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Microrobotics systems are showing promising results in several applications and scenarios, such as targeted drug delivery and screening, biopsy, environmental control, surgery, and assembly. While most of the systems presented in the literature consider autonomous techniques, there is a growing interest in human-in-the-loop approaches. For reasons of responsibility, safety, and public acceptance, it is in fact beneficial to provide a human with intuitive and effective means for directly controlling these microrobotic systems. In this respect, haptic feedback is widely believed to be a valuable tool in human-in-the-loop teleoperation systems. This article presents a review of the literature on haptic feedback systems for microrobotics, categorizing it according to the type of haptic technology employed. In particular, we considered both tethered and untethered systems, including applications of micropositioning, microassembly, minimally invasive surgery, delivery of objects, micromanipulation, and injection of cells. One of the main challenges for an effective implementation is stability control. In fact, the high scaling factors introduced to match variables in the macro and the micro worlds may introduce instabilities. Another challenge lies in the measurement of position and force signals in the remote environment. The integration of microsized sensors may significantly increase the complexity and cost of tools fabrication. To overcome the lack of force-sensing, vision seems a promising solution. Finally, although the literature on haptic feedback for untethered microrobotics is still quite small, we foreseen a great development of this field of research, thanks to its flexible applications in biomedical engineering scenarios.
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1. INTRODUCTION

The field of microrobotics has been progressing fast since the last decade, and its applications have shown promising results in several robotic tasks at the microscale, such as controlled positioning (Solovev et al., 2009; Woods and Constandinou, 2011; Khalil et al., 2014a,b), pick up and delivery of objects, cells, and molecules (Solovev et al., 2010; Balasubramanian et al., 2011; Sanchez et al., 2011; Zhang et al., 2012), biopsy (Gultepe et al., 2013), and drilling into soft tissue (Matteucci et al., 2008; Solovev et al., 2012; Soler et al., 2013; Xi et al., 2013).

For reasons of responsibility, safety, and public acceptance, it is beneficial to provide a human operator with intuitive and effective means for directly controlling these microrobots (Troccaz and Delnondedieu, 1996; Jakopec et al., 2003; Bolopion and Régnier, 2013). In this condition, the operator should receive enough information about the controlled microrobot and the remote environment. Haptic feedback is one piece of this information flow. Its benefits typically include increased manipulation accuracy and decreased completion time, peak and mean force applied to the remote environment (Massimino and Sheridan, 1994; Wagner et al., 2002; Okamura, 2004; Pacchierotti, 2015; Pacchierotti et al., 2015b,c, 2016).

2. LITERATURE REVIEW

This article reviews the literature on haptic feedback systems for microrobotics, categorizing it according to the type of haptic sensing technique employed. Table 1 summarizes the features of the considered microrobotic systems.

TABLE 1 | Haptic feedback for microrobotics applications.
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2.1. Atomic Force Microscopy

