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Abstract

Aim

To determine acceptable limits of communication delays in telesurgery, we investigated the
impact of communication delays under a dynamic environment using a surgical assist robot.
Previous studies have evaluated acceptable delays under static environments. Effects of
delays may be enhanced in dynamic environments, but studies have not yet focused on this
point.

Methods

Thirty-four subjects with different surgical experience (Group1: no surgical experience;
Group2: only laparoscopic surgical experience; Group3: robotic surgery experience) per-
formed 4 tasks under different delays (0, 70, 100, 150, 200, or 300 ms) using a surgical
assist robot. Task accomplishment time and total movement distance of forceps were
recorded and compared under different communication delays of 0-300 ms. In addition, sur-
gical performance was compared between Group1or Group2 without delay and Group3
with communication delays.

Results

Significant differences in task accomplishment time were found between delays of 0 and 70
ms, but not between delays of 70 and 100 ms. Thereafter, the greater the communication
delay, the longer the task accomplishment time. Similar results were obtained in total move-
ment distance of forceps. Comparisons between Group3 with delay and Group1 or Group2
without delay demonstrated that surgical performance in Group3 with delay was superior or
equal to that of Group1 or Group2 without delay as long as the delay was 100 ms or less.
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Conclusions

Communication delays in telesurgery may be acceptable if 100 ms or less. Experienced sur-
geons with more than 100 ms of delay could outperform less-experienced surgeons without
delay.

Introduction

A surgical assist robot allows the surgeon to perform operations at a distance from the patient
and may make telesurgery possible [1-3]. However, telesurgeries have several challenges to
overcome, including communication delays [4, 5]. Theoretically, the greater the communica-
tion delay between the transmission of images captured by the camera and the actual move-
ment of the robot in the manipulator, the greater the potential for unexpected intraoperative
injuries and fatal complications [4, 6-9].

In September 2001, the world’s first telesurgery on a human was successfully performed.
The operation was a laparoscopic cholecystectomy between Strasbourg in France and New
York in the United States using a ZEUS™ surgical assist robot and a private line with a stabi-
lized communication delay of around 150 ms [4, 10]. Recent advances in communication tech-
nologies have enabled the use of less-expensive public lines with a shorter delay [11-13].
However, the limits of acceptable communication delays during more advanced surgeries such
as gastric or colorectal surgeries remain unclear and contentious.

Several studies have been conducted in laboratories to examine the potential impacts of
delays in telesurgery. According to Kim et al., a 250-ms delay was acceptable in laparoscopic
telesurgery using a surgical assist robot [14]. In addition, Peres et al. and Song et al. stated that
telesurgery remained feasible with delays of up to 300 ms and 200 ms, respectively [15, 16].
They also pointed out that the effects of delays varied depending on the difficulty of the opera-
tion or task. Moreover, Anvari et al. reported that even a 500-ms delay could be acceptable
[17].

These experiments were conducted under stationary environments in which the target
object did not move. However, the actual operating field is, to some extent, a dynamic environ-
ment, involving factors such as heartbeat, respiratory motions, and peristalsis of the intestines.
Studies investigating the effects of communication delays in a dynamic environment are thus
warranted.

The present study aimed to evaluate the impact of signal transmission delays on surgery in
a dynamic environment and to identify acceptable levels of delay.

Methods
Participants in this study

Between October 2020 and February 2021, a total of 35 participants were recruited and catego-

rized into three groups. Group 1 comprised 14 medical students and 6 resident doctors who

had never performed any kind of surgery as the primary surgeon. Group 2 comprised 10

young surgeons (mean surgical experience, 5.6 years) who had performed laparoscopic surgery

on their own, but had never performed robot-assisted surgeries. Group 3 comprised 5 senior

surgeons (mean surgical experience, 17.6 years) who had performed robot-assisted surgeries.
Fig 1 shows how the participants performed actual data measurements after training.
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Fig 1. Actual protocol. A total of 4 sets were performed, with the last 2 sets performed on different days. * Each task
was performed 9 times with different delay settings, as follows: Delay 0 ms — Delay 0 ms — Delay 0 ms — Delay 70
ms — Delay 100 ms — Delay 150 ms — Delay 200 ms — Delay 300 ms — Delay 0 ms.

