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Comparison of knot-tying proficiency and knot 
characteristics for square and reversing half hitch 
alternating-post surgical knots in a simulated 
deep body cavity among novice medical students

Background: Proficiency-based knot-tying curricula have been developed for square 
knots for medical students, but, to our knowledge, no such curriculum exists for the 
reverse half hitch alternating-post (RHAP) knot. We aimed to compare medical stu-
dents’ knot-tying proficiency, knot-tying self-confidence and final knot characteristics 
for RHAP and square knots in a simulated deep body cavity.

Methods: We performed a within-subject prospective crossover study of novice 
medical students who received 30 minutes of training in tying both RHAP and square 
knots. Participant performance was assessed via a knot-tying checklist, and knot con-
figuration, tensile strength, tightness (loop circumference) and mechanism of failure 
were also assessed. Participants’ self-reported confidence in knot tying was captured.

Results: Twenty-one students participated in the study. Mean scores on the knot-
tying checklist were significantly higher for RHAP knots than for square knots 
(6.9 [standard deviation (SD) 2.1] v. 5.2 [SD 2.3], p < 0.01), and RHAP knots were sig-
nificantly tighter than square knots (46.8 mm [SD 0.4 mm] v. 49.3 mm [SD 0.7 mm], 
p < 0.05). There were no differences between RHAP and square knots in correct knot 
configuration, breaking strength or mechanism of failure. Reverse half hitch 
alternating-post knots were easier to tie within a deep-body cavity, whereas square 
knots were easier to learn.

Conclusion: Novice medical students were more proficient in tying RHAP knots 
than square knots in a simulated deep body cavity. Students were able to construct 
RHAP knots more securely and reported increased confidence in tying RHAP knots 
at depth compared to square knots.

Contexte : Des programmes d’enseignement fondés sur la compétence dans l’exécu-
tion de nœuds chirurgicaux par les étudiants en médecine ont été créés pour les 
nœuds plats, mais autant que nous sachions, un tel programme n’existe pas pour le 
nœud de type demi-clé inversée alternée. Nous avons comparé les aptitudes d’exécu-
tion de nœuds et la confiance des étu diants en médecine, ainsi que les caractéristiques 
des nœuds résultants, pour les nœuds de type demi-clé inversée alternée et les nœuds 
plats, dans une simulation de cavité profonde.

Méthodes : Nous avons réalisé une étude croisée prospective intra-sujet portant sur 
des étudiants en médecine débutants, qui ont reçu une formation de 30 minutes sur 
l’exécution de nœuds de type demi-clé inversée alternée et de nœuds plats. Le travail 
des participants a été évalué à l’aide d’une liste de vérification d’exécution des nœuds; 
la configuration des nœuds, la résistance à la traction, le serrage (circonférence de la 
boucle) et le mécanisme de défaillance ont aussi été évalués. La confiance en soi rap-
portée par les participants quant à leurs aptitudes d’exécution de nœuds a aussi été 
examinée. 

Résultats : Vingt-et-un étudiants ont pris part à cette étude. Les scores moyens de la 
liste de vérification d’exécution des nœuds étaient significativement plus élevés pour 
les nœuds de type demi-clé inversée alternée que pour les nœuds plats (6,9 [écart-type 
(É.T.) : 2,1] contre 5,2 [É.T. : 2,3], p < 0,01), et les nœuds demi-clé inversée alternée 
étaient significativement plus serrés que les nœuds plats (46,8 mm [É.T. : 0,4 mm] 
contre 49,3 mm [É.T. : 0,7 mm], p < 0,05). Aucune différence n’a été observée entre 
les 2 types de nœuds quant à la configuration, à la résistance à la traction et au 
mécanisme de défaillance. Les nœuds de type demi-clé inversée alternée étaient 
plus faciles à nouer dans une cavité profonde, mais la technique des nœuds plats était 
plus simple à apprendre. 
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T he ability to construct secure surgical knots is a skill 
that every medical student should become proficient 
in by the end of undergraduate medical training. 

