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I. INTRODUCTION

N EEDLE insertion into soft tissue is a minimally-invasive surgical procedure performed in a wide range of applications, such as for targeted drug delivery, biopsies, anesthesia, blood sampling, prostate brachytherapy, ablation. Providing rich feedback information to the clinician is paramount for the success of these procedures. Haptic feedback has been indeed proven useful for conveying guidance/navigation information [START_REF] Abayazid | Experimental evaluation of co-manipulated ultrasoundguided flexible needle steering[END_REF], [START_REF] Majewicz | Cartesian and joint space teleoperation for nonholonomic steerable needles[END_REF] as well as interaction forces [START_REF] Meli | Experimental evaluation of magnified haptic feedback for robot-assisted needle insertion and palpation[END_REF], [START_REF] Aggravi | Haptic teleoperation of flexible needles combining 3d ultrasound guidance and needle tip force feedback[END_REF] during robotassisted needle insertion, enhancing the operator awareness without overloading other sensory channels. The main forces acting on the needle during the insertion are developed at the needle tip as well as along its shaft. The needle tip force is due to tissue deformation at the contact (puncturing), rupture and cutting, while the force along the shaft is due to friction between the needle and the tissue [START_REF] Khadem | Mechanics of tissue cutting during needle insertion in biological tissue[END_REF].

Literature provides evidence [START_REF] Meli | Experimental evaluation of magnified haptic feedback for robot-assisted needle insertion and palpation[END_REF], [START_REF] Aggravi | Haptic teleoperation of flexible needles combining 3d ultrasound guidance and needle tip force feedback[END_REF] that needle insertion procedures benefit from the separation of forces at the needle tip from friction along the needle shaft, that increases during penetration. Removing friction is indeed useful to improve the perception of the events occurring at the needle tip, particularly puncturing and ruptures. Friction force, however, can convey important information about the nature of the tissue that the needle is traversing and rendering this component of the force can make the haptic perception during insertion procedure more natural and even more safe/stable [START_REF] Abayazid | Experimental evaluation of co-manipulated ultrasoundguided flexible needle steering[END_REF]. As it is useful to separate the two main components of the needle tissue interaction force, it is also interesting to study the problem, not yet addressed in the literature, of how to render these two separate pieces of information during a teleoperated procedure.

This paper presents an evaluation of haptic feedback for teleoperated needle insertion in soft tissues. Using an established simulator [START_REF] Ferro | Online needle-tissue interaction model identification for force feedback enhancement in robotassisted interventional procedures[END_REF], we evaluate the importance and role of providing kinesthetic and cutaneous feedback for conveying information related to the elastic and viscous friction forces, the two most relevant components of the interaction forces acting on the needle during the insertion [START_REF] Roesthuis | Mechanics of needle-tissue interaction[END_REF]. The research questions addressed in this paper can be summarized as follows:

• Shall the visco-elastic components of the needle-tissue interaction force be all provided through the same singlepoint kinesthetic interface (as it usually happens today) or using different haptic devices and sensory channels? • Which combination of kinesthetic and/or cutaneous feedback stimuli is best for providing the considered pieces of information during the insertion? • Does providing such composite haptic feedback away from where the operator holds the input interface (e.g., the fingertip) negatively affects performance? II. EXPERIMENTAL METHODS AND APPARATUS The setup used to conduct the experiments has the architecture of a teleoperated system (see Fig. 2, left). On the remote side, a simulated scene, built with CoppeliaSim, reproduces the robot-assisted needle insertion system described in Sec. II-A. On the user side, a Geomagic Touch interface is used to teleoperate the simulated robot. According to the condition at hand, haptic feedback about the needle-tissue interaction is provided by combinations of (i) the Geomagic Touch, providing kinesthetic feedback at the fingers; (ii) the hBracelet (see Sec. II-B and Fig. 1a), conveying vibrotactile feedback at the forearm; (iii) the hRing (see Sec. II-C and Fig. 1b), conveying pressure feeedback on the fingers; and/or (iv) the TouchDIVER (see Sec. II-D and Fig. 1c), conveying pressure and vibration to the fingertips.

The use of a simulated needle insertion scenario guarantees the repeatability of conditions during the insertion. In particular, the kinematic control of the simulated robot dynamics coupled with a virtual fixture allows to execute the motion commanded by the user through the haptic interface to insert the needle always in the same direction, so as to obtain consistent feedback for all users. Due to the low velocities and the absence of delays in the local communication channel, no stability issues arose during the experiments. Below we describe the different parts of the experimental system more in details.

