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Mechanical transmission is essential in force-related activities ranging from the daily
tying of shoe laces! to sophisticated surgical® and robotic operations®*. Modern
machines and robots typically use complex electronic devices designed to sense and
limit force®, some of which still face challenges when operating space is limited (for
example, in minimally invasive surgeries)® or when resources are scarce (for example,
operations inremote areas without electricity). Here we describe an alternative
slipknot-based mechanical transmission mechanism to control the intelligent
operation of both human and robotic systems. Through topological design, slipknot
tying and release can encode and deliver force with a consistency of 95.4% in repeating
operations, which circumvents the need for additional sensors and controllers. When
applied to surgical repair, this mechanism helped inexperienced surgeons to improve

their knotting-force precision by 121%, enabling them to perform surgical knots as
good as those of experienced surgeons. Moreover, blood supply and tissue healing
after surgery were improved. The mechano-intelligence exhibited in slipknots
may inspire investigations of knotted structures across multiple length scales.
This slipknot-gauged mechanical transmission strategy can be widely deployed,
opening up opportunities for resource-limited healthcare, science education and

field exploration.

Mechanical transmission is integral to a wide range of force-related
activities, from daily tasks to advanced surgical and robotic proce-
dures' . Despite their importance, electronic force-sensing devices
face challenges in environments with constrained space or limited
resources, such as minimally invasive surgeries and off-grid opera-
tions®, respectively. In surgical practice, explicit measurements of
tension remain difficult, as sensing systems are often impractical to
implement. Consequently, surgeons typically rely on visual estimation
based on the degree of tissue deformation rather than on quantita-
tive assessments’. To overcome such challenges, here we propose
aslipknot-gauged mechanical transmission strategy that enables
intelligent control for both human and robotic systems (Fig. 1a).
Although topologically equivalent to trivial knots®, the slipknot pos-
sesses distinct geometric and mechanical properties. Specifically,
during its deployment, a sequence of peak force signals, denoted

as F,,, can be transmitted to the robot arm and human hand. Each
slipknot is fabricated through a knot-tying process, whereby a pair
of tensile forces are imposed on the string until a predefined value,
denoted as F;,,, is reached (Fig. 1b, top left). This predefined tensile
force canaffect contact®®, friction" and elastic deformation'* of the
slipknot system (Fig. 1b, top right). To transmit the encoded force,
a pair of forces are imposed on the free ends of the string (Fig. 1b,
middle), which leads to a topology-preserving movement (Fig. 1b,
bottom left) and final opening of the slipknot (Fig. 1b, bottomright).
By analysing elastic deformation of the slipknot, the peak force, F
during the slipknot-releasing process can be quantified (Fig. 1b, bot-
tomright). The robustness and consistency of the slipknot-gauged
mechanical transmission strategy (Fig. 1c-e) was evaluated througha
series of microrobotic operation experiments (Fig. 1c) and industrial
robotic arm manipulations (Fig.1d). The force encoding and releasing
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Fig.1|Schematic of mechanicalinformation transmissioninastringby
slipknots. a, Schematic of aseries of slipknots on astring that transmit force
signalspectrato gauge roboticarmoperations. b, The process of mechanical
information writing and reading inaslipknot. Mechanical informationis written
intoaslipknot by tying it with aspecific force input. The mechanical model
processes this force input, incorporating features such as physical factors and

mechanisms of slipknots were also validated in heavy-duty robotic
operations (Fig. 1e).

Mechanical modelling and characterization of slipknots

We performed atensile test ona filament with a typical slipknot, which
was obtained using a pre-tightening force of F;,, = 7.500 N (Extended
DataFig.1). High-speed photography (Supplementary Video 1) and
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topology. The mechanical informationis then output as the peak force, Fye,,
during the knot-releasing process of pulling the slipknot. c-e, The slipknot-
gauged mechanical transmission strategy was validated inscenariosincluding
micro-operations (c), collaborative manipulation (d) and heavy-load rescue
missions (e). Scale bars,1mm (c),2 cm (d) or 10 cm (e).

microcomputed tomography (micro-CT) scanning techniques were
used to capture the evolution of knot configurations (Fig. 2a,b). The
initial configuration of the slipknot comprised two free ends, a knot
loop and aslip loop (Fig. 2a, left). As the external force imposed on
the free ends increased, the length of the slip loop gradually reduced
(Fig. 2a-c, left four images). The force-displacement curve (Fig. 2d)
showed asteady tensile force during the initial stage (Fig. 2d, (1) and (2)).
Subsequently, the tensile force started to increase, which was caused
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Fig.2|Mechanical modelling and characterization of slipknots.
a-c,Snapshots ofanopening slipknot by high-speed photography (a), micro-CT
scanning (b) and finite element result (c). Scale bars,1 mm. The slipknot
transitions slowly from the initial state (first column) to the snap-out state
(fourth column) when the first Reidemeister move, R,, occurs and then rapidly
opens (last column). d, Experimental and modelled (both theoretical and
numerical) force-displacement curves of aslipknot. The theoretical model
involves two stages: before (stage 1) and after (stage 2) the R, move. e, F ., values
of 500 slipknots onafluorocarbon filamentstring tied with F;,, = 7.500 N.
Thevaluesare located within 2.945 + 0.135 N (mean +s.d.,n =500 independent

samples), showing a consistency of 95.4%. f, Mechanical model of the two
stages before and after the R, move. Blackand grey lines denote the rod part,
and orange tubesindicate the constraint. Inset, the R, move in asimulation.

g, Experimentally tested F,,, values (mean * s.d.) in different configurations
of single-knot, double-knot and triple-knotloops (n = Sindependent samples).
h.i, F,...changes over time (h) (mean +s.d., n=5independent samples) and
testing speed (i) (mean +s.d., n = 5independent samples) validate the stability
oftheslipknotsinlong-termand dynamictests. Points in the figures denote
experimental data, linesindicate mean values and shadingreflects the
uncertainty. Grey areasin these figures represent the unstable regions.
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Fig.3|See next page for caption.

by anincrease in writhe™ (Fig. 2a, middle, d, (2-4)) and the stress con-
centration (Fig. 2c (left four images) and Supplementary Note 1) of
thesslip loop. Micro-CT scanning results revealed that the contact area
between the slip loop and the knot loop also increased (Fig. 2b, left
fourimages). Afteracritical force of F ., = 2.931 N, the slip loop exhib-
ited evidence that it was about to snap out® of the knot loop (Fig. 2a,
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Common suture
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fourth image), accompanied by topological Reidemeister moves® of
the knot (Supplementary Fig. 1). After the slipknot fully opened up
(Fig. 2a,b, far right images), the tensile force on the free ends rapidly
declined, which was characterized by a sudden load drop (Fig. 2d,
right two images) and stress release in the slip loop (Fig. 2c, far right
image). The value of F,.,, measured from tensile tests on 500 slipknots



