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Abstract
Robot-assisted surgery is limited by the lack of haptic feedback and increased operating times. Force scaling adjusts feed-
back transmitted to the operator through the use of scaling factors. Herein, we investigate how force scaling affects forces 
exerted in robotic surgery during simple and complex tasks, using a pneumatic surgical robot, IBIS VI. Secondary objec-
tives were to test the effects of force scaling on operating time, depth of needle insertion and user satisfaction. Two novice 
males performed simple (modified block transfer) and complex (needle insertion) tasks under four scaling factors: 0.0, 0.5, 
1.0 and 2.0. Single-blind experiments were repeated five times, with alternating scaling factors in random order. Increasing 
the scaling factor from 0.0 to 2.0 reduces forces in block transfer (p = 0.04). All feedback conditions reduce forces in needle 
insertion compared to baseline (0.5: p < 0.001, 1.0: p = 0.001, 2.0: p = 0.001). Time to complete block transfer is shorter 
for scaling factor 0.5 (p = 0.02), but not for 1.0 (p = 0.05) or 2.0 (p = 0.48), compared to baseline. Depth of needle insertion 
decreases consistently with incremental scaling factors (p < 0.001). Further reductions are observed upon augmenting feed-
back (0.5–2.0: p = 0.02). User satisfaction in block transfer is highest for intermediate scaling factors (0.0–1.0: p = 0.01), but 
no change is observed in needle insertion (p = 0.99). Increments in scaling factor reduce forces exerted, particularly in tasks 
requiring precision. Depth of needle insertion follows a similar pattern, but operating time and user satisfaction are improved 
by intermediate scaling factors. In summary, dynamic adjustment of force feedback can improve operative outcomes and 
advance surgical automation.

Keywords  Robot-assisted surgery · Force feedback · Force scaling · Pneumatic surgical robot · Block transfer · Needle 
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Introduction

Background

Technological advances, including robot-assisted minimally 
invasive surgery (RAMIS), are reshaping modern healthcare. 
Since the Czech term “robota”—which translates to “serv-
ant”—was coined in 1921, surgical robots have progressed 

as surgeons’ assistants in less than a century. They offer a 
plethora of benefits over traditional laparoscopic techniques: 
improved ergonomics, lower levels of fatigue, filtering of 
tremors and enhanced visualisation [1]. However, robots, 
often not intuitive, are limited by increased operating times 
[2, 3], high baseline and maintenance costs [4], lengthy 
learning curves [5] and lack of haptics [6]. Haptics (hap-
taesthai, Greek for “to touch”) describes the sensation of 
touch generated by kinaesthetic (i.e. force-related) and tac-
tile information [7]. Receptors on the skin sense pressure, 
stretch, temperature, vibration and texture; thus, tactile feed-
back is compromised greatly in robotic surgery. Whilst the 
surgeon still manipulates the laparoscopic grasper in tradi-
tional laparoscopic operations, its shaft pivots around the 
insertion point resulting in friction that distorts the already 
limited sense of touch [8].

The importance of haptic feedback is widely recognised, 
as numbing fingers with local anaesthetic significantly 
reduces grasping ability [9]. Conveying tactile sensations to 
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the operator in a non-visual display is challenging, though. 
Interestingly, kinaesthetic feedback per se reduces forces 
applied in block transfer [10]. Although King et al. recruited 
20 subjects and did not assess precision in complex tasks, 
similar findings have been obtained from work in vivo [11].

Force scaling was proposed in 2002 to enhance telepres-
ence and optimise force feedback [12]. It constitutes a series 
of algorithms that adjusts forces transmitted to the opera-
tor. In the absence of feedback, the scaling factor (SF) is 0, 
whereas if the feedback is relayed unchanged, the SF = 1. 
Importantly, during ocular surgery or brain cortex stimula-
tion, forces exerted are very small; without upscaling, feed-
back can be masked by the inertial mass of the robot and 
friction between its joints [13]. To date, the optimal degree 
of force feedback in robotic surgery remains elusive.

IBIS VI

To address current limitations, the authors have developed a 
surgical robot prototype, IBIS [14]. The latest version, IBIS 
VI, comprises two robotic arms, each controlling a laparo-
scopic grasper (Fig. 1). IBIS VI is pneumatically actuated; 
removal of electric parts reduces cost and weight, while min-
imising safety concerns, such as risk of fault current. This 

technology achieves higher backdrivability and power-to-
weight ratio. Moreover, it renders force feedback without the 
need for encoders or force sensors. Graspers are detachable 
from their potentiometers and pneumatic actuators, allow-
ing for effective sterilisation. At the tip of each grasper, a 
pneumatic microcylinder exists to achieve a higher range of 
movements. IBIS VI provides 7 intra-abdominal degrees-
of-freedom (DoFs): the five of traditional laparoscopy (yaw, 
pitch, roll, zoom in/out and grip) plus yaw and pitch at the 
grasper tip. Furthermore, it maintains an immovable point of 
insertion of the grasper, hence preventing contamination of 
force feedback. IBIS is also equipped with position sensors 
that track movements of each arm. It is operated remotely, 
using the Phantom Desktop haptic device. In summary, IBIS 
VI constitutes an ideal robot for training surgeons, as it is 
more affordable, compact and safer compared to electric 
counterparts. For a detailed summary of the mechanics of 
IBIS, refer to the Online Appendix (A, Fig. 1).

