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Abstract

Iterative prototyping is costly and time-consuming. Particularly when designing medical
instruments, human factors related design choices significantly impact performance and
safety. A tool is presented that allows for the evaluation of steerable instrument controls
before the onset of the prototyping stage. The design tool couples gestural input to virtually
simulated instrument motions using hand motion tracking. We performed a human-subject
evaluation of two manual control strategies that differed in their degrees of freedom (DOF).
2DOF thumb control was compared to 4DOF thumb-index finger control. Results identified
regions within the instrument workspace that are difficult to reach and showed participants
to favor using the thumb for gross and fine-tuning motions at both control strategies. Index
finger ab/adduction was found to be least functional. A strong learning effect was observed
at 4DOF control. Based on the results, gesture-based instrument design is a viable design
tool.

Introduction
Medical instrument design challenges

Many design methods exist [1-4], including general design theory [5], axiomatic design [6, 7],
user-centered design [8-11], scenario based design [12-14], participatory design [15], and
combinations or variations thereof [16, 17]. Irrespective of the method one employs, proto-
types are a necessity in any design process. Only through prototyping are researchers able to
set up experiments for testing and evaluation with appropriate user groups. Unfortunately,
prototyping is never a one-time event, as design concepts need to be tested, refined, and
retested multiple times throughout a development process [18].

Iterative prototyping, particularly in the medical industry, can be a costly and time-con-
suming process, with no guarantee of eventual market adoption. In the case of surgical instru-
mentation, clinical evidence towards effectiveness, gathered through clinical trials, ultimately
dictates market uptake [19]. Of particular interest are the challenging developments of multi-
branched and multi-steerable instruments, such as those developed for Natural Orifice Trans-
lumenal Endoscopic Surgery (NOTES) and Single Incision Laparoscopic Surgery (SILS) since
2006 [20]. These instruments are intended to provide the ability to perform surgical
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procedures or interventions through a natural orifice or via a keyhole incision. Although litera-
ture shows that NOTES and SILS can provide advantages for the patient, such as a reduced
risk of infections and faster recovery [21, 22], these techniques present challenges to even expe-
rienced surgeons with regard to instrument ‘sword-fighting’, triangulation, tissue handling,
and bimanual task performance [23].

Multi-branched instruments for minimally invasive applications (including NOTES and
SILS) are now being developed [24-27]. Design efforts are primarily focused on increasing the
instruments’ maneuvering potential by expanding the incorporated degrees of freedom (DOF)
and by allowing for instrument triangulation [28, 29], thereby providing the ability for biman-
ual task performance. Other developments include human-in-the-loop computer control
schemes [28, 30, 31], varying actuation methods [27, 32-34], alternate fabrication methods
[35, 36], integrating various functions (e.g., ultrasound) [32, 37], and improving system prop-
erties such as stiffness [38], workspace [33], and force-transmission capabilities [33].

Despite ongoing developments, relatively limited adoption is seen for mechanical and
robotic multi-branched systems [19]. In an evaluation of the determinants of medical instru-
ment adoption, O’Toole et al. [19] provided the following six factors: (1) clinical need, (2)
clinical effectiveness, (3) safety, (4) compatibility, (5) cost, and (6) usability. For robotic instru-
ments these authors observed that all instruments satisfy the first three criteria, but many
instruments do not fulfill one or more of the latter three criteria, thus hampering their market
uptake. Additionally, issues regarding spatial orientation, ease of use, steep learning curves,
operating room limitations, and high costs, are problems that prohibit widespread instrument
adoption [19, 39]. We argue that the usability factor, which encompasses aspects of system
ergonomics, performance, and intuitiveness of use, is currently a limiting factor concerning
multi-branched instrumentation development. Indeed, from the literature, it is apparent that
most developed multi-branched instruments have not reached clinical practice, which is in
part explained due to their control complexities [25, 39].

Control of multi-branched instruments requires either two surgeons to work in concert or
a single surgeon to switch between control modes (usually between shaft and branches con-
trol). The complex controls may be an indication that insufficient emphasis has been placed
on human factors aspects during instrument development, in particular regarding the relation-
ship between (manual) instrument control and the instrument DOF [25]. Human factors
research often concerns the assessment and training of residents’ laparoscopic skills profi-
ciency (e.g., [40] [41]). Although assessment and training are essential, a lack of attention to
usability during the design process may lead not only to improperly designed instrument con-
trols, but also to human error, and potentially, life-threatening incidents [42]. By adopting
human factors principles, medical equipment and its operations may be made safer and more
efficient [42].

Considering the existing multi-branched instrument control complexities, incorporating
human-centered design principles may focus and expedite the development process such that
prototyped instruments better align with natural human control. In this article, we present a
design tool that helps to iteratively evaluate steerable instrument controls before the onset of
the prototyping stage. The tool allows for a pre-prototyping iterative design optimization con-
cerning instrument controls. Also, we present a proof-of-principle evaluation of two manual
control strategies, differing in their number of integrated DOFs.

Design tool for steerable instrument human factors evaluation

In this study, we introduce a new design tool for human factors evaluation of steerable instru-
ment control. This section describes the reasoning behind the design tool, using a hypothetical
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Fig 1. Methods of evaluating control of a theoretical laparoscopic instrument with two stacked 2DOF segments,
controlled with the thumb and index fingers. a) evaluation of a physical prototype, with the two segments controlled
through joystick; b) physically prototyped controller wired to a computer providing a simulation of an instrument tip;
c) control simulation of the theoretical laparoscopic instrument with hand and finger motions measured through
camera tracking, with the thumb and index finger motions coupled to two virtual 2DOF segments with a motion
mapping strategy congruous to that of the physical instrument.

https://doi.org/10.1371/journal.pone.0199367.g001

multi-steerable instrument as an example. Fig 1 A shows an instrument with at the tip two
stacked 2DOF deflecting segments (proximal segment: green; distal segment: blue). Both seg-
ments can deflect horizontally and vertically, independently from each other. However, the
position of the base of the distal segment is dependent on the tip location of the proximal seg-
ment. Each segment connects to a joystick located at the instrument handle. The joystick con-
trolled by the thumb steers the proximal deflecting segment, and the index finger controlled
joystick steers the distal segment. The rationale for this instrument lies in its tip maneuvering
ability: It can describe non-linear curves (e.g., S-shapes) as well as approach a point in the
instrument’s workspace from different angles without having to change the instrument shaft
position [43]. The question arises whether an instrument with two 2DOF segments can be
effectively controlled manually. To investigate this, one may choose to design and prototype
the envisioned instrument and assess this control strategy, but this comes at the cost of consid-
erable time and effort.
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Instead of iteratively prototyping during the instrument development cycle, one can virtu-
ally simulate the instrument to evaluate design considerations, without the need for extensive
prototyping. Instead of providing one with a physical prototype, it is possible to provide
instead a physical interface that is congruous with the envisioned instrument and which cou-
ples the control inputs to a virtual representation of the instrument, as depicted in Fig 1B. This
method was employed in a previous study, where two types of physical controllers were con-
structed using rapid prototyping and Arduino, and a multi-branched instrument was simu-
lated in virtual reality using the Virtual Robot Experimentation Platform (V-REP) [44]. Due to
the virtual nature of the instruments, many design parameters could be tuned during initial
pilot tests, including the instrument workspace, magnifications gains, instrument dimensions,
bending radius, and triangulation-distance and -angle between instrument branches. The
development of the physical controllers, however, remained a time-consuming process. There-
fore, the developed test setup was only beneficial for iterative design alterations of the virtually
simulated instrument, and not for the physically constructed controllers themselves.