Fig.3|Aslipknotgauges mechanical transmissionin surgical operations.
a, Asuturewithaslipknot (red box) transmits a pre-encoded force to a surgical
knot (blue box), termed asliputure. b, The F,.,, emerges at slipknot opening to
transmit mechanical information. ¢, The F,, is transmitted to the surgical knot
duringtying. A proper tying force within afeasible range produced a flat wound
closure (middleimage). Conversely, excessive force causesischaemia (top image),
whereasinsufficient force leads to leakage (bottomimage). d, The knot-tying
force (mean = s.d.; ribbonsindicate thes.d.) of junior surgeons (n =10;
independent participants) and senior surgeons (n=>5;independent participants)
(n=10;independent experiments). Withcommon sutures, junior surgeons
showed lower force precision. Using sliputures without training significantly
improved the precision of junior surgeons, even surpassing senior surgeons
using commonsutures. e, The probability density of the incision pressure is
more compactwithsliputures (n=25; independent experiments). f, Feasible
forcerange (n=20; independentbiological replicates) (blue) of ex vivo rat

colonicinjury repair was defined by F,,;, (green, transition to no leakage) and
F.ax (Orange, transition tosecondary leakage). g, Burst pressure (mean +s.d.;
ribbonsindicate thes.d.) shows thatsliputures produce initially lower pressures
but plateau beyond controls after day 5,2 days earlier (n = 3; independent
biological replicates) than for common sutures. h,i, LSClimages of vessel
visualization of rat colons after biopsy puncture and repair using sliputures (h)
orcommonsutures (i). Dashed boxes mark punctured areas, which show that
sliputureslead toimproved blood supply. Colour bars represent relative
perfusion units. j, Image of surgeons operating using the sliputure with
laparoscopicinstruments. k, The tying process with sliputures in laparoscopic
repair of colonicinjuriesinlive pigs. 1, The repaired porcine colon regions by
laparoscopicsurgery appear flat when repaired using sliputures (left), whereas
they appear bulging when repaired with common sutures (right). Scale bars,
1mm (h) or 5mm (k,I).

(Fig.2e) was 2.945 + 0.135 N, aresult that highlights the consistency of
slipknot-gauged mechanical transmission.

On the basis of the results obtained from experiments and simu-
lations, particularly the importance of the Reidemeister move's, we
divided the process of slipknot release into two stages: stage 1 and
stage 2 (Fig. 2f). Stage 1 comprises the release process before the
Reidemeister move, whereby the tensile force increases owing to the
combined effects of contact, friction and elasticity. Stage 2 consists of
bifurcationdue to additional Reidemeister movements, which leads to
the F,..x and to further decreases in the tensile force (Supplementary
Note 2). Theinterception point of the corresponding force-displace-
ment curves was located immediately preceding the F ., which fits
well with the experimental and simulation results (Fig. 2d and Sup-
plementary Video 2).

Increasing the pre-tightening force Fy;,, and the number of knot
loops when creating the slipknot enlarged the contact area between
thesliploop and the knotloop (Supplementary Fig. 2), which provided
amethod to tune the F., (Fig. 2g). Under the same Fy;,, value, the
Fpeax could be modified through the use of monofilaments with differ-
ent diameters (Extended Data Fig. 2). Slipknots made from different
materials and structures also exhibited different friction coefficients
when submerged in various liquid media (Extended Data Fig. 3 and
Supplementary Note 3). These modifications subsequently affected
Fpeax Values, which aligned with model predictions (Extended Data
Fig.4). Of note, slipknots retained their performance after 32 days of
storage. Together, these results demonstrate the long-term mechani-
cal stability of slipknots from production to practical use (Fig. 2h).
Dynamic behaviour analyses revealed a nearly constant value of F
across awide range of testing speeds (Fig. 2i). Such stability indicates
that slipknots can reliably gauge operations that are either manually
or mechanically driven.

Asslipknot gauges mechanical transmissionin surgical
operations

Knot tying, the gold-standard procedure for closing incisions in sur-
gery, requires the interplay of dexterity, expertise and experience of
the surgeon®, The precise and robust mechanical transmission pro-
vided by a slipknot matches the demands for accuracy and consist-
ency required insurgery” (Fig. 3a-c). In gastrointestinal surgery?®, for
example, the maintenance of a suitable suturing force is challenging
(Fig. 3¢, middle). Failure of a surgical knot in gastrointestinal surgery
canresult in anastomotic leaks, which canlead to an increase in mor-
tality of more than 30%%. Moreover, excessive force from tight knots
can cause tissue ischaemia (Fig. 3¢, top), whereas insufficient force
from loose knots can result in dehiscence? (Fig. 3¢, bottom). In con-
trast to alternatives such as modified suture materials® or the use of
sutureless sealants?, we propose that a slipknot (Fig. 3a, red box) can
be connectedinseries at the end of acommon suture (Fig. 3a, blue box)

to form anew type of suture, termed the ‘sliputure’. For surgeons, the
required steps to perform a sliputure are as simple as tying the sur-
gical knot as usual™ and then pulling the slipknot until it opens. The
pre-encoded opening force (F,.,) of the sliputure guarantees that the
tying force of the surgical knot precisely aligns within the feasible range
(Feurgical knot tying = Fpeat) (Fig. 3b). Consistently good surgical suturing is
typically gained through experience by the surgeon. Sliputure enables
precise and robust control of the intelligent force limit without the need
toalter established surgical practices orintroduce additional devices.
Totest the sliputure system, we recruited surgeons with varying expe-
rience (more than 10 years (seniors) or fewer than 10 years (juniors))
and asked themto tieasurgeon’s knot to close anincisiononasilicone
model (Supplementary Figs. 3 and 4). Using the common suture, aforce
of1.534 + 0.283 N (relative standard deviation of I/, Seniors commonsuture —
0.184) was measured when knot tying was performed by senior sur-
geons. Senior surgeons also exhibited higher precision than junior
surgeons (1.716 £ 0.736 N, I/Juniors.commonsuture — ) 499) To expand the
comparison of performance between junior and senior surgeons with
sliputures, we introduced |AF|, defined as the absolute difference
between the actual and target F,,.. Notably, using a sliputure with
atarget F ., 0f 1.400 N (F,y;,, = 0.350 N), junior surgeons exhibited
better performance than with the common suture (1.445+ 0.280 N,
yuniorsstiutre = . 194 | AFljyniors, stiputure = 0238 + 0.151 N compared with
[AF]jyniors, commonsuture = 0.575 £ 0.556 N, P < 0.001). By contrast, no sig-
nificant difference was shown with senior surgeons (1.480 + 0.272 N,
Vv, Seniors stiputure — 0 184 | AFlgeniors siputure = 0-197 + 0.201 N compared with
|AFlseniors, commonsuture = 0-236 £ 0.204 N, P= 0.349). Furthermore, junior
surgeons using sliputures achieved equivalent performance to senior
surgeons usingsliputures (P = 0.165) and common sutures (P = 0.927)
(Fig.3d). Compared with the common suture, sliputure improved the
knotting force precision by 121% in junior surgeons. We next used a
pressure-sensitive film to measure the incision pressure after suturing
(Supplementary Fig. 3b). The probability density distribution of the
pressure associated with sliputures (98.0 + 9.6 kPa, relative standard
deviation of V,SPuture = 0 098) was more compact than with common
sutures (93.2 + 21.9 kPa, Y, commensuture = ( 935) (Fig. 3e and Supplemen-
tary Video 3).