Herein, the authors employ IBIS VI to determine the 
optimal degree of force feedback in simple and complex 
tasks. Block transfer is compared with needle insertion 
under four different SFs (0.0, 0.5, 1.0 and 2.0), chosen to 
represent a realistic range around physiological conditions 
(i.e. SF = 1.0). The authors hypothesise that increasing the 
scaling factor will reduce the forces exerted, until augmented 
feedback will overwhelm operators and result in increased, 
dysregulated forces. Differences will become more promi-
nent in complex tasks. User satisfaction and depth of inser-
tion of the needle will follow a similar trend. Operating 
times may gradually increase with force feedback, according 
to the literature.

The primary aim is to investigate the effect of force scal-
ing on forces exerted by operators in simple (i.e. block trans-
fer) and complex tasks, in order to determine the optimal 
scaling factor. The secondary objectives are threefold: to test 
whether operating time differs when altering the scaling fac-
tor (in block transfer, BT) and to explore the depth of inser-
tion (in needle insertion, NI), as well as user satisfaction. 
This is the first study to assess force scaling in a pneumatic 
surgical system.

Materials and methods

Participants

Two right-hand-dominant males, identifying themselves 
as novices, were recruited on February 28th, 2018. Both 
adults gave informed consent. Subject selection was based 
on age and experience in robotic surgery. In this single blind, 
single-centre study, participants were asked to perform block 
transfer (BT) and needle insertion (NI) using IBIS VI under 
different SFs (0.0, 0.5, 1.0 and 2.0), set randomly. Upon 

Fig. 1   A lateral view of IBIS VI, a 7 degree-of-freedom pneumati-
cally driven surgical robot, during needle insertion
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completion of each task, participants were offered a ques-
tionnaire to assess satisfaction (Online Appendix A, Fig. 2). 
This study was conducted in the Institute of Biomaterials 
and Bioengineering, Tokyo Medical and Dental University, 
and was completed on the 16th of May 2018.

Task selection and setup

Participants received training through 20 trials of traditional 
laparoscopic BT and ten trials using IBIS VI. To operate the 
robot, compressed air was supplied by an air cylinder. The 
operator controlled IBIS via a commercial master device 
(Phantom Desktop Geomagic Touch X). A low-cost strain 
sensor (Micro Load Cell SC133, Sensorcon) (1.0 × 10−2 g) 
was used to track force. The software used to quantify force 
was developed by the Tadano-Kawashima laboratory. For 
reference, a force of 5 N would feel identical on the mas-
ter side when SF = 1.0, yet it would feel equal to 10 N if 
SF = 2.0. Finally, an endoscope (Olympus Endoeye Flex 3D) 
was supported by the world’s first pneumatic manipulator, 
the EMARO device (Riverfield inc.), offering flexible views.

Block transfer

Standard commercial BT—involving 3 mm wide pegs and 
9 mm hollow blocks—was modified to compensate for sim-
plicity. A 3D-printed base was tailored (using SolidWorks) 
to resemble the commercial board in dimensions, but having 
1 mm wider pegs. Three blocks were made using tin-cured 
silicone and marked 1–3, with a pen. Blocks consisted of 
part A and part B silicone solutions (Dragon Skin®), mixed 
at a 1:1 ratio. The mix was placed inside a vacuum degas-
ser for 1 h to remove air trapped during stirring. It was then 
poured onto a 3D-printed tray for moulding and left for 24 h 
to dry. Blocks were then extracted manually using scalpel 
and scissors. A smooth, hollow, 3D-printed cylinder was 
inserted within each block, resulting in a final inner diameter 
of 4.5 mm.

Three blocks were placed in predetermined starting posi-
tions on the board (Fig. 2). Participants were asked to lift the 
blocks with one robotic grasper and transfer them to the des-
ignated pegs, labelled 1–3, in numerical order. Time, applied 
force and user satisfaction were recorded, but no time limit 
was set. If a block fell from the grasper during transfer, the 
task was restarted. BT was completed 20 times in total for 
each participant (i.e. five times for each of the 4 SFs) (Online 
Appendix A, Fig. 3). All repetitions occurred on different 
days, to minimise confounding from motor memory.

Needle insertion

Two sheets of silicone, measuring 10 mm in height each, 
were fitted inside a 3D-printed cage, measuring 20 × 30 mm. 