A. Needle insertion system

The virtual environment is visible on the screen of the laptop in Fig. 2 (left), with a closeup view on the upper right picture in Fig. 2. It is composed of a rigid unbeveled-tip needle, mounted on the end-effector of a KUKA LWR 4+ robot, and an abdominal phantom built from images acquired through 3D CT scan imaging. The phantom is placed on a table below the robot.

During the experiments, the virtual robot is teleoperated by the user through the Geomagic Touch interface, to insert the needle through the multiple tissue layers of the phantom. The motion of the Geomagic Touch interface controls in velocity that of the simulated robot with a scale factor of s = 0.4, resulting in a slower motion of the robot with respect to that of the haptic interface. A button on the interface works as a clutch, allowing the user to disconnect from the robot, move the haptic device, and then resume the control of the robot. This approach is commonly used to address issues of limited workspace of the control interface, as in our case. The motion of the robot is constrained so as to move the needle only along the direction of insertion.

Each layer is characterized by a given elasticity and friction (see Sec. III-A). The resulting needle-tissue interaction force, along the insertion direction, is generated by measuring the relative position z(t) and velocity v(t) of the needle with respect to the tissue layers, according to the multi-layer viscoelastic model inspired from [START_REF] Gerovich | The effect of visual and haptic feedback on computer-assisted needle insertion[END_REF], [START_REF] Barbé | In vivo model estimation and haptic characterization of needle insertions[END_REF], [START_REF] Mahvash | Mechanics of dynamic needle insertion into biological material[END_REF] and experimentally validated in [START_REF] Ferro | Online needle-tissue interaction model identification for force feedback enhancement in robotassisted interventional procedures[END_REF] (see Fig. 2):

f (t) = -K i ∆z i (t) f e (t) -B i ∆z i (t)v(t) f f (t) -Bd v(t) f cf (t) (1)
where ∆z i (t) = z(t)-z i-1 is the needle tip relative penetration inside the i-th layer L i , i = 1, . . . , n which starts at depth zi-1 of the first contact with the considered layer, K i and B i are the elastic and friction coefficients, d i is the layer thickness along the insertion axis and Bd = i-1 j=1 B j d j is the constant cumulative friction term due to contact of the needle shaft with the previous layers L j , with j = 1, . . . , i -1. The horizontal brackets below Eq. (1) highlight the three contributions of the elastic (e), friction (f), and cumulative friction (cf) forces composing the multi-layer visco-elastic interaction model.

Whenever the needle touches a new layer for the first time, the latter deforms and provides an increasing elastic force f e (t) to the user. Whenever this force exceeds a certain threshold [START_REF] Ferro | Online needle-tissue interaction model identification for force feedback enhancement in robotassisted interventional procedures[END_REF], the tissue ruptures, the needle enters the new layer, and the Fig. 2. Experimental setup. The virtual Kuka LWR robot is teleoperated through the Geomagic Touch haptic interface. One or more devices are then used to provide composite haptic feedback about the needle-tissue interaction forces (for example, in the picture, the user receives feedback from the hRing and the Geomagic Touch). During the trial, the inside view of the phantom (top right) is hidden. The needle traverses four layers of tissue, corresponding to fat, muscle, liver, and lesion (bottom right). elastic force drops to f e = 0. In this experimental study, we only render the visco-elastic components of the force f e and f f relative to the tissue in which the needle tip is currently inserted. This choice is motivated by the observation that, during the needle penetration, the friction f cf accumulated along the needle shaft may hinder the detection of subsequent tissue ruptures and transitions, that are informative for a proper detection of the current insertion state. However, when executing insertions on real tissues, f cf can be rather easily identified and subtracted from the perceived force, so as to render to the user only the viscous component related to the tissue being punctured, i.e., f e and f f [START_REF] Ferro | Online needle-tissue interaction model identification for force feedback enhancement in robotassisted interventional procedures[END_REF]. In the remainder of this Section, we briefly present the devices employed in our study for the rendering of the mentioned force components.