https://doi.org/10.1371/journal.pone.0274328.g001

Training protocol for participants in Groups 1 and 2

Participants in Groups 1 and 2 had never performed robot-assisted surgeries, and so complete
2 h of a training program with RobotixMentor (3D SYSTEMS Simbionix, Littleton, CO, USA).
During this training, participants were obliged to complete the Robotic Basic skill programs
(built into the simulator) at least three times.

Test protocol

Step 1. All participants were allowed to practice each task only one time, with no delay before
the actual trial.

Step 2. Participants performed Task A under no delay 3 times, then with delays in the order
of 70, 100, 150, 200 and 300 ms. Finally, the task was performed again with no delay.

Step 3. Step 2 was repeated in the order of Task C, Task D and Task B.

The above cycle (from Step 1 to Step 3) was defined as a one set. All participants performed
four sets of tasks in total. The first two sets and the last two sets were performed on different
days.

Tasks (S1 Fig)

Task A: Numbering (simple one-handed task). A board with 3 x 3 holes numbered 1-9
was used. Forceps were inserted into the holes in numerical order. The task began in the neu-
tral position and continued until forceps had been inserted into all holes.

Task B: Rope pass (simple two-handed task). A white rope with red marks at equal inter-
vals was used. The rope was lifted up using right and left forceps, and the surgeon was obliged
to grasp only at the marked points. The task was accomplished when the last mark was
grasped.

Task C: Transfer of sticks (complex task using one hand). Ten sticks were placed in
holes numbered 1-10 on the left side, and five were moved to holes on the right side. Sticks
were moved in numerical order. If a stick was dropped, re-grasping was not allowed and the
task was continued for the next numbered stick. If the task was completed without dropping
any sticks, 5 sticks (in holes 6-10) would remain on the left side. If all sticks were dropped
before a total of 5 sticks was moved to the right side, the whole time until the last stick dropped
was recorded.
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Task D: Ring transfer (complex task using both hands). Six rings placed on rods num-
bered 1-6 on the left side were moved to rods on the right side in numerical order. Rings on
the left side had to be grasped with the left forceps, switched to the right forceps, and placed on
the rod with the same number on the right side.

Regarding one-handed tasks, all participants used their right hand. The dominant hand in
all but two participants was the right hand, so one-handed tasks were basically performed with
the dominant hand.

The fault definitions for each task are described separately below.

Dynamic target settings

The above tasks were performed on a pedestal that moved horizontally at an amplitude of 1.0
cm at a frequency of 12 times per minute (52 Fig).

Experimental system

Surgical robot. A prototype of the surgical robot (Riverfield Inc., Tokyo, Japan) was used
(S2 Fig). The operation method of the instruments and endoscope is similar to that of the da
Vinci surgical system. Motions of the surgeon’s hands are measured by the rotation sensors in
the haptic device, and the instrument manipulators reproduce the hand motions of the sur-
geon. Clutching switches are operated by the middle fingers. We used a 26605AA endoscope
(Karl Storz, Tuttlingen, Germany) and CuratOR EX3141-3D display (EIZO, Ishikawa, Japan).

This robot has a start switch, and task completion time was defined as the time from press-
ing the start switch to press the switch again after finishing the task. Movement distance was
automatically measured based on the coordinates of the forceps.

There are no internal electrical or communication latency in the robot system. Mechanical
delay is usually less than 100 ms.

Network and video configuration. We inserted a network simulator (NetDisturb; ZTI
Communications, Lannion, France), which can generate latencies of arbitrary length, between
the surgeon console and the patient cart. Fig 2 shows a diagram of the network connection.
The surgeon console sends data, and the patient cart controls the positions and orientations of
the instruments and endoscope using the received data. The surgeon console sends position
and orientation commands 1000 times per second.

