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Makale

Gegcmisgi:

Bagvuru tarihi: ~ Diigiim performansi, yapisal niianslara ve baglama malzemesinin ézelliklerine baghdir. Kazalar tipik
18 Subat 2025  olarak hatali diigiimler, yanlis uygulamalar ve baglama hatalarindan kaynaklanan giivenlik
Dizeltme tarihi: g ynjarinin sonucudur. Ug asamal bir degerlendirme protokolii énerilir. Faz I, topolojik biikiim
lgaﬁif:afgf: dalgalanmasini ve dolasim enerjilerini matematiksel olarak modelleyerek biikilme ve dongi
1 Mayis 2025 giivenligini onceliklindedir. Cekme testleri, yapisal performansi degerlendirmek icin yiizey

puriizliliigi olmayan, diisiik siirtiinme katsayisi ve zayif diigiimlenebilirdik olan baglama malzemesini

Anahtar kullanir. Olagandisi kosullar altinda alabora olma potansiyelini belirlemek icin diizensiz yiikleme
Kelimeler: kullanilir. Diigiim fonksiyonuna bagh olarak déngiisel yiikleme testleri gerekebilir. Durdurucu

Giivenlik & y 5 gise: yuweme estierl : :
Digfiimleri, diigtimler ve aksamalar uygulamaya 6zel yontemlerle degerlendirilmelidir. Cekme mukavemeti testleri
Test, Tirmams ~ asama I'i tamamlar ve diigiim verimliligi dogrudan o6l¢iilemez oldugu icin veriler bir olasihk yogunluk

Kazalari, fonksiyonu ile analiz edilmelidir. Faz II, islevsellik ve kolaylik dzelliklerine ayrilmistir. Faz III, 6gretme

Kademe kolayligl, 6grenme, hatirlama ve hata tespiti gibi davranigsal konular1 degerlendirir.

_ Davranig,
Onyargi ve Hata
Abstract
Article

history:

Received: Knot performance depends on structural nuances and the tying material’s properties. Accidents are
18 February typically the result of security issues caused by faulty knots, improper applications and tying errors. A
4 djifjfem: three-phasg evaluation. protocol .is reco.mmended.‘ Phase 1 ' priorl:tizes ben.d and loop se.c'l.lrity .by
1 April 2025 mathematically modelling topological twist fluctuation and circulation energies. Pull tests utilize tying

Accepted: material with no surface asperities, a low coefficient of friction and poor knottability to assess structural
1 May 2025 performance. Irregular loading is employed to determine capsizement potential under unusual conditions.
Keywords: Cyclic loading tests may be required depending on knot function. Stopper knots and hitches must be
Safety Knots, evaluated with application-specific methods. Tensile strength tests finish phase I, and data should be

Testing, analysed with a probability density function because knot efficiency is directly immeasurable. Phase II is
f{“mbing . devoted to functionality and characteristics of convenience. Phase 11l evaluates behavioural issues such as
Acgeie;‘;.st’nﬁer ease of teaching, learning, recall and error detection.
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Genis Ozet

Bazen giivenlik diiglimleri trajik sonuglarla yanlis baglanir veya kullanilir. Tiim kritik, 6nemli ve arzu
edilen digim o6zelliklerini etkin bir sekilde degerlendiren ve gegerli ve giivenilir sonuglarin
cikarilabilecegi standartlastirilmis bir test protokoliine ihtiya¢ vardir. Tirmanma diigiimlerinin
degerlendirilmesi ve giivenli bir sekilde kullanilmasiyla ilgili ¢esitli zorluklar vardir: farkli terminoloji,
tutarsiz test verileri, malzeme degiskenligi, kullanic1 anlasmazligl, devam eden digim degisiklikleri ve
kararsiz diigiimler. Daha titiz bir degerlendirme prosediirii 6nerilmektedir. Operasyonel 6zellikleri ve
kademe davranisinin etkisini degerlendirirken glicten ¢ok giivenligi vurgular.

Her kategori altinda varyasyonlari olan dort temel diigiim tiirii vardir: durdurucular, halkalar, kivrimlar
ve baglantilar. Dort tip ¢eki demiri vardir: sabit, hareketli, yiik aktarma ve halat ¢eki demirleri. Farkli
diigiim tiirleri, uygulamaya ozel test yontemleri gerektirir. Bir diilimiin giivenligini ve giiclinii birkag
yapisal ozellik etkileyebilir: gecis sayisi, kivrimli olmasi ve birlestirme. Diigiim atilabilir olmasi ve bir
tekstilin siirtiinme katsayisi diigiim giivenligini etkiler. Ayrica, bir ipin yapisi, yasi ve durumu ¢alisma
ozelliklerini etkiler.

Diigiim Tanimlama ve Yapisal Niians: Test diiglimlerinin dogru bir sekilde tanimlanmasi, baglanmasi ve
belgelenmesi, herhangi bir arastirma i¢in esastir. Diiglim tanimlamasini ve testini diizeltmek icin gerekli
olan birkag ayrint1 vardir. Kiralite, ayna goriintiisiine sahip olma kalitesi, bir 6zelliktir. Calisma uglarinin
veya kancalarin ve ayakta duran pargalarin veya sehpalarin goreceli konumlari bagka bir seydir. Farkl
diigiimlii yaps, farkl performans 6zellikleri sergileyebilir.