B. hBracelet vibrotactile cutaneous device (interface B)

The hBracelet, shown in Fig. 1a, conveys distributed vibrotactile sensations around the user's wrist or forearm [START_REF] Aggravi | Haptic teleoperation of flexible needles combining 3d ultrasound guidance and needle tip force feedback[END_REF], [START_REF] Aggravi | Decentralized control of a heterogeneous human-robot team for exploration and patrolling[END_REF]. It is composed of four vibrotactile motors (Pico-Vibe 304-116) attached to an elastic fabric strap. Each motor has an effective vibration frequency range between 80 and 280 Hz, with a proportionally-related amplitude between 0.2 and 1.1 g. They are positioned evenly around the arm at 90 degrees from each other and are connected to a small control board, which enables to control each motor independently. To render the force contributions f e or f f along the insertion direction, each motor is actuated by mapping the force magnitude value to the vibration intensity. This reproduces a homogeneous rendering of the chosen scalar force contribution along the arm's surface in contact with the bracelet.

C. hRing pressure cutaneous device (interface R)

The hRing, shown in Fig. 1b, is capable of providing pressure and skin stretch stimuli at one finger [START_REF] Pacchierotti | The hring: A wearable haptic device to avoid occlusions in hand tracking[END_REF], but in this paper we only use it for pressure feedback. It is composed of two servo motors (HiTec HS-40) and a fabric belt, that applies the requested stimuli to the skin. A Velcro strap band secures the device to the finger. When the two motors rotate in opposite directions, the belt is pulled up or down, providing a varying force normal to the finger (pressure). The maximum displacement range of the device is 6 mm, leading to a maximum estimated normal force of 3 N [START_REF] Tinguy | Enhancing the stiffness perception of tangible objects in mixed reality using wearable haptics[END_REF]. This device is made to be worn at the middle or proximal finger phalanx of the finger, so as to leave the fingertip of the user free to naturally hold the pen-like end-effector of the Geomagic Touch interface. The rendering of f e or f f is accomplished by mapping the magnitude of the selected force component to the pressure applied by the belt.

D. TouchDIVER fingertip cutaneous device (interface D)

The TouchDIVER (WEART, Italy), shown in Fig. 1c, is capable of providing pressure, vibrations, and temperature at the fingertip, but in this work we only use it for pressure and vibrotactile feedback. This enables us to provide the same stimuli of interfaces B and R, but with a different localization. The device is composed of a control unit placed on the user wrist and three independent fingertip devices. A servo motor moves a rigid platform to apply the requested pressure to the fingertip skin. The maximum attainable vertical displacement is 5 mm, leading to a maximum estimated normal force of 2.5 N [START_REF] Tinguy | Enhancing the stiffness perception of tangible objects in mixed reality using wearable haptics[END_REF]. Vibrations are rendered through a piezo actuator with an effective vibration frequency range in 50-450 Hz, with amplitude of 0.7-3.5 g. The elastic component f e is rendered through the contact pressure module, mapping the force magnitude to the pressure level, while the friction component f f through the vibration module, mapping the force magnitude to the vibration amplitude.

III. EXPERIMENTAL EVALUATION A. Experimental setup and protocol

The 3D model of the abdomen phantom is composed of 4 layers, fat, muscle, liver, lesion (see Sec. II-A and Fig. 2). Each layer L i , i = 1, . . . , 4 is characterized by a nominal thickness d i ={7.3, 13, 56, 11} mm, an elastic coefficient K i ={200, 300, 500, 400} N/m and a friction per unit length coefficient B i . We considered two tissue environments having different layer characteristics, one with less friction (LF) and one with more friction (HF), having B iLF ={700, 800, 1000, 900} Ns/m 2 and B iHF =B iLF +150 Ns/m 2 , respectively. Moreover, when the needle reaches a new layer, a tissue rupture is simulated when the needle-tissue interaction force exceeds a certain threshold t i =0.8, 1.5, 1.2, 1.5 N. Further details regarding this model and its medical validity can be found in [START_REF] Ferro | Online needle-tissue interaction model identification for force feedback enhancement in robotassisted interventional procedures[END_REF]. How this model generates haptic feedback has been discussed in Sec. II-A.

During the insertion, participants are provided with haptic feedback about the elastic and friction force, according to the considered feedback condition and device. No visual feedback on the inside of the phantom is provided; the participant is only able to see the robot steering the needle and the needle penetrating into the tissue.

In all experiments, participants were asked to hold the endeffector of the Geomagic Touch interface with their right hand and steer the needle inside the simulated soft tissue. They wore one or more wearable cutaneous devices according to the experiment at hand. The hBracelet was always worn on the left arm, while the hRing and the TouchDIVER were worn on the index and the middle fingers of the right hand, respectively. The thumb was left free to press the Geomagic button. Participants pressed a predefined key stroke whenever they perceived the needle penetrating into a new layer of the tissue. Inspired from [START_REF] Meli | Experimental evaluation of magnified haptic feedback for robot-assisted needle insertion and palpation[END_REF], [START_REF] Ferro | Online needle-tissue interaction model identification for force feedback enhancement in robotassisted interventional procedures[END_REF], this task is relevant in many medical scenarios, e.g., spinal tap or biopsy for interventional radiology. In fact, the proper detection of the tissue transitions is fundamental to assess the current state of the insertion when also the real-time visual feedback is poor or lacking, which is often the case.

