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Abstract: Fast and reliable incision closure is critical in any surgical intervention. Common 

solutions are sutures, clips or adhesives, but they all present difficulties. These difficulties are 

especially pronounced in classical and robot-assisted minimally-invasive interventions. Laser 

soldering methods present a promising alternative, but their reproducibility is limited. We 

present a system that combines a previously reported laser soldering system with a robotic 

system, and demonstrate its feasibility on incision-closure of ex-vivo mice skins. In this 

demonstration, we measured tearing forces of ~2.5N, 73% of the tearing force of a mouse 

skin without an incision. This robot-assisted laser soldering technique has the potential to 

make laser tissue soldering more reproducible and revolutionize surgical tissue bonding.  

1. Introduction 

Almost every surgical intervention requires some type of joining of adjacent sections of 

tissue. Technologies such as sutures, staples, clips, and adhesives have been used for many 

years to close surgical incisions and wounds. In suturing, the surgeon passes the needle 

through the tissues close to their edge, pulling them together and relying on tissue and suture 

strength to hold them tight. However, suturing is a delicate, demanding, and time-consuming 

procedure, requiring technical skill [1–3]. Sutured sites are at an increased risk for leaks, 

infections, and scarring [4,5]. Stapling is appropriate in some cases, but it also relies on the 

original tissue strength, and may be limited by the shape and size of the specific stapler: a 

poorly adapted stapler may result in bonding failure. Staples that are too small can lead to 

excessive tissue compression, which exceeds the tensile strength of the tissue, leading to 

tearing and perforation, whereas staples that are too large can fail to achieve a good seal [6]. 

Adhesives also have their limitations – they may exhibit insufficient tensile strength [7], and 

may be toxic [8,9].  

Today, a growing percentage of surgical interventions are performed using standard 

minimally invasive surgery (MIS), or robot-assisted minimally invasive surgery (RAMIS). In 

both techniques, connecting adjacent tissue intracorporeally (inside the body) is an important 

component of many procedures. A common task is the closure or anastomosis of hollow 

organs such as bowel or bladder requiring achievement of a reliable, strong, airtight and 

watertight seal without causing tissue ischemia (inadequate blood supply). In standard MIS 

the surgeon inserts long hand-held instruments into the body via small incisions making this 

task more complicated than in open surgery. The reduced degrees of freedom limit the ability 
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to properly rotate the needle through its arc in the right direction and knot tying is 

challenging, requiring significant training [1]. In RAMIS, a surgeon manipulates a pair of 

joysticks that teleoperate instruments and a camera inside the body of the patient [10,11]. In 

this case, the problem of limited degrees-of-freedom is solved, but a new technical challenge 

is introduced by the absence of haptic (touch) feedback [12]. The lack of haptic feedback can 

result in tearing of the tissue or the suture when approximating the tissues with the suture and 

when tying the knots. Anastomotic complications in minimally invasive colorectal surgery for 

example, are currently in the range of 8-10% [13] using these techniques. These 

complications have a profound effect on the morbidity and mortality of patients, 

hospitalization times, infection, as well as long-term effects such as local recurrence of cancer 

[14]. Reducing this rate of complications can bring about an enormous effect on patients 

undergoing minimally invasive bowel surgery.  

Laser technology provides a promising alternative for reliable closure of incisions. 

Heating an incision by a laser beam accelerates wound adhesion and reduces scarring. There 

are different methods for laser-bonding two edges of tissue [15–21]. In laser tissue welding, 

the edges of the incision are approximated and a spot on the incision is heated. The laser is 

then moved to a neighboring spot, and the process is repeated until the full length of the 

incision is covered. In laser tissue soldering (LTS), heating commences on approximated 

edges of an incision that are covered by a biological solder such as albumin, fibrin, or other 

materials [22], prior to heating. The heated solder biochemically links to the surrounding 

tissue and creates a clot, thereby sealing the incision [23]. In some variations of LTS, the 

solder is heated by direct absorption of the laser. In other cases, a coloring agent (Indocyanine 

Green) is mixed with the solder and the wavelength of the laser is chosen to be absorbed by 

the coloring agent [24]. A recent development involves incorporation of nano-particles within 

the solder allowing absorption at specific wavelengths [25,26]. The LTS technique has been 

attempted by several groups, mostly in ex-vivo experiments [27]. Few attempts carried out in 

vivo testing [28], and even fewer performed clinical experiments on humans [29,30]. LTS 

does not require complex dexterous manipulation like suturing, and does not involve contact 

with the tissue. Moreover, LTS allows operation at various working distances, depending on 

the output optics of the radiation delivery system. These advantages make LTS particularly 

promising for improving the quality of tissue bonding in MIS and RAMIS. 