Diiglimler Nasil Basarisiz Olur: Diigiim hizli tutar ve kaymazsa, yeterli kuvvet uygulandiginda ip
diigiimden veya yakininda yirtilir. Diigtimler, malzeme yirtilmasina neden olmasi beklenen herhangi bir
seyin ¢ok altindaki yiiklere maruz kaldiginda gevsek calisabilir ve ¢oziilebilir. Diigiim giivenilirligini
degerlendirmek icin en sik kullanilan yontemler, cgekme mukavemetini belirlemek icin yavas ¢ekme
testleri olmustur. Baz1 arastirma raporlar1 kesin sayilari belgelemektedir. Bununla birlikte, diigiim
verimliligi dogrudan o6lgillemez. Kati bir yaklasim olasiik yogunluk fonksiyonu kullanilarak
hesaplanmali ve bir aralik olarak ifade edilmelidir. Modern sentetikler, ¢esitli tirmanma amaglari i¢in
kesinlikle yeterince saglamdir. Kaza raporlarina gore, diigtim arizalari, baglama hatalarinin veya ¢6ziilen
kalitesiz diiglimlerin yanls uygulanmasinin sonucudur. Baglama malzemesine ve diger faktorlere bagh
olarak, alabora, cevirme, u¢ma ve geri cekilme dahil olmak tzere, diigiimlerin yanlslikla deforme
olmasinin ve kendiliginden ¢oziilmesinin birkag¢ yolu vardir. Bu nedenle, giivenlik daha fazla inceleme
gerektiren bir 6nceliktir.

Operasyon ve kademe davranisi ile ilgili 6zellikler: Dagcilar, genellikle kritik giivenlik gerekliliklerinden
daha fazla rahatlikla ilgili olan bir dizi arzu edilen diigtim 6zelliginden bahseder. Bunlar, ¢ok yonliiliik,
O6gretme ve 6grenme kolaylig, etkili hatirlama ve baglama, baglama hatasi seffaflif1 ve yiiklendikten
sonra ¢6zme kolayligini icerir ancak bunlarla smirli degildir. Digiim o6zellikleri, giivenlige dayali
onceliklere ve diigiim arizasinin anlik sonuglarina goére siralanmalidir. Glivenlik ve gii¢ kritik 6neme
sahipken, operasyon ve kademe davranisiyla ilgili ikincil 6zellikler 6nemli veya arzu edilen olabilir.

Onerilen Degerlendirme Protokolii: Asama I - Giivenlik ve Giiciin Degerlendirilmesi: ilk asama,
matematiksel modelleme ve basit cekme testleri kullanarak bir diigiimiin goreceli givenliginin yaklasik
bir tahminini saglar. Bunu, alabora ve diger bozulma potansiyelini degerlendirmek i¢in olagandis: yiik
konfigilirasyon testleri takip eder. Dongiisel yiikleme ve belki de atalet testi, belirli diiglimlere getirilen
pratik taleplere gore gerekli olabilir. Sonraki degerlendirmelere gegmeden 6nce birkac giivenlik testinin
sonuglart karsilastirilmalidir. S6z konusu diigiim temel giivenlik testinde basarisiz olursa, pratik
kullanim icin diistiniilmemelidir. Giivenlik yeterliyse, cekme kopma testleri yapilabilir ve veriler bir
olasilik yogunluk fonksiyonu kullanilarak degerlendirilebilir.

Asama II - Operasyonel Ozellikler: ikinci agsama, diigiimii operasyonel ézelliklerine gére degerlendirir.
Hangi ikinci asama testi yapilirsa yapilsin, diiglimiin giivenilir bir sekilde performans gostermesinin
beklenecegi kosullara baglh olarak kontrol edilmesi gereken tiim 6nemli ve arzu edilen 6zellikleri ele
almalidir.

Asama III - Kademe Davranisi: Kademe davranisiyla iligkili 6zellikler daha sonra {i¢lincii asamada
degerlendirilir. Hareket ve davranissal ilkeller olarak adlandirilan baglama eylemlerinin sayisi, diigiim
karmasikhi@inin ve hata potansiyelinin yaklagik bir tahminini saglayabilir. Ogretme ve 6grenme siiresi,
tutarhl 6gretim yontemleri ve farkli kademe deneyimleri dikkate alinarak 6lciilebilir. Zaman iginde
saklama ve hata siklig1 bu degerlendirmenin bir pargasi olmalidir.

Sonug: Uygun digiim degerlendirmeleri, bilissel karmasay1 ortadan kaldirmali ve dogrulama ve devam
yanliligim1 azaltmalidir. Yargi arastirmalari, ilgili bilgileri degerlendirmek i¢in iyi tasarlanmis
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algoritmalarin kullanilmasin1 énermekte ve burada agiklanan protokol bu gereksinimi karsilamaya
calisir. Belirli bir amag i¢in birka¢ diigiim secenegi uygun olabilir, ancak gii¢li ve zayif yonleri acikca
belirlenmeli ve siralanmali ve uygun uyarilar dikkate alinmalidir. Sonug olarak, iyi bilgilendirilmis dagci
karar vermeli ve buna gore hareket etmelidir.

Introduction and Rationale

Knots are critical to the safety of mountaineers, rock climbers, ice climbers, canyoneers and cavers.
Safety knots are utilized for anchoring, harness attachment, belaying, ascending, rescue and other fall-
protection functions (ACMG & AMGA, 1999; Chisnall, 1985; Fusulo, 1996; Graydon, 1992; Luebben,
1993; Raleigh, 1998; Tyson & Loomis, 2006; Wheelock, 1967). Controversies persist and safety knots
are often employed according to habit, tradition, bias and informal experimentation. Sometimes safety
knots are tied or utilized incorrectly with tragic results (AAC, 1980; Child & Hill, 2002; Douglas, 2012;
Jackson, 2012, 2016a, 2016b; Jackson & Whiteman, 2002; MacDonald, 2016, 2020a, 2020b, 2020c;
Prohaska, 2005; Rock and Ice, 2010, 2012; Tuohy, 2005; Williamson, 2003; Yosemite Climbing
Information, 2020). Therefore, there is a need for a standardized testing protocol, one that effectively
evaluates all critical, important and desirable knot characteristics, and from which valid and reliable
conclusions can be drawn. There are several challenges associated with effectively evaluating and safely
utilizing climbing knots:

Disparate Nomenclature - Mainstream knotting terminology varies, knot names are inconsistent and
structural differences are subtle (Ashley, 1944; Budworth, 1983; Chisnall, 2016, 2024; Graumont &
Hensel, 1952). Scholarly research literature presents disparate nomenclature as well (Johanns, et al,,
2024; Saez, et al., 2024; Sano, et al., 2022; Simon et al., 2020; Simon & Ftorek, 2022; Tong, et al., 2023;
Tong, etal., 2024).