Taking the virtual prototyping design approach one step further, one may consider the
option of not only simulating the instrument tip but also simulating the instrument controls
without any physical controllers. Recent developments in sensory techniques [45-47] make it
possible to measure hand and fingers motion directly. Assuming such measurements are ade-
quately precise and robust to enable human factors analysis, this negates the need for a physical
handheld controller altogether. In Fig 1C this method is shown, where the motions the fingers
would make when controlling the physical instrument controllers are measured and mapped
to the simulated instrument segments. For example, the downward deflection of a (simulated)
steerable instrument achieved by pushing down a physical joystick, is instead performed
through thumb flexion congruous with the movement the thumb would otherwise make when
using the joystick. Although the absence of physical joysticks removes any haptic feedback or
tactile cues a person would receive while controlling the physical instrument, the motion map-
ping strategy is kept as similar as possible. Moreover, any of the input motions may now be
changed easily at a moment’s notice.

A setup that enables tracking of hand and finger motions, by fusing together Nimble VR
software camera-based hand tracking [48] and 5DT Data Glove [49] measurements, was devel-
oped in a previous study [50]. This setup is implemented in the current research in tandem
with a simulation interface to encompass our proposed design tool as shown in Fig 2. The sys-
tem was determined to have an overall tracking precision of 2.2 deg and 0.9 deg for the meta-
carpophalangeal (MCP) and proximal interphalangeal (PIP) joints of the fingers, respectively
[50]. A 5DT Data Glove, providing five basic full finger flexion sensors (one for each finger),
was used to improve data robustness, account for visual (self)occlusions, increase resolution
and reduce measurement latency during general finger flexions. A decision was made not to
use a 5DT Data Glove 14 Ultra, which has 14 sensors to measure MCP and PIP joints flexions
and ab/adduction of the fingers [51], as this large number of sensors was deemed obtrusive.
The disadvantage of not using the 14 Ultra glove, however, is that in the current setup the mea-
surement of fingers ab/adduction relies on solely the Nimble VR camera-based tracking,
whereas finger flexions are measured using both systems combined. Accordingly, a tracking
latency of 500 ms is present for ab/adduction of the fingers, and 75 ms for measurements of
finger flexions.

The design tool was connected to V-REP, an open source framework that allows 3D CAD
models to be imported and assembled, and joints to be defined within specified ranges of
motion [52]. Measured hand and finger motions can be mapped to any of the virtually defined
segments or joints, so that numerous control coupling strategies can be defined and tested.
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Fig 2. Embodiment of the gesture-based design tool. Photograph of the design tool (with the background removed) incorporating
a Kinect camera, Nimble VR camera-based hand tracking software, 5DT Data Glove, and custom written C++ software to fuse the
sensory information through a Kalman filter to obtain hand postural information.

https://doi.org/10.1371/journal.pone.0199367.9002

Human factors assessments can be performed similar to those performed in existing physical
benchtop simulators [53], but with improved data gathering potential.

A proof-of-principle evaluation was conducted of the suggested 4DOF instrument, shown
in Fig 1. Control of the two 2DOF segments, using the thumb and index fingers, was compared
to a similar instrument with only a single 2DOF deflecting segment at its distal end, only con-
trolled by the thumb.

Materials and methods
Control strategies

Thumb and index finger flexion/extension and ab/adduction movements were mapped to vir-
tual instrument joint rotations in V-REP. Two control modes were compared:

1. 2DOF control strategy. Thumb flexion is coupled to tip bending in the vertical plane and
thumb ab/adduction is coupled to bending in the horizontal plane (Fig 3A). When the
hand is held in the posture as indicated in Fig 3, and aligned in the facing direction of the
instrument, the thumb and instrument movements lie in same planes of motion (e.g., a
thumb movement to the left equals instrument bending to the left).

2. 4DOF control strategy. The instrument has two stacked 2DOF deflecting segments as
shown in Fig 1C. The thumb controls the proximal segment identical to the 2DOF control
strategy. Index finger movements are coupled to the distal segment, where finger flexion
controls the bending in the horizontal plane and finger ab-/adduction the bending in the
vertical plane (Fig 3B). Similar to the 2DOF control strategy, the finger movements corre-
spond with the instrument deflections in the same directions in the same planes of motion.

The input ranges of motion of the thumb were 40 deg ab/adduction and 50 deg flexion/
extension, and for the index finger were 20 deg ab/adduction and 40 deg flexion/extension.
Finger flexions were required to be predominantly performed with the PIP joints in a fashion
similar to the way one would naturally handle the physical joysticks as displayed in Fig 1A, and
participants in the user trials were instructed to do so. MCP joint movements were, however,
also measured and functional, because the full finger flexions were used as input for coupling
to the virtual instrument joints. Finger joint angles outside their specified ranges of motion
were disregarded, rounded to the nearest workspace boundary value, and the zero-positions of
the fingers were equal to half their ranges (e.g., index finger zero position = 10 deg abduction
& 20 deg flexion). The bending range of the proximal and distal segments at both the 2DOF
and 4DOF control strategies was 56 deg. On account of the curve both segments make when
bending (rather than being a rigid beam), the overall instrument bending range was 104 deg
(instead of 112 deg), see Fig 3. The instrument workspaces were identical for both control
strategies. The magnification gains from finger bending to virtual segment deflections were for
the 2DOF control strategy 2.6 (= 104/40) and 2.08 (= 104/50) for thumb ab/adduction and
flexion, respectively. The ab/adduction and flexion gains at the 4DOF control strategy for the
thumb were 1.4 (= 56/40) and 1.12 (= 56/50), and for the index finger 2.8 (= 56/20) and 1.4 (=
56/40), respectively. These gains were selected based on pilot trials participants feedback. Note
that for both control strategies, the instrument consists of a proximal and distal segment. In
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a 2DOF control strategy
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Fig 3. Schematic representation of the evaluated control strategies with the gesture-based design tool. a) 2DOF control strategy, with thumb ab/adduction and
flexion/extension coupled to 2DOF tip deflection. b) 4DOF control strategy, with thumb control of proximal tip segment the same as motion coupling in (a), and
index finger control of distal segment, with ab/adduction and flexion/extension coupling. Finger motion input and instrument motion output are in the same planes

of motion.

https://doi.org/10.1371/journal.pone.0199367.9g003

the case of the 2DOF strategy, the thumb movements are identically mapped to both segments
to make the comparison of segment movements valid between control strategies. The coupling
of thumb movements to the proximal segment is thus identical between control strategies.

User trials

Assessment of the two control strategies was performed through trials in which participants
controlled the virtual instrument to perform multiple positioning tasks. Fourteen persons, of
which 9 men and 5 women, aged between 22 and 33 years (mean = 27.4, SD = 2.9) participated
in the experiment. Half the participants started with the 2DOF controller (4 men, 3 women),
the other half with the 4DOF controller (5 men, 2 women). A single positioning task entailed
moving the instrument tip and briefly (for 100 ms) touch a target-sphere that was positioned
in the instrument’s workspace. After completing a task, the target was relocated to a new posi-
tion, indicating the start of the next positioning task. Participants were orally instructed to per-
form each task as fast as possible and provided with a time score after each measurement
round to motivate them to beat their own scores. The simulation entailed the use of a 5 mm
diameter instrument, approaching target spheres having a diameter of 5 mm. The endpoint of
the instrument with which the targets needed to be touched had a diameter of 1 mm, such that
a relative minimum targeting accuracy of 3 mm (= (5+1)/2) was required to complete a task. A
maximum duration per task was set to 20 s.

User trials started with a short familiarization and calibration phase, followed by ten
rounds, alternating between both control strategies. The familiarization phase consisted of 10
target tasks, divided throughout the workspace, but with no time constraint. Each round con-
sisted of 61 target tasks. No rest break was offered between trials unless participants indicated
they required such. However, a workload assessment form that was required to be completed
after each round provided a minimum of 1 minute downtime. The sequence of the 61 targets
was pre-generated, randomly distributed throughout the workspace, and kept identical
between rounds and control strategies. The travel distances from one target to the next varied
between 10, 20, 30 and 40 mm, each distance occurring 15 times (i.e., 4 travel distances * 15
targets per distance). The 1st of the 61 targets of every round was negated because it did not
have a prior target, and therefore was not associated with a specific travel distance to get there.
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For each control strategy, 5 rounds were performed, totaling to 610 target tasks (2 control
strategies * 5 rounds * 61 tasks per round).

