
at–Automatisierungstechnik 2023; 71(7): 515–527

Methods

Murali Karnam*, Philippe C. Cattin, Georg Rauter and Nicolas Gerig

Qualitative and quantitative assessment of
admittance controllers for hand-guiding surgical
robots

Qualitative und quantitative Auswertung von Admittanzreglern für die Handführung von

Chirurgierobotern

https://doi.org/10.1515/auto-2023-0063

Received April 14, 2023; accepted May 9, 2023

Abstract: When using redundant medical robots for hand-

guiding heavy endoscopic tools, admittance control allows a

completely defined tool and robot null spacemotion control.

Although not a novel concept, comparative studies that help

to design and implement admittance control are missing. In

a user study, we compared four admittance controllers: one

zero-torque controller that usedmeasured joint torques and

three others differently mapping forces/torques measured

at the handle to tool tip velocity. We found that two of

the four controllers (Dynamic Mass and Integrated Mass)

outperformed the others.

Keywords: Hand-guidance; physical human robot interac-

tion; pHRI; KUKA LBR iiwa

Zusammenfassung: Zur Handführung von schweren

endoskopischen Werkzeugen mit redundanten Medi-

zinrobotern bieten die Admittanzregler eine vollständig

definierte Bewegungssteuerung. Obwohl dies kein neues

Konzept ist, fehlen Vergleichsstudien zur Entwicklung und

Implementierung der Admittanzregler. In einer Studie

haben wir vier Admittanzregler verglichen: einen Null-

momentregler, basierend auf gemessenen Gelenks-

momenten, und drei weitere, die am Griff gemessene

Kräfte/Drehmomente verschieden auf Sollgeschwin-

digkeiten abbilden. Zwei der vier Regler (dynamischeMasse

und integrierte Masse) übertrafen die anderen.
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1 Introduction

Many surgical tasks require gross tool motion, where

the tools are moved and positioned with a macro-scale

(∼1 cm) accuracy; for example, to insert tools into trocars,
to exchange tools, to clean the tools. There also exist proce-

dures that mostly require such macro-motion, for example,

to move an ultrasound scanner mounted on a robot [1], and

for dental assistance [2]. Traditional surgical robots, such as

the Da Vinci Surgical System (Intuitive Surgical, USA), incor-

porate back-steerable passive mechanisms as tool holders

and allow surgeons to hand-guide the tools. Such passive

robots can limit a surgeons’ ability tomake easy yet accurate

gross tool movements, especially for heavy and bulky tools.

As an alternative, newer specific and general-purpose

macro-robots use active serial robots and controllers that

allow surgeons to hand-guide tools. For example, the MAKO

Robot-Arms (Stryker, USA) performs knee surgeries that

allow hand-guiding and constrain a surgeons’ movements

along pre-planned surgical paths to ensure safety and accu-

racy. Beyond such intervention-specific robots, there are

general-purpose medical macro-robots on the market that

allow safe physical human-robot-interaction (pHRI), for

example, the KUKA LBR iiwa Med (KUKA AG, Augsburg,

Germany). Different tools canbemounted on such robots for

medical applications; for example, in Laserosteotomy [3],

breast biopsy using ultrasound scanning [1], and radiation

therapy [4]. Other macro-robots that are safe for pHRI have

also been used in research for surgical applications; for

example, the Panda (Franka Emika, Germany) for dental

assistance [2] and middle ear surgery [5], or the UR 5 (Uni-

versal Robots, Denmark) for needle insertion [6]. However,
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most of these macro-robots are kinematically redundant

for the task – they position the tools during surgery as

required and at the same time follow additional task(s),

such as constraining the tool to a remote center of motion

(RCM) [7] or avoid obstacles [8]. While these macro-robots

allow surgeons tomove tools, hand-guiding such redundant

robots easily is challenging and often requires two-handed

operation such as when moving a zero torque controlled

KUKA LBR iiwa [9]. We hypothesize that a surgeons’ effort

can be reduced with a one-handed interface to hand-guide

redundant robots.