Inconsistent Data - Research data do not agree and some test results may be unreliable and invalid
(Baillie, no date; Birch, 2022; Evans, 2016; McKentley, 2014; Moyer, 1999; Pope, 1972; Powick, 2016;
Prohaska; 2001; Saez, et al., 2014; Simon et al,, 2020; Simon & Ftorek, 2022; Warner, 1996).

Material Variability - How knots behave under a variety of circumstances in different materials is not
thoroughly understood (Birch, 2022; Simon et al., 2020; Simon & Ftorek, 2022; Warner, 1996).

User Disagreement - Climbers do not agree about which knots are safe under specific circumstances
and which are not (Brumbagh, 2013; Chisnall, 2006a, 2006b, 2020, 2021; Flashman, 2017; Gommers,
20132019; Jones, 2012; Kirkpatrick, 2011; Lottoman, 2018; Martin, 2009; Momsen, 2016; Prattley,
2016; Roy, 2012; Siacci, 2019).

Knot Modifications - Historically, climbers have improvised, modified, enhanced and adapted knots to
new applications (ACMG & AMGA, 1999; Chisnall, 1985; Forrest Mountaineering, 1974; Fusulo, 1996;
Graydon, 1992, Luebben, 1993; Pegg, 2001; Prohaska, 198, 1995, 1996, 1998, 2005; Raleigh, 1998;
Tyson & Loomis, 2006; Wheelock, 1967; Wright & Magowan, 1928).

Unstable Knots - Certain knots in general use are inherently unstable and intolerant of some situational
demands. Occasionally they fail (AAC, 1980; Douglas, 2012; Jackson, 2012, 2016a, 2016b; Jackson &
Whiteman, 2002; MacDonald, 2016, 2020a, 2020b, 2020c; Prohaska, 2005; Rock and Ice, 2010, 2012;
Tuohy, 2005; Williamson, 2003; Yosemite Climbing Information, 2020).
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Figure 1. Examples of common climbing
knots, from top to bottom: Figure Eight
Stopper Knot, Figure Eight Loop, Bowline,
Flemish Bend, Double Fisherman’s Knot,
Clove Hitch, Munter Hitch, Prusik Knot.
(These commonplace knots have multiple
names, variations and enhancements for

added security).

These problems suggest that a carefu evaluation of mainstream
and innovative knots could be beneficial to climbers. The purpose
here is to propose a more rigorous and focussed testing protocol,
a general procedure that emphasizes security over strength
while assessing operational characteristics and the influence of
tier behaviour.

Foundations

There are four basic types of knots with variations under each
category: stoppers, loops, bends and hitches (ACMG & AMGA,
1999; Ashley, 1944; Chisnall, 1985; Fusulo, 1996; Graydon, 1992;
Graumont & Hensel, 1952; Luebben, 1993; Raleigh, 1998; Tyson
& Loomis, 2006; Wheelock, 1967). Some common climbing knots
are presented as examples in Figure 1. Many other esoteric knots
and alternatives have been devised and used by climbers. A
stopper knot is any tangled mass in a strand of rope that will not
fall apart. It has no loops and is unconnected. The Figure Eight
Knot, for example, prevents the end or ends of the rope from
slipping out of a belay or rappel device when there is insufficient
slack. The omission of stopper knots has resulted in ground falls
(MacDonald, 2018a, 2018b, 2020a, 2020b). Loop knots comprise
single or multiple loops or bights. The Figure Eight Loop, Bowline
and Bowline variants have served as harness and anchor
connectors, and their use has been a topic of disagreement
amongst climbers (Brumbagh, 2013; Chisnall, 2006, 2021,
Flashman, 2017; Gomers, 3013, Kirkpatrick, 2011; Roy, 2012). A
bend is a knot employed to join two ends of rope or cord, like the
Double Fisherman’s Knot and the Flemish or Figure Eight Bend
for joining accessory cord ends to create cordelettes, and the
Overhand Side Bend for joining rappel lines, another
controversial knot Moyer, 1999; Powick, 2016; Chisnall, 2020;
Gommers, 48; Jones, 2012; Martin, 2009; Momsen, 2016;
Prattley, 2016; Siacci, 2019). A hitch is a knot employed to attach
a rope to an anchor, and it will usually fall apart when removed
from its attachment point. There are four types of hitches: fixed,

movable, load-transfer and rope hitches. Examples include the
Clove Hitch for anchoring (fixed) and the Munter Hitch for
belaying (movable). Rope hitches are used to secure a bight of
cord to a thicker main line and they can be intentionally moved
along the main line but they grip when loaded. The Prusik Knot
or Hitch is one example. Loadtransfer hitches - like the Munter
Mule (Figure 2) - are used for improvised rescue purposes and
typically incorporate a slip knot that facilitates the released of
a loaded rope hitch. Different types of knots require
applicationspecific testing methods, more than can be
thoroughly outlined in a few pages. Therefore, the focus here
will be bends and loops tied in rope or cord. Stopper knots,
fixed hitches and rope hitches will be discussed briefly. Several
structural characteristics can affect a knot’s security and
strength (Warner, 1996; Chisnall, 2020). The number of times
a rope crosses itself in a simplified two-dimensional planar
projection is an indicator of complexity (Adams, 2001).
Sinuosity - known as ropelength in topology and spelled as one
word (Buck & Simon, 1999) - is the length of rope contained
within the knot proper. It increases with knot complexity and
entanglement. Concatenation, the qualitative nature of a knot’s
structural nuances, also influences its behaviour and stability.
For example, Bowlines are post-bight loop knots because tying
takes place after the working end has been inserted through a