B. Evaluation metrics

To evaluate whenever the user identified that the needle had penetrated the i-th layer of the tissue, we focused on the two main events that happen during a penetration (see Sec. II-A): i) the puncturing event, corresponding to the time instant t pi when the needle tip starts to be in contact with the layer, i.e., such that f e (t) > 0 for t > t pi ; and ii) the rupture event, corresponding to the time instant t ri (> t pi ), when the needle exceeds the elastic resistance of the layer surface and actually penetrates it, i.e., resulting in a force drop such that f e (t ri ) = 0. Both events are important during needle insertion, depending on the application at hand, and they are both clearly detectable in real insertion scenarios. This leads to the definition of three performance indicators:

• True positives (TP) happen whenever the user correctly identifies the requested event, puncturing or rupture, of the new tissue layer within 3 s. • False negatives (FN) happen whenever the user fails to recognize the requested event of the new tissue layer within 3 s, e.g., the needle penetrates a new layer but the user does not recognize it. • False positives (FP) happen whenever the user mistakenly identifies the requested event of the new tissue layer within 3 s, e.g., the user indicates that the needle as touched (punctured) a new layer but this event did not happen. The timespan of 3 s was chosen following the results of a set of pilot experiments, showing that recognition happens within 3 s or not at all. We can then calculate:

• the recall (or sensitivity), i.e., the ratio of correctly perceived penetrations into a new layer to all the penetrations; • the precision, i.e., the ratio of correctly perceived penetrations into a new later to the total of perceived penetrations; • the F1 score, i.e., the weighted harmonic average of precision and recall. The above metrics can be calculated for both puncturing and rupture events.

At the end of each experiment, subjects were asked to rank the conditions according to their perceived effectiveness, from the best condition (ranked 1st) to the worst one (ranked either 4th or 5th according to the experiment). We also encouraged participants to comment the tasks out loud throughout the experiment.

C. Experiment #1: single-point vs. distributed feedback

While most haptic-enabled systems for needle insertion use a grounded kinesthetic interface to convey all the feedback information, there is evidence that providing elastic and viscous components of the interaction force through different sensory channels might improve the intuitiveness and effectiveness of the operation. In fact, while the elastic component conveys information on the deformation of the tissue in contact with the needle tip and, hence, may enable prediction of a rupture event, the viscous force feedback is related to the interaction during motion of the needle and can enable predicting tissue damage [START_REF] Mahvash | Mechanics of dynamic needle insertion into biological material[END_REF].

1) Hypotheses: Literature results show that, in remotely operated needle insertion, navigation cues provided by haptic feedback [START_REF] Pacchierotti | Teleoperation of steerable flexible needles by combining kinesthetic and vibratory feedback[END_REF] lead to a significant improvement in the targeting accuracy. This feedback can be enriched by also rendering the cutting force at the needle tip through a different haptic channel [START_REF] Aggravi | Haptic teleoperation of flexible needles combining 3d ultrasound guidance and needle tip force feedback[END_REF], reaching similar targeting accuracy while getting additional relevant information about the advancement of the procedure. Inspired by these results, we propose two hypotheses: (H1.1) Providing feedback on elastic and friction interaction force components through different and distributed haptic channels (kinesthetic and vibrotactile) outperforms providing the same information through a single grounded kinesthetic interface; (H1.2) Vibrotactile cutaneous sensations are effective for providing elastic force feedback. 2) Feedback conditions: Elastic (E) and friction (F) force feedback are computed as described in Sec. II-A. In this experiment, we employed the Geomagic Touch kinesthetic interface (G) and the hBracelet vibrotactile device (B). We considered five feedback conditions: (E G F G ) Both the elastic and friction feedback components are provided by the Geomagic Touch interface, while the hBracelet is disabled; (E G F B ) Elastic and friction feedback components are provided by the Geomagic Touch interface and the hBracelet device, respectively; (E B F G ) Elastic and friction feedback components are provided by the hBracelet device and Geomagic Touch interface, respectively; (E B F B ) Both elastic and friction feedback components are provided by the hBracelet device, while the Geomagic Touch interface provides no feedback; (E GB F GB ) Elastic and friction feedback components are combined and provided by both the Geomagic Touch interface and hBracelet device. In all conditions, the Geomagic Touch interface is used to insert the needle inside the soft tissue, as described in Sec. II-A.