We found three main control paradigms for pHRI of

macro-robots – zero torque control (ZTC) [9], impedance

control [10], and admittance control [11]. In ZTC, the robot

is gravity balanced with a feed-forward model, and the

user-input is measured at the robot joints and compensated

for having a net zero torque. ZTC requires suitable mass

models for the robot and tools. Hand-guiding kinematically

redundant robots is more challenging for the user, because

it may require two-handed interaction to achieve the robot

motion. In impedance control, the robot measures move-

ment, and reacts with a force/torque. Thereby, impedance

control can potentially be used to control a reference move-

mentwith low gains and react to user input, whichmay help

to make robots safe and reactive in many automation tasks.

We considered impedance control less suitable for hand

guidance of surgery, where the desired positions would be

defined while hand-guiding and must be maintained accu-

rately even in the presence of interaction forces between

tools and patient anatomy. In admittance control, the user

input force/torque is measured, and a robot movement

is commanded (Figure 1). It allows surgeons to guide the

robot precisely and apply forces to patient anatomy by tools

needed for the surgery. Furthermore, admittance control

with a cascaded control scheme allows choosing inverse

kinematics solutions for redundant robots avoiding joint

limitations as well as adding supportive features such as

speed limitations, virtual fixtures, or tremorfiltering similar

to tele-manipulation, thereby making it a promising choice

for hand guidance in surgery.

Admittance controller design typically involves a trade-

off between compliance and stability. Compliance is the

ratio of the output robot velocity to user input wrench; the

more compliant the robot, the less the reflected inertia to

the user, and thus easier to hand-guide. As the compliance

is increased, the robot’s stable input region reduces. While

there have been theoretical suggestions to increase com-

pliance while maintaining stability [12], two questions in

admittance controller design remain – (1) where should the

user input (wrench) bemeasured, and (2) which admittance

Figure 1: A hand-guided robot operated by a surgeon. The surgeon’s

input
̂⃗
𝜉 (6-DoF interaction wrench) is mapped with an admittance control

map to desired tool velocities ̇⃗xdes (6-DoF twist with linear and rotational

velocities), for which the commanded robot joint velocities ⃗̇q are

calculated by inverse kinematics. Assessing which admittance control

map is intuitive to hand-guide the robot is the main focus of this work.

control map (a function that converts the measured wrench

to robot joint velocity) should be used?

In the literature, researchers used different options

for these two choices. A common choice for measuring

user input is at the tool in task space with a force/torque

sensor. Nevertheless, most robots typically have maps that

only rely on joint torque sensors [9, 13], which is cheaper

because an additional force/torque sensor is not needed

near the tool. A simple filter [14], a first-order mass model

[15], a second-order mass-damper model [16–18], a second-

order mass-spring-damper model [19] or a proportional-

derivative model [5] have been used in literature as admit-

tance control maps to hand-guide surgical robots. Beyond

robots for surgery, admittance control maps have also been

used in industrial robotics. For example, a filter with a

second-order mass damper has been used to allow users to

drill with assistance using a robot [20]. Similarly, a second-

order mass spring damper has been used to move a robot

constrained to move on a reference trajectory [21]. While

many different maps are used in literature to ascertain

their feasibility, only a few user studies have quantita-

tively assessed the map choice in hand-guiding robots. For

example, a user study with five participants has been con-

ducted to compare robotic and laparoscopic needle stitch-

ing [18]. Hand guidance with different adaptive gains has
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been compared in a 3-D path-tracing task with 20 partici-

pants [15]. In these studies, researchers have implemented

and compared the admittance control to be useful or not.

Nevertheless, which admittance control map is intuitive or

most suitable to the user for hand-guiding a robot remains

unanswered.

Surgeries typically demand time and effort from the

surgeons. In this work, we aim to develop an admittance

controller for a robot that allows surgeons to move the

robot precisely, intuitively using one hand and with low

effort. To answer the two questions on the admittance con-

troller design, we implemented different admittance con-

trol maps on a single robot and assessed which map is

more intuitive to control in a user study. We also compared

the maps that measured the user input at the tool with

the ZTC that measured the user input at the joints as a

baseline.