Figure 2. The Munter Mule, consisting of a
Prusik Knotonthemain line and a
Munter Hitch secured with an Overhand
Slip Knotand a backup knot. The slack
loops are linked for additional security.
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harness or passed around an anchor point. The Figure Eight Loop, in contrast, is a pre-bight loop knot
because tying occurs before as well as after the working end is linked to an anchor or harness (Chisnall,
2021; Gommers, 2019).

The tying material’s braided structure influences knot safety. Along with its knottability, a textile’s
coefficient of friction affects knot security. Further, a rope’s age and condition influence its working
properties (Warner, 1996). Kernmantel ropes have relatively uniform cores and sheaths, although Union
Internationale des Associations d’Alpinisme (UIAA) standards allow for a 0.2 millimetre variation in new
climbing rope diameters. Surface texture or asperities (a term used in the medical literature) can
influence knot security (Abdessalem, 2009; Datta, et al., 2019). Considerable surgical knot testing has
been performed, and the results are suggestive of climbing knot performance (Abdessalam, 2009;
Avoine, et al,, 2016; Hanypsiak, et al., 2014; Burkhart, et al,, 2000; Lee, et. al, 2019; Livermore, et al,,
2010; Lo, etal, 2010; Rana, et al., 2012; Thacker, etal.,, 1977; Wong & McGrouther, 2023). Tier behaviour
is another critical determinant. Knot complexity, asymmetry and situational factors can impact the
teaching, learning, recall and tying of particular knots and may increase the probability of tying errors
(Craik, 2014; Cross, etal., 2017; Jenkins & Matarize, 2002; Michel & Harkins, 1985). User judgment, habits
and attitude are similarly affected

Knot Identification and Structural Nuance

Accurately identifying, tying and documenting test knots is fundamental to any research. This is vital
because it is easy to make subtle structural errors, as made evident in some published illustrations
(Bayman, 1977; Ewing, 1973). Accurate images must accompany any test reports so other investigators
can precisely replicate that research. Credible mainstream references may assist in proper structural
identification. Numerous sources are required for verification (ACMG & AMGA, 1999; Ashley, 1944;
Chisnall, 1985; Fusulo, 1996; Graumont & Hensel, 1952; Graydon, 1992; Luebben, 1993; Raleigh, 1998;
Tyson & Loomis, 2006; Wheelock, 1967).

= £ 5?1- i i

Figure 3(left). Structural variance, chirality, capsizement and flipping, from top to bottom: Z/S Reef
Knot (left) and mirrorimage S/Z Reef Knot (right); isolated Conway tangle without wends and stands
and six planar crossings; insecure Tumbling Thief Knots that are equivalent with a z-axis rotational
transformation; Reef Knot (centre) can capsize to form Two Reversed Half Hitches (left and right)
which can flip back and forth, (There are not proper climbing knots.)

Figure 4(right). Structural variance, from top to bottom: d (left) and b (right) Conway tangles, d
Bowlines (Standard and Ring versions, left) and b Bowlines (Ring and Standard versions, right),
analogous Sheet Bends.

There are several details essential to correct knot identification and testing. Chirality, the quality of
having a mirror image, is one characteristic (Figures 3 and 4) (Chisnall, 2010, 2016). The relative
positions of working ends or wends and standing parts or stands is another. This is related to what van
de Griend (1992) calls algorithmical, structural and applicational proximities. Bends and loops may
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appear to have the same essential structure, but a knot’s function and manner of loading can alter its
behaviour. Many knots have identical planar Conway tangles, which are knotted structures in isolation
(Adams, 2001). However, joining wends and stands converts bends to loop knots, and vice versa when
loops are disconnected (Chisnall, 2020). Switching wends and stands produces direct, oblique and
indirect bends, each exhibiting different performance characteristics (Figures 3-5) (Shaw, 1933).

Figure 5. Chirality, flyping and structural
variants, from top to bottom:Z (left) and S
(right} mirror-image Figure Eight Knot
enantiomers; the Figure Eight Knot can flype
back and forth to form a Pretzl Knot; how a
planar projection of a Figure Eight knot
appears with the minimum 16 crossing
(Reidemeister simplification); a dressed
Figure Eight Loop as itwould appear in three
dimensions with 20 crossings; two versions
of a Figure Eight End Loop or Follow-
Through (note wend positions); two versions
of the Flemish Bend (note wend positions);
Figure Eight Side Bend (note wend paositions)
which can flype towards the wends.