With precise and consistent force transmission, the slipknot-gauged
intelligent operation had animmediate effect on clinical practice, as
demonstrated using a rat model of colonic injury repair. The opti-
mal knot-tying force to repairacolonicinjuryinrats ranged between
0.32Nand 2.28 N (Fig. 3f, Supplementary Fig. 5 and Supplementary
Video 4). Note that the optimal knot-tying force for other surgical
procedures can be obtained through combinations of experimen-
tal tests and mechanical modelling. Here we selected the midpoint,
1.30 N, as the target knot-tying force for subsequent experiments,
and set F ., = 1.300 N for the sliputure. The sliputure exhibited high
forceaccuracy and efficacy in repairing both ex vivo (Supplementary
Video 5) and in vivo (Supplementary Video 6) rat models of colonic
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injury (Supplementary Fig. 6). Laser speckle contrastimaging (LSCI)
showed that colonic injuries repaired with sliputures exhibited bet-
ter restoration of the blood supply than those repaired with com-
mon sutures (Fig. 3h,i). Regarding surgery-related complications,
sliputure-treated animals did not show macroscopic colonic leaks
compared with common-suture-treated animals (0 out of 10 leaks
compared with 2 out of 10 leaks, respectively, P= 0.474). Moreover,
fewer postsurgical adhesions appeared after using sliputures than
common sutures (3 out of 10 adhesions compared with 10 out of
10 adhesions, respectively, P=0.003) (Supplementary Fig. 7). We
evaluated healing of the colon by monitoring the burst pressure
(Supplementary Fig. 8). Irrespective of the expertise of the surgeon,
the slipknot-gauged mechanical transmission in the sliputure led to
accelerated tissue healing. The burst pressurein the sliputure-treated
group reached a healthy level by the fifth postoperative day, 2 days
earlier than that in the common-suture-treated group (Fig. 3g). We
evaluated wound healing of repaired tissues, which were collected on
the fifth postoperative day, through haematoxylin and eosin (H&E)
staining of samples to evaluate tissue recovery and through multiplex
immunofluorescence staining to detect macrophage cell infiltration
(CD86 and CD206) (Supplementary Fig. 9). Muscular layer continu-
ity and restoration of mucosal glands correlated with a healed colon
in the sliputure-treated group (Supplementary Fig. 9a). Analyses
of cells labelled with the markers CD86 and CD206, which denote
pro-inflammatory and anti-inflammatory macrophages, respec-
tively, showed that the sliputure-treated group exhibited a notably
increased anti-inflammatory trend in the repaired colon. This result
demonstrates the enhanced recovery capacity of the sliputure (Sup-
plementary Fig. 9b). Additional blood analyses of inflammation cells
and comprehensive blood chemistry profiles indicated negligible
systemic effects, thereby confirming the biocompatibility of the sli-
puture (Supplementary Fig. 10).

We further applied the sliputure to assist in laparoscopic surgery,
whereby force feedback techniques are mostly used in simulation
training rather than real surgical settings®?*®. Here a pig model with
colonicinjuries was used to test the system. The surgeon operated the
sliputure with straight rod-shaped laparoscopicinstruments (Fig. 3j,k),
which cantransmit the force signal during slipknot opening back to the
surgeon (Supplementary Video 7). Colonic injuries repaired using sli-
putures generally exhibited aflatappearance, whereas tissue extrusion
and bulging were observed when common sutures were used (Fig. 31).
These results validate the performance of the sliputure in laparoscopic
surgery. To quantify the benefits of the sliputure, we performed surgi-
cal suturing on a silicone practice model under a laparoscopic setup
(Extended Data Fig. 5a-c and Supplementary Video 8). The results of
measured pressures of incision showed that sliputures improved sutur-
ing precision by 71.3% compared with common sutures (103.2 + 5.6 kPa,
y,Sheutwre — 0 054 compared with 104.0 +19.6 kPa, 1, Commonsuture — ) 188)
(Extended Data Fig. 5b).

Intelligent robotic suturing enabled by sliputure

Roboticsurgery is known for its high precision, visualization, dexterity
and ergonomic benefits*”. However, in existing robotic suturing, the
surgeon operates the robot to control the suturing process by observ-
ing tissue deformation, which can cause significant inter-individual
variation owing to the lack of force feedback’. The sliputure proposed
here provides anintelligent route to limit suturing force during robotic
operations. Once the slipknotis observed to open, a pre-encoded force
signal is transmitted to the suture to enable intelligent operation to
gauge surgical knot tying during robotic surgery based on visual cues
(Fig.4a). Compared with common suturing withinconsistent tension,
sliputure-assisted robotic operations with human-in-the-loop demon-
strated high consistency and accuracy (102.0 = 8.2 kPa, V/,SPure = 0,080
compared with 106.8 + 22.1 kPa, V, commensuture = 9 207) for multiple
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surgical knots (Fig. 4b,c, Extended Data Fig. 5d-fand Supplementary
Videos 9 and 10). Standing sutures with sliputures produced a flat
appearance of the tissue with sufficient blood supply compared with
traditional stapled procedures and continuous sutures (Supplementary
Fig.11). The sliputure is also sometimes compatible with continuous
sutures (Supplementary Fig. 12), thereby extending its applicability
across diverse surgical scenarios. The sliputure is designed to work
with the current robotic systems, which are not equipped with dedi-
cated force sensors. We integrated a vision-based automatic-braking
module into a customized da Vinci Xi robotic system. This system
was re-engineered to ensure seamless sliputure interfacing and uses
real-timeimage processing for slipknot detection. After slipknot release
isdetected, the system controllerimmediately issues astop command
to arrest instrument motion, which then effectively prevents suture
overpulling. This integrated system was validated in both silicone
models and in vivo porcine repairs of colonic injury. The results con-
firmed its reliable performance through visual force feedback and
significantly enhanced the applicability of sliputures in robotic surgery
(Fig.4d,e, Supplementary Fig.13 and Supplementary Videos 11and 12).
During the suturing process, the robotic arm pulls the slipknot (Fig. 4d),
and the corresponding geometric changes (Fig. 4e) are tracked by an
image-processing system. When the critical moment of slipknot open-
ingis detected (Fig. 4d,e, far rightimages), the robotic arm automati-
cally halts to prevent overpulling (Supplementary Video 13). We also
incorporated sliputure into collaborative robotic arms for intelligent
operation without humanintervention (Supplementary Figs.14 and 15).

Discussion

We developed a mechano-intelligent transmission mechanism based
ontheslipknotand validatedits precision and robustnessin delivering
force signals for clinical practice and robotic operation (Fig. 4f). This
mechanism is particularly well suited for minimally invasive surgery,
arepresentative application for sliputures, in which limited operat-
ing space and restricted access to electronic devices present signifi-
cant challenges®. Sliputures overcome these constraints through a
mechano-intelligent design that does not require advanced materials
or electronics. They offer advantages in simplicity and disposability
over conventional force-limiting devices (Supplementary Table 1).
Given the substantial cost of electronic force-sensing devices, easily
fabricated sliputures are highly economical, functioning without addi-
tional cost or equipment. An automatic slipknot fabrication machine
enables standardized and on-demand production to support scalable
application (Supplementary Fig. 16 and Supplementary Video 14).
Our sliputure strategy is applicable to both open and minimally inva-
sive surgeries, for which limiting the knotting force is critical. Such
proceduresinclude those that involve standing sutures in abdominal
operations, particularly those performed in confined spaces such as
anastomotic reconstruction of narrow luminal structures® and surger-
ies that demand precise knot tension, including corneal repair and
vascular suturing®’. Conventional surgical practices are maintained
when usingsliputures, and there isno need for additional procedures
tolimitthe knotting force. The strategy is also compatible with robotic
systems to provide intelligent operation. Sliputures maintained their
functionality even when the slipknot was positioned far from the sur-
gical site, which enables it to avoid areas affected by blood occlusion
during suturing. Moreover, the strategy is compatible with continu-
ous sutures (Supplementary Fig. 12), thereby extending its applica-
bility across diverse surgical scenarios. Sliputures can serve not only
as training tools but also as practical replacements for conventional
surgical sutures, whichmay be of particular benefitin resource-limited
regions with restricted access to medical equipment and training. We
also extended this mechano-intelligent strategy in robotic design to
enhance safety. By integrating a programmed slipknotinto the actua-
tion pathway of a tendon-driven robotic arm (Fig. 4f-h), the system
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autonomously interrupts force transmission, acting as a fuse when
the tensile load exceeds the F . This system can be implemented
in various robots to prevent structural overload and to ensure safe
operation during human-robot interactions.