3) Subjects: 10 participants took part in the experiment, including 3 women and 7 men (age 24-28 years old). One practice trial per feedback condition was allowed. Each participant repeated the insertion 2 times per feedback condition, one with LF and one with HF tissue characteristics (see Sec. III-A), leading to 10 insertions per subject.

4) Results: As mentioned in Sec. III-B, we analyzed the F1 scores and the reported subjective effectiveness for each condition. We ran two-way repeated-measures ANOVA tests for analyzing the F1 scores. The five feedback conditions
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and the two tissue environments (HF, LF). The * symbol indicates statistically significant differences in the post-hoc tests.

(E G F G , E G F B , E B F G , E B F B , E GB F GB )
and the two tissue environments (HF, LF) were treated as within-subject factors. Data were transformed using a log transformation whenever not normal. A Greenhouse-Geisser correction was used when the assumption of sphericity was violated. Sphericity was assumed for variables with only two levels of repeated measures. Fig. 3a shows the F1 score per each condition for the puncturing event. The two-way repeated-measure ANOVA revealed a statistically significant difference for this metric across feedback condition (F(4, 36) = 7.441, p < 0.001), but not across tissue environments. Post hoc analysis with Bonferroni adjustments revealed a statistically significant difference between conditions E G F G vs. E B F B (p = 0.049), E G F B vs. E B F B (p = 0.009), and E B F G vs. E B F B (p = 0.027). Fig. 3b shows the F1 score per each condition for the rupture event. The two-way repeated-measure ANOVA revealed a statistically significant difference for this metric across feedback condition (F(4, 36) = 9.248, p < 0.001), but not across tissue environments. Post hoc analysis with Bonferroni adjustments revealed a statistically significant difference between conditions E G F G vs. E B F B (p < 0.001), E G F B vs. E B F B (p = 0.003), and E B F G vs. E B F B (p = 0.017). We ran Friedman tests for analyzing the condition rankings. The five feedback conditions were treated as within-subject factors. Fig. 3c shows the average ranking per each condition. The Friedman test revealed a statistically significant difference for this metric across feedback condition (χ 2 (4) = 18.160, p < 0.001). Post hoc analysis with Bonferroni correction revealed a statistically significant difference between conditions E G F B vs. E B F B (p < 0.001), E GB F GB vs. E B F B (p = 0.019), and E G F G vs. E B F B (p = 0.047).

5) Discussion: Results are rather mixed, disproving in part both H1.1 ad H1.2. Indeed, results do not show better (or worse) performance when providing elastic and friction feedback components through different haptic channels. The only clear result is that providing all forces through vibrotactile sensations (E B F B ) perform worse than other solutions. Verbal feedback from the users gives us interesting insights regarding the underlying reasons for this outcome. Indeed, most subjects complained about the effectiveness of the vibrotactile feedback. While many subjects appreciated receiving the two information separately ("It was useful to receive two pieces of information in two different ways"), they all reported that vibrations were not effective in conveying the target information ("It was hard to discern the different levels of vibrations after a while."). Indeed, it is known that providing sustained vibrations becomes quickly uncomfortable [START_REF] Devigne | Power wheelchair navigation assistance using wearable vibrotactile haptics[END_REF], so other types of feedback might be preferable. Finally, results did not highlight any relevant difference between the two tissue environments LF and HF, meaning that the viscosity in the current tissue did not affect significantly the layer recognition process. We further emphasize here that this is motivated by the choice of rendering only the friction of the layer where the needle tip is currently located, and not the friction accumulated along the needle shaft, that could rather compromise the detection of the puncturing events [START_REF] Barbé | In vivo model estimation and haptic characterization of needle insertions[END_REF], [START_REF] Lorenzo | Coaxial needle insertion assistant with enhanced force feedback[END_REF], [START_REF] Ferro | Online needle-tissue interaction model identification for force feedback enhancement in robotassisted interventional procedures[END_REF].

D. Experiment #2: vibrotactile vs. contact pressure feedback

Following the results of the previous experiment, we decided to introduce an additional haptic interface, the hRing (see Sec. II-C), so as to better represent the nature of the forces acting on the environment during this task. We expect the pressure sensations delivered by the hRing to be more suited than the vibrotactile ones rendered by the bracelet.