The positioning tasks were identical between control strategies. For the 4DOF control strat-
egy, the position of the targets within the instrument’s workspace dictated whether all 4DOF
were required to reach the target, or that the control of a single 2DOF segment would suffice.
Targets closer to the center of the workspace could be reached using a single segment (i.e.,
either the thumb or index finger), whereas targets along the outer edges of the workspace
could only be reached by bending both segments, thus requiring the use of both the thumb
and index finger to reach the target successfully.

Ethics statement

The research adhered to the tenets of the Declaration of Helsinki. This study was approved by
the Human Research Ethics Committee of the Delft University of Technology. All individuals
gave their written informed consent.

Calibration and error detection

Calibration was performed for both the Data Glove and the Nimble VR system. First, the Data
Glove was calibrated using the auto-calibrate function provided in the 5DT Data Glove SDK,
automatically scaling sensor readings to the maximum ranges of motion of the participants’
fingers. Auto-calibrate was subsequently turned off for the remainder of the trial.

To calibrate the Nimble VR system, participants were asked to spread both hands in view of
the Kinect camera such that the software would calibrate to the proper hand scale (Hs) [54].
Considering that the degree of measured overall finger flexion is underestimated for small
hands by approximately 22% in the current setup [50], finger flexion measurements of partici-
pants having Hs < 0.82 were scaled up 22%. This was necessary to bring these participants’
sensor readings up to par with those of participants having medium or large sized hands. Note
that, as women generally have smaller hands than men, this scaling method was purposely cho-
sen, rather than excluding those women from the trials.

Participants were asked to grasp a support handle (Fig 2) with the middle-, ring and little fin-
ger, to prevent fatigue and keep the hand in place (otherwise participants would be required to
keep the hand up in midair throughout the trial). The support handle was made from infrared-
translucent Plexiglas, such that it would not influence the Nimble VR hand posture estimates.
Erroneous measurements intermittently occurred during the trials, either due to participants
releasing the support handle or due to sensor noise causing the Nimble VR software to obtain a
wrong hand posture estimate. To automatically detect these instances, the hand position and
orientation associated with holding the support handle were recorded as a zero-reference at the
start of the trial. By comparing live measurements during the positioning tasks against the pre-
recorded zero-reference data, erroneous measurements associated with gross deviations in
hand position or orientation could be detected. The angular thresholds for pitch, yaw and roll
were 40, 30, and 45 deg, and the positional threshold was 50 mm in each direction. Tasks during
which hand deviation errors or significant time delays (i.e., >100 ms between measurement
updates from the hand tracking measurement system) occurred were removed from the data
analysis. The task error rate was 3.5%, which corresponds to approximately 2 out of 61 tasks per
round that were discarded on account of errors disrupting the normal task performance.

Data analysis

Instrument joint angles, instrument tip positions, target positions, and time were recorded at
30 Hz. Two-way repeated measures ANOVA (with independent variables: controller versus
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round numbers and controller versus travel distance to target) and paired sample t-tests were
performed for comparisons between control strategies, rounds, and target distances. A signifi-
cance level of 0.05 was deemed statistically significant. Data were calculated per person, and
later again averaged over all participants. Reported standard deviations (SD) are the deviations
of the means across participants. After each round, participants were asked to complete a
NASA Task Load Index (TLX) workload assessment [55], and at the end of the trial a System
Usability Scale (SUS) assessment [56]. The TLX scores are expressed as percentages, and range
from Very Low (0%) to Very High (100%) for the mental demand, physical demand, temporal
demand, effort, and frustration items, and from Perfect (0%) to Failure (100%) for the perfor-
mance item.

Based on pilot trials, it was deemed unlikely for participants to reach the end of their (pre-
sumed) asymptotic performance level within 5 rounds (equaling roughly 90 minutes). Length-
ening the trial, however, would probably cause fatigue. To indicate a level of performance one
would be able to achieve with extensive training, the first author of this publication, who had
become proficient in the task, performed 25 rounds with each control strategy (totaling 3050
target tasks) to provide a ‘trained’ performance reference value. S1 Video showcases the use of
the design tool for both control strategies side by side throughout the performance of a 100
consecutive tasks performed by the first author of this publication.

Results

Fourteen persons, of which 9 men and 5 women, aged between 22 and 33 years (mean = 27.4,
SD = 2.9) participated in the experiment. Hs as detected by the Nimble VR software, ranged
from 0.79 to 0.88 (mean = 0.84, SD = 0.03). Data was scaled up by 22% for three female partici-
pants having Hs < 0.82, and belonging to different controller groups (i.e., one started the test
with the 2DOF controller, the other with the 4DOF controller). All participants performed the
full user trails except one participant who was unable to complete the fifth round due to time
shortage. Also, the first round using the 4DOF control strategy of another participant failed to
record properly.

Learning effects

The mean task times for each round and control strategy are provided in Fig 4. Taken across
all rounds, the mean task times were 3.89 s (SD = 0.94 s) and 5.06 s (SD = 1.19 s) for the 2DOF
and 4DOF control strategies, respectively.

A learning effect was observed, where the tasks were completed more quickly at later
rounds. For the 4DOF control strategy, there was a statistically significant effect of round num-
ber (2DOF: F(4,8) = 2.61, p = .115; 4DOF: F(4,8) = 9.63, p = .004). A significant interaction
was observed between control strategy and round number on mean task performance time,
indicating that the 4DOF condition exhibited stronger learning than the 2DOF condition (F
(4,44) = 3.07, p = .026). The task times at the final round for the 2DOF and 4DOF control strat-
egies were 3.34 s (SD = 0.72 s) and 4.19 s (SD = 0.97 s), respectively, this difference being statis-
tically significant (#(12) = -3.24, p = .007).

For comparison, the performance times reached by the first author of this research through
extensive training were 1.91 s and 1.78 s for the 2DOF and 4DOF strategy, respectively.

Influence of travel distance to target

The distances from a previously reached target to the next target varied (10, 20, 30 or 40 mm).
Fig 5 shows the task times as a function of their respective target distances for both control
strategies.
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Fig 4. Boxplot of task times with respect to round numbers for both control strategies (n = 14). The dotted line shows for comparison
the performance as achieved by the first author after extensive training.

https://doi.org/10.1371/journal.pone.0199367.9004

Two-way repeated measures ANOVAs showed a significant within-subject effect on task
time between control strategies (F(1,13) = 64.79, p < .001) as well between all target distances
(F(3,39) = 103.64, p < .001), with larger distances corresponding to longer task times.

The performance of the first author, also shown in Fig 5, was on average 51.1% lower than
the participants’ performance for the 2DOF control strategy, and 62.0% lower for the 4DOF
control strategy.

Influence of target location within workspace

Heat maps of the mean of joint movements to reach the targets within the 3D instrument
workspace are provided in Fig 6, with the data normalized with respect to the target distance
and learning curve. Specifically, for each participant, data were normalized by taking the sum
of joint movements towards each target in each round, dividing these by the round means of
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Fig 5. Boxplot of task times as a function of travel distance to targets from previous task’s target and control strategies. The horizontal
dashed line represents the performance of the first author after extensive training.

https://doi.org/10.1371/journal.pone.0199367.9005
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Fig 6. Mean sum of joint movements of proximal and distal instruments segments combined, normalized with
respect to the distance to target and learning curve. The two heat maps have the same data scale. The white dots
represent the locations of the various targets throughout the workspace.

https://doi.org/10.1371/journal.pone.0199367.9006

joint movement for a target of that respective travel distance, and multiplying the resulting
dimensionless values by the overall trial mean of the sum of joint movements (i.e., the grand
mean taken over all rounds). These heat maps represent the degree of movement and correc-
tions made to reach a target. The displayed data in the heat maps is the mean of the normalized
data over all participants and rounds.