Atomic force microscopy (AFM) is a high-resolution type of scanning probe microscopy with a resolution of fractions of a nanometer. An AFM probe has usually a sharp tip on the free-swinging end of a cantilever that is protruding from a holder. The cantilever deflection due to the interaction between the tip and the surface gives information about the mechanical properties of the environment (Binnig et al., 1986). One of the first examples of haptic-enabled microrobotic system employed a scanning tunneling microscope coupled with a 6-degrees-of-freedom (6-DoF) haptic interface (Hollis et al., 1990; Bolopion and Régnier, 2013). The vertical movement of the haptic device end-effector replicates one of the microscope tip, so that users can feel the topology of the environment. Few years later, Sitti et al. (1999) presented a teleoperated microscale haptic system composed of a 1-DoF haptic device and an AFM cantilever tip. They addressed the problem of modeling the contact forces at the microscale and designed a scaled bilateral teleoperation controller for reliable contact force feedback. Using a Phantom Premium haptic device, the same group extended these results to 2-D and 3-D tele-micromanipulation scenarios (Sitti et al., 2003). In the same years, Ferreira et al. (2001) presented a teleoperated micromanipulator considering both a piezoelectric microgripper and an AFM operating under an optical microscope. The registered forces are provided to the human operator through a two-finger planar haptic device. Fahlbusch et al. (2002) focused more on the study of suitable force sensing techniques for nanohandling robotics. They used an AFM wheatstone bridge-based sensor for the measurement of gripping forces, and a haptic interface to allow the operator to feel and control these forces. Later on, Bolopion et al. (2011) described a haptic-enabled system for the remote handling of microscale objects. The micromanipulation setup is composed of an AFM manipulator integrated in a scanning electron microscope (SEM). The master teleoperation system is composed of an Omega.3 haptic interface and a virtual reality room (Grange et al., 2001). The system was validated in an approach-retract teleoperation experiment between Paris, France, and Oldenburg, Germany. The same group presented a teleoperated system with haptic feedback for 3-D AFM-based manipulation (Bolopion et al., 2012; see Figure 1A). It uses two independent AFM probes to collaboratively grasp and position microscale objects with known shape equations. Haptic feedback is based on dynamic-mode AFM data. It is used to provide information on the measured interaction forces and assist the user in improving dexterity and avoiding collisions. An AFM, together with a haptic interface and an augmented reality system has been also used by Vogl et al. (2006) for applications of micropositioning and sensing. Later on, also Iwata et al. (2013) described an AFM-based manipulator. It can be coupled with a SEM and provides haptic feedback through a Phantom Desktop interface, which is also in charge of controlling the cantilever-based probe of the micromanipulator. More recently, Bhatti et al. (2015) developed a custom haptic interface able to provide force feedback about the interaction forces sensed by an AFM. Interaction forces are characterized by estimating the forces sensed by the cantilever tip using geometric deformation principles.
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FIGURE 1 | Three teleoperation systems for the telemanipulation of microsized objects with haptic feedback. (A) AFM gripper-based teleoperation system. (B) 3-D reconstructed cell deformations based on visual tracking data. (C) Optical tweezers. All pictures are adapted with permission.



Microscale teleoperation with haptic feedback requires scaling gains in the order of 104–107, depending on the application. These high gains impose a trade-off between stability and transparency. Venture et al. (2005) were one of the first groups to consider stability issues in remote micromanipulation systems with force feedback. They implemented a passivity-based position–position coupling scheme that ensures unconditional stability. Stability issues have been also addressed by Kim and Sitti (2006), who introduced a scaled virtual coupling concept and derived the relationship between performance, stability, and scaling factors of velocity (or position) and force.

2.2. Visual Sensing

Kim et al. (2001) developed a 3-D visuo-haptic teleoperated micromanipulation system. A 6-DoF Phantom Premium haptic interface provides the necessary force feedback and controls the positioning of the micromanipulator in the remote environment. The micromanipulator is equipped with a 2-DoF gripper, and multiple CCD cameras are used for position sensing. Similarly, Ni et al. (2012) presented a vision-based microrobotic system combining an asynchronous Address Event Representation silicon retina and a frame-based camera. The temporal precision of the asynchronous silicon retina is used to provide haptic feedback using an Omega.3 haptic device, while the camera is used to retrieve the position of the object to be manipulated. The same group also presented a haptic feedback teleoperation system for optical tweezers (OT) that attains high frequency (Ni et al., 2013). It is composed of laser OT and an Omega.3 haptic interface. The force is estimated using a trap stiffness model that measures the relative position of the object with respect to the laser spot. The human operator controls the OT using the master haptic interface, and the pico-newton forces detected by a vision system are provided to the operator through the same haptic device. Ni et al. (2014) recently extended this approach to multi-trap OT. Mehrtash et al. (2012) developed a haptic-enabled virtual reality interface for a magnetic-haptic micromanipulation platform. It is composed of a magnetic untethered microrobotic station and a Phantom Omni haptic interface. The difference between the actual and commanded position of the microrobot is used to provide force feedback to the human operator. Later on, the same authors also addressed the problem of estimating forces in real environments using a combination of Hall-effect and laser sensors (Mehrtash and Khamesee, 2013; Mehrtash et al., 2015). It uses the produced magnetic flux information and the real position of the microrobot to estimate the forces applied by the robot to the environment. More recently, Pacchierotti et al. (2015a) presented a haptic teleoperation system that enables a human operator to control the positioning of self-propelled catalytic microrobots. A particle-filter-based tracking algorithm tracks, at runtime, the position of the microsized agents in the remote environment. A 6-DoF Omega haptic interface then provides the human operator with haptic feedback about the interaction between the controlled microrobot and the environment, as well as enabling the operator to control the target position of the microrobot. Finally, a wireless magnetic control system regulates the orientation of the microrobot to reach the target point.