The mechano-intelligence exhibited in slipknots may inspire investi-
gations of knotted structures across multiplelength scales. The opening
of slipknotted DNA molecules showcases how mechanical transmission
behaviours can be gauged at the nanoscale (Supplementary Fig. 17
and Supplementary Video 15). Slipknots act as mechano-intelligent
mediators in situations in which filaments are used. The mechanical
informationembedded in other structural elements remains to be dis-
covered, which could expand the mechano-intelligence of this system
to broader applications.
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Methods

Fabrication of the slipknot

All experiments were conducted at room temperature (21 °C). The
loading rate was set at 10 mm min " during the slipknot-tying process.
To ensure the reproducibility of the slipknots, we used a standard-
ized fabrication method witha3D-printed string-wrappingboard. The
designed grooves of the board conformed to the spatial configuration
oftheslipknot (Extended DataFig.1). String was wrapped along these
grooves to produce standardized slipknots. The upper right side and
lower right end of each slipknot were clamped, and the untightened
slipknot was subjected to tension using a Zwick/Roell Z010 testing
machine until a preset force F,y;,, was achieved. Following this proce-
dure, standardized slipknots with F,;,, were fabricated.

High-speed camerarecordings

We used a high-speed camera (C321, Phantom) to capture the evo-
lution of slipknot configurations during release from the front view
(Fig. 2a(i-v)). The camera operated at 11,000 f.p.s. with a 10-ps elec-
tronic shutter speed using macro lenses (100MM F2.8 CA-Dreamer
Macro %2 lenses, Anhui Changgeng Optics Technology). It recorded
images at 640 x 128 pixels with a10-bit depth.

Micro-CT scanning

We used a micro-CT system (Xradia 610 Versa, Zeiss) with a voxel size
of 1.3 x 1.3 x 1.3 um?® to scan slipknots and to reconstruct their 3D
structures based on five typical states. The micro-CT system was set
to operate at 120 kV and 17.5 W. Each scan involved an exposure time
of 2,500 ms per projection, during which the slipknots were securely
positioned and examined for approximately 170 min. We fabricated
aninsitu tensile fixture (Supplementary Fig. 18) that fit in the sample
chamber of the micro-CT scanner. This fixture enabled application of a
preset tensile forceto theslipknot, allowingit to be gradually opened to
any desired state and maintainingitin astable configuration through-
out the scanning process. Micro-CT modelling and analyses were per-
formed using Amira 3D software (v.2021.1, Thermo Fisher Scientific).

FEM of slipknots

FEM of the string slipknot was performed using Abaqus 2020 and the
Abaqus/Explicit solver for computations. A model representing the
slipknot was formulated using 8-node linear brick mesh elements
withreducedintegration and hourglass control (C3D8R). The material
behaviour of the string was characterized by elastoplasticity. Elastic-
ity was captured by using linear elasticity with an elastic modulus of
2,700 MPaand a Poisson’s ratio of 0.49. The plasticity was captured by
using a plasticity model of combined hardening by fitting cyclic tensile
test data (Supplementary Note 1and Supplementary Fig.19). The con-
tact condition was modelled using ageneral contact-type interaction
with a friction coefficient of 0.16 (Extended Data Fig. 6).

The simulation processes of slipknot tying, tightening and opening
were visualized. First, the string was tied into aslipknot by implement-
ing prescribed displacement sequences to the key points along the
string. Second, the slipknot was tightened with a preset force. The
pre-tension was maintained in one step and was unloaded afterwards.
Third, the slipknot was opened by moving the free end away from the
fixed end.

Mechanical test
We conducted a series of mechanical tests to explore the mechanical
characteristics of slipknots, including consistency tests, parametric
relationship tests and stability tests. All slipknots were made of fluo-
rocarbon string (YGK) and each test contained five samples.

Inthe consistency test, 500 slipknots with single-knot loops were fab-
ricated withastring diameter of d = 0.235 mmand a preset force F;,, =
7.500 N. In the parametric relationship test, we studied the influence

of the number of knotloops, the preset force F;,, and the string diam-
eter d on the open force F,.,. First, we used string (d=0.235 mm) to
fabricate slipknots with different knot-loop numbers (single, double
ortriple) and different preset forces of Fyy;,, (2.500 N,5.000 N, 7.500 N,
10.000N,12.500 N,15.000 Nand17.500 N). Next, with F,;,, = 5.000 N,
we used string of different diameters (0.148 mm, 0.165 mm, 0.235 mm,
0.285 mmand 0.333 mm) to fabricate slipknots with different knot-loop
numbers (single, double or triple). In the stability test, the slipknots
weretested after atime period (day 1,2, 4, 8,16,24 and 32). The tested
slipknots had astring diameter of d = 0.235 mm and different knot-loop
numbers (single, double or triple). All the slipknot samples were tested
using a Zwick/Roell Z010 testing machine. The slipknots were opened
ataspeed of 50 mm min™, and the F,.,, values were recorded. Finally,
inthe stability test, slipknots (d = 0.235 mm) with different knot-loop
numbers (single, double or triple) were opened at different speeds
(Smmmin™, 10 mm min, 20 mm min™?, 40 mm min™, 60 mm min~,
80 mm min~and 100 mm min™), and the F,,, values were recorded.

Friction test

We conducted friction tests to measure the kinetic friction coefficients
ofthreetypes of filaments: fluorocarbon monofilament (d = 0.235 mm,
YGK), braided absorbable sutures (4-0 Vicryl, Ethicon) and braided
non-absorbable sutures (4-0 Mersilk, Ethicon). Tests were carried out
under dry, moist and lubricated conditions. The moist conditions
included synthetic blood (Phygene Biotechnology), simulated body
fluid (Phygene Biotechnology) and natural saline (Phygene Biotechnol-
ogy). The lubricated condition was silicone 0il 10 mPa-s (Aladdin). We
established a friction measurement fixture, whereby a filament was
suspended above a spiral tube through a pulley system (Extended Data
Fig.3a).Bearings applied the controllable normalforce (F,) to press the
filament firmly against the spiral tube, which was wrapped with the same
filament. The spiral tube was placed inatank to enable tests in moist and
lubricated conditions. By steadily pulling the filament using a universal
testing machine, the tangential force (F;) was measured. F, under varying
F,was recorded and analysed through linear regression to determine
the kinetic friction coefficient of the filament. The friction coefficients
in moist and lubricated conditions were evaluated by dripping differ-
entvolumes of liquids onto the filament-tube contact region. We also
replaced the spiral tube with a silicone block to measure friction coef-
ficients between the filament and silicone (Extended Data Fig. 3b-d).

Opening sliputures under dry, moist and lubricated conditions
To examine whether exposure to fluid in a real surgical environment
interacts with the slipknot, which would further influence the F,,,
we conducted a series of opening sliputure tests using various types
of filaments, including fluorocarbon monofilament (YGK), braided
absorbable sutures (Vicryl, Ethicon) and braided non-absorbable
sutures (Mersilk, Ethicon) (Extended Data Fig. 4). Each material was
tested under dry, moist and lubricated conditions, with five samples per
group. For fluorocarbon monofilaments, we used string (d = 0.235 mm)
tofabricateslipknots with double-knotloops and different preset forces
Of Fiying (2.500 N, 5.000 N, 7.500 Nand 10.000 N). For braided absorb-
able sutures and non-absorbable sutures, strings (4-0, d = 0.150 mm)
were used to fabricate slipknots with double-knot loops and different
preset forces of F;,, (0.100 N, 0.200 N, 0.350 N, 0.400 N, 0.800 N,
1.600 Nand 3.200 N). All the samples were tested using a Zwick/Roell
7020 testing machine in dry conditions, in synthetic blood (Phygene
Biotechnology), in simulated body fluid (Phygene Biotechnology), in
natural saline (Phygene Biotechnology) and in silicone oil 10 mPa-s
(Aladdin). The slipknots were released at a speed of 30 mm min™, and
the F,.,x values were recorded.