Most of the prior studies examining LTS did not control the temperature during the laser 

soldering process [31]. Controlling the temperature, however, is very important because tissue 

over-heating causes thermal damage, scarring and weak bonding, whereas under-heating of 

tissue results in insufficient closure effects and weak bonding [32]. A robotic LTS system 

with a temperature monitoring has been demonstrated in [22]. However, the temperature of 

the heated spot was measured indirectly, with a thermocouple between the chitosan film and 

the tissue, thus reporting inaccurate results. To address this problem we developed a fiber-

optic system for LTS under temperature control [33]. The system incorporates a bundle of 

fibers including a silica fiber for delivering the laser beam to heat a spot on the incision, and 

six infrared fibers for determining the temperature of the spot. A control sub-system was used 

to heat the spot to a specific temperature. The spot heated by the laser emitted infrared 

radiation which was detected by a detection system which was used to accurately determine 

the temperature of the spot. This information was fed through a feedback loop to control the 

laser power so that the spot was heated to a specific set of temperature (T) and time (t), 

obtaining optimal conditions in experiments in vitro where T~60 oC to 65oC, and t~10 sec. 

The ambient room temperature was 225C, with 5030% changes in the ambient humidity. 

Under these conditions, the bonding was strong and no thermal damage was observed. 

Following the results of these preliminary studies physicians in several medical centers 

carried experiments in vivo. These included incision soldering in various tissues, including 

skin [34], bowel [35], dura [36] and cornea [33,37,38]. In experiments for soldering of 

incisions on the skin of large farm pigs in-vivo, it was established that healing of the wounds 



was faster than those obtained after standard suturing and there were practically no scars [39]. 

These experiments culminated with a preliminary clinical experiment in which incisions in 

the abdominal skin of 10 patients undergoing laparoscopic cholecystectomy were successfully 

soldered, resulting in strong bonding with negligible scarring [40]. 

In all these previous experiments, the surgeon held the distal tip of the bundle and moved 

it along the incision. The main disadvantage of this method was that that the surgeon was 

unable to keep the distal tip at a constant height above the incision and was not able to move 

the tip at a constant speed with constant spacing between heating points or keep it at the same 

place for the specific predefined time. Although most of the bonding was performed 

successfully, some portions were over-heated or under-heated, leading to weak bonding in 

those regions. In all in-vitro, in-vivo experiments and in human trials it was difficult to 

manually obtain a consistent heating dose on the sample. If the bond-strength variations are 

the outcome of non-uniform heating, we submit that an improvement in bond-strength can be 

achieved if all the parameters: height, spacing, temperature, and heating time are optimized 

and made controllable and repeatable.  

Combining laser technology with robotic precision and accuracy presents a promising 

opportunity for improving surgical interventions. This combination was previously used for 

performing laser-assisted cutting or ablation in different robot-assisted interventions [41–49]. 

Recently, two studies demonstrated a successful robot-assisted laser welding of a cornea 

[22,50]. However, this system did not include direct temperature control. The increasing 

popularity of RAMIS presents a promising opportunity to combine the advantages of LTS 

with the accuracy and controllability that robotic technology offers. In this paper, we present 

a novel concept of Robot-assisted Laser Tissue Soldering (RLTS) with built-in temperature 

control. Combining robotic precision with tight temperature control is expected to improve 

the repeatability of LTS and eventually improve clinical outcomes. We integrated our LTS 

system with a Robot-assisted Minimally-Invasive Surgery research platform – the Raven II 

[51,52]. As a proof of feasibility, we demonstrate RLTS soldering of incisions in mouse skin 

and mechanical testing of the strength of the resulting bonded tissue. 