The heat maps show areas of varying difficulty to reach. For the 2DOF control, the top right
and to a lesser extent the bottom left area’s show increased instrument joint movements to
reach them. For the 4DOF control, the top right and left areas appear more difficult to reach,
and to a lesser extent, the edges of the workspace.

Separating the joint movements at the 4DOF control to their respective segments gives the
heat maps as shown in Fig 7. The index finger controlled segment (right plot) shows fewer
movements as compared to the thumb-controlled segment (left plot). Additionally, the
thumb-controlled proximal segment shows more joint movement at 4DOF control, as com-
pared to the same segment controlled at 2DOF control. The same regions of difficulty for the
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Fig 7. Mean sum of joint movements for the 4DOF control strategy, divided into separately controlled segments. Left:
proximal (i.e., thumb-controlled) segment. Right: distal (i.e., index-finger controlled) segment. The two heat maps have the
same data scale. The white dots represent the locations of the targets throughout the workspace.

https://doi.org/10.1371/journal.pone.0199367.9007
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Fig 8. Number of distal segment movements divided by the number of proximal segment movement for the
4DOF control strategy. Data were normalized to the learning curve and target position within the workspace. The
white dots represent the locations of the targets throughout the workspace.

https://doi.org/10.1371/journal.pone.0199367.g008

thumb, however, can be observed at both control strategies. These results indicate the thumb
to be predominantly used during target acquisitions at the 4DOF control strategy, and the
index finger to only be used when necessary. Note that targets located at the outer edges of the
workspace require both segments to be used, thus necessitating index finger use at the 4DOF
control strategy. The targets that require extensive index finger abduction are associated with
increased distal segment joint movements, and for the remainder, the distal segment is kept
passive.

Fig 8 shows the number of distal segment movements divided by the number of proximal
segment movements for the 4DOF control strategy. These data were normalized as described
above. The areas corresponding to a value smaller than 1 represent targets that were reached
with more proximal than distal segment actuation, and areas with values greater than 1 repre-
sent the reverse. For the 2DOF control strategy, this value is by definition 1 because the frontal
and distal segments have equal joint angles; hence in Fig 8, only the 4DOF control strategy is
shown.

The left targets and the top targets were associated with distal segment actuation (Fig 8).
The left targets require full index finger flexion, whereas the top targets require full index fin-
ger abduction. The other edges of the workspace lie closer to the resting position of the index
finger for the hand posture. The blue area thus shows that in the largest part of the workspace
the thumb was used for control; the index finger was used solely when required for approach-
ing distant targets.

Simultaneous segments actuation

Evaluation of simultaneous segments actuation, that is, when both the proximal and distal seg-
ments are actively used at the same time, indicates whether participants employed a stepwise
or integrated way of controlling the segments. For 2DOF control, thumb movements are
identically mapped to both the proximal and distal segment, all movements of both segments
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thus being simultaneous by definition. For 4DOF control, simultaneous segments actuation
entails the concomitant use of the thumb and index fingers. For the 2DOF and 4DOF control
strategies, simultaneous segments actuation was detected for 74.4% (SD = 7.9%) and 30.2%
(SD =7.9%) of the task durations, respectively. This difference is statistically significant

(#(13) = 25.25, p < .001). Note that not 100% of the time simultaneous segments actuation
were detected for the 2DOF control strategy, because of downtime in the movement of the
thumb (i.e., 74.4% of the time the thumb was moving, and the remaining 25.6% of the time,
the thumb was passive). For the 4DOF control, 30.2% of the time the thumb and index fingers
were used simultaneously, and the remaining 69.8% of the time is spent moving only one or
neither of the segments. The observed 30.2% simultaneous segments actuation at 4DOF con-
trol indicates a predominantly stepwise control method of participants, where (based on par-
ticipant feedback as well as the recorded data) participants first used the thumb for gross
instrument movement, and whenever possible also for fine-tuning control. The index finger
was solely used when required. Fine-tuning control with the index finger is not a preferred
control method for most of the participants, even though some participants indicated that they
did try to use this strategy in later rounds.

The simultaneous segments actuation as a percentage of the task duration achieved by the
first author after extensive training for the 2DOF and 4DOF control strategies were 78.0% and
55.1% respectively. Comparing this to the participants’ results shows for the 2DOF control an
approximately similar instrument downtime (i.e., 25.6% participant downtime vs. 22% down-
time of the first author). For 4DOF control, however, 24.9% more simultaneous segments
actuation was observed (i.e., 30.2% participant vs. 55.1% first author simultaneous segments
actuation). This higher degree of simultaneous segments actuation is likely to underlie the
faster task completion times of the first author as compared to those achieved by the partici-
pants who had no more than 5 rounds of training (see Fig 4 and Fig 5).

No significant influences of round number, learning, or target location within the work-
space were observed for the measured participants’ simultaneous segments actuation at 4DOF
control. The fact that round number shows no substantial correlation with simultaneous seg-
ments actuation suggests that this strategy requires extensive training before adoption. Finally,
an influence of distance to next target was present in the participant data, with 24.2%

(SD = 17.5%) simultaneous segments actuation for the 10 mm distance, and 29.4%

(SD =16.9%), 32.8% (SD = 17.2%) and 33.3% (SD = 15.8%) for the 20 mm, 30 mm, and 40
mm distances, respectively. Thus, with increasing target distance, slightly more simultaneous
segments actuation is observed. These results could be because nearby targets can be reached
with only a single joint segment, negating the need for simultaneous segment actuation. A sim-
ilar effect was observed for the first author’s performance data.

Workload

NASA Task Load Index (TLX) assessment on the items (Mental Demand, Physical Demand,
Temporal Demand, Performance, Effort, Frustration), overall workload as a function of round
number, and the System Usability Scale (SUS) are provided in Fig 9 and Fig 10. The TLX
workload decreases with round number, where the 4DOF control strategy shows a higher ini-
tial workload, but decreases to a similar level as observed for the 2DOF control strategy. No
significant interaction was observed between control strategy and round number on TLX
score (F(4,48) = 1.49, p = .220).The difference between control strategies are, however, statisti-
cally significant for the first two rounds (round 1: F(1,12) = 8.10, p = .015, round 2: F(1,12) =
7.42, p = .018). Moreover, at the 4DOF control strategy, the TLX scores for the first two rounds
are statistically significantly higher than the subsequent rounds. The SUS scores for the 2DOF
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Fig 9. Raw NASA Task Load Index (TLX) item scores for every round and both control strategies.
https://doi.org/10.1371/journal.pone.0199367.9009

and 4DOF control strategies were 71.6% (SD = 13.0%) and 58.2% (SD = 14.9%), the difference
being statistically significant (#(13) = 2.61, p = .021).

Discussion

The goal of the presented research was to introduce and provide a proof-of-principle evalua-
tion of, a new gesture-based design tool to evaluate multi-DOF control strategies. The hand
tracking measurement setup, coupling hand- and finger motions to a simulated instrument,
encompasses this design tool, enabling, for example, the comparison between the 2DOF and
4DOF control strategies. To discuss the value of the presented design tool, we first take a look
at the design implications for the evaluated control strategies, and what we may learn from the
results.

Design implications

Based on the results gathered with the new design tool, the proposed design for 4DOF instru-
ment control can be evaluated. A prominent question is whether humans can control the
4DOF instrument at a performance level similar to that of the 2DOF instrument. Considering

Raw Task Load Index (TLX) workload System Usability Scale (SUS)
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Fig 10. Left: NASA TLX scores as a function of round number and control strategy. Right: System Usability Scale (SUS) results for both
control strategies.

https://doi.org/10.1371/journal.pone.0199367.g010
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that this study is only simulating positioning tasks, the results need to be interpreted with cau-
tion. Nevertheless, it can be seen that although the 4DOF control was initially challenging,
there was a strong learning effect, and participants eventually reached a task performance that
was only slightly slower than for the 2DOF control. The observed performance of the first
author after extensive training suggests the two control strategies allow for equal performance
on the current positioning tasks.