1) Hypotheses: Cutaneous feedback has been shown to be quite effective in teleoperated needle insertion and other medical procedures, as well as safer than kinesthetic feedback provided by grounded haptic interfaces [START_REF] Pacchierotti | Cutaneous device for teleoperated needle insertion[END_REF], [START_REF] Pacchierotti | Cutaneous feedback of fingertip deformation and vibration for palpation in robotic surgery[END_REF]. To analyse the effectiveness of vibrotactile and contact pressure cutaneous feedback, and considering the results of our previous experiment, we propose two hypotheses: (H2.1) Providing elastic and friction feedback components through different and distributed haptic channels (kinesthetic and contact pressure) outperforms providing the same information through a single grounded kinesthetic interface; Contact pressure cutaneous sensations are effective for providing elastic force feedback.

2) Feedback conditions: Elastic (E) and friction (F) interaction force feedback are again computed as described in Sec. II-A. In this experiment, we employed the Geomagic Touch kinesthetic interface (G), the hBracelet vibrotactile device (B), and the hRing pressure device (R). We considered four feedback conditions:

(E G F G ) Both the elastic and friction force feedback components are provided by the Geomagic Touch interface, while the hBracelet and hRing devices are disabled; (E G F B ) Elastic and friction force feedback components are provided by the Geomagic Touch interface and the hBracelet device, respectively; 

E G F G E G F B E R F G E R F G ! 0 0.5 1 LF HF * * * * * (a) F1 scores (higher is better) E G F G E G F B E R F G E R F G ! 0
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) and the two tissue environments (HF, LF). The * symbol indicates statistically significant differences in the post-hoc tests.

(E R F G ) Elastic and friction force feedback components are provided by the hRing device and Geomagic Touch interface, respectively; (E R F G !) elastic and friction force feedback components are provided by the hRing device and Geomagic Touch interface, respectively, while the hBracelet provides a vibration burst when the needle touches the new layer so as to alert the user that a penetration is about to occur. As before, in all conditions, the Geomagic Touch interface is used to steer the needle inside the soft tissue (see Sec. II-A). We considered again condition E G F G , as it represents the most common solution for currently-available haptic-enabled needle insertion systems, and E G F B , as it enables us to compare vibrotactile vs. pressure feedback in this scenario and performed the best among the feedback conditions considered in Experiment #1.

3) Subjects: 20 participants took part in the experiment, including 8 women and 12 men (age 24-29 years old). One practice trial per feedback condition was allowed. 10 of them participated in Experiment #1 as well. Each participant repeated the insertion 2 times per feedback condition, one with LF and one with HF tissue characteristics, leading to 8 insertions per subject.

4) Results: We analyzed the data as done in Sec. III-C4. Fig. 4a shows the F1 score per each condition for the puncturing event. The two-way repeated-measure ANOVA revealed a statistically significant difference for this metric across feedback condition (F(2.199, 41.782) = 16.265, p < 0.001), but not across tissue environments. Post hoc analysis with Bonferroni adjustments revealed a statistically significant difference between conditions

E G F G vs. E R F G (p < 0.001), E G F G vs. E R F G ! (p = 0.001), E G F B vs. E R F G (p = 0.002), E G F B vs. E R F G ! (p = 0.043), and E R F G vs. E R F G ! (p = 0.017).
On the other hand, a two-way repeated-measure ANOVA revealed no statistically significant difference for the F1 score related to the rupture events (p > 0.05; not shown in the Figure, all mean F1 scores higher than 0.96). Fig. 4b shows the average ranking per each condition. A Friedman test revealed a statistically significant difference for this metric across feedback condition (χ 2 (3) = 33.300, p < 0.001). Post hoc analysis with Bonferroni correction revealed a statistically significant difference between conditions

E R F G vs. E G F G (p < 0.001), E R F G vs. E G F B (p < 0.001), and E R F G ! vs. E G F B (p = 0.020).
5) Discussion: Results of this second experiment are more encouraging, supporting both H2.1 and H2.2. Indeed, decoupling elastic and friction force feedback components (E R F G ) significantly outperformed providing both pieces of information through the Geomagic Touch (E G F G ). The two conditions providing elastic force through the hRing (E R F G , E R F G !) performed the best among the four considered ones. However, a bit surprisingly, providing additional vibration bursts (E R F G !) did not improve the performance with respect to not providing them (E R F G ); the latter was also preferred by most users. Users reported the pressure feedback from the hRing to be sufficient and that vibrotactile feedback did not add valuable information while even distracting them ("The vibration prevented me from concentrating on the pressure at the fingers."). E. Experiment #3: co-located vs. non co-located feedback Following the results of the previous experiments, we wanted to better study the role of the co-location of the feedback information, taking advantage of the distributed nature of the cutaneous receptors under our skin and their different activation thresholds. For this reason, we introduced another haptic interface, the TouchDIVER, as it is able to provide contact pressure and vibration sensations at the same point.