How Knots Fail
There are two ways in which knots can fail. First, if the knot holds
fast and does not slip, the rope will rupture (called material
fracture) at or near the knot when enough force is applied
(Ashley, 1944; Bayman, 1977; Birch, 2022; Patil, et al., 2020;
Richards, 2005; Maddocks & Keller, 1987; Pieranski, et al., 2001;
Tong, et al,, 2024; Warner, 1996). Second, and this is a key safety
concern, knots can work loose and become untied while
subjected to loads well below anything expected to cause
material rupture. This is called topological failure by some
researchers (Tong, et al.,, 2024). The most frequently employed
methods of evaluating knot reliability have been slowpull tests
to determine tensile strength (Ashley, 1944; Baillie, no date;
Evans, 2016; McKentley, 2014; Moyer, 1999; Pope, 1972;
Powick, 2016; Prohaska, 2001; Sdez et al., 2024; Wheelock,
1967) (Figure 6). This has been the default procedure when
evaluating surgical knots, as well as fishing and climbing knots
(Abdessalam, 2009; Avoine et al.,, 2016; Hanypsiak et al., 2014;
Burkhart et al., 2000; Lee, et al.,, 2019; Livermore et al., 2010; Lo,
et al,, 2010; Rana et al., 2012; Saez, et al., 2024; Thacker, et al.,
1977; Tong, et al. 2024; Warner, 1996; Wong & McGrouther,
2023). Both formal research and grassroots testing results have
been published or posted on line. Knot failure occurs at some
fraction of the rope’s unknotted strength. Absolute knot
strength, expressed in units of force, is fundamentally a function
of the tensile breaking strength of the knotted rope, cord or
webbing (tape). A knot's
strength also can be
presented as a percentage of
the unknotted material’s
failure load, which is called
knot efficiency or residual
strength.

Some research  reports
document exact numbers.
However, knot efficiency is
directly immeasurable

(Simon et al,, 2020; Simon & Ftorek, 2022). As a random variable it
should be calculated using a solid approximation probability density
function because multiple measurements of the tensile breaking
strength of the unknotted material will vary, as will the breaking
strength of any knot ruptured multiple times. Both should be
expressed as ranges based on appropriate confidence intervals.
Importantly, test data do not necessarily offer generalizable
inferences. Many factors cause variability: the structure and chemical
makeup of the knotted material, its age and condition, whether it is
wet or dry, a knot’s specific structure and dressing, pretest loading,
and the speed of load application for example (Bigon & Regazzoni,
1981; Evans, 2016; Microys, 1977; Warner, 1996). Modern
synthetics such as nylon 66, nylon 6 (perlon®), Kevlar®, High
Modulus Polyethylene (HMPE)/Dyneema®, Spectra® and Vectran™

e W ! o
Figure 6. A typical setupfortesting
the tensile breaking strength of a
knot, in this case a Figure Eight Loop.
Photo credit: M. Goulet, courtesy
Petzl® America.

are certainly robust enough for various climbing purposes (Horrocks & Anand, 2016; ISO Standard,
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2019; Microys, 1977; Rana & Fangueiro, 2018; Warner, 1996). However, some materials have low glass
transition temperatures and melting points. Many knot tiers assume knots, primarily bends, roughly
halve the absolute breaking strength of the tying material (Warner, 1996; Bigon & Regazzoni, 1981). Of
course the knotted material must meet the minimum safety factor requirement for a particular knot
application, whether itis 3:1, 5:1 or 10:1. Other properties such as knot elasticity also may be important
(Audoly, et al., 2007; Martin et al., 2015; Sry, et al.,, 2018; Warner, 1996; Weller, et al,, 2015). Further,
according to accident reports, knot failures are the result of tying errors or the misapplication of inferior
knots that become untied (AAC, 1980; Brambagh, 2013; Child & Hill, 2002; Chisnall, 2006a, 2006b, 2020,
2021; Douglas, 2012; Jackson, 2012, 2016a, 2016b; Jackson & Whiteman, 2002; MacDonald, 2016,
2020a, 2020b, 2020c; Prohaska, 2005; Rock and Ice, 2010, 2012; Tuohy, 2005; Williamson, 2003;
Yosemite Climbing Information, 2020). Hence, security is a priority requiring greater scrutiny.

There are several ways knots can accidentally distort and spontaneously untie, including capsizement,
flipping, flyping and reptation (Figures 3, 7-10) (Budworth, 1983; Warner, 1996; Chisnall, 2020; Hage,
2007; Bao, et al,, 2003, Moyer). A Reef Knot is not an acceptable safety knot but it affords a simple
illustration of two kinds of distortion. It can capsize to form Two Reversed Half Hitches. Two Reversed
Half Hitches can flip to the opposite side if the relaxed wend and stand are pulled taut while the other
wend and stand are loosened (Figure 3). Flyping is an old Scottish term adapted to surgical knots that
essentially turn inside out. An example of this phenomenon is the Figure Eight Knot flyping to form a
Pretzel Knot (Figures 5 and 7). Reptating, a term adopted from molecular biology, is the action of a knot
as it moves without changing shape or structure (Bao et al., 2003; Chisnall, 2020). The example shown
in Figure 10 is the Overhand Side Bend, which has multiple names. If this bend is throughloaded as
illustrated, it has a tendency to move or reptate toward the wends, depending on the tying material and
other factors.

e SRS ) o,
“«>

Figure 7. Flyping between a Figure Eight Knot and a Pretzel Knot.

Figure 8. Left: a ring-loaded Alpine Butterfly.
Right:an Inverted Alpine Butterfly after ring

loading causes itto capsize and flype; it will not

flype any further. '
1]
: >_ - .’
A o N |
N
Figure 10. From top to bottom:
! planar projection of Water Knot with
' Reidemeister simplificationand 12
crossing points; Water Knot dressed

Figure 9. Left: properly loaded Bowline. Middle: in with 15 crossings; Overhand Side

ring loaded Bowline. Right: ring loading causing Bend; Overhand Side Bend through-

Bowline to capsize into a Running Slip Knot. loaded, which may cause reptation
toward the wends.
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A knot can become insecure via one or a combination of these actions. In order to test knot security
properly, the knot should be subjected to every load condition it is expected to satisfy in real-world
practice as well as any extraordinary circumstances that might be revealed through accident reporting.