It is possible to make adjustments to both the input and output measures. To reach top-
right targets in the workspace for example (see Fig 6), the magnification gain from input to
output could be increased. Such an increase would allow for a smaller required thumb flexion
and index finger abduction to reach the targets, potentially at the expense of reduced working
speed and hit rate [57].

Considering the observed simultaneous segment actuation, it is apparent that participants
require extensive training to master using both the thumb and index finger at the same time.
The measured performance of the trained first author of this study, however, indicates that the
simultaneous segment actuation strategy may be viable. In the current task, only the position
of the instrument-tip was of importance in touching the target sphere. The next step in evalu-
ating the 4DOF controlled instrument should be to simulate combined position-orientation
tasks, to judge participants’ performance in orienting the instrument tip. Additionally, consid-
ering the laparoscopic camera was kept static during the current tasks, a higher fidelity trial in
which this camera is actively controlled may provide additional insights (e.g., increased work-
load) into the 4DOF control strategy. This camera may even be controlled by a second person,
as is generally the case in laparoscopic and endoscopic surgery.

Alternative control strategies or instrument designs

Different levels of performance were observed in different planes. These performance differ-
ences may be because the magnification gains from fingers to instrument motions were not
equal between the axes and fingers, as the fingers do not have equal ranges of motion. Observ-
ing the index finger at the 4DOF control (Fig 7, right), it can be seen that the targets in the top
positions were the most challenging to reach. This is sensible in light of the rather small abduc-
tion range of the index finger that people have in general. The relatively large magnification
gain (2.8) from index finger ab-adduction input (20 deg range) to vertical instrument segment
deflection (56 deg range), leads to significant strain on the index finger to control it accurately,
which raises the question whether this coupling strategy of linking the index finger ab-adduc-
tions to vertical instrument motions should be used at all. Perhaps it is preferred to use only
index finger flexion for horizontal distal instrument segment control, and to couple vertical
distal segment control to thumb flexion. In essence, this amounts to 3DOF control, with
thumb flexion coupled to overall vertical instrument bending, and thumb ab/adduction and
index finger for segmented horizontal bending.

More substantial design alterations may also be investigated in future research. For exam-
ple, it is possible to switch the control couplings, so that the index finger controls the proximal
segment, and the thumb the distal segment. Considering the preference of participants in
using the thumb, another control option is to use this finger for both segments but to allow for
discrete switching between simultaneous and single-segment actuation. One embodiment may
be to use index finger flexion as a discrete control switch (like pressing a button) to alternate
between simultaneous segment control (i.e., the 2DOF control strategy used in this study) and
distal segment control (while locking the proximal segment in place). This two-step approach
is likely to yield relatively slow task performance but may also yield improved positioning
accuracy.
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Design tool limitations and considerations

By implementing the design tool presented in this study, far-reaching design alterations con-
cerning instrument DOF and control strategies may be evaluated without the need for proto-
typing. The advantages of the measurement tool, however, comes at the cost of several
limitations, the largest of which being the lack of tactile cues and haptic feedback otherwise
present when handling a physical prototype. Not being able to feel the boundaries of the
instrument’s workspace naturally, for example, as would otherwise be the case when handling
joysticks, forces one to identify and continually keep track of their finger input motions
regarding these boundaries. Haptic feedback, moreover, in laparoscopic instrumentation is an
important field of study, considering that minimally invasive instrumentation masks force
cues [58]. Haptic feedback is of particular use for feeling differences in tissue consistencies,
applied pressures, and limiting strain in surgeon’s hands [59]. Considering the setup currently
does not simulate the tactile sensation of holding and using the instrument, nor any of the
task-related forces, design considerations to this end cannot be assessed. However, because the
Nimble VR measurement system relies on the Kinect’s infrared depth camera, infrared trans-
mitting objects (such as the custom Plexiglas support handle used in this study) may be imple-
mented without significantly influencing hand postural estimates. As such, tactile cues and
sensations may be approximated using props, though likely at a low level of fidelity.

The 500 ms measurement latency of the system in measuring finger ab/adduction affected
participants to mostly adopt an effective “move-and-wait” strategy to cope with the delay. This
delay influences the results to an extent, so that measurement results deviate from those that
would be obtained with real prototypes. To exemplify, one may compare our observed mean
task time of 3.34 s (last round of 2DOF control task, see Fig 4 left) to the average 0.98 s task
time in the study of Fan et al. [60]. Fan et al. used a physical, 2DOF thumb-controlled, instru-
ment (Microflex, DEAM, Amsterdam, NL [61]) for positioning tasks that required shaft and
steerable tip control. Although the tasks are not identical, the main task aspect is the control of
the 2DOF tip, which shows to be substantially faster in practice than in our measurement tool.
Accordingly, on account of the latency issue, the tool is best suited to compare control strate-
gies relative to each other and to assess to which extents participants can cope with complex
controls. More research should be devoted to understanding the main performance differences
between a physically prototyped instrument and our virtual equivalent.

The aim of the introduced design tool in this study is to expedite control developments for
multi-branched and multi-steerable instrumentation. It is not meant to replace a full prototype
control evaluation. The design tool is best suited to aid in the preliminary evaluation of envi-
sioned but untested control methods and settings. However, the quality of the hand tracking
used in this setup may still be greatly improved. One way to solve the issue of the measurement
latency on the finger ab/adduction measurements is to upgrade the used 5DT Data Glove to a
5DT Data Glove 14 Ultra, which incorporates sensors between the fingers for ab/adduction
measurements [51]. However, their placement may be too obtrusive for natural finger
motions. Considering the current rapid advances made in consumer electronics for hand
motion tracking (e.g., Leap motion sensor [62, 63]), it is likely that technological developments
towards Virtual and Augmented Reality [64, 65] will benefit the control evaluation design tool
as presented in this study.

Conclusions

A design tool was presented to evaluate multi-DOF control strategies for minimally invasive
medical instrumentation. A proof-of-principle evaluation was performed, comparing a 2DOF
steerable tip, controlled with the thumb, to a 4DOF steerable tip (two serially stacked 2DOF
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segments), controlled with the thumb and index finger. Results show that the design tool pro-
vides the ability to evaluate instrument control performance regarding task time and learning
effects, as well as differentiate performance metrics to travel distances between targets and
their respective locations within the instrument workspace.

The proof-of-principle evaluation, based on simulated positioning tasks, showed the 4DOF
control strategy to have a stronger learning effect but to eventually perform only slightly slower
as compared to the 2DOF control strategy. Results further indicate that participants favor the
use of the thumb in both gross and fine-tuning movements. Additionally, index finger ab/
adduction as input motion to control the instrument tip is found least functional and may be
negated in future instrument design. Simultaneous segment actuation at the 4DOF control
strategy, i.e., using both the thumb and index fingers simultaneously, is proven to be challeng-
ing for participants, but also a viable control strategy.

Based on the results, and without having to resort to prototyping, the new gesture-based
design tool has proven effective in identifying possible improvements for the assessed control
strategies as well as identifying potential new control strategies.

Supporting information

S1 Video. Gesture-based instrument design tool implementation in the performance of
positioning tasks with the 2DOF and 4DOF control strategies. Two video feeds, showing
the execution of a 100 consecutive tasks with both control strategies, are shown side by side
(left 2DOF, right 4DOF). The target sequences at both control strategies are identical. A video
feed is paused once a target is reached and resumed once both control strategies have success-
fully reached the target. A running clock on both video feeds showcases the cumulative time
difference between control strategies as the sequence of tasks is performed. The video shows
the performance of the first author of this publication. Data corresponding to the shown task
performance was not collected.