The inferior sheet comprised hard silicone (Dragon Skin®), 
whereas the superior one contained soft silicone (Eco 
Flex®). The point of insertion was marked as a black dot in 
the middle of the upper sheet. A 27G needle (38 mm long) 
was chosen for insertion and was replaced after every task, 
to minimise confounding due to blunting of the tip. The 
needle was held loosely, using laparoscopic forceps (Karl 
Storz®), for subjects to grab with the robotic grippers. Sub-
jects were instructed to insert the needle perpendicularly (as 
if administering an intramuscular injection) and to fully trav-
erse the soft silicone layer without entering the hard sheet 
(Fig. 3) (Online Appendix A, Fig. 4). Penetration force was 
recorded and images were taken with a camera (Canon® 
Power Shot G1 X Mark II), set at an equal height to the cage, 
to identify the vertical depth of insertion by pixel count. The 
experiment was repeated five times for each SF. The task 
was restarted in case the needle was dropped.

Data analysis

The data was analysed using the IBM Statistical Package 
for Social Sciences (SPSS). The boundary for significance 

Fig. 2   Summary of the modified block transfer task: the initial posi-
tion of the blocks at the start of the task is shown above (a) and the 
final position at the end of the task is shown below (b)
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was set at p < 0.05. Adobe Photoshop was chosen for pixel 
counting, when assessing depth of needle insertion.

Results

Force analysis

Raw data for maximum force were converted from grammes 
to Newton, by multiplying with g = 9.81 m/s2 and dividing 
by 1000. Baseline recordings in the absence of force (i.e. 
noise) were subtracted from their respective force readings. 
The compensated force from three axes, Fx, Fy and Fz, was 
then compiled into a net force (Fnet), the magnitude of which 
was calculated as follows:

The average Fnet for each subject was derived by adding 
the five values for each experiment in every SF and dividing 
by 5. Subsequently, the averages for each participant were 
added and divided by 2. Results are shown below for BT 
and NI, respectively (Figs. 4, 5). Error bars represent the 
uncertainty of the calculation (derived as shown in Online 
Appendix B).

For BT, increasing kinaesthetic feedback reduced the 
forces exerted. This reduction appeared greater upon intro-
duction of feedback (SF = 0.0 to SF = 0.5) but continuing 
with increments in SF. A one-way analysis of variance 
(ANOVA) revealed a significant difference [F(3,36) = 3.440, 
p = 0.027]. Homogeneity of variance was not violated, as 

Fnet =

√

Fy2 + Fx2 + Fz2.

evidenced by Levene’s test (p = 0.469, based on mean). 
Post-hoc analysis using Tuckey HSD identified a significant 
difference between SF = 0.0 and SF = 2.0 [mean difference 
(MD) = 0.484, p = 0.04].

While introduction of feedback using any SF reduced 
forces exerted compared to baseline, it was unclear whether 
increments in SF reduced force. Although a one-way 
ANOVA unveiled a significant difference [F(3,36) = 10.254, 
p < 0.001], Levene’s test yielded significant heterogeneity 
and thus, a Welch test was conducted, confirming the sig-
nificant difference [F(3,19.23) = 4.795, p = 0.012]. Post-hoc 
analysis using Tuckey HSD revealed significance between 
SF = 0.0 and all positive SFs (SF = 0.0/SF = 0.5: MD = 1.45, 
p < 0.001; SF = 0.0/SF = 1.0: MD = 1.32, p = 0.001; SF = 0.0/

Fig. 3   An overview of the needle insertion task
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SF = 2.0: MD = 1.31, p = 0.001). No significance was 
detected between the positive SFs.

Operating time

The average time to complete BT in different SFs was calcu-
lated by adding the times in each repetition and dividing by 
the number of experiments. Findings are presented in Fig. 6. 
Error bars depict standard deviation (SD).

Length of operation appeared largest in the absence 
of feedback and in the presence of augmented feedback, 
with spread of data (around the mean) largest for the lat-
ter group. A one-way ANOVA [F(3,36) = 3.747, p = 0.019] 
was not taken into consideration, due to lack of ten-
ability of the homogeneity assumption (Levene’s test, 
p = 0.003). A Brown–Forsythe test was chosen, instead 
[F(3,14.61) = 3.747, p = 0.035]. Post-hoc analysis using 
Tuckey HSD yielded significance between SF = 0.0 and 
SF = 0.5 (MD = 1.859, p = 0.023). Notably, the difference 
between SF = 0.0 and SF = 1.0 was equal to the cut-off for 
significance (MD = 1.859, p = 0.05).

