of phlegm suctioned 
was not retained (Fig. 4a). Moreover, the amount of phlegm 
suctioned by these nine participants varied widely, between 
0.21 and 0.70 g/s. This finding supports the caution issued in 
the AARC [2] guidelines that deep suctioning may not have 
a superior benefit over shallow suctioning, while increasing 
the risk for adverse events.

The amount of phlegm suctioned did correlate posi-
tively with the length of the vertical path of wrist and fore-
arm motion, and the mean angular velocity of the thumb 
(Fig. 4b–d), indicating that faster linear and angular motion 
of the catheter improved the effectiveness of suctioning. Tra-
cheal catheters have three holes, one located at the tip and 
two located on either side of the catheter, the first located 
at 7–11 mm from the tip of the catheter and the second at 
16–20 mm from the tip, each hole having a length of 4 mm 
and a width of 1 mm. These two holes on either side of the 
catheter prevent excessive negative pressure, and contribute 
to the suction of secretions [17]. Therefore, the combination 
of linear and rotational movement of the catheter reduces 
the risk of suction-induced bleeding, and increases the like-
lihood of contact with phlegm located on the wall of the 
trachea.

4.3  Limitations

The limitations of our study need to be acknowledged in the 
interpretation of results. Foremost is the small sample size, 
which may have limited the identification of between-group 
differences. Second, the viscosity of the simulated phlegm 
may have required greater negative pressure for suction than 
that generally required in real situations. Third, the motion 
of the catheter was not directly measured, and the effective-
ness of the side holes in increasing the amount of phlegm 
suctioned in the relatively short duration of our experimen-
tal set-up (10 s) could not be assessed. Therefore, further 
studies should be performed by considering the effects of 
phlegm viscosity, level of negative pressure, and the role 
of the side holes to further determine effective manoeuvres 
for safe tracheal suctioning. With regards to the simulator, 
including the sounds associated with phlegm suctioning, 
which provides important feedback, should be considered 

to more appropriately approximate the suctioning of patients 
in clinical settings.

5  Conclusion

In this study, we investigated the biomechanical features 
of effective catheter manoeuvre during tracheal suctioning 
by using a novel simulator. We found that a faster vertical 
wrist and forearm motion, combined with a greater angu-
lar motion of the thumb, improved the effectiveness of the 
suctioning. Although expert nurses did insert the catheter 
deeper in the trachea more often than the novice students, 
deep suctioning did not increase the amount of phlegm 
suctioned and, therefore, may not provide a distinct benefit 
over shallow suctioning. Our biomechanical analysis of the 
suctioning manoeuvre could facilitate the development of a 
standard with regard to catheter manipulation, which could 
be important for the teaching and the assessment of tracheal 
suctioning techniques, as suggested by Mietto [18].
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