(AVI)

Author Contributions

Conceptualization: E. A. Arkenbout, A. Ali, ]. Dankelman, P. Breedveld.
Data curation: E. A. Arkenbout.

Formal analysis: E. A. Arkenbout, J. C. F. de Winter.

Investigation: E. A. Arkenbout.

Methodology: E. A. Arkenbout, ]. C. F. de Winter.

Software: E. A. Arkenbout.

Supervision: J. C. F. de Winter, J. Dankelman, P. Breedveld.

Writing - original draft: E. A. Arkenbout, J. C. F. de Winter.

Writing - review & editing: E. A. Arkenbout, J. C. F. de Winter, A. Alj, J. Dankelman, P.
Breedveld.

References

1. Finger S, Dixon JR. A review of research in mechanical engineering design. Part I: Descriptive, prescrip-
tive, and computer-based models of design processes. Research in Engineering Design. 1989; 1
(1):51-67. https://doi.org/10.1007/bf01580003

PLOS ONE | https://doi.org/10.1371/journal.pone.0199367 July 19,2018 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199367.s001
https://doi.org/10.1007/bf01580003
https://doi.org/10.1371/journal.pone.0199367

@° PLOS | ONE

A gesture-based design tool: Assessing 2DOF vs. 4DOF steerable instrument control

10.

11.

12

13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

Finger S, Dixon JR. A review of research in mechanical engineering design. Part II: Representations,
analysis, and design for the life cycle. Research in Engineering Design. 1989; 1(2):121-37. https://doi.
org/10.1007/bf01580205

Tomiyama T, Gu P, Jin Y, Lutters D, Kind C, Kimura F. Design methodologies: Industrial and educa-
tional applications. CIRP Annals—Manufacturing Technology. 2009; 58(2):543—-65. doi: https://doi.org/
10.1016/j.cirp.2009.09.003.

Birkhofer H. The future of design methodology. London: Springer; 2011 Apr 13.

Reich Y. A critical review of General Design Theory. Research in Engineering Design. 1995; 7(1):1-18.
https://doi.org/10.1007/bf01681909

Suh NP. Axiomatic Design of Mechanical Systems. Journal of Mechanical Design. 1995; 117(B):2-10.
https://doi.org/10.1115/1.2836467

Nelson CA, Miller DJ, Oleynikov D. Design Methodology for a Novel Multifunction Laparoscopic Tool:
Engineering for Surgeons’ Needs. Studies in health technology and informatics. 2006; 125:343-8.

Money AG, Barnett J, Kuljis J, Craven MP, Martin JL, Young T. The role of the user within the medical
device design and development process: medical device manufacturers’ perspectives. BMC Medical
Informatics and Decision Making. 2011; 11(1):15. https://doi.org/10.1186/1472-6947-11-15 PMID:
21356097

Maguire M. Methods to support human-centred design. International Journal of Human-Computer Stud-
ies. 2001; 55(4):587—634. doi: http://dx.doi.org/10.1006/ijhc.2001.0503.

Martin JL, Clark DJ, Morgan SP, Crowe JA, Murphy E. A user-centred approach to requirements elicita-
tion in medical device development: A case study from an industry perspective. Applied Ergonomics.
2012; 43(1):184-90. https://doi.org/10.1016/j.apergo.2011.05.002 PMID: 21636072

Gulliksen J, Géransson B, Boivie |, Blomkvist S, Persson J, Cajander A. Key principles for user-centred
systems design. Behaviour & Information Technology. 2003; 22(6):397-409. https://doi.org/10.1080/
01449290310001624329

Carroll JM. Five reasons for scenario-based design. Interacting with Computers. 2000; 13(1):43-60.
https://doi.org/10.1016/S0953-5438(00)00023-0

Reeder B, Turner AM. Scenario-based design: A method for connecting information system design with
public health operations and emergency management. Journal of Biomedical Informatics. 2011; 44
(6):978-88. https://doi.org/10.1016/}.jbi.2011.07.004 PMID: 21807120

Rosson MB, Carroll JM. Scenario based design. 2009.

Kensing F, Blomberg J. Participatory Design: Issues and Concerns. Computer Supported Cooperative
Work (CSCW). 1998; 7(3):167-85. https://doi.org/10.1023/a:1008689307411

Rasoulifar R, Thomann G, Caelen J, Villeneuve F, editors. Proposal of a New Design Methodology in
the Surgical Domain. ICED’07, International Conference On Engineering Design; 2007 2007-08-28;
Paris, Francehttps://hal.archives-ouvertes.fr/hal-00184698/document; https://hal.archives-ouvertes.fr/
hal-00184698/file/ICEDO7-paper-308_Thomann.pdf.

Thomann G, Caelen J, editors. Proposal of a New Design Methodology including PD and SBD in Mini-
mally Invasive Surgery. 12th IFToMM World Congress; 2007 2007-06-21; Besangon, Francehttps://hal.
archives-ouvertes.fr/hal-00184663/document; https://hal.archives-ouvertes.fr/hal-00184663/file/
IFToMM_Dm_Paper_Thomann.pdf.

Sawyer D, Aziz K, Backinger C, Beers E, Lowery A, Sykes S. An introduction to human factors in medi-
cal devices. US Department of Health and Human Services, Public Health Service, Food and Drug
Administration, Center for Devices and Radiological Health. 1996.

O’'Toole MD, Bouazza-Marouf K, Kerr D, Gooroochurn M, Vloeberghs M. A methodology for design and
appraisal of surgical robotic systems. Robotica. 2009; 28(2):297-310. Epub 12/07. https://doi.org/10.
1017/S0263574709990658

Rattner D, Kalloo A. ASGE/SAGES Working Group on Natural Orifice Translumenal Endoscopic Sur-
gery. Surgical Endoscopy And Other Interventional Techniques. 2006; 20(2):329-33. https://doi.org/10.
1007/s00464-005-3006-0 PMID: 16402290

Dhumane PW, Diana M, Leroy J, Marescaux J. Minimally invasive single-site surgery for the digestive
system: A technological review. Journal of Minimal Access Surgery. 2011; 7(1):40-51. doi: 10.4103/
0972-9941.72381. PMC3002006. PMID: 21197242

Kalloo AN, Singh VK, Jagannath SB, Niiyama H, Hill SL, Vaughn CA, et al. Flexible transgastric perito-
neoscopy: a novel approach to diagnostic and therapeutic interventions in the peritoneal cavity. Gastro-
intestinal endoscopy. 2004; 60(1):114—7. PMID: 15229442

Hallbeck MS, Lowndes BR, McCrory B, Morrow MM, Kaufman KR, LaGrange CA. Kinematic and ergo-
nomic assessment of laparoendoscopic single-site surgical instruments during simulator training tasks.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199367 July 19,2018 18/20


https://doi.org/10.1007/bf01580205
https://doi.org/10.1007/bf01580205
https://doi.org/10.1016/j.cirp.2009.09.003
https://doi.org/10.1016/j.cirp.2009.09.003
https://doi.org/10.1007/bf01681909
https://doi.org/10.1115/1.2836467
https://doi.org/10.1186/1472-6947-11-15
http://www.ncbi.nlm.nih.gov/pubmed/21356097
http://dx.doi.org/10.1006/ijhc.2001.0503
https://doi.org/10.1016/j.apergo.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21636072
https://doi.org/10.1080/01449290310001624329
https://doi.org/10.1080/01449290310001624329
https://doi.org/10.1016/S0953-5438(00)00023-0
https://doi.org/10.1016/j.jbi.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21807120
https://doi.org/10.1023/a:1008689307411
https://hal.archives-ouvertes.fr/hal-00184698/document
https://hal.archives-ouvertes.fr/hal-00184698/file/ICED07-paper-308_Thomann.pdf
https://hal.archives-ouvertes.fr/hal-00184698/file/ICED07-paper-308_Thomann.pdf
https://hal.archives-ouvertes.fr/hal-00184663/document
https://hal.archives-ouvertes.fr/hal-00184663/document
https://hal.archives-ouvertes.fr/hal-00184663/file/IFToMM_Dm_Paper_Thomann.pdf
https://hal.archives-ouvertes.fr/hal-00184663/file/IFToMM_Dm_Paper_Thomann.pdf
https://doi.org/10.1017/S0263574709990658
https://doi.org/10.1017/S0263574709990658
https://doi.org/10.1007/s00464-005-3006-0
https://doi.org/10.1007/s00464-005-3006-0
http://www.ncbi.nlm.nih.gov/pubmed/16402290
https://doi.org/10.4103/0972-9941.72381
https://doi.org/10.4103/0972-9941.72381
http://www.ncbi.nlm.nih.gov/pubmed/21197242
http://www.ncbi.nlm.nih.gov/pubmed/15229442
https://doi.org/10.1371/journal.pone.0199367