Depth of insertion

Depth of insertion (d, in mm) was calculated as follows:

where Lneedle is the total length of the needle (constant, 
38 mm), Hcage is the height of the cage (constant, 30 mm), 
and hcage and lneedle are the sizes of the cage and visible 
needle, respectively, as measured by Adobe Photoshop. 
Although the results were not free of error, uncertainty 
could not be calculated directly due to the crude method of 

d = Lneedle −
hcage

lneedle
× Hcage,

measurement (i.e. pixels). The average depth of insertion 
(of five trails per SF, for both participants) is shown below 
(Fig. 7). Error bars represent SD.

The results show that increments in SF reduced the depth 
of insertion. The maximal increase was observed upon 
introduction of feedback at SF = 0.5. A one-way ANOVA 
proved significance [F(3,36) = 38.385, p < 0.001] in the 
presence of a tenable assumption of homogeneity (Lev-
ene’s test: p = 0.678). Post-hoc analysis using Tuckey HSD 
suggested multiple significant differences between groups: 
SF = 0.0/SF = 0.5: MD = 4.81, p < 0.001; SF = 0.0/SF = 1.0: 
MD = 5.49, p < 0.001; SF = 0.0/SF = 2.0: MD = 6.90, 
p < 0.001; SF = 0.5/SF = 2.0: MD = 2.10, p = 0.021. The 
aforementioned confirm an important reduction in depth of 
insertion with increments in SF. The results also support a 
smaller—albeit significant—difference when increasing the 
SF from 0.5 to 2.0. Interestingly, participants managed to 
direct the needle as instructed only for the largest SF, pen-
etrating into the hard sheet of silicone for merely 0.21 mm 
(d = 10.21 mm). In contrast, the insertion traversed most of 
the hard sheet for SF = 0.0 (7.11 mm; d = 17.11 mm). For 
SF = 0.5 and SF = 1.0, the needle entered the hard sheet 
by 2.31 mm (d = 12.31 mm) and 1.62 mm (d = 11.62 mm), 
respectively.

User satisfaction

Herein, the subject averages for all four questions were 
added, with a maximum possible score of 20. Scores reflect 
overall satisfaction. The questions addressed feeling in con-
trol, telepresence, speed of operation and preference over 
non-robotic alternatives for BT and NI, respectively (Figs. 8, 
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9). Error bars represent the cumulative score for each par-
ticipant, serving as an assessment of how similar this experi-
ence was for the subjects.

Intermediate SFs, SF = 0.5 and SF = 1.0, were preferred in 
BT, with the latter scoring the highest. Minimum satisfaction 
was observed in the absence of feedback, but variability was 
highest for SF = 2.0. A Kruskal–Wallis test [H(3) = 10.852, 
p = 0.013, mean ranks 0.0: 9.50, 0.5: 18.50, 1.0: 23.75, 2.0: 
14.25] revealed significance between SF = 0.0 and SF = 1.0 
(p = 0.01), using the Bonferroni correction. In NI, satis-
faction was similar across all conditions [Kruskal–Wallis: 
H(3) = 0.134, p = 0.99, mean ranks 0.0: 15.63, 0.5: 16.81, 
1.0: 17.19, 2.0: 16.38]. Of note, the maximal and mini-
mal variability in responses was present for SF = 2.0 and 
SF = 0.0, respectively. With regards to qualitative data, one 

subject commented that force feedback at SF = 0.5 was faint. 
Both subjects agreed that telepresence was minimal in the 
absence of feedback. Subjects also acknowledged that force 
felt “really strong” at SF = 2.0. Ultimately, one participant 
felt losing control at SF = 2.0 due to “unelicited, dysregu-
lated motions” of IBIS.

Discussion

Effects of force scaling on operator force

The results partly confirm the original hypothesis, as 
increasing the SF reduced forces exerted, but without an 
increase in force at SF = 2.0. Intriguingly, significant reduc-
tions in force (2.07 N–1.58 N, p = 0.04) were present only 
between SF = 0.0 and SF = 2.0, indicating little benefit of 
force feedback at physiological magnitudes in BT (Fig. 4). 
A possible explanation is that despite the modifications, BT 
is not complex enough for feedback to offer a meaningful 
benefit. This questions the quality of the task as well as its 
widespread use in surgical training and competitions for 
medical students. However, the effects observed at SF = 2.0 
might be the result of unblinding due to the prominent dif-
ference in sensation between experimental conditions. Albeit 
previous research supports that haptic feedback is most use-
ful in complex tasks, such as milling of hard tissue, the ideal 
SF remains elusive [15]. A reaction force observer, though, 
was used in the aforementioned study, rendering direct com-
parison with our experiments suboptimal [16]. Furthermore, 
the maximum force in BT was unexpectedly observed upon 
fitting blocks onto pegs, rather than on pushing down when 
making contact to lift them. In summary, only augmented 
force feedback significantly reduces the forces exerted dur-
ing BT.