2.3. Strain Gages/Piezoresistive Sensors

Shirinov and Fatikow (2003) developed a 4-DoF haptic interface for the remote control of microrobotic cells, which are realized on the basis of a SEM. Two microrobots equipped with piezoelectric actuators operate in the cell, and a 6-axis force/torque sensor is in charge of registering the forces to be filtered, amplified, and finally provided to the human user through the haptic interface. Probst et al. (2009) presented a 6-DoF system for the assembly of 3-D bio-microrobotic devices out of individual 2.5-D microelectromechanical systems (MEMS) components. A gripper exchange mechanism allows reaching for parts, and a microfabricated platform provides a structured working area. The human operator controls the microgripper through a Phantom Omni haptic interface, which is also able to provide force feedback about the interaction of the microgripper with the remote environment. More recently, Boukhnifer and Ferreira (2013) used a passivity-based approach for the bilateral control and robust fault tolerant control of a two-fingered microgripper system with haptic feedback. The considered haptic interface is a custom 1-DoF haptic feedback system driven by a DC motor.

Vlachos et al. (2007) presented a haptic telemanipulation system composed of a 2-DoF slave robot driven by two centripetal force vibration micromotors and a custom 5-DoF haptic interface. Since the sensed forces have the form of impulses, the system first filters the forces, it magnifies them, and then provides them to the human operator through the custom haptic interface. The same group recently devised a shared-control steering approach for this manipulation system that uses visual servoing techniques to help the operator in completing various micromanipulation tasks (Vlachos and Papadopoulos, 2014). Sieber et al. (2008) developed a haptic platform for bilateral micromanipulation of cells with 3-D force feedback. It is composed of a MEMS-based silicon triaxial force sensor, customized to act as a sensing probe. The sensor is mounted on a nanomanipulator with 3-DoF, and a Phantom Premium device is in charge of providing the sensed force to the operator. Horan et al. (2009) proposed another system to provide the human operator with intuitive means for controlling a micromanipulator during intracellular injection. A Phantom Omni haptic device controls the position of a micropipette in the remote environment. The authors also investigated the importance of proper position and force scaling. More recently, Seifabadi et al. (2013) presented a 1-DoF macro–micro teleoperation system with haptic feedback. A micromotion piezo actuator is used as the slave robot, and a servo DC motor actuates the master handle. Force sensors are placed at both ends for haptic feedback, and a microscope system is used for real-time visual feedback. A sliding mode-based impedance controller ensures position tracking, while an impedance force controller is used at the master side to ascertain force tracking.