2 Methods

2.1 Experimental setup

The setup consisted of a KUKA LBR iiwa robot in a mock-up surgery

environment (as shown in Figure 2). The robot had a custom-developed

handle as an end-effector. The handle included a 6 degrees-of-freedom

(DoF) force/torque (F/T) sensor (Mini 45, ATI Automation, USA) to mea-

sure the user-applied wrench (forces and torques). A mock-up endo-

scope was attached to the robot concentric to the handle. The mock-

up endoscope and the handle with the F/T sensor were structurally

separated; thereby, only the user-applied wrench on the handle was

measured. The interaction wrench between the endoscope and the

environment (patient) was transmitted to the robot and cannot be

felt at the handle. The measured wrench at the handle was used as

input to an admittance controller that allowed a user to hand-guide the

robot.

The robot was fixed to an operating table with a mock-up patient

(a skeleton dummy). Two trocars were rigidly fixed symmetrically to

the robot origin near the abdomen region. The trocars were posi-

tioned [0.55 m, ±0.05 m, 0.1 m] away from the robot base. The tro-

car T1 was rotated by [−15◦, 220◦], and trocar T2 by [15◦, −220◦]
about the fixed global X and Z axes respectively. A workspace visu-

alization tool previously developed [22] was used to make sure that

there was sufficient rotational workspace for the robot near the

trocar.

The user operated the robot only after the instructor pressed the

enabling switch on the hand-held KUKA SmartPad. The handle had an

integrated 3-position dead man’s switch that allowed the user to start

the hand-guidingmotion. Therewas a speed limit of 0.2 m/s (lower than

0.25 m/s as per ISO 10218-1 for safe human-robot interaction) for any

part of the robot. A safe torque limit of 30 Nm at any joint was imposed,

and a violation made the robot go to a safety stop. The motion could

be resumed after the instructor removed the robot from the safety

violation. The workspace was restricted so that all parts of the robot

were above the table. The participants were instructed to hand-guide

Figure 2: Experimental apparatus (top) consisting of KUKA LBR iiwa

robot (KUKA AG, Augsburg, Germany) with a custom-developed handle

with integrated force/torque sensor (mini45, ATI industrial automation,

USA) and LED status ring, a concentric dummy endoscope as

end-effector, and a TV screen in the back guiding participants through

the protocol. Zoomed view (bottom) of the two target trocars with

overlaid trocar Z-axis and robot base coordinate frame.

the robot with a power grasp on the handle, and to use the index

finger for the enabling switch. The status of the robot was displayed

with a LED ring on the handle with three states – not ready (yellow),

ready (blue), hand guidance enabled (green). During hand-guiding

motion, the LED ring additionally showed linearly interpolated yellow

on every second LED from no brightness to maximum brightness cor-

responding to the ratio of the robot speed and the maximum allowed

speed.

2.2 Control

The robot was operated in one of the two control modes: (I) KUKA

hand guidance mode that was pre-programmed by the manufacturer

for users to hand-guide the robot, and (II) external position control

mode using the Fast Robot Interface (FRI) to command the desired joint

positions as calculated by our admittance controller programmed on a

real-time controller architecture [23] at 1 kHz. In a preliminary analysis,

it was found that the joint torque signal from the robot had a significant

delay (≈7.5 ms) when the robot was in external control mode. Thus,

only the wrench measured by the handle was used with the external

control mode.

Users hand-guided the robot with each of the four admittance

control maps that are described in detail below. All the maps had a

few constant parameters (c∗ ). These parameters of each map were

manually tuned (see Table 1 for final values) with the objective of
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Table 1: Tuned parameters for all the admittance control maps.

Map c⃗g c
𝝎

cd ct

KUKA hand guidance – – – –

Filter [0.20, 0.20, 0.20, 1.40, 1.40, 10] 2 0.3 –

Integrated mass [0.13, 0.13, 0.13, 0.77, 0.77, 3.3] – 3.0 3000

Dynamic mass [0.13, 0.13, 0.13, 0.77, 0.77, 3.3] – 3.0 –

reducing the force and torque required to move the robot as long

as the robot motion was stable (without oscillations) for safe user

interaction.

2.2.1 KUKA hand guidance: It was designed by the manufacturer

as a zero torque controller [9] and implemented directly on the KUKA

controller using the KUKA hand guidance control mode (I). In this map,

the user-applied wrench was measured by the joint torque sensors of

the robot. Users were allowed to use two hands (dominant hand on the

handle, and the other on the robot) because the robot could collapse

as null space motion was uncontrolled. Therefore, this map was added

for a baseline comparison with the other maps, even though it was not

one-handed.