Suturing and knot tying are used in a variety of specialties 
including surgery, obstetrics and gynecology, family medi-
cine, dermatology and emergency medicine. Undergradu-
ate surgical education curricula have been reported to be 
not standardized and highly variable, which may preclude 
the development of technical skills among medical stu-
dents.1 This learning gap has been reflected among final-
year medical students, who reported lacking the desired 
proficiency for suturing and surgical knot tying.2

Different knot configurations have different strengths, 
properties, mechanisms of knot failure and holding 
strength.3 In general surgery, hand ties are often preferred 
over instrument ties, as force and tension on the suture can 
be maintained during tying, resulting in more secure 
knots.4 A square knot, which is the current reference stan-
dard, has alternating throws placed parallel on top of one 
another.5,6 The locking nature of the suture strands in 
combination with the maximal contact surface area results 
in a secure knot. However, square knots are difficult to tie 
within a deep body cavity owing to limited working space 
and the requirement for the suture strands to be laid flat 
on top of each other.5,7 We have previously identified and 
studied the reverse half hitch alternating-post (RHAP) 
hand-tied knot as an alternative to the hand-tied square 
knot.8 The RHAP knot is composed of half hitches that are 
reversed and thrown on suture posts, which alternate 
between the left and right hand.7,8 The tensile strength and 
mechanism of failure are similar for RHAP and square 
knots when tested with multifilament sutures on a flat sur-
face.8 Proficiency-based knot-tying curricula have been 
developed for square knots for medical students.9 How-
ever, to our knowledge, no such curriculum exists for knot 
tying at depth or for the RHAP knot.

Within a deep body cavity, slip-knots rather than square 
knots are often used given the limited working space. Sur-
gical slip-knots are constructed by throwing half hitches 
around 1 standing post, which inevitably results in a knot 
that is prone to slippage and failure at a lower tension.5,8 
We hypothesized that a RHAP surgical knot would be eas-
ier to tie, more secure and a superior alternative to a square 
surgical knot in a simulated deep body cavity. The objec-
tive of our study was to compare knot-tying proficiency, 
self-perceived knot-tying confidence and final knot charac-
teristics for RHAP knots and square knots tied by novice 
medical students in a simulated deep body cavity.

Methods

Participants

All first-year novice medical students from Queen’s Uni-
versity, Kingston, Ontario, without previous surgical expe-
rience in hand tying knots were contacted via email for 
voluntary participation in a within-subject prospective 
crossover study. We used a within-subject crossover study 
design to avoid order bias during training. Participants 
were excluded if they had previous surgical hand tying 
experience or had previously participated in a surgical 
knot-tying course. Written consent was obtained from all 
participants before beginning the study. This study was 
approved by the Queen’s University Health Sciences and 
Affiliated Teaching Hospitals Research Ethics Board and 
the Queen’s University Undergraduate Medical Education 
Curriculum Committee.

Sample size

Sample size calculation was based on the smallest effect 
size reported for our primary outcome measure, the knot-
tying checklist score for constructing knots at depth.10 We 
calculated a sample size of 10  participants per group, 
assuming an effect size of 1, a 2-tailed 5% type I error and 
80% power.

Training

All study participants attended a 1.5-hour training session, 
with an option to extend the training time to achieve self-
perceived knot-tying proficiency. Students were randomly 
allocated via a simple number generator (http://www.
random.org) to 1 of 2 groups (Fig. 1). Group 1 began with 
30  minutes of training on the RHAP knot followed by 
15-minute assessment of RHAP knot construction in a 
simulated deep body cavity. Participants in group 1 then 
crossed over and received 30 minutes of training on 
square knot construction followed by 15-minute assess-
ment. The same protocol of training and assessment was 
used for group  2, but starting with square knots rather 
than RHAP knots. Performance during assessment was 
video captured.

The same instructors taught construction of RHAP 
and square knots using standard instructions.7,8,11 These 
instructions included a step-by-step guide for 1-handed 
knot construction on knot-tying training boards (Knot 

Conclusion : Les aptitudes des étudiants en médecine débutants pour l’exécution de 
nœuds de type demi-clé inversée alternée étaient supérieures à leurs aptitudes pour 
l’exécution de nœuds plats, lors d’une simulation de cavité profonde. Les étudiants ont 
pu réaliser des nœuds de type demi-clé inversée alternée plus solides et ont rapporté 
une confiance plus grande quant à l’exécution de ce type de nœuds que pour 
l’exécution de nœuds plats en profondeur. 
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Tying Kit, Ethicon) followed by 1-handed knot con-
struction in a simulated deep body cavity. Silk ties 
(Perma-Hand, Ethicon), 3–0 gauge, were used for all 
knots.