Wearable knot-tying force test platform
A wearable knot-tying force test platform (Supplementary Fig. 20)
was constructed to accurately measure the tension in sutures during
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asurgical suturing process. The platform consisted of aknob, two pul-
leys, aslider, a steel wire and a load cell (SBT641C, Simbatouch). One
end of the suture was secured to the slider through the knob, and the
adjacent pulley guided the suture, thereby minimizing the impact of
hand-posture variations on force measurement. The slider was con-
nected to the load cell by a steel wire (d = 0.8 mm) running through
the upper pulley. During suturing, the surgeon positioned theirindex
finger through aholeinthe device, withthe thumb resting onthe shell
above the pulley next to theload cell. Tensionin the suture was directly
measured by the load cell as the suture was pulled through the platform.

Bimanual real-time dynamometer

Abimanualreal-time dynamometer platform was developed to accu-
rately capture tensile forces applied by both hands during surgical knot
tying. The system consisted of a medical sterile interface, a passive
revolute joint and a quick connector (Supplementary Fig. 21a). The
sterileinterface ensured clinical compatibility, and the passive revolute
jointprovided afreerotational range of 80° (Supplementary Fig. 21b),
which enabled natural wrist movement and reduced the influence of
hand posture or angle on measurements. To eliminate angular interfer-
ence and to achieve high-fidelity force data, the dynamometer adopted
adecoupled mechanical structure (Supplementary Fig. 21c), and the
force applied through the suture was transmitted directly through the
jointtotheinternal sensor. Notably, the platform supports simultane-
ous use of two devices, one for each hand, which enabled real-time,
bilateral force measurement.

Knot-tying force test across surgeons

To assess the clinical feasibility of the sliputure transmitting force, we
designed a knotting-force test platform to measure knotting-force
precisionand incision pressure (Supplementary Fig.4). This platform
comprises three major components: (1) the desired sliputure withaslip-
knotonabraided commonsuture (4-0 Mersilk, Ethicon); (2) asilicone
practice model with pressure-sensitive films (4LW, Fuji film Prescale);
and (3) areal-time dynamometer. Fabricating the sliputure with an
Fpeax 0F1.400 N (Fy;, = 0.350 N), we evaluated the impact of sliputure
transmitting force on the knotting-force performance of surgeons®-*,
Tenjunior surgeons and five senior surgeons were randomly selected
and recruited for the experiment. Junior surgeons were defined as
surgeons with fewer than 10 years of clinical experience, whereas senior
surgeons were those with more than 10 years of clinical experience.
Each surgeon performed knot tying (n = 20) with common sutures
(n=10) and ssliputures (n =10). The real-time dynamometer collected
dataontheforce used, and then we acquired the force data after data
transformation (Supplementary Figs. 3a and 4). All force data were
used for further comparative analyses.

Incision pressure test of standing sutures

To evaluate the mechanical transmission ability of the sliputure, we
used asilicone practice model along with pressure-sensitive film (4LW,
Fuji film Prescale) to quantify incision pressures of standing sutures
using sliputures and common sutures (Supplementary Fig.3b). Inthe
silicone practice model, we performed a7-cmincision by laser cutting
tosimulate awound. Adjacentto theincisionat 0.5 cmfrom either side,
2 sets of circular holes measuring 1 mm in diameter were introduced
parallelto the trajectory of theincision. These circular holes facilitated
the entry and exit of the needle during the suturing process. To elimi-
nate any interference among needles, a longitudinal spacing of 1cm
was maintained between neighbouring circular holes. Leveraging the
midpoint of the feasible force range, we prepared an engineered slip-
knot (4-0 Mersilk, Ethicon) withan F,,, value 0f 1.300 N for subsequent
experiments. Pressure-sensitive films (film A for colour rendering and
film B for pressure assessment) were precisely positioned to match
the contour of the simulated wound. Following the process of sutur-
ing and pre-tying knots, the pressure exerted by the slipknot on both

sides of the wound made ared colour in film B. To ensure consistency,
senior surgeons performed the same suturing procedures using both
sliputures (n=25) and common sutures (n = 25) on the silicone practice
board. These suturing trials were conducted under open, laparoscopic
(Hefei DVL Electron) and robotic (Intuitive Surgical-Fosun Medical
Technology) surgical settings. During robotic surgery, the knotting
velocity of the surgeon was quantified using Tracker (v.6.0.9). Subse-
quently, the colour intensity of the pressure-sensitive film A, which
corresponded to the applied pressure, was quantified by scanning the
images and converting them into numerical values using commercial
software (Fuji film FPD8010E v.2.5.0.3).

Incision pressure test of continuous sutures

Toevaluate the stress distribution of continuous sutures, we performed
incision pressure tests of continuous sutures® (n = 5) of five stitches
onasilicone practice model (Extended DataFig. 7 and Supplementary
Note 4). After excluding the influence of the anchor knot (first stitch)
and the final knot (last stitch) onincision pressure, we chose the middle
three stitchesbased onthe oblique trajectory of the suture in continu-
oussutures. Subsequently, the pressure-sensitive films (4LW, Fuji film
Prescale) embedded in the silicone were removed, and the films corre-
spondingto the middle three stitches were selected for analyses. Colour
changes were quantified by scanning the images and converting them
into numerical values using commercial software (Fuji film FPDS8O10E).

Bimanual knot-tying force test

Thebimanual knot-tying force test was conducted to measure and com-
parethe forces onbothsides of the sliputures (Supplementary Fig. 22).
Fivejunior surgeons and five senior surgeons were randomly recruited
for the experiment. Each surgeon wore real-time dynamometers biman-
ually and performed knot tying using sliputures of double-knot loops
(4-0 Mersilk, Ethicon) with an F ., value 0of 1.300 N (7 =10). During
the test, the side with the slipknot was pulled and the peak force was
defined as T, Whereas the other side without the slipknot was held
stationary and the peak force was referred to as Ty,.4. The process was
stopped after the release of the slipknot. The F, values from both
dynamometers were recorded for comparison.

The buffer zone of sliputures

The buffer zone of sliputures was determined through uniaxial tensile
testing. Specifically, sliputures of double-knot loops (4-0 Mersilk, Ethi-
con)withan F,, value of 1.300 Nwere used. Tests were conducted using
aZwick/Roell Z020 testing machine, equipped with an Xforce HP load
cell (capacity of 200 N). Under uniaxial tensile loading of 10 mm min ™,
the sliputures released and then formed a buffer zone after relaxa-
tion, where the suture remained kinked and bore zero load (Extended
DataFig. 8).

Sliputures for continuous sutures

Thessliputures used for continuous suture of five stitches was as follows.
Atthefirststitch, weused asliputure (Suture A, 4-0 Vicryl, Ethicon) to tie
ananchor knot at the proximal end of the incision. Continuous sutures
of four stitches were then performed using the same suture procedure
as usual, leaving the final stitch unknotted. Subsequently, a second
sliputure with two slipknots (Suture B, 4-0 Mersilk, Ethicon) was used to
place onestitch at the distal end of the incision, with the slipknot near
theincisionbeingfirst used to formananchor knot. Finally, two sutures
were tied together to complete the final knot (Supplementary Fig.12).