Network Slave
simulator mechanical
Master > delay > delay
Tn/2 Ts

e T

Surgeon Patient
Display - Network - Endoscope
internal checr:mg simulator Er:jcecigmg internal

delay < Y < delay P Y < delay
T Tg
Tnm b Tn/2 N Te

Fig 2. Details of the system used in this experiment. The minimum communication delay was 20 ms, considering
the typical performance of domestic communications. The minimum total communication delay was thus 70 ms,
including the decoding and encoding times. Ty = {0,20,50,100,150,250}ms, T+Tp~50ms, Delay defined in this paper
Tis: T= Tn+Tg+Tp ={0,70,100,150,200,300}ms, *Encoder/decoder unused when Ty = 0.

https://doi.org/10.1371/journal.pone.0274328.9002
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Endoscope images are also delayed via the network simulator. We used a video transmitter
(Zao-SH; Soliton Systems Inc., Tokyo, Japan), which has a low-latency encoder. Minimum
latency from the endoscope to the display is about 40-60 ms, using the transmitter.

Latency configuration. We configured the network simulator as shown in Fig 2. Latencies
were constant, without jitter or packet losses. Configuration 0 was the control group, in which
the latency setting of the network simulator was set to 0 ms and the endoscope image was
directly connected to the display without the encoder. Configuration 70 is the typical latency
environment for domestic telesurgery, comprising a 20-ms round-trip delay due to network
latency and a 50-ms delay from the encoding and decoding processes of the video transmitter.
Configuration 300 was the maximum delayed environment in this experiment.

Delay setting

Our pilot study conducted prior to the present study showed that a surgical tolerance threshold
is likely to exist between delays of 100 and 200 ms under dynamic environments. The delays to
be generated in the present study were thus 0, 70, 100, 150, 200, and 300 ms.

Assessment of completion time

Task completion time was defined as the time from when the subject stepped on the start
switch to when they completed the task and stepped on the switch again.

Assessment of movement distance of forceps

Movement was defined as the total distance of both forceps moved from when the subject
stepped on the start switch to when they completed the task and stepped on the switch again.

Number of faults

Task A: Forceps inserted into a hole in the wrong order were treated as a minor fault.

Task B: Grasping an unmarked area was treated as a minor fault, and dropping the rope
was treated as a major fault.

Task C: Inserting a stick into the wrong hole was regarded as a minor fault. Dropping a
stick was treated as a major fault.

Task D: Dropping a ring or placing a ring on the wrong numbered rod was treated as a
minor fault. A ring falling into an area that could not be re-grasped was considered a major
fault.

Statistical analysis

Statistical analysis was performed using R (version 4.0.3) [18]. The Mann-Whitney U test was
used to compare continuous values. Two-sided p values were computed, and differences were
considered significant for P-values less than 0.05. Task accomplishment time and total move-
ment distance of forceps were compared between delays (0 vs. 70 ms, 70 vs. 100 ms, 100 vs.

150 ms, 150 vs. 200 ms, and 200 vs. 300 ms). As tasks were conducted four times with delay 0
ms, the third measurement was used and all other measurements were omitted for these analy-
ses. We also compared performances of Group 1 or Group2 with no delay (0 ms) and that of
Group 3 with delay to assess the impact of surgical experience on performance under the artifi-
cially created telesurgery model.
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Fig 3. Boxplot of task completion time of each task by all participants.
https://doi.org/10.1371/journal.pone.0274328.9003

Results

One subject in Group B enrolled in this study dropped out because he could not complete the
practice protocol due to malfunction of the simulator. As a result, a total of 34 subjects partici-
pated in this study.