Assessment

Assessment of knot-tying proficiency was conducted in a 
simulated deep body cavity (Fig. 2). The simulated cavity 
was modelled after the knot training board and was con-
structed from a cardboard cylinder 10 cm in height, with 
2 removable pegs embedded 8 cm from the opening. The 
pegs were 2 cm apart, generating a circumference around 
the pegs that was 45 mm. Students were asked to tie knots 
around the 2 pegs — an accepted method in generating a 
closed loop — to allow for subsequent strength testing of 
the knot.6,8 Each participant was asked to create 3  knots 
with 5  throws each during the assessment (Fig. 3). We 
chose 3 knots based on the evidence for knot-tying profi-
ciency in medical trainees.12,13

Primary outcome measure

Surgical knot-tying proficiency was the primary outcome 
measure. It was assessed with a previously validated 5-item 
surgical knot skills checklist for knot tying at depth (maxi-
mum score 10, minimum score 0).10 Assessment focused on 
the video recording of the third knot — deemed to be 
most proficient knot in the series — for each study partici-
pant.10,13 Each assessment was conducted by 3  blinded 
independent reviewers (V.W., C.Y. and E.A.S.).

Secondary outcome measures

Secondary outcome measures included the tensile strength 
of the knot, mechanism of knot failure, knot tightness, 
knot configuration and participant’s self-confidence in 
knot tying. We defined the tensile strength of the knot as 
the tension at which the knot failed, measured in newtons. 
We measured tensile strength with a static pull machine 
(ElectroForce 5500, Bose Corporation), using metrics in 

Fig. 1. Study design. RHAP = reverse half hitch alternating-post.

Analyzed for RHAP knot  n = 21 

Assessed for eligibility, previous 
experience  n = 21

Enrolment

Randomly allocated  n = 21

Allocation
Allocated to square knot  n = 11
•  Received allocated intervention: 30 min 
    training + 15 min testing

Allocated to RHAP knot  n = 10
•  Received allocated intervention: 30 min
    training + 15 min testing

Allocated to square knot  n = 10
•  Received allocated intervention: 30 min
    training + 15 min testing

Allocated to RHAP knot  n = 11
•  Received allocated intervention: 30 min
    training + 15 min testing

Analysis
Analyzed for square knot  n = 21 
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accordance with accepted methodology.8 A schematic of 
the static pull machine set-up is illustrated in Fig. 4. We 
captured the mechanism of knot failure using standard def-

initions for slippage (>  3  mm of elongation) and break-
age.8,14,15 Knot tightness was defined and measured as the 
circumference of each knot (in millimetres) when it was 
tied around 2 pegs in the simulated deep body cavity. Knot 
configuration was assessed by the same 3  independent 
reviewers as for proficiency using high-powered photo-
graphs of knot construction for the third knot tied in each 
series.16 The images were obtained with an optical zoom 
lens and then further digitally enhanced, which allowed the 
reviewers to visualize the actual configuration of the suture 
strands within the knot. In cases of disagreement, consen-
sus among the reviewers was reached via discussion.

After the assessment session, participants completed a 
6-item questionnaire assessing the perceived difficulty in 
tying each knot configuration (Table 1). Participants rated 
each item using a 10-point Likert scale where 1 = very easy 
and 10 = very difficult.

Statistical analysis

We used SPSS v. 21 (IBM Corp.) for all statistical analysis, 
with significance set to p < 0.05. Results are reported as 
mean and standard deviation (SD) for normally distributed 
data, and median and interquartile range (IQR) for skewed 
data. We performed simple descriptive statistics for the 
primary and secondary outcomes. We used paired t tests to 
compare scores for knot-tying proficiency, knot strength 
and knot tightness, and the Wilcoxon signed-rank test to 
compare questionnaire results. We used the Fisher exact 
test to compare the mechanism of knot failure (proportion Fig. 2. Schematic of simulated deep cavity set-up.

Cylindrical 
cavity

Suture
knot and loop

Removable
pegs

Fig. 3. Untightened 5-throw configuration of (A) square knot and (B) reverse half hitch alternating-post knot.

A B
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of slipped knots and broken knots) between RHAP and 
square knot variations, as well as to compare differences in 
the structure and configuration of the 2 knots. We calcu-
lated the intraclass correlation coefficient using a 2-way 
mixed-effects model to assess the interrater reliability of 
reviewer scores from the knot-tying proficiency checklist.