1) Hypotheses: Inspired by the insights on force-feedback substitution and augmentation from [START_REF] Pacchierotti | Enhancing the performance of passive teleoperation systems via cutaneous feedback[END_REF], [START_REF] Quek | Sensory substitution and augmentation using 3-degree-of-freedom skin deformation feedback[END_REF] and the results above, we propose two hypotheses: (H3.1) Providing elastic and friction force feedback components through different but co-located haptic channels (kinesthetic, vibrotactile, and/or contact pressure) outperforms providing the same information through a single grounded kinesthetic interface; (H3.2) Providing elastic and friction force feedback components co-located diverse cutaneous feedback (vibrotactile and contact pressure) outperforms providing the same information but at different, farther points on the body.

2) Feedback conditions: Elastic (E) and friction (F) force feedback components are again computed as described in Sec. II-A. In this experiment, we employed the Geomagic Touch kinesthetic interface (G), the hRing pressure device (R), and the TouchDIVER fingertip cutaneous device (D). We considered five feedback conditions: (E G F D ) Elastic and friction force feedback components are provided by the Geomagic Touch interface and the vibrotactile module of the TouchDIVER device, respectively.

(E G F G )
E G F G E R F G E D F D E D F G E G F D * * 0 
As before, in all conditions, the Geomagic Touch interface is used to teleoperate the needle insertion inside the soft tissue (see Sec. II-A). We considered again condition E G F G as it represents the most common solution for currently-available haptic-enabled needle insertion systems, and E R F G because it enables us to compare co-localized vs. de-localized feedback in this scenario and performed the best among the feedback conditions considered in Experiment #2.

3) Subjects: 30 participants took part in the experiment, including 14 women and 16 men (age 24-35 years old). One practice trial per feedback condition was allowed. 20 of them participated in Experiment #2 as well. Each participant repeated the insertion 2 times per feedback condition, one with LF and one with HF tissue characteristics, leading to 10 insertions per subject.

4) Results: We analyzed the data as done in Secs. III-C4 and III-D4. Fig. 5a shows the F1 score per each condition for the puncturing event. The two-way repeated-measure ANOVA revealed a statistically significant difference for this metric across feedback condition (F(2.665, 77.275) = 16.731, p < 0.001), but not across tissue environments. Post hoc analysis with Bonferroni adjustments revealed a statistically significant difference between conditions E 5b shows the average ranking per each condition. A Friedman test revealed a statistically significant difference for this metric across feedback condition (χ 2 (4) = 17.680, p = 0.001). Post hoc analysis with Bonferroni correction revealed a statistically significant difference between conditions E R F G vs. E G F D (p = 0.015) and E R F G vs. E G F G (p = 0.011). The two-way repeated-measure ANOVA also revealed a statistically significant difference for the F1 score for the rupture event across feedback condition (F(1.834, 53.194) = 5.620, p = 0.007; not shown in the Figure, all mean F1 scores higher than 0.89). Post hoc analysis with Bonferroni adjustments revealed a statistically significant difference between E

G F G vs. E R F G (p < 0.001), E G F G vs. E D F G (p = 0.001), E R F G vs. E D F D (p = 0.014), E R F G vs. E G F D (p < 0.001), E D F D vs. E G F D (p = 0.017), and E D F G vs. E G F D (p < 0.001). Fig.
G F G vs. E D F D (p = 0.019), where E D F D outperformed E G F G .
5) Discussion: Results partially support H3.1, as co-located diverse information (E D F G ) outperforms providing the same information through the kinesthetic channel only (E G F G ). However, this was not true in all cases, as E D F D or E G F D did not perform significantly better than E G F G . This result can be justified by recalling that E D is provided through the contact pressure module of the TouchDIVER while F D by the vibrotactile module of the same device, confirming that vibrotactile feedback is not effective in providing this type of information (as already seen in Experiment #1). On the other hand, results do not support H3.2, as co-located information (e.g., E D F G ) did not outperform non-colocated feedback (E R F G ). While this might seem surprising, there have been successful attempts to apply the haptic feedback away from the ideal/expected point of application [START_REF] Tinguy | Enhancing the stiffness perception of tangible objects in mixed reality using wearable haptics[END_REF]. Results confirm that providing elastic and friction force feedback, respectively, through the cutaneous and kinesthetic channels (E R F G ) is better than providing them through the same one (either kinesthetic, E G F G , or cutaneous, E D F D ). Results also confirm the good performance of the cutaneous pressure delivered by the hRing for conveying elastic force feedback (E R F G ), which performed the best among all the considered conditions. Finally, results confirm that rupture events are generally easier to detect than puncturing ones.