Completion time

Fig 3 shows the result of task completion time of all tasks by all participants. In general, task
completion time increased between a delay of 0 ms (no delay) and a delay of 70 ms (Task A:
18.8 s vs. 23.3 5, P<0.001; Task B: 39.6 s vs. 44.9 s, P<0.001; Task C: 27.2 s vs. 32.1 s, P<0.001;
Task D: 40.7 s vs. 47.0 s, P<0.001), but no significant difference was evident between delays of
70 ms and 100 ms. A significant difference was also found between a delay of 100 ms and a
delay of 150 ms (Task A: 23.9 s vs. 27.9 s, P<0.001; Task B: 47.5 s vs. 53.8 s, P<0.001; Task C:
34.1 svs. 42.3 5, P<0.001; Task D: 51.2 s vs. 58.7 s, P<0.001). Thereafter, the greater the delay,
the longer the task accomplishment time, and these differences were significant. A similar
trend was found in the subgroup analysis (Fig 4).

Movement distance of forceps

Fig 5 shows the result of total movement distance of forceps of all tasks by all participants.
Total movement distances of forceps increased with increasing delay. Subgroup analyses
revealed similar trends in all groups, although these were less obvious in Groups 2 and 3 (Fig
6). In general, total movement distance extended between a delay of 0 ms (no delay) and a
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Task A Task B Task C Task D
Delay (ms)
Group 1 Group 2 Group 3 Group 1 Group 2 Group 3 Group 1 Group 2 Group 3 Group 1 Group 2 Group 3
0 20.3 16.8 15.9 41.4 36.9 345 28.7 28.1 229 44.4 6.3 316
[12.9—92.6]]* [13.2-41.51],, [11.5-29.7]]* [266-86‘8]]* [23.8-65.71]* [24.4-86.6]  [16.2-68. 6]:|* [16.2-42. 9]] [17.1-42. 2]] [22.8-84.5]]* [23.3-64. 21]* [22.5-55. 4]]
70 249 221 19.7 45.4 46.3 40.7 331 32.9 285 50.1 373
[14.7-58.2]  [15.7-37.9]  [13.9-38.6]  [30.6-113.7]  [28.0-74.0]  [28.4-60.7]  [19.3-91.5] [22 9-76.1]  [19.9-61.5]  [28.6-98.8]  [31.0-88.9]  [30.2-63.8]
100 254 23.2 48.7 47.2 42.9 28.3 53.7 1.5 414
[15.5-66.1] |, [15.1-54.0]|, [14.5-29.0], [36.3-128.3][, [354-65.7]  [28.3-69.4]  [22.3 84 71 e [23. 5 70. 2]] [21.5-61. 4]] [26.5-89.8] [, [28.8-78.3]  [32.4-56. 5]]
150 30.7 26.2 235 57.6 50.3 47.0 36.9 62.6 55.8 46.9
[18.8-82.6] |, [18.8-52.6]|, [17.0-46.3][, [38.1-120.0][, [33.0-95.8]  [31.2-78.0]  [27.0- 128 8][, [24. 9 94 3] [24.4-56.3]  [37.1-167.0][, [38.2-86.9] |, [40.9-64.2]
200 33.3 31.8 25.8 60.4 54.2 51.2 48.2 41.5 69.9 65.4 54.9
[21.6-120.8][, [19.7-52.0]|, [17.1-35.1], [41.4-110.2], [35.6-94.8]} [30.8-95.9]]* [27.7-107.7)|, [30.4-814]|, [27.7-70.3)[, [42.1-134.6][, [38.1-252.7](, [41.9-81.2]|,
300 46.3 37.4 32.8 78.5 724 62.5 733 732 53.5 97.2 90.1 70.7
[28.4-99.1]  [24.8-86.4]  [26.7-53.7]  [54.9-129.5] [47.5-116.4] [51.2-100.5] [40.7-165.5] [39.3-120.5] [32.0-105.7) [56.2-146.6]  [61.7-134]  [58.0-148.3]

Fig 4. Task completion time for each Group under each delay. *

shows significant difference (P value<0.05). Values are median [minimum-maximum)].

https://doi.org/10.1371/journal.pone.0274328.9004

delay of 70 ms (Task A, P<0.001; Task B, P = 0.011; Task C, P<0.001; Task D, P<0.001), but
no difference was evident between delays of 70 ms and 100 ms. Thereafter, the greater the
delay, the greater the total movement distance. When analyzing the left and right hand sepa-
rately for the ambidextrous tasks, the performance of the left hand, which is the non-dominant
hand for many participants, was slightly more affected by the increased delay. However, these
differences did not reach statistical significance.