Results

Twenty-one first-year medical students (12 women and 
9 men) participated in the study. They created a total of 
126  knots. All study participants completed the training 

and assessment sessions without requiring additional time. 
The response rate for the 6-item questionnaire was 100%.

Knot-tying proficiency was significantly higher for 
RHAP knots than for square knots (mean score 6.9 
[SD 2.1] v. 5.2 [SD 2.3], p < 0.01). The participants con-
structed RHAP knots correctly 57.1% of the time, com-
pared to 33.3% of the time for square knots (p = 0.2). The 
interrater reliability for the knot-tying proficiency check-
list was excellent (intraclass correlation coefficient 0.78 
(95% confidence interval 0.70–0.86), p < 0.01).

There was no difference in maximal tensile strength 
between RHAP knots and square knots (18.2  N 
[SD 0.3 N] v. 17.8 N [SD 0.3 N], p = 0.3). There was no 
difference in frequency of slippage of RHAP knots and 
square knots (38.1% v. 47.6%, p = 0.8). Reverse half hitch 
alternating-post knots were significantly tighter (by 5.1%) 
than square knots (46.8  mm [SD 0.4  mm] v. 49.3  mm 
[SD 0.7 mm], p < 0.05).

The questionnaire results are illustrated in Fig. 5. Par-
ticipants reported that RHAP knots were significantly eas-
ier to tie in a deep body cavity than square knots (median  
rating 5 [IQR 3–7] v. 6 [IQR 5–7], p < 0.05). Participants 
did not have a preference for either the RHAP knot or the 
square knot when tied on a surface (median rating 3 [IQR 
2–6] v. 3 [IQR 2–5], p = 0.1). Participants reported that, 
overall, RHAP knots were more difficult to learn than 
square knots (median rating 6 [IQR 4–7] v. 4 [IQR 3–6], 
p < 0.05).

discussion

In the current study, the proficiency score for knot tying in 
a deep body cavity was significantly higher for RHAP 
knots than for square surgical knots. Students who score 

Fig. 4. Schematic of static pull machine set-up.

Vertical force
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Fig. 5. Mean ratings of difficulty (1 = very easy, 10 = very diffi-
cult) for tie at depth, tie on surface and ease of learning of 
reverse half hitch alternating-post (RHAP) knot and square knot. 
Error bars = standard deviation.
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Table 1. Questionnaire items*

1. Ease of tying the RHAP knot in the deep cavity

2. Ease of tying the square knot in the deep cavity

3. Ease of tying the RHAP knot on the surface

4. Ease of tying the square knot on the surface

5. Ease of learning the RHAP knot overall

6. Ease of learning the square knot overall

RHAP = reverse half hitch alternating-post.

*Rated on a 10-point Likert scale where 1 = very easy and 10 = very difficult.
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higher on the knot-tying proficiency checklist have been 
shown to have more experience, improved performance 
and increased readiness for the operating room based on 
experts’ opinions.10 The ability to tie knots at depth has 
also been correlated with a student’s global knot-tying per-
formance, which includes tying on a flat surface and tying 
atraumatic knots.10 The ability of novice medical students 
to achieve significantly higher proficiency with the RHAP 
knot than with the square knot implies the potential utility 
of the former as a more reproducible knot in deep body 
cavities. Selecting a knot that can be repeatedly and cor-
rectly constructed in a deep body cavity has the potential 
to improve the clinical outcomes of patients, as failure of 
knots can directly contribute to severe, life-threatening 
postoperative complications.16–20

An effective surgical knot must have both knot security 
and loop security.21 Our study design quantified the mech-
anism of knot failure and the microscopic knot configura-
tion as proxies for knot security. Loop security was mea-
sured as the circumference of the suture loop.22,23 The 
RHAP knots had a significantly smaller loop circumfer-
ence than the square knots. The inherent challenge in con-
structing a square knot may contribute to the difficulty for 
novice medical students to achieve a small loop circumfer-
ence. When suture tension is not maintained on the first 
throw in a square knot, the second throw locks the first 
throw before all the slack is taken out of the suture loop, 
resulting in a loose suture loop or an “air knot.”21 Alterna-
tively, when the suture tension is applied unevenly between 
the 2  strands of an attempted square knot, a slip-knot 
occurs.7 This slip-knot may initially be a “nonair knot” but 
may become loose as soon as it starts to slip under ten-
sion.16 In comparison, the RHAP knot consists of sequen-
tially stacked throws, which can be pushed down a post 
strand without allowing the suture loop to become lax. 
Previous analogies for the RHAP knot have been made to 
holding one’s finger on the first throw of a shoelace to pre-
vent slippage while tying the second throw.21 Loop security 
is a clinically important factor for the successful approxi-
mation of tissue, as the lack of knot security may result in 
loss of tissue fixation.21,24,25 The RHAP knot allows for 
construction of a loop with a smaller circumference, which 
may correlate with decreased knot failure in the clinical 
context; this remains to be shown.