2.2.2 Filter: In this admittance control map, the user-applied

wrench (
̂⃗
𝜉) measured by the F/T sensor in the handle. The measured

wrench was transformed from the F/T sensor location in the handle to

the endoscope tip as:

Tip ̂⃗𝜉 = Tip T
FT
⋅FT

̂⃗
𝜉, (1)

where, TipTFT is the fixed transformation matrix from the F/T sensor

pose to the endoscope tip. Henceforth the superscript in Tip ̂⃗𝜉 is dropped

and written as
̂⃗
𝜉 for brevity.

The measured wrench was filtered and scaled to calculate the

desired task space velocity ( ̇⃗xdes, 6-DoF twist with linear and angular

velocities) of the robot tip (see Figure 3) as:

̇⃗xdes[k] = d( c⃗g ) ⋅ lowpass( ̂⃗𝜉[k], c𝜔) ⋅Δt, (2)

where, k was the discretized time-step, lowpass(∗) was the Tustin dis-
cretization of a continuous-time 1st-order Butterworth filter as pro-

vided in Simulink, MATLAB 2018b [24], c𝜔 was the cut-off frequency for

the filter, c⃗g was the scale for each velocity direction, and d represents
the operation to convert a one-dimensional vector to a diagonalmatrix.

The final values of the tuned parameters are given in Table 1.

2.2.3 Integrated mass: In this map, the measured wrench was

assumed to be acting on a pseudo-rigid body with a diagonal mass

matrix. The resulting instantaneous acceleration of the rigid body was

damped and multiplied with the real-time step to find an instanta-

neous velocity. A weighted cumulative average of the instantaneous

and previous velocity was taken to calculate the desired velocity of the

endoscope tip as:

̇⃗xdes[k] =
ct − 1

ct

̇⃗xdes[k − 1]+ 1

ct

(
diag( c⃗g ) ⋅ ̂⃗𝜉[k]− cd

̇⃗xdes[k − 1]

)
Δt,

(3)

where, ct was a constant representing the number of samples for the

cumulative average, and c⃗g was a 6-D vector containing the inverted

inertia of the pseudo rigid body in each direction, and cd was the

damping coefficient (see Table 1 for tuned final values).

2.2.4 Dynamic mass: This map was similar to the Integrated mass,

and the measured wrench acted on a pseudo-rigid body. The result-

ing acceleration was damped and integrated with respect to time

using explicit Euler formulation to calculate the desired velocity

as:

̇⃗xdes[k] = ̇⃗xdes[k − 1]+
(
diag( c⃗g ) ⋅ ̂⃗𝜉[k]− cd

̇⃗xdes[k − 1]

)
Δt, (4)

where all the parameters are the same as in Filter, except for ct (see

Table 1 for tuned final values).

2.3 Study design

2.3.1 Participants: Thirty-four healthy volunteers participated in

the study. Due to a technical error in data recording with two partic-

ipants, they were excluded completely, and the data of 32 participants

(18M–14F of 20 years–56 years old, with a mean age of 32.3 years) was

Figure 3: Controller architecture for the three implemented admittance control maps using external position control mode. The user-applied wrench

was measured by the F/T sensor in the handle, which was used to calculate the desired task space velocity for the robot. Standard inverse kinematics

using pseudo-inverse was used to calculate desired joint velocities that were integrated with a fixed time-step to calculate joint position commands.
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used for analysis. All participants did not have any experience with

controlling surgical robots hands-on and did not have any upper arm

injuries. Participants with a medical background (N = 4) had experi-

ence in laparoscopic/arthroscopic surgical procedures. The remaining

participants (N = 28) were researchers from the University of Basel.

The study was conducted according to the declaration of Helsinki

and the law of Switzerland. A clarification of responsibility (Req-2021-

01148) was obtained from the Ethics Commission of Northwest and

Central Switzerland. A signed informed consent was obtained from all

participants.

To account for the learning effect across the maps, the order

for the conditions were randomized with randomly generated 4th-

order Latin squares. There were eight Latin squares in total for the 32

participants. Due to an experimental error, the order of the conditions

was incorrect for one out of the 32 evaluated participants; this one

slightly unbalanced Latin square out of eight was not considered criti-

cal to the evaluation and results.

2.3.2 Experimental protocol: The participants performed eight

robot movements with each of the four admittance control maps

sequentially (Figure 4).