2. Materials and Methods 

Our novel system includes two parts: (a) an optical device, consisting of a diode-laser whose 

beam is transmitted through an optical fiber that heats the incision, point by point, under close 

temperature control; (b) a robotic system that accurately maneuvers the distal tip of the fiber 

to move at a predefined height and trajectory (path and speed) along the incision in open loop. 

2.1 Laser Soldering System 

Optical fibers have been used for light delivery in confined spaces in many applications. 

Our  studies concentrated on a system, conveniently packed in a single tube to be held by a 

surgeon or fixed on a robotic arm (i.e. applicator), based on two types of fibers: a transmitting 

visible radiation for heating the tissue, and a middle infrared (mid-IR) radiation fiber for 

monitoring the temperature, both shown in Fig.1 [53]. In this system, we selected a diode 

laser emitting at =1.9m for heating the spot.  The penetration depth of this wavelength is of 

the order of 1mm, and it ensures strong bonding, as was proved in our earlier experiments. 

[33]. A visible fiber (silica, Thorlabs FT800EMT) was used to transmit this laser beam from 

the proximal end to the distal end and onto a spot on the tissue, thus heating it. The beam 

emitted from the distal end had a Gaussian profile and the width of the heated spot depended 

on the distance from the distal end to the tissue. The choice of working distance for this study 

was 1.5 and 3mm 0.5mm (tissue roughness), but other distances were also attempted such as  

5mm0.5mm [40].  

When a spot of a ~2-3 mm diameter was heated to a specific T, it emitted thermal middle 

infrared (mid-IR) radiation (i.e. blackbody radiation) of intensity (I). I was proportional to the 

value of T, and this was the non-contact method for accurately measuring T. A monitoring  



 

Fig. 1. A schematic drawing of the cross section of an incised tissue with albumin 

layer spread over it. The cut is being laser-soldered using a system consisting of a 
heating laser, a delivery fiber, a mid-IR monitoring fiber and a mid-IR.  

mid-IR fiber was used to transmit this radiation from the spot onto a suitable detector, that 

generated a voltage V, proportional to T. This voltage was then used in an automatic feedback 

loop that controlled the intensity emitted by the laser so that the T was kept constant. The 

temperature T was chosen to obtain strong bonding.  This feedback loop minimized the 

temperature fluctuations due to changes in laser power or any other conditions. In this work, 

with the robot, the temperature fluctuations were reduced by ~50% compared to previous 

publications [32] , assuring  much smaller temperature variation on a heated spot.  

With this system, the human operator held the applicator above the desired spot and made 

sure that the spot was heated for a chosen time t. The laser beam was then slowly shifted to a 

neighboring spot that was also heated to a reference temperature T for an approximate time t. 

In experiments on various tissues and using various lasers, we found that strong bonding was 

obtained if each spot was heated to a temperature T= 60 ºC to 65ºC for a time of 

approximately t=8-12 seconds, which conforms to our previous result [33]. 

Calibration [32,54] of the temperature-readout system was performed using model 

thermal emitters with known emissivity, heated to temperatures 20-60 and the results were 

validated by thermocouples. The voltage (V) generated by the IR detector at each temperature 

T was recorded, and a calibration curve was built. Using this approach, we could calibrate the 

temperature measurement for any mid-IR fiber of any numerical aperture and attenuation.  

In the current experiment, the applicator included seven fibers, as shown in Fig. 2, all in 

the same bundle. The delivery fiber in the center of the bundle, composed of silica, 

transmitting near-IR radiation at a wavelength of =1.9m. The six monitoring fibers were 

made of silver halide (AgClBr) and were highly transparent in the mid-IR range. This 

configuration operates similarly to the two-fiber system, but it is more accurate and is suitable 

for integration with a RAMIS instrument. 

We used a near-IR Semiconductor Disk Laser (SDL, Fraunhofer Institute, Freiburg, 

Germany) to generate the radiation [55]. The laser was operated in the CW mode with an 

output power in the range 0–0.5W.  

 



 

Fig. 2 The fiber bundle used in the laser soldering system. The radiation of 

a semiconductor diode laser is transmitted through a silica fiber and heats a 

spot on tissue. Six AgClBr mid-IR fibers are used to transmit the mid-IR 
emitted from the spot to a mid-IR detector for measuring the temperature of 

the spot. 