Reduction in force was significant between SF = 0.0 and 
all positive SFs in NI (Fig. 5), indicating the importance of 
force feedback in elaborate tasks. Still, findings do not verify 
our hypothesis, as force exerted at SF = 2.0 did not differ 
significantly from the minimum force (i.e. SF = 0.5: 1.73 N 
vs. SF = 2.0: 1.87 N, p = 0.96). Similar experiments, with 
limited sample size (N = 4), have reported reductions in force 
only in the vertical direction (i.e. z-axis) [17]. However, due 
to the acute angle of insertion in some trials herein, analysis 
of the net force, rather than force in the z-axis, became most 
meaningful. Whilst kinaesthetic feedback alleviates forces 
exerted, some argue it results in less tissue damage only 
when combined with tactile feedback [18]. Although neither 
precision of insertion nor damage to silicone was assessed, 
addition of tactile feedback would be of debatable benefit, as 
no direct palpation was involved in this experiment. Interest-
ingly, one subject noted oscillations concurrent with loss of 
control at SF = 2.0. Studies support that augmented feedback 
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conditions overwhelm surgeons and decrease performance, 
yet our results point otherwise [19]. Despite heterogeneity 
of variance in the data, the Welch test ensured conservative 
analysis, rendering statistical inaccuracies unlikely. Collec-
tively, augmented feedback offers significant benefits in NI, 
comparable to those under physiological conditions.

Secondary outcomes

Time to complete BT followed an opposite trend to that 
hypothesized (Fig. 6). Force feedback (SF = 0.5) reduced 
operating time significantly compared to SF = 0.0 (23.6 
vs. 29.2, p = 0.02). Physiological conditions (SF = 1.0) 
also reduced operating time, yet not significantly (24.2 vs. 
29.2, p = 0.05). A likely justification is the inherently short 
length of the task and its simplicity, thus failing to intro-
duce fatigue, normally present during surgery. Augmented 
feedback did not reduce operating time significantly, either 
(26.5 vs. 29.2, p = 0.48). Larger studies (N = 100) disagree 
[4, 20], while others support that lengthening of time in 
robot-assisted surgery is only significant for novices [4, 
20]. Conversely, a recent phase 3, multicentre trial (N = 326) 
favoured robot-assisted laparoscopy versus open prostatec-
tomy (246 min vs. 280 min, p < 0.001) [21]. Although the 
evidence in favour of higher operating times in robotic sur-
gery is vast, a meta-analysis—focusing on pyeloplasty in 
children—attributes this debate to the lack of a universally 
accepted definition [22]. Indeed, it is unclear whether oper-
ating times include the lengthy preparations and docking 
of the robot prior to surgery. In summary, intermediate SFs 
reduce operating times in IBIS-assisted BT.

Introduction of feedback resulted in significant reduc-
tions in depth of needle insertion compared to baseline 
(p < 0.001) (Fig. 7). Interestingly, a further significant reduc-
tion was observed between SF = 0.5 and SF = 2.0 (12.31 mm 
vs. 10.21 mm, p = 0.02), rejecting the original hypothesis. 
Instead of constituting a distractor or opposing force, aug-
mented feedback became the most useful SF [23]. This find-
ing is not surprising, as precise tasks often require smaller 
forces. While IBIS has a lower mass than its electrically 
driven counterparts and is compensated for inertia, feedback 
from physiological scaling factors may be masked—to an 
extent—in delicate tasks (e.g. NI). Interestingly, the nee-
dle penetrated the hard silicone sheet (by 0.21 mm) at the 
SF = 2.0, raising the question whether the range of selection 
of SFs was appropriate. While upscaling from 2.0 is theoreti-
cally possible, exacerbation of oscillations and risk of harm 
to the operator make that venture unlikely to pursue. Per-
haps, a SF = 1.5 would be most meaningful to understand the 
differences between SF = 1.0 and SF = 2.0. Nevertheless, it is 
possible that the needle did not enter the hard silicone sheet, 
if one considers that insertion rarely occurred at exactly 90°. 
Overall, increments in SF reduce the depth of insertion.

Robotic surgery increases user satisfaction by improv-
ing ergonomics and reducing stress (physical and mental), 
yet the role of SF is less well described [24]. Results in BT 
confirm our hypothesis, with the highest satisfaction seen for 
SF = 1.0 (p = 0.02) (Fig. 8). In contrast, satisfaction did not 
change in NI (Fig. 9). Notably, Kruskal–Wallis is less pow-
erful than ANOVA, and the Bonferroni correction can yield 
false negatives, so a significant difference between SF = 0.0 
and SF = 0.5 (p = 0.28) may have been overlooked [25]. In 
addition, the significant reductions in force and depth of 
insertion support that haptic feedback offers benefits the 
operators may not be aware of during surgery [18]. Train-
ing of subjects in BT, but not NI, could have also posed a 
source of confounding. Of note, the biggest variability in 
responses for both tasks was in “preference of IBIS over 
non-robotic alternatives”, where one subject consistently 
scored higher for SF = 0.0, SF = 0.5 and SF = 1.0, but lower 
for SF = 2.0. This highlights the need to tailor feedback not 
only to the task but to the surgeon, as well. Both operators 
were 21 years of age; hence, their sensory modalities were 
fully functional. Surgeons of different age, though, have dis-
similar thresholds for sensation. Taken together, physiologi-
cal SFs increase satisfaction in BT, but not in NI.