After obtaining the informed consent, the participant was

instructed how to operate the robot and given 1 min to move the robot

and get familiarized. For each map, the participant performed a set

of 8 movements (2 repetitions of 4 movements). In each movement,

the participant hand-guided the endoscope attached to the robot from

Figure 4: Study protocol for the participants had three main parts: informed consent and familiarization, performing the movements and answering

questionnaires.①: The setup of the study with the two robot start poses (LS and RS) and target trocars (T1 and T2).②: To get acquainted with the

procedure, the participants first performed the movements with a dummy hand-held endoscope.③: With each of the admittance control maps, the

participants performed eight movements (from LS or RS pose to T1 or T2 repeated twice in the same order).④: The complete study protocol for each

user which took approximately 1 h in total. The four maps were Latin square randomized across the participants. After completing the movements with

a map, the participants rated the map with a questionnaire. They repeated the movements and questionnaires with the remaining maps. The

participants were also asked to rank the maps in a sorted order of preference from 1 to 4 after completing the movements with each map compared to

the previously completed maps. The study finished after filling out the final questionnaire.
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a predefined initial configuration (LS: Left Start Pose or RS: Right

Start Pose) to the fixed trocar (T1 or T2). The movement was verbally

instructed to the participant, and was also shown with a picture on a

screen (as shown in Figure 2). The maps were blind to the participant

and were referred with the map order number. An instructor set the

map for the robot using a hand-held GUI. If the participant moved the

robot into a joint limit or a safety stop, the movement was stopped and

restarted from the beginning.

After completing all eight movements with a map, the partici-

pant filled out a questionnaire (NASA-TLX sheets). The participants

were also given four cards, each with a number 1–4 printed on

them, each corresponding to the map in the order they encountered.

The participants were asked to order the map cards according to

their personal preference. They were also allowed to sort multiple

map cards at the same rank. To get acquainted with the procedure

and questionnaire, the participants initially performed all movements

with a dummy hand-held endoscope and filled the questionnaire for

this dummy task. Data from this dummy task was not used for the

analysis.

The movements and questionnaire were repeated with all the

four maps. At the end, the participants were asked to fill out the NASA-

TLXweighting sheet to complete the experiment. The participantswere

instructed to operate the robot with two objectives for every move-

ment:

– Insert the endoscope into the trocar as fast as possible, as long as

it is safe.

– While doing so, hand-guide the robot with as little force/torque as

necessary.

2.4 Evaluation metrics and analysis

The F/T data, robot joint positions, joint torques, and the status of the

enabling switch were recorded at 1 kHz. Fourmetrics (two quantitative

and two qualitative) were calculated from the recorded data to assess

and compare the maps.

– Task time (s): the average time takenby the participant to complete

each movement with a map (calculated only when the robot was

in motion by the enabling switch pressed).

– Energy (Joules): the average input energy by the user to complete

each movement with a map calculated as:

E =
∑
t

| ̂⃗𝜉 ⋅ ̂̇x⃗Δt|. (5)

– The NASA-TLX scores between 0 and 100.

– User preference rank (between 1 and 4) for the map by the

participant.

A 2-way ANOVAwas performed for the threemetrics Task time, Energy,

and NASA-TLX scores with a null hypothesis that the mean of the

metric across different participants was the same for all the admittance

control maps, i.e., there was no main effect due to the map. As a con-

sequence of the cross-over experiment design, we do a 2-way ANOVA

with the participant as the 2nd factor and correct for the variance in

the participants’ performance, but we are not interested in the statis-

tical significance of this fixed effect. For the user preference rank, the

non-parametric Friedman’s test was performed with the null hypoth-

esis that the mean across participants for all the admittance control

maps was the same. All the tests were evaluated with an 𝛼-level of

0.05. Tukey’s honest significant difference criterion with a significance

level of 0.05 was used to test which admittance control maps were

significantly different in each of themetrics. The normality assumption

for the metrics that were tested with ANOVA was visually checked

with quantile–quantile plots (see Appendix: Figure 7). The processed

data with the calculated metrics for all participants for every map is

provided as a table in the supplementary material.