IV. CONCLUSIONS

We evaluated the role of haptic feedback during needle insertion. We carried out three experiments, enrolling 10, 20, and 30 human subjects, to evaluate the effect of grounded kinesthetic feedback, cutaneous vibrotactile feedback, and cutaneous pressure feedback for rendering elastic and friction components of the needle-tissue interaction force during simulated needle insertion. Results showed that providing these two pieces of feedback information through different haptic channels outperforms providing both information through the same one, either kinesthetic or cutaneous, showing the importance of multisensory haptic feedback in this context. We also found out that pressure cutaneous sensations are very effective at conveying the elastic component of the interaction, while vibrotactile feedback should be avoided for this type of information. Finally, results showed that delocalized cutaneous sensations, e.g., pressure on the proximal finger phalanx instead of the fingertip, can lead to high performance and even outperform localized feedback in some cases, opening an interesting line of research questions regarding how far this delocalization can go.

To conclude, it is also important to highlight a few limitations of the presented approach. Cutaneous sensations were provided through three different devices, i.e., the hBracelet (vibrations), the hRing (pressure/skin stretch), and the TouchDIVER (pressure/vibration/temperature) interfaces, which provide diverse stimuli at different parts of the body, i.e., the forearm, the proximal phalanx of the finger, and the fingertip. For this reason, it is of course possible that using other rendering parameters, e.g., different stimuli strengths and patterns, or body locations, e.g., on the torso, back of the hand, leads to different results than those presented here. The rendering and location choices evaluated in this work stemmed from previous work on the topic, as discussed throughout the text, as well as the author's experience in cutaneous haptics; however, future work needs to extend this evaluation towards an even broader range of feedback renderings and parameters. Finally, validating the proposed approach in a real needle insertion in soft tissue will be beneficial towards its final use and translational to the medical field.

Fig. 1 .

 1 Fig. 1. The three cutaneous devices we used: (a) the hBracelet (see Sec. II-B), conveying vibrotactile feedback at the forearm; (b) the hRing (see Sec. II-C), conveying pressure feeedback on the fingers; (c) the TouchDIVER (see Sec. II-D), conveying pressure and vibration to the fingertips.

  Fig. 3. Experiment #1. Mean and 95% confidence interval of (a) F1 score (puncture events), (b) F1 score (rupture events) and (c) subjective ranking for the five feedback conditions(E G F G , E G F B , E B F G , E B F B , E GB F GB )and the two tissue environments (HF, LF). The * symbol indicates statistically significant differences in the post-hoc tests.

Fig. 4 .

 4 Fig. 4. Experiment #2. Mean and 95% confidence interval of (a) F1 score (puncture events) and (b) subjective ranking for the five feedback conditions(E G F G , E G F B , E R F G , E R F G !) and the two tissue environments (HF, LF). The * symbol indicates statistically significant differences in the post-hoc tests.

  Both the elastic and friction force feedback components are provided by the Geomagic Touch interface, while the TouchDIVER and hRing devices are disabled; (E R F G ) Elastic and friction force feedback components are provided by the hRing device and Geomagic Touch interface, respectively; (E D F D ) Elastic and friction force feedback components are provided through the contact pressure and vibrotactile modules of the same TouchDIVER device, respectively; (E D F G ) Elastic and friction force feedback components are provided by the contact pressure module of the TouchDIVER device and Geomagic Touch interface, respectively; E G F G E R F G E D F D E D F G E G F F1 scores (higher is better)
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 25 Fig. 5. Experiment #3. Mean and 95% confidence interval of (a) F1 score (puncture events) and (b) subjective ranking for the five feedback conditions(E G F G , E R F G , E D F D , E D F G , E G F D )and the two tissue environments (HF, LF). The * symbol indicates statistically significant differences in the post-hoc tests.
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