Salcudean et al. (1995) started to investigate the role of haptic feedback for minimally invasive surgery applications at the microscale by developing a macro–micro manipulator with a micro-motion wrist identical to the haptic-enabled master. By using a combination of position and rate control, the system requires small operator hand motions to provide low mechanical impedance, high motion resolution, and force feedback over a substantial volume. Later on, Menciassi et al. (2003) presented a set of robotic haptic-enabled microinstruments for minimally invasive surgery. At the operating table, a microgripper, instrumented with semiconductor strain gages as force sensors, is in charge of manipulating tissue samples. A fiber optic microscope monitor allows the operator to visualize the sample and the microgripper position. Finally, a Phantom haptic interface enables the human operator to control the position of the microgripper and feels the pulse in the considered microvessels. The same group leaded the collaborative project “ARAKNES”1 on the advancement of technologies for the surgical treatment of morbid obesity and gastroesophageal reflux. Within the same project, Santos-Carreras et al. (2010) developed a bimanual haptic-enabled workstation to teleoperate surgical microrobots in the abdominal cavity of the patient. More recently, Payne et al. (2012) presented a hand-held device capable of amplifying micromanipulation forces during minimal invasive surgical tasks. The device uses a three-phase linear motor capable of generating forces that allow amplification factors up to 15 times.

2.4. Capacitive Sensors

Vijayasai et al. (2010) uses a MEMS microgripper as an end-effector and a force sense circuit to measure the gripping force. Force feedback is then provided to the operator using a Novint Falcon, which is also employed to control the position of the microgripper. The same system has been also employed in a chess piece pick-and-place game at the microscale (Vijayasai et al., 2012).

2.5. Electrostatic Active Sensors

Mohand Ousaid et al. (2014) proposed a modular micro teleoperation system using custom passive components. The stability of the teleoperation loop is guaranteed as the serial connection of passive systems yield a passive system. The slave probe is equipped with a force sensor, which uses electrostatic energy. The sensed force is scaled up and provided to the human operator through a custom 1-DoF haptic interface (Mohand Ousaid et al., 2012). The authors tested the proposed system in microscale force sensing scenarios, such as feeling capillary forces while penetrating a water droplet (Mohand Ousaid et al., 2015). The same group participates in the collaborative project “REMIQUA,”2 which aims at developing modular and versatile systems for microassembly and quality inspection.

2.6. Piezoelectric Sensors

Ammi and Ferreira (2005) presented a bio-inspired cell micromanipulation system. Stereoscopic visual information is provided to the operator through a 3-D reconstruction method using vision-based tracking of the environment deformations (see Figure 1B). A Phantom haptic device provides haptic feedback. Results show that the stability of the cell punction is improved when adding haptic feedback about cellular forces and the viscosity of the medium. Similarly, Pillarisetti et al. (2005) developed a haptic system capable of measuring cell injection forces and providing a suitable feedback to the user through a Phantom Premium device. All subjects were able to correctly detect the puncturing of the membrane through the haptic interface.

2.7. Physical Models

Kim et al. (2008) presented a haptic rendering technique in which interaction forces between the slave instrument, driven by a Phantom Omni haptic device, and a deformable cell are estimated in real time based on a physical model of the object. The system was evaluated in micromanipulation experiments using zebrafish embryos. Asgari et al. (2011) used a 3-D particle-based model to simulate the deformation of a cell membrane and cellular forces during microrobotic cell injection. The model is based on the kinematic and dynamic of spring–damper multi-particle joints taking into account viscoelastic fluidic properties. It simulates indentation haptic feedback as well as cell visual deformation. The model was validated using experimental data of zebrafish embryo microinjections. A simulator for cell injection has been also presented by Ladjal et al. (2011, 2013). It is composed of a computer-generated mesh of the cell, a needle, a collision detection algorithm, a physical-based model of deformable cell modeling, and a haptic interaction controller. The authors devised two models based either on an explicit linear finite element model or on a non-linear finite element Saint Venant–Kirchhoff material. The operator is able to see the 3-D shape of the cell and interact with it using a Phantom Desktop haptic device.