Number of faults

With regard to the number of faults, none were seen in Task A. In other tasks, as delay increased,
the number of faults generally increased, with a steep rise between delays of 200 ms and 300 ms
(S3 Fig). In general, the number of faults did differ markedly under different delays, unlike task
completion time or total movement distance. In Task C, no minor faults were observed.

Comparison between Group 3 with delay and Group 1 or Group2 without
delay
Fig 7 shows the results of additional analysis in which surgical performance was compared

between Group 3 with delay and Group 1 or Group2 without delay. A comparison between
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Fig 5. Boxplot of movement distance of forceps of each task by all participants.
https://doi.org/10.1371/journal.pone.0274328.g005
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Task A Task B Task C Task D
Delay (ms)
Group 1 Group 2 Group 3 Group 1 Group 2 Group 3 Group 1 Group 2 Group 3 Group 1 Group 2 Group 3
0 517 445 460 2373 2278 2447 815 740 769 1366 1274 1366
[361-1521]:|* [350-610]]* [365-597]j|* [1849-3532] [1953-2886]],, [1976-3809] [589-1460]],, [567-11 15]j|,, [645-1251] [901-1965]]* [999-1759]  [1033-1790]
70 591 519 504 2463 2404 2580 840 833 758 1480 1342 1400
[412-1079] [348-760] [376-697] [2014-4354]  [1962-3755]  [1921-3416]  [638-1675] [656-1494] [693-1549]  [1131-2171]  [1040-2014]  [1133-1996]
100 595 530 517 2524 2421 2485 870 849 772 1557 1398 1436
[382-1339]j|* [336-771] [371-624] [203943681]]* [2000-3664]  [2026-3495]  [679-1618]|, [602-1252]j|* [642-1252]]* [1082-2217][,  [742-1971] |, [1088-1801]
150 659 575 525 2602 2520 2611 951 927 859 1652 1524 1529
[432-1627] [406-805](,  [421-817] [2064-3563]  [2082-3786]  [2023-3911]  [647-2292]|, [684-2098] [694-1332]  [1225-3338]|, [1078-2070]|, [1147-1959]
200 697 670 544 2708 2567 2797 1050 1002 896 1751 1791 1637
[466-2047]} [440-890] |, [411-820]]* [2160-3738]]* [2104-3912]  [2058-4298]  [712-1953](, [666-1460]]* [666-1434]  [1211-3166]|, [1127-5146]|, [1165-2188]]*
300 891 758 627 3100 2734 2990 1369 1301 1061 2198 2032 1819
[511-1817)  [505-1488]  [480-1071]  [2375-4149]  [2238-4071]  [2157-4041]  [798-3044]  [884-2412]  [719-1940]  [1352-3332]  [1281-2971]  [1340-2573]

Fig 6. Total movement distance of forceps for each group under each delay. * shows significant difference (P value<0.05). Values are median
[minimum-maximum].