3 Results

Endoscope tip movement paths were qualitatively found

to be smoother progressively in the following order: KUKA

hand guidance, then Filter, and then Integrated mass,

Dynamic mass equally (Figure 5). KUKA hand guidance

was found to have significantly higher task time, lower

preference ranking, and higher task load than all other

admittance control maps using external position control

(Figure 6, Appendix: Table 3). KUKA hand guidance also

showed significantly higher input energy than Integrated

mass and Dynamic mass. Filter was found to have signif-

icantly higher preference ranking, input energy and task

load than both Integrated mass and Dynamic mass. Filter

also showed significantly higher task time than Dynamic

mass. No significant differences were found between Inte-

grated mass and Dynamic mass for any outcome met-

ric. In the 1024 total movements by all the users in all

maps, 50 movements had to be restarted because the robot

reached a joint limit, and 22 were with the Integrated mass

(Table 2).
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Figure 5: Projection of recorded endoscope tip movement paths to the YZ plane (front view) for each admittance control map (32 × 8 movement paths

each) with overlaid start poses and target trocar poses (overlaid manually).
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Figure 6: Outcome summary: numerical metrics (a, c, d) for each map are shown as violin plots with raw data points overlaid as dots. The white dot

denotes the median, and the bar in the center of each violin denotes the interquartile range from 1st to 3rd quartile. Rank data (b) is shown as a

stacked bar plot. Horizontal bars on the top indicate significant differences in the respective statistical test (2-way ANOVA for a, c, d and Friedman’s test

for b). The number of asterisks indicates the level of significance with ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001. (a) Violin plot of the average task time

taken by each participant to complete the eight tasks with each admittance control map. A lower task time implies that the participant completed tasks

faster. (b) Stacked bar plot of the user preference rank. Stacked bars correspond to the number of participants ranking the map 1st (bottom, dark) to

4th (top, light). A darker bar indicates a more often preferred admittance control map. (c) Violin plot of the average energy input by the participant. In

KUKA hand guidance map (darker grey), participants were allowed to use two hands to guide the robot; in this case, the calculated energy is a lower

bound estimate. Lower energy implies participants completed tasks with less measured physical effort. (d) Violin plot of the NASA TLX score rating for

each map. A lower score implies participants reported less perceived overall workload to complete tasks.

Table 2: Number of occurrences of movement restart due to moving into

robot joint limits.

KUKA hand guidance Filter Integrated mass Dynamic mass

11 7 22 10

4 Discussion

Our results indicate an ordering of the differentmaps based

on the effort needed to hand-guide a robot: Dynamic mass

and Integrated mass required the least effort, followed by
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Filter, and KUKA hand guidance required the most effort;

this ordering was supported by all measured qualitative

and quantitative outcomes reflecting effort, performance,

and subjective preference of the user study as well. The

statistical analysis rejected the null hypothesis for all out-

come metrics. There were significant differences between

the groups due to the map as a test condition.

The endoscope tip trajectories (Figure 5) showed visu-

ally perceivable differences (smoothness and target pose

precision) in the recorded kinematic paths in the same

ordering as the measured quantitative and qualitative out-

comes for the maps. The visualized trajectories support

the choice of our outcome metrics and indicate that the

different maps caused relevant real-world differences in

performed movements.

Even though there was no statistical difference

between Integrated mass and Dynamic mass in any

metric, it was easier to realize the Dynamic mass since

it required fewer parameters to be tuned. Moreover, the

number of times users moved the robot into joint limits

Table 2 was highest with Integrated mass. Considering

these observations along with the results, we recommend

Dynamic mass to hand-guide robots with a handle. The

Dynamic mass was successfully used in recent similar

works, such as to collaboratively move a robot for spine

surgery [17], or in endonasal surgery [18]. In our opinion,

more complex maps than the Dynamic mass potentially

could but would not necessarily provide further advantages

because parameter tuning would become more difficult

and erroneous. We assume the major remaining limitations

to transparency arise from the hardware – noise in

measurements, latency in signal transmission, and limits in

torque build-up of the actuators.

The KUKA hand guidance required the highest effort,

was not intuitive, and the users had to reposition them-

selves often. We attribute this to the fact that the users

had to implicitly control the robot’s shape in addition to

the endoscope positioning task, thereby, needed both hands

and made the task more challenging. Additionally, the user

input was measured at the joints, which did not necessarily

move the robot along the user desired direction in the task

space. In comparison, users could control the robotwith one

hand using the other maps, only focusing on the robot’s tip

movement. In our opinion, surgeons should be able tomove

the robot quickly with one hand, only focusing on the tool

parts close to the patient.