2.2 Robotic Hardware and Software  

The current version of our RLTS system is depicted in Fig. 3A-B. In this study, we used 

the Raven II RAMIS research platform (Applied Dexterity, Seattle, USA) [51] with the same 

control architecture as in [52]. We attached a da Vinci Surgical System Tool (Intuitive 

Surgical, Sunnyvale, USA) to the Raven II arm with a special adapter (Applied Dexterity, 

Seattle, USA). We also placed 2 Flea3 USB cameras (PointGrey, Richmond, Canada) in the 

surgical scene for visualization purposes during the manual stages of robot control. In this 

first demonstration we attached the LTS applicator tip to the Da Vinci Tool with a custom-

made attachment (Fig. 3A).  
The surgeon’s operating console was a haptic manipulator that was connected to a 

personal computer via a custom-built graphic user interface. The surgeon viewed a graphical 

user interface (Fig. 4) and could control the surgical robot in three different modes: (1) 

manual control, (2) keyboard control, and (3) automatic control. The manual control allowed 

the use of a haptic manipulator (SIGMA 7, Force Dimension, Switzerland) to position the 

Raven II arm carrying the applicator to a desired location in the surgical field. Keyboard 

control allowed for fine adjustments of the position of the applicator, using keyboard keys 

which controlled the position and orientation of the distal tip of the fiber. Automatic control 

allowed for executed a 3D path (a straight line in the current demonstration) and a trajectory. 

In automatic control, the direction and amplitude of the motion, the increments of each 

segment of the motion, the time of each increment, and the hold time between increments, 

and the total motion time that was used for heating of each point were all controlled by the 

robotic system in open loop control.  

2.3 Biological samples 

Tissues: We used mouse skin tissues in the soldering experiment. They were stored in a 

freezer at -4°C and defrosted prior to the experiments. Immediately prior to the experiments, 

Samples of 1*5 cm in size and around ~1mm thick were cut into two segments, the segments 

were approximated, solder was spread on this area which was then placed under the distal tip 

of the power delivery fiber.  
Solder: The solder was prepared from 67% w/v bovine albumin solution (Sigma-Aldich, 

LTD) in high purity water (Milli-Q, Millipore), homogenized and centrifuged, resulting in a 

gel-like solution. The solder was applied to the edges of each skin tissue as a thin layer. 

2.4 Experimental protocol 

The two cut segments of the skin were approximated on a Petri dish, solder was spread on this 



 

Fig. 3. Experimental setup. (A) The RAVEN II Surgical Robot connected to the LTS 

applicator and the experimental workspace. (B) The LTS applicator connected to the 

RAMIS tool. (C) The resulting soldered specimen. 

 

Fig. 4. The Graphical User Interface that was presented to the operator of our RLTS system 

area and the coated, approximated sample was placed under the distal tip of the power 

delivery fiber. In each experiment run we initially used the manual and keyboard control of 

the surgical robot to aim the applicator to the beginning of the incision, and to set a height H 

between the tissue and the tip of the applicator. It is important to note, however, that the 

height was not feedback enforced because the control of the trajectory was open loop. We 

then applied the laser to heat the tissue to 60 ºC, using the automatic open loop trajectory to 

control the movement along the incision. We used two experimental protocols for the 

automatic control: (1) discrete, where multiple spots were heated one-by-one along the 

incision line for a predefined dwell-time, and (2) continuous, where the heated spot was 

constantly moved along the incision at a predefined speed. 

Immediately after the experiment we measured the bond strength using a Universal 

Testing Machine (UTS) (Lloyd LC2.5, Lloyd instruments, Bognor Regis, Sussex, UK). We 



placed the tissue sample in the machine and used a creeping protocol to measure the tearing 

strength [N] – the maximal force before the sample teared. We repeated this measurement for 

each of the samples, and for an additional control sample of tissue without an incision to 

determine an upper boundary for bond strength. 