Feasible force-range exploration

To systematically explore the feasible force range for colonic injury
repair, a mechanical test platform was assembled (Supplementary
Fig.5a,b). Thisplatformincluded the specimenstobetested, adedicated
tensiometer (DS2-50N, Zhiqu), a digitally controlled electric machine,
a pump, amanometer and PBS solution containing methylene blue.



The experimental procedure (Supplementary Fig. 5c) involved the
introduction of a2-mm-diameter injury into an ex vivo rat colon, specifi-
cally those of Sprague-Dawley rats weighing between 200 and 250 g
(n=20).Theinjury was generated using abiopsy punch (Dynarex). Sub-
sequently, the punctured colon was bathedin a continuous solution of
methylene blue maintained at a pressure of 20 mmHg. Pre-suturing was
carried out using common sutures (4-0 Mersilk, Ethicon). During the
experimental phase, one end ofthe common suture remained secured,
whereas the other end was horizontally pulled by the tensiometer ata
controlled rate of 10 mm min™. The tension applied was consistently
monitored in real-time throughout the process. Post-test analyses
involved categorizing the tension as F,,,;,, once the injury was success-
fully repaired without leakage. Conversely, the tension was labelled as
F...x whenthe colonic wall tore and leakage occurred. The boundaries
of the feasible force range were subsequently determined based on
the F,;, and F,, values. The feasible force range can also be predicted
by mechanical modelling (Supplementary Note 5).

Exvivo and in vivorat colonicinjury repair

To compare the sliputure transmitting force inboth ex vivoandinvivo
conditions, we conducted experiments using female Sprague-Dawley
ratsweighingbetween 200 and 250 g. The rats were randomly divided
into two groups: the ex vivo group (n=5) and theinvivogroup (n=5).
The experiments involving the sliputure (target F., = 1.300 N) were
carried out on an automated mechanical test platform (Supplementary
Fig. 5a,b). For both ex vivo and in vivo tests, a 2-mm-diameter injury
wasintroducedto the resected colon using abiopsy punch (Dynarex).
Subsequently, theinjury was repaired by the tensiometer at a consistent
rate of 10 mm min " using a sliputure under 20 mmHg of intraluminal
pressure. After the availability of the opened signal of the slipknot, we
recorded the force data from the tensiometer and halted the electric
machine to stop the tensiometer. Afterwards, a reverse knot was tied
to secure the surgical knots (surgeon’s knot). For the in vivo test, the
distal colon and small intestine were clamped 2-cm apart from the
repaired region. PBS solution containing methylene blue was intro-
duced through the repair area to assess colonic leakage. In summary,
we compared the force dataand operation efficacy of colonic leakage
between ex vivo and in vivo groups to evaluate the mechanical trans-
mission of sliputures.

Comparison of anastomotic leakage, postsurgical adhesion and
tissue ischaemia

Female Sprague-Dawley rats weighing between 200 and 250 g were
randomly allocated into two groups: the sliputure group and the com-
monsuture group. This division aimed to facilitate acomparative study
of anastomotic leakage, postsurgical adhesion and tissue ischaemia.
The experimental procedures were performed by a junior surgeon
with 2 years of clinical experience. This surgeon was affiliated with the
Department of General Surgery of another tertiary hospital and had
no conflict of interest. To minimize bias, the surgeon was blinded to
the study objectives while tying the common sutures. Following a24-h
fasting period, rats were anaesthetized throughintraperitoneal admin-
istration ofketamine (80 mg kg ). The rats were then placed on aheated
pad for the surgery. After abdominal hair was removed, laparotomy
was performed to expose the colon. Using a biopsy punch (Dynarex), a
2-mm-diameter injury was created in the colon. In the subgroup focus-
ing onleakage, the injury was repaired using sliputures (n =10) withan
Focac value of 1.300 N, whereas common sutures were used in the control
group (n=10). To observe and compare colonic leakage, the distal
colon and small intestine were clamped 2 cm away from the repaired
region. Subsequently, PBS solution containing methylene blue was
injected through the repair site. In the subgroup assessing adhesion,
after colonicinjury repair as described above, continuous sutures (4-0
Mersilk, Ethicon) were used to close the peritoneum, and interrupted
sutures (4-0 Mersilk, Ethicon) were used to close the abdomen. On the

seventh day postoperatively, the repaired colon was exposed and adhe-
sionrates were observed and compared between the sliputure-treated
group (n=10) and the common-suture-treated group (n=10). In the
subgroup assessing tissue ischaemia, visualization of vascular condi-
tions before and after biopsy puncture, as well as after repair using
sliputures or common sutures, were carried out. This visualization was
accomplished by LSCI. The same procedures for colonic injury repair
and abdomen closure were performed. After concluding of all tests,
the rats were humanely euthanized by CO, inhalation.

Comparison of wound healing

Female Sprague-Dawley rats weighing between 200 and 250 g were
randomly allocated into two groups: the sliputure group and the com-
monsuture group. Ineach group, subgroups were divided as sliputure
D1-D8 and common suture D1-D8 based on postsurgical days. The
entire experimental process was carried out in a sterile environment.
The preoperative preparations were consistent with the procedures
outlined above. Through laparotomy, the colon of the rat was exposed,
and a 2-mm-diameter injury was introduced using a biopsy punch
(Dynarex). Sliputures and common sutures were used to repair the
injury in the sliputure group and the common suture group, respec-
tively. Postoperative assessments spanned from day 1to day 8, which
included animal euthanasiaunder CO,inhalation, daily tissue collection
and burst pressure measurementinboth groups (n =3). On postopera-
tive day 5, blood collection and analyses were conducted on a subset of
rats in both the sliputure and common suture groups before humane
euthanasiausing CO, inhalation. The regions after repair were excised,
fixed in10% formalin for 24 h and prepared for histological analyses.

LSCI

Vessel visualization of the targeted colon area was conducted before
and after biopsy puncture, as well as following the repair procedures
using sliputures or common sutures, using LSCI. To mitigate potential
motion artefacts, the targeted colon region was gently externalized
and positioned on gauzes for stabilization. The maintenance of astable
blood flow was achieved through the continuous use of 37 °C saline
solution. Once the parameters were set, HD mode was used to capture a
clear speckle image depicting the distribution of blood flow in the intact
target region of the colon. The exposure time for image acquisition
wassetat5 s. Subsequently, after theintroduction of a2-mm-diameter
biopsy puncture, additional speckle images were obtained using LSCI
under the same parameter settings and measurement time. Follow-
ing this, surgeons proceeded to repair the colonic injury with both
sliputures and commonsutures, and LSCl was used to capture speckle
images with the same parameter settings and measurement time. This
imaging process aimed to track and visualize the vascular dynamics of
the targeted colon region before, during and after the surgical inter-
ventions to provide insights into the effects of the repair methods on
blood flow and tissue perfusion. The datawere collected using a Laser
Speckle Contrast Imaging system RFLSI 11 (v.4.0).