Characteristics Related to Operation and Tier Behaviour

Climbers cite a number of desirable knot characteristics that are often related to convenience more than
critical safety requirements (ACMG & AMGA, 1999; Baillie, no date; Chisnall, 1985, 2006a, 2020a; Fusulo,
1996; Gomers, 2013, 2019; Graydon, 1992; Luebben, 1993; Momsen, 2016; Moyer, 1999; Raleigh, 1998;
Siacci, 2019; Tyson & Loomis, 2006; Wheelock, 1967). These include but are not restricted to versatility,
ease of teaching and learning, effective recall and tying, tying error transparency, and ease of untying
after being loaded. Other characteristics of interest may include energy absorption capability under
impact loads and how knot strength is reduced in dynamic situations, and the knot’s contact footprint if
abrasion and jamming are concerns when joining rappel lines (Gomers, 2019; Martin, et al., 2015).
Further, research indicates that situational perception is inadequate when judging knot strength and
security (Croom & Firestone, 2022). Knot characteristics should be ranked according to safety-based
priorities and the immediate consequences of knot failure. Security and strength are critical whereas
secondary characteristics related to operation and tier behaviour may be important or desirable.

Proposed Evaluation Protocol

Drawing on the work of multiple researchers, three test phases are proposed affording a more complete
assessment of a knot’s overall efficacy in terms of application security, strength and other features. (See
Table 1.) The purpose is to acquire sufficient reliable information to facilitate unbiased knot
comparisons. The main focus is phase I security testing, which will be described next. Subsequently,
phase Il and III procedures will be briefly outlined.

Critical Properties: Model mathematically.

Phase | Security Perform security tests.
Strength Perform tensile breaking tests
Important & Desirable Inventory ideal characteristics.

Phase I Properties: Rank characteristics specific to tasks.
Operational Characteristics Evaluate characteristics accordingly.
Behavioural Analyse structural complexity.

Phase III Considerations: Time tying tasks and tabulate errors.
Learning, Recall, Inspection Repeat tests later.

Table 1. Basic outline of a three-phase testing protocol. Phase I is critical.

Phase I - Evaluating Security and Strength

The initial phase provides an approximation of a knot’s relative security using mathematical modelling
and simple pull tests. This is followed by unusual load configuration tests to assess the potential for
capsizement and other distortions. Cyclic loading and perhaps inertial testing might be necessary
according to the practical demands placed on certain knots (Moyer, 1999; Daily-Diamond, et al., 2017).
The results of several security tests should be compared before moving ahead with subsequent
assessments. If the knot in question fails basic security testing, it should not be considered for practical
use. If security is adequate, tensile breaking tests can be performed and the data evaluated using a
probability density function, as discussed previously. A short description of three phase I procedures
follows.

Stopper Knots

Stopper nots, such at the Overhand Knot, Figure Eight Knot and Double Overhand Knots, are used by
climbers to prevent the ends of ropes from pulling through belay/rappel devices (Figure 11). Their main
requirement is to resist untying when jammed against a rigid barrier. Higher versions of the Overhand
Knot can tighten and exhibit inversion and snap bucking (Figure 12) (Tong, et al,, 2023). A Figure Eight
stopper knot can undergo flyping when subjected to what researchers call friction-induced twisting as
it presses against a restraining plate such as a rappel or belay device (Johanns & Reis, 2024). Each
stopper knot has a different crossing number and sinuosity, and each knot’s resistance to becoming
untied varies. This is not often examined as a safety priority. Stopper knot safety can be evaluated
theoretically and practically using established research methods, as follows.
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Theoretical Analysis - Discrete elastic rod models and finite element methods (FEM) are possible ways
of mathematically assessing stopper knot stability (Johanns & Reis, 2024; Tong, et al., 2023; Tong, et al,,
2024). The former is a geometric computational method for simulating thin, flexible entities (Kirchhoff
elastic rods) using a discrete chain of nodes connected by edges to represent curvature, and which can
describe bending and twisting behaviour. The latter may be utilized to demonstrate how a material or
component reacts to specific external influences by dividng the whole into a finite number of connected
elements.

Practical Analysis - There are several approaches to testing
stopper knot integrity. For example, mechanical tests
performed by Johanns and Reis (2024) required the
fabrication of composite rods by casting vinyl polsiloxane with
a thin Nitinol wire embedded inside to prevent global
stretching. Further, the surfaces of the knotted material were
covered in talcum powder to ensure Amonton- Coulomb
frictional behaviour with low static and dynamic coefficients
of friction. This method is somewhat analogous to M.A.R.K.
testing, which will be described shortly. A direct approach is to
examine how a stopper knot tied in climbing rope behaves as
it pushes against a belay device or resistance plate while force
is increased (Figure 11). In tests of this kind, Figure Eight
ﬁgureu‘Smpperknmsabmn.nglmbehy stopper knots tend to flype toward their wends, as shown
devices, preventing the belay line from slipping previously in Figures 5 and 7 (Johanns & Reis, 2024). Inversion
free. Left: Double Overhand Knot. Right: Figure and snap buckling occurs when Double, Triple and higher
i Db versions of the Overhand Knot are loaded (Tong, et al., 2023).
(See Figure 11.) Friction and elastic stiffness are important test
material variables when testing stoppers and other knots, and the sliding, stretching and deformation of
rope within a knot can be observed (Tong, etal., 2023).

Figure 12. Left: Double Overhand Knot before being tightened. Middle: Double
Overhand Knotinverting asit tightens. Right: Double Overhand Knot snap-
buckled to its taut configuration.