Future direction

Determining the ideal degree of feedback is not straight-
forward, as SFs change depending on the task. The next 
step will be to compare different masters. Higher SFs may 
favour a delta-mechanism master, such as the sigma7 (Force 
Dimension), which provides stiffness at the expense of work-
space, compared to the serial-linked Phantom Desktop uti-
lized herein. The Kawashima laboratory is also developing 
a pneumatic master, in an attempt to construct a fully pneu-
matic surgical system. To address individual preferences in 
SF, another venture would be to incorporate detectors of a 
surgeon’s fatigue (e.g. via electromyography) that automati-
cally adjust the SF during an operation. The future could 
see a system which adjusts its SF based on both the opera-
tor and task. In this way, common tasks (e.g. suturing) may 
become fully automated [26, 27]. Taking a step further, a 
more immersive system could receive input from the opera-
tor’s prefrontal cortex for an additional level of dynamic 
adjustment of the SF, based on the operator’s stress and con-
centration [28]. Furthermore, embedding active constraints 
(i.e. navigational systems that strictly allow movement solely 
through predetermined paths) could eventually achieve pre-
cision impossible by human hand [29, 30]. However, sur-
geons with experience perform better even in the absence 
of feedback and thus, standardisation of training needs to 
be addressed together with the fundamental issues of lack 
of non-proprietary platforms and health inequalities [31]. 
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Therefore, IBIS constitutes an affordable and portable pro-
totype, ideal for surgical training and suited for the future 
of healthcare.

Conclusion

In conclusion, increments in SF reduce forces exerted in 
modified BT and NI when using IBIS, a pneumatic surgi-
cal robot prototype. Higher scaling factors (SF = 2.0) are 
not associated with negative outcomes, when compared to 
SF = 0.5 and SF = 1.0, and are superior to SF = 0.0. Operat-
ing time and depth of needle insertion are also reduced. User 
satisfaction is highest for SF = 1.0 in modified BT, yet no 
trend is present for NI. However, the results of this study are 
limited by our methodology, sample size and the mechanics 
of IBIS. In summary, the optimal magnitude of kinaesthetic 
feedback in robotic surgery differs depending on the task and 
the operator. It is of paramount importance to tailor the SF 
dynamically, in order to achieve the best operative results 
and advance surgical automation.

Acknowledgements  The authors thank Riverfield inc. for providing 
the infrastructure to conduct this research.

Funding  Part of this research is based on the Cooperative Research 
Project of the Research Centre for Biomedical Engineering. Author-DK 
was supported by the JASSO scholarship.

Compliance with ethical standards 

Conflict of interest  Authors DK, YK, RM, TK and KK declare that 
they have no conflict of interest.

References

	 1.	 Hashizume M, Tsugawa K (2004) Robotic surgery and cancer: 
the present state, problems and future vision. Jpn J Clin Oncol 
34(5):227–237. https​://doi.org/10.1093/jjco/hyh05​3

	 2.	 Nio D, Bemelman WA, Busch OR, Vrouenraets BC, Gouma DJ 
(2004) Robot-assisted laparoscopic cholecystectomy versus con-
ventional laparoscopic cholecystectomy: a comparative study. 
Surg Endosc 18(3):379–382

	 3.	 Roh HF, Nam SH, Kim JM (2018) Robot-assisted laparoscopic 
surgery versus conventional laparoscopic surgery in randomized 
controlled trials: a systematic review and meta-analysis. PLoS 
One 13(1):e0191628. https​://doi.org/10.1371/journ​al.pone.01916​
28

	 4.	 Breitenstein S, Nocito A, Puhan M, Held U, Weber M, Clavien 
PA (2008) Robotic-assisted versus laparoscopic cholecystectomy: 
outcome and cost analyses of a case-matched control study. Ann 
Surg 247(6):987–993. https​://doi.org/10.1097/SLA.0b013​e3181​
72501​f

	 5.	 Wright JD, Ananth CV, Lewin SN et al (2013) Robotically assisted 
vs laparoscopic hysterectomy among women with benign gyneco-
logic disease. JAMA 309(7):689–698. https​://doi.org/10.1001/
jama.2013.186

	 6.	 Enayati N, De Momi E, Ferrigno G (2016) Haptics in robot-
assisted surgery: challenges and benefits. IEEE Rev Biomed 
Eng 9:49–65. https​://doi.org/10.1109/RBME.2016.25380​80