2.8. Active Constraints

Haptic feedback is not only useful to render the mechanical properties of the remote environment, but it can also be used to provide the human operator with navigation information. Ghanbari et al. (2010) investigated the use of haptic active constraints for cell injection. The active constraints assist the human operator when performing intracellular injection by limiting the micropipette tip’s motion to a conical volume as well as recommending the desired path for optimal injection. The same group recently extended this approach to volumetric active constraints (Ghanbari et al., 2014) and to multi-point interaction (Ang et al., 2015). Similarly, Faroque et al. (2015) used haptic constraints to assist an operator performing real-time cell injection. As the operator commands the micropipette to approach the cell, a conical potential field encourages her/him to follow an optimized trajectory toward the penetration point on the cell membrane. To prevent the operator from overshooting the deposition location, a planar active constraint is also used. Kim et al. (2012) described a shared-control framework for microinjection, in which a micromanipulator is controlled by the shared-motion commands of both the human operator and an autonomous controller. While the controller retains cells and glass pipettes within a desired path or space, the operator can concentrate on the injection task. A Phantom desktop haptic interface controls the motion of the pipette and provides the operator with haptic guidance.

Regarding untethered microrobotics, Basdogan et al. (2007) demonstrated the manipulation of polymer microspheres floating in water using OT (see Figure 1C). Trapped microspheres are steered using the end-effector of a haptic device that is virtually coupled to an XYZ piezo-scanner controlling the movements of the fluid bed. To ease the manipulation, the system computes a collision-free path for the particle and then provides the user with guidance through the haptic interface to keep him/her on this path.
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Siti et al. (1999) AFM 1-DoF (custom) v Micromanipulation Force scaling: 2 x 10°
Position scaling: 4 x 10°
Ferreiraetal. (2001)  AFM 2-DoF (custom) v Micromanipulation
Fahlbusch et al. (2002) AFM-based 7-DoF (Freedom) v Microassembly
Bolopion et al. (2011)  AFM, SEM 3-DoF (Omega.3) v Micropositioning Force scaling: 10°
Position scaling: 4.8 x 10°
Bolopion et al. (2012)  AFM 3-DoF (omega.3) v v Microassembly Force scaling: 2.5 x 10°
Vogl et al. (2006) AFM 6-DoF (phantom 4 Micromanipulation Simulated scenario
premium)
Iwata et al. (2013) AFM v Micromanipulation
Bhatti et al. (2015) AFM 3-DoF (Phantom Omni) 4 Micromanipulation
Venture et al. (2005)  AFM 1-DoF (custom) v Micromanipulation Force scaling: 8.8 x 10
Position scaling: 5800
Kim and Sitti (2006) AFM 3-DoF (omega.3) 4 Micromanipulation
Mohand Ousaid AFM 1-DoF (custom) v Micromanipulation Force scaling: 0.5 x 10°
etal. (2015)
Nietal. (2012) Optical sensors ~ 3-DoF (omega.3) v v Micromanipulation
Ammiand Ferreia  Optical sensor 3-DoF (phantom) v v Micromanipuiation,
(2005) cell injection
Nietal. (2013) Optical sensors ~ 3-DoF (omega.) v Micromanipulation v Force scaling: 4 x 10~
Position scaling: 2 x 10"
Kim et al. (2008) Optical sensors ~ 3-DoF (phantom omni) v Micromanipuiation,
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Shiinov and Fatikow  6-axis force/torque  6-DOF (custom) v Micromanipulation Force scaling: 100
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Bouknhnifer and Semiconductor 1-DoF (custom) v Micromanipulation
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Menciassi et al. (2003) Semiconductor 3-DoF (Phantom 4 Microsurgery
strain gages Premium)
Pilarisetti et al. (2005) PVDF 3-DoF (Phantom) v Micromanipulation,
cellinjection
Mefrtash et al. (2015)  Hall-effect and laser 3-DoF (phantom omni) v Micromanipulation v
sensors
Pacchierotti Visual estimation  6-DoF (Omega.6) v v Micropositioning v

etal. (2015a)

Features of selected microrobotic systems.
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