The mean task time per movement was around 10.51 s

lower for Dynamic mass compared to KUKA hand guid-

ance, and shows that when a surgeon repeatedly performs

tasks such as tool insertion, retraction, or repositioning, the

proper choice of the map has the potential to save time for

the complete surgery. Similarly, the average energy input

permovement was 38 % lower for Dynamicmass compared

to KUKA hand guidance and therefore, surgeons could

reduce the effort for tool movement during the surgery. The

same is corroborated by the perception of the user in the

NASA TLX score.

A significant difference was observed between Filter

and KUKA hand guidance in all the metrics except energy

(p = 0.056). However, in the experimental setup, we mea-

sured only the force applied by the one hand on the handle,

and therefore a lower bound estimate of the user-applied

forces and torques with the two-handed KUKA hand guid-

ance. Thus, the energy estimate for KUKA hand guidance

did not truly reflect the actual input energy, as it is missing

the forces applied by the user using the second hand on

the robot directly. Accordingly, a missing significant effect

between Filter and KUKA hand guidance could have been

caused by this less sensitive lower bound measure.

Almost equal number of participants ranked the

Dynamic mass and Integrated mass in the first place. Since

the study protocol allowed ranking multiple maps equally,

seven users placed Dynamic mass and Integrated mass at

the same rank. The similarity of both the maps in theory

and the minor difference of the time-averaged user input

in Integrated mass does not significantly affect the users’

perception when both the maps were empirically tuned to

reduce the effort.

Many additional control features could constrain endo-

scope motion during hand-guided movements, such as

blocking certain degrees of freedomor onlymoving through

a trocar location with a remote center of motion (RCM) con-

troller. In our study, we have not yet investigated how hand-

guiding with user-controlled enabling and disabling such

assistive control features would affect the effort by the user

during such insertion movements. While we are convinced

that such features would be a promising addition, they typ-

ically are superimposed constraints to the maps. Therefore,

we are convinced of the importance of this study com-

paring different bare maps. Furthermore, surgeons must

always be able to intuitively move a robot without RCM sup-

port or other constraining features, e.g., to move the robot

out of their way in case they require direct access to the

port.

The setup and the designed tasks were symmetric, and

the users’ handedness did not influence the results. Nev-

ertheless, during the experiments, we observed that the

robot start poses and trocar poses were designed for an

average user height. A fewuserswhowere far from an aver-

age height repositioning themselves had to reposition more
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often during task movements; since this was the same for

all the maps, we are confident the results within this study

are not affected. In our future experiments, we will aim

for height-adjustable setups that would let the users work

at their preferred patient and trocar height more closely,

reflecting an actual surgical scenario.

The paths commanded by the users sometimes resulted

in the robotmoving into joint limits and occurredmost often

with Integrated mass. The joint and task space limits are

not intuitive and were not shown to the user. Furthermore,

obstacles in the setup similar to a real surgery would fur-

ther constrain the feasible robot motion. With the KUKA

hand guidance, users controlled the shape of the robot and

thus the motion of the robot in null space, the user could

use the map to avoid any obstacles. In the other maps,

the Moore–Penrose pseudo inverse was used to calculate

inverse kinematics, whichminimized the overall robot joint

motion, and the users did not have control over the shape of

the robot. Therefore, we would like to combine admittance

control maps with more advanced inverse kinematics that

exploit the robot’s redundancy to stay away from joint limits

and obstacles.

In the KUKA hand guidance, the torque measured

includes both user input and interaction between tool and

environment. In all the other maps, tissue interaction was

not measured; the user input force was decoupled and

was independent of tool-tip forces. While this can be con-

sidered a potential safety hazard, where the user could

move the robot against patient tissue without measuring

or limiting interaction forces, we consider it important that

surgeons can control movements accurately while exert-

ing tool forces on patient tissue. Our decoupled approach

allows us to measure interaction forces between tool and

environment separately with additional sensors, or directly

with force measuring endoscopes [25]. In future work, we

would want to use such additional measurements to impose

safety limits, provide user feedback, or even allow the user

to switch between only considering user input or a differ-

ential admittance control map combining both user and

environment contacts. Such extensions would not be pos-

sible with KUKA hand guidance or other setups where user

inputmeasurement is not decoupled from tool environment

contact.