@° PLOS | ONE

A gesture-based design tool: Assessing 2DOF vs. 4DOF steerable instrument control

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Applied Ergonomics. 2017; 62:118-30. doi: http://doi.org/10.1016/j.apergo.2017.02.003. https://doi.
org/10.1016/j.apergo.2017.02.003 PMID: 28411722

Kume K. Flexible robotic endoscopy: current and original devices. Computer Assisted Surgery. 2016;
21(1):150-9. https://doi.org/10.1080/24699322.2016.1242654 PMID: 27973963

Arkenbout EA, Henselmans PWJ, Jelinek F, Breedveld P. A state of the art review and categorization
of multi-branched instruments for NOTES and SILS. Surgical Endoscopy. 2015; 29(6):1281-96. https://
doi.org/10.1007/s00464-014-3816-z PMID: 25249149

Seah TET, Do TN, Takeshita N, Ho KY, Phee SJ. Future of Flexible Robotic Endoscopy Systems. arXiv
preprint arXiv:170305569. 2017.

Le HM, Do TN, Phee SJ. A survey on actuators-driven surgical robots. Sensors and Actuators A: Physi-
cal. 2016; 247:323-54. doi: https://doi.org/10.1016/j.sna.2016.06.010.

Koller S, Ostler D, Horst G, Ulbrich H, Wintermantel E, Feussner H, et al., editors. SISTUM; The single
incision system of the Technische Universitat Munchen. 2015 IEEE International Conference on Robot-
ics and Biomimetics (ROBIO); 2015 69 Dec. 2015.

Shang J, Payne CJ, Clark J, Noonan DP, Kwok KW, Darzi A, et al., editors. Design of a multitasking
robotic platform with flexible arms and articulated head for Minimally Invasive Surgery. 2012 IEEE/RSJ
International Conference on Intelligent Robots and Systems; 2012 7-12 Oct. 2012.

Evangeliou N, Karageorgos D, Tzes A, editors. Design and antagonistic control of a tendon-driven Mini-
mally Invasive Surgical robotic tool. 2016 24th Mediterranean Conference on Control and Automation
(MED); 2016 21—24 June 2016.

Evangeliou N, Tzes A, editors. Development of an SMA-actuated redundant robotic platform for mini-
mally invasive surgery. 2016 6th IEEE International Conference on Biomedical Robotics and Biomecha-
tronics (BioRob); 2016 26—29 June 2016.

Shen T, Nelson C, Oleynikov D. Design and Analysis of a Bimanual Multifunctional Robot for NOTES.
Journal of Medical Devices. 2016; 10(3):030903-3. https://doi.org/10.1115/1.4033781

LiZ, Wu L, Ren H, Yu H. Kinematic comparison of surgical tendon-driven manipulators and concentric
tube manipulators. Mechanism and Machine Theory. 2017; 107:148-65. doi: https://doi.org/10.1016/j.
mechmachtheory.2016.09.018.

Lu K, Song C, Zhu X, Shen T. Design of a Novel Cable-Driven Joint for Laparoscopic Instruments. Jour-
nal of Medical Devices. 2016; 10(3):030913-2. https://doi.org/10.1115/1.4033788

Krieger Y, Brecht S, Roppenecker D. First Approach towards a Manipulator System for Single-Incision
Laparoscopic Surgery Using Rapid Manufacturing. Universitat und Inselspital Bern. 2016: 111.

Isaac-Lowry OJ, Okamoto S, Pedram SA, Woo R, Berkelman P. Compact teleoperated laparoendo-
scopic single-site robotic surgical system: Kinematics, control, and operation. The International Journal
of Medical Robotics and Computer Assisted Surgery. 2017:e1811-n/a. https://doi.org/10.1002/rcs.1811
PMID: 28345294

Brecht SV, Krieger YS, Stolzenburg JU, Lueth TC, editors. A new concept for a Single Incision Laparo-
scopic Manipulator System integrating intraoperative Laparoscopic Ultrasound. 2016 IEEE International
Conference on Robotics and Biomimetics (ROBIO); 2016 3—7 Dec. 2016.

LiJ, Li X, Wang J, Xing Y, Wang S, Ren X. Design and evaluation of a variable stiffness manual operat-
ing platform for laparoendoscopic single site surgery (LESS). The International Journal of Medical
Robotics and Computer Assisted Surgery. 2017. https://doi.org/10.1002/rcs.1797 PMID: 28218495

Swanstrom L, Zheng B. Spatial Orientation and Off-Axis Challenges for NOTES. Gastrointestinal
Endoscopy Clinics of North America. 2008; 18(2):315-24. https://doi.org/10.1016/j.giec.2008.01.015
PMID: 18381172

Keehner MM, Tendick F, Meng MV, Anwar HP, Hegarty M, Stoller ML, et al. Spatial ability, experience,
and skill in laparoscopic surgery. The American Journal of Surgery. 2004; 188(1):71-5. https://doi.org/
10.1016/j.amjsurg.2003.12.059 PMID: 15219488

Gallagher AG, Ritter EM, Champion H, Higgins G, Fried MP, Moses G, et al. Virtual Reality Simulation
for the Operating Room: Proficiency-Based Training as a Paradigm Shift in Surgical Skills Training.
Annals of Surgery. 2005; 241(2):364—72. https://doi.org/10.1097/01.sla.0000151982.85062.80
PMC1356924. PMID: 15650649

Lin L, Isla R, Doniz K, Harkness H, Vicente KJ, Doyle DJ. Applying Human Factors to the Design of
Medical Equipment: Patient-Controlled Analgesia. Journal of Clinical Monitoring and Computing. 1998;
14(4):253-63. https://doi.org/10.1023/a:1009928203196 PMID: 9754614

Giada G, Paul WJH, Ewout AA, Wouter RvF, Paul B. HelixFlex: bioinspired maneuverable instrument
for skull base surgery. Bioinspiration & Biomimetics. 2015; 10(6):066013.

Arkenbout EA, Berg, de Winter JCF, Henselmans PWJ, Breedveld P. Bimanual control assessment of
multi-branched EETS instrument [submitted 2017-12-02]. Ergonomics. 2017: 14.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199367 July 19,2018 19/20


http://doi.org/10.1016/j.apergo.2017.02.003
https://doi.org/10.1016/j.apergo.2017.02.003
https://doi.org/10.1016/j.apergo.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28411722
https://doi.org/10.1080/24699322.2016.1242654
http://www.ncbi.nlm.nih.gov/pubmed/27973963
https://doi.org/10.1007/s00464-014-3816-z
https://doi.org/10.1007/s00464-014-3816-z
http://www.ncbi.nlm.nih.gov/pubmed/25249149
https://doi.org/10.1016/j.sna.2016.06.010
https://doi.org/10.1115/1.4033781
https://doi.org/10.1016/j.mechmachtheory.2016.09.018
https://doi.org/10.1016/j.mechmachtheory.2016.09.018
https://doi.org/10.1115/1.4033788
https://doi.org/10.1002/rcs.1811
http://www.ncbi.nlm.nih.gov/pubmed/28345294
https://doi.org/10.1002/rcs.1797
http://www.ncbi.nlm.nih.gov/pubmed/28218495
https://doi.org/10.1016/j.giec.2008.01.015
http://www.ncbi.nlm.nih.gov/pubmed/18381172
https://doi.org/10.1016/j.amjsurg.2003.12.059
https://doi.org/10.1016/j.amjsurg.2003.12.059
http://www.ncbi.nlm.nih.gov/pubmed/15219488
https://doi.org/10.1097/01.sla.0000151982.85062.80
http://www.ncbi.nlm.nih.gov/pubmed/15650649
https://doi.org/10.1023/a:1009928203196
http://www.ncbi.nlm.nih.gov/pubmed/9754614
https://doi.org/10.1371/journal.pone.0199367

@° PLOS | ONE

A gesture-based design tool: Assessing 2DOF vs. 4DOF steerable instrument control

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

Dipietro L, Sabatini AM, Dario P. A Survey of Glove-Based Systems and Their Applications. Systems,
Man, and Cybernetics, Part C: Applications and Reviews, IEEE Transactions on. 2008;38(4):461-82.
doi: 10.1109/TSMCC.2008.923862.