https://doi.org/10.1371/journal.pone.0274328.9006

Group 3 with a delay of 100 ms and Group 1 without delay showed no significant differences
in all tasks for time (Task A: 19.0 s vs. 20.3 s, P = 0.281; Task B: 42.9 s vs. 41.4 s, P = 0.780; Task
C:28.35vs.28.65,P=0.904; Task D: 41.4 s vs. 44.4 s, P = 0.277). Even the performance of
Group 3 with a delay of 150 ms did not differ significantly from that of Group 1 without delay.
In the comparison between Group 3 with a delay of 100 ms and Group 2 without delay, no sig-
nificant difference was seen in time (Task A: 19.0 s vs. 16.8 s, P = 0.132; Task B: 42.9 s vs. 36.1
s, P=0.014; Task C: 28.3 s vs. 27.9 s, P = 0.596; Task D: 41.4 s vs. 36.7 s, P = 0.096). On the
other hand, a significant difference was found between Group 3 with a delay of 150 ms and
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Fig 7. Boxplot of comparing task completion time between Group 3 with delay and Group 1 or Group2 without delay. G1(0),
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3 with delay of 100 ms; G3 150, Group 3 with delay of 150 ms; G3 200, Group 3 with delay of 200 ms; and G3 300, Group 3 with delay of

300 ms.

https://doi.org/10.1371/journal.pone.0274328.9007
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Group 2 without a delay (Task A: 23.5 s vs. 16.8 s, P<0.01; Task B: 47.0 s vs. 36.1 5, P<0.01;
Task C: 36.8 s vs. 27.9 s, P<0.01; Task D: 46.9 s vs. 36.7 s, P<0.01). The result of total move-
ment distance of forceps was almost the same (S4 Fig). A comparison between Group 3 with a
delay of more than 150 ms and Group 1 or Group 2 without a delay showed significant differ-
ences in all tasks except for Task A and Task B between Group 3 and Group 1. The difference
in these tasks became significant with delays of 200 ms or more.

Discussion

The advent of surgical assist robots has furnished surgeons with opportunities to consider tele-
surgery. Recent technological advances in communications infrastructure, as represented by
the development of 5G, may accelerate the clinical use of telesurgery [12]. No technology, how-
ever, has yet been developed to completely eliminate communication delays, and a certain
amount of communication delay is inevitable. This represents a major issue for surgeons [17],
who have to accept some degree of communication delay. According to Marescaux et al., an
overall communication delay of up to 330 ms can be acceptable in telesurgery, based on actual
remote cholecystectomies safely performed on six pigs and one female human patient, under
an average communication delay of 155 ms [4, 5]. No additional studies of acceptable commu-
nication delays in telesurgery have been conducted since then under a dynamic environment.
In addition, the acceptable minimal delay may well have changed given the innovations in sur-
gical robots over the last 20 years. Several studies have also assessed acceptable communication
delays under static environments [14, 16, 17]. However, as target movements make surgical
procedures much more difficult, acceptable limits to communication delays seem likely to dif-
fer between dynamic and static environments.

To assess the impact of communication delays, four different tasks were tested. Although
previous studies have used a variety of tasks with different categories, validated tasks to assess
the impact of communication delays on surgical performance have yet to be devised [19, 20].
Since the influence of communication delays under a dynamic environment was considered
greater than that under a static environment, the present study adopted four brief tasks: simple
single hand; simple both hands; complicated single hand; and complicated both hands. As
both hands need to be controlled in actual surgeries, the results of Task D, the complicated
both hands task, seem the most important. However, results of other tasks allow a more com-
prehensive interpretation of the impact of communication delays on surgical performance.

Which surgical outcomes are the most appropriate for assessing surgical performance in
artificial dynamic environments remains unclear. In this study, task completion time, total
movement distance, and number of faults were evaluated, and the former two were found to
be more strongly affected by communication delays than the last one. Longer task completion
time and greater total movement distance in accordance with communication delay were
expected in dynamic environments, because forceps become difficult to accurately manipulate
to a target as communication delays increase, resulting in unintentional back-and-forth move-
ments of the forceps. On the other hand, surgeons might have been able to control the number
of faults at the expense of total movement distance of forceps and task completion time.
Among these three outcomes, the present study primarily investigated task completion time
and used movement distance and number of faults secondarily, but a comprehensive model
incorporating all three outcomes may be more useful for evaluating surgical performance and
needs to be established and evaluated in the future.