In our mock-up surgery setup, we fixed the trocars

rigidly to the table to ensure all the users had the same target

pose with respect to the robot. A trocar inserted in a human

body would move depending on forces applied, potentially

increasing the difficulty of similar insertion tasks. However,

by sensing tool interactions or using differential admittance

control maps, additional challenges such as limiting the

interaction forces inside the patient could be addressed.

Furthermore, the three proposed admittance control maps

allow one-handed guidance, enabling surgeons to hold the

trocars with their remaining hand if needed.

A limitation of our study is that the findings are specific

to our tuning of the maps. Nevertheless, we spent effort to

tune each map to the best independently that was achiev-

able for us in a reasonable time. We are convinced that

further fine-tuning would onlymarginally affect the results.

In some previous work Dynamicmassmapwas investi-

gated. These investigations showed that a variable damping

was beneficial to enforce RCM constraints [18], or adaptive

gains were useful to enforce workspace and safety con-

straints [15]. Our result that Dynamic mass was indeed one

of the most promising maps, underlines the importance of

their investigations on Dynamic mass maps.

Ourfindings are likely generalizable to scenarioswhere

users hand-guide robots using a power grasp for macro

motion of a tool. Further investigation is necessary to see

if the results extend to precise control of the tool within the

patient or if a redesigned handle with an additional grasp

is needed. We aimed to find intuitive controllers for general

tool placement and did not constrain the study to surgeons

with experience in hand-guiding endoscopic tools. We do

not consider any learning effects and the users repeated the

motion only eight times with each map. Although training

might affect the user preference, we think it is important

for the users to move the tool intuitively from the beginning

without training.

5 Conclusions

To hand-guide redundant robots in a surgical scenario, two

maps that measured the user input in task space at the tool,

Integrated mass and Dynamic mass, were rated equally the

best. Considering the ease of tuning and implementation,we

recommend the Dynamic mass map to control redundant

robots. Zero torque control, such as the KUKA hand guid-

ance was not suitable for the same task. We conclude that

the next step is to extend the admittance controlmap and let

surgeons control the robot shape with one hand by learning

surgeons’ preferences that avoid quasi-stationary obstacles

such as the OR-lamps, or medical personnel.
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Appendix

Table 3: Detailed results of statistical tests for all metrics (rows in gray

are not significant).

Variable Map main effect p-value

Map–Map comparison

Task time F, = 62.87 <10−4

KUKA hand guidance–Filter <10−4

KUKA hand guidance–Integrated mass <10−4

KUKA hand guidance–Dynamic mass <10−4

Filter–Integrated mass 0.080

Filter–Dynamic mass 0.043

Integrated mass–Dynamic mass 0.994

User rank 𝜒2
3,127

= 52.83 <10−4

KUKA hand guidance–Filter 0.002

KUKA hand guidance–Integrated mass <10−4

KUKA hand guidance–Dynamic mass <10−4

Filter–Integrated mass 0.014

Filter–Dynamic mass 0.010

Integrated mass–Dynamic mass 0.999

Energy F, = 17.91 <10−4

KUKA hand guidance–Filter 0.056

KUKA hand guidance–Integrated mass <10−4

KUKA hand guidance–Dynamic mass <10−4

Filter–Integrated mass 0.027

Filter–Dynamic mass <10−3

Integrated mass–Dynamic mass 0.581

NASA TLX F, = 40.13 <10−4

KUKA hand guidance–Filter <10−4

KUKA hand guidance–Integrated mass <10−4

KUKA hand guidance–Dynamic mass <10−4

Filter–Integrated mass 0.001

Filter–Dynamic mass <10−3

Integrated mass–Dynamic mass 0.991

Figure 7: Quantile–quantile plots to ascertain that the data for each

measured metric analysed with ANOVA were normally distributed. All

plots show the distribution of the normalized data on the Y-axis with

respect to a theoretical normal distribution along X-axis. Data points

closer to the same colored line imply a more normally distributed data.

(a) Task Time. (b) Energy. (c) Nasa TLX Score.
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