Erol A, Bebis G, Nicolescu M, Boyle RD, Twombly X. Vision-based hand pose estimation: A review.
Computer Vision and Image Understanding. 2007; 108(1-2):52—73. doi: http://dx.doi.org/10.1016/j.
cviu.2006.10.012.

Khaleghi B, Khamis A, Karray FO, Razavi SN. Multisensor data fusion: A review of the state-of-the-art.
Information Fusion. 2013; 14(1):28—44. doi: http://dx.doi.org/10.1016/j.inffus.2011.08.001.

Nimble VR. Nimble VR SDK v0.9.36 2015 [cited 2015 14-01-2015]. Available from: http://nimblevr.com/
and http://nimblevr.com/latest/doc/CppAPI/.

Fifth Dimension Technologies. Data Gloves 2015 [cited 2015 14-01-2015]. Available from: http://www.
5dt.com/?page_id=34.

Arkenbout E, de Winter J, Breedveld P. Robust Hand Motion Tracking through Data Fusion of 5DT Data
Glove and Nimble VR Kinect Camera Measurements. Sensors. 2015; 15(12):29868. https://doi.org/10.
3390/s151229868 PMID: 26694395

Fifth Dimension Technologies. 5DT Data Glove 14 Ultra 2015 [cited 2017 09-06-2017]. Available from:
http://www.5dt.com/products/pdataglove14.html, http://www.5dt.com/?page_id=34.

Freese M, Singh S, Ozaki F, Matsuhira N. Virtual robot experimentation platform v-rep: A versatile 3d
robot simulator. Simulation, modeling, and programming for autonomous robots. 2010:51-62.

Madan AK, Frantzides CT, Shervin N, Tebbit CL. Assessment of individual hand performance in
box trainers compared to virtual reality trainers. The American Surgeon. 2003; 69(12):1112. PMID:
14700302

Arkenbout EA, de Winter JCF, Breedveld P, editors. Pilot study: validity assessment of camera-based
hand motion tracking for MIS instrument control. Proc 26th International Conference of Society for Med-
ical innovation and Technology (SMIT); 2014 Sept. 18-20; Shanghai, China.

Hart SG, Staveland LE. Development of NASA-TLX (Task Load Index): Results of Empirical and Theo-
retical Research. Advances in Psychology. 1988; 52:139-83. doi: http://dx.doi.org/10.1016/S0166-
4115(08)62386-9.

Brooke J. SUS-A quick and dirty usability scale. Usability evaluation in industry. 1996; 189(194):4—7.

Sandfeld J, Jensen BR. Effect of computer mouse gain and visual demand on mouse clicking perfor-
mance and muscle activation in a young and elderly group of experienced computer users. Applied
Ergonomics. 2005; 36(5):547-55. https://doi.org/10.1016/j.apergo.2005.03.003 PMID: 15950168

Okamura AM. Haptic Feedback in Robot-Assisted Minimally Invasive Surgery. Current opinion in urol-
ogy. 2009; 19(1):102-7. doi: 10.1097/MOU.0b013e32831a478c. PMC2701448. PMID: 19057225

Alleblas CCJ, Vleugels MPH, Nieboer TE. Ergonomics of laparoscopic graspers and the importance of
haptic feedback: the surgeons’ perspective. Gynecological Surgery. 2016; 13(4):379-84. https://doi.
org/10.1007/s10397-016-0959-z PMID: 28003799

Fan C, Clogenson H, Breedveld P, van den Dobbelsteen JJ, Dankelman J. Comparison of Two Control
Methods for Minimally Invasive Surgical Instruments. Journal of Medical Devices. 2012; 6(2):021005-6.
https://doi.org/10.1115/1.4006544

Fan C, Dodou D, Breedveld P. Review of manual control methods for handheld maneuverable instru-
ments. Minim Invasive Ther Allied Technol. 2013; 22(3):127-35. Epub 2012/10/31. doi: 10.3109/
13645706.2012.733709. PMID: 23106640.

Guna J, Jakus G, Pogac¢nik M, Tomazi¢ S, Sodnik J. An Analysis of the Precision and Reliability of the
Leap Motion Sensor and Its Suitability for Static and Dynamic Tracking. Sensors. 2014; 14(2):3702.
https://doi.org/10.3390/s140203702 PMID: 24566635

Vineeth PKR, Baskaran R, Mukherjee S. Intuitive and Adaptive Robotic Control Using Leap Motion.
International Journal of Computer Theory and Engineering. 2017; 9(2):97.

Pulijala 'Y, Ma M, Ayoub A. VR Surgery: Interactive Virtual Reality Application for Training Oral and Max-
illofacial Surgeons using Oculus Rift and Leap Motion. In: Ma M, Oikonomou A, editors. Serious Games
and Edutainment Applications: Volume Il. Cham: Springer International Publishing; 2017. p. 187-202.

Egger J, Gall M, Wallner J, Boechat P, Hann A, Li X, et al., editors. Integration of the HTC Vive into the
medical platform MeVisLab. SPIE Medical Imaging; 2017: International Society for Optics and
Photonics.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199367 July 19,2018 20/20


http://dx.doi.org/10.1016/j.cviu.2006.10.012
http://dx.doi.org/10.1016/j.cviu.2006.10.012
http://dx.doi.org/10.1016/j.inffus.2011.08.001
http://nimblevr.com/
http://nimblevr.com/latest/doc/CppAPI/
http://www.5dt.com/?page_id=34
http://www.5dt.com/?page_id=34
https://doi.org/10.3390/s151229868
https://doi.org/10.3390/s151229868
http://www.ncbi.nlm.nih.gov/pubmed/26694395
http://www.5dt.com/products/pdataglove14.html
http://www.5dt.com/?page_id=34
http://www.ncbi.nlm.nih.gov/pubmed/14700302
http://dx.doi.org/10.1016/S0166-4115(08)62386-9
http://dx.doi.org/10.1016/S0166-4115(08)62386-9
https://doi.org/10.1016/j.apergo.2005.03.003
http://www.ncbi.nlm.nih.gov/pubmed/15950168
https://doi.org/10.1097/MOU.0b013e32831a478c
http://www.ncbi.nlm.nih.gov/pubmed/19057225
https://doi.org/10.1007/s10397-016-0959-z
https://doi.org/10.1007/s10397-016-0959-z
http://www.ncbi.nlm.nih.gov/pubmed/28003799
https://doi.org/10.1115/1.4006544
https://doi.org/10.3109/13645706.2012.733709
https://doi.org/10.3109/13645706.2012.733709
http://www.ncbi.nlm.nih.gov/pubmed/23106640
https://doi.org/10.3390/s140203702
http://www.ncbi.nlm.nih.gov/pubmed/24566635
https://doi.org/10.1371/journal.pone.0199367