Significant differences in task completion time were generally found between communica-
tion delays of 100 ms and 150 ms for all tasks. This result is consistent with what we initially
assumed and indicates that the acceptable communication delay is smaller than that reported
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in previous studies under a static environment. After a delay of 150 ms, we also observed a pro-
portional increase in task completion time as communication delays increased. Performing
more complicated tasks, such as clipping and cutting blood vessels as required in actual surger-
ies, seems difficult under conditions involving a delay of 150 ms or more.

In the present study, we set 70 ms as the minimal delay, as such delay appears unavoidable
with the encoding and decoding of information. We found significant differences in perfor-
mance between delays of 0 ms and 70 ms in most tasks. This result suggests that even very
small communication delays may affect surgical quality in dynamic environments. Song et al.
[16] reported that surgical quality was unaffected by minimal delay (100 ms), while Rayman
et al. concluded even a 300-ms delay did not affect surgical quality under static conditions
[19]. The differing outcomes between the present and previous studies are understandable
given the substantial differences in environmental conditions. Nevertheless, the findings
obtained from the present study indicate that we should think about the impact of communi-
cation delay more seriously when actual telesurgery is considered for human patients.

To examine the feasibility of telesurgery, we compared outcomes between Group 3 with
delay and Group lor Group2 without delay. The results of Group 3 with delay of 100 ms were
almost the same as those of Group 1 or Group2 with delay of 0 ms. This analysis indicates that
the surgical performance of less-experienced surgeons at local sites may be comparable to that
of experienced surgeons at remote sites. A certain amount of surgical experience may ensure
sufficient quality of surgery under conditions of slight communication delay.

This result shows that telesurgery can already be realized within a relatively small area. Cur-
rent technologies such as optic fibers can send and receive 4K images under the 100-ms com-
munication delay, including encode and decode times between Japan and East-Asian
countries such as China or Korea [21]. Accordingly, telesurgery over a wider area is expected
to become possible in the future if communication technologies such as 5G become more
widespread.

This study showed some limitations. First, the present study we used a total of 136 sets of
data, since each participant (34 doctors) performed 4 sets of tasks. However, this number may
have been insufficient to yield robust results. Second, only five doctors included in the present
study had experience in performing robotic surgeries. Third, subjects were not blinded to the
magnitude of delay, and tasks were always performed in the same order. As familiarity with
the delay or task could have affected surgical performance, the order of delay might have
affected the results. Therefore, blinding to delay and randomization of task order might be
warranted in future work.

In conclusion, communication delays in telesurgery “under dynamic environments” may
be acceptable at 100 ms or below. Experienced surgeons with 100 ms of delay could still out-
perform less-experienced surgeons with no delay. In the near future, experienced surgeons at a
distance may be able to advise on or assist in robotic surgeries performed locally by less-experi-
enced surgeons.

Supporting information

S1 Fig. Tasks. Task A: Numbering (Simple One-Handed Task), Task B: Rope Pass (Simple
Two-Handed Task), Task C: Transfer of Sticks (Complex Task Using One Hand), Task D:
Ring Transfer (Complex Task Using Both Hands).

(TIF)

S2 Fig. Equipment used in the experiment. (A) Dynamic Target Setting repeating 12 hori-
zontal movements per minute. (B): A prototype of the surgical robot (Riverfield Inc.).
(TIF)
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S3 Fig. Total number of faults of each task. No one made any faults in Task A. In Task C, no
minor faults were observed.
(TIF)

$4 Fig. Boxplot comparing movement distance of forceps between Group 3 with delay and
Group 1 or Group 2 without delay. G1(0), Group 1 without delay; G2(0), Group 2 without
delay; G3(0), Group 3 without delay; G3 70, Group 3 with delay of 70 ms; G3 100, Group 3
with delay of 100 ms; G3 150, Group 3 with delay of 150 ms; G3 200, Group 3 with delay of
200 ms; G3 300, Group 3 with delay of 300 ms.

(TIF)

S1 Dataset.
(XLSX)
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