Loops and Bends

Counting Numbers - Any attempt to mathematically model knot behaviour is, at best, an approximation.
Modelling must be used in conjunction with other modes of testing and assessment. As presented by
Patil et al,, the counting numbers N (crossing number), 6 (topological twist fluctuation energy, which is
calculated using writhe) and A (topological circulation energy) rationalize knot stability for bends or 2-
tangles utilizing oriented planar projections of knots (Patl et al., 2020). Higher values indicate greater
stability and possibly strength.

There are several details to note about applying this model. First, the knot being evaluated is usually
simplified as a planar projection with the minimum number of crossing points. In three dimensions,
however, it may have additional crossing points, which must be factored into the calculations using an
accurate planar projection Chisnall, 2020a, 2020b). (See Figures 5 and 10.) Second, this method works
for bends. Mathematical modification is required to accommodate loop knots. Third, a higher sum of
topological twist fluctuation and circulation energies suggests better security. However, the relationship
between total energies and the crossing number is not straightforward. An informative algebraic
amalgamation of the three counting numbers would be beneficial.

Minimal Allowable Resistance and Knottability (M.A.R.K.) Test - The aim of this practical procedure
is to quickly evaluate a knot’s underlying structural stability by minimizing the influence of rope
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properties that mask fundamental knot behaviour. Sheath bunching should be eliminated and cross-
sectional deformation minimized. The test material must be solid and, most important, devoid of surface
asperities, such as braiding texture, and it should possess a low static coefficient of friction - 0,22 or
lower (the figure given for polypropylene). Further, using the European Standard EN 892 test standard
(1996) for modern climbing ropes as a guide, the material should be relatively stiff, having a knottability
index greater than 1,2. Test knots are then loaded manually. If a knot slips, it should be immediately
rejected. Monofilament fishing line and suturing material are suitable, since no larger monofilament
materials may be readily available. The main impediment with these materials is their thin diameters,
making tying difficult. A dissecting microscope is required to check knot correctness and dressing before
any pull test.

Load Irregularity Test - Assessing a knot’s susceptibility to capsizement, flipping, flyping and reptation
reveals how secure it may or may not be during unusual operating conditions. To accomplish this, a
CE/UIAA-certified single climbing rope can be loaded to at least 160 kg. in various configurations. That
is twice the weight of a standard UIAA drop-test mass, and doubling the mass adheres to Wexler’s
calculation for initial static loading (European Standard EN 892, 1997; Wexler, 1950). Test knots should
be dressed beforehand and set with an initial 10 kg. load, once again following the EN 892 standard. One
example of load irregularity testing is ring-loading of loop knots. Harnessing and anchoring loop knots
can be ring-loaded at right angles to the usual force vector in order to evaluate their propensity for
capsizement (Figures 8 and 9). Direct, oblique and indirect variants of bends can be loaded to learn if
capsizement, reptation or flipping can be induced. (See Figures 3 to 5 and 10.) If the knot unties
completely, it fails. If it distorts to form a less secure structure, higher force should be applied to
determine if it will fail completely and the number of distinct changes should be noted.

Hitches

Theoretical Analysis - Fixed hitches can be assessed mathematically using methods devised by Bayman
(1977), and Maddocks and Keller (1987). These models analyse planar tension equilibria and geodesic
crossing-point friction. Bayman’s model is a summation of the friction afforded at each crossing or
contact point using the Euler-Eytelwein Capstan formula. Maddocks and Keller’s model is more involved
and requires mathematical constructions for each new knot examined. More realistic comparative
calculations would require the input of rope and carabiner diameters, in addition to the static
coefficients of friction for different synthetics and aluminum or steel. Rope hitches grip main lines via
compression and camming action, and they can be analysed mathematically as well. Plummer (1973)
examined the gripping ability of specific rope hitches employed to ascend fixed lines in caving
applications. He utilized contact vectors and load angles to assesses how snugly a rope hitch is knotted
around a main line, an indication of its gripping ability. The calculations are specific to hitch structure.
Practical Analysis - Another approach is to perform multiple slow-pull tests to determine a rope hitch’s
holding capacity before it slips, which can be surprisingly low if the hitch is tied too loosely as predicted
by Plummer’s analysis. To be thorough, the rope hitch should be tested first with the main line slack to
permit camming and compression, and then the main line should be loaded with an 80 kg. mass in order
impede the compression and camming of the main line. Some users prefer rope hitches that release
easily while loaded - usually looser constructions - and, not surprisingly, those hitches typically yield at
lower loads (Moyer, et al., 2000). This demonstrates the need to prioritize knot characteristics. Which is
more important: holding capacity (critical security) or ease of release (an important or desirable
operational characteristic)?

Phase II - Operational Characteristics

The second phase evaluates the knot according to its operational characteristics, a sample of which were
mentioned previously. There are others specific to knot applications. For example, drop tests can assess
energy absorption as knots tighten and the rope stretches (Auduloy, etal., 2007; Sry, et al., 2018; Weller,
et al,, 2015; Martin, et al.,, 2015; European Standard EN 892, 1996). Evaluating a knot’s resistance and
tendency to jam when dragged over rough surfaces is another possibility (Chisnall 2020a; Gommers,
2013). Whatever second-phase testing is undertaken, it should address all important and desirable
characteristics that must be checked based on the conditions under which the knot will be expected to
perform reliably. (See Table 2.)

By their qualitative nature, some characteristics require a subjective assessment and the evaluator must
be aware of his or her biases and experiences during that process. Other characteristics require some
sort of formal assessment that yields valid and reliable data for comparison. Relevant experimental
design is essential.
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General Knot Types | Common Functions

Stoppers Belay Line Security, Rappel Line Security, Backup Knots
Bends Cordelettes, Joining Ropes, Reepschnur Stoppers

Loops Anchoring, Harness Attachment

Fixed Hitches Anchoring, Personal Anchoring System

Movable Hitches Emergency Belaying, Improvised Rappelling, Rescue Lowers
Rope Hitches Ascending, Rappel Backup, Hauling

Release Hitches Load Transfers, Partner Rescue

Table 2. General knot functions. Phase II testing should take into account operational demands when
evaluating knot performance and safety.