	 7.	 Hannaford B, Okamura AM (2008) Haptics. In: Siciliano B, 
Khatib O (eds) Springer handbook of robotics. Springer, Berlin, 
pp 719–739

	 8.	 Puangmali P, Althoefer K, Seneviratne LD, Murphy D, Das-
gupta P (2008) State-of-the-art in force and tactile sensing for 
minimally invasive surgery. IEEE Sens J 8(4):371–381. https​://
doi.org/10.1109/JSEN.2008.91748​1

	 9.	 Johansson RS, Westling G (1984) Roles of glabrous skin recep-
tors and sensorimotor memory in automatic control of precision 
grip when lifting rougher or more slippery objects. Exp Brain 
Res 56(3):550–564. https​://doi.org/10.1007/BF002​37997​

	10.	 King CH, Culjat MO, Franco ML et al (2009) Tactile feed-
back induces reduced grasping force in robot-assisted surgery. 
IEEE Trans Haptics 2(2):103–110. https​://doi.org/10.1109/
TOH.2009.4

	11.	 Wottawa CR, Genovese B, Nowroozi BN et al (2016) Evaluating 
tactile feedback in robotic surgery for potential clinical appli-
cation using an animal model. Surg Endosc 30(8):3198–3209. 
https​://doi.org/10.1007/s0046​4-015-4602-2

	12.	 Roy J, Rothbaum DL, Whitcomb LL (2002) Haptic feedback 
augmentation through position based adaptive force scaling: 
theory and experiment. IEEE RSJ Int Conf Intell Robots Syst 
3:2911–2919. https​://doi.org/10.1109/IRDS.2002.10417​14

	13.	 Rizun P, Gunn D, Cox B, Sutherland G (2006) Mechatronic 
design of haptic forceps for robotic surgery. Int J Med Robot 
2(4):341–349. https​://doi.org/10.1002/rcs.110

	14.	 Tadano K, Kawashima K, Kojima K, Tanaka N (2009) Develop-
ment of a pneumatically driven forceps manipulator IBIS IV. 
2009 ICCAS-SICE conference. Fukuoka, Japan, pp 179–188

	15.	 Kasahara Y, Kawana H, Usuda S, Ohnishi K (2012) Telerobotic-
assisted bone-drilling system using bilateral control with feed 
operation scaling and cutting force scaling. Int J Med Robot 
8(2):221–229. https​://doi.org/10.1002/rcs.457

	16.	 Sariyildiz E, Ohnishi K (2014) An adaptive reaction force 
observer design. IEEE ASME Trans Mechatron 20(2):750–760. 
https​://doi.org/10.1109/TMECH​.2014.23210​14

	17.	 Peddamatham S, Peine W, Tan H (2008) Assessment of vibro-
tactile feedback in a needle-insertion task using a surgical robot. 
2008 symposium on haptic interfaces for virtual environment 
and teleoperator systems. Reno, Nevada, pp 93–99. https​://doi.
org/10.1109/HAPTI​CS.2008.44799​20

	18.	 Gwilliam JC, Mahvash M, Vagvolgyi B, Vacharat A, Yuh DD, 
Okamura AM (2009) Effects of haptic and graphical force feed-
back on teleoperated palpation. 2009 IEEE international con-
ference on robotics and automation. Kobe, Japan, pp 677–682. 
https​://doi.org/10.1109/ROBOT​.2009.51527​05

	19.	 Deml B, Ortmaier T, Weiss H (2004) Minimally invasive sur-
gery: empirical comparison of manual and robot assisted force 
feedback surgery. EuroHaptics, Munich, Germany, pp 403–406

	20.	 Wagner C, Howe R (2007) Force feedback benefit depends on 
experience in multiple degree of freedom robotic surgery task. 
IEEE Trans Robot 23(6):1235–1240. https​://doi.org/10.1109/
TRO.2007.90489​1

	21.	 Yaxley JW, Coughlin GD, Chambers SK et al (2016) Robot-
assisted laparoscopic prostatectomy versus open radical retro-
pubic prostatectomy: early outcomes from a randomised con-
trolled phase 3 study. Lancet 388(10049):1057–1066. https​://
doi.org/10.1016/S0140​-6736(16)30592​-X