H&E and multipleximmunofluorescence staining

Tissue samples were collected fromrats at designated time points and
fixed with 4% paraformaldehyde. Next, 4-um-thick slides were cut from
the paraffin-embedded intestinal tissue. For H&E staining, the slides
were deparaffinized and rehydrated through graded alcohol solutions
to water and stained with H&E for nucleus and cytoplasm staining.
After dehydration, the stained slides were placed in mounting medium.
Multiplex immunofluorescence staining was performed according
to the manufacturer’s instructions using a multiplex fluorescence
immunohistochemical staining kit (Genecast Biotechnology). In brief,
4-um-thick slides were deparaffinized, rehydrated and boiled in epitope
retrieval solution for 15 min. After cooling to room temperature, anti-
body block solution was used to block endogenous peroxidase for
10 minatroomtemperature. Primary antibody incubation, secondary
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antibody incubation and tyramine signalling amplification visualiza-
tion were the procedures used to label one antigen. CD86 (19589S, CST,
1:400) and CD206 (60143-1-ig, Proteintech, 1:5000) were sequentially
stained. The slides were placed in antifade mounting medium. Images
were taken using aslide scanner (Hamamatsu, Nano Zoomer S60) and
fluorescence microscopy (Nikon, Eclipse C1). Image data were collected
using CaseViewer software (v.2.4).

Laparoscopic application of sliputuresin alive porcine model

In vivo porcine experiments used female Bama miniature pigs (23~
27 kg, 5-6 months of age) to demonstrate the application and function
of the slipknot in laparoscopic surgery. The laparoscopic platform
(Fig. 3j) was acquired from Karl Storz. After fasting for 24 h, pigs were
premedicated with intramuscular atropine (0.04 mg kg™), ketamine
(10 mg kg ™) and midazolam (0.6 mg kg ™), induced with isoflurane
(4%), endotracheally intubated and maintained with isoflurane (1-2%)
during surgery. We placed the pigs in dorsal recumbency and asepti-
cally prepared the abdominal region. Several trocars (Endopath Xcel,
Ethicon and Kangji Medical) were placed on the abdomen to enable
access of surgical instruments and a camera. Surgeons identified the
colon and made a1-cm-wide incision in the colon wall. After cleaning
thelumen and disinfecting the intestinal incision, the intestinal injury
was repaired using sliputures with inverting interrupted sutures (4-0
Mersilk, Ethicon). A control group in which the injury inthe colonwall
was repaired using common sutures withinverting interrupted sutures
(4-0 Mersilk, Ethicon) was also performed for comparison. Observa-
tions for intestinal leakage were made 10 min after the process. The
abdominal wall was closed in a multilayer fashion, and the animal was
euthanized after the experiment.

Robotic application of sliputuresin alive porcine model

In vivo porcine experiments used female Bama miniature pigs (23~
27 kg, 5-6 months of age) to demonstrate the application and function
of the slipknot in robotic surgery. The robotic platform (Fig. 4a) was
acquired from Intuitive Surgical-Fosun Medical Technology. After
fasting for 24 h, pigs were premedicated with intramuscular atropine
(0.04 mg kg™), ketamine (10 mg kg™) and midazolam (0.6 mg kg™),
induced withisoflurane (4%), endotracheally intubated and maintained
with isoflurane (1-2%) during surgery. We placed the pigs in dorsal
recumbency and aseptically prepared the abdominal region. Several
trocars were placed onthe abdomento enable access of surgical instru-
mentsand acamera, and one additional trocar (Endopath Xcel, Ethicon)
was placed to facilitate assistant operation. Surgeons identified the
colon and made a1-cm-wide incision in the colon wall. After cleaning
thelumen and disinfecting the intestinal incision, the intestinal injury
was repaired using sliputures with inverting interrupted sutures (4-0
Mersilk, Ethicon). The control group underwent the same procedure,
but therepair was made using common sutures. Observation forintes-
tinalleakage were performed 10 min after the process. The abdominal
wallwas closed inamultilayer fashion, and the animal was euthanized
after the experiment.

We performed additional live porcine experiments, including induc-
tion of acute colonic perforation with peritonitis and colonic injury
repair of female Bama miniature pigs (23-27 kg, 5-6 months of age) to
compare the effects of standing sutures using sliputures, staples and
continuous sutures under arobotic platform (Intuitive Surgical-Fosun
Medical Technology). After fasting for 24 h, pigs were anaesthetized
following the same protocol as described above. We placed the pigs
indorsal recumbency and aseptically prepared the abdominal region.
Severaltrocars were placed onthe abdomento enable access of surgi-
calinstruments and acamera. Surgeonsidentified the colonand made
three 1-cm-wide incisions in the colon wall atintervals of 3 cm. The
abdominal wall was closed in a multilayer fashion.

After fasting for 24 h, the porcine models of acute colonic perfora-
tion with peritonitis were anaesthetized following the same protocol

as described above, and trocars were inserted at the same incision
sites, with one additional trocar (Endopath Xcel, Ethicon) placed to
facilitate assistant operation. Surgeons identified the colonic injury,
disinfected the intestinal incisions and repaired them using continuous
sutures, staples or standing sutures with sliputures. The appearance of
tissue as the repaired injury site was recorded. Subsequently, indocya-
nine green (0.1 mg kg™) was intravenously administered, followed by
a5 mlsaline flush. Under fluorescence imaging of the robotic system,
colonic vascular perfusion was observed 60 s after injection. Finally,
the abdominal cavity wasirrigated with saline and the abdominal wall
was closed in a multilayer fashion.

Development and validation of a vision-based sliputure and
slipknot detection system
WeusedthedaVinciXiroboticsystemenhancedbyapurely vision-based
sliputure and slipknot detection system to validate the practicality and
applicability of our proposed sliputure as a surgical consumable and
non-electronic haptic sensor. To model sliputure and slipknot detec-
tion, we formulated it as a regression modelling problem by decou-
pling this process into sliputure line extraction and opened slipknot
detection given by the following equations: Lines = Extractor (/) and
Open slipknot = Detector(Lines), where / denotes RGB images of the
first-person view from the da Vinci Xiendoscope, and Lines denote a set
of sliputure lines extracted by the function Extractor(-). The extracted
sliputures Lines were theninputintoaslipknot detector function Detec-
tor(-), which predicts whether thereis an opened slipknot. Notably, the
reason why we decoupled the modelling process into two parts is to
fully leverage the advantages of data-driven methods by converting
a specific medical problem into a general modelling problem while
ensuring real-time performance for the surgical robotic system under
limited data and instrument resources.

Specifically, for sliputure line extraction, we designed an encoder-
decoder neural network based on a U-Net** structure (named Slipknot-
Net, shown in Fig. 4a and Extended Data Fig. 9) to model the function
Extractor(-), in which the image encoder is realized by a pretrained
ResNet50 (ref.35) and the decoder contains up-convolution operators,
SENet* modules and a suture-detection module. During the training
stage, the parameters of the encoder were frozen using pretrained
parameters from ImageNet”, whereas the parameters of the decoder
were trained on over 1,800 annotated images by volunteer surgeons
using our custom-made annotation software. We used ajoint loss func-
tionincluding dice loss* and focal loss® using the following equation:
Loss = a x dice loss + (1 - &) x focal loss. For the open slipknot detec-
tion, the function Detector(-) was realized by implementing template
matching using the scale-invariant feature transform operator from
OpenCV.Theentire process of sliputure extraction and slipknot detec-
tionis visualized in Fig. 4a.