3. Results  

To demonstrate the feasibility of our novel RLTS system, we soldered several incisions using 

different versions of the discrete and the continuous protocols. The results of the tearing 

strength of 5 incisions are reported in Table 1 (samples 1-5): Three with discrete spot-by-spot 

and 2 with continuous irradiation along the incision line of the mouse skin samples after 

albumin application. An additional piece of skin without an incision (sample 0) was tested for 

strength as a control. The maximum strength measured in the discrete trials, was 2.1 N for 12 

sec dwell time, and in the continuous trials 2.7 N. The maximum strength of a control sample 

was 3.8 N, and hence, our best samples yielded 55% and 70% of the tearing force of an intact 

tissue, respectively. An example of a soldered tissue sample can be seen in Fig. 3C. Fig. 5 

demonstrates the detailed results of the creeping test using the UTS machine for the control 

tissue and the best sample from each of the discrete and continuous protocols.  

4. Discussion and conclusions 

In this study, we developed a novel Robot-assisted Laser Tissue Soldering system by 

integrating a fiber-optic LTS device with a RAMIS research platform. Our system allows for 

an open loop continuous or discrete movement of the distal tip of the fiber bundle along the 

incision. This made it possible to keep a fairly consistent height between the fiber tip and the 

tissue, and the temperature T and heating time at the desired values. Our results demonstrate 

that Robotic Laser Tissue Soldering can achieve a strong bonding in discrete and continuous 

movements, yielding approximately 55% and 70% of the tearing force of intact tissue 

respectively. We noted an increase in tearing strength upon implementation of longer heating 

times, or a reduction of speed, but future studies are needed to determine these relationships 

and optimize the parameters of the RLTS. Based on our experience these parameters are 

likely to vary between different tissues, e.g. between bowel, skin, and cornea samples. Taken 

together, these results suggest that RLTS is a very promising technique that can reduce the 

completion time of many procedures. For example, novice surgeons may take up to 25 

minutes to incise and close a 2.5 cm incision in the bladder in the common task of cystotomy 

and repair [56]. It may also be a promising alternative to automatic suturing that is very 

difficult to implement with RAMIS systems [57]. 

In the current demonstration, our focus was on integrating the two systems and showing 

the potential advantage of accurate control of the soldering path and timing on soldering ex-  

Table 1. Tearing strength results 

Sample Protocol 
Dwell time 

(0.5 sec) 

Laser–Tissue 

distance H  

(0.5 mm) 

Tissue sample 

size 

(width × 

length [mm] 

(0.1 mm) 

Trial 

time, 

sec 
Tearing 

Strength, N 

(0.01N) 

0 Control 
  

11.9 × 0.3  3.66 

1 Discrete 10 sec 1.5 mm 13 × 0.3  1.37 

2 Discrete 12 sec 3 mm 10.1 × 0.3 853 1.02 

3 Discrete 12 sec 3 mm 11.4 × 0.3 940 2.09 

4 Continuous 1.12 mm/sec 3 mm 9.2 × 0.5 718 2.67 

5 Continuous 1.12 mm/sec 3 mm 10.3 × 0.27 669 2.08 



 

 

 

Fig. 5. Representative test results on the quality of bonding in a Universal Testing Machine. The line 

numbers in the legend refer to the line number in Table 1. 

vivo tissue. Therefore, we implemented the simplest open loop controller for the automatic 

control mode and used the manual and keyboard control for adjustments.  

We demonstrated the feasibility of our RLTS system by showing good results in soldering 

mouse skins. In future studies, we intend to continue optimization towards an eventual 

integration with clinical RAMIS systems and other robotic platforms. The soldering of 

incisions may be used both on the surface of tissues or intracorporeally in MIS or RAMIS.  

We plan to develop efficient automatic and teleoperated controllers for our RLTS system. 

We believe that these improvements will also allow for achieving consistent results in terms 

of tearing strength. In future developments, the teleoperated nature of RAMIS will allow for 

the choice between surgeon teleoperated, shared, and autonomous modes of soldering. 

We aim to achieve (1) faster and more precise tissue bonding (2) high and uniform bond-

strength throughout the incision, with improved bonding strength, and (3) fully automated or 

shared control soldering with a rapid learning curve of operating the device. This technology 

has the potential to revolutionize tissue bonding in many surgical disciplines such as 

colorectal surgery, bariatric surgery, urology, gynecology, thoracic, ophthalmic and many 

other types of robot-assisted minimally-invasive surgical procedures.   
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