	22.	 Cundy TP, Harling L, Hughes-Hallett A et al (2014) Meta-anal-
ysis of robot-assisted vs conventional laparoscopic and open 
pyeloplasty in children. BJU Int 114(4):582–594. https​://doi.
org/10.1111/bju.12683​

https://doi.org/10.1093/jjco/hyh053
https://doi.org/10.1371/journal.pone.0191628
https://doi.org/10.1371/journal.pone.0191628
https://doi.org/10.1097/SLA.0b013e318172501f
https://doi.org/10.1097/SLA.0b013e318172501f
https://doi.org/10.1001/jama.2013.186
https://doi.org/10.1001/jama.2013.186
https://doi.org/10.1109/RBME.2016.2538080
https://doi.org/10.1109/JSEN.2008.917481
https://doi.org/10.1109/JSEN.2008.917481
https://doi.org/10.1007/BF00237997
https://doi.org/10.1109/TOH.2009.4
https://doi.org/10.1109/TOH.2009.4
https://doi.org/10.1007/s00464-015-4602-2
https://doi.org/10.1109/IRDS.2002.1041714
https://doi.org/10.1002/rcs.110
https://doi.org/10.1002/rcs.457
https://doi.org/10.1109/TMECH.2014.2321014
https://doi.org/10.1109/HAPTICS.2008.4479920
https://doi.org/10.1109/HAPTICS.2008.4479920
https://doi.org/10.1109/ROBOT.2009.5152705
https://doi.org/10.1109/TRO.2007.904891
https://doi.org/10.1109/TRO.2007.904891
https://doi.org/10.1016/S0140-6736(16)30592-X
https://doi.org/10.1016/S0140-6736(16)30592-X
https://doi.org/10.1111/bju.12683
https://doi.org/10.1111/bju.12683


421Journal of Robotic Surgery (2019) 13:413–421	

1 3

	23.	 Wagner C, Stylopoulos N, Howe R (2002) The role of force feed-
back in surgery: analysis of blunt dissection. Haptics. https​://doi.
org/10.1109/HAPTI​C.2002.99894​3

	24.	 Van der Schatte Olivier RH, Van’t Hullenaar CD, Ruurda JP, 
Broeders IA (2009) Ergonomics, user comfort, and performance 
in standard and robot-assisted laparoscopic surgery. Surg Endosc 
23(6):1365–1371. https​://doi.org/10.1007/s0046​4-008-0184-6

	25.	 Nakagawa S (2004) A farewell to the Bonferroni: the problems of 
low statistical power and publication bias. Behav Ecol 15(6):1044. 
https​://doi.org/10.1093/behec​o/arh10​7

	26.	 Shademan A, Decker RS, Opfermann JD, Leonard S, Krieger A, 
Kim PC (2016) Supervised autonomous robotic soft tissue sur-
gery. Sci Transl Med 8(337):337ra64. https​://doi.org/10.1126/scitr​
anslm​ed.aad93​98

	27.	 Haidegger T, Benyó B, Kovács L, Benyó Z (2009) Force sensing 
and force control for surgical robots. IFAC Proc Vol. 42(12):401–
406 https​://doi.org/10.3182/20090​812-3-DK-2006.0035

	28.	 Modi HN, Singh H, Orihuela-Espina F et al (2018) Temporal 
stress in the operating room: brain engagement promotes “coping” 
and disengagement prompts “choking”. Ann Surg 267(4):683–
691. https​://doi.org/10.1097/SLA.00000​00000​00228​9

	29.	 Davies BL, Harris SJ, Lin WJ, Hibberd RD, Middleton R, Cobb 
JC (1997) Active compliance in robotic surgery—the use of 
force control as a dynamic constraint. Proc Inst Mech Eng H 
211(4):285–292. https​://doi.org/10.1243/09544​11971​53440​3

	30.	 Cobb J, Henckel J, Gomes P et al (2006) Hands-on robotic uni-
compartmental knee replacement: a prospective, randomised 
controlled study of the acrobot system. J Bone Joint Surg Br 
88(2):188–197. https​://doi.org/10.1302/0301-620X.88B2.17220​

	31.	 Meccariello G, Faedi F, AlGhamdi S et al (2016) An experimental 
study about haptic feedback in robotic surgery: may visual feed-
back substitute tactile feedback? J Robot Surg 10(1):57–61. https​
://doi.org/10.1007/s1170​1-015-0541-0

https://doi.org/10.1109/HAPTIC.2002.998943
https://doi.org/10.1109/HAPTIC.2002.998943
https://doi.org/10.1007/s00464-008-0184-6
https://doi.org/10.1093/beheco/arh107
https://doi.org/10.1126/scitranslmed.aad9398
https://doi.org/10.1126/scitranslmed.aad9398
https://doi.org/10.3182/20090812-3-DK-2006.0035
https://doi.org/10.1097/SLA.0000000000002289
https://doi.org/10.1243/0954411971534403
https://doi.org/10.1302/0301-620X.88B2.17220
https://doi.org/10.1007/s11701-015-0541-0
https://doi.org/10.1007/s11701-015-0541-0

	Evaluation of a pneumatic surgical robot with dynamic force feedback
	Abstract
	Introduction
	Background
	IBIS VI

	Materials and methods
	Participants
	Task selection and setup
	Block transfer
	Needle insertion
	Data analysis

	Results
	Force analysis
	Operating time
	Depth of insertion
	User satisfaction

	Discussion
	Effects of force scaling on operator force
	Secondary outcomes

	Future direction
	Conclusion
	Acknowledgements 
	References