List and Rank Characteristics - A complete list of operational characteristics is needed at the outset
and the ranking of those characteristics requires careful thought in addition to relevant testing. Dividing
functions into critical, important and desirable categories is the first step, and certainly climbers will
disagree on rankings within each category. The argument herein is that the critical characteristics -
security and strength - have already been dealt with in phase I. Again, the most important governing
principle the immediate consequences of knot failure relative to poor functionality. A knot might be
secure and strong (critical) but hard to untie after being loaded (important or desirable). In contrast,
another knot utilized for the same purpose might be easy to untie after loading but less secure. If a knot
joining two rappel lines unties, the consequences are instantaneous and catastrophic. If the same knot
holds but tends to get jammed more often than others, the consequences are not immediate but they
could lead to entrapment and a climbing party could get benighted on a long climb. This would be an
important consideration. If the secure knot does not get jammed but tends to drag over rock grudgingly
during rope retrieval, that is less important. Low drag might be regarded as a desirable operational
characteristic. Making these distinctions in practice is not clear cut and can be a function of user bias.
Phase III - Tier Behaviour

Characteristics associated with tier behaviour are then evaluated in the third phase. The number of tying
actions - called movement and behavioural primitives (Jenkins & Matariae, 2002) - can provide an
approximation of knot complexity and the potential for error. Teaching and learning time can be
measured, taking into account consistent instructional methods and disparate tier experience. Retention
over time and error frequency should be a part of this appraisal.

Complexity and Behavioural Primitives - A simple method of assessing knot complexity is to
determine its crossing number when it is depicted as planar projection. There are several challenges
with this approach. First, how are the crossings counted? As illustrated in Figure 10, the Water Knot has
a minimum of 12crossing points when simplified using Reidemeister moves. Its dressed, three-
dimensional counterpart has 15 crossing points when represented as a planar projection. (Of course
Water Knots are usually tied in webbing (tape).) Second, the number of crossing points does not
necessarily indicate the number of steps or behavioural primitives required to complete a knot. For
example, a Figure Eight Loop can be tied in the bight or it can be retraced as a harness tie-in. When
equally dressed in three dimensions, both knots have the same planar crossing number, namely 20. (The
simplified planar projection has 16 crossings. See Figure 5.) However, their tying methods are different.
The actions required determine tying complexity. Tying the Figure Eight Loop in the bight takes four
steps, depending how each behavioural primitive is identified: 1. Fold the rope to make a Closed Loop
or bight; 2. Cross the Loop over the standing parts to form a Crossing Loop; 3. Wrap the loop around the
standing parts; 4. Tuck the bight up through the Crossing Loop. Different tiers might identify three, four
or five movement primitives, so a range evaluation would be appropriate. In comparison, retracing a
Figure Eight Knot when connecting the harness to the end of a rope will entail three to five movements
(the initial Figure Eight Knot), and retracing the wend takes four more steps, more or less. Therefore,
based on tying complexity, retracing the Figure Eight requires seven to nine movement primitives. Does
a crossing count as one behavioural primitive, or does a crossing and wrap count as one? For knot
comparison purposes, of course, behavioural primitives would have to be precisely defined to avoid
ambiguity.

Learning, Recall and Error - Evaluating learning and recall depends on several variables, which are
open to interpretation. Straightforward behavioural metrics can include tying time and number of
errors. Data from multiple test subjects would be required to get a reasonable average and range.
However, a tier’s experience and background would affect the outcome. One approach might be to
recruit 10 experienced and 10 inexperienced volunteers. (Experienced climbers would bring to this
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evaluation the skills and biases they’'ve developed through practice and repetition.) An inexperienced
subject should provide a behavioural tabula rasa. Ideally, an instructor using a standardized teaching
method would demonstrate the tying of a knot that is unfamiliar to all test subjects. Three identical
demonstrations could be the experimental standard. Then each subject would attempt to tie the newly-
learned knot, the duration of the task would be timed and the number of attempts and errors would be
counted. The subjects could then be tested in the same way one week later, without any review, to assess
their recall. Most climbing knots are well established and known, some of which have applications in
other pursuits. To evaluate the tying complexity of commonplace climbing knots, rank beginners would
have to be taught and tested to determine the potential for tying error. Other evaluation strategies are
feasible, but the same method would have to be applied uniformly to the set of knots being compared.
Conclusions

The main thrust of this briefly outlined test protocol is the evaluation of knot security, followed by tensile
breaking strength tests. Operational characteristics and behavioural concerns should be tested as well
for a complete assessment of overall knot safety and functionality. The proposed protocol requires
numerous steps within three phases for a complete assessment. The time invested would provide a more
reliable and informative set of conclusions for knot comparison that prioritizes critical characteristics.
This protocol may be applicable to other pursuits and professions that rely on knots, including rescue
operations, rope access and work at height, marine applications and surgery.

continuation bias (Kahneman, et al,, 2021). Research into judgment recommends that welldesigned
algorithms be employed to assess relevant information, and the protocol described herein attempts to
meet that requirement. Several knot options might be suitable for a particular purpose, but their
strengths and weaknesses must be clearly determined and ranked, and appropriate caveats considered.
Ultimately, the well-informed climber must decide and act accordingly (Chamarro & Fernandez-Castro,
2009; Kahneman, et al,, 2012; Little, 1980; Muchnik, et al., 2013; Udall, 1987; Wilde, 1988).
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