Inbothsilicone practice models and live porcine colonicinjury repair
using sliputures teleoperated by the da Vinci Xi robotic system under
real-time monitoringin 30 Hz with alocal workstation (Ubuntu 22.04,
Intel Core i9-14900, NVIDIARTX 4090m), the aforementioned sliputure
and slipknot detection scheme ran with a circle mark. A green mark
flashing means no open slipknot detected, which allows continued
control of the roboticarm. Ared mark means the slipknotis open, and
astop control signal is sent to the robot console by UART communi-
cation, and a high-level internal stop from the robot is triggered. Our
engineering code and dataset are both open-source and available on
our project website*,

Automated system for standardized and rapid mass production
of sliputures

The automated sliputure construction system comprises modules for
wire feeding, force control, wire wrapping, slipknot collection and a
user interface (Supplementary Fig.16). The wire-feeding module sup-
plies filament material (diameter of 0.1-2 mm, unlimited length) froma



spoolintowire-wrapping module, whereitis precisely cut to the desired
length. The wire-wrapping module uses coordinated motor-driven and
pneumaticactuatorsto formslipknot configurations with the desired
number of knotloops. The force controlmodule, integrated with piezo-
electricsensorsand precision screw actuators, applies and maintains a
Fiying (0.1-20 N) onthe constructed slipknot. After setting up the param-
eters, the system operates autonomously without manual intervention,
thereby ensuring standardized and rapid mass production of sliputures.

Vision-based robotic dual-arm suture system for the slipknot
application

The vision-based robotic dual-arm suture system consisted of two
Franka Emika Panda 7 degree-of-freedom arms and acamera. The over-
allframework of the vision-based dual-arm suture systemisillustrated
inSupplementary Fig.14. The reference velocity of the active arm was
setas 0.5 cms™. Through the real-time processing of greyscale images,
the active arm automatically stops based on the opened signal of the
slipknot (Supplementary Fig. 15).

DNA slipknot molecular dynamic simulation

Coarse-grained molecular dynamic simulations were performed using
the program Gromacs with the Martini 2 force field for nucleic acids.
The initial straight DNA structure with randomly assigned sequences
had alength of approximately 670 nmand adiameter of 2.2 nm, com-
prising 130,000 atoms and 28,000 beads. A DNA knot was artificially
constructed in the middle of the straight DNA. A triclinic simulation
box with periodic boundaries in all three directions was used (Sup-
plementary Fig.17).

The atomic potential energy was minimized first using 1,000 static
steps. In the dynamic simulations, we used a time step of 10 fs. The
pressure was maintained at1 bar with the Nosé-Hoover Langevin piston
and the temperature was maintained at 273 K using a Langevin ther-
mostat. The DNA knot was untangled by pulling one end of the DNA at
avelocity of 0.01 nm ps™. The total simulation time for untangling the
DNA knot was around 5 ns. The atomic structure was visualized using
visual molecular dynamics.

Slipknot-enhanced safe human-robot interactions

Building on the demonstrated clinical success and the inherent capa-
bility of slipknots to precisely limit force release, we extended its
versatility to robotics by integrating sliputures into a custom-built
4 degree-of-freedom cable-driven robotic arm, engineered as an
adjustable mechanical fuse to ensure safe human-robot interactions
(Fig. 4g,h, Extended Data Fig. 10 and Supplementary Video 16). The
actuation architecture incorporated two direct-drive systems for the
base and the shoulder, as well as two independent tendon routes that
drive the bidirectional motion of the elbow and wrist joints, with a
slipknot strategically embedded in the forearm segment to monitor
and regulate inter-joint forces. The actuation transmission pathway
isinstantaneously interrupted when the tension force at the sliputure
exceedsapre-programmed threshold F ., due to an overloaded exter-
nalinteraction, achieved through slipknot-mediated cable elongation
that dissipates stored mechanical energy. This enables simultaneous
protection of humans and delicate objects from excessive force and the
safeguarding of robotic components from structural overload during
impactevents. Itisworthnoting that the capability to flexibly adjust the
FoeaOf the slipknot enables on-demand control of contact loads, a criti-
calfeature forhuman-robotinteractions. Unlike traditional solutions,
this purely mechanical safety solution operates without requiring aux-
iliary electronics or additional mass at the end-effector, demonstrating
itsapplicability for seamless integration into existing robotic platforms.

Statistical analysis
Categorical variables were described using frequency and percent-
age, whichwere assessed using Fisher’s exact tests or Chi-square tests

between groups. Continuous variables are presented as the mean and
standard deviations, which were compared using Wilcoxon rank-sum
tests or Student’s ¢-tests. GraphPad Prism (v.9.5.0, GraphPad Software)
was used for all statistical analyses in the study. In statistical analyses,
the significance thresholds were considered as *P < 0.05, **P < 0.01
and **P<0.001.

Animal studies

Study design. No formal sample size calculation was performed, and
the number of samples was determined by the maximum available
resources. In animal experiments that explored the feasible force
range, a sample size of n =20 was used. For ex vivo and in vivo rat
colonicinjury repair, the sample sizes were n=5forexvivoandn=>5
for in vivo experiments. For comparison of anastomotic complica-
tions, the sample sizes were n =10 in the sliputure group and n =10
in the control group. For comparison of wound healing, the sample
sizes were n =3 for each subgroup fromdays 1-8 inboth the sliputure
and control groups. Laparoscopic and robotic experiments were con-
ducted with aminimum of one pig per group. No statistical methods
were applied to calculate sample sizes. The animal samples prepared
by the same method were randomly allocated to each group. Blinding
was not used in this study.

Animals. The following animals were used in experiments: female,
specific pathogen-free Sprague-Dawley rats aged 4 weeks and weigh-
ing200-250 g; and female Bama miniature pigs aged 5-6 months and
weighing 23-27 kg.

Ethics. All animal studies were approved by the Institutional Animal
Care and Use Committee at Zhejiang University (ZJU20230084 and
7JU20250067), and postoperative care was supervised at the Animal
Experimental Center of Sir Run-Run Shaw Hospital, Zhejiang University.

Surgeon participant studies

Informed consent was obtained from all participants, and the study was
approved by the Institutional Review Board of Sir Run Run Shaw Hospi-
tal, Zhejiang University (approval numbers 2023-0528 and 2025-0023).

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All datasupporting the findings of this study are provided in the paper,
the Extended Data figures and the Supplementary Information. Source
dataunderlying the figures are available from GitHub (https://github.
com/Slipknot-Gauged/Source-Data). Source data are provided with
this paper.

Code availability

The custom codes used in this study are publicly accessible at GitHub
(https://github.com/Slipknot-Gauged/Codelist).
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Extended DataFig.1|The wire-wrapping board and the slipknot fabrication d, Theslidingknotisgradually pulled apart. e, Theslipknotisopened as
process. a, The wire-wrappingboard is utilized for pre-tightening slipknots. the test machine pulls on both ends of the slipknot. Given the transparent

b, ¢, Based onthe pre-tightening status, the slipknot undergoes tension using properties of fluorocarbon monofilaments, we use black filaments to enhance
Zwick/Roell Z010 testing machine until a predetermined forceloadisachieved.  visibility during the demonstration.
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it firmly against ahelical tube wrapped with asingle layer of fluorocarbon the fluorocarbon monofilaments canbe determined (n=13;independent
monofilament. By employing a universal testing machine to pull out the single experiments).
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Extended DataFig.7|Incision pressure measurement for continuoussutures incision pressure for the middle 3 stitches extracted fromthe films (n=5;
of 5stitches. a, The pressure distribution of awound closed by continuous independent experiments).
sutures. b, The scheme of the incision pressure analysis model. ¢, Quantified
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Extended DataFig. 8 | Force-displacement curve of sliputure. When the slipknotis opened, aredundantlength of sliputure is deployed, forming a “buffer zone”
where the loading force remains null. This configuration provides both mechanical and visual cues.
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Ethics oversight The animal study was approved by the Institutional Animal Care and Use Committee at Zhejiang University (Approval No.
7JU20230084 and 2JU20250067).
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