We found that the proportion of knots with correct 
configuration, the mechanism of failure and the tensile 
breaking strength were not significantly different between 
RHAP and square knots. Ching and colleagues16 assessed 
knot tying by medical students without specific training 
and found that only a minority (8%) were able to repeat-
edly reconstruct square knots. In our study, a higher pro-
portion of medical students (33%) were able to construct 
square knots with proper configuration. This discrepancy 
may be a result of the formal training provided in our 
study and the requirement for medical students to achieve 

self-perceived competency before summative assessment. 
To ensure proficiency in RHAP knot tying for all novice 
medical students, a competency-based training curriculum 
should be developed and implemented based on previously 
published evidence-based frameworks.9,26

Our finding of no difference between the mechanism of 
knot failure and tensile breaking strength between RHAP 
and square knots is not surprising. From the standpoint of 
physical properties, it appears that the mechanism of fail-
ure for the 2  types of knot is identical. We have shown 
previously that both RHAP and square knots constructed 
correctly with 5 throws on flat surfaces have similar tensile 
strength and do not slip.8 In the current study, our partici-
pants were asked to produce knots with 5  throws, thus 
minimizing the likelihood of knot slippage with proper 
knot construction. As such, knot failure was likely due to 
intraparticipant inconsistencies in knot construction and 
the inherent difficulty in tying the knots at depth.8,16 Our 
results suggest that RHAP knots can be used instead of 
square knots for knot tying in a deep body cavity.

The participants reported that RHAP knots were signif-
icantly easier to tie than square knots within a deep body 
cavity. Knot tying at depth requires more time and greater 
attention to proper hand positioning than tying on a sur-
face.10,27 The participants’ self-reported confidence scores 
suggest that the RHAP knot is a rational alternative to the 
square knot within a deep cavity, as they can be easily 
applied in cavities and areas of limited working space.7,8 It 
is important to note, however, that self-reported confi-
dence may not reflect actual performance in the clinical 
environment.28,29 Future studies will examine the relation 
between proficiency of knot tying in a simulation labora-
tory and performance in the clinical setting.

Limitations

There are limitations of our study. First, only 1  type of 
suture material was used, which limits the generalizability 
of our findings to other suture materials. Each suture 
material has a different mechanism of failure and ease of 
knot construction.8 Using different suture materials for 
future studies may improve the generalizability of the 
results. Second, rater bias may have been introduced dur-
ing assessments of videos of knot tying for RHAP and 
square knots. Given the study design, it was not possible to 
blind the reviewers to the knot type they were assessing 
owing to the inherent difference in the configuration and 
construction of the knots. Third, baseline assessment of 
knot-tying proficiency was not performed. However, as we 
recruited only novice medical students without previous 
surgical hand tying experience or knot-tying training, we 
expect that all participants had a similar baseline. Last, sur-
gical residents were not recruited as study participants 
owing to potential bias stemming from added familiarity of 
tying square knots.
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conclusion

Novice medical students were more proficient in tying 
RHAP knots than square knots in a simulated deep body 
cavity. Participants were able to construct RHAP knots 
more securely and reported increased confidence in tying 
this type of knot at depth compared to square knots. 
Together, these findings suggest that the RHAP knot may 
be more reproducible than the square knot within a deep 
body cavity. Future directions for research include 1) test-
ing the security of knots by examining the burst pressures 
for vascular ligatures in the laboratory, 2) quantifying the 
proportion and extent of loose knots constructed by novice 
trainees by following a previously published format on ves-
sel ligation training via an adaptive simulation curricu-
lum30,31 and 3) performing a validation study of proficiency 
in tying the RHAP knot among surgical residents.
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